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Expected Performance of the ATLAS Experiment
Detector, Trigger and Physics
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A detailed study is presented of the expected performance of the
ATLAS detector. The reconstruction of tracks, leptons, photons,
missing energy and jets is investigated, together with the performance
of b-tagging and the trigger. The physics potential for a variety of
interesting physics processes, within the Standard Model and beyond, is
examined. The study comprises a series of notes based on simulations
of the detector and physics processes, with particular emphasis given to
the data expected from the first years of operation of the LHC at CERN.





Display of a high-pT H→ ZZ∗→ eeµµ decay (mH = 130 GeV), after full simulation and reconstruction in the
ATLAS detector. The four leptons and the recoiling jet with ET = 135 GeV are clearly visible. Hits in the Inner
Detector are shown in green for the four reconstructed leptons, both for the precision tracker (pixel and silicon
micro-strip detectors) at the inner radii and for the transition radiation tracker at the outer radii. The other tracks
reconstructed with pT > 0.5 GeV in the Inner Detector are shown in blue. The two electrons are depicted as
reconstructed tracks in yellow and their energy deposits in each layer of the electromagnetic LAr calorimeter
are shown in red. The two muons are shown as combined reconstructed tracks in orange, with the hit strips in
the resistive-plate chambers and the hit drift tubes in the monitored drift-tube chambers visible as white lines
in the barrel muon stations. The energy deposits from the muons in the barrel tile calorimeter can also be seen
in purple.
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105053 Akimoto151, M.A. Alam73, S.M. Alam1, J. Albert164, S. Albrand53, M. Aleksa28,
I.N. Aleksandrov62, F. Alessandria86a,86b, C. Alexa24a, G. Alexander149, G. Alexandre47,
T. Alexopoulos9, M. Alhroob20, G. Alimonti86a, J. Alison 117, M. Aliyev10, P.P. Allport70,
S.E. Allwood-Spiers51, A. Aloisio100a,100b, R. Alon165, A. Alonso76, J. Alonso14, M.G. Alviggi100a,100b,
K. Amako63, P. Amaral28, C. Amelung22, V.V. Ammosov125, A. Amorim121, G. Amorós162,
N. Amram149, C. Anastopoulos137, C.F Anders56a, K.J. Anderson29, A. Andreazza86a,86b, V. Andrei56a,
M-L. Andrieux53, X.S. Anduaga67, F. Anghinolfi28, A. Antonaki8, M. Antonelli45, S. Antonelli19a,19b,
B. Antunovic40, F.A. Anulli131a, G. Arabidze8, I. Aracena141, Y. Arai63, A.T.H. Arce14,
J.P. Archambault27, S. Arfaoui80, J-F. Arguin14, T. Argyropoulos9, E. Arik18,∗, M. Arik18,
A.J. Armbruster84, O. Arnaez4, C. Arnault112, A. Artamonov93, D. Arutinov20, M. Asai141, S. Asai151,
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Hoz162, M.L. Gonzalez Silva25, S. González-Sevilla47, J.J. Goodson145, L. Goossens28,
P.A. Gorbounov153, H. Gordon23, I. Gorelov101, G. Gorfine168, B. Gorini28, E. Gorini69a,69b,
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Preface
The Large Hadron Collider (LHC) at CERN promises a major step forward in the understanding of

the fundamental nature of matter. The ATLAS experiment is a general-purpose detector for the LHC,
whose design was guided by the need to accommodate the wide spectrum of possible physics signatures.
The major remit of the ATLAS experiment is the exploration of the TeV mass scale where ground-
breaking discoveries are expected. In the focus are the investigation of the electroweak symmetry break-
ing and linked to this the search for the Higgs boson as well as the search for Physics beyond the Standard
Model.

In this report a detailed examination of the expected performance of the ATLAS detector is provided,
with a major aim being to investigate the experimental sensitivity to a wide range of measurements and
potential observations of new physical processes. An earlier summary of the expected capabilities of
ATLAS was compiled in 1999 [1]. A survey of physics capabilities of the CMS detector was published
in [2].

The design of the ATLAS detector has now been finalised, and its construction and installation have
been completed [3]. An extensive test-beam programme was undertaken. Furthermore, the simulation
and reconstruction software code and frameworks have been completely rewritten. Revisions incorpo-
rated reflect improved detector modelling as well as major technical changes to the software technology.
Greatly improved understanding of calibration and alignment techniques, and their practical impact on
performance, is now in place.

The studies reported here are based on full simulations of the ATLAS detector response. A variety
of event generators were employed. The simulation and reconstruction of these large event samples thus
provided an important operational test of the new ATLAS software system. In addition, the processing
was distributed world-wide over the ATLAS Grid facilities and hence provided an important test of
the ATLAS computing system – this is the origin of the expression “CSC studies” (“computing system
commissioning”), which is occasionally referred to in these volumes.

The work reported does generally assume that the detector is fully operational, and in this sense
represents an idealised detector: establishing the best performance of the ATLAS detector with LHC
proton-proton collisions is a challenging task for the future. The results summarised here therefore
represent the best estimate of ATLAS capabilities before real operational experience of the full detector
with beam. Unless otherwise stated, simulations also do not include the effect of additional interactions
in the same or other bunch-crossings, and the effect of neutron background is neglected. Thus simulations
correspond to the low-luminosity performance of the ATLAS detector.

This report is broadly divided into two parts: firstly the performance for identification of physics
objects is examined in detail, followed by a detailed assessment of the performance of the trigger sys-
tem. This part is subdivided into chapters surveying the capabilities for charged particle tracking, each of
electron/photon, muon and tau identification, jet and missing transverse energy reconstruction, b-tagging
algorithms and performance, and finally the trigger system performance. In each chapter of the report,
there is a further subdivision into shorter notes describing different aspects studied. The second major
subdivision of the report addresses physics measurement capabilities, and new physics search sensitiv-
ities. Individual chapters in this part discuss ATLAS physics capabilities in Standard Model QCD and
electroweak processes, in the top quark sector, in b-physics, in searches for Higgs bosons, supersymme-
try searches, and finally searches for other new particles predicted in more exotic models.
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Cross-Sections, Monte Carlo Simulations and Systematic
Uncertainties

Abstract
The studies presented in this volume share several common features, including
use of the same event samples for Standard Model processes, and the same de-
tector description and simulation framework for all samples. Common cross-
section assumptions were made. These assumptions, and the Monte Carlo
generator programs employed, are listed. Information is also given on the dif-
ferent detector configurations and geometries simulated, and on the consistent
treatment of systematic uncertainties.

1 Introduction

The studies presented in this volume have many shared features starting from a common simulation
framework of the ATLAS detector, and the same detector description. They are based on a full simulation
of the ATLAS detector using the GEANT4 [1] program and the event samples produced were shared by
the various analysis groups. For the simulation of the physics events standard event generators for high
energy proton-proton collisions were used and interfaced to the ATLAS simulation framework.

In many searches for new particles at the LHC Standard Model processes represent important back-
grounds and the signal significance depends on the precise knowledge of these backgrounds. As dis-
cussed in several studies presented in this book, methods were investigated on how to determine these
cross-sections from the data themselves. However, this will not be always possible, and reliable theo-
retical predictions must be used to estimate these backgrounds. In addition, the Standard Model cross-
sections are relevant for the estimate of signal rates and consequent measurement precision for Standard
Model parameters, or for tests of the Standard Model. All studies presented in this book made common
assumptions on the cross-sections for Standard Model processes.

In this introductory note features common to the simulations used in these studies are discussed.
After reviewing the cross-section assumptions and models used for different processes, the Monte Carlo
generator programs employed are summarised. Information is given, next, on the different detector
configurations and geometries simulated. Finally, a common treatment is described of systematic uncer-
tainties which affect many analyses.

2 Cross-Sections of Physical Processes

A consistent set of cross-sections for Standard Model processes was used in all studies reported in this
volume. Over recent years considerable progress has been made in the calculation of higher-order QCD
corrections (often expressed as “K-factors”) for many physics processes at the LHC. Wherever these
corrections are known for both the signal and the dominant background processes, they were included
in the analyses. In case the K-factors are not known for the dominant background processes, the studies
have consistently refrained from using K-factors and resorted to Born-level predictions for both signal
and backgrounds. In this note we detail the values of cross-sections that were used in the different studies
reported in this volume: we do not discuss the uncertainties, such as those from missing higher order
corrections.

For the simulation of physics processes both leading order (LO) and next-to-leading order (NLO)
Monte Carlo programs were used. For the simulation of several processes tree-level matrix element
calculations with parton shower matching were adopted. Unless otherwise stated, all tree-level Monte
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Carlo calculations were normalized to the NLO cross-section calculation. In the case of parton shower
matching several final state parton multiplicities were simulated for predefined shower matching cuts
and the sum of the exclusive cross-sections was normalized to the result of the higher-order calculation.
By applying this procedure, it is expected that the shapes of inclusive distributions are reasonably well
described. However, large uncertainties are expected in the absolute cross-section predictions in extreme
phase-space regions such as, for example, final states with high jet multiplicities.

Table 1: Leading order (LO) and higher order (N)NLO cross-sections for some important Standard
Model production processes for pp collisions at a centre-of-mass energy of 14 TeV. In the calculation
of all cross-sections the CTEQ6L and CTEQ6M structure function parametrizations have been used.
For inclusive W and Z production, the cross-section quoted includes the branching ratio into one lepton
generation.

Process Comments Reference Order in σ (nb)
pert. theory

Total inelastic pp PYTHIA [2] 79·106

Non Single Diffractive PYTHIA [2] 65·106

Dijet pjet
T > 25 GeV PYTHIA [2] LO 367·103

NLOJET++ [3, 4] NLO 477·103

γ-jet pγ
T > 25 GeV PYTHIA [2] LO 180

bb̄→ µ + X pµ
T > 6 GeV PYTHIA [2] LO 6.1·103

bb̄→ µµ + X pµ1/µ2
T > 6 / 4 GeV PYTHIA [2] LO 110

tt̄ NLO 0.794
Ref. [5] NLO+NLL 0.833

Single top t-channel AcerMC [6] LO 0.251
production Ref. [7–9] NLO 0.246

s-channel AcerMC [6] LO 0.007
Ref. [7] NLO 0.011

Wt AcerMC [6] LO 0.058
Ref. [10–12] NLO 0.066

W → `ν FEWZ [13] LO 16.8
FEWZ [13] NLO 20.7
FEWZ [13] NNLO 20.5

Z→ `` m`` > 60 GeV FEWZ [13] LO 1.66
FEWZ [13] NLO 2.03
FEWZ [13] NNLO 2.02

WW mW (∗) > 20 GeV, pW
T >10 GeV MCFM [14] LO 0.072

MCFM [14] NLO 0.112
WZ mW (∗)/Z(∗) > 20 GeV, pW/Z

T > 10 GeV MCFM [14] LO 0.032
MCFM [14] NLO 0.056

ZZ mZ(∗) > 12 GeV MCFM [14] LO 0.0165
MCFM [14] NLO 0.0221

γγ (qq,qg→ γγ) 80 < mγγ <150 GeV RESBOS [15] NLO 0.0209
(gg→ γγ) 80 < mγγ <150 GeV RESBOS [15] NLO 0.0080

The cross-sections for the most relevant Standard Model production processes are summarised in
Table 1. The cross-sections for new physics signal processes are presented in the respective sub-chapters
of this book. For the calculation of the leading order cross-sections the CTEQ6L [16, 17] set of struc-
ture function parametrizations was used. Processes available at (N)NLO were calculated by using the
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CTEQ6M [16, 17] parametrizations. The following comments concern the various cross-sections:

• The total pp cross-section at a centre-of-mass energy of 14 TeV is predicted by PYTHIA [2] to be
102 mb. This is split into elastic (23 mb) and inelastic (79 mb) parts. The total inelastic pp cross-
section includes contributions from single and double-diffractive scattering which are estimated
to be 14 and 10 mb, respectively. The non-single diffractive cross-section, which is usually also
denoted as the minimum bias cross-section, is given by σNSD = σinel.−σSD = 65 mb.

• Multijet production via QCD processes is the dominant high-pT process at the LHC and is an im-
portant background in many physics studies. Even if next-to-leading order corrections are partially
known, the remaining uncertainties from missing higher-order corrections remain large. We there-
fore used leading-order estimates in most physics studies and large errors were assigned to cover
the uncertainty.

• The pair production of b-quarks provides a copious source of leptons at the LHC. The single and
dimuon cross-sections from bb̄ production were calculated with pT thresholds as expected at the
trigger level. A leading order PYTHIA calculation has been used in the present studies. Even if
the higher-order corrections are known [18], large uncertainties remain.

• For the tt̄ production cross-section several calculations beyond leading order exist. In the studies
presented in this volume the NLO calculation including a next-to-leading log (NLL) resummation
[5] was used. The cross-sections for the three relevant sub-processes for single-top production
were calculated at NLO.

• The inclusive production cross-sections of W and Z bosons are known at next-to-next-to-leading
order (NNLO) and these values were used in the studies. The residual uncertainties from variations
of the renormalization and factorization scales are estimated to be at the level of a few percent [13].
In many cases the production of W and Z bosons with jets constitutes an important background to
searches. Exclusive W/Z + jet cross sections have in general been calculated with leading order
Monte Carlos, such as PYTHIA, or the parton shower matched Monte Carlos ALPGEN or Sherpa.
These calculations were normalized to the inclusive NNLO cross-sections. Only in case of the
Wbb̄ and Zbb̄ production were exclusive NLO cross-sections calculated, to which the tree-level
Monte Carlo generator results were normalized. The results of these calculations for a few rele-
vant phase space regions are:

Process Comments Reference Order in σ (pb)
pert. theory

Wbb̄ pb
T > 10 GeV, |ηb|< 2.5, ∆Rbb̄ >0.7 ALPGEN [19] LO 68.7

m(∗)
W > 30 GeV, mbb̄ > 9.24 GeV MCFM [14] NLO 176.9

Zbb̄ pb
T > 10 GeV, |ηb|< 2.5, ∆Rbb̄ >0.7 AcerMC [6] LO 60.7

m(∗)
Z > 30 GeV, mbb̄ > 9.24 GeV MCFM [14] NLO 86.4

Zbb̄ pb
T > 5 GeV, |ηb|< 2.5, ∆Rbb̄ >0.7 AcerMC [6] LO 27.9

m(∗)
Z > 60 GeV, mbb̄ > 9.24 GeV MCFM [14] NLO 44.8

• The cross-sections for diboson production are available at NLO. In addition to the qq̄-initiated
processes, the gg box-diagram contributions are sizeable, and both have been taken into account
in the analyses. For ZZ production the gg box contributions were estimated to be at the level of
30% [20] and the NLO result was scaled accordingly. A re-evaluation of this contribution using
the program of Ref. [21] yielded a contribution of 23.8%. For the γγ production process the box
contribution was calculated using the RESBOS Monte Carlo program [15].
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3 Monte Carlo Simulation

The samples of fully simulated events were made using a variety of Monte Carlo generators. Interfaces
in the ATLAS software framework provided mechanisms to feed the particle-level events generated into
the ATLAS simulation software packages. The production of these events was a major effort: a plethora
of physics processes were simulated, and over 1300 different data sets were produced. Unless otherwise
stated, samples were produced simulating only one proton-proton interaction: the effect of additional
interactions was neglected.

The principal general-purpose Monte Carlo generators employed were PYTHIA, HERWIG, Sherpa,
AcerMC, ALPGEN, MadGraph/MadEvent and MC@NLO. In addition to these, further generators were
used for specific processes: Charybdis, CompHEP, TopReX and WINHAC. The versions of the gen-
erators used are summarised in Table 2. Parton-level Monte Carlo generators used either PYTHIA or
HERWIG/JIMMYfor hadronisation and underlying event modelling. HERWIG hadronisation was com-
plemented by an underlying event simulation from the JIMMY program [22] (versions 4.2 and 4.31).
The underlying event model parameters were tuned, for PYTHIA and HERWIG/JIMMY, to published
data from Tevatron and other experiments, as described in Ref. [23] and references therein. For Sherpa,
the default parton shower and underlying event modelling was used. Examples of the specific processes
generated with each program are given in the Appendix.

Table 2: Monte Carlo event generators used for the production of event samples for the studies reported
here. The fourth column shows, for the parton-level event generators, which software was used for the
hadronisation and underlying event (UE) simulation.

Generator Versions Reference Hadronisation+UE
PYTHIA 6.323-6.411 [2]
HERWIG 6.508-6.510 [24] JIMMY for UE
Sherpa 1.008-1.011 [25]
AcerMC 3.1-3.4 [26] PYTHIA,HERWIG
ALPGEN 2.05-2.13 [19] HERWIG/JIMMY
MadGraph/MadEvent 3.X-4.15 [27] PYTHIA
MC@NLO 3.1-3.3 [28] HERWIG/JIMMY
Charybdis 1.001-1.003 [29] HERWIG/JIMMY
CompHEP – [30] PYTHIA
TopReX 4.11 [31] PYTHIA
WINHAC 1.21 [32] PYTHIA

The decay of τ leptons was normally not treated by the main Monte Carlo generators themselves, but
rather via the TAUOLA package [33], version 2.7. The radiation of photons from charged leptons was
also treated specially, using the PHOTOS QED radiation package, version 2.15 [34]. These two pack-
ages were used for a range of processes and generators: this required implementation of new interfaces
for HERWIG and Sherpa. When simulating specific b-hadron decays for B-physics analyses [35], the
EvtGen [36] dedicated b-hadron decay package was used in combination with PYTHIA.

The Monte Carlo tools in ATLAS are taken, where available, from the LHC Computing Grid GENSER
(generator services) sub-project [37]. These are modified with custom ATLAS software patches when
needed. For most Monte Carlo programs more than one version was employed during the long series
of simulations: changes in version were motivated by physical model, or technical improvements to the
package. Common particle mass definitions were also used where relevant (for example, the top mass
was taken to be 175 GeV, unless otherwise stated). The Monte Carlo tools are then either wrapped in-
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side the ATLAS Athena environment [38], or interfaced via the Les Houches accord event format [39],
depending on the implementation simplicity. The latter interfaces were used for the Sherpa, AcerMC,
ALPGEN, MadGraph/MadEvent, MC@NLO and CompHEP event generation. These interfaces rely on
widespread use of the HepMC C++-based event record format [40]: several improvements were made
during the series of event production processings.

LHAPDF, the Les Houches accord PDF interface library [41], was used throughout, and was linked
to all Monte Carlo event generators to provide the PDF set values. The PDF sets [16] used were CTEQ6L
for leading order (LO) Monte Carlo event generators, and CTEQ6M for the next-to-leading order (NLO)
Monte Carlo event generator MC@NLO.

4 Detector Description

One important aspect of the Computing Commissioning Challenge was the test of the alignment and
calibration procedures with an imperfect, i.e. more realistic, description of the ATLAS detector. In
particular, misalignments were introduced for the inner detector and additional material was added in the
inner detector and in front of the calorimeters. In addition, distorted magnetic field configurations were
introduced, where the symmetry axis of the field did not coincide with the beam axis.

The goal was to establish and validate the alignment and calibration procedures and to determine the
known distortions. This has a strong physics motivation: for example, a knowledge of the energy scale
of the electromagnetic calorimeter with a precision of 0.02%, as required for a precise measurement of
the W mass, requires knowledge of the total radiation length of the material in the inner detector with a
precision at the level of 1%.

Two different geometries were used in the simulations. In a so-called as-built geometry realistic
alignment shifts and distortions of the magnetic field were introduced. In the distorted geometry addi-
tional material was added. The calibration samples were simulated and calibration constants determined
with the as-built geometry. All physics samples were, however, simulated with the distorted geometry
and the calibrations constants as determined from the as-built geometry were applied.

As-built geometry The as-built geometry includes misalignments of the main subdetectors (pixel de-
tector, silicon microstrip tracker (SCT), and transition radiation tracker (TRT)) of the inner detector. The
misalignments were introduced as independent translations and rotations at three levels: (i) of the main
subdetector parts (pixel detector, SCT barrel, two SCT endcaps, TRT barrel and two TRT endcaps), (ii)
of major detector sub-units, like pixel and SCT barrel layers, pixel and SCT endcap disks and TRT barrel
modules and (iii) of individual silicon detector modules. The sizes of displacements were chosen to lie
within the expected build tolerances. The actual displacements were assigned randomly in most cases.

The shifts described in the following were applied for the levels (i) and (ii) in the global ATLAS co-
ordinate system, defined as a right-handed system with the x-axis pointing to the centre of the LHC ring,
the y-axis in the vertical direction and the z-axis along the beam direction. The level (iii) misalignments
refer to the local coordinate system of individual detector modules.

At level (i), the whole subdetector parts were displaced in the three spatial coordinates at the level of
1-2 mm followed by rotations around the three axes at the level of 10-50 mrad.

The alignments of the endcap detector sub-units include additional in-plane (x-y) displacements and
rotations around the z-axis. They were generated randomly from uniform distributions centred around
zero with a width of ±150 µm and ±1 mrad, respectively. For the TRT barrel modules the translations
are generated randomly from uniform distributions around zero, with widths of±200 µm,±100 µm and
±300 µm respectively for modules of the three TRT layers. In addition, a systematic radial shift of +1.0,
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-0.5 and +1.5 mm is applied for all modules of the respective layers. No rotations nor displacements
were applied to the TRT endcap modules.

For the individual pixel and SCT detector modules individual position displacements were applied
randomly from uniform distributions with widths of 30-50 µm for pixel and 100-150 µm for SCT mod-
ules, followed by rotations around the three axes, also randomly chosen from uniform distributions with
widths of ±1 mrad.

Distorted geometry The distorted geometry is based on the as-built geometry with additional material
added in different locations of the inner detector and in front of the electromagnetic calorimeter. Material
corresponding to an increase of 1-3% of a radiation length was added just behind the first pixel layer,
and just behind the second SCT layer, and in the endcaps adjacent to one of the endcap pixel disks and
adjacent to two of the endcap SCT disks. This amount of additional material is considered to be much
larger than the uncertainty on the knowledge of the exact amount of the material. Within the active
tracking volume the material in regions of service routing was increased by 1-5% of a radiation lenght.
For services outside the active tracking volume the material was increased by up to 15% of a radiation
length. These increases are also expected to be larger than the uncertainties. It should be noted that for
the inner detector the extra material was only added in one half of the azimuthal angle (0 < φ < π) to
allow for a straightforward study of the difference in calibration and performance with single particles.

Additional material was also added in a φ -asymmetric way in front of the calorimeter. In the region
η >0 additional material corresponding to 8-11% X0 were added in front of the barrel cryostat, 5% X0
between the barrel presampler and strip layers (in π/2 < φ < 3π/2), and 7-11% X0 behind the cryostat.
In the region η <0, additional material corresponding to 5% X0 was added between the barrel presampler
and the strip layer in the region −π/2 < φ < π/2. The density of material in the gap between the barrel
and the endcap cryostat was increased by 70%. Again, this is considered to be conservative and larger
than the uncertainties on the precise knowledge of the material distribution in this region of the detector.

Applications in performance of physics studies Several performance studies were carried out using
the as-built and distorted geometries in simulation and the impact is documented elsewhere in this vol-
ume. Among the important studies is the impact of the misalignments on the b-tagging performance
or on the reconstructed resolution of the Z resonance in muon final states. In addition the impact on
the mass resolution and reconstruction efficiencies was studied for H → γγ , H → ZZ→ 4` and Z→ ee
samples.

5 Treatment of systematic uncertainties

The results of the physics and performance studies are affected by systematic uncertainties, some of
which are common to many studies. To allow a uniform treatment of these uncertainties across the
various analyses, the following effects and prescriptions were applied.

There are detector-related uncertainties, such as those on particle identification efficiencies, on back-
ground rejections, and on the precise knowledge of energy scales and resolution functions. These un-
certainties can be largely constrained and determined from the data themselves. However, this can only
be done with a finite, and integrated luminosity-dependent, accuracy. In the present studies, rough esti-
mates of these uncertainties were used, considering three canonical integrated luminosity values: 0.1, 1
and 10 fb−1. Detector-related systematic uncertainties were applied to signal and background samples
by varying the energy scale, resolution, or efficiency or rejections.
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In addition, uncertainties come from the approximations made in Monte Carlo generators, modelling
and from the theoretical calculation of cross-sections. Unless stated otherwise when discussing individ-
ual analyses, the following assumptions were applied, for the various systematic uncertainties.

5.1 Uncertainties on the detector performance

Electrons and photons For electrons and photons, uncertainties on the identification efficiency of
1.0%, 0.5% and 0.2% were assumed for the three values of integrated luminosity, 0.1, 1 and 10 fb−1,
respectively. These values can be determined from data by applying the so called tag-and-probe meth-
ods [42, 43] to known resonance decays, like Z→ ee. The uncertainty on the energy scale was assumed
to be 1% (0.1%) for integrated luminosities below (above) 1 fb−1. The electron and photon resolutions
were estimated to be known with precisions of 20%, 10% and 5% at the three values of integrated lumi-
nosity. The electron fake rates were assumed to have overall uncertainties of 50%, 20% and 10% at the
three integrated luminosity values. All uncertainties were assumed to be independent of pT and η .

Muons Uncertainties on the identification efficiency of 1%, 0.3% and 0.1% were used for muons with
pT < 100 GeV for the three integrated luminosity values. As for electrons, it should be noted that these
numbers are expected to be conservative, since the statistical precision that can be obtained from studies
of Z→ µµ decays amounts to 0.2% for an integrated luminosity of 0.1 fb−1. For higher muon momenta
the efficiencies must be estimated using extrapolations based on Monte Carlo and therefore larger values
were assumed: for muons with a pT of 1 TeV, for example, the uncertainties were assumed to be 5%, 3%
and 1%, respectively.

The muon energy scale was assumed to be known with precisions of 1%, 0.3% and 0.1% for the
three integrated luminosity values. Furthermore, uncertainties of 12%, 4% and 1% were assumed on the
muon momentum resolution below 100 GeV, whereas a value of 100% was used for muons with pT of
1 TeV. All these uncertainties were considered to be independent of η .

Jets and Missing ET Unless otherwise stated, the overall uncertainty on the jet energy scale was as-
sumed to ±5% over the pseudorapidity region |η | <3.2 and ±10% for jets in the forward calorimeters,
3.2 < |η | <4.9. This scale uncertainty is applied, independently of jet pT, for both light-quark jets
and jets from b-quarks. In addition, unless stated otherwise, an uncertainty of 10% on the jet energy
resolution was considered.

The missing transverse energy, Emiss
T , is calculated by summing high-pT objects like leptons and

jets, in addition a component from unclustered energy is added. Part of the uncertainty in Emiss
T is thus

correlated with the jet and lepton energy scale uncertainties, but also a wrong calibration of unclustered
energy can affect Emiss

T .
After identified objects were rescaled or smeared, the Emiss

T was re-calculated with the corrected
energies. In most of the studies also the low pT part of the unclustered energy was modified. In this
procedure, the momenta of the leptons and jets with pT > 20 GeV were subtracted first from the Emiss

T ,
a 10% uncertainty on the remainder was applied, and then the effects of the leptons and jets were added
back in.

Heavy-flavour tagging For the b-tagging efficiency a 5% relative uncertainty was assumed, indepen-
dently of luminosity. This is considered to be a conservative estimate for integrated luminosities of
1 fb−1 or higher. For the mistag rate of light and c-jets an integrated-luminosity independent uncertainty
of 10% was assumed. It is expected that the mistag rates can be measured with this precsion or better
from data sets exceeding an integrated luminosity of 0.1 fb−1. The efficiency and mistag variations were
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implemented in analyses by randomly rejecting 5% of the jets tagged as b-jets or by randomly changing
the tag status of light and c-jets.

5.2 Uncertainties on cross-sections and Monte Carlo modelling

Several theoretical uncertainties affect the predicted cross-sections. The details and the size of the uncer-
tainty depend on the signal and background processes considered and no general numbers can be quoted.
They are therefore usually addressed in the respective studies presented in this volume. The main effects
can be classified as follows:

• The theoretical calculations are affected by missing unknown higher-order corrections. These
uncertainties are usually estimated by varying the renormalization and factorization scales within
factors of two around the nominal scale chosen.

• Despite the normalization of tree-level Monte Carlo programs – with or without parton shower
matching – to the (N)NLO cross sections, large uncertainties remain, in particular for exclusive
final states in specific phase space regions after the application of cuts. These uncertainties have
been estimated either by varying parton-shower matching cuts or by comparisons with different
Monte Carlo event generators.

• Uncertainties in the parton distribution functions result in uncertainties on the calculated cross-
sections which are typically of the order of 10%. These uncertainties have either been addressed
by varying the eigenvalues of the CTEQ parametrization parameters [17] within the suggested
values or by comparing the CTEQ and MRST2001 [44] parametrizations.

Appendix

In the following, additional technical information is given on some of the Monte Carlo event generators
employed, together with example processes.

PYTHIA

The PYTHIA Monte Carlo event generator [2] was employed for the event simulation of many samples.
The new implementation of parton showering, commonly known as pT -ordered showering, was used,
as was the new underlying event model where the phase-space is interleaved/shared between initial-state
radiation (ISR) and the underlying event. In addition to the standard processes implemented in PYTHIA,
two extensions were implemented containing a chiral lagrangian model [45], and an R-hadron model.

HERWIG and JIMMY

HERWIG [24] was used, for example, for simulation of SUSY signal processes [46]. The pre-generated
input tables for these processes were provided by ISAJET and ISAWIG [47].

Sherpa

The Sherpa Monte Carlo event generator [25], was used for several processes, most notably for the
production of electroweak bosons in association with jets: these profited from the implemented CKKW
parton-showering and matrix-element matching technique. Some representative processes for which
Sherpa was used are: a W or Z produced in association with up to four light jets; Higgs boson production
via vector boson fusion; and associated production of bb̄A.
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AcerMC

Some processes for which AcerMC [26] was used were: Zbb̄ production; Ztt̄ production; tt̄ production;
single top processes; tt̄bb̄ production; and tt̄tt̄ production. The AcerMC program was used both with
PYTHIA and HERWIG hadronisation, to allow tests of systematic uncertainties related to parton shower
modelling.

A procedure was developed for combining samples with tt̄ production modelled with MC@NLO
with samples from the AcerMC tt̄bb̄ process. There is an overlap of the two samples since the extra
gluon in the NLO tt̄ calculation can split into a bb̄ pair during parton showering. For studies where this
channel was relevant [48], events with additional bb̄ pairs in the MC@NLO samples were rejected, since
the matrix-element tt̄bb̄ generation is expected to describe such events better in the region of the phase
space selected by the analysis (especially for relatively large opening angle between the two quarks of
the bb̄ pair). The corresponding number of events (10% of the total) was also removed from the high
jet-multiplicity tt̄ sample for normalization purposes.

ALPGEN

The ALPGEN Monte Carlo event generator [19] was used for several processes, most notably for the
production of electroweak bosons in association with jets, in order to profit from the implemented MLM
parton-showering and matrix-element matching technique. Some processes for which ALPGEN was
used were: W or Z production in association with up to five light jets; tt̄ production with up to three
additional light jets; bb̄ or cc̄ production with up to three additional light jets; electroweak boson pair
production in association with up to three jets Higgs production via vector boson fusion; and photon pair
production in association with up to three jets.

MadGraph/MadEvent

The MadGraph/MadEvent Monte Carlo event generator [27] was used for a selection of processes, for
example for exclusive final states involving multiple electroweak bosons and associated light jets, as
well as some Standard Model Higgs boson production channels. Although MadGraph/MadEvent pro-
cesses in the 4.X versions can be combined with a native version of parton-showering and matrix-element
matching technique, this functionality was not used here. Some representative processes for which Mad-
Graph/MadEvent was used are: W or Z production in association with four light partons; WW , WZ or
ZZ pair production in association with two light partons; electroweak boson production in association
with two photons; and photon pair production in association with two additional partons.

MC@NLO

The MC@NLO event generator [28] is one of the few Monte Carlo tools incorporating full NLO QCD
corrections to a selected set of processes in a consistent way. It was used to simulate a number of
processes, including: inclusive W or Z production; tt̄ production; electroweak boson pair production;
and Higgs boson production and decay, for the W+W− and γγ Higgs boson decay modes.

Charybdis

The Charybdis Monte Carlo event generator [29] is a special-purpose program implementing production
and decay of microscopic black holes in models with TeV-scale gravity.
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CompHEP

The CompHEP Monte Carlo event generator [30] was used for a small set of processes: excited electron
production, Z′→ e+e−γ , and the production of E6 heavy iso-singlet D quarks decaying to Z or W pairs,
or to a ZH pair in association with additional quarks.

TopReX

The TopReX Monte Carlo event generator [31] was used for top pair or single top production involving
flavour-changing neutral current (FCNC) couplings in top quark decays, explicitly: tt̄ production where
one top quark decays conventionally (to bW ), and the other to either qγ or qZ; and single top production
and decay to either qγ or qZ. TopReX was interfaced directly with PYTHIA for parton showering,
hadronisation and the underlying event: a point to note is that TopReX single top generation is intimately
interfaced with the PYTHIA old (virtuality-ordered) parton showering model and thus cannot be used
with the new PYTHIA pT -ordered showering.

WINHAC

WINHAC [32] is a Monte Carlo event generator dedicated to the hadro-production of single W bosons
decaying into leptons. Comparisons done within ATLAS have shown that the WINHAC predictions
match well the predictions of PHOTOS for radiative corrections to W boson leptonic decays. PHOTOS
was used throughout this work.
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The Expected Performance of the Inner Detector
Abstract
The ATLAS inner detector will see of the order of 1000 charged particle tracks
for every beam crossing at the design luminosity of the CERN Large Hadron
Collider (LHC). This paper summarizes the design of the detector and outlines
the reconstruction software. The expected performance for reconstructing sin-
gle particles is presented, along with an indication of the vertexing capabilities.
The effect of the detector material on electrons and photons is discussed along
with methods for improving their reconstruction. The studies presented focus
on the performance expected for the initial running at the start-up of the LHC.

1 Introduction

In ATLAS, at the LHC design luminosity of 1034 cm−2s−1, approximately 1000 particles will emerge
from the collision point every 25 ns within |η | < 2.5, creating a very large track density in the detec-
tor. To achieve the momentum and vertex resolution requirements imposed by the benchmark physics
processes, high-precision measurements will be made in the inner detector (ID), shown in Fig. 1. Pixel
and silicon microstrip (SCT) trackers, used in conjunction with the straw tubes of the transition radiation
tracker (TRT), will make high-granularity measurements. The original performance specifications were
set out in 1994 and are detailed in [1] – the focus being on challenging physics channels such as the
measurement of leptons from the decays of heavy gauge bosons and the tagging of b-quark jets.

Figure 1: Cut-away view of the ATLAS inner detector.

The ID surrounds the LHC beam-pipe which is inside a radius of 36 mm. The layout of the detector
is illustrated in Fig. 2 and detailed in [2]. Its basic parameters are summarised in Table 1. The ID is
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immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of 5.3 m
with a diameter of 2.5 m.

Figure 2: Plan view of a quarter-section of the ATLAS inner detector showing each of the major elements
with its active dimensions.

Item Radial extension (mm) Length (mm)
Pixel Overall envelope 45.5 < R < 242 0 < |z|< 3092
3 cylindrical layers Sensitive barrel 50.5 < R < 122.5 0 < |z|< 400.5
2×3 disks Sensitive end-cap 88.8 < R < 149.6 495 < |z|< 650

SCT Overall envelope 255 < R < 549 (barrel) 0 < |z|< 805
251 < R < 610 (end-cap ) 810 < |z|< 2797

4 cylindrical layers Sensitive barrel 299 < R < 514 0 < |z|< 749
2×9 disks Sensitive end-cap 275 < R < 560 839 < |z|< 2735

TRT Overall envelope 554 < R < 1082 (barrel) 0 < |z|< 780
617 < R < 1106 (end-cap ) 827 < |z|< 2744

73 straw planes Sensitive barrel 563 < R < 1066 0 < |z|< 712
160 straw planes Sensitive end-cap 644 < R < 1004 848 < |z|< 2710

Table 1: Main parameters of the inner detector.

The precision tracking detectors (pixels and SCT) cover the region |η | < 2.5. In the barrel region,
they are arranged on concentric cylinders around the beam axis while in the end-cap regions, they are
located on disks perpendicular to the beam axis. The highest granularity is achieved around the vertex
region using silicon pixel sensors. All pixel modules are identical and the minimum pixel size on a
sensor is 50×400 µm2. The pixel layers are segmented in R−φ and z with typically three pixel layers
crossed by each track. The first layer, called the “vertexing layer”, is at a radius of 51 mm. The intrinsic
accuracies in the barrel are 10 µm (R−φ ) and 115 µm (z) and in the disks are 10 µm (R−φ ) and 115 µm
(R). The pixel detector has approximately 80.4 million readout channels.

For the SCT, eight strip layers (four space points) are crossed by each track. In the barrel region, this
detector uses small-angle (40 mrad) stereo strips to measure both coordinates, with one set of strips in
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each layer parallel to the beam direction, measuring R−φ . Each side of a detector module consists of
two 6.4 cm long, daisy-chained sensors with a strip pitch of 80 µm. In the end-cap region, the detectors
have a set of strips running radially and a set of stereo strips at an angle of 40 mrad. The mean pitch
of the strips is also approximately 80 µm. The intrinsic accuracies per module in the barrel are 17 µm
(R−φ ) and 580 µm (z) and in the disks are 17 µm (R−φ ) and 580 µm (R). The total number of readout
channels in the SCT is approximately 6.3 million.

A large number of hits (typically 30 per track, with a maximum of 36, see Fig. 34) is provided by the
4 mm diameter straw tubes of the TRT, which enables track-following up to |η | = 2.0. The TRT only
provides R− φ information, for which it has an intrinsic accuracy of 130 µm per straw. In the barrel
region, the straws are parallel to the beam axis and are 144 cm long, with their wires divided into two
halves, approximately at η = 0. In the end-cap region, the 37 cm long straws are arranged radially in
wheels. The total number of TRT readout channels is approximately 351,000.

Item Intrinsic accuracy Alignment tolerances
(µm) (µm)

Radial (R) Axial (z) Azimuth (R-φ)
Pixel
Layer-0 10 (R-φ ) 115 (z) 10 20 7
Layer-1 and -2 10 (R-φ ) 115 (z) 20 20 7
Disks 10 (R-φ ) 115 (R) 20 100 7
SCT
Barrel 17 (R-φ ) 580 (z)1 100 50 12
Disks 17 (R-φ ) 580 (R)1 50 200 12
TRT 130 302

1. Arises from the 40 mrad stereo angle between back-to-back sensors on the SCT modules with axial (barrel)

or radial (end-cap) alignment of one side of the structure. The result is pitch-dependent for end-cap SCT modules.

2. The quoted alignment accuracy is related to the TRT drift-time accuracy.

Table 2: Intrinsic measurement accuracies and mechanical alignment tolerances for the inner detector
sub-systems, as defined by the performance requirements of the ATLAS experiment. The numbers in the
table correspond to the single-module accuracy for the pixels, to the effective single-module accuracy
for the SCT and to the drift-time accuracy of a single straw for the TRT.

The combination of precision trackers at small radii with the TRT at a larger radius gives very robust
pattern recognition and high precision in both R−φ and z coordinates. The straw hits at the outer radius
contribute significantly to the momentum measurement, since the lower precision per point compared to
the silicon is compensated by the large number of measurements and longer measured track length.

The inner detector system provides tracking measurements in a range matched by the precision mea-
surements of the electromagnetic calorimeter [2]. The electron identification capabilities are enhanced by
the detection of transition-radiation photons in the xenon-based gas mixture of the straw tubes. The semi-
conductor trackers also allow impact parameter measurements and vertex reconstruction (“vertexing”)
for heavy-flavour and τ-lepton tagging. The secondary vertex measurement performance is enhanced by
the innermost layer of pixels, at a radius of about 5 cm.

Charged particle tracks with transverse momentum pT > 0.5 GeV and |η | < 2.5 are reconstructed
and measured in the inner detector and the solenoid field. However, the efficiency at low momentum is
limited because of the large material effect in the inner detector (see Fig. 3). The intrinsic measurement
performance expected for each of the inner detector sub-systems is summarised in Table 2. This per-
formance has been studied extensively over the years [1], both before and after irradiation of production
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modules, and also, more recently, during the combined test beam (CTB) runs in 2004 [2,3] and in a series
of cosmic-ray tests in 2006 [2, 4]. The results have been used to update and validate the modelling of
the detector response in the Monte-Carlo simulation. This paper describes the expected performance of
the inner detector in terms of tracking, vertexing and particle identification. The alignment of the inner
detector is described elsewhere ( [2] and the references therein).
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Figure 3: Material distribution (X0, λ ) at the exit of the ID envelope, including the services and thermal
enclosures. The distribution is shown as a function of |η | and averaged over φ . The breakdown indicates
the contributions of external services and of individual sub-detectors, including services in their active
volume.

2 Track reconstruction

The inner detector track reconstruction software [5] follows a modular and flexible software design,
which includes features covering the requirements of both the inner detector and muon spectrometer [2]
reconstruction. These features comprise a common event data model [6] and detector description [7],
which allow for standardised interfaces to all reconstruction tools, such as track extrapolation, track fit-
ting including material corrections and vertex fitting. The extrapolation package combines propagation
tools with an accurate and optimised description of the active and passive material of the full detector [8]
to allow for material corrections in the reconstruction process. The suite of track-fitting tools includes
global-χ2 and Kalman-filter techniques, and also more specialised fitters such as dynamic noise adjust-
ment (DNA) [9], Gaussian-sum filters (GSF) [10] and deterministic annealing filters [11]. Optimisation
of these tools continues and their performance will need to be evaluated on real data. The tools intended
to cope with electron bremsstrahlung (DNA and GSF – see Section 5.1) will be run after the track re-
construction, as part of the electron-photon identification. Other common tracking tools are provided,
including those to apply calibration corrections at later stages of the pattern recognition, to correct for
module deformations or to resolve hit-association ambiguities.

Track reconstruction in the inner detector is logically sub-divided into three stages:

1. A pre-processing stage, in which the raw data from the pixel and SCT detectors are converted
into clusters and the TRT raw timing information is translated into calibrated drift circles. The
SCT clusters are transformed into space-points, using a combination of the cluster information
from opposite sides of a SCT module.

2. A track-finding stage, in which different tracking strategies [5, 12], optimised to cover different
applications, are implemented. (The results of studies of the various algorithms are reported else-
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where [13].) The default tracking exploits the high granularity of the pixel and SCT detectors to
find prompt tracks originating from the vicinity of the interaction region. First, track seeds are
formed from a combination of space-points in the three pixel layers and the first SCT layer. These
seeds are then extended throughout the SCT to form track candidates. Next, these candidates are
fitted, “outlier” clusters are removed, ambiguities in the cluster-to-track association are resolved,
and fake tracks are rejected. This is achieved by applying quality cuts. For example, a cut is made
on the number of associated clusters, with explicit limits set on the number of clusters shared be-
tween several tracks and the number of holes per track (a hole is defined as a silicon sensor crossed
by a track without generating any associated cluster). The selected tracks are then extended into
the TRT to associate drift-circle information in a road around the extrapolation and to resolve the
left-right ambiguities. Finally, the extended tracks are refitted with the full information of all three
detectors. The quality of the refitted tracks is compared to the silicon-only track candidates and
hits on track extensions resulting in bad fits are labelled as outliers (they are kept as part of the
track but are not included in the fit).

A complementary track-finding strategy, called back-tracking, searches for unused track segments
in the TRT. Such segments are extended into the SCT and pixel detectors to improve the tracking
efficiency for secondary tracks from conversions or decays of long-lived particles.

3. A post-processing stage, in which a dedicated vertex finder is used to reconstruct primary ver-
tices. This is followed by algorithms dedicated to the reconstruction of photon conversions and of
secondary vertices.

3 Tracking performance

3.1 Introduction to performance studies

The expected performance of the tracking system for reconstructing single particles and particles in
jets is determined using a precise modelling of the individual detector response (including electronic
noise and inefficiencies), geometry and passive material in the simulation. In this paper, a consistent
set of selection cuts for reconstructed tracks has been used. Generally, only prompt particles (those
originating from the primary vertex) with pT > 1 GeV and |η | < 2.5 are considered. Standard quality
cuts require reconstructed tracks to have at least seven precision hits (pixels and SCT). In addition,
the transverse and longitudinal impact parameters at the perigee must fulfil respectively |d0| < 2 mm
and |z0 − zv| × sinθ < 10 mm, where zv is the position of the primary vertex along the beam and
θ is the polar angle of the track. Stricter selection cuts, called b-tagging cuts, are defined by: at least
two hits in the pixels, one of which should be in the vertexing layer, as well as |d0| < 1 mm and
|z0− zv|× sinθ < 1.5 mm. A reconstructed track is matched to a Monte-Carlo particle if at least 80%
of its hits were created by that particle. The efficiency is defined as the fraction of particles which are
matched to reconstructed tracks passing the quality cuts, and the fake rate is defined as the fraction of
reconstructed tracks passing the quality cuts which are not matched to a particle.

3.2 Track parameter resolutions

The resolution of a track parameter X can be expressed as a function of pT as:

σX(pT ) = σX(∞)(1⊕ pX/pT ) (1)

where σX(∞) is the asymptotic resolution expected at infinite momentum, pX is a constant representing
the value of pT for which the intrinsic and multiple-scattering terms in the equation are equal for the
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parameter X under consideration and ⊕ denotes addition in quadrature. This expression is approximate,
working well at high pT (where the resolution is dominated by the intrinsic detector resolution) and at
low pT (where the resolution is dominated by multiple scattering). σX(∞) and pX are implicitly functions
of the pseudorapidity. Figures 4, 5 and 6 show the momentum resolution for isolated muons and the trans-
verse and longitudinal impact parameter resolutions for isolated pions1, all without a beam constraint and
assuming the effects of misalignment, miscalibration and pile-up to be negligible. The resolutions are
taken as the RMS evaluated over a range which includes 99.7% of the data (corresponding to ±3σ for a
Gaussian distribution). The TRT measurements are included in the track fits for tracks with |η | < 2.0,
beyond which there are no further TRT measurements. Table 3 shows the values of σX(∞) and pX for
tracks in two η-regions, corresponding to the barrel and end-caps. The use of the beam-spot constraint
in the track fit improves the momentum resolution for high-momentum tracks by about 5%. The impact
parameter resolutions are quoted only for tracks with a hit in the vertexing layer (this requirement has a
very high efficiency, as illustrated in Fig. 14 by the small difference between the standard quality and the
b-tagging quality tracks). Figure 7 shows the comparison of the impact parameter resolutions for pions
and muons. The muon distributions are very close to Gaussian, while those for the pions are slightly
broader and have small tails, in addition. The tails are even larger for electrons, and this is discussed in
Section 5.

Track parameter 0.25 < |η |< 0.50 1.50 < |η |< 1.75
σX(∞) pX (GeV) σX(∞) pX (GeV)

Inverse transverse momentum (q/pT ) 0.34 TeV−1 44 0.41 TeV−1 80
Azimuthal angle (φ ) 70 µrad 39 92 µrad 49
Polar angle (cotθ ) 0.7 ×10−3 5.0 1.2×10−3 10
Transverse impact parameter (d0) 10 µm 14 12 µm 20
Longitudinal impact parameter (z0× sinθ ) 91 µm 2.3 71 µm 3.7

Table 3: Expected track-parameter resolutions (RMS) at infinite transverse momentum, σX(∞), and
transverse momentum, pX , at which the multiple-scattering contribution equals that from the detector
resolution (see Eq. (1)). The momentum and angular resolutions are shown for muons, whereas the
impact-parameter resolutions are shown for pions (see text). The values are shown for two η-regions,
one in the barrel inner detector where the amount of material is close to its minimum and one in the
end-cap where the amount of material is close to its maximum. Isolated, single particles are used with
perfect alignment and calibration in order to indicate the optimal performance.

The consequences of the pseudorapidity variation of the track parameter resolutions can be seen
from the reconstructed J/ψ→ µµ masses in the barrel and end-caps. This is shown in Fig. 8 where both
muons are either in the barrel or the end-caps.

The determination of the lepton charge at high pT is particularly important for measuring charge
asymmetries arising from the decays of possible heavy gauge bosons (W ′ and Z′). Typically, such mea-
surements require that the charge of the particle be determined to better than 3σ2. Whereas the charge
of high-energy muons will be measured precisely in the muon system, the charge of high-energy elec-
trons can only be measured by the inner detector. Figure 9 shows the reconstructed values of q/pT for
negatively charged isolated muons and electrons with pT = 0.5 TeV and pT = 2 TeV. The peaks of the
distributions are at negative values, reflecting the negative charges of the simulated particles. It can be
seen that the shape of the muon distributions is unchanged in going from 0.5 to 2 TeV – at high momen-

1Muons suffer less from interactions and hence provide the best reference; impact parameter determination is important for
vertexing, and this is more commonly required for hadrons, for example when b-tagging.

2The charge of a particle is considered well measured if it is at least 3σ from 0 in the variable q/p.
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Figure 8: Probability for the reconstructed invariant mass of muon pairs from J/ψ → µµ decays in
events with prompt J/ψ production. Distributions are shown for both muons with |η | < 0.8 (left) and
|η | > 1.5 (right).

tum, the resolution of q/pT is independent of the true momentum of the muon and determined by the
intrinsic resolution of the detector.

For electrons, things are more complicated. As well as the intrinsic resolution, there are competing
effects from bremsstrahlung (which lowers the track momentum and makes the charge easier to measure)
and the conversion of bremsstrahlung photons (leading to pattern-recognition problems and degraded
charge determination). At 0.5 TeV, the effects of the conversions are significant, causing the electrons to
be measured worse than the corresponding muons. However, at 2 TeV, the intrinsic resolution dominates
the electron charge misidentification, and this is partially compensated for by the bremsstrahlung. The
fractions of muons and electrons for which the sign of the charge is incorrectly determined are shown in
Fig. 10. For these plots, perfect alignment has been assumed; any misalignment will degrade the charge
sign determination.

3.3 Track reconstruction efficiency

Figures 11, 12 and 13 show the efficiencies for reconstructing isolated muons, pions and electrons. In
addition to multiple-scattering, pions are affected by hadronic interactions in the inner detector material,
while electrons are subject to even larger reconstruction inefficiencies which arise from the effects of
bremsstrahlung. As a result, the efficiency curves as a function of |η | for pions and electrons reflect the
shape of the amount of material in the inner detector (see Fig. 3). As expected, the efficiency becomes
larger and more uniform as a function of |η | at higher energies.

Previous studies [1] have shown that the reconstruction efficiency is little affected by the “pile-up” of
additional minimum bias events at high luminosity (1034 cm−2s−1). A more challenging environment is
found in the core of an energetic jet. Figure 14 shows the track reconstruction efficiency for prompt pions
(produced before the vertexing layer) and the fake rate for tracks in jets in tt̄ events as a function of |η |.
For these events, the mean jet pT is 55 GeV, and the mean pT of the accepted tracks which they contain
is 4 GeV. The loss of efficiency at |η |= 0 with the b-tagging criteria arises from inefficiencies in the pixel
vertexing layer, which are assumed here to be 1%; this improves at higher |η |, owing to the presence
of larger clusters when the track incidence angle decreases. Beyond |η | ∼ 1, the tracking performance
deteriorates, mostly because of increased material. As shown in Fig. 15, the fake rate increases near the
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a positive charge are indicated by the shaded regions. At 2 TeV, the fraction of electrons (muons) whose
charge has been misidentified is 12.8% (13.7%).
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Figure 11: Track reconstruction efficiencies as a function of |η | for muons (left) and pions (right)
with pT = 1, 5 and 100 GeV.
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Figure 12: Track reconstruction efficiencies as
a function of |η | for electrons with pT = 1, 5
and 100 GeV.
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Figure 14: Track reconstruction efficiencies and
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described in Section 3.1). “Reconstruction” refers
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ity cuts.
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Figure 15: Track reconstruction efficiencies and
fake rates as a function of the distance ∆R (de-
fined as ∆R =

√
∆η2 + ∆φ 2) of the track to the

jet axis, using the standard quality cuts and inte-
grated over |η | < 2.5, for charged pions in jets in
tt̄ events.

core of the jet, where the track density is the highest and induces pattern-recognition problems. This
effect increases as the jet pT increases. Using alternative algorithms, a few percent efficiency can be
gained at the cost of doubling the fake rate in the jet core.

The reconstruction described in Section 2 is aimed at tracks with pT > 0.5 GeV. Multiplicity studies
in minimum bias events will be among the first analyses undertaken by ATLAS. In these events, the
peak of the track pT spectrum is around 0.3 GeV. The reconstruction of these low-momentum tracks
will be difficult because of the high curvature of the tracks, increased multiple scattering, and at very
low momentum, reduced numbers of hits, since the tracks may fail to reach the outer layers of the
inner detector. To complement the track-finding strategy described in Section 2, an additional strategy
is employed in which hitherto unused pixel and SCT hits are used. To further aid the reconstruction,
the algorithm for the space-point track seeding is modified to use looser internal cuts and the cut on the
number of precision hits is reduced to at least five hits. Tracks are accepted with pT > 0.1 GeV, and in
some cases, inefficiencies for pT > 0.5 GeV are recovered. The resulting track reconstruction efficiency
is shown in Fig. 16. The distribution of candidate fake tracks is shown in Fig. 17.

4 Vertexing performance

4.1 Primary vertices

Vertexing tools constitute important components of the higher-level tracking algorithms. The residuals of
the primary vertex reconstruction are shown in Fig. 18, as obtained without using any beam constraint,
for tt̄ events and H → γγ events with mH = 120 GeV. The results shown here for H → γγ events are
based on tracks reconstructed from the underlying event and do not make use of the measurement of the
photon direction in the electromagnetic calorimeter. The primary vertex in tt̄ events has always a rather
large multiplicity and includes a number of high-pT tracks, resulting in a narrower and more Gaussian
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Figure 16: Track reconstruction efficiencies as a function of pT for |η | < 2.5 and pT > 0.1 GeV (left) and
as a function of |η | for two different pT ranges (right) in minimum bias events (non-diffractive inelastic
events).
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Figure 17: Rate of candidate fake tracks as a function of pT for |η | < 2.5 and pT > 0.1 GeV (left) and
as a function of |η | (right) in minimum bias events (non-diffractive inelastic events). The rate of such
tracks is a function of the amount of material, indicating that a large fraction of them are secondaries for
which the Monte-Carlo truth information is not kept
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distribution than for H → γγ events. Table 4 shows the resolutions of the primary vertex reconstruction
in these tt̄ and H→ γγ events, without and with a beam constraint in the transverse plane, as well as the
efficiencies to reconstruct and select correctly (within ±300 µm) these primary vertices in the presence
of pile-up at a luminosity of 1033 cm−2s−1.

Event type x-y resolution z resolution Reconstruction Selection
(µm) (µm) efficiency (%) efficiency (%)

tt̄ (no BC) 18 41 100 99
tt̄ (BC) 11 40 100 99
H→ γγ (no BC) 36 72 96 79
H→ γγ (BC) 14 66 96 79

Table 4: Primary vertex resolutions (RMS), without and with a beam constraint (BC) in the transverse
plane, for tt̄ events and H→ γγ events with mH = 120 GeV in the absence of pile-up. Also shown, in the
presence of pile-up at a luminosity of 1033 cm−2s−1, are the efficiencies to reconstruct and then select
the hard-scattering vertex within ±300 µm of the true vertex position in z. The hard-scattering vertex is
selected as the primary vertex with the largest Σp2

T , summed over all its constituent tracks.
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Figure 18: Primary vertex residual along x, in the transverse plane (left), and along z, parallel to the
beam (right), for events containing top-quark pairs and H→ γγ decays with mH = 120 GeV. The results
are shown without pile-up and without any beam constraint.

4.2 Secondary vertices

The resolution for the reconstruction of the radial position of secondary vertices for J/ψ → µµ decays
in events containing B-hadron decays (mean pT of 15 GeV for the J/ψ) is shown in Fig. 19. While
there are some tails in the resolution distributions (left-hand plot), these are small. The corresponding
distributions for three-prong hadronic τ-decays in Z → ττ events (mean pT of 36 GeV for the τ-lepton)
are shown in Fig. 20. Because there are three charged tracks in close proximity, the reconstruction of
these decays is more challenging: the vertex resolutions are Gaussian in the central region, but have long
tails as can be seen from the points showing 95% coverage in right-hand plot.
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Figure 19: Resolution for the reconstruction of the radial position of the secondary vertex for J/ψ→ µµ
decays in events containing B-hadron decays for tracks with |η | around 0 (left) and as a function of the
pseudorapidity of the J/ψ (right). The J/ψ have an average transverse momentum of 15 GeV.
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Figure 20: Resolution for the reconstruction of the radial position of the secondary vertex for three-
prong hadronic τ-decays in Z → ττ events for tracks with |η | around 0 (left) and as a function of
the pseudorapidity of the τ (right). In the right-hand plot, the circles with bars correspond to Gaussian
fits, as illustrated in the left-hand plot; the points showing 68.3% (95%) coverage show the width of the
integrated distribution containing 68.3% (95%) of the measurements (corresponding to 1σ (2σ ) for a
Gaussian distribution). The τ-leptons have an average transverse momentum of 36 GeV.
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Finally, Fig. 21 shows the resolution as a function of decay radius for the reconstruction of the radial
position of secondary vertices for K0

s decays (mean pT of 6 GeV) in events containing B-hadron decays.
The resolution in each radial slice is determined from a Gaussian fit to the core of the distribution. It can
be seen that there are significant tails: just before the barrel layers, the resolution for decays in the barrel
region is good, giving rise to the core; while that from the end-caps is variable, depending on the actual
position of the decay, giving rise to a broader distribution. The tails can be reduced and the resolutions
improved somewhat by tighter cuts on track quality and the reconstructed invariant mass, if desirable.
The effect of crossing the three successive pixel layers is clearly visible as well as the degraded resolution
for decays beyond the last pixel layer. Figure 22 shows the resolution as a function of decay radius for the
reconstruction of the invariant mass of the charged-pion pair for the same K0

s → π+π− decays. Figure 23
shows the efficiency to reconstruct the K0

s decays. The reconstruction requires 3D information provided
by the silicon detectors, and hence the efficiency falls to zero once the decay is beyond the penultimate
SCT layers.

5 Particle identification, reconstruction of electrons and photon conver-
sions

The reconstruction of electrons and of photon conversions is a particular challenge for the inner detector.
The fraction of energy lost by electrons traversing the inner detector is shown in Fig. 24. In the energy
range over which the inner detector will measure electrons, the fraction has little dependence on the
actual electron energy. Electrons lose on average between 20 to 50% of their energy (depending on |η |)
by the time they have left the SCT, as illustrated in Fig. 25. The probability for photons to convert is
fairly independent of their energies for pT > 1 GeV. A histogram of the location of photon conversions
in |η |< 0.8 is shown in Fig. 26 - the radial structure of the detector is clearly visible. Between 10 to 50%
of photons have converted into an electron-positron pair before leaving the SCT, as illustrated in Fig. 27.

The TRT plays a central role in electron identification, cross-checking and complementing the elec-
tromagnetic calorimeter, especially at energies below 25 GeV [2]. In addition, the TRT contributes to the
reconstruction and identification of electron track segments from photon conversions down to 1 GeV and
of electrons which have radiated a large fraction of their energy in the silicon layers.

5.1 Electron reconstruction

In the absence of bremsstrahlung, the distribution ptrue/precon should be Gaussian; but in the presence
of bremsstrahlung, this is far from true, as can be seen for the end-cap in Fig. 28 (left-hand plot). By
fitting electron tracks in such a way as to allow for bremsstrahlung, it is possible to improve the recon-
structed track parameters, as shown in Figs. 28 and 29 for two examples of bremsstrahlung recovery
algorithms. These algorithms rely exclusively on the inner detector information and therefore provide
significant improvements only for electron energies below ∼ 25 GeV. The dynamic noise adjustment
(DNA) method extrapolates track segments to the next silicon detector layer. If there is a significant χ2

contribution, compatible with a hard bremsstrahlung, the energy loss is estimated and an additional noise
term is included in the Kalman filter [9]. The Gaussian-sum filter (GSF) is a non-linear generalisation
of the Kalman filter, which takes into account non-Gaussian noise by modelling it as a weighted sum of
Gaussian components and therefore acts as a weighted sum of Kalman filters operating in parallel [10].
With real data, to improve the fitted track parameters for electrons without deteriorating the fits for non-
electrons, it is necessary to assess whether a track is likely to correspond to an electron or not. This
can be done to some extent by the algorithms themselves by looking at the fits; additional information
can be obtained from the transition radiation in the TRT (see 5.2) and the electromagnetic calorimeter.
Ultimately, since information is lost during the bremsstrahlung, there is an unavoidable degradation of
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Figure 21: Resolution for the reconstructed radial position of the secondary vertex for K0
s → π+π−

decays in events containing B-hadron decays in various radial intervals (upper) and as a function of the
K0

s decay radius (lower). The resolutions are best for decays just in front of the detector layers. The
barrel pixel layers are at: 51, 89 and 123 mm; the first two SCT layers are at 299 and 371 mm.
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Figure 22: Resolution for the reconstruction of the invariant mass of the charged-pion pair for K0
s →

π+π− decays in events containing B-hadron decays in various radial intervals (upper) and as a function
of the K0

s decay radius (lower).
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Figure 24: Probability distribution as a func-
tion of the fraction of energy lost by electrons
with pT = 10 GeV and 25 GeV (integrated over
a flat distribution in η with |η | ≤ 2.5) traversing
the complete inner detector.
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Figure 26: Radial position of photon conversions
in the barrel region (|η | < 0.8) deduced from
Monte-Carlo truth information (arbitrary normali-
sation).
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Figure 27: Probability for a photon to have con-
verted as a function of radius for different values
of |η |, shown for photons with pT > 1 GeV in
minimum bias events.
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Figure 28: Probability distributions for the ratio of the true to reconstructed momentum (left) and its
reciprocal (right) for electrons with pT = 25 GeV and |η | > 1.5. The results are shown as probabilities
per bin for the default Kalman fitter and for two bremsstrahlung recovery algorithms (see text).

the electron measurement. The algorithms serve to reduce the bias of the track fits caused by the in-
creased track curvature. Only by adding additional information, such at the position of the cluster in the
electromagnetic calorimeter [2], is it possible to make a real improvement on the measured momentum.

By allowing for changes in the curvature of the track, the bremsstrahlung recovery algorithms “fol-
low” the tracks better and correctly associate more of the hits, leading to improvements in the recon-
struction efficiencies, as can be seen in Fig. 30. GSF has 2-3% greater efficiency than the default recon-
struction, since it does not flag hits as outliers, hence a track is less likely to fail the quality cuts on the
numbers of hits.

Figure 31 shows the improvements from bremsstrahlung recovery for the reconstructed J/ψ →
ee mass. Integrating over the complete pseudorapidity acceptance of the ID, and without using any
bremsstrahlung recovery, only 42% of events are reconstructed within ±500 MeV of the nominal J/ψ
mass, whereas with the use of the bremsstrahlung recovery, this fraction increases to 53% and 56% for
DNA and GSF respectively, and the bias of the peak position is reduced. In the inner detector alone, the
J/ψ signal in the end-caps is more or less completely lost because of the effects of the increased material
compared to that in the barrel. The poor performance in the end-caps arises from the significant fraction
of energy lost by electrons (O(30)% by the time they have left the pixels) as well as the change in track
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Figure 29: Probability distributions for the ratio of the true to reconstructed momentum for electrons
with pT = 25 GeV and |η | < 0.8 (left) and pT = 10 GeV and |η | > 1.5 (right). The results are shown as
probabilities per bin for the default Kalman fitter and for two bremsstrahlung recovery algorithms (see
text).
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Figure 30: Efficiencies to reconstruct electrons as a function of |η | for electrons with pT = 25 GeV (left)
and pT = 10 GeV (right). The results are shown for the default Kalman fitter and for two bremsstrahlung
recovery algorithms (see text).
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Figure 31: Probability for the reconstructed invariant mass of electron pairs from J/ψ → ee decays
in events with B0

d → J/ψ(ee)K0
s . Distributions are shown for both electrons with |η | < 0.8 (left) and

|η |> 1.5 (right). The results are shown for the default Kalman fitter and for two bremsstrahlung recovery
algorithms (see text). The true J/ψ mass is shown by the vertical line.

direction. These distributions should be contrasted with those for the muonic decays of the J/ψ in Fig. 8.
To conclude, the material of the inner detector causes a significant amount of bremsstrahlung for

electrons, biasing their fitted parameters. This can be partially compensated within the inner detector
using the so-called bremsstrahlung recovery procedures, DNA and GSF. These algorithms should be
applied to tracks in a way so as to improve electrons and not degrade pions or muons. DNA runs in a
time comparable with other simple fitters, while GSF, albeit producing better results, is a factor of twenty
slower than DNA. Exactly how these algorithms are used will depend on individual physics analyses.

5.2 Electron identification

While the end-cap TRT (discrete radiator foils) is relatively easy to simulate, the barrel TRT (matrix of
fibres) is harder and the best indication of the expected performance comes from the test beam (CTB),
where a complete barrel TRT module was tested. Using pion, electron and muon samples in the en-
ergy range between 2 and 350 GeV, the barrel TRT response has been measured in the CTB in terms
of the high-threshold hit probability, as shown in Fig. 32. The measured performance has been used
to parametrise the response in the TRT barrel. The transition-radiation X-rays contribute significantly
to the high-threshold hits for electron energies above 2 GeV and saturation sets in for electron energies
above 10 GeV. Figure 33 shows the resulting pion identification efficiency (probability of pions being
misidentified as electrons) for an electron efficiency of 90%, achieved by performing a likelihood eval-
uation based on the high-threshold probability for electrons and pions for each straw. Figure 33 also
shows the effect of including time-over-threshold information, which improves the pion rejection by
about a factor of two when combined with the high-threshold hit information. At low energies, the pion
rejection (the inverse of the pion efficiency plotted in Fig. 33) improves with energy as the electrons
emit more transition radiation. The performance is optimal at energies of ∼ 5 GeV, and pion-rejection
factors above 50 are achieved in the energy range of 2–20 GeV. At very high energies, the pions become
relativistic and therefore produce more δ -rays and eventually emit transition radiation, which explains
why the rejection slowly decreases for energies above 10 GeV.

The electron-identification performance expected for the TRT in ATLAS, including the time-over-
threshold information, is shown as a function of |η | in Fig. 35 in the form of the pion identification
efficiency expected for an electron efficiency of 90% or 95%. The shape observed is closely correlated to
the number of TRT straws crossed by the track (see Fig. 34), which decreases from approximately 35 to a
minimum of 20 in the transition region between the barrel and end-cap TRT, 0.8 < |η | < 1.1, and which
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Figure 32: Average probability of a high-threshold
hit in the barrel TRT as a function of the Lorentz
γ-factor for electrons (open squares), muons (full
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of |η | for a track crossing the TRT.
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Figure 35: Pion efficiency expected from simula-
tion as a function of |η | for an efficiency of 90%
or 95% for electrons with pT = 25 GeV.

also decreases rapidly at the edge of the TRT fiducial acceptance for |η | > 1.8. Because of its more
efficient and regular foil radiator, the performance in the end-cap TRT is better than in the barrel TRT
where it consists of radiating fibres [2].

5.3 Conversion reconstruction

Figure 36 shows the efficiency for reconstructing conversions of photons with pT = 20 GeV and |η |< 2.1
as a function of the conversion radius and pseudorapidity, using the standard tracking algorithm com-
bined with the back-tracking algorithm described in Section 2. At radii above 50 cm, the efficiency for
reconstructing single tracks drops and that for reconstructing the pair drops even faster because the two
tracks are merged. If both tracks from the photon conversion are reconstructed successfully, vertexing
tools can be used to reconstruct the photon conversion with high efficiency up to radii of 50 cm. The over-
all conversion-identification efficiency can be greatly increased at large radii by flagging single tracks as
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photon conversions under certain conditions. (The identification is distinct from the reconstruction, since
with a single electron, the photon conversion cannot be reconstructed.) Only tracks which have no hits
in the vertexing layer, which are not associated to any fitted primary or secondary vertex, and which pass
a loose electron identification cut requiring more than 9% high-threshold hits on the TRT segment of the
track are retained. The resulting overall efficiency for identifying photon conversions is almost uniform
over all radii below 80 cm, as shown in Fig. 37.
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Figure 36: Efficiency to reconstruct conversions of photons with pT = 20 GeV and |η |< 2.1, as a function
of the conversion radius (left) and pseudorapidity (right). Shown are the efficiencies to reconstruct single
tracks from conversions, the pair of tracks from the conversion and the conversion vertex.
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Figure 37: Efficiency to identify conversions of photons with pT = 20 GeV and |η | < 2.1, as a function
of the conversion radius (left) and pseudorapidity (right). The overall efficiency is a combination of the
efficiency to reconstruct the conversion vertex, as shown also in Fig. 36, and of that to identify single-
track conversions (see text).

6 Conclusions

This paper documents the expected performance for the ATLAS inner detector, focusing on the low-
luminosity running at the start-up of the LHC. Most of the performance specifications set out in [1] have
been met – it is only at larger values of |η |, where there are significant amounts of material, that the
track-finding efficiencies are less than the targets.
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The reconstruction of muons, electrons and pions has been studied in detail as a function of transverse
momentum and pseudorapidity. For high-pT muons in the barrel region, the resolution for 1/pT is
expected to be 0.34 TeV−1 and the resolution for the transverse impact parameter 10 µm. The charge of
muons and electrons will be measured in the inner detector over the complete acceptance up to 1 TeV
with misidentification probabilities on average of no more than a few percent. In the barrel region, muons
with pT ≥ 1 GeV can be identified with efficiencies in excess of 98%. For high-pT muons, this rises
to ≥ 99.5% across the whole acceptance. Electrons and pions suffer from material effects; for tracks
around 5 GeV, they are reconstructed with efficiencies between 70 and 95%. The inner detector is able
to reconstruct pions down to 0.2 GeV with efficiencies around 50%. Fake rates are low; even in the core
of moderate-energy jets (O(50) GeV ET ), rates are less than 1%.

Algorithms have been developed to reconstruct primary and secondary vertices, as well as K0
s (and

other V0s) decays and conversions. In the case of tt̄ events, primary vertices can be identified with 99%
efficiency in the presence of low-luminosity pile-up. K0

s decays can be reconstructed up to a radius of
400 mm, while conversions can be identified by reconstructing pairs of tracks or tagging single electrons
in the TRT with 80% efficiency all the way up to a radius of 800 mm.

Electrons suffer from bremsstrahlung caused by the significant material in the inner detector. Algo-
rithms have been developed to improve the reconstruction of electrons, reducing the bias on the measured
momentum. While reasonable electron reconstruction is possible in the inner detector barrel, it is quite
difficult in the end-caps because of the increased amount of bremsstrahlung – here, the use of the elec-
tromagnetic calorimeter will be essential. Electrons can be identified by their transition radiation in the
TRT. For an electron efficiency of 90% at pT = 25 GeV, the pion misidentification probability is of the
order of a few percent over most of the acceptance, and the pion rejection will be optimal around 5 GeV.

After many years of preparing the ATLAS inner detector software and having tested it on simulated
and test-beam data, we are ready to reconstruct and analyse data from collisions. We now look forward
to the first data from the LHC.
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[11] R. Frühwirth and A. Strandlie, Comp. Phys. Comm. 120 (1999) 197–214.

[12] The ATLAS Collaboration, xKalman and iPatRec, ATLAS Inner Detector Technical Design Report,
CERN/LHCC/97-16 (1997) 37-40.

[13] T. Cornelissen et al., Single Track Performance of the Inner Detector New Track Reconstruction
(NEWT), ATLAS Note ATL-INDET-PUB-2008-002 (2008).

26

TRACKING – THE EXPECTED PERFORMANCE OF THE INNER DETECTOR

27

41





Electrons and Photons

43



Calibration and Performance of the Electromagnetic
Calorimeter

Abstract
This note describes the calibration of electromagnetic clusters, as implemented
in current releases of the ATLAS reconstruction program. A series of correc-
tions are applied to calibrate both the energy and position measurements; these
corrections are derived from Monte-Carlo simulations and validated using test-
beam data. The possibility of obtaining inter-calibrationenergy corrections
from Z → ee data is also discussed.

1 Introduction

In order to realise the full physics potential of the LHC, theATLAS electromagnetic calorimeter must
be able to identify efficiently electrons and photons withina large energy range (5 GeV to 5 TeV), and to
measure their energies with a linearity better than 0.5%. TheW boson mass measurement, not considered
here, will require better precision.

The procedure to measure the energy of an incident electron or photon in the ATLAS electromag-
netic (EM) calorimeter has been described in Ref. [1]. Each step of the energy reconstruction has been
validated by a series of beam tests over many years, both using only the calorimeter [2, 3] and also
combined with representative components from all detectorsub-systems. This has allowed considerable
refinement of the calorimeter simulation. This simulation is then used to model the behaviour of the full
detector.

One of the key ingredients for the description of the detector performance is the amount and position
of the upstream material. The understanding of the ATLAS detector geometry has also made progress
over the years; an overview of the present knowledge of the detector and its expected performance can be
found in [4]. The amount of material in front of the calorimeter for the as-built detector is significantly
larger than was initially estimated; this leads to larger energy losses for electrons and to a larger fraction
of photons converting (see Figs. 1 and 2).

The standard ATLAS coordinate system is used: the beam direction defines thez-axis, and thex-y
plane is transverse to the beam direction. The azimuthal angle φ is measured around the beam axis and
the polar angleθ is the angle from the beam axis. The pseudorapidity is definedasη ≡− ln(tan(θ/2)).

1.1 Electron and photon candidates

The “sliding window” algorithm [5] is used to find and reconstruct electromagnetic clusters. This forms
rectangular clusters with a fixed size, positioned so as to maximise the amount of energy within the clus-
ter. An alternate algorithm is available which forms clusters based on connecting neighbouring cells until
the cell energy falls below a threshold; this is not used by the default electron and photon reconstruction.
The optimal cluster size depends on the particle type being reconstructed and the calorimeter region:
electrons need larger clusters than photons due to their larger interaction probability in the upstream ma-
terial and also due to the fact that they bend in the magnetic field, radiating soft photons along a range
in φ . Several collections of clusters are therefore built by thereconstruction software, corresponding to
different window sizes. These clusters are the starting point of the calibration and selection of electron
and photon candidates.

One of the recent improvements in the calibration procedureis that electron and photon candidates
are treated separately. For each of the reconstructed clusters, the reconstruction tries to find a matching
track within a∆η×∆φ window of 0.05×0.10 with momentump compatible with the cluster energyE
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Figure 2: Fraction of photons converting at a ra-
dius of below 80 cm (115 cm) in open (full) cir-
cles, as a function of|η | [4].

(E/p < 10 [6, 7]). If one is found, the reconstruction checks for presence of an associated conversion.
An electron candidate is created if a matched track is found and no conversion is flagged. Otherwise, the
candidate is classified as a photon.

This early classification allows applying different corrections to electron and photon candidates.
It is the starting point of a more refined identification basedlargely on shower shapes, described in
companion notes [6, 7]. Four levels of electron quality are defined (loose, medium, tight, and tight
without isolation). The available photon selection corresponds to the tight electron selection (excluding
tracking requirements). The medium and tight selections are used in some parts of the calibration analysis
described in this note. But the corrections derived are thenapplied to all electron and photon candidates.

1.2 Calorimeter granularity

The electromagnetic calorimeter (Fig. 3) was designed to beprojective inη , and covers the pseudorapid-
ity range|η |< 3.2. Precision measurements are however restricted to|η |< 2.5; regions forward of this
are outside of the scope of this note. The calorimeter is installed in three cryostats: one containing the
barrel part (|η |< 1.475), and two which each contain the two parts of the end-cap (1.375< |η |< 3.2).
Its accordion structure provides completeφ symmetry without azimuthal cracks. The total thickness
of the calorimeter is greater than 22 radiation lengths (X0) in the barrel and greater than 24X0 in the
end-caps. It is segmented in depth into three longitudinal sections called layers, numbered from 1 to 3
outwards from the beam axis. These layers are often called “front” (or “strips”), “middle,” and “back.”
Theη granularity of the calorimeter for the front and middle layers is shown in Table 1. Theφ size of
cells is 0.025 in layer 2 and 0.1 in layer 1. Layer 3 has a granularity of ∆η ×∆φ = 0.050×0.025. For
|η |< 1.8, a presampler detector is used to correct for the energy lost by electrons and photons upstream
of the calorimeter. All these regions must be treated separately in deriving the individual corrections.

The effect of the choice of cluster size on electron and photon energy reconstruction has been studied
in Refs. [1] and [8]. These results are still the baseline of the present software. For electrons, the energy
in the barrel electromagnetic calorimeter is collected over an area corresponding to 3× 7 cells in the
middle layer, i.e.∆η×∆φ = 0.075×0.175. For unconverted photons, the area is limited to 3×5 cells in
the middle layer, whereas converted photons are treated like electrons. The cluster width inη increases
with increasing|η |; therefore, an area of 5× 5 cells in the middle layer is used for both electrons and
photons in the end-cap calorimeter.
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Figure 3: Sketch of the accordion structure of the
EM calorimeter [8].

|η | range Cellη size
Layer 1 Layer 2

Barrel 0–1.4 0.025/8 0.025
1.4–1.475 0.025 0.075

end-cap 1.375–1.425 0.05 0.05
1.425–1.5 0.025 0.025

1.5–1.8 0.025/8 0.025
1.8–2.0 0.025/6 0.025
2.0–2.4 0.025/4 0.025
2.4–2.5 0.025 0.025

Table 1: Calorimeterη granularity in layers 1
and 2.

1.3 Geometries and data sets

The present knowledge of the detector geometry, resulting from the detector survey, is described in [4]
(Sec. 9). But even before the final survey, it was known that the inner detector services located in the
crack region would be wider than originally expected, and that the end-cap electromagnetic calorimeter
would be shifted by about 4 cm, compared to the nominal (and pointing) geometry described in Ref. [1].
This is taken into account in the simulation, and is treated as a misalignment in the cell calibration
procedure described below.

High statistics samples of single electrons and photons, processed with the full detector simulation
based onGEANT 4.7 [9], were used to derive and study the corrections. Two detector geometries are
available. The first is the “ideal geometry,” which containsthe best knowledge of the dead material,
but which has no misalignments except for the 4 cm shift of theend-caps. The data sets based on
this geometry are used to derive the corrections and for mostof the performance studies. The second
available geometry is a distorted one, in which extra material is added between the tracking detectors and
the calorimeters, and in which misalignments are introduced. For example, the amount of material in the
inner detector has increased in some regions by up to 7% of a radiation length for positiveφ , and the
density of material in the gap between the barrel and end-capcryostats has increased by a factor of 1.7.
The distorted data-sets using this geometry are used to estimate systematic uncertainties and to check the
sensitivity of the methods to additional material. In addition to these single-particle data sets,Z → ee
decays are also available.

The standard calorimeter reconstruction for simulated data includes the effects of possible cell-level
miscalibrations by smearing the measured energy of each cell (by about 0.7%), therefore increasing the
constant term of the energy resolution. (The fractional energy resolution is conventionally parametrised
asσ(E)/E = a/E ⊕ b/

√
E⊕ c, wherea is the noise term,b is the sampling term andc is the constant

term.) Unless otherwise stated, the results in this note do not include this additional smearing, and
therefore correspond to assuming a perfect cell-level calibration.

1.4 Energy and position reconstruction

The calibration of the LAr calorimeter is factorised into a channel-by-channel calibration of the electron-
ics readout and an overall energy scale determination.

The first step, often called “electronics calibration”, converts the raw signal extracted from each cell
(in ADC counts) into a deposited energy. The method used for this step, which is beyond the scope of this
note, was described in Ref. [1]. It was refined and validated when final barrel and end-cap modules were
studied in test beams [2, 3]. In the past two years, the experience gained and the algorithm developed
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were integrated into the standard ATLAS calibration software [10].
The second step deals with clusters. The energies depositedin the cells of each individual layer of

a cluster are summed, and an energy-weighted cluster position is calculated for each layer. There are
several important effects which must then be understood:

• Due to the accordion geometry, the amount of absorber material crossed by incident particles varies
as a function ofφ . This produces aφ modulation of the reconstructed energy.

• The shower is not fully contained in theη window chosen for clusters, and the cells have a finite
granularity. This introduces a modulation in the energy anda bias in the measured position (“S-
shape”) which depend on the particle impact point within a cell.

• A perfectly projective particle, coming from the origin of the coordinate system, intersects the cal-
orimeter at the sameη position in all layers. The luminous region, however, extends significantly
in z; a particle from a vertex away from the origin intersects thecalorimeter at slightly differentη
positions in each layer. Properly combining theseη measurements requires an accurate parametri-
sation of the shower depth within each layer.

An early study of these corrections, using both simulation and test beam data, can be found in [11].
The present prediction of these effects and their dependencies on the impact point and energy of the
incident particle are described in detail in this note.

The measured energy and position of EM clusters are corrected as described below (see Fig. 4).
The required scale of the correction is illustrated by the upper points in Fig. 1, which shows the recon-
structed energies ofE = 100 GeV electrons before and after calibration. It is about 10% over most of the
calorimeter, but is larger in the transition region betweencryostats.

Figure 4: Cluster correction steps.

• To start with, the energies in the cluster cells are summed, and an energy weighted(η ,φ) position is
calculated for each calorimeter layer. Before applying thecluster corrections, the energy resolution
has a constant term of about 0.65% (quoted for photons at|η |= 0.3).

• As the first step, corrections are applied to the cluster position, measured in each layer. These are
described in Sec. 2. The position measurements from the firsttwo layers are then combined to de-
fine the shower impact point in the calorimeter, which can then be used for energy reconstruction.

• The next step is to combine the energies deposited in each layer. Two separate procedures have
been developed to do this which are described in Secs. 3.1 and5. In the first one, per-layer energy
coefficients, called longitudinal weights, are adjusted tooptimise at the same time the energy
resolution and the linearity of the response. In the second one, the simulation is used to correct for
different types of energy loss one by one, by correlating each of them with measured observables.
The corrections are calculated separately for electrons and photons, and determined as a function
of |η |. This reduces the local constant term to about 0.61%.

• The third step, described in Sec. 3.2, uses the shower impactpoint to correct the total energy for
modulations inη andφ . This reduces the local constant term to about 0.43%.
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In spite of the skill and care put into the detector construction, calibration, and operation, some local
or “medium range” inhomogeneities in the calorimeter response have to be expected: localised high-
voltage or temperature effects or unexpected additional dead material must be detected and corrected for
using data. It is planned to useZ → ee decays to measure and correct for such effects and to help fix the
absolute energy scale. The method developed and the precision expected are described in Sec. 6.

2 Cluster position measurement

The position of a cluster is measured inη andφ . The positions are first calculated independently for each
calorimeter layer as the energy-weighted barycenters of all cluster cells in the layer. (The barrel and end-
cap are also treated separately at this stage.) Secondly, the individual layer measurements are corrected
for known systematic biases. Finally, the position measurements from layers 1 and 2 are combined to
produce the overall cluster position. The position corrections are derived using single-particle electron
and photon data samples. Each sample is mono-energetic, andthe available samples span the range
5–1000 GeV.

The η positions that are calculated at this stage are “detector”-η , corresponding to the angle that
would be made by a particle originating from the origin of thedetector coordinate system. In order
to properly compare the calculated detector-η positions with theη of a generated incident particle,
which will in general have its production vertex offset inz from the detector origin, one must assume
a depth for each calorimeter layer. Here, “depth” refers to the radial distance from the beam axis for
the barrel calorimeter, and to the distance from thex− y plane passing through the origin for the end-
cap calorimeter. The depths used are those which optimise the η-position resolution; they are shown in
Fig. 5.
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Figure 5: Calorimeter depths versus|η | for layers 1 and 2 and for 100 GeV photons. The points show
the derived optimal depths, and the curves are piecewise polynomial fits to the points. For layer 2 of the
barrel, a single curve yielded an adequate fit across|η | = 0.8; this may be revisited in future versions.
From 100 GeV photons.

2.1 η position correction (S-shape)

The clusterη position is first calculated in each layer as the energy-weighted barycenter of the cluster
cells in that layer. (In layer 1, only the three strips aroundthe cluster center are used, regardless of the
specified cluster size.) Due to the finite granularity of the readout cells, these measurements are biased
towards the centers of the cells. For examples, see Fig. 6. This figure plots the difference inη between
the incident particle and the reconstructed cluster (∆η = ηtrue−ηreco) as a function ofv, the relativeη
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offset of the cluster within the cell, which varies from−1/2. . .1/2 across the cell. (The sign of∆η is
inverted for negativeη , and in plots it is usually shown as a fraction of the cellη width.) The general
functional form shown in this figure is often referred to as “S-shape”.
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(b) Layer 1, end-cap.

 offsetηRelative cell  
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5

 (c
ell

 w
idt

hs
)

η∆

-0.2

-0.1

0

0.1

0.2

Uncorrected

Corrected

 < 0.4η0 < ATLAS

(c) Layer 2, barrel.
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(d) Layer 2, end-cap.

Figure 6:∆η versus v before and after correction for different regions and for 100 GeV electrons. Note
the small systematic offset in the end-cap due to a change in the end-cap geometry since the corrections
were derived. For comparison, the “v12” points show resultsreconstructed using the same geometry as
that used to derive the corrections.

Figure 6 shows the correction averaged over an|η | range. The actual correction, however, varies
continuously overη , due to changes in the detector geometry (the corrections change to a much greater
extent near discontinuities in the calorimeter). For example, the calorimeter cells are not perfectly pro-
jective (as the inner and outer cell faces are parallel to thebeam-line, rather than being perpendicular to a
line from the detector origin); this induces a bias away fromthe center of the calorimeter. The correction
will also depend on the cluster energy, as that affects the average shower depth.

To derive the correction, the calorimeter is divided inη into regions based on where the behaviour
of the correction changes discontinuously. Within each region, an empirical function is constructed to
describe the correction, and an unbinned fit is performed to simulated data for a particular cluster size,
type, and energy.

The function used for the empirical fit is of the form

f (v) = A tan−1Bv+Cv+ D|v|+ E, (1)

where−1/2≤ v ≤ 1/2 across a cell (for the actual fit, the parameters are redefined to reduce correla-
tions). To turn this into a function ofη , the fit parameters are written as polynomials (usually of second
or third degree) in|η |:

A = ∑
i

ai|η |i, (2)

and similarly for the other parameters. The fit parameters are then the coefficientsai, bi, etc.
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One feature to note about this function is that, in general,f (−1/2) 6= f (1/2), so that it will be
discontinuous crossing a cell boundary. For layer 1, this isusually acceptable, since reconstructed cluster
positions cluster well away from the cell boundary (Fig. 7(a)). However, in layer 2, the distribution of
reconstructed cluster positions remains populated acrossthe cluster boundary (Fig. 7(b)). Therefore, for
layer 2, the function is modified so thatf (−1/2) = f (1/2).
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Figure 7:∆η versus |η | in layers 1 and 2 of the barrel, along with the empirical fit function.

In some cases, there is still a significant periodic residualafter fitting to this form; in such cases, an
additional general trigonometric term is added to the fit:

f ′(v) = f (v)+ α cos(βπv+ γ). (3)

Finally, a few regions near the calorimeter edges do not exhibit the S-shape form; a general polynomial
is used as the empirical function there.

The correction is evaluated separately for each cluster size and type (electrons, photons). The differ-
ence in the correction between electrons and photons is a fewpercent, and there is about a 10% difference
between 5×5 and 3×N clusters.

The correction also depends on energy; over the range 25–1000 GeV, the required correction varies
by ∼ 20%. To apply the correction for a given cluster, the correction is first tabulated for each of the
energies for which simulated data samples were available. The final correction is then found by doing
a cubic polynomial interpolation within this table. Note a subtlety here: the energies at which the cor-
rections are tabulated are the true cluster energies. However, when the correction is applied, only the
reconstructed cluster energy is known. Since the position corrections are done before the energy correc-
tions, the reconstructed cluster energy will be systematically lower than the true energy. If this were used
for the interpolation, this would bias the position measurements. So, for the purpose of this interpolation,
a crude energy correction is performed by scaling the reconstructed cluster energy by the ratio of the true
to reconstructed energy observed in a 100 GeV sample, parametrised as a function of|η |. This energy
correction is used only for the energy interpolation of the position corrections.

Plots of∆η before and after corrections for several regions are shown in Fig. 6. Note that since the
present corrections were derived, the simulated detector geometry was changed slightly in the end-cap,
in order to match more closely the as-built detector. This results in a small systematic offset ofO(10−4)
in these regions.

Theη position resolution for photons versus|η | is shown for the two main calorimeter layers (strips
and middle) in Fig. 8. The resolution is fairly uniform as function of |η | and is 2.5–3.5×10−4 for the
strips (which have a size of 0.003 inη in the barrel electromagnetic calorimeter) and 5–6×10−4 for the
middle-layer cells (which have a size of 0.025 inη). The regions with worse resolution correspond to the
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barrel/end-cap transition region and, for the strips, to the region with|η |> 2, where the strip granularity
of the end-cap calorimeter becomes progressively much coarser.
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Figure 8: Expectedη position resolution versus
|η | for E = 100 GeV photons for the two main lay-
ers of the barrel and end-cap EM calorimeters [4].
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Figure 9: Profile plot of∆φ versus|η | before (tri-
angles) and after (circles) correction. For 100 GeV
electrons.

2.2 φ position correction

The measurement of the clusterφ position must also be corrected. These corrections are applied only in
calorimeter layer 2 (theφ granularity is best in this layer). As opposed to theη direction, the accordion
geometry results in more energy sharing between cells in theφ direction, which washes out the S-shape
in this direction. There is, however, a small bias in theφ measurement which depends on the average
shower depth with respect to the accordion structure (and thus on|η |). A profile plot of∆φ = φtrue−φreco

before the correction is shown in Fig. 9. (The sign of the offset is flipped forη < 0, as the two halves
of the calorimeter are identical under a rotation.) The discontinuity at |η | = 0.8, where the absorber
thickness and the middle layer depth change, is clearly visible.
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Figure 10: Expectedφ position resolution as a
function of |η | for electrons and photons with an
energy of 100 GeV.
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Figure 11: Resolution ofη position measurement
from layers 1 and 2 combined for 100 GeV pho-
tons.

The correction derived here is symmetric inφ . In the real detector, the absorbers sag slightly due to
gravity, causing aφ -dependent modulation in theφ offset with a maximum value of about 0.5 mrad [8].
This has not been included in the present simulations, and itis therefore not taken into account in this
correction. Studies have shown, however, that the extra smearing of the position measurement from this
effect has a negligible contribution to the widths of the invariant mass distributions ofe+e− pairs. (These
studies were performed by generating decays of massive particles using a toy Monte Carlo, smearing the
decay products with energy and angular resolutions roughlyappropriate to ATLAS, and comparing the
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widths of the resulting invariant mass distributions before and after shifting theφ positions byAcosφ .
No significant broadening was observed forA < 50 mrad.) The contribution of this effect to the constant
term of the energy resolution has not been studied quantitatively, but should also be small.

To produce a correction, the data are binned inη . The result for one sample is shown in Fig. 9. This
function is interpolated inη ; it is then also interpolated in energy as for theη position correction.

The φ position resolution versus|η | is shown for calorimeter layer 2 in Fig. 10. Electron clusters,
which get smeared in theφ direction as they radiate while propagating through the magnetic field, have
a worseφ position resolution than do photon clusters. A discontinuous step is seen in the resolution
at |η | = 0.8, where the absorber thickness changes, and the resolutionis worst in the transition region
between the cryostats.

2.3 Position measurement combination

The individual layerη andφ measurements are combined to produce the overallη andφ for a cluster.
For φ , only layer 2 is used, so the combination is trivial except inthe overlap region, where the energy-
weighted average of the barrel and end-capφ measurements is used. Forη , both layer 1 and layer 2 are
averaged. However, layer 1 is weighted three times as much aslayer 2 to roughly take into account the
better resolution in layer 1. This prescription, which doesnot use the actual position resolutions and does
not account for correlations, is known to be suboptimal and will be improved in future software versions.

Note that theη combination implicitly assumes that the incoming particleis projective. If its produc-
tion vertex is shifted from the origin, then the combinedη will be biased. This is illustrated in Fig. 11,
which shows the resolution of the combined clusterη measurement. Here, the measured clusterη is
compared to theη position of the calorimeter intersected by the true particle track at a depth correspond-
ing to the cluster barycenter. This is shown both for all clusters and for clusters with thez position of the
production vertex within 5 mm of the detector center.

2.4 Shower direction

At high luminosity, the inner detector cannot accurately determine the interaction vertex due to the large
number of additional interactions. This is an issue for the reconstruction of aH → γγ signal. For this
analysis, achieving the best possible resolution on the invariant mass of the photon pair is crucial for
separating the signal peak from the continuum background. If the z-position of the interaction vertex
is unknown, then there will be a large uncertainty in the polar angle of the photons and thus in the
pair invariant mass. We can, however, recover information about the incidence angle of the photons by
comparing the impact points that are reconstructed in the first and second layers of the EM calorimeter.
To do this, we need to know the photonη position and the shower barycenter in each of the two layers
(Fig. 5). We can then draw a straight line between these two(η ,depth) points; extending this line to the
beam axis gives an estimate of the position of the interaction vertex.

Here, this method is applied to single photons with energiescompatible with photons fromH → γγ
decays. FormH = 120 GeV, these photons are predominantly in the range 50− 100 GeV. Figure 12
shows the resolutions of the photon angle and the interaction vertex measurements as functions of|η |.
Figure 13 shows the same resolution as a function of the photon energy, for|η |< 0.5.

3 Cluster energy measurement

Most of the energy of an electromagnetically interacting particle is deposited in the sensitive volume of
the calorimeter, including the lead absorbers and the liquid-argon gaps. A small fraction is deposited in
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Figure 12: Angular and vertex resolution as functions of|η | (Gaussian fits), multiplied by
√
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Figure 13: Angular and vertex resolution as functions ofE (Gaussian fits), for|η |< 0.5.

non-instrumented material in the inner detector, the cryostats, the solenoid, and the cables between the
presampler and the first EM calorimeter layer. Energy also escapes from the back of the calorimeter.

The cluster energy is calculated as a linearly weighted sum of the energy in each of the three calorim-
eter layers plus the presampler. The factors applied to the four energies are called longitudinal weights
and their purpose is to correct for the energy losses, providing optimum linearity and resolution.

The ATLAS longitudinal weighting method was first describedin Ref. [8]. However, recent ATLAS
test beam analyses [2, 3, 12] provided simple extensions of the technique. They also allowed validating
this method with real data.

The first section below describes the weighting correction that is performed in current versions of
the reconstruction, called the 4-weight method. This is followed by a description of the corrections for
η- andφ -dependent modulations in the energy. A more advanced energy-dependent calibration scheme,
called the calibration hit method, is described separatelyin Section 5.

3.1 4-weight method

The weighting method described in this section is is a modification of that described in Ref. [8] and is
currently the default in ATLAS reconstruction. The weightsused are functions only of|η |; no energy
dependencies are used. The method could be readily extendedto include φ - and energy-dependent
weights in order to minimise residual non-linearities. Thereconstructed energy is given by

Ereco= A(B +WpsEps+ E1+ E2+W3E3), (4)

whereEps and E1...3 are the cluster energies in the presampler and the three layers of the calorimeter
(including sampling fractions). The offset termB corrects for upstream energy losses for which the
corresponding electron has not reached the presampler (PS). In the limiting case of no energy in the
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PS, this offset corresponds to the energy an electron loses before it undergoes a hard bremsstrahlung
for which the resulting photon passes through the PS withoutconverting (i.e., no energy recorded in the
PS). The parametersA, B, Wps, andW3 are calculated by aχ2 minimisation of(Etrue−Ereco)2/σ(Etrue)2

using Monte Carlo single particle samples, whereσ(Etrue) is a parametrisation of the expected energy
resolution. This minimisation is done for separate|η | bins, defined by the∆η = 0.025 granularity of
the second layer of the calorimeter. Equal-sized samples with energies between 10 and 200 GeV are
combined for the fits (the linearity of low energy points could be improved by using more events at those
energies.) The fits are done separately for each cluster sizeand particle type (electron and photon).

A special parametrisation is applied in the gap region between the barrel and end-cap calorimeters
(1.447< |η |< 1.55), within which the parametrisation of Eq. (4) is not adequate. Moreover, this region
is instrumented with scintillator tiles that can be used to recover some of the energy lost in the gap. The
parametrisation used in the crack is

Ereco= A(B + Eb + Ee +WscintEscint), (5)

whereEb andEe are the energies the cluster deposits in the barrel and end-cap calorimeters, respectively.
Escint is the scintillator energy, andWscint the weight applied to it. This parametrisation is found to perform
significantly better than that used in [1].

The longitudinal weights in Eq. (4) were extracted for electrons and photons and are shown as a
function of |η | in Fig. 14. In Fig. 14(a) one can see that the overall scaleA for electrons (solid) is larger
than that for photons. The reason is due to the fact that photons travel on average 9/7X0 before they
start losing energy. This effect is close to 1% in the middle of the barrel and increases with the increase
of upstream material. The offset termB is shown in Fig. 14(b); photons have a very small offset, as
expected. (Future versions of the correction will use larger statistics to reduce the scatter observed in the
fit results.) The PS weightWps shown in Fig. 14(c) is the usual factor applied to preshower/presampler
energy responses to correct for upstream losses. Finally, in Fig. 14(d),W3 is a weight applied to the last
calorimeter layer to correct for energy leakage behind the calorimeter.

Detailed studies have revealed that the physical meaning attributed to these weights is only approx-
imate. For example, the weights compensate for losses afterthe PS via the minimisation procedure. In
addition, the weights have a non-negligible energy dependence. However, this energy dependence does
not result in large non-linearities because the weights adjust their values to compensate. These effects
are more evident at low energiesE < 15 GeV, and with large amounts of upstream material. A more
rigorous treatment of the longitudinal weighting is presented in Sec. 5.

The performance of this method is shown in Sec. 4

3.2 Cluster energy modulation corrections

As theφ impact position of a particle shifts across the accordion structure of the absorbers, the amount of
passive absorber material it encounters and thus the ratioR≡Ereco/Etrue varies slightly, with a periodicity
equal to that of the absorber spacing. This effect is small, with a maximum value of about a half-percent.
Further, at lower energies, theφ position resolution becomes comparable to the absorber spacing; this
contributes to washing out the effect at these energies. Thereconstructed energy is corrected for this.

To derive the correction, the calorimeter is binned in|η |. The binning used is not uniform, but is
chosen so as to segregate regions of the calorimeter with non-uniform R. Within each|η | bin, R is
plotted versus theφ offset of the cluster relative to the absorber. These plots are divided intoφ bins, each
bin is fit to a Gaussian, and the means of the fits are plotted. The resulting plot is then normalised to
unity and fit to a two-term Fourier series:

f (φ) = 1+ A [α cos(Nφ +C)+ (1−α)cos(2Nφ + D)] , (6)
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(d) Longitudinal weightW3.

Figure 14: Fitted longitudinal weights for electrons (solid) and photons (open) as functions of|η |.

for fit parametersA, α , C, andD. Parameterα is restricted to the range 0–1.N is the total number of
absorbers in 2π (1024 in the barrel and 768 in the end-capend-cap). An example of such a fit is shown
in Fig. 15.

Fits are performed separately for each energy, cluster size, and particle type. To apply the correction,
it is calculated for eachη and energy bin. It is then interpolated both inη and in energy. This correction
reduces the constant term in the energy resolution (for photons at|η |= 0.3) from 0.61% to 0.50%.

Energy modulations are also observed along theη direction. The energy of a cluster is defined as
the energy within a rectangular window of fixed size inη×φ . The window can only shift by an integral
number of cells; however, the impact point of a particle may be anywhere within a cell. Thus, on average,
a larger fraction of the cluster energy will be contained in the window when the particle hits at the center
of a cell than if it hits near an edge. The size of this effect isa few tenths of a percent, and is larger
for smaller cluster sizes. The modulation can be fit well witha quadratic; see Fig. 16. Note that this
modulation is very small,< 0.1%, in theφ direction, due to increased energy sharing between the cells;
this modulation is not presently corrected. (A larger modulation was seen in the test beam [13], which
used 3×3 clusters.)

The plots to fit are prepared in a similar manner as for theφ modulations, except that thex-axis
is taken to be theη offset within a cell. The plots from all bins where the detector is mostly uniform
are then combined into a single plot; that is, the|η | ranges 0.05–0.75, 0.85–1.30, and 1.70–2.50. The
resulting plot is then scaled so as to average to unity and fit to a quadratic. The correction is performed
separately for each energy, cluster size, and particle type. The final correction is then determined by
interpolating in energy. An example fit is shown in Fig. 16. Applying this correction further reduces the
constant term to 0.43%. A major contribution to the remaining constant term is from theφ -dependency
of the inner detector material distribution. (The present weighting correction is averaged overφ .)
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Figure 15: Energy modulation inφ for 200 GeV
3× 7 electrons with 0.2 < |η | < 0.4, along with
the modulation fit.
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Figure 16: Energy modulation inη for 200 GeV
3×7 electrons, along with the modulation fit [4].

4 Energy calibration performance

This section shows the performance of the calibration chainused in the current version of the ATLAS
reconstruction software used for all of the electron and photon reconstruction and identification studies
reported here and elsewhere.

4.1 Single electrons and photons

In Fig. 17, the energy response, plotted as the difference between measured and true energy divided by
the true energy, is shown for electrons with an energy of 100 GeV for two illustrativeη-positions in
the barrel electromagnetic calorimeter. The central valueof the energy is reconstructed with excellent
precision (∼ 3×10−4) if one assumes perfect knowledge of the material in front ofthe calorimeter. Both
the Gaussian core and the non-Gaussian component of the tailof the energy distribution are significantly
worse at the point with larger|η | due to the larger amount of material in front of the calorimeter. The
resolution and non-Gaussian tails are better for photons than for electrons, but are somewhat worse for
all photons than for photons that do not convert before leaving the volume of the inner detector.

The linearity (relative difference between the fitted mean energy and the true energy) and resolution
are shown in Fig. 18 for electrons and photons. The expected performance is very similar for electrons
and photons, with a somewhat larger degradation at larger values of |η | in the case of electrons, as
expected from the impact of upstream material. For electrons, the linearity is shown for|η |= 0.3 (barrel)
and |η | = 2.0 (end-cap). The deterioration of the performance seen in the end-cap is attributed to the
absence of a presampler (|η | > 1.8) and the relatively limited statistics of the simulated samples. The
resolution shown in Fig. 18(b) is given for three|η | points: |η | = 0.3 (inner barrel),|η | = 1.1 (outer
barrel), and|η |= 2.0 (end-cap). The resolution drop at larger|η | is attributed to the significant increase
of upstream material in front of the calorimeter with respect to the small|η | region. The extra material
causes increased early showering upstream of the calorimeter, which affects the lateral shower shape in
the calorimeter. Since Eq. (4) absorbs the corrections for lateral losses into the overall scale constantA,
an increase in lateral-loss fluctuations will result in a deterioration of the resolution. The fits in Fig. 18(b)
give a sampling term of(10.17±0.33)% at small|η |, and(14.5±1.0)% in the end-cap.

In Fig. 19, the energy resolution for electrons and photons is shown as a function of|η |. The photon
resolution is better than the electron resolution in regions with more material in front of the calorimeter.
The extracted constant term of the resolution is shown for photons in Fig. 20 after the weight and mod-
ulation corrections. This figure also shows the constant term observed when the standard simulation of
cell-level miscalibrations is enabled in the reconstruction program. In Fig. 21, the linearity and resolution
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true
)/E

true
(E-E

-0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2

Ar
bit

ra
ry

 u
nit

s

0

20

40

60

80

100

120

140

 0.05)%± = (1.37 σ
ATLAS

(c) All photons,|η|= 1.075.
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(d) Unconverted photons,|η|= 1.075.

Figure 17: Difference between measured and true energy normalised to true energy atE = 100 GeV.

as a function of|η | is shown for a range of energies for single photons.

4.2 Mass resolution obtained inH → 4e and H → γγ final states

Figure 22 shows the reconstructed distribution, after calibration, of the invariant mass of the electrons
in H → 4e decays, withmH = 130 GeV. (Loose electron selection applied, as defined in [6].) A global
constant term of 0.7% has been included in the electromagnetic calorimeter resolution for the two plots in
this subsection. The central value of the reconstructed invariant mass is correct to∼ 1 GeV, correspond-
ing to a precision of 0.7%, and the expected Gaussian resolution is∼ 1.5%. The non-Gaussian tails in the
distribution amount to 20% of events lying further than 2σ away from the peak. They are mostly due to
bremsstrahlung, particularly in the innermost layers of the inner detector, but also to radiative decays and
to electrons poorly measured in the barrel/end-cap transition region of the electromagnetic calorimeter.

Figure 23 shows the reconstructed photon pair invariant mass forH → γγ decays withmH = 120 GeV
(tight photon selection applied and barrel/end-cap transition region excluded). The photon directions are
derived from a combination of the direction measurement in the electromagnetic calorimeter described
above (see Section 2.4) with the primary vertex informationfrom the inner detector. The central value of
the reconstructed invariant mass is correct to∼ 0.2 GeV, corresponding to a precision of 0.2%, and the
expected resolution is∼ 1.2%. Most of the non-Gaussian tails at low values of the reconstructed photon
pair mass are seen to be due to photons which convert in the inner detector. The shift in the means comes
from the fact that the corrections to-date do not distinguish between converted and unconverted photons.

4.3 Study of systematic effects usingH → 4e

The energy linearity for electrons inH → 4e is shown in Fig. 24(a) for samples based on the ideal (full
triangles) and distorted (circles) geometries. The departure from linearity for the distorted geometry is
attributed to the presence of extra material in front of the calorimeter. The corresponding resolution is
shown in Fig. 24(b) for the distorted geometry.
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(a) Electron energy linearity.
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(b) Electron energy resolution.
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(c) Photon energy linearity.
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(d) Photon energy resolution.

Figure 18: Energy linearity (left) and resolution (right) for electrons (top) and photons (bottom).
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Figure 19: Energy resolution for electrons and
photons as a function of|η |.

η
0 0.5 1 1.5 2 2.5

C
on

st
an

t t
er

m
 (%

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
After weight corrn, miscalib

After modulation corrn, miscalib

After energy corrn

After modulation corrn

ATLAS

Figure 20: Extracted constant term of the energy
resolution for photons, as a function of|η |, after
weight and modulation corrections. Also shown
with cell-level miscalibrations enabled.

The uniformity inφ andη observed in this sample is shown in Fig. 25. The non-uniformities seen
at higher|η | and at positiveφ are due to simulated extra material in these regions. In theφ -uniformity
plot (Fig. 25(a)) a residual modulation is observed. This ismost likely due to an artefact in the simulation.
The longitudinal weights used in the reconstruction dependonly onη , and are averaged overφ . Adding
a dependency onφ as well would make the energy scale alongφ more uniform and also improve the
mass resolution ofZ → ee.

5 Energy correction using calibration hits

This section describes an alternate method for calculatingthe total energy from the energies in the in-
dividual calorimeter layers and the presampler. It is a development of ideas introduced in [14, 15] to
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(b) Energy resolution.

Figure 21: Energy linearity and resolution for photons (5×5 clusters).
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Figure 22: M(eeee) from Higgs boson decays
with mH = 130 GeV (energy from calorimeter
only, with noZ boson mass constraint).

 (GeV)γγm
90 95 100 105 110 115 120 125 130 135 140

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

600

700

 0.02) GeV±Mean = (119.8 

 0.02) GeV± = (1.39 σ

ATLAS

Figure 23:M(γγ) from Higgs boson decays with
mH = 120 GeV. The shaded plot corresponds to at
least one photon converting atr < 80 cm.

analyse test beam data and is described in some detail in [16]. Special simulations are used in which the
energy deposited by a particle is recorded in all detector materials, not just the active ones. Through these
simulations, the energy depositions in the inactive material can be correlated with the measured quanti-
ties. For example, the energy lost in the material in front ofthe calorimeter (inner detector, cryostat, etc.)
can be estimated from the energy deposited in the presampler. The result is a method which provides a
modular way to reconstruct the energies of electrons and photons by decoupling all the different correc-
tions. This approach eases comparisons between electrons and photons, and might be particularly useful
in the initial stages of the experiment.

The cluster energy is decomposed into three pieces, which will be treated separately below:

E = Ecal+ Efront+ Eback, (7)

whereEcal is the energy deposited in the electromagnetic calorimeter, Efront is the energy deposited in
the presampler and in the inactive material in front of the calorimeter, andEback is the energy that leaks
out the rear of the EM calorimeter.

This analysis uses simulated single-particle, mono-energetic electron and photon samples, with en-
ergies ranging from 25 to 500 GeV.

16

ELECTRONS AND PHOTONS – CALIBRATION AND PERFORMANCE OF THE . . .

17

59



Energy (GeV)
20 40 60 80 100

>
tr

ue
)/

E
tr

ue
<(

E
-E

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

ATLAS

(a) Energy linearity.

Energy (GeV)
10 20 30 40 50 60 70 80

 (
%

)
tr

ue
)/

E
tr

ue
-E

re
co

n
(E

1.5

2

2.5

3

3.5

4

4.5
ATLAS

(b) Energy resolution.

Figure 24: Electron linearity and resolution inH → 4e for the ideal (full triangles) and distorted (circles)
geometries.
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(a) Energy uniformity inφ integrated overpT andη.
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(b) Energy uniformity inη integrated overpT andφ .

Figure 25: Electron energy uniformity inη and φ , integrated over other kinematic variables, for the
ideal (full triangles) and distorted (circles) geometries.
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5.1 Reconstruction of the energy deposited in the calorimeter

The energy deposited by a particle in the EM calorimeter,Ecal, is estimated as

Ecal = Ccal(X ,η)(1+ fout(X ,η))Ecl, (8)

where

• Ecl = ∑3
i=1Ei, andE1...3 are the energies deposited in each of the three calorimeter layers in a given

cluster. In the following,Eps will denote the energy deposited in the presampler. The energiesEi

available at this stage of the reconstruction are the energies deposited in the liquid-argon ionisation
medium divided by a region-dependent sampling fraction.

• X is the the longitudinal barycentre or shower depth, defined by

X =
∑3

i=1 EiXi + EpsXps

∑3
i=1 Ei + Eps

, (9)

whereEi is as above andXi is the longitudinal depth, expressed in radiation lengths,of compart-
menti, computed from the centre of the detector. TheXi, which are computed using a geantino1

scan, are functions ofη .

• η is the cluster barycentre, corrected for the S-shape effect(see Sec. 2.1).

• fout is the fraction of the energy deposited outside the cluster.

• Ccal(X ,η) is the calibration factor for the energy in the EM calorimeter.

The calibration factorCcal is defined as the average ratio between the true energy deposited in the EM
calorimeter (both absorbers and ionisation medium) and thereconstructed cluster energyEcl. It is within
a few percent of unity, and takes into account effects such asthe dependence of the sampling fraction
on η and on the longitudinal profile of the shower. Once the correction factorCcal is expressed as a
function ofX it is fairly energy independent. The correction factor averaged over all energies is shown
in Fig. 26(a). Its dependence onX is parametrised with a second order polynomial. The fit is performed
excluding the bins with less than 0.5% of the total statistics. This criterion is also applied to all the fits
performed in the following.

Due to the presence of the magnetic field and bremsstrahlung radiation, the fraction of energy de-
posited in the calorimeter outside of the cluster is energy dependent. Since only single electrons and
photons with no noise or underlying event are simulated, this fraction is easily calculated. The profile of
the out-of-cluster energy is asymmetric with the tail on thehigh side. However the most probable value,
obtained with a Gaussian fit around the maximum of the distribution (−2σ , +1.5σ ), is energy indepen-
dent when plotted as a function ofX . The most probable value of the fraction of energy depositedoutside
the cluster averaged over all energies is shown in Fig. 26(b)for electrons and photons and the two|η |
values. Electrons and photons behave similarly in the central region but differently in the forward region.
This is due to the large difference in the amount of material present in front of the calorimeter (∼ 2.5X0

at |η | = 0.3 and∼ 7X0 at |η |= 1.65) combined with the presence of bremsstrahlung and the magnetic
field.

1A “geantino” is an imaginary non-interacting particle usedin the simulation. The properties of the material crossed bythe
particle are recorded.
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Figure 26: Correction factorCcal and fraction of out-of-cluster energy as a function of the shower depth
X , averaged over all energies, at two representative|η | points. The dashed lines show the results of the
parametrisation.

5.2 Energy deposited in front of the calorimeter

The energy lost in the material in front of the calorimeter (inner detector, cryostat, coil, and material
between the presampler and strips) is parametrised as a function of the energy lost in the active material
of the presampler (Eps):

Efront = a(Ecal,η)+ b(Ecal,η)Eps+ c(Ecal,η)E2
ps. (10)

An example of this relation is shown in Fig. 27. All coefficients are parametrised in terms of the energy
deposited by a particle in the calorimeter(Ecal) andη . The coefficientc is used only in the end-cap,
1.55< |η |< 1.8, and is set to zero otherwise. Note explicitly thatEfront includes the energy deposited in
the presampler and between the presampler and the strips. Analternate form forEfront, which depends
on the energy in the first calorimeter layer in addition toEps, was also tried. This did not improve the
resolution, so the simpler parametrisation above is retained.
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Figure 27: Energy lost in front of the EM calorim-
eter as a function of the energy measured in the
presampler at|η |= 0.3 for electrons of 100 GeV.
The dashed curve shows the parametrisation de-
rived for electrons.
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Figure 28: Energy lost in front of the calorime-
ter as a function of shower depthX , for electrons
of 100 GeV at|η |= 1.9, in a region where the cal-
orimeter is not instrumented with the presampler.

In the region 1.8 < |η |< 3.2, not instrumented with the presampler, the energy deposited in front of
the calorimeter is parametrised as a function ofX with a second degree polynomial. Figure 28 shows
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this correlation for electrons and photons of 100 GeV at|η | = 1.9. The coefficients of this polynomial
are parametrised in terms ofEcal.

5.3 Longitudinal leakage correction

The energy deposited by the showers behind the EM calorimeter is computed as a fraction of the energy
reconstructed in the calorimeter. This fraction, when parametrised as a function ofX , is fairly energy
independent both for electrons and photons. Averaged over the particle energies, it is parametrised by

fleak≡ Eback/Ecal = f leak
0 (η)X + f leak

1 (η)eX . (11)

Figure 29 shows the leakage and the result of the fit for|η |= 0.3 and 1.65.
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Figure 29: Fraction of energy deposited behind the calorimeter, averaged over particle energies, as a
function of the shower depthX . The parametrisation used is superimposed.

5.4 Results

The total cluster energy is computed by adding these three contributions. Example distributions of re-
constructed energies are shown in Fig. 30. Mean values and standard deviations are found from a fit to a
Crystal-Ball function (a Gaussian with a low-side tail of the form(1− x)−n).

The resolution is shown in Fig. 31 as a function of the particle energy for electrons and photons at
two |η | values and in Fig. 32 for various photon energies and allη values. The sampling term is shown
in Fig. 33 as a function of|η | for electrons and photons.

For electrons, the sampling term increases from 8.7% at low|η | to 21% at|η |= 1.55. This worsening
of the energy resolution is related to the increase of the material in front of the calorimeter. This effect is
much less relevant for photons, which have a maximum sampling term of 12%. The constant term is in
general lower than 0.6% and is related to the energy modulation in a cell (see Sec. 3.2), not corrected at
this stage. The linearity, the ratio between the fitted mean value and the true particle energy, is shown in
Fig. 34. It is better than 0.5% over the full|η | range and in the energy interval 25–500 GeV.

The results from the calibration hits correction are comparable in terms of resolution and linearity
with the longitudinal weights method. However there are a few differences worth mentioning. The coef-
ficients of the longitudinal weights method are averaged over a range of energies, while the parametrisa-
tions of the calibration hits method are energy dependent. This means that it should be easier to extend
the calibrated energy range for the calibration hits methodwithout compromising energy linearity. An-
other important difference is that while the coefficients ofthe longitudinal weights method have no direct
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Figure 30: Total reconstructed energy profiles.
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Figure 31: Resolution versus particle energy.
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Figure 32: Resolution for various photon energies
as a function of|η |.
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Figure 33: Sampling term as a function of|η |.
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Figure 34: Linearity for various particle energies as a function of |η |.

physical meaning, the parametrisation of the calibration hits method allows isolating the different com-
ponents of the calibrated cluster energy: that deposited inthe calorimeter, inside and outside of the
cluster, and in front and behind of it. The knowledge of theseseparate contributions, which depend on
accurate and detailed simulations of the tracker and the calorimeters, could be particularly useful in the
early stages of the experiment, for example to disentangle effects such as a miscalibration of the calo-
rimeter or an imperfect knowledge of the inner detector material. It is also worth noting that the estimate
of the energy lost in front of the calorimeter is crucial to obtaining a good resolution and linearity; at
low energies and large rapidities, a large fraction of the energy of an electron is deposited in front of the
calorimeter. The calculation of missing momentum could also benefit from this separation of effects.

6 In-situ calibration with Z → ee events

6.1 Motivation

In the EM calorimeter, the construction tolerances and the calibration system ensure that the response is
locally uniform, with a constant term< 0.5% over regions of size∆η ×∆φ = 0.2×0.4. This has been
shown with test beam data [13]. Electron pairs fromZ boson decays can then be used to intercalibrate
the 384 regions of such size within the acceptance of|η | < 2.4. These regions must be intercalibrated
to within 0.5% in order to achieve a desired global constant term of< 0.7%. The basic idea of this
calibration method is to constrain the di-electron invariant mass distribution to the well-knownZ boson
line shape. A second goal of the calibration is to provide theabsolute calorimeter electromagnetic energy
scale. This must be known to an accuracy of∼ 0.1% in order to achieve the ATLAS physics goals2.

6.2 Description of the method

Long-range non-uniformities can arise for many reasons, including variations in the liquid argon im-
purities and temperature, amount of upstream material, mechanical deformations, and high voltage (as
localised calorimeter defects may necessitate operating asmall number of channels below nominal volt-
age). For a given regioni, we parametrise the long-range non-uniformity modifying the measured elec-
tron energy asE reco

i = E true
i (1+αi). Neglecting second-order terms and supposing that the angle between

the two electrons is perfectly known, the effect on the di-electron invariant mass is:

Mreco
i j ≃Mtrue

i j (1+
αi + α j

2
) = Mtrue

i j (1+
βi j

2
), (12)

whereβi j ≡ αi + α j.

2Except for theW boson mass measurement, which needs a much better knowledgeof the energy scale (∼ 0.02%).
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The method to extract theα ’s is fully described in [17] and is done in two steps. First, the β ’s
are determined, then theα ’s. For a given pair of regions(i, j), the coefficientβi j and its associated
uncertainty are determined by minimising the following log-likelihood:

− lnLtot =
Ni j

∑
k=1

− lnL

(
Mk/

(
1+

βi j

2

)
,σM,k

)
, (13)

wherek counts all selected events populating the pair of regions(i, j), Mk is the di-electron invariant
mass of eventk, and L(M,σM) quantifies the compatibility of an event with theZ boson line shape
and is described below. Fits with only one event are removed.Once theβ ’s are determined from the
minimisation, theα ’s can be found from the overdetermined linear system given by βi j ≡ αi + α j. This
is done using a generalised least squares method, and gives an analytic solution.

TheZ boson line shape is modeled with a relativistic Breit-Wigner distribution [18,19]:

BW(M)∼ M2

(M2−M2
Z)2 + Γ2

ZM4/M2
Z

, (14)

whereMZ andΓZ are the mass and the width of theZ boson. They were measured precisely at LEP;
the values used are, respectively, 91.188± 0.002 GeV and 2.495± 0.002 GeV [20]. In proton-proton
collisions, the mass spectrum of theZ boson differs from the Breit-Wigner shape of the partonic process
cross section. The probability that a quark and antiquark inthe interactingpp system produce an object
of massM falls with increasing mass. In order to take this into account, the Breit-Wigner is multiplied
by the ad-hoc parametrisationL (M) = 1/Mβ . The parton luminosity parameterβ is assumed to be a
constant and is determined by fitting theZ boson mass distribution obtained with events generated with
PYTHIA version 6.403 [21]. Figure 35(a) shows theZ boson mass distribution fitted with a Breit-Wigner
with and without the parton luminosity factor. The fitted value of the parameterβ is 1.59± 0.10; this
will be used in the following. Since the photon propagator and the interference term between the photon
and theZ boson were not taken into account in the previous parametrisation, the parton luminosity term
also accounts for the effects of these two terms.
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Figure 35: (a)Z boson mass distribution forPYTHIA events fitted with a Breit-Wigner distribution with
(solid line) and without (dashed line) the parton luminosity factor. χ2/NDOF is 1.09 and 3.96, respec-
tively. (b) Residual distribution fitted with a Gaussian.

Finally, in order to take into account the finite resolution of the electromagnetic calorimeter, the
Breit-Wigner multiplied by the parton luminosity term is convoluted with a Gaussian:

L(M,σM) =
∫ +∞

−∞
BW(M−u)L (M−u)

e−u2/2σ2
M

√
2πσM

du, (15)
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whereσM is the resolution of the measured mass. It is related to the electron energy resolution via

σM

M
=

1
2

√(
σE1

E1

)2

+
(

σE2

E2

)2

. (16)

At |η | = 0.3, the sampling term of the electron energy resolution is equal to 10.0% and increases with
increasing|η |. Technically, the integral is converted to a discrete summation over the convolution pa-
rameteru which takes values between−5σM and+5σM.

6.3 Generator-level tests

The method is first tested on generator-levelZ → ee Monte Carlo events. These were generated using
PYTHIA 6.403 [21] withMZ = 91.19 GeV andΓZ = 2.495 GeV. Events are required to have at least one
electron withpT > 10 GeV and|η | < 2.7 and a di-electron invariant massMee > 60 GeV. To simulate
the detector resolution, generated electron energies are smeared to obtainσE/E = 10%/

√
E/ GeV.

For each calorimeter regioni, a biasαi is generated from a Gaussian distribution with a meanµbias

and widthσbias. These will be called the “injected”α ’s, αinj .
For the first tests,µbias is fixed to 0 andσbias to 2%. The calibration method explained above is

applied to 50,000 events after selection. The residual distribution (αfit −αinj ) is shown in Fig. 35(b).
The mean value of the residual distribution corresponds to the energy scale, and its width to the energy
resolution. Thus it can be seen that the fitting method gives unbiased estimators of the injectedα ’s.

In the case whereµbias is different from zero, the mean value of the residual distribution will be
different from zero. For example, forµbias = −3%, 〈αfit − αinj〉 = 0.1%. This is a consequence of
neglecting the higher-order terms in the Taylor expansion of Eq. (12). Iterating the procedure twice
suffices to recover an unbiased estimate of theα ’s, as shown in Fig. 36(a).
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Figure 36: (a) Mean value of the Gaussian fitting the residualdistribution as a function of the number of
iterations for different mean values of the injectedα ’s; (b) Constant term as a function of the number of
events or as a function of the luminosity.

Figure 35(b) also shows the resulting uniformity. After thefit, the RMS of the distribution has been
reduced from 2% to 0.4%. The RMS of the residual distributionis a measure of the expected long-
range constant term. Figure 36(b) shows the long-range constant term as a function of the number of
reconstructedZ → ee decays or of the integrated luminosity assuming an event selection efficiency of
25%. Therefore, by summing the local constant term of 0.5% with the long-range constant term of 0.4%
obtained here, a total constant term of about 0.7% could be achieved with∼ 100 pb−1. These results
assume perfect knowledge of the material in front of the electromagnetic calorimeter.
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6.4 Results with distorted geometry

The previous section showed results based on generator-level Monte Carlo. The results in this section
usePYTHIA events with full detector simulation and reconstruction, using a geometry with additional
material in front of the electromagnetic calorimeter.

The number of events available is 349,450 corresponding to an integrated luminosity of∼ 200 pb−1.
Events with at least two reconstructed electrons are kept. The two leading electrons are required to be of
at least medium quality [6], to havepT > 20 GeV and|η |< 2.4, and to be of opposite sign. Finally, the
di-electron invariant mass is required to be within 80< Mee < 100 GeV. The total selection efficiency is
21.5%; the efficiency for finding two electron candidates within|η |< 2.4 is 50%.

The calibration method is applied first without injecting any biases (αinj = 0 for all regions). How-
ever, the presence of the misalignments and extra material means that there will be some biases intrinsic
to the simulation. These “true” biases can be estimated using generator information:

αtrue,i =
1
Ni

Ni

∑
k

preco,k
T − pgen,k

T

pgen,k
T

, (17)

wherek counts over theNi electrons falling in regioni, and preco,k
T and pgen,k

T are the reconstructed
and true transverse momenta of electronk. The distribution ofαtrue is shown in Fig. 37(a), as is the
results of the fit. The low-end tail corresponds to regions located in the gap between the barrel and end-
cap cryostats (Fig. 38(a)), where the density of material has been increased by a factor of 1.7. There
is fair agreement between theα ’s extracted using the data-driven method and those estimated from
generator information. Figure 37(b) shows the difference betweenαfit and αtrue; a Gaussian fitted to
this distribution has a mean of 0.1% and a width of 0.5%. The distribution ofαfit as a function ofη
andφ is shown in Fig. 38 for the ideal and distorted geometries. The asymmetry between positive and
negativeφ is due to the effect of the extra material in the inner detector at positiveφ . The difference
between positive and negativeφ values is about 0.6%.

The same exercise is also done by introducing, on top of the non-uniformities due to extra material, a
biasαinj generated from a Gaussian distribution with a meanµbias= 0 and widthσbias= 2%. Results are
shown in Fig. 39. The Gaussian fitted to this distribution also has a mean of 0.1% and a width of 0.5%.

One can conclude that, using∼ 87,000 reconstructedZ → ee events (which corresponds to about
200 pb−1), and with an initial spread of 2% from region to region, the long-range constant term should
not be greater than 0.5%.3 This should give an overall constant term∼ 0.7%. The bias on the absolute
energy should be small and of the order of 0.2%. If the exercise is repeated with only 100 pb−1 of data,
the Gaussian fitted to the residual distribution also has a mean of 0.2%, but the width is larger, leading to
a long-range constant term of 0.8%.

7 Estimation of the systematic uncertainty on the energy scale

The absolute energy scale has been obtained using electronsfrom Z → ee decays. It has been determined
on events simulated with the misaligned geometry while the longitudinal weights were found with the
ideal geometry. On top of the non-uniformities due to extra material, a bias modeling the calorimeter
non-uniformities is introduced and is generated from a Gaussian distribution with a meanµbias = 0 and
width σbias = 2%. The resulting bias on the energy scale can be assessed by comparing the fittedα ’s
with those from generator information; the bias is equal to 0.2%. This bias is understood and is due to
the fact that the model of theZ boson line shape doesn’t take into account the effects of bremsstrahlung.
Work is ongoing to improve this issue.

3Part of the RMS of the residual distribution is also due to uncertainties on the measurement ofαtrue.
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(b) Difference betweenαfit andαtrue.

Figure 37: Fit results with distorted geometry andαinj = 0.
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Figure 38:αfit distributions withαinj = 0 and with distorted/ideal (full/open circles) geometry.

α
-0.12 -0.08 -0.04 0 0.04

N
um

be
r 

of
 r

eg
io

n

0

5

10

15

20

25

30
ATLAS

(a) αfit (solid) andαtrue+αinj (dashed).

trueα - injα - fitα
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

N
um

be
r 

of
 r

eg
io

ns

0

10

20

30

40

50

60 ATLAS

(b) Difference betweenαfit andαtrue+αinj .

Figure 39: Fit results with distorted geometry and additional injected biases.
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The background has been neglected but it has been checked that the contribution from QCD events
where the two jets are misidentified as electrons is small. Thus, it should have a negligible effect on the
determination on the energy scale.

Electrons fromZ boson decays have apT spectrum with a maximum value around 45 GeV. Care
will thus have to be taken to extrapolate the calibration obtained fromZ → ee decays to electron energy
regions not well populated by these events. Corrections determined withZ boson decays were applied
to single electron samples with different generated transverse momenta (20, 40, 120, and 500 GeV)
reconstructed with the misaligned geometry. Figure 40 shows 〈αtrue〉 after correction as a function ofpT

for four |η | bins. In principle,〈αtrue〉 should be equal to zero. This is true for the 40 GeV electron sample
at a level of 0.2% except in the bin (1.4 < |η | < 2.0) containing the crack region. For central electrons
(|η |< 0.6), the dependence versuspT is smaller than 0.5%. The effect is worse for non-central electrons.
For instance, atpT = 120 GeV,αtrue after corrections varies from 1 to 1.6 percent. This non-linearity is
due to the presence of extra material in front of the calorimeter.
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Figure 40:〈αtrue〉 after correction as a function ofpT for four η bins.

To conclude, at theZ boson energy scale, the estimate of the systematic uncertainty is around 0.2%.
At other energy scales, the systematic uncertainty is dominated by effects of extra material. For central
electrons, corrections can be extrapolated over the fullpT spectrum to a level of 0.5%. The linearity is
degraded for non-central electrons at a level of 1 or 2 percent except in the crack region where it is worse.
These numbers depend on the amount of extra material added tothe misaligned geometry compared to
the ideal geometry and will likely be different with real data.

The performance presented here corresponds to our current understanding of the determination of
the absolute energy scale. Improvements are expected to achieve systematic uncertainties smaller than
0.5%. For instance, including information from theE/p ratio measured for isolated high-pT electrons
from W → eν decays will compliment the direct calibration of the absolute scale withZ → ee events.
Photon conversions can also help to determine the amount of material in front of the calorimeter.

Conclusion

The methods and algorithms described in this note were already mentioned in Ref. [1] many years ago.
Over the years, they have reached a higher level of stabilityand maturity, and have been implemented in
the ATLAS reconstruction software. It is believed that, given the constraints of the ATLAS detector, in
particular the amount of dead material in front of the calorimeter, the performances described here will
not evolve much further.

The real challenge at the beginning of data-taking will be the detection and correction for additional
inner detector material or calorimeter inhomogeneities which would not have affected the somewhat
smaller-scale detectors used in the test beam. Discrepancies between data and simulation will have to be
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understood prior to the use of the methods described above. The in-situ calibration withZ → ee events
described in Section 6 will play an important role, and refinements of the method presented here are
expected.
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[21] T. Sjöstrand et al., Comp. Phys. Comm.135(2001).

28

ELECTRONS AND PHOTONS – CALIBRATION AND PERFORMANCE OF THE . . .

29

71



Reconstruction and Identification of Electrons
Abstract
This note discusses the overall ATLAS detector performancefor the recon-
struction and identification of high-pT electrons over a wide range of trans-
verse energies, spanning from 10 GeV to 1000 GeV.

Electrons are reconstructed using information from both the calorimeter and
the inner detector. The reference offline performance in terms of efficiencies
for electrons from various sources and of rejections against jets is described. In
a second part, this note discusses the requirements and prospects for electrons
as probes for physics within and beyond the Standard Model: Higgs-boson, su-
persymmetry and exotic scenarios. In the last part, this note outlines prospects
for electron identification with early data, correspondingto an integrated lumi-
nosity of 100 pb−1 , focusing on the use of the signal fromZ → ee decays for
a data-driven evaluation of the offline performance.

1 Introduction

Excellent particle identification capability is required at the LHC for most physics studies. Several
channels expected from new physics, for instance some decaymodes of the Higgs boson into electrons,
have small cross-sections and suffer from large (usually QCD) backgrounds. Therefore powerful and
efficient electron identification is needed to observe such signals. Even for standard processes, the signal-
to-background ratio is usually less favourable than at pastand present hadron colliders. The ratio between
the rates of isolated electrons and the rate of QCD jets withpT in the range 20-50 GeV is expected to be
∼ 10−5 at the LHC, almost two orders of magnitude smaller than at theTevatronpp̄ collider. Therefore,
to achieve comparable performances, the electron identification capability of the LHC detectors must be
almost two orders of magnitude better than what has been achieved so far.

Physics channels of prime interest at the LHC are expected toproduce electrons withpT between
a few GeV and 5 TeV. Good electron identification is thereforeneeded over a broad energy range. In
the moderatepT region (20 - 50 GeV), a jet-rejection factor exceeding 105 will be needed to extract a
relatively pure inclusive signal from genuine electrons above the residual background from jets faking
electrons. The required rejection factor decreases rapidly with increasingpT to∼ 103 for jets in the TeV
region. For multi-lepton final states, such as possibleH → eeee in the mass region 130< mH < 180
GeV, a rejection of∼ 3000 per jet should be sufficient to reduce the fake-electronbackgrounds to a level
well below that from real electrons. In this case, however, the electrons have a rather softpT spectrum
(as low as 5 GeV), resulting in lower reconstruction and identification efficiencies.

Since the publication of the ATLAS physics TDR [1], the ATLASdetector description has been
greatly improved, with, in particular, the introduction ofa more realistic material description for the
inner detector and for the region between the inner detectorand the first layer of the electromagnetic
calorimeter [2] [3]. This has led to some significant changesin the expected performance. The re-
construction software has also evolved significantly. Eachstep of the energy reconstruction has been
validated by a series of beam tests [4] [5] [6] using prototype modules of the liquid argon electromag-
netic calorimeter, and also more recently, combined with prototype modules of the inner detector. At
present, two electron reconstruction algorithms have beenimplemented in the ATLAS offline software,
both integrated into one single package and a common event data model.

- The standard one, which is seeded from the electromagnetic(EM) calorimeters, starts from clusters
reconstructed in the calorimeters and then builds the identification variables based on information
from the inner detector and the EM calorimeters.
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- A second algorithm, which is seeded from the inner detectortracks, is optimized for electrons
with energies as low as a few GeV, and selects good-quality tracks matching a relatively isolated
deposition of energy in the EM calorimeters. The identification variables are then calculated in the
same way as for the standard algorithm.

The standard algorithm is the one used to obtain the results presented in this note, while the track-
based algorithm is used for lowpT and non-isolated electrons and is the subject of another note [7].

This note is organised as follows. Section 2 discusses the reconstruction and identification of elec-
trons in the fiducial range of the ATLAS detector (|η | < 2.5), whereas section 3 describes the iden-
tification of electrons in the forward region (2.5 < |η | < 4.9). Section 4 describes some important
performance aspects of electron identification in discovery physics processes. Section 5 discusses the
strategies for measuring reconstruction and identification efficiencies using a data-driven approach based
on Z → ee events.

2 Calorimeter-seeded reconstruction and identification

In the standard reconstruction of electrons, a seed electromagnetic tower with transverse energy above∼
3 GeV is taken from the EM calorimeter [3] and a matching trackis searched for among all reconstructed
tracks which do not belong to a photon-conversion pair reconstructed in the inner detector. The track,
after extrapolation to the EM calorimeter, is required to match the cluster within a broad∆η×∆φ window
of 0.05×0.10. The ratio,E/p, of the energy of the cluster to the momentum of the track is required to
be lower than 10. Approximately 93% of true isolated electrons, withET > 20 GeV and|η | < 2.5, are
selected as electron candidates. The inefficiency is mainlydue to the large amount of material in the inner
detector and is thereforeη-dependent. As an example, 4% of electron candidates withpT = 40 GeV
fail the cutE/p < 10 and most of the losses are in the end-cap region. Various identification techniques
can be applied to the reconstructed electron candidates, combining calorimeter and track quantities and
the TRT information to discriminate jets and background electrons from the signal electrons. A simple
cut-based identification procedure is described below together with its expected performance. This is
followed by a brief overview of the possibilities offered bymore advanced methods, such as a likelihood
discriminant.

2.1 Electron-jet studies

For the purposes of this note, the electron identification efficiency is defined as

ε =
N Id

e

N truth
e

,

whereN Id
e is the number of reconstructed and identified candidates andN truth

e is the number of true
electrons selected using the appropriate kinematic cuts atthe generator level. A geometrical matching
(within a cone of size∆R = 0.2) between the reconstructed cluster and the true electron is required in
the calculation ofN Id

e . A classification is applied to define whether a reconstructed electron candidate
should be considered as signal or background. This classification is based on the type of the Monte Carlo
particle associated to the reconstructed track, as well as that of its non-electron parent particle. As shown
in Table 1, candidates are divided into four categories and signal efficiencies are calculated separately
for isolated and non-isolated electrons.

For the jet rejection studies, the PYTHIA (version 6.4) [10]event generator has been used to produce
the large statistics of jet background samples required to assess both the trigger and offline performance
of the electron reconstruction and identification tools described in this note. Two different samples were
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generated to cover theET -range of interest for single electrons (10-40 GeV). The first one, referred
to as filtered di-jets, contains all hard-scattering QCD processes withET > 15 GeV, e.g.qg → qg,
including heavy-flavour production, together with other physics processes of interest, such as prompt-
photon production and singleW/Z production. The second one, referred to as minimum bias, contains
the same processes without any explicit hard-scattering cut-off. A filter was applied at the generator
level to simulate the L1 trigger requirements [11], with thegoal of increasing in an unbiased way the
probability that the selected jets pass the electron identification cuts after GEANT [12] simulation. The
summed transverse energy of all stable particles (excluding muons and neutrinos) with|η | < 2.7 in
a region∆φ ×∆η = 0.12× 0.12 was required to be greater than a chosenET -threshold for an event
to be retained. For the filtered di-jet sample, thisET -threshold is 17 GeV, while for the minimum-bias
sample, it is 6 GeV. The filter retains 8.3% of the di-jet events and 5.7% of the minimum-bias events.
The total number of events available for analysis after filtering, simulation and reconstruction, amounts
to 8.2 million events for the di-jet sample and to 4.1 millionevents for the minimum-bias sample.

Category Type of particle Type of parent particle
Isolated Electron Z, W , t, τ or µ

Non-isolated Electron J/ψ, b-hadron orc-hadron decays
Background electron Electron Photon (conversions),π0/η Dalitz decays,u/d/s-hadron decays

Non-electron Charged hadrons,µ

Table 1: Classification of simulated electron candidates according to their associated parent particle.
Muons are included as source because of the potential emission of a Bremsstrahlungs photon.

ET > 17 GeV ET > 8 GeV
Isolated Non-isolated Background Non-isolated Background

W − 75.0% b-hadrons− 38.7% γ-conv.− 97.8% b-hadrons− 39.3% γ-conv.− 98.4%
Z − 20.9% c-hadrons− 60.6% Dalitz decays− 1.8% c-hadrons− 59.7% Dalitz decays− 1.3%
t −< 0.1% J/ψ − 0.7% u/d/s-hadrons − 0.4% J/ψ − 1.0% u/d/s-hadrons− 0.3%
τ − 4.1%

Table 2: Contribution and origin of isolated, non-isolated, and background electron candidates in the two
di-jet samples before the identification criteria are applied.

The jet rejections quoted in this note are normalised with respect to the number of particle jets
reconstructed using particle four-momenta within a cone size ∆R = 0.4 and derived from a dedicated
un-filtered generated sample of di-jets or minimum-bias events. In the di-jet and minimum-bias samples,
the average numbers per generated event of such particle jets withET above 17 and 8 GeV, respectively,
and in the range|η | < 2.47, are 0.74 and 0.31, respectively.

After reconstruction of electron candidates and before anyof the identification cuts are applied,
the signal is completely dominated by non-isolated electrons fromb− andc-hadron decays. The ex-
pected signal-to-background ratios for the filtered di-jet(ET above 17 GeV) and minimum-bias (ET

above 8 GeV) samples are 1:80 and 1:50, respectively. The residual jet background is dominated by
charged hadrons. Only a small fraction of the background at this stage consists of electrons from pho-
ton conversions or Dalitz decays, namely 6.4% and 9.4%, respectively. Table 2 summarises the relative
compositions of the filtered di-jet and minimum-bias samples in terms of the three categories containing
electrons described in Table 1.
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Type Description Variable name
Loose cuts

Acceptance of the detector |η|< 2.47
Hadronic leakage Ratio ofET in the first sampling of the

hadronic calorimeter toET of the EM cluster
Second layer Ratio inη of cell energies in 3× 7 versus 7× 7 cells. Rη

of EM calorimeter. Ratio inφ of cell energies in 3× 3 versus 3× 7 cells. Rφ
Lateral width of the shower.

Medium cuts (includes loose cuts)
First layer Difference between energy associated with ∆Es

of EM calorimeter. the second largest energy deposit
and energy associated with the minimal value

between the first and second maxima.
Second largest energy deposit Rmax2

normalised to the cluster energy.
Total shower width. wstot

Shower width for three strips around maximum strip. ws3
Fraction of energy outside core of three central strips Fside

but within seven strips.
Track quality Number of hits in the pixel detector (at least one).

Number of hits in the pixels and SCT (at least nine).
Transverse impact parameter (<1 mm).

Tight (isol) (includes medium cuts)
Isolation Ratio of transverse energy in a cone∆R < 0.2

to the total cluster transverse energy.
Vertexing-layer Number of hits in the vertexing-layer (at least one).
Track matching ∆η between the cluster and the track (< 0.005).

∆φ between the cluster and the track (< 0.02).
Ratio of the cluster energy E/p
to the track momentum.

TRT Total number of hits in the TRT.
Ratio of the number of high-threshold

hits to the total number of hits in the TRT.
Tight (TRT) (includes tight (isol) except for isolation)

TRT Same as TRT cuts above,
but with tighter values corresponding to about 90%

efficiency for isolated electrons.

Table 3: Definition of variables used for loose, medium and tight electron identification cuts. The cut
values are given explicitly only when they are independent of η and pT . For a detailed description of
the cut variables used for the loose and medium cuts, refer tosections 2.1.1.1 and 2.1.1.2.

2.1.1 Cut-based method description

Standard identification of high-pT electrons is based on many cuts which can all be applied indepen-
dently. These cuts have been optimised in up to seven bins inη and up to six bins inpT . Three reference
sets of cuts have been defined: loose, medium and tight, as summarised in Table 3. This provides flex-
ibility in analysis, for example to improve the signal efficiency for rare processes which are not subject
to large backgrounds from fakes.

2.1.1.1 Loose cuts This set of cuts performs a simple electron identification based only on limited
information from the calorimeters. Cuts are applied on the hadronic leakage and on shower-shape vari-
ables, derived from only the middle layer of the EM calorimeter (lateral shower shape and lateral shower
width ). This set of cuts provides excellent identification efficiency, but low background rejection.
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2.1.1.2 Medium cuts This set of cuts improves the quality by adding cuts on the strips in the first
layer of the EM calorimeter and on the tracking variables:

• Strip-based cuts are effective in the rejection ofπ0 → γγ decays. Since the energy-deposit pattern
from π0’s is often found to have two maxima due toπ0 → γγ decay, showers are studied in a
window∆η×∆φ = 0.125×0.2 around the cell with the highestET to look for a second maximum.
If more than two maxima are found the second highest maximum is considered. The variables
used include∆Es = Emax2−Emin, the difference between the energy associated with the second
maximumEmax2 and the energy reconstructed in the strip with the minimal value, found between
the first and second maxima,Emin. Also included are:Rmax2= Emax2/(1+9×10−3ET ), whereET

is the transverse energy of the cluster in the EM calorimeterand the constant value 9 is in units
of GeV−1; wstot, the shower width over the strips covering 2.5 cells of the second layer (20 strips
in the barrel for instance);ws3, the shower width over three strips around the one with the maximal
energy deposit; andFside, the fraction of energy deposited outside the shower core ofthree central
strips.

• The tracking variables include the number of hits in the pixels, the number of silicon hits (pixels
plus SCT) and the tranverse impact parameter.

The medium cuts increase the jet rejection by a factor of 3-4 with respect to the loose cuts, while
reducing the identification efficiency by∼ 10%.

2.1.1.3 Tight cuts This set of cuts makes use of all the particle-identificationtools currently available
for electrons. In addition to the cuts used in the medium set,cuts are applied on the number of vertexing-
layer hits (to reject electrons from conversions), on the number of hits in the TRT, on the ratio of high-
threshold hits to the number of hits in the TRT (to reject the dominant background from charged hadrons),
on the difference between the cluster and the extrapolated track positions inη andφ , and on the ratio
of cluster energy to track momentum, as shown in Table 3. Two different final selections are available
within this tight category: they are named tight (isol) and tight (TRT) and are optimised differently for
isolated and non-isolated electrons. In the case of tight (isol) cuts, an additional energy isolation cut is
applied to the cluster, using all cell energies within a coneof ∆R < 0.2 around the electron candidate.
This set of cuts provides, in general, the highest isolated electron identification and the highest rejection
against jets. The tight (TRT) cuts do not include the additional explicit energy isolation cut, but instead
apply tighter cuts on the TRT information to further remove the background from charged hadrons.

Figures 1 and 2 compare the distributions expected fromZ → ee decays and from the filtered di-jet
sample for a few examples of the basic discriminating variables described above for electron identifica-
tion.

2.1.2 Performance of cut-based electron identification

The performance of the cut-based electron identification issummarised in Tables 4 and 5. Table 4 shows,
for each of the background samples, the composition of each of the three categories of electron candi-
dates containing real electrons, as it evolves from reconstruction (no identification cuts) to loose, medium
and tight cuts. In the case of non-isolated electrons, thereis a strong reduction of the initially dominant
component fromc-hadrons as the identification cuts applied become tighter.In the case of background
electrons, there is a significant reduction of the contribution from photon conversions when applying
tight cuts, since the vertexing-layer requirement does notmuch affect electrons from Dalitz decays and
u/d/s-hadrons. As shown in Table 5, the signal from prompt electrons is dominated by non-isolated elec-
trons from heavy flavours, which are usually close in space tohadrons from the jet fragmentation. The
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Figure 1: Left: ratio between the transverse energy of the electron candidate and the sum of this trans-
verse energy and that contained in the first layer of the hadronic calorimeter. The distributions are shown
for electrons fromZ → ee decays (solid line) and for filtered di-jets (dotted line). Right: difference inη
between cluster and extrapolated track positions for electrons fromZ → ee decays (solid line) and for
filtered di-jets (dotted line).
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Figure 2: Shower-shape distributions for electrons fromZ → ee decays (solid lines) compared to those
from filtered di-jets (dotted lines). Shown are the energy ratios Rφ (left) andRη (right) described in Ta-
ble 3.

resulting overlap between the electron shower and nearby hadronic showers explains the much lower ef-
ficiency observed for these electrons than for isolated electrons fromZ → ee decays. These non-isolated
electrons will nevertheless provide the most abundant initial source of signal electrons and will be used
for alignment of the electromagnetic calorimeters and the inner detector, forE/p calibrations, and more
generally to improve the understanding of the material of the inner detector as a radiation/conversion
source. For tight cuts and an electronET of ∼ 20 GeV, the isolated electrons fromW, Z and top-quark
decays represent less than 20% of the total prompt electron signal.

For the lowerET -threshold of 8 GeV, the expected signal from isolated electrons is negligible. Not
surprisingly, the tight (TRT) cuts are more efficient to select non-isolated electrons from heavy-flavour
decay, while the tight (isol) cuts are more efficient at selecting isolated electrons. After tight cuts, the
signal-to-background ratio is close to 3:1, and depends only weakly on theET - threshold in the 10-
40 GeVET -range studied here. The residual background is dominated by charged hadrons, which could
be further rejected by stronger cuts (TRT and/or isolation). The initial goal of obtaining a rejection of the
order of 105 against jets has been achieved with an overall efficiency of 64% for isolated electrons with
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Isolated
ET > 17 GeV

No cut Loose Medium Tight (TRT) Tight (isol)
W 75.0 75.1 74.9 73.9 73.6
Z 20.9 20.9 21.1 22.4 22.9
τ 4.1 4.0 4.0 3.7 3.6

Non-isolated
ET > 17 GeV ET > 8 GeV

No cut Loose Medium Tight (TRT) Tight (isol) No cut Loose Medium Tight (TRT) Tight (isol)
b-hadrons 38.7 57.6 71.1 74.2 79.1 39.3 51.2 55.2 57.0 59.5
c-hadrons 60.6 41.4 27.6 24.4 19.6 59.7 47.6 43.2 41.3 38.6

J/ψ 0.7 1.0 1.3 1.4 1.3 1.0 1.2 1.6 1.7 1.9
Background

ET > 17 GeV ET > 8 GeV
No cut Loose Medium Tight (TRT) Tight (isol) No cut Loose Medium Tight (TRT) Tight (isol)

γ-conv. 97.8 97.7 94.9 88.0 88.1 98.4 98.1 94.5 78.5 83.0
Dalitz decays 1.8 1.9 4.0 8.5 8.0 1.3 1.4 3.5 12.5 12.4

u/d/s-hadrons 0.4 0.4 1.1 3.5 3.9 0.3 0.5 2.0 9.0 4.6

Table 4: Percentage contribution and origin of isolated, non-isolated and background electrons in the
filtered di-jet and minimum-bias samples. The classification is based on the type of the parent particle of
the electron.

ET ∼ 10-40 GeV. The efficiency may be improved with further optimisation of the cuts, as discussed
below.

Table 6 shows the efficiencies for prompt electrons and the jet rejections in more detail in the case of
medium identification cuts, using a fine binning as a functionof |η |. The efficiency for prompt electrons
is significantly worse in the end-cap region (|η | > 1.52) with a correspondingly higher background
rejection. The overlap region region between the barrel andend-cap calorimeters (1.37< |η | < 1.52)
has both worse efficiency and rejection, as expected becauseof the large amount of passive material in
front of the EM calorimeter. To improve the electron efficiency in the end-cap region, the EM calorimeter
cuts in the first layer and the tracking cuts will need to be studied and tuned further.

2.1.3 Expected differential rates for inclusive electron signal and background

Figure 3 (left:ET > 17 GeV and right:ET > 8 GeV) show the expected differential cross-sections
for electron candidates as a function ofET , for an integrated luminosity of 100 pb−1 . The different
histograms correspond to electron candidates before any identification cuts and after the loose, medium,
tight (TRT) and tight (isol) cuts. As illustrated in Table 5,these differential rates are dominated by the
jet background except when applying the tight cuts.

The expected differential cross-sections after tight (TRT) cuts are shown in Fig. 4, where they are
broken down into their three main components, isolated electrons fromW, Z and top-quark decays, non-
isolated electrons fromb, c decay, and the residual jet background. The shapes of the spectra for the
non-isolated electrons and residual jet background are very similar, whereas the spectrum from isolated
electrons exhibits the expected behaviour for a sample dominated by electrons fromW, Z decay. For an
integrated luminosity of 100 pb−1 , Fig. 4 (right) shows that one may expect approximately ten million
reconstructed and identified inclusive electrons fromb, c decay withET > 10 GeV, while Fig. 4 (left)
shows that for the same integrated luminosity one may expect500 000 such electrons withET > 20 GeV,
with a dominant contribution fromW, Z decays forET > 35 GeV. These large data samples expected
for a modest integrated luminosity are an integral part of the trigger menu strategy for early data, as
explained in more detail in [11], and will clearly be extremely useful to certify many aspects of the
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Cuts ET > 17 GeV ET > 8 GeV
Efficiency (%) Jet rejection Efficiency (%) Jet rejection

Z → ee b,c → e Single electrons b,c → e
(ET =10 GeV)

Loose 87.96 ± 0.07 50.8 ± 0.5 567± 1 75.8 ± 0.1 55.8 ± 0.7 513± 2
Medium 77.29 ± 0.06 30.7 ± 0.5 2184± 13 64.8 ± 0.1 41.9 ± 0.7 1288± 10
Tight (TRT.) 61.66 ± 0.07 22.5 ± 0.4 (8.9 ± 0.3)104 46.2 ± 0.1 29.2 ± 0.6 (6.5 ± 0.3)104

Tight (isol.) 64.22 ± 0.07 17.3 ± 0.4 (9.8 ± 0.4)104 48.5 ± 0.1 28.0 ± 0.6 (5.8 ± 0.3)104

Fraction of surviving candidates (%) Fraction of surviving candidates (%)
Isolated Non-isolated Jets Non-isolated Jets

Medium 1.1 7.4 91.5 (5.5 + 86.0) 9.0 91.0 (5.0 + 86.0)
Tight (TRT) 10.5 63.3 26.2 (8.3 + 17.9) 77.8 22.2 (7.1 + 15.1)
Tight (isol) 13.0 58.3 28.6 (8.7 + 19.9) 75.1 24.9 (6.4 + 18.5)

Table 5: Expected efficiencies for isolated and non-isolated electrons and corresponding jet background
rejections for the four standard levels of cuts used for electron identification. The results are shown for
the simulated filtered di-jet and minimum-bias samples, corresponding respectively toET -thresholds of
17 GeV (left) and 8 GeV (right). The three bottom rows show thefractions of all surviving candidates
which fall into the different categories for the medium cutsand the two sets of tight cuts. The isolated
electrons are prompt electrons fromW, Z and top-quark decay and the non-isolated electrons are from
b, c decay. The residual jet background is split into its two dominant components, electrons from photon
conversions and Dalitz decays (first term in brackets) and charged hadrons (second term in brackets).
The quoted errors are statistical.

electron identification performance of ATLAS with real data. One example is the understanding of
material effects and of inter-calibration between inner detector and EM calorimeter usingE/p for a
clean subset of the inclusive electrons withET > 10 GeV. This sample will be complementary to the
samples of low-mass electron pairs fromJ/ψ andϒ decays, discussed in [7]. A second example is the
certification of the isolated electron identification usinga clean sample ofW → eν decays. Clearly,
with more statistics, the large samples ofZ → ee decays which will be collected will provide the
opportunity to refine the understanding of the performance to an extremely high level of accuracy, as
discussed in Section 5.

2.1.4 Systematic uncertainties on expected performance

To estimate possible systematic uncertainties related to the cut-based electron identification, two shower
shape variables have been studied as a function of the amountof material in front of the EM calorimeter.
Figure 5 illustrates the impact of additional material, theeffect of which has not been included in the
EM cluster corrections which are applied as described in [3], for electrons fromH → eeee decays.
The results are shown in two|η |-ranges for the nominal material and for the case of additional material
accounting in total to∼ 0.1 X0 and∼ 0.2 X0 (Fig. 5). It is evident that in regions with significant
amounts of material the shower is broader (less energy in thecore). These differences reduce the electron
efficiency; however, the true systematic error on the efficiency due to such effects will depend on how
well the inner-detector material can be measured using data.

Figure 6 shows the fraction of energy in the strip layer outside the three core strips and inside the
seven-strip window for the same|η |-ranges. The impact of the additional material is also clearly visible.
The estimated change in the electron efficiencies quoted in Table 5 is expected to be less than 2%. It is
important to note that the material effects are more pronounced in the strip layer than in the middle layer
of the calorimeter. Therefore, one should expect larger uncertainties from this source of systematics for
the medium electron cuts than for the loose electron cuts, which rely only on the middle layer of the
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|η| ET > 17 GeV ET > 8 GeV
Efficiency (%) Jet rejection Efficiency (%) Jet rejection

Z → ee b,c → e Single electrons b,c → e
(ET =10 GeV)

0.00 − 0.80 88.2 ± 0.1 35 ± 1 3740± 50 79.3 ± 0.2 51 ± 1 1960± 30
0.80 − 1.35 83.5 ± 0.1 40 ± 1 1581± 20 70.6 ± 0.2 52 ± 1 914± 11
1.35 − 1.50 71.5 ± 0.4 41 ± 2 444± 5 49.6 ± 0.5 40 ± 3 342± 5
1.50 − 1.80 63.8 ± 0.2 18 ± 1 2440± 40 41.8 ± 0.4 24 ± 2 890± 15
1.80 − 2.00 62.5 ± 0.2 12 ± 1 9800± 450 55.1 ± 0.4 25 ± 2 4660± 220
2.00 − 2.35 65.8 ± 0.2 16 ± 1 8400± 300 55.0 ± 0.3 21 ± 2 6000± 250
2.35 − 2.47 67.8 ± 0.3 14 ± 2 4050± 170 62.5 ± 0.6 30 ± 3 3980± 250
0.00 − 2.47 77.3 ± 0.06 31 ± 1 2184± 13 64.8 ± 0.1 42 ± 1 1288± 8

Table 6: Expected efficiencies for isolated and non-isolated electrons and corresponding jet background
rejections for the medium identification cuts as a function of |η |. The results are shown for the simulated
filtered di-jet and minimum-bias samples, corresponding respectively toET -thresholds of 17 GeV (left)
and 8 GeV (right). The quoted errors are statistical.
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Figure 3: Differential cross-sections as a function ofET before identification cuts and after loose,
medium, tight (TRT) and tight-isol cuts, for an integrated luminosity of 100 pb−1 and for the simulated
filtered di-jet sample withET above 17 GeV (left) and the simulated minimum-bias sample with ET

above 8 GeV (right).

calorimeter.
Another important source of systematics affects the jet rejections quoted in Table 5: this arises from

the exactpT -spectrum and mixture of quark and gluon jets, and to a certain extent from heavy flavour jets
present in the background under consideration. The numbersquoted in this note are related to the rather
low-pT di-jet background which is relevant for the search for earlysignals from single electrons. Other
background samples relevant to certain physics studies have been shown to display worse rejections, by
up to a factor of 3 to 5. This clearly indicates that the fake electron rates will only be better understood
with real data.

2.1.5 Multivariate techniques

In addition to the standard cut-based electron identification described above, several multivariate tech-
niques have been developed and implemented in the ATLAS software. These include a likelihood dis-
criminant, a discriminant called H-matrix, a boosted decision tree, and a neural network. Table 7 sum-
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Figure 4: Differential cross-sections as a function ofET after tight (TRT) cuts, shown separately
for the expected components from isolated electrons, non-isolated electrons and residual jet back-
ground, for an integrated luminosity of 100 pb−1 and for the simulated filtered di-jet sample withET

above 17 GeV (left) and the simulated minimum-bias sample with ET above 8 GeV (right).
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Figure 5: Energy containment,Rη (Table 3), for 1.12< |η |< 1.25 (left) and 1.62< |η |< 1.75 (right).
The symbols correspond to the nominal description and the histogram to the one with additional material.

marises the gains in efficiency and rejection which may be expected with respect to the cut-based method
by using the likelihood discriminant method. The gains appear to be artificially large in the case of the
loose and medium cuts, because these cuts do not make use of all the information available in terms of
electron identification, since they were designed for robustness and ease of use with initial data. Nev-
ertheless, they indicate how much the electron efficiency may be improved once all the discriminant
variables will be understood in the data.

Figure 7 shows the rejection versus efficiency curve obtained using the likelihood discriminant
method, compared to the results obtained for the two sets of tight cuts shown in Table 5. The likeli-
hood discriminant method provides a gain in rejection of about 20-40% with respect to the cut-based
method for the same efficiency of 61-64%. Alternatively, it provides a gain in efficiency of 5-10% (tight
and medium cuts) for the same rejection. Multivariate methods of this type will of course only be used
once the detector performance has been understood using thesimpler cut-based electron identification
criteria.
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Figure 6: Energy fraction outside a three-strip core,Fside (Table 3), for 1.12 < |η | < 1.25 (left) and
1.62< |η | < 1.75 (right). The symbols correspond to the nominal description and the histogram to the
one with additional material.

Cuts
Cut-based method Likelihood method

Efficiencyεe (%) RejectionR j Efficiency (%) at fixedR j Rejection at fixedεe

Loose 87.97±0.05 567±1 89.11±0.05 2767±17
Medium 77.29±0.06 2184±7 88.26±0.05 (3.77±0.08)×104

Tight (isol) 64.22±0.07 (9.9±0.2)×104 67.53±0.06 (1.26±0.05)×105

Tight (TRT) 61.66±0.07 (8.9±0.2)×104 68.71±0.06 (1.46±0.06)×105

Table 7: For the loose, medium and tight electron identification cuts, expected electron efficiencies for
a fixed jet rejection and jet rejections for a fixed electron efficiency, as obtained from the likelihood
discriminant method. The quoted errors are statistical.

2.2 Isolation studies

Many physics analyses in ATLAS will be based on final states with isolated leptons from decays ofW - or
Z-bosons. These channels usually have the advantage of smallbackground expectation from processes
with similar signature, compared to channels with hadronicfinal states. Nevertheless, they may also
suffer from jet background processes, namely if leptons from semi-leptonic heavy-quark decays mimic
the isolated leptons of the signal. Therefore, dedicated tools beyond the lepton identification algorithms
are needed in order to suppress such sources of background byfactors of up to the order of 103. In
this section, the performance of a projective likelihood estimator for the separation of isolated electrons
from non-isolated electron backgrounds is described. The four variables chosen as input to this isolation
likelihood are:

- transverse energy deposited in a small cone of∆R < 0.2 around the electron cluster;

- transverse energy deposited in a hollow cone of 0.2 < ∆R < 0.4 around the electron cluster;

- sum of the squares of the transverse momenta of all additional tracks measured in a cone of∆R <
0.4 around the electron cluster;

- impact parameter significance of the electron track (with respect to the primary vertex in the trans-
verse plane).

Electrons fromZ → ee decays were used as a clean source of isolated electrons. Thereconstructed
electrons from this sample were required to be matched to a Monte Carlo electron fromZ-boson decay
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Figure 8: Background electron rejections versus signal efficiencies for electrons inZ → ee decays (left)
and intt̄ decays (right), for two illustrative bins in|η | andpT .

and to pass the medium identification cuts in order to be considered as signal electrons. Background
electrons were selected from a high-statisticstt̄ sample, filtered for a pair of like-sign Monte Carlo
electrons, and matched to a Monte Carlo electron fromb/c-decay.

The results of the performance studies of the isolation likelihood are shown in Fig. 8 for two illus-
trative bins in|η | and pT . The best results are achieved for high-pT electrons measured in the barrel
region of the EM calorimeter. As can be seen in Fig. 8 left, forelectrons with only little hadronic activity
in the final state, such as those fromZ → ee andH → eeee decays, the isolation likelihood provides a
background rejection of the order of 103, for signal electron efficiencies of 80% (barrel) and 50% (end-
caps). The difference observed between barrel and end-capsis mostly due to theη-dependence of the
medium identification cuts shown in Table 6. For comparison,the efficiency for the selection of signal
electrons intt̄ events is shown in Fig. 8 right: due to the additional hadronic activity in these final states,
the efficiency decreases by 5–10% for the same background rejection, when compared to that quoted for
Z → ee decays.
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Figure 9: Example of discriminating variables used in the forward region for signal electrons (full circles)
and the QCD di-jet background (open circles). Shown in the case of the FCal are the fraction of the total
cluster energy deposited in the cell with maximum energy (left) and the relative lateral moment (right).

3 Electron identification outside the inner detector acceptance

Electron identification in the forward region (|η | > 2.5) will be important in many physics analyses, in-
cluding electroweak measurements and searches for new phenomena. In contrast to the central electrons,
forward electron reconstruction can only use information from the calorimeters, since the inner detector
covers only|η | < 2.5. Such electrons can therefore only be identified cleanlyabove the background in
specific topologies, such asZ → ee or H → eeee decays.

This section describes the performance of a cut-based method used to identify electrons in the for-
ward region and separate them from the QCD background. The comparison of the performance obtained
with a likelihood method is also presented.

Signal electrons are selected fromZ → ee decays and background electrons from a high-statistics
sample of QCD di-jet events. Three|η |-regions are considered: the first one covers the inner wheelof the
electromagnetic end-cap, i.e. 2.5< |η | < 3.2 (the HEC is not used), the second one covers the overlap
region between the electromagnetic end-cap and the forwardcalorimeter (FCal), i.e. 3.2< |η |< 3.4, and
the last region covers the FCal acceptance, i.e. 3.4< |η | < 4.9. A topological clustering algorithm [13]
is used in this analysis and only clusters withET > 20 GeV are considered. Two examples of the
discriminating variables used in these studies are shown inFig. 9, namely the fraction of the total cluster
energy deposited in the cell with maximum energy and the relative lateral moment. The relative lateral
moment is defined as lat2/(lat2+ latmax), where the lateral moments lat2 and latmax differ in the treatment
of the two most energetic cells. Other examples include the first moment of the energy density, the
relative longitudinal moment, defined in the same way as the relative lateral moment only with two
longitudinal moments, the second moments of the distances of each cell to the shower barycentre and to
the shower axis, and the distance of the cluster barycentre from the front face of the calorimeter.

The likelihood discriminant uses the same variables as the cut-based method. Figure 10 shows the
performance of the cut-based and likelihood discriminant methods for electrons fromZ → ee decay
with ET > 20 GeV. For an electron identification efficiency of 80%, bothmethods achieve the required
goal of∼ 1% fake rate from the QCD background. This performance is expected to yield, for example,
a cleanZ → ee sample with one electron already selected in the central region and one electron in the
forward region [14]: the expected background contributionunder theZ-boson peak is estimated to be
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Figure 10: Expected rejection against QCD jets versus efficiency for signal electrons fromZ → ee decay,
for the cut-based and likelihood discriminant methods in the inner wheel of the electromagnetic end-
cap (left) and in the FCal (right). The rejection power of thelikelihood method is expected to increase
when additional variables beyond the minimal set shown hereare added.
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Figure 11: Electron identification efficiency as a function of η (left) andET (right) for electrons with
ET > 5 GeV fromH → eeee decays.

below∼ 1%.

4 Electrons as probes for physics within and beyond the Standard Model

4.1 Electrons in Higgs-boson decays

Electrons from theH → eeee decay withmH < 2mZ are an important benchmark for the evaluation of the
performance of the electron reconstruction and identification [15]. Here, only electrons with|η | < 2.5
andET > 5 GeV are considered. The electron efficiency as a function of|η | andET for loose, medium,
and tight electron cuts is shown in Fig. 11. The drop in efficiency at lowET is mainly due to the loss of
discrimination power of the shower-shape cuts at lower transverse energies. A loss of efficiency is also
visible in the transition region between the barrel and end-cap calorimeters. The results shown here are in
quantitative agreement with those obtained for electrons from Z → ee decay discussed in Section 2.1.2.
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Figure 12: Electron identification efficiency as a function of ET (left) and |η | (right). The full sym-
bols correspond to electrons in SUSY events and the open onesto single electrons of fixedET . The
efficiencies as a function of|η | are shown only for electrons withET > 17 GeV.

4.2 Electrons produced in decays of supersymmetric particles

In many supersymmetry (SUSY) scenarios, the most abundantly produced sparticles are squarks (directly
or from a gluino decay), which generally decay into a chargino or neutralino and jets. In turn, charginos
and neutralinos are very likely to decay into leptons. One interesting mode for SUSY searches is the
tri-lepton signal, in which three isolated leptons are expected in the final state. Such SUSY events would
feature high-pT isolated leptons accompanied by a high multiplicity of high-ET jets. Hence, it is crucial
to efficiently identify electrons in such an environment, while preserving the very high jet rejection
presented in Section 2. The electron identification efficiency in SUSY events is calculated using the
SU3 ATLAS point [16]. In this scenario, a large number of charginos and neutralinos are produced and
numerous leptons are expected in the final state.
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Figure 13: Electron identification efficiency as a function of the distance∆R to the closest jet in SUSY
events, for electrons withET > 17 GeV.

Figure 12 shows the identification efficiency of the loose, medium and tight (isol) cuts as a function
of ET and |η |. The efficiencies shown as a function ofET are compared with efficiencies for single
electrons ofET = 10, 25, 40, 60 and 120 GeV. As expected, single electrons display higher efficiencies
than those in SUSY events, because of the large hadronic activity in these events. The efficiencies
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Figure 14: Electron identification efficiency as a function of ET (left) and|η | (right), for electrons from
Z′→ e+e− decays withmZ′ = 1 TeV.

obtained for values ofET below 20 GeV, are significantly below the plateau values at high ET , for
which the cuts were initially optimised.

The efficiencies as a function of|η | show the same features as those discussed in Table 6, namely
the efficiency in the end-cap region is lower than in the barrel, whereas the jet rejection is significantly
higher. Specific drops in efficiency can be seen for|η | ∼ 1.35, which corresponds to the barrel/end-cap
transition region, and for|η | ≈ 0.8, which corresponds to the change in the lead thickness between the
two types of electrodes in the barrel EM calorimeter.

Figure 13 shows the electron identification efficiency as a function of the distance∆ R to the closest
jet in SUSY events. Jets are reconstructed from topologicalclusters using a∆R = 0.4 cone algorithm.
For values of∆R > 0.4, the efficiencies are compatible with those expected for single electrons, whereas
for values of∆R < 0.4, the efficiencies decrease because of the overlap between the hadronic showers
from the jet and the electron shower itself.

JetET -range 140−280 GeV 280−560 GeV 560−1120 GeV

Efficiency Rejection Efficiency Rejection Efficiency Rejection

Loose cuts 86.6±0.2% 825±35 89.6±0.1% 620±25 91.5±0.4% 550±20

Medium cuts 80.6±0.2% 4000±370 84.6±0.1% 2300±170 86.7±0.5% 1900±120

Table 8: Electron identification efficiencies and QCD di-jetbackground rejections obtained for loose and
medium identification cuts, including a calorimeter isolation cut (see text), and for three different jetET

-ranges. The signal electrons are fromZ
′ → e+e− decays withmZ′ = 1 TeV and are required to haveET

> 100 GeV.

4.3 Electrons in exotic events

High-mass di-electron final states are a promising source ofearly discovery physics, because of the sim-
plicity and robustness of very high-pT electron reconstruction, identification and resolution. Very high-
pT electrons refer here to those with transverse momentum ranging from 100 GeV up to several TeV.
The backgrounds to very high-pT electron pairs are expected to be small, and, therefore, only loose or
medium identification cuts are considered here. Isolated electrons are required to satisfy the calorimeter
isolation cut described in Section 2.
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Figure 14 shows efficiencies as a function ofET and |η | for the loose and medium identification
cuts, for electrons fromZ′ → e+e− decays withmZ′ = 1 TeV [17]. From these curves, one can note
the slow increase in efficiency withET before reaching a plateau in the very high-ET region. Overall
efficiencies of∼ 90% and of∼ 85% can be achieved for loose and medium electron cuts, respectively,
with a uniform behaviour limited to the barrel region, i.e.|η | < 1.5.

The QCD background rejection was studied as a function of thejet transverse energy, as shown
in Table 8. Using the medium identification cuts, which correspond to an overall efficiency of∼ 85%, a
jet rejection factor of several thousand can be achieved forET > 100 GeV, which should be sufficient
to observe the signal in many exotic scenarios.

5 Electrons from Z → ee decays in early data

The experimental uncertainty on the electron identification efficiency is expected to be the source of one
of the main systematic errors in many measurements, and in particular in cross-section determinations. In
addition, a reliable monitoring of the electron identification efficiency is important in the commissioning
phase of the detector and software. The previous sections have shown detailed estimates of the expected
electron identification efficiency based on simulated samples. This section focuses on the measurement
of electron reconstruction and identification efficienciesusing a data-driven approach based onZ → ee
events.

The tag-and-probe method [18] is used in this analysis. It consists of tagging a clean sample of events
using one electron, and then measuring the efficiency of interest using the second electron from theZ-
boson decay. Although more difficult because of trigger-threshold issues and of more severe background
conditions, the same approach could be applied toJ/ψ andϒ resonances, thus covering the lower end of
the pT spectrum [7].

5.1 Tag-and-probe method

The tag condition typically requires an electron identifiedwith tight cuts. Both electrons are also required
to be above apT threshold consistent with the trigger used. The invariant mass of the lepton pair is then
used to identify the number of tagged events,N1 (containingZ → ee decays), and a sub-sampleN2,
where the second pre-selected electron further passes a given set of identification cuts. The efficiency for
a given signature is given by the ratio betweenN2 andN1.

To account for background, the lepton-pair invariant mass spectrum is fitted around theZ mass peak
using a Gaussian distribution convoluted with a Breit-Wigner plus an exponential function. The dominant
background arises from QCD and is estimated using a procedure explained in [18]; its contribution is
small in general and its impact on the measurement is therefore very limited.

The probe electron is checked against the selection as an electron candidate (to which only the pre-
selection cuts are applied), and as a loose, medium or tight electron. To monitor in detail the efficiency
dependence, the results are presented in bins ofη andpT , at the expense of an increased statistical error
in each bin.

A quantitative comparison between the efficiency computed with this tag-and-probe method (εTP)
and the efficiency obtained from the Monte Carlo truth (εMC) is used to validate the tag-and-probe
method.

5.2 Electron reconstruction efficiency

The reconstruction and identification of electrons is basedon seed-clusters in the electromagnetic calorime-
ter matched to tracks, as explained in Section 2. The tag electron is a reconstructed electron selected using
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Figure 15: Efficiency of the electron pre-selection as a function of |η | (left) andET (right) for Z → ee
decays, using the tag-and-probe method and the Monte Carlo truth information.

tight (isol) cuts and also required to pass the trigger EM13i/e15i [11]. The tag electron is also required to
be outside the barrel/end-cap transition region (1.37 < |η | < 1.52). The probe electron is pre-selected
by identifying a cluster in the opposite hemisphere, such that the azimuthal difference between tag and
probe electrons is∆φ > 3/4π. Both tag and probe electrons are required to haveET >15 GeV. The
invariant mass of the lepton pair is required to be between 80and 100 GeV. Figure 15 comparesεTP

andεMC as a function of|η | andET . Table 9 summarises the results obtained for this first step in the
reconstruction and identification of the probe electron.

ET−range (GeV) 15−25 25−40 40−70
|η |−range εTP ∆εTP/MC εT P ∆εTP/MC εT P ∆εTP/MC

0−0.80 96.1±0.4 2.0±0.4 96.2±0.2 0.1±0.2 99.0±0.1 2.0±0.1
0.80−1.37 94.9±0.6 1.5±0.6 96.0±0.2 1.6±0.2 95.1±0.2 -0.5±0.2
1.52−1.80 89.0±1.2 3.6±1.2 88.8±0.6 1.3±0.6 91.9±0.6 1.7±0.6
1.80−2.40 83.0±1.0 0.6±1.0 83.2±0.6 0.8±0.6 84.9±0.6 1.1±0.6

Table 9: Efficiency of the electron pre-selection,εTP, in percent as obtained from the tag-and-probe
method, for different ranges of electronET and |η |. The errors quoted forεTP are statistical and cor-
respond to an integrated luminosity of 100 pb−1 . Also shown is the difference,∆εTP/MC, between this
estimate of the pre-selection efficiency and that obtained using the matching to the Monte Carlo electron.

5.3 Electron identification efficiency.

In this section, the electron identification efficiency is presented with respect to the reconstructed elec-
trons discussed in Section 5.2. The QCD background was not considered here, since it is less than a
few percent below theZ-boson mass peak. The reconstructed probe electron was checked against loose,
medium and tight selection cuts. Table 10 summarises the results obtained for this second step in the
reconstruction and identification of the probe electron. Figure 16 shows as a function ofη and pT the
comparison betweenεTP andεMC, for the medium cuts. The losses at highη are due to the material in
the inner detector, as discussed in Section 2.
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Figure 16: Efficiency of the medium electron identification cuts relative to the pre-selection cuts as a
function of|η | (left) andET (right) for Z → ee decays, using the tag-and-probe method and the Monte
Carlo truth information.

5.4 Statistical and systematic uncertainties

A number of uncertainties may affect these tag-and-probe measurements once the accumulated data will
provide high enough statistics to perform similar measurements to those quoted above:

• Differences betweenεTP andεMC

The relative difference∆εTP/MC in regions (inpT and |η |), where the efficiency is flat, is less
than 0.5%, assuming that the statistical error onεMC is negligible. ∆εTP/MC marginally depends
on the definition of a true electron and the systematic uncertainty related to this is estimated to
be< 0.1%, when varying the cut on the separation inη /φ space (∆R) between the reconstructed
electron candidate and the true electron.

• Statistical uncertainty.
The size of the availableZ-boson sample is a source of systematic error. With an integrated lumi-
nosity of 100 pb−1 , the error is expected to be in the range 1-2% forpT > 25 GeV, and∼ 4% in
the low-pT bin.

• Selection criteria
Another source of systematic error comes from varying the selection criteria. For instance, un-
certainties introduced by varying the cut on theZ-boson mass or requiring an isolation criterion
for the probe electron were evaluated. The magnitude of the uncertainty introduced is smaller
than 0.5% forpT > 40 GeV. At low pT , this uncertainty is estimated to be in the 1-2% range.

• QCD background contribution
Adding the expected contribution from the QCD background tothe signal does not degrade the
results, except for 1.52 < |η | < 1.8, a region which is close to the barrel/end-cap transition re-
gion and also where the efficiency is not uniform. The contribution from the uncertainties on the
residual QCD background is expected to be negligible.

6 Conclusion

Excellent electron identification will clearly play an important role at the LHC, since high-pT leptons
will be powerful probes for physics within and beyond the Standard Model. Based on this motivation,
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Loose 15−25 25−40 40−70
|η |\pT εT P ∆εTP/MC εT P ∆εTP/MC εTP ∆εTP/MC

0−0.8 95.2±2.0 −4.1±2.0 98.8±0.3 −0.5±0.3 99.8±0.1 0.2±0.1
0.8−1.37 92.3±2.1 −6.9±2.1 98.9±0.3 −0.7±0.3 99.6±0.2 0.0±0.2
1.52−1.8 100.0±2.8 1.7±2.8 99.4±0.5 0.0±0.5 99.6±0.5 0.0±0.5
1.8−2.4 98.8±1.6 0.6±1.7 98.8±0.5 0.0±0.5 99.1±0.4 −0.2±0.4

Medium 15−25 25−40 40−70
|η |\pT εT P ∆εTP/MC εTP ∆εTP/MC εTP ∆εTP/MC

0−0.8 83.6±2.3 −4.3±2.7 89.7±0.7 −0.8±0.8 92.6±0.5 −0.2±0.6
0.8−1.37 75.6±2.8 −7.5±3.4 87.6±0.9 0.7±1.0 90.9±0.8 −0.4±0.8
1.52−1.8 71.9±4.4 5.9±6.5 76.9±1.9 −2.2±2.4 83.6±1.9 0.7±2.3
1.8−2.4 78.0±2.7 6.5±3.7 79.2±1.4 1.7±1.8 82.5±1.4 −1.0±1.6

Tight 15−25 25−40 40−70
|η |\pT εTP ∆εTP/MC εTP ∆εTP/MC εT P ∆εTP/MC

0−0.8 68.7±2.6 −5.2±3.5 73.8±1.0 −1.2±1.3 77.0±0.9 −1.5±1.1
0.8−1.4 61.8±3.0 −3.1±4.7 72.9±1.2 0.7±1.7 77.3±1.1 0.2±1.5
1.5−1.8 55.7±4.5 6.8±8.6 65.9±2.1 −0.8±3.1 73.7±2.2 1.2±3.1
1.8−2.4 66.2±3.0 8.5±4.9 66.0±1.6 2.6±2.5 73.4±1.6 0.7±2.2

Table 10: Loose, medium and tight electron identification efficiencies relative to the pre-selection effi-
ciencies for different bins inET and |η |. The first error is statistical and corresponds to an integrated
luminosity of 100 pb−1 . The second error is the difference obtained betweenεT P andεMC.

various algorithms and tools have been developed to efficiently reconstruct and identify electrons and
separate them from the huge backgrounds from hadronic jets.

Presently, two reconstruction algorithms have been implemented in the ATLAS offline software, both
integrated into one single package and a common event model.The first one relies on calorimeter seeds
for reconstructing electrons, whereas the second algorithm relies on track-based seeds, is optimised for
electrons with lower energies, and relies less on isolation.

The calorimeter based algorithm starts from the reconstructed cluster in the electromagnetic calorime-
ter, then builds identification variables based on information from the calorimeter and the inner detector.
The rejection power with respect to QCD jets comes almost entirely from the identification procedure.
Depending on the electron transverse energy and the analysis requirements, rejection factors of 500 to
100 000 can be achieved, for efficiencies of 88% to 64%, using asimple cut-based selection. More re-
fined identification procedures combining calorimeter and track quantities using multivariate techniques
provide a gain in rejection of about 20− 40% with respect to the cut-based method, for the same effi-
ciency of 61−64%. Alternatively, they provide a gain of 5−10% in efficiency, for the same jet rejection
(tight and medium cuts).

Electrons in the forward region can also be identified and separated from the background. A simple
cut-based method, exploring the energy depositions in the inner wheel of the electromagnetic end-cap
calorimeter and in the forward calorimeter as well as the shower-shape distributions, shows that∼ 99%
of the QCD background can be rejected, for an electron identification efficiency of∼ 80%. This per-
formance should be sufficient to select cleanly, for example, Z → ee decays with one electron in the
forward region.

Studies of the strategies for measuring efficiencies and fake rates in early data show that the tag-and-
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probe method is a good tool to estimate the electron identification efficiency and to control the reliability
of the Monte Carlo simulation. With 100 pb−1 , the method is limited by the statistics of the Z sample,
whereas its systematic uncertainty is of the order of 1 to 2 %.

The work presented here primarily addresses the description and performance of the offline recon-
struction and identification of electrons. However, it alsogives an overview of the possible path towards
physics discoveries with electrons in Higgs, SUSY, and exotic scenarios.
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Reconstruction and Identification of Photons
Abstract
This note presents the description and performance of photon identification
methods in ATLAS. The reconstruction of an electromagneticobject begins
in the calorimeter, and the inner detector information determines whether the
object is a photon - either converted or unconverted - or an electron. Three pho-
ton identification methods are presented: a simple cut-based method, a Log-
likelihood-ratio-based method and a covariance-matrix-based method. The
shower shape variables based on calorimeter information and track informa-
tion used in all three methods are described. The efficiencies for single pho-
tons and for photons from the benchmarkH → γγ signal events, as well as the
rejection of the background from jet samples, are presented. The performance
of the cut-based method on high-pT photons from a graviton decay process
G→ γγ is also discussed.

1 Introduction

Isolated photons with large transverse momentum,pT , in the final state are distinguishing signatures for
many physics analyses envisaged at the LHC. The Higgs particle has been sought over several decades
in many high-energy experiments, including those currently running at the Tevatron. It is understood
that if the Standard Model Higgs particle exists, and unitarity is not violated, its mass is within the reach
of LHC. As described in detail in other parts of this work [1],while the expected cross-section times
branching ratio of the Higgs particle decaying into the two photon final state is relatively small, given its
distinct signature, isolated high-pT photons may play a significant role in discovering the Higgs particle
in the low mass region. In addition, very high-pT photons are also signatures of more exotic particles,
such as the graviton predicted in Ref. [2], which is expectedto have mass larger than 500 GeV. These
photons appear as a single, isolated objects with most of their energy deposit in the electromagnetic
compartment of the calorimeter. Thus the primary source forbackground to these photons, namely fake
photons, result from jets that fluctuate highly electromagnetic which contain a high fraction of photons
from neutral hadron decays, such asπ0 → γγ .

Since the ATLAS electromagnetic calorimeter [3] is highly segmented with a three-fold granularity
in depth and with anη×φ granularity in the barrel of 0.003×0.1, 0.025×0.025, and 0.05×0.025, re-
spectively, in the front, middle and rear compartments assisted by a pre-sampler in front of the calorime-
ter, photon identification methods in ATLAS should be much more powerful that those used in past
experiments. The experiment also employs elaborate trigger systems that select electrons and photons
efficiently, as described in detail in Ref. [4].

This paper presents three ATLAS photon identification methods and their performance for single,
isolated photons as well as for photons from physics processes.

2 Data samples

TheH → γγ (mH = 120 GeV) process is used as the primary signal benchmark sample for mediumpT

photons and with the pile-up that corresponds to the instantaneous luminosity 1033 cm−2s−1. Rejection
studies were conducted using a pre-filtered jet sample (described in details in Ref. [5]), containing all
relevant hard-scattering QCD processes withpT > 15 GeV. A filter is applied at the generator level,
requiring the summed transverse energy of all stable particles (excluding muons and neutrinos) in a
region of ∆φ ×∆η = 0.12×0.12 to be above 17 GeV. A total number of 3 million events wereused
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in rejection studies. Two additional samples with 150 GeV< pT < 280 GeV (Jet5) and 280< pT <
400 GeV (Jet6) were also employed for high-pT photon rejection studies. Finally, an additional 300,000
eventγ+jet sample has been used for rejection and fake rate studies.

In addition to these signal and background samples, the three identification methods described in
this paper were developed using single photon samples - events with no activity except the photon -
with full detector simulation in the energy range 10− 1000 GeV with flat pseudorapidity distributions
over|η |< 2.5. For high-pT photons, graviton samples with masses of 0.5 and 1.0 TeV wereemployed.

All the samples used in this note were generated using PYTHIAand its fragmentation scheme and
were passed through the full detector simulation. Some of the simulations were done with the nominal
geometry and material distribution (“ideal”) and others with additional material added (“distorted”).

In order to maintain the consistency between different studies, the following requirements and defi-
nitions are used for efficiencies and rejections.

• Truth match: the reconstructed photons must lie within a cone of radius∆ R =
√

∆η2+ ∆φ2 < 0.2
of the true photons in the simulation.

• The reconstructed photons must be within the fiducial volume, pseudorapidity 0< |η | < 1.37 or
1.52< |η |< 2.47 to avoid the overlap between the barrel and end-cap calorimeters.

Using the base samples that satisfy the above requirements,the efficiency is defined as follows:

ε =
Nreco

γ

Ntruth
γ

(1)

whereNtruth
γ is the number of true photons in the simulation that satisfy all the requirements above with

the trueET greater than either 25 GeV or 40 GeV andNreco
γ is the number of reconstructed photons that

satisfy all the requirements with the trueET greater than either 25 GeV or 40 GeV and that pass the
threshold for one of the three methods.

Similarly, the rejection from the pre-filtered jet sample iscomputed as follows:

R =
N jet

N f akeγ

N1

N2

1
εγ− f ilter

(2)

whereN jet is the total number of jets reconstructed in the normalisation sample (same generation as the
reconstructed sample but without the filter requirements) using particle four-momenta from the generator
hadron level within a cone size∆R = 0.4, andN2(= 400,000) is the number of events used in this
normalisation sample. The values forN jet/N2 in the fiducial volume of|η |< 1.37 or 1.52< |η |< 2.37
are 0.226 for jets withET > 25 GeV and 0.042 for jets withET > 40 GeV.N f akeγ is the number of
fake photons in the reconstructed (filtered) sample with thecandidates that matched to true photons from
the hard scatter or from quark bremsstrahlung removed, andN1(= 3,095,900) is the number of events
analyzed from this sample. Finally,εγ− f ilter (= 0.082) is the efficiency of the generator level filter applied
to the jet sample.

3 Photon identification methods

As discussed in previous sections, three photon identification methods have been developed and are
available at present in ATLAS: a simple cut-based identification method, a Log-likelihood-ratio-based
identification method (LLR) and the covariance-matrix-based identification method (H-matrix). A par-
tial description of the basic electromagnetic object reconstruction and a detailed presentation of their
calibration can be found in Ref. [6].
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3.1 Characteristic variables and cut-based photon identification

In order to separate real photons from fake photons resulting from jets, several discriminating variables
are defined using the information both from the calorimetersand the inner tracking system. Cuts on these
variables are developed to maintain high photon efficiency even in the presence of pile-up resulting from
the overlapping minimum bias events due to high instantaneous luminosity at the LHC. The discriminat-
ing variables used in this study are the same as in previous studies [7–11]. Calorimeter information is
used to select events containing a high-ET electromagnetic shower. The fine-grained first compartment
allows to reject showers from photons fromπ0 decays. Track isolation is used to improve the rejection.
Only electromagnetic clusters withET > 20 GeV are used in this study.

3.1.1 Variables using calorimeter information

In the electromagnetic calorimeter, photons are narrow objects, well contained in the electromagnetic
calorimeter, while fake photons induced from jets tend to have a broader profile and can deposit a sub-
stantial fraction of their energy in the hadronic calorimeter. Hence, longitudinal and transverse shower-
shape variables can be used to reject jets.

• Hadronic leakage : The hadronic leakage is defined as the ratio of the transverseenergy in the
first layer of the hadronic calorimeter in a window∆η ×∆φ = 0.24× 0.24 to the transverse en-
ergy of the cluster in order to avoid boundary effects that could result from using readout cells.
Real photons are purely an electromagnetic object, therefore they deposit their energy primarily
in the electromagnetic compartment of the calorimeter. Fake photons induced from jets contain
hadrons that would penetrate deeper into the calorimeter depositing sizable energy beyond the
electromagnetic calorimeter.

• Variables using the second compartment of the ECAL :Electromagnetic showers deposit most
of their energy in the second layer of the electromagnetic calorimeter. For this reason several
variables that measure the shape of the shower are availableas follows:

- The real photons deposit most of their energy in a∆η ×∆φ = 3× 7 window (in units of
middle cells). The lateral shower-shape variables,Rη andRφ , are given by the ratio of the
energy reconstructed in 3× 7 middle cells to the energy in 7× 7 cells and the ratio of the
energy reconstructed in 3×3 cells to the energy in 3×7 cells, respectively. Due to the effect
of the magnetic field increasing the width of the converted photon contributions in theφ
direction,Rφ is less discriminating thanRη .

- The lateral width inη is calculated in a window of 3×5 cells using the energy weighted sum

over all cells. w2 =

√
∑(Ec×η2

c )
∑Ec

−
[

∑(Ec×ηc)
∑Ec

]2
, whereEc is the energy deposit in each cell,

andηc is the actualη position of the cell represented by the center of the cell inη direction.
Therefore,w2 is given in units ofη . A correction is applied as a function of the impact point
within the cell to reduce the bias from the finite cell size.

• Variables using the first compartment of the ECAL : Cuts applied on the variables in the
hadronic calorimeter and the second layer of the electromagnetic calorimeter reject jets which
contain high-energy hadrons and resulting broad showers. Jets containing single or multiple neu-
tral hadrons such asη andπ0, provide the main contribution which can fake photons. The readout
of the first layer of the calorimeter uses strips and providesvery fine granularity in pseudorapidity.
Thus, the information from this layer can be used to identifysubstructures in the showers and dis-
tinguish isolated photons from the hard scatter and photonsfrom π0 decays efficiently. The lateral

3
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shower shape in the strips is exploited for|η |< 2.35 where the strip granularity is sufficiently fine,
as long as a 0.5% or larger fraction of the total energy is reconstructed in this layer.

|η|
0 0.5 1 1.5 2 2.5

<
H

ad
ro

ni
c 

Le
ak

ag
e>

-410

-310

-210

-110
Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

> η
<

R
0.7

0.75

0.8

0.85

0.9

0.95

1

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

> φ
<

R

0.7

0.75

0.8

0.85

0.9

0.95

1

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

> 2
<

w

0

0.005

0.01

0.015

0.02

0.025

0.03

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

>
 (

G
eV

)
m

ax
2

<
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

>
 (

M
eV

)
s

 E∆<

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

>
 

si
de

<
F

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Signal

Background

ATLAS

|η|
0 0.5 1 1.5 2 2.5

>
 

s3
<

w

0.3

0.4

0.5

0.6

0.7

0.8

Signal

Background
ATLAS

|η|
0 0.5 1 1.5 2 2.5

>
 

st
ot

<
w

0

1

2

3

4

5

6

7

8

Signal

Background
ATLAS

Figure 1: Distributions of the mean of each calorimetric discriminating variable as a function of the
pseudorapidity|η | for true and fake photons (before cuts) with 20< ET < 30 GeV. The samples have
been simulated with the geometry under the realistic alignment scenario and additional material.

- Since the energy-deposit pattern fromπ0’s is often found to have two maxima due toπ0 →
γγ decay, showers are studied in a window∆η × ∆φ = 0.125× 0.2 around the cell with
the highestET to look for a second maximum. If more than two maxima are foundthe
second highest maximum is considered. The following two variables are constructed using
the information from the identified second maximum:

• ∆Es = Emax2−Emin, the difference between the energy associated with the second max-
imum Emax2 and the energy reconstructed in the strip with the minimum value, found in
between the first and second maxima,Emin.

• Rmax2= Emax2/(1+9×10−3ET /GeV), whereET is the transverse energy of the cluster
in the electromagnetic calorimeter. The value of the secondmaximal energy deposit is
corrected as a function of the transverse energy of the cluster to minimise its sensitivity
to fluctuations [9,10].

- Fside = [E(±3)−E(±1)]/E(±1), the fraction of the energy deposited outside the shower
core of three central strips. The variableE(±n) is the energy deposited in± n strips around
the strip with the highest energy.

- ws3 =
√

∑Ei× (i− imax)
2/∑Ei, the shower width over the three strips around the one with

the maximal energy deposit. The indexi is the strip identification number,imax the identi-
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fication number of the most energetic strip, andEi is the energy deposit in stripi. ws3 is
expressed in units of strip cells and corrected for impact point dependence [9].

- wstot, the shower width over the strips that cover 2.5 cells of the second layer (20 strips in the
barrel for instance). It is expressed in units of strip cells.

Figure 1 shows the average values of the calorimeter-based discriminating variables as a function
of the absolute value of pseudorapidity. Features in the plots can be explained by: upstream material
thickness which increases with pseudorapidity in the barrel; physical cell-size changes in the end-cap to
maintain a constant granularity inη-φ ; and the change in the granularity of the first layer in the end-
cap. In particular, the rise ofRmax2 and of∆Es for |η | > 1.5 stems from a combination of effects from
the variation of the quantity of the upstream material and changes in the strip-cell sizes in the end-cap
calorimeters. The dip in the hadronic leakage variable near|η | = 1.1 corresponds to a smaller coverage
by the first hadronic layer in this region.
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Figure 2: Normalised distributions of the discriminating variable for|η |< 0.7 for true and fake photons
(before cuts) with 20< ET < 30 GeV. The samples have been simulated with the geometry under the
realistic alignment scenario.

The cut values are tuned separately in six pseudorapidity intervals in|η | < 2.37 to reflect the pseu-
dorapidity dependence of these variables. The subdivisionis motivated by the varying granularity and
material in front of the electromagnetic calorimeter. The quantities calculated using the first compart-
ment can be used only in the regions|η | < 1.37 and 1.52< |η | < 2.37 since there are no strips in the
crack region or beyond|η | > 2.40. In addition, up to eight different bins in transverse energy are also
used for the cut value adjustment. Figure 2 shows the distributions of the variables in the firstη bin and
in one energy bin. The dashed vertical lines represent the cut values in this bin. The variables are shown
for all reconstructed electromagnetic objects before cuts.
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Figure 3: Effect of pile-up and distorted material on mean values of two shower-shape variables for
photons fromH → γγ decays:Rη (left) and energy of the second maximum in the first layer (right).

Figure 3 shows the impact of pile-up and additional materialbefore the calorimeter on the shower-
shapes for photons from Higgs decays. The impact of the largeamount of additional material in the
transition region, 1.5< |η |< 1.8, in the realistic alignment geometry can clearly be seen for two shower-
shape variables. While pile-up at a luminosity of 1033 cm−2s−1 does not change the average shower
shape significantly as can be seen for the two variables in Figure 3, it is observed that it does increase
RMS of the distributions.

At present, the same cuts are applied for converted and unconverted photons. Studies of theγ-π0

separation, however, have shown that if conversions can be identified efficiently, different cuts can be
applied for converted and unconverted photons [12], which could improve rejection by 10-20% while
maintaining the same overall photon identification efficiency.

The cuts have been chosen comparing the photons fromH → γγ decays to fake candidates in inclu-
sive jet samples. For this optimisation, samples generatedwith realistic alignment geometry and pile-up
have been used. Some improvement in the performances shouldbe possible at higherET for further
refinement and optimisation in some of the variables, such ashadronic leakage. The rejection presented
in this paper has been estimated on a sample statistically independent from the one used to tune the cuts.
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Figure 4: Normalised distribution of the track-isolation variable for events passing the calorimeter selec-
tion criteria. Left: comparison of true and fake photons. Right: comparison of early conversions (true
conversion radius less than 40 cm) and late conversions (true conversion radius above 40 cm) for photons
from H → γγ decays.
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3.1.2 Track isolation

After the calorimeter cuts, the contamination of the inclusive signal from charged hadrons is greatly
reduced. The remaining background is dominated by low trackmultiplicity jets containing high-pT π0

mesons. In order to further remove fake photons from these jets, the track-isolation variable is defined
as the sum of thepT of all tracks withpT above 1 GeV within∆R < 0.3, where∆R is theη−φ distance
between the track position at the vertex and the cluster centroid. Track pT > 1 GeV is imposed to
minimise the effect of pile-up and underlying events.

Since the tracks from photon conversions should not be included in computing this variable, some
additional selections are applied to tracks within∆R < 0.1 of the cluster centroid. The impact parameter
with respect to the beam line must be less than 0.1 mm. The track pT must not exceed 15 GeV to remove
tracks from very asymmetric conversions, must not be part ofa reconstructed conversion vertex and must
have a hit in the innermost pixel layer.

The plot on the left in Fig. 4 shows the distribution of the track-isolation variable for true and fake-
photon candidates, after the calorimeter shower-shape cuts. An additional rejection of factor 1.5 to 2 is
possible for a relatively small efficiency loss. The plot on the right in this figure shows the track-isolation
variable for early converted and late converted photons. The difference between the two distributions
is rather small, showing that the tracks from conversions have been efficiently removed. At present, a
4 GeV upper cut on the track-isolation variable is applied for this method.

3.2 Log-likelihood-ratio-based photon identification

In the Log-likelihood-ratio (LLR)-based method, the distribution of each of the shower-shape variables
is normalised to unity to obtain the probability density functions (PDF). The shower-shape variables
are pseudorapidity-dependent, so they are separated in four regions of|η | and three bins inpT for this
method. The PDF’s are obtained using 1.6 millionγ+jet events which provided slightly over 100,000
events in each bin. Since the statistics for the PDF computation is somewhat low in some kinematic
phase-space regions, further improvement can be obtained by using tools to smooth the PDF’s to com-
pensate for the low statistics [13]. Once the PDF’s are established, the Log-likelihood-ratio parameter is
defined as:

LLR =
n

∑
i=1

ln(Lsi/Lbi) , (3)

whereLsi andLbi are PDF’s of theith shower-shape variable for the photon and the jet, respectively.
The shower-shape variables used for the LLR method were the same as those used for the cut-based

method described previously. Track isolation was also included as a discriminating variable in Equa-
tion 3. Figure 5 shows the LLR parameter distribution for photons and for jets. The LLR cut can be
tuned overη andpT to obtain an optimal separation between photons and jets.

3.3 Covariance-matrix-based photon identification

The shower-shape variables associated with a photon showerin the calorimeter are correlated. The co-
variance matrix (H-matrix) technique takes advantage of these correlations. The technique was employed
successfully in the D/0 experiment at the Tevatron and was used to identify electrons [14].

The ten photon shower-shape variables used in the ATLAS H-matrix method are as follows:

• Five longitudinal shower-shape variables: fraction of energy deposited in pre-sampler layer; frac-
tions of energy deposited in sampling layers 1, 2 and 3 separately; and the hadronic leakage, the
energy leakage into the first layer of the hadronic calorimeter.
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Figure 5: Expected Log-likelihood ratio (LLR) cut-parameter distributions for photons (solid histogram)
and for jets (dashed histogram).
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Figure 6: The distributions of H-matrixχ2 for photons from theH → γγ sample (solid histogram) and
for jets from the inclusive jet samples (dashed histogram).

• Five transverse shower-shape variables: the ratio of the energy in 3×3 cells to the energy in 7×7
in the second sampling layer of the electromagnetic calorimeter; wrms3, the corrected width in 3
strips in sampling layer 1;w2, the corrected width in a 3× 5 window in sampling layer 2; the
energy outside of the shower core;Rφ , the ratio of energy in a 3×3 to a 3×7 window around the
cluster centroid.

Using the above variables, a covariance matrix,M, is constructed as follows:

Mi j =
1
N

ΣN
n=1(y

(n)
i − yi)(y

(n)
j − y j), (4)

where indicesi and j run over the ten variables,N is the total number of photons used in the training
sample,yn

j is the jth variable for thenth photon candidate, andy j is the mean value ofy j variable for the
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control sample electrons/photons. These matrix elements are constructed for eachη bin and parametrised
for energy dependences. The photon likeness of an object is then measured by the value of theχ2, defined
as follows:

χ2 = Σdim
i, j=1(y

(m)
i − yi)Hi j(y

(m)
j − y j) (5)

whereH ≡ M−1, the inverse of the covariance matrix, and the indicesi and j run from 1 to the total
number of variables (ten) which is the same as the dimension of the matrix,dim.

The mean value of theχ2 is close to the number of dimensions for a photon shower. The shapes of
the distributions of the selected shower-shape variables depend on theη and the energy of the incident
photon. These effects are taken into account in the construction of the H-matrix using single photon
samples of energies 10 – 1000 GeV generated flat in|η | and parametrising each of the covariance terms
in the matrixM of Eq. 4 as a function of the photon energy. The parametrisation as a function of photon
energy is obtained in each of the 12η bins. The discrimination power of the H-matrix between real
photons and jets is well illustrated in Fig. 6, where theχ2 distribution of the H-matrix for the jet sample
is contrasted to that obtained from photons fromH → γγ decays.

Since the H-matrix implementation at this time does not include the same variables as the other two
methods, its performance is currently not directly comparable. Consequently, the performance is not
reported here, although the method is decribed for completeness.
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Figure 7: Efficiency of the calorimeter cuts as a function of pseudorapidity (left) and transverse en-
ergy (right) of the photons for the distorted geometry.

Efficiency ε (calorimeter cuts) ε (track-isolation cut)
Nominal geometry no pile-up (87.6±0.2)% (99.0±0.1)%
Nominal geometry with pile-up (86.6±0.5)% (98.0±0.2)%
Distorted geometry with pile-up (83.6±0.2)% (98.1±0.1)%

Table 1: Overall efficiency for photons fromH → γγ decays for three different simulation choices.

4 Photon identification performance for medium-pT photons

This section describes the performance (efficiencies and rejections) of the cut-based method and the Log-
likelihood ratio method on medium-pT photons, in particular the photons fromH → γγ decays and the
jet background samples described in Section 2.
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4.1 Performance of the cut-based method

In the performance studies presented in this section, all reconstructed electromagnetic objects, including
both electron and photon candidates are considered. The efficiency as defined in Section 2 includes both
the reconstruction efficiency and the efficiency of the identification cuts.

Figure 7 shows the efficiency of the calorimeter cuts for photons withET > 25 GeV fromH → γγ
decay as a function of pseudorapidity (left) and transverseenergy (right) for events in the presence of the
pile-up expected at a luminosity of 1033 cm−2s−1. The optimisation of the cuts for theH → γγ signal has
led to an efficiency which is uniform forET > 40 GeV, but which decreases substantially below 40 GeV
because of the much larger fake backgrounds from jets expected at these lower transverse energies. The
average efficiencies of the calorimeter and track-isolation cuts are summarised in Table 1.

All Quark jets Gluon jets
N(jet)/N(generated events) 0.23 0.056 0.177

Before isolation cut
N(fake)/N(filtered events) (5.43±0.13).10−4 (3.87±0.11).10−4 (1.44±0.07).10−4

Rejection 5070±120 1770±50 15000±700
After isolation cut

N(fake)/N(filtered events) (3.38±0.10).10−4 (2.47±0.08).10−4 (0.78±0.49).10−4

Rejection 8160± 250 2760±100 27500±2000

Table 2: Rejection (Equation 2) measured in the inclusive jet sample forET > 25 GeV

All Quark jets Gluon jets
N(jet)/N(generated events) 0.042 0.011 0.034

Before isolation cut
N(fake)/N(filtered events) (1.16±0.06).10−4 (8.3±0.5).10−5 (2.8±0.3).10−5

Rejection 4400±230 1610±100 15000±1600
After isolation cut

N(fake)/N(filtered events) (6.4±0.4).10−5 (4.6±0.5).10−5 (1.5±0.2).10−5

Rejection 7800±540 2900±240 28000±4000

Table 3: Rejection (Equation 2) measured in the inclusive jet sample forET > 40 GeV

The rejection from the pre-filtered jet sample is computed using Equation 2. The rejection is com-
puted separately for all jets, for quark-initiated jets andfor gluon-initiated jets. The quark or gluon
initiation is defined using the type of the highestET parton from the PYTHIA record inside the cone
∆R = 0.4 around the reconstructed jet object. The rejection valuesare summarised in Table 2 for the
three categories of jets. A small fraction (≈ 1-2%) of jet objects are not classified, so the sum of quarks
and gluons is slightly smaller than the total. A cutET > 25 GeV is applied to both reconstructed photons
and jets. Table 3 shows the same computation, but forET > 40 GeV.

Figure 8 shows the fake rate, defined as the inverse of the rejection, as a function of pseudorapidity for
all jets withET greater than 25 GeV. There is a slight increase of fake rate asa function of pseudorapidity
due to the increase in material in front of the calorimeter, which imposes somewhat looser cuts to preserve
a constant efficiency. Some additional increase near|η | = 1.1 is also visible probably coming from the
reduced energy in the first layer of the hadronic calorimeteras pointed out previously. This effect,
however, gives a less than 10% increase in the overall fake rate.
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Figure 8: Fake-photon rate as a function of pseudorapidity in the filtered jet sample
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Figure 9:ET spectra from the inclusive jet sample, for the generated jets (solid squares for full simulation
and solid triangles for uncorrected jets from parametrisedfast simulation) and the fake-photon candidates
before (inverted solid triangles) and after (open circles)the track-isolation cut. The normalisation is that
predicted by PYTHIA.

Figure 9 shows theET distribution of the jets and of the fake photon candidates before and after the
track-isolation cut. This figure also shows that the rejection at 25 GeV is≈ 30% lower if the normalisa-
tion is based on the uncorrected parametrised jets from the fast simulation, as was done in Ref. [11].

Figure 10 shows theπ0 content of the fake-photon candidates at three different cut levels; all recon-
structed electromagnetic objects, after the cut on the hadronic leakage and the second layer shower-shape
variables (Had+S2) and after all the cuts (Had+S1+S2). A fake photon is defined as coming from aπ0 if
the energy of the leadingπ0 in the cone of 0.2 around the cluster centroid is more than 80%of the recon-
structed cluster energy. The figure shows already after the second layer shower-shape cuts, the dominant
background contribution comes fromπ0 as expected. After all cuts, the fraction ofπ0 is ≈ 70% of the
remaining fake-photon candidates.

Figure 11 shows the rejection of the cuts on the first layer variables for candidates from singleπ0’s
passing the cuts on the hadronic leakage and the second layershower-shape variables. As expected, the
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Figure 10:ET distribution of fake-photon candidates in jets after different level of cuts. The contribution
from ”single” π0 is also shown
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Figure 11: Rejection of the strip-layer cuts against fake photons coming from ”single”π0 in the jet
sample as a function of the transverse energy, for three different pseudorapidity regions.

rejection power against these isolatedπ0’s decreases with energy, as the opening angle between the two
photons fromπ0 decays become smaller. The rejection is also better in the central part in the barrel as
there is less material than in the higherη part of the barrel, and also opening angle is larger than in the
end-cap for the samepT . As a cross-check, Fig. 12 shows the efficiency of the calorimeter cuts for single
photons and singleπ0 of ET = 40 GeV, as a function of pseudorapidity. Again, the rejection is slightly
higher than 3 in the central part of the barrel calorimeter and is in reasonable agreement with findings
from previous studies [15].

The rejections measured in these studies have to be taken with care as they rely strongly on the
modelling of the fragmentation tail in PYTHIA and the details of the simulation of the detector response.
A discussion of the first effect can be found in Ref. [8] from which one would expect an uncertainty of
50−100%, and where the uncertainty is larger for gluon initiated jets. In addition, a recent investigation
on the differences in fragmentation algorithms in PYTHIA and HERWIG shows appreciable differences
in π0 production rates. Some differences in rejection are anticipated if the momentum distributions of
theπ0’s from the two fragmentation algorithms differ.

4.2 Performance of the Log-likelihood-ratio method

The efficiency for the Log-likelihood-ratio (LLR) method iscomputed for individual photons from the
H → γγ events generated with the nominal geometry. Figure 13 showsthe photon efficiency as a function
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Figure 12: Efficiency of calorimeter cuts versus pseudorapidity for 40 GeVET single photons andπ0

(distorted geometry without pile-up).

of pT (left) andη (right) for LLR cut values set at 8, 9 and 10. The overall efficiencies for LLR cuts
at 8, 9 and 10 are summarised in Table 4. Jet rejection (left) and photon identification efficiency (right)
are shown in Fig. 14 as a function of LLR cut parameter values for three different jetpT ranges which
correspond to the three mean jetpT values indicated.

ET > 25 GeV ET > 40 GeV
LLR cut LLR > 8 LLR > 9 LLR > 10 LLR > 8 LLR > 9 LLR > 10

Efficiency(%) 87.6±0.3 84.3±0.2 80.0±0.2 86.4±0.3 83.2±0.2 79.0±0.2
Rej.(γ+jet) 1660±170 2190±260 2930±390 1690±140 2170±210 2650±280
Rej. (di-jet) 6820±440 8930±650 12430±1070 6780±1000 7800±1230 11550±2220

Table 4: Overall photon efficiencies and jet rejections for different Log-likelihood ratio (LLR) cut values.

Figure 13 shows thepT -dependence of the photon efficiency. A looser cut on low-pT photons seems
to be beneficial in order to retain a flat photon efficiency as a function ofpT . Furthermore, it might also
be useful to parametrise the LLR cut values as a function of photon pT for further optimisation. The
jet rejection is alsopT -dependent as shown in the plot on the left in Fig. 14. A hardercut on LLR for
varying jetpT can help to keep the rejection constant as a function ofpT .

The rejection for jets fromγ+jet and di-jet samples are shown in the fourth and fifth rows in Table 4.
The cuts on the photon and jetpT are 25 GeV and 40 GeV, respectively. The rejection against jets from
the di-jet samples is significantly higher than that from theγ+jet samples. This is largely due to the fact
that the jets inγ+jet events are dominated by quark-initiated jets while those in di-jet events are enriched
with gluon-initiated jets.

5 Photon identification performance for high-pT photons

Searches for particles of very high mass decaying to photons, such as the Randall-Sundrum graviton, G,
decaying viaG → γγ [2], require excellent detector and particle identification performance in a kine-
matic region very different from the benchmarkH → γγ process. ThepT -dependent effect caused by
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Figure 13: Photon efficiency as a function ofpT andη for different Log-likelihood ratio (LLR) cuts. The
photons are fromH → γγ decays simulated with the nominal geometry.
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Figure 14: Jet rejection (left) and photon efficiency (right) as a function of Log-likelihood ratio (LLR)
cut-parameter values.

differences in kinematics can complicate high-mass graviton searches because they modify the shape of
background distributions as a function of the two-photon invariant mass,mγγ .

The performance of the cut-based identification method for high-pT photons has been investigated.
Studies of the shower characteristics of the photons in theH→ γγ andG→ γγ (mG = 500 GeV) processes
found only minor differences in most of the shower-shape variables. In the absence of the track-isolation
cut, the photon efficiency as a function ofpT in both the barrel and end-cap calorimeters is approximately
constant abovepT = 50 GeV. The barrel and end-cap photon electromagnetic reconstruction efficiencies,
before applying any identification or isolation cuts, are found to be within 10% of one another for photons
from graviton decays. After applying photon identificationbut no isolation requirements, the efficiencies
are 0.829± 0.004 in the barrel and 0.639± 0.010 in the end-cap calorimeters forpγ

T > 100 GeV and
mG > 500 GeV.

An isolation variable based on the calorimeter energy in a cone of size∆R = 0.45 around the cluster
centroid was studied. The cut on the calorimeter isolation was observed to produce roughly constant
efficiency as a function ofpT . A linearly pT -dependent selection cut was determined for barrel and
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Figure 15: Photon efficiency in the 500 GeV graviton sample asa function ofpT for barrel (left) and
end-cap (right) calorimeters.
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Figure 16: Fake-photon rejection as a function ofpT of the reconstructed photon object for high-pT

binned di-jet samples in the barrel (left) and end-cap (right) calorimeters.

end-cap photons independently. The efficiencies of thesepT -dependent cuts for barrel and end-cap
calorimeters are shown in Fig. 15 for photons from 500 GeV graviton decays. As can be seen in the
figures, thesepT -dependent isolation cuts show about a 0.1% reduction in efficiency for photons over
the entirepT -range.

The Jet5 and Jet6 high-pT jet samples discussed in Section 2 were used for rejection studies. Fig-
ure 16 shows thepT dependence of jet rejection with and without the calorimeter energy isolation cuts. It
can be seen that while the efficiency loss is small, employingthe isolation cut increases rejection across
the full pT range. In particular, the region belowpT = 500 GeV shows a factor 5− 10 increase in re-
jection. Table 5 provides the measured rejections in the barrel and end-cap calorimeters using these two
di-jet samples.

6 Comparison of the photon identification methods

Figure 17 shows the rejection and efficiency curves for two ofthe three currently available photon iden-
tification methods - the cut-based method and the Log Likelihood Ratio method - forγ+jet generated
in specific photon momentum bins and the benchmarkH → γγ samples. Similarly, Fig. 18 shows the
rejection and efficiency curves for these methods for di-jetandH → γγ samples. Tables 6 and 7 provide
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numerical comparisons of fake-photon rejections for the two methods, for similar photon identification
efficiencies and for theγ+jet and di-jet samples, respectively.

Theγ+jet events, with jets dominated by quark-initiated jets, are the source of the largest background
to theH → γγ process. It is apparent from Figs. 17 and 18 that the methods demonstrate significantly
reduced rejections for jets from theγ+jet samples than for those from di-jet samples whose jets are pre-
dominantly from gluons. As discussed in previous sections,this difference in rejection can be attributed
to the fragmentation differences between the quark and gluon-initiated jets.

Finally, Figs. 17 and 18 also illustrate that, for equal efficiencies, the Log-likelihood ratio method
and the cut-based method perform comparably in rejecting jets.
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Figure 17: Jet rejection vs photon efficiency for binnedγ+jet andH → γγ benchmark samples for
pγ

T , p jet
T > 25 GeV(left) andpγ

T , p jet
T > 40 GeV(right).
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Figure 18: Jet rejection vs photon efficiency of the two methods for filtered di-jet andH → γγ benchmark
samples forpγ

T , p jet
T > 25 GeV (left) andpγ

T , p jet
T > 40 GeV (right).

7 Conclusions

This note presents the three photon identification methods developed in ATLAS, the cut-based method,
the Log-likelihood ratio (LLR)-based method and the covariance-matrix-based method (H-matrix). The
efficiencies and fake-photon rejections of the first two methods have been measured using fully simulated
H → γγ (mH = 120 GeV), γ+jet and filtered electromagnetic di-jet samples. The cut-based and LLR
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methods show similar rejection factors at equal efficiencies. The strength of the continuous methods
such as the LLR and H-matrix is the ability to vary the cuts on LLR or χ2 values to optimise for specific
physics analyses. The performance of the cut-based method for very high-pT photons from Randall-
Sundrum graviton samples has also been studied and, while the cut selection was optimised at low-
pT compared to the signal in the graviton sample, the efficiencyremains high. While the currently
available photon identification methods perform very well in rejecting background, with high efficiency
in retaining photons, it is of critical importance to study the performance of the methods with beam-
collision data.

Region Rejection(×103) Rejection(×103)
Barrel 1.54±0.05 3.85±0.03

End-cap 0.64±0.03 1.14±0.08
Total 1.25±0.03 2.78±0.08

Table 5: Jet rejections obtained using two binned di-jet samples, with the cut-based photon identification
without (left) and with (right) the track-isolation cut

ET > 25 GeV ET > 40 GeV
LLR Cut-based LLR Cut-based

Efficiency (%) 84.3±0.2 84.5±0.2 87.1±0.2 86.3±0.2
Rejection 2190±250 1940±230 2170±210 2030±190

Table 6: Comparison of jet rejection (γ+jet sample) versus photon efficiency for the cut-based and LLR
methods.

ET > 25 GeV ET > 40 GeV
LLR Cut-based LLR Cut-based

Efficiency(%) 84.3±0.2 84.6±0.2 85.5±0.2 86.3±0.2
Rejection 8930±650 8240±270 9170±1570 9240±710

Table 7: Comparison of jet rejection (di-jet sample) versusphoton efficiency with the cut-based method
and the Log-likelihood (LLR) method.
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Reconstruction of Photon Conversions
Abstract
The reconstruction of photon conversions in the ATLAS detector is important
for improving both the efficiency and the accuracy of the detection of particle
decays with photon final states, including H → γγ . In this note, the perfor-
mance of the reconstruction of photon conversions for simulated events of dif-
ferent types is described, using both standard inside-out tracking and the more
recently implemented outside-in tracking.

1 Introduction

Reconstruction of photon conversions in the ATLAS detector is important for a variety of physics mea-
surements involving electromagnetic decay products. In particular, the efficiency of detection of particles
with high-mass di-photon final states, such as the Higgs boson or a heavy graviton, is greatly enhanced
by efficient conversion reconstruction. Conversion reconstruction will also be used for detector-related
studies: mapping the locations of the conversion vertices provides a precise localisation of the material
in the ATLAS inner detector.

As photons may convert at any point in the tracker in the presence of material, the ability to recon-
struct conversions will depend strongly on the type of tracking algorithm used. Due to the structure of
the ATLAS tracker, photons which convert within 300 mm of the beam axis may be reconstructed with a
high efficiency with standard (inside-out) Si-seeded tracking, while photons which convert further from
the beam pipe may only be reconstructed using (outside-in) tracks, which begin with TRT seeds with or
without associated Si hits. Track reconstruction will be discussed in Section 2, while the reconstruction
of conversion vertices will be discussed in Section 3, and the overall reconstruction of conversions will
be discussed in Section 4. Applications of photon conversion reconstruction in the case of neutral pion
decays and low-pT photons as well as the application of conversion reconstruction to the case of high-pT

physics measurements (such as H→ γγ), will be found in Section 5. A summary and concluding remarks
are found in Section 6.

1.1 Theory

The ATLAS detector is designed to measure, among other things, the energies and momenta of photons
produced in high-energy proton-proton collisions. The photons which are relevant to physics measure-
ments will have energies in excess of 1 GeV. These photons must pass through the ATLAS tracker
before depositing their energy in the Liquid Argon Calorimeter. At photon energies above 1 GeV, the
interaction of the photons with the tracker will be completely dominated by e+e−pair production in the
presence of material, otherwise known as photon conversion. All other interactions between the photons
and the tracker material, such as Compton or Rayleigh scattering, will have cross-sections which are
orders of magnitude below that for the photon conversion, and may thus be safely ignored. The leading-
order Feynman diagrams for photon conversions in the presence of material are shown in Figure 1. The
presence of the material is required in order for the conversion to satisfy both energy and momentum
conservation.

The cross-section for the conversion of photons in the presence of material is both well understood
theoretically and thoroughly measured. Work on calculating this cross-section began almost immediately
after the discovery of the positron by Anderson in 1932 [1]. Bethe and Heitler first gave a relativistic
treatment of photon conversion in 1934 [2] in which the screening of the nuclear Coulomb field was
taken into account. A detailed review of the theory regarding photon conversion and the calculation of
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Figure 1: Leading-order Feynman diagrams for photon conversions.

the conversion cross-section for a variety of materials was given by Tsai in 1974 [3]. A more modern
treatment of the topic of conversions, including corrections to the Bethe-Heitler formula for photon
energies above 5 TeV was given by Klein in 2006 [4].

For photon energies used in this study (1 GeV and above) the cross-section for the conversion process
is almost completely independent of the energy of the incident photon, and may be given by the following
equation [3]:

σ =
7A

9X0NA
. (1)

In this expression A is the atomic mass of the target given in g/mol, and NA = 6.022× 1023 is Avo-
gadro’s number. X0 is known as the radiation length of the material through which the photon passes,
which for elements heavier than helium may be approximated from the atomic mass A and the atomic
number Z by the following relation [5]:

X0 =
716.4g cm−2 A

Z(Z +1)ln(287
√

Z)
. (2)

This radiation length is defined such that it is 7/9 of the mean free path for photon conversion. Plots
showing the total radiation length traversed by photons in the tracker before reaching the calorimeter
may be found in the next section.

The differential cross-section for photon conversions of energies of 1 GeV and above in terms of the
quantity x = (Eelectron/Ephoton) is [4]:

dσ
dx

=
A

X0NA
(1− 4

3
x(1− x)). (3)

This cross-section is symmetric in x and 1− x, the electron and positron energies, and it implies that
the momentum of the photon is not simply shared equally between the electron and the positron. Some
fraction of the photon conversions will be highly asymmetric, and either the electron or the positron
may be produced with a very low energy. If this energy falls below the threshold required to produce
a reconstructable track in the ATLAS tracker, then the converted photon will be seen to have only one
track, and will be difficult to distinguish from a single electron or positron. This problem is more serious
at lower photon energies, as the proportion of conversions which are asymmetric enough to cause the loss
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Figure 2: Material in the inner detector as a function of |η |.

of one of the two tracks increases as the photon energy decreases. The difficulties involved in identifying
these highly asymmetric single-track conversions will be discussed in a later section.

1.2 Experimental setup

In this section a very brief description of the ATLAS tracker and electromagnetic calorimeter is included.
These are the two sub-systems necessary for the studies relevant to this note. A detailed description of
the ATLAS detector can be found in the ATLAS detector paper [6] and references therein.

The ATLAS tracker consists of several co-axial layers immersed in a 2T solenoidal magnetic field. In
the so-called barrel region, the innermost of these is a pixel detector consisting of three highly segmented
cylindrical layers surrounded by four stereo-pair silicon microstrip (SCT) layers. In addition to the cylin-
drical layers forming the barrel, both the pixel and the SCT also have end-caps consisting of disk shaped
segments used for tracking particles with large pseudorapidities (|η | >1.5). The outermost portion of
the tracker consists of the Transition Radiation Tracker (TRT), which is comprised of many layers of
gaseous straw tube elements interleaved with transition radiation material. The TRT is divided into a
barrel detector, covering the small pseudorapidity region |η |<1, and two end-cap detectors covering the
large pseudorapidity region 1< |η |<2.1. The lack of TRT detector elements at higher pseudorapidities
is the reason for all the results presented in this note having a cut-off at |η |= 2.1.

The amount of material in the tracker given in radiation lengths as a function of pseudorapidity can
be seen in Fig. 2 [6]. As mentioned earlier, the probability of a photon converting in any given layer
is proportional to the amount of material in that layer. Overall, as many as 60 % of the photons will
convert into an electron-positron pair before reaching the face of the calorimeter [6]. This number varies
greatly with pseudorapidity as can be seen in Fig. 3 [6], for the case of photons with pT > 1 GeV in
minimum-bias events. The probability is lowest in the most central region |η | <0.5, where the amount
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of tracker material is at its minimum. A plot showing the true position of photon conversions in the
ATLAS tracker, as obtained from a sample of 500,000 simulated minimum-bias events, can be seen in
Fig. 4 [6]; the three pixel layers and disks as well as the four barrel SCT layers and their corresponding
end-cap layers can be clearly seen.
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Figure 3: Probability of a photon to have converted as a function of radius for different values of pseu-
dorapidity.

Finally, the energies of the electrons resulting from photon conversions are measured in the electro-
magnetic calorimeter segments. These are lead-liquid argon detectors with accordion-shaped absorbers
and electrodes. Their fine-grained lateral and longitudinal structure, ensures high reconstructed energy
resolution for photons with ET > 2−3 GeV, as described in reference [7]. Although the daughter electron
tracks and the vertices resulting from the converted photons are reconstructed without any calorimetric
information, the latter plays a crucial role later in the reconstruction and particle identification process.

2 Track reconstruction

The current track reconstruction process consists of two main sequences, the primary inside-out track re-
construction for charged particle tracks originating from the interaction region and a consecutive outside-
in track reconstruction for tracks originating later inside the tracker. Both methods reconstruct tracks that
have both silicon (Si) and transition radiation tracker (TRT) hits and place these tracks in two distinct
track collections. A third track category contains those tracks that have only TRT hits and no Si hits;
these TRT-only tracks are placed in their own distinct track collection. All three track collections are
then examined to remove ambiguities and double counting and are finally merged into a global track col-
lection to be used later during the vertex-reconstruction phase. For a track to be reconstructed by any of
these methods, a minimum transverse momentum pT > 0.5 GeV is required throughout. In the following
section, brief descriptions of the various tracking algorithms are provided. More detailed descriptions,
in particular of the inside-out tracking, can be found in reference [8].
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Figure 4: Location of the inner detector material as obtained from the true positions of simulated photon
conversions in minimum-bias events.

2.1 Inside-out track reconstruction

After the reconstruction of space points inside the pixel and SCT sub-detectors, candidate tracks (seeds)
are then formed using three space-point combinations. These seeds are subject to some constraints, such
as the curvature, to limit the number of possible combinations. Seeds which pass these constraints then
become the starting points for reconstructing tracks. Once a seed has been formed a geometric tool is
then invoked in order to provide a list of Si-detector elements that should be searched for additional
hits. A combinatorial Kalman-fitter/smoothing formalism is then used to add successive hits to the track.
The track information is updated after every step in the search and extraneous outlier hits are efficiently
eliminated through their large contribution to the χ2 of the track fit. Not all space-point seeds coming
from Si hits result in a track; the rate at which seeds give rise to a fully reconstructed track is on the order
of 10% in a typical tt̄ physics event.

A large fraction of the reconstructed track candidates either share hits, are incomplete, or may be
fakes resulting from random combinations of hits. It is therefore necessary to evaluate the tracks based
on a number of quality criteria and score them accordingly, with the score providing an indication of
the likelihood of a specific track to describe a real particle trajectory. Tracks with the highest score are
refitted and used as the quality reference for all the remaining tracks. Shared hits are removed in this
stage and the remaining part of the track is evaluated again and refitted. Track candidates with too many
shared hits are then discarded as well as any other track candidate that fails to comply with any of the
quality criteria during evaluation.

At this stage, each one of the resolved track candidates is assigned a TRT extension. First, a geometric
extension of the Si track is built inside the TRT and compatible measurements are selected. Possible TRT-
track extensions are constructed by combining all such TRT measurements. The full track, including any
TRT extension, is then refitted and scored in a way analogous to that during the previous ambiguity-
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resolving stage. If the new track has a quality score which is higher than that of the original Si track,
the TRT extension is kept and added to the Si track, thus creating a “global” Inner Detector track. In
other cases only the original Si track is kept, without the TRT extension. The final reconstructed tracks,
with or without TRT extensions, are then stored in a dedicated track collection. At this stage they can be
classified into three categories:

1. Tracks without TRT extensions (e.g. |η |> 2);

2. Tracks with extensions which are used in the final fit;

3. Tracks with extensions which are not used in the final fit (outliers).

This last category is characteristic of tracks that have suffered large material interactions as they propa-
gated through the tracker material.

The inside-out track reconstruction (as described in the previous section) is a very powerful technique
for reconstructing tracks, especially in busy environments where the high granularity of the Si sub-
detectors (and in particular that of the pixel detector) can provide the necessary resolution for recovering
the track-hit pattern. However, it may also lead to fake tracks if not carefully implemented. In order to
reduce the number of fake reconstructed tracks, a minimum number of Si hits is required for a track to
be reconstructed; in the present implementation of the algorithm this number is seven. This requirement
immediately leads to a decreased efficiency in reconstructing tracks that originate late inside the tracker,
i.e. in the SCT. Furthermore, tracks which are present only inside the TRT will not be reconstructed at
all. These tracks can appear in the cases of secondary decays inside the tracker (e.g. Ks decays) or during
photon conversions, the latter being of special interest to this note.

2.2 Outside-in track reconstruction

The outside-in track reconstruction (also referred to as back-tracking) can offer a remedy to the ineffi-
ciency in reconstructing tracks which originate after the pixel detector.

The starting point for this type of track reconstruction is the TRT, where initial track segments are
formed using a histogramming technique. The TRT tracker can be divided in two parts, a barrel and an
end-cap one, the dividing line being at the |η |= 0.8 pseudorapidity range. In the R−φ plane of a TRT
barrel sector or the R− z plane of a TRT end-cap sector, tracks which originate roughly at the primary
interaction region appear to follow straight lines (this is exactly true in the second case). These straight-
line patterns can be characterised by applying the Hough transform [9], which is based on the simple idea
that in the R−φ (R− z) plane, a straight line can be parametrised using two variables: (φ0,cT ) or (φ0,cz)
respectively, where cT and cz are the corresponding azimuthal and longitudinal curvatures and φ0 is the
initial azimuthal angle. As a result, in a two-dimensional histogram formed by these two parameters,
TRT straw hits lying on the same straight line will fall within a single cell. Straight lines can therefore be
detected by scanning for local maxima in these histograms. To improve the accuracy in the longitudinal
direction, the TRT is divided into 13 pseudorapidity slices on either side of the η=0 plane. The slice
size varies, it being smaller around the TRT barrel/end-cap transition region and bigger inside the TRT
barrel or end-cap regions. The two-variable approximate track parameters can then be used to define a
new set of geometric divisions inside the TRT, within which all straws that could possibly be crossed
are included. Using the transformation described in [10], the curved trajectory suggested by the straw
hits may be transformed into a straight line in a rotated coordinate system. This is the initial step for
a “local” pattern recognition process, in which the best TRT segment may be chosen as the one that
crosses the largest number of straws in this straight-line representation. A cut on the minimum number
of straw hits necessary to consider the segment as valid is applied during this step. A final Kalman-filter
smoother procedure is then applied to determine as accurately as possible the final track parameters of the
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Figure 5: Track reconstruction efficiency for conversions from 20 GeV pT photons as a function of the
conversion radius. The gain in track reconstruction efficiency when tracks reconstructed moving inwards
from the TRT are combined with tracks reconstructed by the inside-out algorithm, is evident particularly
at higher radial distances.

segment. The above TRT-segment reconstruction procedure has been adopted from the original ATLAS
track reconstruction algorithm xKalman as described in the references [11].

The reconstructed TRT segments are then fed into the second step of the back-tracking algorithm
in which extensions are added to them from the Si sub-detectors. Space-point seeds are searched for in
narrow R−φ wedges of the Si tracker, indicated by the transverse TRT-segment track parameters derived
in the previous step. A minimum of two space points is required in this case, the search being confined
to the last three SCT layers. To reduce the number of space-point combinations cuts on the curvature
are then applied, with the third measurement point provided by the first hit in the initial TRT segment.
As soon as seeds with pairs of space points are formed, the initial-segment track parameters can then
be significantly improved, especially the longitudinal components. A new geometric section through the
Si-detector elements is then constructed and a combinatorial Kalman-fitter/smoother technique, as in the
case of the inside-out tracking, is applied to produce Si-track extension candidates. The Si-track exten-
sions provide a much improved set of track parameters, which can be used to find new TRT extensions to
be assigned to every Si-track candidate, thus creating once more a “global” track. Ambiguity resolving
and track refitting follow afterwards in the appropriate manner. The final set of resolved tracks from this
process is stored in a dedicated track collection. In order to reduce the time required for the reconstruc-
tion and minimise double counting, the outside-in tracking procedure excludes all the TRT-straw hits and
Si-detector space points that have already been assigned to inside-out tracks. The enhancement of the
track reconstruction efficiency after the outside-in reconstructed tracks are included is shown in Fig. 5.
Here the track reconstruction efficiency for photon conversions is plotted as a function of the radial dis-
tance of the conversion for the case of 20 GeV pT single photons, before and after the outside-in tracking
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is performed. The bulk of the gain in tracking efficiency is, as expected, at larger radii. The inefficiencies
of this method as a function of radius are discussed further in Section 2.3 and again in Sections 4.3 and
4.4. Due to the more limited pseudorapidity coverage of the TRT tracker, the outside-in tracking can be
used to efficiently reconstruct tracks up to a pseudorapidity value of |η |= 2.1. All the results presented
here have therefore been restricted to within this pseudorapidity range.

2.3 Stand-alone TRT tracks and final track collection.
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Figure 6: Track reconstruction efficiency for conversions from 20 GeV pT converted photons (left) and
5 GeV pT converted photons (right) as a function of conversion radius.
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Figure 7: Track reconstruction efficiency for conversions from 20 GeV photons (left) and 5 GeV photons
(right) as a function of pseudorapidity.

After the inside-out track collection has been formed, all TRT segments that have not been assigned
any Si extensions are then used as the basis of one more distinct track collection. These segments are
first transformed into tracks, and the segment local parameters are used as the basis for producing the
corresponding track parameters assigned to the surface of the first straw hit. Perigee parameters are also
computed, but no overall track refitting is performed. These new TRT tracks are then scored and arranged
accordingly and a final ambiguity resolving is performed in order to reject any tracks that share too many
straw hits. Finally, these stand-alone TRT tracks are then stored in a special track collection.
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At the end of the track reconstruction process, and before any primary or secondary vertex fitters are
called or other post-processing tasks are executed, the three track collections described above are merged.
One last ambiguity resolving is performed in order to select unique tracks from all three collections,
although this is mostly for consistency since the straw hits and Si space points associated with the inside-
out tracks have already been excluded before the outside-in track reconstruction. This merged track
collection is then used by the photon conversion reconstruction algorithm.

The overall tracking efficiency after all three track collections discussed above are merged, is shown
in Fig. 6 for both the case of a 20 GeV pT single photon sample, and also for a 5 GeV single photon
sample, which is more indicative of the case of low track momenta. Two competing effects become
apparent as one observes these two plots. The overall track reconstruction efficiency for conversions that
happen early inside the tracker, i.e. in R < 150 mm, is higher in the case of the 20 GeV pT photons than
that for the 5 GeV pT ones. This is a clear indication of the larger effect that bremsstrahlung losses have
on low pT tracks, especially on those that originate early inside the tracker. Furthermore it is possible
that, depending on the amount of the incurred losses, only part of the track will be reconstructed, i.e.
its TRT component, with the pattern recognition failing to recover the corresponding Si clusters. The
small fraction of stand-alone TRT tracks that enhance the track reconstruction efficiency from early
conversions, is primarily due to this effect. On the other hand the overall track reconstruction efficiency
at higher radii is much better for the case of the 5 GeV pT photons. This is due to the fact that the
radius of curvature, being much larger for those tracks, enables them to separate from each other faster
as they traverse the tracker under the influence of the applied magnetic field. It is therefore easier in this
case to distinguish the two tracks and reconstruct them during the pattern recognition stage. Figure 7
shows the track reconstruction efficiency as a function of pseudorapidity, for both 20 GeV and 5 GeV
pT photons. The overall track reconstruction efficiency is very uniform along the whole pseudorapidity
range, starting only to significantly fall off as one approaches the limit of the TRT pseudorapidity extent
(|η |= 2.1). The reduction in efficiency observed around |η |= 1, is due to the gap at the transition from
the barrel to the end cap TRT. The seemingly higher overall tracking efficiency in this plot compared to
that in Fig. 6, is due to the fact that the great majority of converted photons originate from the earlier
layers of the Si tracker. In this region, as Fig. 6 demonstrates, the converted photon track reconstruction
efficiency is very high.

3 Vertex fitting

Track finding is only the first step in reconstructing photon conversions; the next step is being able to
reconstruct the conversion vertex using the pair of tracks produced by the converted photon. Recon-
struction of the conversion vertex is quite different from finding the primary interaction vertex, since for
conversions additional constraints can be applied that directly relate to the fact that the converted photon
is a massless particle. A specific vertex algorithm, appropriately modified in order to take into account
the massless nature of the conversion vertex, has been developed for use by the photon conversion algo-
rithm.

The vertex fit itself is based on the fast-Kalman filtering method; different robust versions of the
fitting functional can also be set up in order to reduce the sensitivity to outlying measurements. The
vertex fitting procedure uses the full 3D information from the input tracks including the complete error
matrices [12].

3.1 Algorithm description

The goal of a full 3D vertex fit is to obtain the vertex position and track momenta at the vertex for all
tracks participating in the fit as well as the corresponding error matrices. From the input tracks, the
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helix perigee parameters defining the particle trajectory along with their weight matrix are extracted as
described in the references [13, 14]. If one assumes that the particle is created at the vertex ~V , then the
trajectory parameters qi may be expressed as a function of the vertex position and the particle momentum
at this vertex qi = T (~V ,~pi). A vertex is then obtained by minimising:

χ2 =
2

∑
i=1

(qi−T (~V ,~pi))>wi(qi−T (~V ,~pi)), (4)

where wi is the 5×5 weight matrix from the track fit. In order to find the ~V and ~pi which minimise the
above χ2, equation 4 can be linearised at some convenient point close to the vertex as:

χ2 =
2

∑
i=1

(δqi−Diδ~V −Eiδ~pi)>Wi(δqi−Diδ~V −Eiδ~pi), (5)

where Di = (∂T (~V ,~pi))/(∂~V ) and Ei = (∂T (~V ,~pi))/(∂~pi) are matrices of derivatives. A fast method to
find a solution that minimises equation 5 has been proposed in the references [13,14]. It can be shown that
this method is completely equivalent to a Kalman-filter based approach [15], where the vertex position
is recalculated after every new track addition.

If the initial estimation of the vertex position is far from the fitted vertex, then the track perigee
parameters and the error matrix are extrapolated to the fitted point, all derivatives are recalculated and
the fitting procedure is repeated. The official tracker extrapolation engine, along with a magnetic field
description based on the actual measurement of the ATLAS tracker solenoidal field, is used in this case.

3.2 Vertex fit constraints

Constraints are included in the vertex fit algorithm via the Langrange multiplier method. A constraint
can be viewed as a function

A j(~V ,~p1,~p2, ...,~pn) = const (6)

which is added to the fitting function of equation 4 as

χ2 = χ2
0 +

Nconst

∑
j=1

λ j ·A2
j (7)

Here χ2
0 is the function without constraints, λ j is a Lagrange multiplier and j is the constraint number.

A2
j(...) can be linearised around some point (~V0,~p0i) to obtain

χ2 = χ2
0 +

Nconst

∑
j=1

λ j · (A2
j0 +H>j δV +δV>H j +F>i j δ pi +δ p>i Fi j) (8)

where H j = (∂A j)/(∂~V ),Fi j = (∂A j)/(∂~pi), A j0 is an exact value of A j at the (~V0,~p0i) point, δ~V =~V−~V0
and δ~pi = ~pi−~p0i.

The solution of equation 8 then has the form ~V =~V0 +~V1, ~pi = ~p0i +~p1i, where ~V0,~p0i is the solution
of the corresponding problem without the constraint χ2 = χ2

0 . The second component ~V1,~p1i of the
above solution is obtained through the normal Lagrange multiplier system of equations. In the case of
the conversion vertex, a single angular constraint needs to be implemented. This requires that the two
tracks produced at the vertex should have an initial difference of zero in their azimuthal and polar angles
δφ0,δθ0 = 0. This is a direct consequence of having an initial massless particle, but it has the advantage
of being much easier to implement.
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The right-hand plot in Fig. 8 shows the reconstructed photon inverse transverse momentum after
vertex fitting for conversions where neither of the emitted electrons suffered significant bremsstrahlung
(less than 20% of the energy of each electron is lost in the inner detector material), while the left-hand plot
shows the transverse momentum for the cases where significant bremsstrahlung energy losses occurred.
Similarly, the corresponding radial position resolution for conversions with/without significant energy
losses due to bremsstrahlung is shown in Fig. 9. Single converted photons with pT = 20 GeV were used
for the plots above, and the emitted electron tracks were required to have at least two silicon space points.
The angular constraints δφ ,δθ = 0, implemented as described earlier, have been used throughout. The
overall vertex reconstruction efficiency will be discussed in the following section. It is evident that the
presence of bremsstrahlung significantly deteriorates the performance of the vertex fitter.
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Figure 8: Reconstructed inverse transverse momentum from 20 GeV pT converted photons with
(left) and without (right) significant energy losses due to bremsstrahlung.

As a further check of the performance of the vertex algorithm described in this section, one can apply
it to the case of K0

s → π+π− decays. The absence of losses due to bremsstrahlung for the pion tracks, as
well as the non-zero opening angle, provide a good test scenario for the constrained vertex fitting. Instead
of the angular constraint used in the case of the photon conversions, a straightforward mass constraint is
implemented in this case. Figure 10 shows the resolution of both the reconstructed 1/pT and the radial
position for 10 GeV pT K0

s decays. The absence of a bremsstrahlung-related tail in the left-hand plot
compared to those in Fig. 8 is striking.

In a direct comparison to the converted photon case, Fig. 11 shows the relative 1/pT resolution, with
and without significant bremsstrahlung losses (20%) respectively, for reconstructed 20 GeV pT converted
photons, together with that for 10 GeV pT K0

s decays, as a function of the radial distance from the beam
axis. In the case of the K0

s decays, the reconstructed momentum resolution is better than 2% irrespective
of the radial distance from the beam axis, deteriorating only slightly as one moves away from the beam
axis. For the case of the photon conversions though, a deterioration in the transverse momentum recon-
struction resolution due to the presence of bremsstrahlung losses, is clearly observable when compared
to the K0

s case. Due to the bremsstrahlung losses, the reconstructed 1/pT distribution has a non-gaussian
shape, characterised by a tail towards the higher 1/pT ranges, as shown in Fig. 8. As a result, a gaussian
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Figure 9: Reconstructed vertex radial positions for 20 GeV pT converted photons, compared to
their true values, with (left) and without (right) significant energy losses due to bremsstrahlung.
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Figure 10: Overall reconstructed relative 1/pT resolution (left) and radial position resolution
(right) for K0

s decays (to charged pions) with pT = 10 GeV. Only tracks with at least two sili-
con space points are used.
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fit performed on the core of the 1/pT distribution, will result in a worse overall reconstructed momentum
resolution, even in the case of small bremsstrahlung losses, as Fig. 11 demonstrates. The effect is even
more significant if one recalls that the reconstructed converted photons have a transverse momentum
which is twice that of the K0

s decays shown in the same figure. The fact that the photon is a massless par-
ticle, resulting in an extremely small angular opening of the emitted tracks, makes it also more difficult
to reconstruct accurately the position of the conversion vertex, as shown in Fig. 12.
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Figure 11: Reconstructed relative 1/pT resolution as a function of radial distance from the beam
axis for 20 GeV pT converted photons and 10 GeV pT K0

s decays to charged pions. In the plot on
the left, only converted photons, where both of the daughter electrons lost less than 20% of their
energy due to bremsstrahlung, are shown. In the plot on the right, all conversions are included.

4 Conversion reconstruction

With the three track collections and the vertex fitting algorithm described in the previous two sections,
we now have all the necessary tools in place in order to fully reconstruct photons which convert as far as
800 mm away from the primary interaction point. Beyond that radius, the track reconstruction efficiency
drops off dramatically due to the lack of a sufficient number of hits in any sub-detector to reliably recon-
struct the particle trajectory and accurately predict its track parameters. The conversion reconstruction
algorithm is run within the framework of the overall Inner Detector reconstruction software; it is one of
the last algorithms run during the post-processing phase. The basic components of the conversion recon-
struction are: the track selection and subsequent track classification, the formation of pairs of tracks with
opposite charge, the vertex fitting and reconstruction of photon conversion vertex candidates, and finally
the reconstruction of single-track conversions. The conversion candidates are then stored in a separate
vertex collection, to be retrieved and further classified through matching with electromagnetic clusters
during the next level of the event reconstruction. In the results presented in this section, the reconstruc-
tion efficiency is estimated for those photon conversions that happen as far as 800 mm away from the
primary interaction point, emit daughter electrons with each having at least pT = 0.5 GeV and are within
the |η | = 2.1 pseudorapidity range. This amounts to ∼ 77% of the total photons converted inside the
ATLAS tracker volume in the case of the H→ γγ sample.

4.1 Track selection

Only a fraction of the possible track pairs reconstructed by the tracking algorithms and included in the
final track collection come from converted photons. Although the wrong-track combinations may be
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Figure 12: Reconstructed radial resolution as a function of radial distance from the beam axis for
20 GeV pT converted photons and 10 GeV pT K0

s decays to charged pions. In the case of the
converted photons, all daughter electrons regardless of bremsstrahlung losses have been included.

Cut Efficiency Rejection
No Cuts 0.7378 1.00

Impact d0 0.7334 1.16
Impact z0 0.7316 1.18
TR ratio 0.7119 2.12

Table 1: Track selection cuts: cumulative efficiencies and rejection rates are presented.
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rejected later during the conversion reconstruction process or by physics specific analysis, it is impor-
tant to remove them as efficiently as possible at an early stage, not least because of the large amount of
CPU time involved in processing every possible track pair. Cuts on the perigee impact and longitudinal
track parameters, as well as the transverse momentum, are first applied. Tracks that are most probably
associated to electrons are then selected by cutting on the probability reconstructed by using the ratio of
high-threshold TRT hits over the total number of TRT hits on each track. These cuts have been tuned
using H→ γγ events, with background present due to the underlying event. All the efficiencies and rejec-
tion factors due to track selection cuts which are quoted in this note refer to this physics sample. Table 1
shows the performance of these cuts in accepting tracks produced by converted photons and rejecting
non-conversion related tracks. The starting efficiency of ∼ 74% reflects entirely the inefficiency of re-
constructing all the conversion related tracks during tracking. After applying these cuts, the surviving
tracks are then arranged into two groups with opposite charges.

4.2 Track-pair selection

At this point in the reconstruction process, all possible pairs of tracks with opposite signs are formed and
further examined. There are three possible types of track pairs:

1. Pairs in which both tracks have Si hits;

2. Pairs in which one of the two tracks is a stand-alone TRT track;

3. Pairs in which both tracks are stand-alone TRT tracks.

Cut Efficiency Rejection
Polar angle 0.7070 10.8

Radial distance between first hits 0.7049 12.5
Minimum distance 0.6970 16.5

Vertex radius 0.6959 16.6
Minimum arc length 0.6935 40.3
Maximum arc length 0.6890 111.6

Distance in z 0.6870 111.9

Table 2: List of cuts employed during the track-pair selection for the three possible types of track
pairs.The cumulative efficiencies and rejection rates are presented (see text for the definition of the cut
variables).

In order to reduce the combinatorial background, a series of cuts are applied during the pair for-
mation. These are common to all three track-pair types described above, although their actual values
may differ. Table 2 lists those cuts along with the corresponding efficiencies and rejection factors for
selecting the correct track pairs and discarding fakes resulting from wrong track combinations. The first
criterion for accepting a track pair is that the difference in polar angles between the two daughter tracks
in a conversion should be small, based on the fact that the photon is massless. Furthermore, the distance
between the first hits of the two tracks in the pair should be reasonably close; this is particularly true
in the case where both of them are stand-alone TRT tracks. Finally, the distance of minimum approach
between the two tracks in the pair is checked. An iterative method has been implemented that uses the
Newton approach to find the set of two points (one on each track) which are closest to each other. The
distance of minimum approach between the two tracks is then calculated and a cut is applied to reject
those cases where the tracks fail to come within a specified distance from each other.
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In order to enhance the performance of the constrained vertex fitter, it is important to begin with
a reasonable initial estimate of the vertex position. Using the perigee parameters of the two tracks in
the pair, the corresponding radius of curvature and the centre of curvature of the track-helix projection
in the R− φ plane can be derived. As this track-helix projection is circular in the case of a uniform
magnetic field such as that of the ATLAS tracker, the estimated vertex position can be identified as
either the point of intersection of two circles, or in the case of non-intersecting circles, as the point of
minimum approach between two circles. If the two circles do not intersect or approach each other closer
than a set minimum distance then the pair is discarded. In principle, two circles may intersect at two
points. Since two tracks originating from a conversion vertex (or any vertex for that matter) should also
intersect in the R− z plane, the correct intersection point in the R−φ plane is then chosen to be the one
which is closer to the point of minimum approach of the two tracks in the R− z plane. The points of
minimum approach both in the R− φ and the R− z planes should clearly be sufficiently close to each
other. If they are separated by more than a set minimum distance, then the track pair is discarded. A
cut is also applied on the arc length of the R− φ plane projection of the two track helices between the
line connecting the centres of curvature of the two circles and the actual intersection points. This arc
length is required to fall within a specific range which again ideally should tend to be very small. Finally,
the distance from the track origin (the candidate conversion vertex location) and the actual points of
intersection should also be small. Only track pairs with intersection or minimum-approach points that
satisfy the above criteria are further examined. Estimating the initial vertex position allows for a larger
number of quality criteria of the track pair to be used in the overall selection process. All the cuts applied
during this step have been tested using the 120 GeV H → γγ physics sample; the cuts are tuned so that
at least two orders of magnitude of the combinatorial background can be rejected at this point without
significant loss in overall conversion reconstruction efficiency. As a consequence, cut values have been
intentionally kept fairly loose since even correct track pairs could be characterised by less than optimal
selection quantities. This is especially true in cases where at least one of the two tracks involved has
only TRT hits resulting in reduced reconstructed track parameter accuracy along the z-axis, or in cases
where the tracks have suffered substantial bremsstrahlung losses during their propagation through the
ATLAS tracker. In general, the position of the initially estimated vertex falls within a few millimetres
of the actual conversion vertex for the correct pair combinations, all deviations being due to the reasons
mentioned just before.

Cut Efficiency Rejection
Fit convergence 0.6870 171.5

Fit χ2 0.6710 288.9
Invariant mass 0.6626 353.9

Photon pT 0.6625 377.1

Table 3: Post-vertex fit selection cuts: cumulative efficiencies and rejection rates are presented.

4.3 Vertex fitting

The original track perigee assigned during the track reconstruction process is set at the primary interac-
tion point and for the case of photon conversions, especially those that happen far inside the tracker, this
is a rather poor assignment. Using the initial estimate for the vertex position described previously, we
can redefine the perigee at this point. The new perigee parameters need to be recomputed by carefully
extrapolating from the first hit of each track in the pair to this new perigee, taking into account all the
material encountered on the way. It is these tracks with their newly computed perigee parameters that
are passed to the vertex fitter. This also has the desirable effect of avoiding long extrapolations during
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the various iterations of the vertex fitting process, which might lead to distortions due to unaccounted-for
material effects. At the end of the process the new vertex position along with an error matrix and a
χ2 value for the fit are computed. A vertex candidate is then reconstructed that also contains the track
parameters as they are redefined at the fitted conversion vertex. The fit is always successful in the case of
the correct track pairs, and it often fails otherwise. After the fit is executed, post-selection cuts on the χ2

of the fit, on the reconstructed photon invariant mass and on the reconstructed photon pT can be applied,
to reduce even further the wrong pair combinations. These are listed in Table 3.

The track pair selection and the vertex fitting process result in a reduction in the combinatorial back-
ground rate by more than two orders of magnitude, with only a rather small loss in overall conversion
reconstruction efficiency, amounting to∼ 8% in the case of H→ γγ decays with mH = 120 GeV. A more
quantitative description of the conversion reconstruction efficiency in such decays is presented in Sec-
tion 5.3. At this stage of the conversion vertex reconstruction, which is still within the tracking software
framework, vertices which come from the combinatorial background outnumber the correct conversion
vertices by almost a factor of six. The main part of this remaining background consists of reconstructed
vertices where at least one of the participating tracks is not an electron at all. This is primarily due to the
rather weak particle identification capabilities of the tracker without any access to the electromagnetic
calorimeter information. Part of this background can be reduced by some more stringent requirements on
the reconstructed conversion vertices after the constrained fit is preformed. But effective improvement is
only expected during the subsequent stages of the photon conversion reconstruction, when information
from the calorimeter becomes available. Use of the electromagnetic calorimeter should also help to re-
duce a different type of combinatorial background originating when two electrons from different sources
are combined in order to form a track pair. Recent studies indicate significant reduction of both types
of the combinatorial background, both by applying tighter vertex selection criteria after the vertex fit is
performed and by using the electromagnetic calorimeter information, although they are beyond the scope
of this note. The possibility of using the reconstructed photon pT in order to reduce the number of recon-
structed fake vertices, is worth investigating. Figure 13 shows the pT distribution of the reconstructed
conversion vertices along with the distribution for fake vertices resulting from wrong combinations. It
is clear that the latter tend to concentrate at the lower pT region. Nevertheless a final cut on the recon-
structed photon pT will not be as efficient as expected, due to the limited ability at present to correct
the reconstructed track momentum for losses due to bremsstrahlung. This is evident in the figure when
comparing the reconstructed converted photon pT distribution with (top row) and without (bottom row)
significant bremsstrahlung losses. It becomes even more striking once it is compared to the truth pT

distribution of the converted photon. In the remaining part of this section, the overall performance of
the conversion reconstruction software, without utilising the electromagnetic calorimeter information, is
examined in the case of single 20 GeV pT photons, where the combinatorial background is minimal.

Figure 14 shows the track, track-pair, and vertex reconstruction efficiencies for conversions coming
from 20 GeV pT photons as a function of both conversion radius and pseudorapidity. Both the track
and track pair efficiencies shown in the figure are measured before any of the selection criteria described
above are applied. The large drop in the efficiency at R > 400 mm is primarily due to the inefficiency
of reconstructing both tracks in the track pair from the photon conversion. It is noteworthy that both
the track and the conversion vertex reconstruction efficiency are essentially constant as a function of
pseudorapidity. For completeness, Fig. 15 shows the slightly different version of the left-hand plot
in Fig. 14 as published in Ref. [6].

Finally, Fig. 16 shows the overall vertex reconstruction efficiency for converted photons with low
transverse momenta as a function of conversion radial position. The two competing effects, the brems-
strahlung losses that affect more severely the low pT tracks, and the higher radii of curvature that result
in increased resolving ability of the smaller pT tracks, that were discussed in Section 2.3, are once more
evident here.
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Figure 13: Transverse momentum distribution of reconstructed photon conversions for both cor-
rect and wrong track pairs for all three types of pairs: Silicon-Silicon (Si, left column), TRT-TRT
(Trt, centre column), and Silicon-TRT (ST, right column). In the top row all electron tracks re-
gardless of bremsstrahlung energy losses are considered for the case of the correct track pairs. In
the bottom row only track pairs where both electrons have lost less than 20% of their energy due
to bremsstrahlung are shown. For comparison the truth pT of the converted photon is also shown.

4.4 Single-track conversions

Due to conversions which decay asymmetrically (as described in Section 1.1), as well as cases where the
conversion happens so late that the two tracks are essentially merged, there are a significant number of
conversions where only one of the two tracks from the photon conversion is reconstructed. Depending
on the photon momentum scale, these “single-track” conversions become the majority of the cases for
conversions that happen late in the tracker and especially inside the TRT. The ability of the TRT to resolve
the hits from the two tracks is limited, especially if those tracks do not traverse a long enough distance
inside the tracker for them to become fully separated. As a result, only one track is reconstructed, but it
will still be highly desirable to recover these photon conversions.

At the end of the vertex fitting process, all of the tracks that have been included in a pair that success-
fully resulted in a new photon conversion vertex candidate, are marked as “assigned” to a vertex. The
remaining tracks are then examined once more on an individual basis in order to determine whether or
not they can be considered as products of a photon conversion. For a track to be considered, it should
have its first hit beyond the pixel vertexing layer. Furthermore, the track should be electron-like, where
again the probability reconstructed by using the ratio of the high threshold TRT hits over the total number
of TRT hits (as in the initial track selection described earlier in this section, but requiring a higher value)
is used to select likely electron tracks. At the end of this selection tracks wrongly identified as emerging
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Figure 14: Conversion reconstruction efficiency for conversions from 20 GeV pT photons as a function
of conversion radius (left) and pseudorapidity (right). The solid histograms show the track reconstruction
efficiency, the dashed histograms show the track-pair reconstruction efficiency, and the points with error
bars show the conversion vertex reconstruction efficiency.
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Figure 15: Conversion reconstruction efficiency for conversions coming from 20 GeV pT photons as a
function of conversion radius. The solid histogram shows the track reconstruction efficiency, the dashed
histogram shows the track-pair reconstruction efficiency, and the points with error bars show the conver-
sion vertex reconstruction efficiency as published in Ref. [6].
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Figure 16: Conversion vertex reconstruction efficiency as a function of conversion radius for photons
with transverse energy of 2 and 5 GeV.
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Figure 17: Reconstruction efficiencies for conversions from 20 GeV pT photons as a function of con-
version radius (left) and pseudorapidity (right). The points with error bars show the total reconstruction
efficiency, the solid histograms show the conversion vertex reconstruction efficiency, and the dashed
histograms show the single-track conversion reconstruction efficiency.
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Figure 18: Conversion reconstruction efficiency for conversions coming from 20 GeV pT photons as a
function of conversion radius. The points with error bars show the total reconstruction efficiency, the
solid histogram shows the conversion vertex reconstruction efficiency, and the dashed histogram shows
the single-track conversion reconstruction efficiency as published in Ref. [6].

from photon conversions, outnumber the actual photon conversion electron tracks, by almost a factor of
two. These are tracks which are not electrons at all, misidentified as such due to the inherent weakness
of the particle identification process without the presence of any information from the electromagnetic
calorimeter.

A conversion vertex candidate is then reconstructed at the position of the first track hit. It is clear that,
especially in the case where the first hit is inside the Si part of the tracker, the position of the conversion
vertex reconstructed in this way can be off by as much as a detector layer. This discrepancy is normally
much smaller in the case of a vertex inside the TRT due to the higher straw density. On the technical
side, this type of reconstruction requires a careful transformation of the local track parameters and error
matrix into global ones that are directly assigned to the newly defined vertex. A new vertex candidate is
then stored, identical in structure to the one derived from a vertex fit with the important difference that
it has only one track assigned to it. The effect of including the single-track conversions into the overall
conversion reconstruction efficiency is significant as is shown in Fig. 17. The plot shows the conver-
sion reconstruction efficiency for 20 GeV pT photons as a function of both radius and pseudorapidity.
As expected, the single-track conversions become more and more dominant at higher radial positions,
and single-track conversions are fairly uniformly distributed across the full pseudorapidity range. For
completeness, Fig. 18 shows the slightly different version of the left-hand plot in Fig. 17 as published
in Ref. [6]. While it is not possible to reconstruct the two merged tracks in these single-track conversions,
it should be possible to separate such cases from very asymmetric conversions with the lower-energy part-
ner of the pair not reconstructed: the transition radiation information should correspond on average to
that expected from two electrons and the drift-time information should be inconsistent with that expected
from a single track (resulting in a significant fraction of unused drift circles in the track fit).
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5 Physics applications: low-pT conversions, γ/π0 separation, H→ γγ

In this section some interesting applications of the usage of the photon conversions are presented. Only
results from photon conversions where both of the daughter electron tracks have been reconstructed are
included. It needs to be stressed at this point, that everything that is presented here is meant only as an
application example and that nofull-scale analysis has been made.

5.1 Low-pT photon conversions

Of particular interest during initial data taking is the use of the reconstruction of converted photons as
a tool to obtain a measurement of the amount of material inside the ATLAS tracker, including passive
material. The abundance of low-pT neutral pions in minimum bias events represents a very rich source of
photons and makes this approach particularly promising. The number of photon conversions measured on
a detector volume of known x/X0 can be used as a normalisation point to extract the amount of material
at any other location inside the detector by counting the relative number of conversions occurring in that
portion. To obtain an unbiased map of the tracker material it is necessary to correct the measured number
of conversions by the conversion reconstruction efficiency. Several methods are being investigated to
measure this efficiency from data, e.g. embedding Monte Carlo photon conversions in data or extracting
it from the measure of decays with similar topology like K0

s → π+π−.
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Figure 19: Reconstructed radial positions for conversions of 5 GeV pT photons. The black his-
togram shows the truth radial position of the conversion vertices, and the gray histogram shows
the radial positions of the reconstructed vertices, regardless of the bremsstrahlung losses of their
daughter electrons.

Figure 19 shows the reconstructed radial positions of photon conversions with 5 GeV pT . A few
structures may be identified: the initial peak caused by the beampipe, the three layers of the pixel detec-
tor and then with lower resolution and significance the SCT layers and the TRT. The observed smearing
of the reconstructed position of the conversion vertex is mainly due to bremsstrahlung effects. The po-
sition resolutions (in the radial direction) of the reconstructed conversion vertex, for photon conversions
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produced by the decay of neutral pions with various energies, are shown in Fig. 20 as a function of the dis-
tance from the beam axis. All conversions regardless of the amount of energy lost due to bremsstrahlung
by the daughter electrons, have been used. In the case of the lower pT neutral pions, more relevant in the
case of minimum bias events, the radial position resolution improves somewhat, as might be expected
from the larger angular separation between the produced electrons. On the other hand the use of low
pT tracks can be limited by the lower tracking efficiency caused by multiple scattering and especially
bremsstrahlung.

In order to be able to determine the amount of material at a given position, it is necessary to compare
the number of reconstructed converted photons at that position with the number of conversions recon-
structed at the position of some reference point. This necessitates being able to resolve the position of
the reference, which may not be trivial.
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Figure 20: Reconstructed radial position resolution for converted photons produced by the decay
of neutral pions with various energies.

5.2 γ/π0 Separation

Another application of conversion reconstruction is the possibility of using the converted photons to
identify, and subsequently remove, neutral pions in which at least one of the photons resulting from
the decay of the pion has converted. Low multiplicity pions constitute the dominant background to the
photon signal after all the calorimeter-specific cuts have been applied during photon identification [16].
In the case of converted photons from π0 decays, additional handles could be derived as soon as their
reconstructed transverse momentum is made available. About 30% of the neutral pions will have at
least one of their daughter photons converted and subsequently reconstructed as such, thus providing an
estimate of their pT .

The transverse momentum reconstruction resolution is important when attempting to use conversions
to identify low pT neutral pions. The ratio of the reconstructed pT of a converted photon inside the
ATLAS tracker to the ET measured by the electromagnetic calorimeter is different for photons from π0

decays and for prompt photons. Figure 21 shows such distributions for the case of converted 20 GeV
pT single photons and converted photons from the decay of a 20 GeV pT neutral pion. The photon pT
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Figure 21: pT /ET distribution for 20 GeV pT converted photons and for photons from a 20 GeV π0.
The top row shows the distribution for all photons irrespective of the daughter electron energy losses
due to bremsstrahlung. The bottom row shows the distribution only for those photon conversions in
which the daughter electrons have lost less than 20% of their energy to bremsstrahlung. Three different
pseudorapidity ranges are shown, corresponding to the barrel (left), the barrel/end-cap transition (centre)
and the end-cap (right) regions.

shown is that reconstructed by the conversion algorithm, while the ET shown is taken from the truth value
from the simulation. Three regions in pseudorapidity are shown separately, namely those corresponding
approximately to the tracker barrel, barrel/end-cap transition and end-cap regions. The top row of plots
include all converted photons, irrespective of losses due to bremsstrahlung of their daugter electrons,
while the bottom row has only those converted photons where both of their daughter electrons have lost
< 20% of their energy due to bremsstrahlung. Clearly the distinction between conversions from single
photons and conversions from photons produced in neutral pion decays is less pronounced in the case
of strong bremsstrahlung losses, although an effective bremsstrahlung recovery mechanism should be
able to significantly improve the separation between the two distributions. A certain degredation is also
evident as we move from the barrel to the end-cap tracker, due to the less accurate reconstruction of the
transverse momentum of the daughter electron tracks at higher pseudorapidities. Figure 22 shows the
fraction of remaining π0 particles as a function of converted photon efficiency, both with and without
significant losses due to bremsstrahlung. The overall π0 rejection corresponding to a photon acceptance
of 90 % for the three different pseudorapidity regions, as described above, is shown in Fig. 23. Again
a distinction is made for the cases with and without significant energy losses due to bremsstrahlung.
Although reduced, the discriminatory power against π0 is significant even when severe losses due to
bremsstrahlung are present.
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Figure 22: Fraction of remaining π0 as a function of converted photon efficiency with (left) and without
(right) significant bremsstrahlung losses of the corresponding daughter electrons, for three pseudorapid-
ity regions as described in the text.
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Figure 23: Rejection factors against π0 corresponding to photon acceptance efficiencies of 90 %, with
and without significant energy losses due to bremsstrahlung for the three pseudorapidity regions de-
scribed in the text. The results are shown for converted photons and π0 with a pT of 20 GeV.
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5.3 H→ γγ decays

As mentioned in the introduction, the recovery of converted photons is of primary importance in the
search for physics processes in which photons are the primary decay product. In particular, accurate
reconstruction of the H→ γγ process is heavily dependent on the ability to properly reconstruct photon
conversions for the following reasons:

1. A significant fraction of photons will convert inside the ATLAS tracker volume. Efficient recon-
struction of these photons will enhance the signal statistics for this process.

2. Photon identification, using a combination of inner detector and electromagnetic calorimeter se-
lection criteria, will be improved with effective conversion reconstruction. Even single-track con-
versions will be useful in this context.

3. The electromagnetic calorimeter calibration will be significantly enhanced when converted pho-
tons are identified as such. Again, even single-track conversions will be very useful.

4. The ability to accurately point back to the mother Higgs particle is dramatically enhanced for the
case of reconstructed converted photons where both daughter electron tracks are properly recov-
ered.

It is important, therefore, to investigate the performance of the conversion reconstruction strategy in
this case, not least because of the higher transverse momenta which characterise the photons produced
in H→ γγ decays. Decays to photon pairs from a Standard Model Higgs boson with 120 GeV mass have
been studied throughout this section.
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Figure 24: Track, track-pair, and vertex reconstruction efficiencies for converted photons from H → γγ
decays with mH = 120 GeV, as a function of radial distance from the beam axis (left) and pseudorapidity
(right). The efficiency reduction at |η | ∼ 0.8, is due to the track reconstruction inefficiencies in the gap
region between the TRT barrel and end-cap detectors.

Figure 24 shows the converted photon reconstruction efficiency as a function of both radius and pseu-
dorapidity for photons coming from H → γγ decays. The reduced efficiency at higher radii is primarily
due to the smaller distance which the produced electron tracks travel inside the magnetic field, reducing
the separation between them. The conversion reconstruction efficiency as a function of pseudorapidity is
fairly flat, independent of the material distribution inside the ATLAS tracker, as expected. The effect of
including the single-track conversions into the overall conversion reconstruction efficiency is also signif-
icant for H → γγ decays with large conversion radius and over the full pseudorapidity range, as shown
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Figure 25: Reconstruction efficiencies for converted photons from H→ γγ decays with mH = 120 GeV,
as a function of conversion radius (left) and pseudorapidity (right). The points with error bars show the
total reconstruction efficiency, the solid histograms show the conversion vertex reconstruction efficiency,
and the dashed histograms show the single-track conversion reconstruction efficiency.
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Figure 26: Reconstructed vertex radial position resolution (in mm) for converted photons from H → γγ
decays with mH = 120 GeV. For comparison, the two cases where the participating tracks have lost
> 20% (< 20%) of their energy due to bremsstrahlung are also shown separately.
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Figure 27: Reconstructed polar angle resolution (in radians) for converted photons from H→ γγ decays
with mH = 120 GeV.

in Fig. 25. The reconstructed conversion vertex radial position resolution is shown in Fig. 26 for recon-
structed converted Higgs photon vertices where the participating tracks have lost > 20% (< 20%) of their
energy due to bremsstrahlung, along with all vertices put together. The results are fairly comparable to
the ones shown for single photons in Section 4, despite the fact that the resulting photon momenta in this
case are on average at least a factor of two bigger and the fact that the presence of the underlying event
causes additional complications for the track reconstruction.

Of particular interest for the reconstruction of the Higgs invariant mass is the resolution on the mea-
surement of the polar angle of the reconstructed converted photon. This is shown in Fig. 27 for the case
of conversions where both electron tracks have Si hits. These account for ∼ 58% of the reconstructed
converted photons inside the ATLAS tracker volume. The resulting resolution is of the order of 0.5 mrad
regardless of the transverse momentum of the converted photon. This is an improvement of at least an or-
der of magnitude with respect to the polar angle resolution derived using the electromagnetic calorimeter
response [6].

6 Summary and conclusions

This note has described and presented a detailed performance evaluation of the conversion reconstruc-
tion algorithm which will be used to reconstruct and study early data at the LHC. All three types track
collections delivered by the tracking software have been combined and used. A dedicated vertex fit al-
gorithm has been developed for the purpose of reconstructing converted photon vertices. Special care
has been given to flagging possible conversions where only one of the produced electron tracks has been
reconstructed (or where the two tracks are merged into one in the case of late conversions). Combining
all of these tools, a reconstruction efficiency of almost 80% has been achieved for conversions that occur
up to a distance of 800 mm from the beam axis. A transverse momentum reconstruction resolution of the
order of 5% has been found for converted single photons of various energies. This has also been shown
to be valid for the case of photons produced by the decay of a Standard Model Higgs boson with a mass
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of 120 GeV, as well as for those coming from the decay of low pT neutral pions. The position resolution
is found to be better than 5 mm in the radial direction, making this a promising method for mapping the
material inside the ATLAS inner detector. The angular resolution is found to be below 0.6 mrad, giving
effective pointing to converted photons from physics processes.
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Reconstruction of Low-Mass Electron Pairs
Abstract
This note discusses the reconstruction of J/ψ and ϒ decays to electron pairs
based on ATLAS Monte Carlo simulated signal and background samples. The
possible trigger strategies are described, one geared to select two low-energy
electromagnetic objects in direct production, the second one taking advantage
of the possible presence of a muon in the final state in bb̄ production followed
by the decay of one b-quark to J/ψ + X . The low-energy electrons are re-
constructed using a dedicated algorithm seeded by a track reconstructed in the
inner detector and identified combining information from the inner detector
and the electromagnetic calorimeter. The performance of this algorithm is pre-
sented and the potential of using such events for early LHC data studies is
investigated.

1 Introduction

When switched on, the LHC will produce charm and beauty quarks in abundance which will be col-
lected by the ATLAS experiment [1], even during the low luminosity periods. The number of produced
quarkonium states such as J/ψ and ϒ, important for many physics studies, will be equally numerous.
On average, one in every hundred collisions will contain a bb̄ pair. The large bb̄ cross-section and the
high luminosity of the machine give therefore a high rate for B-hadrons, making B-physics an interesting
and competitive subject at the LHC. Low energy resonances, such as J/ψ and ϒ will be one of the main
sources of isolated electrons in the early data. Both the J/ψ and ϒ signal samples are important for un-
derstanding the production of prompt quarkonia. But there is another aspect which is the main focus of
this note: these samples are ideal to study the performances of trigger and offline reconstruction at low
energies as well as being potentially useful for the in-situ calibration of the electromagnetic calorimeter.

This note is organised as follows: Section 2 gives a description of the data-samples used in this
note, Section 3 details the trigger selections, and Section 4 describes the offline electron reconstruction
and identification procedure. Finally, in Section 5, the physics potential of these channels is explored
with initial data, assuming an instantaneous luminosity of 1031 cm−2 s−1 and an integrated luminosity
of 100 pb−1.

2 Data samples

The different data samples used in this study are summarised in Table 1. The total cross-sections for
charm production at LHC is 7.8 mb and the one for bottom production is 0.5 mb. Quarkonium production
was originally described by the colour singlet model which failed to reproduce the direct J/ψ production
cross section measured by the CDF experiment [2]. The colour octet model [3] was proposed as a
solution to this quarkonium deficit. Direct quarkonia Monte Carlo samples comprise of directly produced
J/ψ or ϒ in colour singlet and octet states, along with promptly-produced χ’s, which decay into J/ψ’s or
ϒ’s [4] [5]. The inclusive production cross sections of J/ψ and ϒ are respectively ∼ 90µb and ∼ 0.7µb.
A minimum transverse momentum of 3 GeV and a pseudo-rapidity η <2.7 are required for the two
electrons. The resulting cross sections for the used data samples are respectively ∼ 117nb and ∼ 47nb.
Another sample used in this study is originated from Drell-Yan production. In addition to the electron
filter also applied to the J/ψ and ϒ samples, the generated di-electron invariant mass mee(DY ) has to be
1 < mee(DY ) < 60 GeV. Studies also include non-diffractive minimum-bias events with a total assumed
cross section of 70 mb.

99

141



Table 1: Data samples: process, production cross-section and total number of events available.
Process Cross section Number of events (×103)

Direct production
pp→ J/ψ(e3e3)X 116.3 nb 160

pp→ ϒ(e3e3)X 47.6 nb 150
pp→ Drell-Yan(e3e3) 2.9 nb 250

minimum-bias 70 mb 1,000
bb̄ production

bBd → µ(6)J/ψ(e2e2)X 0.2 nb 50

For the production via the decay of bb̄, only J/ψ events are considered. The signal sample is made
of bBd → µ(6)J/ψ(ee)+ X events, where the µ(6) refers to a muon coming from the b quark with a
transverse momentum above 6 GeV. A minimum transverse momentum threshold of 2 GeV is applied to
the generated electrons.

The simulated data have been produced for the ATLAS Computing System Commissioning [6]. All
samples have been generated using the Pythia 6.403 [7] Monte Carlo event generator. More details on
the Monte Carlo generators used can be found in [8]. Data have been simulated using GEANT4 [9], with
the ATLAS software ATHENA [10], with a realistic geometry including material distortions in front of
the electromagnetic calorimeter. Studies presented here correspond to very early data taking, with an
initial luminosity of 1031 cm−2 s−1. No pile-up has been included. Detailed information about these
samples is given in Table 1.

Signal electrons come from J/ψ and ϒ decays1. The background electrons arise from other direct
(b→ e, c→ e) and cascade (b→ c→ e) semileptonic decays of meson with an electron in the final
state and b→ τ → e− decays2. Other background electrons arise from π0 Dalitz decays, γ-conversions
occurring in the inner detector and decays of light hadrons. Distributions of generator level transverse
momentum pT and pseudorapidity η for electrons and pions are shown for the pp→ J/ψ (ee) + X
sample on Fig. 1. The η distribution of electrons from conversion reflects the amount of material in front
of the electromagnetic calorimeter. Ref. [13] details the reconstruction of such electrons. Table 2 gives
the mean pT for each population in the different samples.

Fig. 2 shows the distance ∆R, at generator-level, between the two signal electrons from J/ψ . On av-
erage, electrons from direct reconstructed J/ψ(e3e3) are separated by ∆R = 0.7, and are restricted from
being produced at separations larger than 1.1. Electrons from J/ψ originated from B hadrons on the con-
trary are on average more collimated, with a mean ∆R = 0.6 and with a larger spread. In comparison, the
higher mass of of ϒ requires the electrons to have a much larger opening angle, with a broad distribution
in ∆R, the two electrons being almost back-to-back.

3 Trigger selection

3.1 General requirements

ATLAS has a three level trigger system which reduces the 40 MHz bunch crossing rate to about 200 Hz
to be recorded. The first level (L1) is a hardware-based trigger which makes a fast decision (in 2.5 µs)
about which events are of interest for further processing, with a rate reduced down to below 40 kHz in its

1The corresponding branching ratio [11] is Br(J/ψ → ee) = (5.94±0.06)% and Br(ϒ→ ee) = (2.38±0.11)%.
2The corresponding branching ratios [12] are Br(b→ l−) = (10.71±0.22)%, Br(b→ c→ l+) = (8.01±0.18)%, Br(b→

c̄→ l−) = (1.62+0.44
−0.36)%, Br(b→ τ → e−) = (0.419±0.055)% and Br(b→ (J/ψ,ϒ)→ ee) = (0.072±0.006)%.
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Figure 1: Normalised distributions of generator-level transverse momentum pT (left) and pseudorapidity
|η | (right) in the pp→ J/ψX sample are shown for signal electrons (hatched histograms), electrons from
conversions (dotted line histogram), and pions (plain histograms).
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Figure 2: Distance ∆R at generator-level between the two signal electrons for direct J/ψ events (top left),
direct ϒ (top right) and J/ψ from b decays (bottom).

initial implementation. Coarse granularity information from the calorimeter and muon trigger systems
are used at this stage of the trigger to identify regions of the detector which contain interesting signals
corresponding to, for instance, electrons, muons, taus, and jets. These are called “Regions of Interest”
(RoIs) and are used to guide the later stages of the trigger reconstruction. The high level trigger (HLT)
is software-based and is split into two levels. At level 2 (L2) the full granularity of the detector is used
to confirm the L1 signals and then to combine information from different sub-detectors within the RoIs
identified at L1. Fast algorithms are used for the reconstruction at this stage and the rate is reduced to
1−2kHz with an average execution time of about 40ms. Lastly, at the event filter (EF), the whole event is
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Table 2: Mean generator-level pT (in GeV) for electrons and pions having pT > 2 GeV. Typical RMS on
distributions of Fig. 1 is 1.4 GeV.

sample electrons pions
signal B and D hadrons γ-conversions and π0 Dalitz

pp→ J/ψX 4.7 4.7 4.3 4.4
pp→ ϒX 4.8 4.5 4.0 4.2

pp→ Drell-Yan - 5.9 4.9 4.7
minimum bias - 4.2 4.2 4.2

bBd → µ(6)J/ψX 6.3 5.5 4.9 5.1

available and “offline-like” algorithms are used along with better alignment and calibration information
to form a final decision whether or not an event is accepted. With an execution time of about 4s, the rate
is reduced to 200Hz.

The expected ATLAS trigger performance at an initial luminosity of 1031 cm−2 s−1 is studied using
the samples described in the previous section. Two trigger menus are considered here: the first is a
purely electromagnetic menu which could be used only for early data taking; the second menu relies on
the B-trigger and could be extended for data taking at low luminosity 1033 cm−2 s−1. More details about
the overall trigger strategy, in particular for these channels, can be obtained in [14] and [15].
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Figure 3: Distribution of the generator-level transverse momentum of the less energetic electron versus
the transverse momentum of the most energetic electron in the direct J/ψ (left) and ϒ (right) decays.

3.2 Electron selection

J/ψ → ee and ϒ→ ee events are very demanding for the trigger system. Due to their relatively low
masses, the electrons produced in the J/ψ and ϒ decays are very soft. Figure 3 shows the distribution of
the transverse momentum of the less energetic electron versus the transverse momentum of the most en-
ergetic electron in J/ψ (left) and ϒ (right) decays [5]. This poses a huge challenge for the L1 calorimeter
trigger. Its performance at the low-energy end is limited by the noise of typically 0.5 GeV per RoI and a
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3 GeV threshold is the limit of what is feasible for the L1 trigger. The 6.5 kHz L1 output rate for 2EM3
(corresponding to two L1 electromagnetic clusters greater than 3 GeV ) makes it one of the biggest con-
sumers of the total bandwidth [14]. The strategy to trigger on J/ψ and ϒ→ ee events is based on low ET

L1 electromagnetic RoIs and further electron identification using calorimeter and inner detector informa-
tion at the HLT. The inner detector tracks are reconstructed in regions of half-size ∆η×∆ϕ = 0.1 × 0.1
around these electromagnetic RoIs.

Figure 4 shows the distribution of the invariant mass of the pairs of electrons for signal and back-
ground events after the L1 selection. The J/ψ and ϒ samples can be easily recognised by the resonance
peaks. Table 3 gives the number of events which are expected to pass the L1 selection. The L1 trigger
efficiency is calculated with respect to the number of generated events, which in particular include a
requirement on the minimum transverse momentum of 3 GeV on each electron as detailed in Section2.
The selected events are in the tail of the J/ψ distribution (see Figure 3). Additionally the requirement
of ET > 3 GeV at L1 implies ET >= 4 GeV thus starting to cut into the peak of the ϒ distribution. The
efficiency of this level is measured to be 27% for J/ψ and ϒ events. About 43% of Drell-Yan events
pass the L1 in the generated mass range. A total of 4.2×106 J/ψ →ee, 1.2×106 ϒ→ee and 0.12×106

Drell-Yan events are expected after this level. For the minimum bias sample, the enhancement above
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Figure 4: Expected differential cross section for low-mass electron pairs using the 2EM3 trigger menu
item after L1 selection for J/ψ decays (dotted histogram), ϒ decays (dashed histogram), Drell-Yan pro-
duction (solid histogram) and expected background (full circles). The invariant mass is reconstructed
with calorimeter only information available at L1.

6 GeV arises from the requirement of the presence of two L1 clusters with energy greater than 3GeV.
Studies and implementation of an efficient HLT selection, based on the selection of two electrons with
ET > 5 GeV (2e5 menu) is ongoing. Typical rates are expected to be ∼ 40 Hz at L2 and 6 Hz at EF.

Table 3: Performance of the 2EM3 trigger at the luminosity of 1031 cm−2 s−1 for the direct production
of J/ψ , ϒ, Drell-Yan and background events. For signal events the efficiency ε is given as well as the
number of expected events. For background the rate is provided. Quoted errors are statistical only.

J/ψ ϒ Drell-Yan background
ε (%) 106 ev / ε (%) 106 ev / ε (%) 106 ev Rate

100 pb−1 100 pb−1 100 pb−1 (Hz)
L1 27.4±0.3 4.17±0.04 27.3±0.3 1.22±0.01 43.0±0.5 0.12±0.001 6500±27
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3.3 B-physics

The B-trigger is expected to account for 5-10% of the total ATLAS trigger resources. The trigger for B-
physics is initiated by a single- or a di-muon selection at L1. At 1031 cm−2 s−1, a threshold pT > 4 GeV
will be used, rising to about 6 GeV at 1033 cm−2 s−1 to match the rate capabilities of the HLT. For
final states such as the bBd → µ(6)J/ψX events, inner detector tracks are combined to reconstruct the
J/ψ particles. Two different strategies are used for finding the tracks, depending on luminosity [16].
At 1031 cm−2 s−1 full reconstruction over the whole inner detector can be performed, since the L1
muon rate is comparatively modest, while at higher luminosities reconstruction will be limited to L1
electromagnetic RoIs with ET > 3 GeV. For the bBd → µ(6)J/ψX events the L1 trigger efficiency
is ∼ 88%. This latter approach has lower efficiency for selecting the signal but requires fewer HLT
resources for a fixed L1 rate. If one combines triggers for electromagnetic final states and pre-scaled
single muon-triggers needed for trigger efficiency measurements, the overall rate for B-physics triggers
is approximately 20 Hz at 1031 cm−2 s−1.

4 Electron reconstruction and identification

The standard electron reconstruction procedure [17], optimised for high energetic electrons, is based on
calorimeter clusters to which tracks are associated in a second step. An alternative procedure will be
used for the reconstruction of electrons originated from J/Ψ and ϒ decays. It takes full advantage of the
tracking capabilities of the inner detector as well as the granularity of the electromagnetic calorimeter.
The method is seeded by a track which is extrapolated into the electromagnetic calorimeter and allows
for efficient reconstruction of electrons in jets for b-tagging purpose (cf. [18]) and very low pT electrons.

4.1 Electron reconstruction

The track-based algorithm could handle any charged track particles with a transverse momentum greater
than 0.5 GeV. Still, as it will be detailed further, in order to reduce the amount of fake candidates, in
particular in jets, only particles with pT > 2 GeV are considered. The inner detector coverage goes to
pseudorapidity values up to 2.5, except for the transition radiation tracker (TRT) which extends up to
2. This subdetector being crucial nonetheless in the identification procedure but also to preselect tracks,
the electron reconstruction is limited to |η | < 2. Strict selection criteria, similar to the b-tagging ones,
are required to have at least nine precision hits (pixel and silicon detectors); at least two hits in the pixel
detector and at least one hit in the vertexing layer. The TRT plays a central role in electron identification.
Selection criteria are thus required to have at least 20 hits in the TRT and at least one high energy hit
(HTR hit) in the TRT detector along the track. After these criteria, only 50% of initial tracks remain.
All the tracks that pass these criteria are extrapolated [19] to the second sampling of the electromagnetic
calorimeter. Around this position a cluster of size ∆η ×∆φ = 0.075× 0.125 (3× 5 in units of cells in
the middle sampling) in the barrel and ∆η ×∆φ = 0.125× 0.125 (5× 5) in the end-caps is built. The
cell with the maximum energy is searched within a small η and φ window, 0.075×0.075 in the middle
layer, around the extrapolation point. Shower shapes are estimated with respect to this position.

Since the algorithm is the same as for the reconstruction of electrons in jets [18], a set of preselection
criteria are applied to decrease the number of fake candidates:

- the fraction of energy reconstructed in the core of the shower in the first sampling E1(core)/E >0.03;

- the fraction of energy reconstructed in the core of the shower in the third sampling E3(core)/E <0.5;

- the ratio of the energy E reconstructed in the electromagnetic calorimeter over the momentum p
reconstructed in the inner detector E/p >0.7.
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The above selection rejects about 5% of signal electrons but also ensures that the shower shapes in the
first sampling are correctly defined. Finally, candidates which are also reconstructed as originating from
a conversion [13] are vetoed, corresponding to a loss of 1-3% of signal electrons and pions.

By fitting electron tracks in such a way as to allow for bremsstrahlung, it is possible to improve
the reconstructed track parameters, as shown in Fig. 5 on the ratio between the reconstructed and the
true momentum for electrons. These algorithms rely exclusively on the inner detector information. The
method of dynamic-noise-adjustment extrapolates track segments to the next silicon layer. If it finds
a significant χ2 contribution, compatible with an energy loss by the track due to bremsstrahlung, the
fraction of radiated energy is estimated and a corresponding additional noise term is included in the
Kalman filter [1] [20].
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Figure 5: Left : ratio of the reconstructed to true momentum for electrons, for the default Kalman filter
(hatched histogram) and for bremsstrahlung recovery algorithm (plain histogram) in the J/ψ samples.
Right : ratio of the reconstructed to true energy versus η for electrons.

Position and energy corrections are applied in the precise reconstruction of the electromagnetic clus-
ter and are described in [21]. These corrections have been tuned for high energy clusters and are not
optimal for low energy electrons. Moreover, they have been determined with electron samples simulated
with a detector taken to be perfectly aligned. In Fig. 5 the ratio between the reconstructed and the true
energy is shown as a function of |η | for signal electrons from J/ψ samples. It can be seen that these
corrections over-estimate the electron energy except in the crack region where the effect of extra-material
in front of the calorimeter is important. Work is on going to improve the energy reconstruction at low
energy.

By default the four-momentum of an electron is defined as the energy reconstructed in the calorime-
ter, whereas direction is taken from the associated track. As in this note the main physics processes
result in electron transverse momenta of less than 15 GeV, the tracker momentum is used instead of the
energy unless stated otherwise. Future developments in ATLAS will ensure an optimal combination of
calorimeter and tracker measurements in the energy definition.

4.2 Electron identification

The most common background processes for producing electron-like showers in the calorimeters were
described in section 2. Because the development of showers is different for electrons and hadrons, the
electron identification algorithm incorporates variables that describe the shower shapes, quality of the
match between the track and its corresponding cluster and the fraction of high threshold hits in the
transition radiation tracker.
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4.2.1 Identification of isolated electrons

The identification for isolated electrons is based on cuts on the shower shapes, on information from the
reconstructed tracks and on the combined reconstruction [17]. To be consistent with the trigger selection,
only particles having a transverse energy ET > 5 GeV are considered in the following. Three levels of
selection are available:

- “loose”, consisting of simple shower-shape cuts (longitudinal leakage, shower shape in the middle
layer of the electromagnetic calorimeter) and very loose matching cuts between reconstructed
tracks and calorimeter clusters;

- “medium”, which adds shower shape cuts making use of the important information contained in
the first layer of the electromagnetic calorimeter and track-quality cuts; and

- “tight”, with tighter track matching criteria and the cut on the energy-to-momentum ratio. This
selection also explicitly requires the presence of a vertexing-layer hit on the track (to further reject
photon conversions) and a large ratio of high-threshold to low-threshold hits in the TRT detector
(to further reject the background from charged hadrons). Additionally, further isolation of the
electron may be required by using calorimeter energy isolation beyond the cluster itself. Two sets
of tight selection cuts are used to estimate the overall performance of the electron identification.
They are labeled as “tight(TRT)”, in the case where a TRT cut with approximately 90% efficiency
for electrons is applied, and as “tight(isol)”, in the case where a TRT cut with approximately 95%
efficiency is applied in combination with a calorimeter isolation cut.

The discriminating variables show a significant dependence on the pseudorapidity and a less pronounced
one on the transverse momentum. In η the dependence corresponds to varying granularities, lead thick-
ness and material in front of the electromagnetic calorimeter. The separation between the distributions
obtained for electrons and pions can vary also with η . The thresholds applied for cuts have been op-
timised in five η bins, (0,0.8), (0.8,1.37), (1.37,1.52), (1.52,1.8), (1.8,2.0), and for transverse energies
below 7.5 GeV, between 7.5 and 15 GeV and above 15 GeV.

The electron identification efficiency is defined as εe = Nt
e/Ne, where Ne is the number of signal elec-

tron tracks, which pass the track cuts and Nt
e is the number of signal electrons which pass identification

cuts. The charged pion rejection is defined as Rπ = Nπ/Nt
π , where Nπ is the number of good quality

pion tracks and Nt
π is the number of good quality pion tracks misidentified as signal electrons. Table 4

shows the electron identification efficiency and pion rejection factor after loose, medium, tight with no
isolation requirement and tight selections for the different data samples. For tight selection the efficiency
is εe ∼ 65% for direct J/ψ production. Performance is similar for the ϒ sample, despite the higher av-
erage momentum of the signal electrons, due to the cut on ET > 5 GeV. Figure 6 shows in more detail
the overall reconstruction and identification performance: the pT and η dependences of the efficiencies
for electrons. There is still an important η dependence due to a few discriminating variables and work is
ongoing to improve it.

4.2.2 Identification of electrons from b quark

Another identification procedure is optimised for non-isolated electrons and is thus particularly useful
for bb̄ events. The trigger anticipated for these events is based on a muonic decay mode of either the
b or the b̄ quark. All good quality tracks are considered above a transverse momentum pT >2 GeV.
When possible we use the same variables as for the isolated electron identification but some variables
- like the hadronic leakage by the fraction of energy reconstructed in the third sampling - are replaced
or only the core of the electromagnetic shower is used. In addition to the traditional cut-based analysis,
multivariate techniques have been developed, based on the similar variables, and in particular a likelihood
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Table 4: Expected efficiencites εe for electrons from J/ψ and ϒ decay for the four standard levels of cuts
used for isolated electron identification. Only electrons with ET > 5 GeV, corresponding to the HLT
threshold, are considered. The crack region in the electromagnetic calorimeter, between 1.37 < |η | <
1.52 is removed. The quoted errors are statistical only.

Selection pp→ J/ψX pp→ ϒX
εe (%) Rπ εe (%) Rπ

Loose 84.3 ± 0.1 36 ± 3 83.7 ± 0.4 32 ± 7
Medium 78.4 ± 0.1 72 ± 9 78.4 ± 0.4 49 ± 13

Tight(TRT) 71.4 ± 0.1 109 ± 17 71.3 ± 0.4 57 ± 16
Tight (isol) 65.5 ± 0.1 900 ± 400 66.1 ± 0.5 740 ± 300
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Figure 6: Electron identification efficiency with “Tight(TRT)” cuts level as a function of the pseudora-
pidity (left) and the transverse momentum (right) in direct J/ψ events.

technique can also be used. Figure 7 shows the obtained pion rejection curve as a function of the electron
identification efficiency. In the following the working point is an electron identification efficiency of
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Figure 7: Pion rejection as a function of the electron identification efficiency, in bBd → µJ/ψX sample.
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80%, corresponding to a pion rejection factor of ∼ 1300. Figure 8 shows the overall reconstruction and
identification performance in more details: the pT and η dependencies of the efficiencies are shown for
electrons.
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Figure 8: Electron identification efficiency in bBd→ µ(6)J/ψX sample as a function of the pseudorapid-
ity (left) and the transverse momentum (right). The mean electron identification efficiency is εe = 80%.

5 Expected physics studies for early data

5.1 Number of expected events

As described in section 3, for an initial luminosity of 1031 cm−2 s−1, the trigger seelction of two low
energy electrons (2EM3 menu at level 1) should provide good statistics for J/ψ→ ee and ϒ→ ee decays.
Fig. 9 shows the expected differential cross-section for low-mass electron pairs using the 2EM3 trigger
menu item and the offline selection in linear (left) and log (right) scale. The invariant mass is recon-
structed with direction taken from the inner detector and energy from the electromagnetic calorimeter
which allows a better reconstruction of the invariant mass than using calorimeter only information as
done at level 1. The signal-to-background ratio obtained is greater than one at the J/ψ and ϒ peaks. With
an integrated luminosity of 100 pb−1 and an efficient identification and reconstruction of these low-mass
pairs, approximately two hundred thousand J/ψ decays could be extracted (see table 5).

Table 5: Number of expected events for direct production of J/ψ , ϒ and Drell-Yan events passing the
2EM3 trigger and offline analysis. Numbers are given for an integrated luminosity of 100 pb−1 with
early data taking at 1031 cm−2 s−1. Quoted errors are statistical only.

J/ψ ϒ Drell-Yan
103 ev / 103 ev / 103 ev /

100 pb−1 100 pb−1 100 pb−1

offline + ET > 5 GeV 256±9 45±5 13.9±0.3
offline + ET > 5 GeV + L1 230±9 43±5 13.3±0.3

Moreover, the standard B-physics trigger, using a single muon above a threshold of pT > 4 GeV, can
give access to a sample of J/ψ events originating from the bb̄ production, without possible bias on the
selection of electromagnetic objects. Due to its lower cross-section, the expected number of events is
much less, around 2.3×103 after offline selection and ∼ 1.9×103 after trigger and offline selection, but
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Figure 9: Expected differential cross section for low-mass electron pairs using the 2EM3 trigger menu
item and the offline selection in linear (left) and log (right) scale. Shown is the invariant di-electron
mass distribution reconstructed using tracks for J/ψ → ee decays (dotted histogram), ϒ→ ee decays
(dashed histogram) and Drell-Yan production (full histogram). Also shown is the expected background
(full circles). The invariant mass is reconstructed with direction taken from the inner detector and energy
from the electromagnetic calorimeter.

without any selection on the electrons themselves. A better estimation of this number requires combining
a single muon trigger with a trigger for electromagnetic final states as described in section 3.3.

5.2 Quality of the mass reconstruction with initial data

In this section, we study the offline reconstruction of the J/ψ and ϒ particles from their decay products.
After a short description of the algorithm, we study the performance of the reconstruction for J/ψs
originating from the bb̄ decays. The invariant mass has been reconstructed with the inner detector only,
combining information from the inner detector and the electromagnetic calorimeter, and using only the
latter information. For the reconstruction with inner detector information we present results with and
without the bremsstrahlung recovery procedure included. For direct production of J/ψ and ϒ, we only
show results using mass reconstruction with the inner detector.

5.2.1 Reconstruction of J/ψ and ϒ events

The identification of electrons is performed using the electron reconstruction algorithm described above.
Electrons are identified with either the “tight” cuts for isolated electrons, or based on the likelihood
method tuned to an electron identification efficiency of 80%. Pairs of electrons are thus selected. These
pairs define the overall detection efficiency of J/ψ (or ϒ) events which is the product of the losses due to
the removal of clusters located in the crack in the electromagnetic calorimeter, the track quality cuts, and
the electron identification efficiency.

Pairs of reconstructed opposite-charge tracks are fitted to a common vertex. Only events with a
quality of the fit with χ2 per degree of freedom < 6 are retained Fig. 10 shows the distribution of the
reconstructed transverse decay length Lxy for direct J/ψ events and events originated from B hadrons

decay. It is defined as: Lxy =
~D·~pT (J/ψ)
||~pT (J/ψ)|| , where D is the distance between the primary and secondary

vertices and pT (J/ψ) is the J/ψ reconstructed transverse momentum. It is used to distinguish between
the prompt J/ψ , which have a pseudo-proper time of zero (Lxy < 0.4 mm) , and B-hadron decays into
J/ψ+X having an exponentially decaying pseudo-proper time distribution due to the non-zero lifetime of
the parent B-hadrons (Lxy > 0.25 mm).
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Figure 10: Distributions of the reconstructed transverse decay length direct J/ψ events (left) and J/ψ
events originated from B hadrons decay (right).

5.2.2 Reconstruction of J/ψ from bb̄ decays

After selection, only ∼2000 events are reconstructed. This statistics is scaled to 1.9×103 events, corre-
sponding to the expected statistics for an integrated luminosity of 100 pb−1.

Reconstruction in the inner detector:
Fig. 11 shows the electron pair invariant mass distribution using only the inner detector information for
signal events. The fitted function behaves as a Breit-Wigner distribution ∼ Γ/(∆m2

0 +(Γ/2)2) to the left
of the peak m0, and as a Gaussian of width σright to the right, as shown in Fig. 11. The parameter σright
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Figure 11: The electron pair invariant mass distribution for bBd → µ(6)J/ψX events. The energy and
direction information are taken from the inner detector. An asymmetric fit is performed with a function
which behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to the right of
the peak. Results are shown without (crosses) and with (bullets) bremsstrahlung recovery included.
Selection of events includes L1 trigger and offline and number of events is scaled to 100 pb−1.
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characterises the effective resolution in the invariant mass distribution of the pair, while Γ is a measure
of the intensity of energy loss by the electrons due to the bremsstrahlung. ∆m0 = m0−MJ/ψ , where
MJ/Ψ = 3096 MeV is the nominal J/ψ mass. The fitted values of the parameters are shown in Table 6.
The J/ψ reconstruction performance is assessed separately for the three cases: TRT barrel, when both
electrons have their track pseudorapidity |η | < 0.7, the TRT end-caps, when at least one electron has
|η | > 0.7, and the full η range. In general the quality of the fit is not very high, in particular we see

Table 6: Results of an asymmetric fit to the invariant mass distributions for bBd → µ(6)J/ψX events,
with a function that behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to
the right of the peak. The direction and energy information are taken from the inner detector.

brem fit η range ∆m0 (MeV) Γ (MeV) σright (MeV)
all −77±7 557±20 67±4

No Barrel −71±7 393±19 65±4
End-caps −178±17 688±43 123±11

All −66±6 540±18 99±4
Yes Barrel −45±7 417±19 77±5

End-caps −128±12 657±33 155±8

difficulties with correctly reproducing the peak. Table 6 shows the results of the fit of the invariant mass.
A shift in the reconstructed mass is measured around 77 MeV, larger in the end-caps than in the barrel. As
mentioned in [5], such mass shifts may be due to detector alignment, material effects, magnetic field scale
and its stability. The CDF collaboration extensively and successfully used this method but it took many
years at the Tevatron to collect sufficient statistics to allow for the disentanglement of various detector
effects [22]. The parameter Γ is around 550 MeV. The Gaussian width, estimated from the right part of
the distribution is around 67 MeV. One can also notice the improvement in the mass reconstruction from
bremsstrahlung recovery. Without any bremsstrahlung recovery, only 47% of events are reconstructed
within ± 200 MeV of the nominal J/ψ mass, whereas with the use of the bremsstrahlung recovery, this
fraction increases to approximately 55% for the dynamic-noise-adjustment algorithm.

Combined reconstruction:
The J/ψ mass can be also determined combining information from the inner detector and the electro-
magnetic calorimeter. The energy is taken from the electromagnetic calorimeter and the direction from
the more accurate measurements provided by the inner detector, taking into account the bremsstrahlung
recovery procedure. Figure 12 shows the di-electron invariant mass distribution obtained from the signal
sample only. An asymmetric gaussian function is fitted, with different width, σleft and σright, either side
of the fitted peak mass m0. It is performed in a narrow mass interval, between 2.5 and 3.6 GeV. The
parameter σright characterises the effective resolution in the invariant mass, while σleft is a measure of the
deterioration of this resolution due to bremsstrahlung. The fitted values of the parameters are shown in
Table 7. Performance is assessed separately for the three cases: TRT barrel, when both electrons have
their track pseudorapidity |η |< 0.7, the TRT end-caps, when at least one electron has |η |> 0.7, and the
full η range. The resolution obtained is highly asymmetric, ∼ 387 MeV on the left and ∼ 189 MeV on
the right. It can be also noticed that the quality of the fit is rather poor.

Reconstruction in the electromagnetic calorimeter:
Finally it is interesting to investigate the performance if we rely only on the information from the elec-
tromagnetic calorimeter. Fig. 13 shows the electron candidates invariant mass distribution obtained from
the signal sample only. The same function defined for the combined reconstruction is used to fit the
distributions. The fitted values of the parameters are shown in Table 8. Performance is assessed sepa-
rately in three cases: the barrel region of the electromagnetic calorimeter, when both electrons have their
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Figure 12: The electron pair invariant mass for bBd → µ(6)J/ψX events. The energy is taken from the
electromagnetic calorimeter and the direction from the inner detector (including bremstrahlung recov-
ery). Selection of events includes L1 trigger and offline and number of events is scaled to 100 pb−1.

Table 7: Asymmetric Gaussian fit results for bBd → µ(6)J/ψX events. The energy is taken from the
electromagnetic calorimeter and the direction from the inner detector.

η ∆m0 (MeV) σleft (MeV) σright (MeV)
All 101±14 327±12 189±11

Barrel 94±16 285±12 183±12
End-caps 113±28 385±27 191±21

pseudorapidity |η |< 1.4; the end-cap region, when at least one electron has |η |> 1.4; and for the full η
range. The resolution obtained from the width of the Gaussian is ∼ 550 MeV.

Table 8: Asymmetric Gaussian fit results for bBd → µ(6)J/ψX events. The energy and direction infor-
mation is taken from the electromagnetic calorimeter only.

η ∆m0 (MeV) σleft (MeV) σright (MeV)
all −17±54 567±46 541±53

barrel −9±62 558±50 560±60
end-cap −68±102 629±125 414±74

5.2.3 Reconstruction of direct J/ψ and ϒ events

After selection, only ∼4000 events are reconstructed. This statistics is scaled to 2.3×105 events, corre-
sponding to the expected statistics for an integrated luminosity of 100 pb−1. Figure 14 shows the electron
pair invariant mass distribution using only the inner detector information. The same function as defined
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Figure 13: The electron pair invariant mass for bBd → µ(6)J/ψX events. The energy and direction
are taken from the electromagnetic calorimeter. Selection of events includes L1 trigger and offline and
number of events is scaled to 100 pb−1.
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Figure 14: The electron pair invariant mass distribution for pp→ J/ψX events. The energy and direction
information are taken from the inner detector. An asymmetric fit is performed with a function which
behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to the right of the peak.
Selection of events includes L1 trigger, offline and a cut on ET > 5 GeV for each electron to mimic the
HLT. The number of events is scaled to 100 pb−1.

previously is fitted. The fitted values of the parameters ∆m0, Γ and σright are shown in Table 9. The fitted
mass value is shifted by about 100 MeV, the Γ factor is∼ 300 MeV and the resolution term is∼ 70 MeV.
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Table 9: Results of an asymmetric fit to the invariant mass distributions for pp→ J/ψX events, with a
function that behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to the right
of the peak. The direction and energy information are taken from the inner detector.

η ∆m0 (MeV) Γ (MeV) σright (MeV)
All -98 ± 1 298 ± 2 71 ± 1

Barrel -77 ± 1 255 ± 2 62 ± 1
End-caps -142 ± 2 354 ± 3 87 ± 2

5.2.4 ϒ reconstruction

After selection, only ∼1000 events are reconstructed. This statistics is scaled to 4.3×104 events, corre-
sponding to the expected statistics for an integrated luminosity of 100 pb−1. Fig. 15 shows the electron
pair invariant mass distribution from the inner detector information. The fitted values of the parameters
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Figure 15: The electron pair invariant mass distribution for pp→ ϒX events. The energy and direction
information are taken from the inner detector. An asymmetric fit is performed with a function that
behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to the right of the peak.
Selection of events includes L1 trigger, offline and a cut on ET > 5 GeV for each electron to mimic the
HLT. Number of events is scaled to 100 pb−1.

are shown in Table 10. The fitted mass value is shifted by about 180 MeV, the Γ factor is ∼ 1 GeV and
the resolution term is ∼ 140 MeV.

5.3 Assessment of performance in situ with initial data

Initial studies have been performed for the J/ψ→ ee tag-and-probe method briefly outlined below, using
events satisfying a single electron trigger with ET > 5GeV. Due to too high rate at L1 (40 kHz) it has
to be pre-scaled by a factor of 60, which reduces the final statistics. Those events are used to look for
an opposite-charge electron pair identified by the offline electron reconstruction with an invariant mass
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Table 10: Results of an asymmetric fit to the invariant mass distributions for pp→ ϒX events, with a
function which behaves as a Breit-Wigner distribution to the left of the peak and as a Gaussian to the
right of the peak. The direction and energy information are taken from the inner detector.

η range ∆m0 (MeV) Γ (MeV) σright (MeV)
All -181 ± 5 1098 ± 11 137 ± 3

Barrel -177 ± 5 930 ± 12 137 ± 3
End-caps -252 ± 11 1335 ± 25 166 ± 7

near the J/ψ peak. Using the second electron as the probe which was not required to pass any trigger
selection, the efficiency (relative to the offline selection) of a given trigger signature can be measured.
We expect to collect of the order of ≈ 20×103 J/ψ signal events after the pre-scale with an integrated
luminosity of 100 pb−1. Similar studies could be performed to study the offline electron selection.

One important ingredient in the calibration strategy for the electromagnetic calorimeter is the use of
large statistics samples of Z→ ee decays to perform an accurate inter-calibration of regions with a fixed
size of ∆η ×∆ϕ = 0.2× 0.4. To cross-check the calibration obtained from the Z0 decays and also to
check the linearity of the calorimeter, it is important to have calibration coefficients for a lower electron
energy range, which can be obtained using the J/ψ → ee and ϒ→ ee decays as shown in [23]. With
the expected statistics, a statistical precision of ∼ 0.6% can be expected on the inter-calibration of the
electromagnetic calorimeter based on 100 pb−1. Still, more studies are needed in particular to improve
the energy reconstruction and to disentangle effects of inter-calibration with the distribution of material
in front of the electromagnetic calorimeter.

More generally, these electron samples will allow us to study the performance of both the recon-
struction of tracks in the inner detector and clusters in the electromagnetic calorimeter, as well as the
alignment between these two detectors. All these studies are crucial for the very first measurements
(such as, for example cross-section measurements) to be performed by the ATLAS experiment on the
early data.

6 Conclusion

In this note, the strategy to reconstruct J/ψ and ϒ particles, decaying into electron-positron pairs, has
been investigated. The possible trigger strategies have also been described. For initial luminosities
of 1031 cm−2 s−1, a trigger on low-energy di-electron pairs (2EM3 at L1) should provide good statistics
for the direct production of these particles. Moreover the standard B-physics trigger, using a single
muon above a certain pT threshold can give access to these events through the bb̄ production, without
biasing the selection of electromagnetic objects. For these studies, the electron reconstruction seeded by
a track in the inner detector has been used. Compared to previous studies, the main improvement comes
from the identification procedure, which can either use the standard cut-based analysis, with thresholds
tuned at low energy, or a dedicated identification developed for non-isolated electrons. The signal-to-
background ratio obtained is larger than one at the J/ψ and ϒ peaks, but the extraction of the Drell-Yan
signal requires further studies. With an integrated luminosity of 100 pb−1 and an efficient identification
and reconstruction of these low-mass pairs, approximately two hundred thousand J/ψ decays could be
isolated for detailed studies of the electron identification and reconstruction performance, in particular in
terms of matching energy and momentum measurements at a scale quite different from that of the more
commonly used Z→ ee decays.
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Muon Reconstruction and Identification: Studies with
Simulated Monte Carlo Samples

Abstract
The strategy and performance for muon identification and reconstruction in
ATLAS are described. Performance metrics include efficiency, fake rates and
momentum resolution. Results are based on data simulated and reconstructed
in 2007.

1 Introduction

The ATLAS experiment will detect particles created in 14 TeV proton-proton collisions produced by the
CERN LHC (Large Hadron Collider). Only a tiny fraction of these collisions will correspond to inter-
esting standard model processes and an even smaller fraction to new physics. Muons, especially those
with high-pT (transverse momentum) and those that are isolated (from other activity in the detector), will
be much more common in these interesting events than in the background, and thus provide important
means to identify such events and to determine their properties. The ATLAS detector has been designed
to be efficient in the detection of muons and to provide precise measurement of their kinematics up to
one TeV.

In parallel with the construction of the detector, software has been developed to reconstruct these
muons, i.e., for each recorded event, to identify muons and measure their position, direction and momen-
tum. Here we describe the strategies being pursued for this reconstruction and the current performance
characterized in terms of efficiency, fake rate and precision and accuracy of measurement. The results
reported here are based on simulation data generated and reconstructed in 2007.

We begin with descriptions of the detector, the reconstruction algorithms and the means by which
we measure the performance. These are followed by sections documenting this performance for each of
the various reconstruction strategies and finally a section summarizing results and commenting on future
developments.

2 Detector

The ATLAS detector [1] has been designed to provide clean and efficient muon identification and precise
momentum measurement over a wide range of momentum and solid angle. The primary detector system
built to achieve this is the muon spectrometer, shown in Figure 1. The spectrometer covers the pseudo-
rapidity range |η | < 2.7 and allows identification of muons with momenta above 3 GeV/c and precise
determination of pT up to about 1 TeV/c.

The muon spectrometer comprises three subsystems:

• Superconducting coils provide a toroidal magnetic field whose integral varies significantly as a
function of both η and ϕ (azimuthal angle). The integrated bending strength (Figure 2) is roughly
constant as a function of η except for a significant drop in the transition between the barrel and
endcap toroid coils (1.4∼<|η | ∼<1.6).

• Precision detectors are located in three widely-separated stations at increasing distance from the
collision region. Each station includes multiple closely-packed layers measuring the η-coordinate,
the direction in which most of the magnetic field deflection occurs. Monitored drift tubes provide
these measurements everywhere except in the high-η (|η | > 2.0) region of the innermost station
where cathode strip chambers are used. The measurement precision in each layer is typically better
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Figure 1: The ATLAS muon spectrometer.

than 100 µm. The cathode strip chambers additionally provide a rough (1 cm) measurement of the
ϕ-coordinate.

• Resistive plate and thin gap chambers provide similarly rough measurements of both η and ϕ near
selected stations.

High-pT muons typically traverse all three stations but there are η-ϕ regions where one, two or all
three stations do not provide a precision measurement, e.g. those regions with support structures or
passages for services. There are also regions where overlaps allow two measurements from a single
station. Figure 3 shows the number of station measurements as function of η and ϕ . The resolution and
efficiency are degraded where one or more stations do not provide a measurement.

Figure 4 shows how contributions to the muon spectrometer momentum resolution vary as a function
of pT . At low momentum, the resolution is dominated by fluctuations in the energy loss of the muons
traversing the material in front of the spectrometer. Multiple scattering in the spectrometer plays an
important role in the intermediate momentum range. For pT > 300 GeV/c, the single-hit resolution,
limited by detector characteristics, alignment and calibration, dominates.

The other ATLAS detector systems also play important roles in achieving the ultimate performance
for muon identification and measurement. The calorimeter, with a thickness of more than 10 interaction
lengths, provides an effective absorber for hadrons, electrons and photons produced by proton-proton
collisions at the center of the ATLAS detector. Energy measurements in the calorimeter can aid in muon
identification because of their characteristic minimum ionizing signature and can provide a useful direct
measurement of the energy loss [2].

A tracking system inside the calorimeters detects muons and other charged particles with hermetic
coverage for |η |< 2.5, providing important confirmation of muons found by the spectrometer over that
η range. This inner detector has three pixel layers, four stereo silicon microstrip layers, and, for |η | <
2.0, a straw-tube transition radiation detector that records an average of 36 additional measurements on
each track. A 2 Tesla solenoidal magnet enables the inner detector to provide an independent precise
momentum measurement for muons (and other charged particles). Over most of the acceptance, for pT

roughly in the range between 30 and 200 GeV/c, the momentum measurements from the inner detector
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Figure 2: ATLAS muon spectrometer integrated magnetic field strength as a function of |η |.

Figure 3: Number of detector stations traversed by muons passing through the muon spectrometer
as a function of |η | and ϕ .
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and muon spectrometer may be combined to give precision better than either alone. The inner detector
dominates below this range, and the spectrometer above it.

3 Overview of reconstruction and identification algorithms

ATLAS employs a variety of strategies for identifying and reconstructing muons. The direct approach is
to reconstruct standalone muons by finding tracks in the muon spectrometer and then extrapolating these
to the beam line. Combined muons are found by matching standalone muons to nearby inner detector
tracks and then combining the measurements from the two systems. Tagged muons are found by ex-
trapolating inner detector tracks to the spectrometer detectors and searching for nearby hits. Calorimeter
tagging algorithms are also being developed to tag inner detector tracks using the presence of a mini-
mum ionizing signal in calorimeter cells. These were not used in the data reconstruction reported here
and their performance is documented elsewhere [2].

The current ATLAS baseline reconstruction includes two algorithms for each strategy. Here we
briefly describe these algorithms. Later sections describe their performance.

The algorithms are grouped into two families such that each family includes one algorithm for each
strategy. The output data intended for use in physics analysis includes two collections of muons—one
for each family—in each processed event. We refer to the collections (and families) by the names of the
corresponding combined algorithms: Staco [3] and Muid [4]. The Staco collection is the current default
for physics analysis.

3.1 Standalone muons

The standalone algorithms first build track segments in each of the three muon stations and then link the
segments to form tracks. The Staco-family algorithm that finds the spectrometer tracks and extrapolates
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them to the beam line is called Muonboy [3]. On the Muid side, Moore [5] is used to find the tracks and
the first stage of Muid performs the inward extrapolation.

The extrapolation must account for both multiple scattering and energy loss in the calorimeter. Muon-
boy assigns energy loss based on the material crossed in the calorimeter. Muid additionally makes use
of the calorimeter energy measurements if they are significantly larger than the most likely value and the
muon appears to be isolated [6].

Standalone algorithms have the advantage of slightly greater |η | coverage—out to 2.7 compared to
2.5 for the inner detector—but there are holes in the coverage at |η | near 0.0 and 1.2 (see figure 3).
Very low momentum muons (around a few GeV/c) may be difficult to reconstruct because they do not
penetrate to the outermost stations.

Muons produced in the calorimeter, e.g. from π and K decays, are likely to be found in the standalone
reconstruction and serve as a background of “fake” muons for most physics analyses. There are a few
exotic channels for which charged particles appearing in the calorimeter are a signal of interest.

3.2 Inner detector

The primary track reconstruction algorithm for the inner detector is described in Ref. [7]. Space points
are identified in the pixel and microstrip detectors, these points are linked to form track seeds in the
inner four layers, and tracks are found by extending these seeds to add measurements from the outer
layers. This strategy is expected to give very high detection efficiency over the full detector acceptance,
|η |< 2.5.

3.3 Combined muons

Both of the muon combination algorithms, Staco and Muid, pair muon-spectrometer tracks with inner-
detector tracks to identify combined muons. The match chi-square, defined as the difference between
outer and inner track vectors weighted by their combined covariance matrix:

χ2
match = (TMS−TID)T (CID +CMS)−1 (TMS−TID) (1)

provides an important measure of the quality of this match and is used to decide which pairs are retained.
Here T denotes a vector of (five) track parameters—expressed at the point of closest approach to the beam
line—and C is its covariance matrix. The subscript ID refers to the inner detector and MS to the muon
spectrometer (after extrapolation accounting for energy loss and multiple scattering in the calorimeter).

Staco does a statistical combination of the inner and outer track vectors to obtain the combined track
vector:

T = (C−1
ID +C−1

MS)
−1 (C−1

ID TID +C−1
MS TMS) (2)

Muid does a partial refit: it does not directly use the measurements from the inner track, but starts from
the inner track vector and covariance matrix and adds the measurements from the outer track. The fit
accounts for the material (multiple scattering and energy loss) and magnetic field in the calorimeter and
muon spectrometer.

3.4 Tagged muons

The spectrometer tagging algorithms, MuTag [3] and MuGirl [8], propagate all inner detector tracks with
sufficient momentum out to the first station of the muon spectrometer and search for nearby segments.
MuTag defines a tag chi-square using the difference between any nearby segment and its prediction from
the extrapolated track. MuGirl uses an artificial neural network to define a discriminant. In either case,
if a segment is sufficiently close to the predicted track position, then the inner detector track is tagged as
corresponding to a muon.

5
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At present, both algorithms simply use the inner-detector track to evaluate the muon kinematics, i.e.
the inner track and spectrometer hits are not combined to form a new track. This is not very important in
the low-pT regime that these algorithms were originally intended to address. Both algorithms are being
further developed to allow extrapolation to other and multiple stations and add the capability to include
the spectrometer measurements in a track refit.

There is an important difference in the way these algorithms are run in the standard reconstruction
chain. MuGirl considers all inner-detector tracks and redoes segment finding in the region around the
track. MuTag only makes use of inner-detector tracks and muon-spectrometer segments not used by
Staco. Thus MuTag serves only to supplement Staco while MuGirl attempts to find all muons. Obviously,
MuTag is part of the Staco family and most sensibly used in that context. MuGirl muons are recorded as
part of the Muid family.

3.5 Merging muons

The muon finding efficiency (and fake rate) may be increased by including muons found by multiple
algorithms but care must be taken to remove overlaps, i.e. cases where the same muon is identified by
two or more algorithms. To a large extent, this is done when the collections are created. Standalone
muons that are successfully combined are not recorded separately. In those cases where a standalone
muon is combined with more than one inner-detector track, exactly one of the muons is flagged as “best
match.” In the Staco collection, the tagged and combined muons do not overlap by construction. In
the Muid collection, overlaps between MuGirl and Muid muons are removed by creating a single muon
when both have the same inner detector track.

Analysts wishing to merge standalone and tagged muons or muons from different collections may
make use of a muon selection tool to remove overlaps. It requires muons have different inner-detector
tracks and merges standalone muons that are too close to one another. Closeness is defined by η-ϕ
separation with a default limit of 0.4.

4 Tools for performance evaluation and classification of tracks

Simulation samples were created in the ATLAS framework by running an event generator (PYTHIA [9]
or MC@NLO [10, 11]) and using GEANT4 [12] to propagate the final-state particles using ATLAS-
specific code to describe the geometry and response of the detector. The data were then reconstructed
using the software based on the algorithms described in the previous chapter.

4.1 Truth matching and track classification

Muon reconstruction performance is evaluated for each event by comparing selected reconstructed muons
with the true muons, i.e. those in the Monte Carlo truth record. The latter include muons created in the
initial event generation as well as secondaries produced during propagation through the tracking volume.
Muons produced in the calorimeter or muon spectrometer are not included in the truth record. True
muons with transverse momentum below 2 GeV/c are also excluded to avoid spurious matches with
candidates we do not expect to be able to reconstruct.

For each event, a one-to-one matching is performed between the selected reconstructed muons and
the true muons. The matching makes use of two distance metrics: Dre f is the reference distance measured
from true muon to the reconstructed muon:

Dre f =

√(
ϕreco−ϕtrue

0.005

)2

+
(

ηreco−ηtrue

0.005

)2

+
(

∆pT /pT

0.03

)2

(3)
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and Deva is the evaluation distance measured from the reconstructed muon to the true muon:

Deva =
√

(Treco−Ttrue)C−1
reco (Treco−Ttrue) (4)

In the first equation, ∆pT /pT is the fractional momentum resolution:

∆pT

pT
=

1/pTreco−1/pTtrue

1/pTtrue
=

pTtrue− pTreco

pTreco
(5)

Here pT is signed (i.e. carries the charge sign), but elsewhere in the text it denotes the magnitude
of the transverse momentum. In the second distance equation, T again denotes the vector of (five)
track parameters (expressed at the distance of closest approach to the beam line) and C the associated
covariance matrix. Note that D2

eva is a chi-square with five degrees of freedom.
There is a maximum allowed value for each of these distances. For Deva the maximum value is 1000,

a very loose cut. The limit for Dre f is 100 and we see from equation 3 this implies the matched muons
must be within a distance of 0.5 in η and ϕ and have the same charge sign with pTreco > 0.25 pTtrue or
opposite sign with pTreco > 0.50 pTtrue.

The matching is carried out by first examining each reconstructed muon and assigning it to the nearest
true muon using the evaluation distance. The reconstructed muon is left unmatched if no distance is less
than the maximum allowed value. The reference distance is evaluated for each match and the match is
discarded if it exceeds the threshold for that quantity. If more than one match remains for any true muon,
then only the match with the smallest reference distance is retained.

True muons that are matched are said to be found and those left unmatched are lost. Found muons
are classified as good if they have Deva < 4.5 corresponding to a chi-square probability above 0.0011.

Reconstructed muons are said to be real if they are matched and fake if unmatched. Note that these
fakes may correspond to true muons produced outside the tracking volume (e.g. in the calorimeter) and
hence not included in the truth record.

4.2 Performance measures

Our performance measures include efficiency, fake rate, resolutions and resolution tails. The efficiency
or finding efficiency is defined to be the fraction of true muons that are found and is typically evaluated
for some kinematic selection (applied after matching). The good efficiency is the fraction of true muons
that are found and classified as good (as defined in the previous section). The good fraction is the fraction
of found muons that are classified as good. In the sections that follow, we present the overall efficiency
for various physics samples and the efficiency as a function of η for the primary benchmark sample.

The fake rate is defined to be the mean number of fake muons per event and it is presented for a
variety of pT thresholds corresponding to the values that might be chosen for different physics analyses.

Five kinematic variables characterize a track, but here we examine only the measurement of the
transverse momentum. The precision and accuracy of the direction measurements are typically much
better than that required for any physics analysis. The measurement of the initial position of the track
(e.g. at the distance of closest approach to the beam line or vertex) is discussed in another note [13]. For
the momentum, we use the fractional residual, ∆pT /pT , defined in equation 5. This distribution is fitted
with a Gaussian and the resolution is defined to be the sigma of this fit. The tails in the distributions
are often more important than the core resolution and we characterize these by evaluating the fraction
of found muons in five tail categories. The first three are those for which the magnitude of this residual
exceeds 5%, 10% or 30%. The last category is the fraction for which the charge sign is incorrectly
measured. Finally there is an intermediate category in which either the sign is incorrect or the magnitude
of the measured momentum is more than two times larger than the true value.

7
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4.3 Monte Carlo samples

Our primary benchmark sample is a collection of tt̄ events requiring the presence of at least one lepton
(electron, muon or tau). The initial inclusive sample was produced using MC@NLO in conjunction with
Herwig [14]. This sample provides a variety of mechanisms for producing muons and we present results
for two: direct muons which do not have any quarks in their ancestry and indirect muons whose ancestry
includes a heavy quark (b or c) but not a tau. In this sample, the former are produced directly in the
leptonic decay of a W-boson.

Performance metrics are plotted as a function of η for tt̄ direct muons. In addition, we tabulate
efficiencies and fake rates for these muons, for tt̄ indirect muons, and for muons in separate low- and
high-pT samples. The low-pT sample is taken from direct PYTHIA J/ψ production with the J/ψ forced
to decay to two muons and a filter selecting only those events where both muons have |η | < 2.5 and
pT > 4 GeV/c. Muons produced by other processes in these events are suppressed by restricting the
analyzed sample to muons that have a c-quark in their ancestry. The high-pT sample consists of direct
muons in PYTHIA production of Z′→ µµ with a Z′ mass of 2 TeV. The generation also includes Z/γ
and interference but a dimuon mass cut (mµµ > 500 GeV/c) ensures that the average muon pT is above
500 GeV/c.

At design luminosity, ATLAS will have many interactions in each beam crossing (pileup) and there
will be significant background in the muon chambers from low-energy photons and neutrons (cavern
background). To get an estimate of the effect this will have on our reconstruction algorithms, we pro-
cessed a tt̄ sample overlaid with the backgrounds expected for a reference luminosity of 1033 cm−2s−1.
The cavern background was included with a safety factor of 2.0, i.e. at twice the value expected for this
luminosity. In the following, this sample is called the high-luminosity tt̄ sample. Low luminosity refers
to samples without any pileup or cavern background.

There is considerable uncertainty in the estimate of the cavern background and active development is
underway to improve reconstruction in this environment, and so the results presented here provide only
a rough indication of the performance we expect at high luminosity.

Figure 5 shows the pT , η and isolation energy distributions for the true muons in the samples studied
in this note. The isolation energy was obtained by summing the calorimeter transverse energy in an η-ϕ
cone of radius 0.2 about the muon. The most probable value for the muon energy loss (as discussed in
reference [2]) is subtracted from these values.
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Figure 5: True pT (left), η (center) and isolation (right) distributions for the tt̄ direct muons (top),
tt̄ indirect muons (second from top), Z′ (mass 2 TeV) direct muons (third from top) and J/ψ muons
(bottom). Note that the pT range is different in each of the plots of that variable.
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5 Standalone muon performance

5.1 Efficiencies and fake rates

Figure 6 shows the standalone tt̄ direct muon efficiencies and fake rates as functions of η at low luminos-
ity (i.e. without any pileup or cavern background) and at our reference luminosity (1033 /cm2/sec with
cavern background safety factor 2.0). Table 1 gives the integrated efficiencies and fake rates for these
and other samples.

Efficiency Fakes/(1000 events) above pT limit (GeV/c)
Sample found good 3 10 20 50

Muonboy
tt̄ direct 0.951 (1) 0.812 (1)

24.0 (3) 4.4 (1) 1.69 (7) 0.52 (4)
tt̄ indirect 0.949 (1) 0.783 (2)

hi-L tt̄ direct 0.950 (2) 0.809 (3) 53 (1) 8.2 (4) 3.9 (2) 1.9 (2)
Z′ direct 0.914 (2) 0.781 (3) 141 (4) 79 (3) 61 (3) 37 (2)

J/ψ 0.959 (3) 0.764 (6) 51 (1) 5.0 (4) 1.6 (2) 0.6 (1)
Moore/Muid

tt̄ direct 0.943 (1) 0.861 (1)
19.8 (3) 3.9 (1) 1.44 (6) 0.47 (4)

tt̄ indirect 0.920 (2) 0.838 (2)
hi-L tt̄ direct 0.932 (2) 0.836 (3) 984 (4) 301 (2) 156 (2) 61 (1)

Z′ direct 0.887 (2) 0.769 (3) 168 (4) 102 (3) 75 (3) 43 (2)
J/ψ 0.830 (5) 0.723 (6) 6.7 (4) 1.1 (2) 0.5 (1) 0.13 (6)

Table 1: Muonboy and Moore/Muid efficiencies and fake rates for various samples (section 4.3).
Efficiencies are presented both for all found muons and for those with a good truth match (Deva <
4.5). Both are calculated for true muons with |η | < 2.5 and pT > 10 GeV/c. Fake rates are
presented for a variety of pT thresholds.

Comparing with Figure 3, we see most of the efficiency loss occurs in regions where the detector
coverage is poor, i.e. for |η | around 0.0 and 1.2. Otherwise, the tt̄ muon efficiency is close to 100%
for Muonboy and around 99% for Moore/Muid. The Muid good fraction is significantly higher than for
Muonboy, presumably because of better handling of the material in the calorimeter. The algorithms have
similar fake rates at low luminosity. At the higher luminosity, the Staco rate increases significantly (by
a factor of 2-4) while the Moore/Muid rate increases dramatically (factor of 100). In the high-pT Z′, the
efficiency falls by a few percent for both algorithms. For the low-pT (and non-isolated) J/ψ muons, the
Moore/Muid efficiency degrades significantly while Muonboy remains high.

5.2 Resolution

Figure 7 shows the pT resolutions and tails as functions of η and pT . The resolution is degraded at
intermediate pseudorapidity (1.2 < |η |< 1.7) because of the reduced number of measurements (figure 3),
the low field integral in the overlap between barrel and endcap toroids (figure 2), and the material in the
endcap toroid (figure 1). The average resolution is very similar for the two algorithms. Despite having a
lower good fraction, Muonboy has fewer muons for which the charge sign is incorrectly measured. This
suggests that, at least in the tails, Moore/Muid provides a better estimate of the momentum error while
Muonboy provides a better estimate of its value. The Moore/Muid tails are likely due to the assignment
of incorrect hits to spectrometer tracks.
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Figure 6: Standalone efficiency and fake rate as functions of true η for Muonboy (left) and
Moore/Muid (right) for direct muons in tt̄ at low (top) and high (bottom) luminosity. In the effi-
ciency plots, the upper curve (blue) is the efficiency to find the muon while the lower curve (green)
additionally requires a good match (Deva < 4.5) between reconstructed and true track parameters.
Fake rates are shown for a variety of pT thresholds.
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Figure 7: Standalone fractional momentum resolution (∆pT /pT ) as function of η (top) and pT

(2nd row) and tails in that parameter also as functions of η (3rd row) and pT (bottom). All are for
both Muonboy (left) and Moore/Muid (right). The tail is the fraction of reconstructed muons with
magnitude of ∆pT /pT outside a range and is shown for a wide range of values. The last tail curve
(red, “charge”) includes only muons reconstructed with the wrong charge sign. The 4th tail curve
(yellow, “2X high”) includes these and those with momentum magnitude more than two times the
true value.
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6 Inner detector performance

Figure 8 shows the efficiency for tt̄ direct muons and Table 2 gives the integrated efficiencies for all of the
samples. The efficiency is high for all η (within the acceptance) and all samples. There is no evidence
of degradation when pileup is added.

The inner detector momentum resolution is the same as that for tagged muons, reported later: see
Figure 13 in section 8.
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Figure 8: Inner detector tt̄ direct muon efficiency as a function of true η at low (left) and high
(right) luminosity. In each figure, the upper curve (blue) is the efficiency to find the muon while
the lower curve (green) additionally requires a good match (Deva < 4.5) between reconstructed
and true track parameters. The efficiency is for pT > 10 GeV/c.

Efficiency
Sample found good
tt̄ direct 0.996 (1) 0.950 (2)

tt̄ indirect 0.997 (1) 0.833 (5)
hi-L tt̄ direct 0.995 (1) 0.947 (2)
Zprime direct 0.993 (1) 0.966 (1)

J/ψ 0.995 (1) 0.941 (3)

Table 2: Inner detector efficiencies. The samples and algorithms are described in the text. Effi-
ciencies are presented both for all found muons and for those with a good truth match (Deva < 4.5).
Efficiencies are calculated for true muons with |η |< 2.5 and pT > 10 GeV/c.

7 Combined muon performance

7.1 Efficiencies and fake rates

Figure 9 shows the combined tt̄ direct muon efficiency and fake rates for each algorithm as a function of
η for both low and high luminosity. Compared with the performance for standalone muons (figure 6),
Staco shows a small drop in efficiency with little reduction of the fake rate except for the lowest pT

threshold at high luminosity. In fact, the high-pT fake rates increase at either luminosity because low-pT

standalone muons are matched to high-pT inner-detector tracks. At low luminosity, Muid tt̄ shows a
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small decrease in both efficiency and fake rate. When background is added, the dramatic increase in
fakes for Moore standalone is not observed in Muid combined, i.e. the matching suppresses most of the
fakes and the Muid high-pT fake rates are lower than those of Staco. However, the high-luminosity tt̄
Muid efficiency is significantly worse than that of Staco.

When matching inner detector and muon spectrometer tracks, both Staco and Muid calculate χ2
match

(section 3.3) which serves as a discriminant for separating real and fake muons. The fakes include pion
or kaon decays in or near the calorimeter. Figure 10 shows the χ2

match distributions for both direct found
muons and fakes. We see that with a cut on this quantity, e.g. χ2

match < 100, many of the Staco high-pT

fakes can be suppressed with only a modest loss in efficiency. The higher Staco fake rates come from
looser cuts during reconstruction and, if the χ2

match cuts are adjusted to give the same efficiencies, the
Staco fake rate is lower.

Table 3 shows the integrated Staco and Muid muon efficiencies and fake rates for all samples includ-
ing an entry showing the effect of the above cut on χ2

match.

Efficiency Fakes/(1000 events) above pT limit (GeV/c)
Sample found good 3 10 20 50

Staco
tt̄ direct 0.943 (1) 0.875 (1)

22.0 (3) 9.6 (2) 3.4 (1) 0.62 (4)
tt̄ indirect 0.933 (1) 0.767 (2)

tt̄ direct cut 0.924 (1) 0.865 (1) 14.8 (2) 3.1 (1) 0.39 (3) 0.01 (1)
hi-L tt̄ direct 0.941 (2) 0.871 (3) 25.9 (7) 11.2 (4) 4.3 (3) 0.7 (1)

Z′ 0.910 (2) 0.824 (3) 14 (1) 8.4 (9) 5.2 (7) 3.4 (6)
J/ψ 0.943 (3) 0.873 (4) 0.9 (2) 0.24 (8) 0.11 (5) 0.0 (0)

Muid
tt̄ direct 0.926 (1) 0.877 (1)

15.4 (2) 2.36 (9) 0.48 (4) 0.05 (1)
tt̄ indirect 0.888 (2) 0.748 (3)

tt̄ direct cut 0.917 (1) 0.871 (1) 14.0 (2) 1.96 (8) 0.33 (3) 0.03 (1)
hi-L tt̄ direct 0.904 (2) 0.854 (3) 35.5 (8) 5.0 (3) 1.1 (1) 0.24 (6)

Z′ direct 0.872 (2) 0.811 (3) 11 (1) 4.5 (7) 3.1 (6) 2.7 (5)
J/ψ 0.793 (5) 0.741 (6) 0.8 (1) 0.03 (3) 0.0 (0) 0.0 (0)

Table 3: Staco and Muid efficiencies and fake rates. The samples and algorithms are described in
the text. Algorithm names are followed by “cut” to indicate that reconstructed muons are required
to have χ2

match < 100 for both efficiency and fake calculations. Efficiencies are presented both for
all found muons and for those with a good truth match. Both are calculated for true muons with
|η |< 2.5 and pT > 10 GeV/c. The fake rates are presented for a variety of pT thresholds.

7.2 Resolution

Figure 11 shows the tt̄ direct muon pT resolutions and tails as functions of η and pT . Comparing
with the same for standalone reconstruction (figure 7), we see, as expected, the combined resolution
is significantly better especially in the overlap region (|η | around 1.5) and for pT below 100 GeV/c.
There are also significant reductions in the tails of momentum residuals. Misreconstruction and charge
misidentification rates are around 0.01% for the combined muons instead of 0.1% for the standalone.
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Figure 9: Combined muon efficiency and fake rate for Staco (left) and Muid (right) as functions
of true η for direct muons in tt̄ at low (top) and high (bottom) luminosity. In each efficiency plot,
the upper curve (blue) is the efficiency to find the muon while the lower curve (green) addition-
ally requires a good match (Deva < 4.5) between reconstructed and true track parameters. The
efficiencies are for pT > 10 GeV/c. Fake rates are shown for a variety of pT thresholds.
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Figure 10: Distributions of χ2
match for direct muons (top) and fakes (third from top). The fakes are

shown for a variety of pT thresholds. The second row shows the efficiency as function of χ2
match

when muons above that value are rejected. The bottom row shows the fake rates as a function
of efficiency as that threshold is varied. All are shown for both Staco (left) and Muid (right).
The sharp drops in the Staco χ2

match distribution come from cuts on that quantity made during
reconstruction, i.e. before filling the output muon collection.
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Figure 11: Combined muon fractional momentum resolution (∆pT /pT ) as function of η (top) and
pT (2nd row) and tails in that parameter also as functions of η (3rd row) and pT (bottom). All
are for both Staco (left) and Muid (right). The tail is the fraction of reconstructed muons with
magnitude of ∆pT /pT outside a range and is shown for a wide range of values. The last tail curve
(red, “charge”) includes only muons reconstructed with the wrong charge sign. The 4th tail curve
(yellow, “2X high”) includes these and those with momentum magnitude more than two times the
true value.
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8 Tagged muon performance

8.1 Efficiencies and fake rates

ATLAS runs two tagging algorithms but only MuGirl attempts to find all muons. MuTag is run in a
manner to complement Staco and the performance of the combination of these two is reported in the
following section.

Figure 12 shows the MuGirl direct muon efficiency and fake rates as a function of η in tt̄ at low and
high luminosity. Table 4 gives the MuGirl integrated efficiencies and fake rates for all our samples.

Comparing with the combined muon results (figure 9 and table 3), we see that MuGirl has lower
efficiency and a substantially higher fake rate. We also observe that its performance degrades faster
when luminosity background is added. MuGirl has higher efficiency than Muid for reconstructing the
low-pT muons in the J/ψ sample.

8.2 Resolution

Figure 13 shows the MuGirl pT resolution and tail as functions of η and pT . MuGirl does not refit the
tracks and so this is just the resolution of the inner detector. Comparing with the standalone (figure 7)
and combined (figure 11), we see how the standalone and inner measurements complement one another
to give high precision over the full η and pT range of the tt̄ sample.

η
-3 -2 -1 0 1 2 3

ef
fic

ie
nc

y

0

0.5

1

found
good

ATLAS
 directtt

MuGirl

η
-3 -2 -1 0 1 2 3

 (/
ev

en
t)

η
dN

/d

-410

-310

-210

-110

1
>3

T
p

>10
T

p
>20

T
p

>50
T

p

ATLAS
 directtt

MuGirl

η
-3 -2 -1 0 1 2 3

ef
fic

ie
nc

y

0

0.5

1

found
good

ATLAS
 directtL33sf02 t

MuGirl

η
-3 -2 -1 0 1 2 3

 (/
ev

en
t)

η
dN

/d

-410

-310

-210

-110

1
>3

T
p

>10
T

p
>20

T
p

>50
T

p

ATLAS
 directtL33sf02 t

MuGirl

Figure 12: MuGirl efficiency (left) and fake rates (right) as a function of true η in tt̄ at low (top)
and high (bottom) luminosity. In each efficiency plot, the upper curve (blue) is the efficiency to find
the muon while the lower curve (green) additionally requires a good match (Deva < 4.5) between
reconstructed and true track parameters. The efficiency is for muons with true pT > 10 GeV/c.
Fake rates are presented for a variety of pT thresholds.
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Efficiency Fakes/(1000 events) above pT limit (GeV/c)
Sample found good 3 10 20 50
tt̄ direct 0.911 (1) 0.870 (1)

105.0 (6) 23.7 (3) 7.3 (2) 1.14 (6)
tt̄ indirect 0.899 (2) 0.748 (3)

hi-L tt̄ direct 0.866 (3) 0.825 (3) 154 (2) 26.1 (7) 7.6 (4) 1.2 (1)
Z′ direct 0.802 (3) 0.781 (3) 57 (2) 26 (2) 15 (1) 5.9 (8)

J/ψ c-quark 0.888 (4) 0.839 (5) 4.4 (3) 0.11 (5) 0 (0) 0 (0)

Table 4: MuGirl efficiencies and fake rates. The samples and algorithms are described in the text.
Efficiencies are presented both for all found muons and for those with a good truth match. Both
are calculated for truth muons with |η |< 2.5 and pT > 10 GeV/c. The fake rates are presented for
a variety of pT thresholds.
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Figure 13: MuGirl fractional momentum resolution (∆pT /pT ) as a function of η (top) and pT

(bottom). Both the distribution (left) and tails (right) are shown for each. The tail is the fraction
of reconstructed muons with magnitude of residual greater than a threshold and results are shown
for a variety of thresholds. The last tail curve (red, “charge”) includes only muons reconstructed
with the wrong charge sign. The 4th tail curve (yellow, “2X high”) includes these and those with
momentum magnitude more than two times the true value.
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9 Merged muon performance

Finally we consider merging the muons produced by different algorithms. There are many possible com-
binations but we restrict ourselves to two simple but important cases: merging the combined and tagged
muons separately within each collection (family), i.e. we examine Staco+MuTag and Muid+MuGirl.

Figure 14 shows the corresponding direct muon efficiencies and fake rates in tt̄ at low and high
luminosity. The integrated efficiencies and fake rates for all samples are summarized in table 5. One
of the primary goals of the tagging algorithms is to reconstruct low-pT muons which the standalone
reconstruction misses because the energy loss in the calorimeter leaves these muons with very little
momentum in the muon spectrometer. Figure 15 shows the low-pT efficiency as function of pT for
combined alone and combined supplemented with tagged for each of the collections.

Sample Efficiency Fakes/(1000 events) above pT limit (GeV/c)
found good 3 10 20 50

Staco+MuTag
tt̄ direct 0.948 (1) 0.879 (1)

49.0 (4) 14.4 (2) 4.8 (1) 0.86 (5)
tt̄ indirect 0.940 (1) 0.772 (2)

hi-L tt̄ direct 0.946 (2) 0.876 (3) 58 (1) 16.6 (5) 6.1 (3) 1.1 (1)
Z′ direct 0.931 (2) 0.844 (3) 32 (2) 14 (1) 7.1 (9) 4.2 (7)

J/ψ 0.954 (3) 0.883 (4) 2.5 (3) 0.3 (1) 0.11 (5) 0 (0)
Muid+MuGirl

tt̄ direct 0.955 (1) 0.903 (1)
113.1 (6) 24.9 (3) 7.6 (2) 1.17 (6)

tt̄ indirect 0.946 (1) 0.790 (2)
hi-L tt̄ direct 0.952 (2) 0.898 (2) 181 (2) 29.8 (7) 8.4 (4) 1.2 (2)

Z′ direct 0.929 (2) 0.866 (3) 61 (3) 28 (2) 16 (1) 7.5 (9)
J/ψ 0.946 (3) 0.885 (4) 4.7 (4) 0.11 (5) 0 (0) 0 (0)

Table 5: Staco+MuTag and Muid+MuGirl efficiencies and fake rates. The samples and algorithms
are described in the text. Efficiencies are presented both for all found muons and for those with
a good truth match. Both are calculated for truth muons with |η |< 2.5 and pT > 10 GeV/c. The
fake rates are presented for a variety of pT thresholds.

The merge provides only a small improvement in the Staco efficiencies and a substantial increase in
the fake rates (factor of about four). For Muid, the efficiency gains are more substantial: the indirect
tt̄ efficiency increases by 6% and the J/ψ by 15%. The fake rates are increased by a factor of five,
i.e. slightly above the MuGirl rates. Overall, the Muid+MuGirl performance is very similar to that
of Staco+MuTag. In both cases, we see the tagging algorithms do provide the significant efficiency
improvement for pT below 10 GeV/c.

10 Summary

10.1 Present status

The starting point for most ATLAS analyses are the combined muons, i.e. those muons constructed by
combining tracks found independently in the inner detector and muon spectrometer. Their momentum
resolution and fake rate (with appropriate quality cuts) are both significantly better than muons recon-
structed from either the spectrometer alone or muons identified by tagging inner detector tracks. In tt̄
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Figure 14: Muon efficiencies and fake rates for Staco+MuTag (left) and Muid+MuGirl (right) as
functions of true η in tt̄ at low (top) and high (bottom) luminosity. In each efficiency plot, the
upper curve (blue) is the efficiency to find the muon while the lower curve (green) additionally
requires a good match (Deva < 4.5) between reconstructed and true track parameters. The muon
selection is described in the text. The efficiency is calculated for true pT > 10 GeV/c. The fake
rates are presented for a variety of pT thresholds.
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Figure 15: Low-pT muon finding efficiencies for combined muons alone and combined plus
tagged for the Staco (left) and Muid (right) collections. Results are show for the tt̄ indirect se-
lection. The other samples show similar behavior but have much poorer statistics at low-pT . The
efficiency is calculated for muons with |η |< 2.5.

events, for muons from W → µν with |η |< 2.5, the Staco combined muon efficiency is 94% with most
of the loss coming from regions of the spectrometer where the detector coverage is thin. The efficiency
falls by a few percent when the muon transverse momentum reaches the TeV scale where it is much
more likely that a muon will radiate a substantial fraction of its energy. The tt̄ rate for fakes is a few per
thousand events for pT > 20 GeV/c and this can be reduced by an order a of magnitude (with a 2% loss
in efficiency) by cutting on the muon quality (χ2

match). The performance of the Muid algorithm is only
slightly worse for tt̄ but it is significantly less robust, losing additional efficiency at low-pT and high-pT

and when luminosity background is added.
The combined muons can be supplemented with the standalone muons to extend the η coverage to

2.7 and to recover the percent or so efficiency loss in combination. We do not report on this merge
but it is clear from the standalone results that the fake rates will increase significantly especially when
luminosity background is present. In the case of Moore, the fake rate is likely intolerable.

We find that merging with MuTag provides only slight improvement to the Staco efficiency with a
significant increase in fakes. This may reflect the success of Staco more than deficiencies in MuTag.
MuGirl is able to improve the Muid efficiency, so that the merge Muid+MuGirl has performance similar
to Staco or Staco+MuTag. By itself, the MuGirl efficiency is somewhat less than that of Staco especially
for high-pT muons, and the fake rates are substantially higher.

10.2 Future

The results presented here reflect the status of the ATLAS software used to reconstruct (Monte Carlo)
production data in 2007. Work continues both to improve the algorithms described here and to add
new ones. The high-luminosity fake rate for Moore is being addressed by introducing timing cuts and
investigating alternative approaches to the pattern recognition. The latter also has the goal of reducing the
number of false hit assignments. Combined muons with large χ2

match are being studied to see if a second
stage of pattern recognition can reduce the efficiency loss or resolution tails. Efforts are underway to
improve or replace the existing spectrometer-tagging algorithms; in particular, code is already in place
to extrapolate to additional stations enabling recovery of much of the standalone/combined efficiency
loss near |η | = 1.2. Two calorimeter-tagging algorithms have been developed and offer the possibility
of recovering much of the efficiency loss near η = 0. Improvements in modularity will make it possible
to mix components from the different algorithms, (e.g. to use Muid to combine Muonboy muons) and

22

MUONS – MUON RECONSTRUCTION AND IDENTIFICATION: STUDIES WITH SIMULATED . . .

23

183



enable algorithms to share common tools such as those being developed to calculate energy loss, refit
muon tracks, and repair muons with poor fit quality.
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Muons in the Calorimeters:
Energy Loss Corrections and Muon Tagging

Abstract
The muon spectrometer is the outermost subdetector of the ATLAS detector,
beginning after a muon has traversed 100 radiation lengths of material. Muon
momentum measurements must be corrected for energy loss in the calorimeters
and the inert material before the muons reach the muon spectrometer. Energy
lost in the calorimeters can be estimated from parameterizations or from a
measurement of the energy deposited in the calorimeters. In addition, the muon
energy loss measurement can be used to tag muons not reconstructed in the
muon spectrometer due to inefficiencies, spectrometer acceptance or their low
momenta.

In this document we discuss different algorithms developed to perform the en-
ergy loss correction in the muon reconstruction. We compare the performance
of the muon reconstruction algorithms before and after the energy loss correc-
tion is applied. In addition, we describe the muon tagging algorithms, based
on measurements obtained in the calorimeters, and contrast their performance
in different simulated data samples.

1 Introduction

Muons traverse the inner detector and the calorimeters in the ATLAS experiment before reaching the
muon spectrometer. The material thickness traversed by the muons before reaching the muon spectrom-
eter is over 100 radiation lengths (X0) (see Figure 1). By passing through this material, muons undergo
electromagnetic interactions which result in a partial loss of their energy. As over 80% of this material is
in the instrumented areas of the calorimeters, the energy loss can be measured. Understanding how this
energy loss happens, its magnitude and how to measure it is essential to obtain the best performance in
muon reconstruction and identification.

In this document we discuss the aspects of muon reconstruction and identification that make use of all
available energy loss information in the ATLAS software. The Muonboy [1] and Muid [2] algorithms for
muon reconstruction take into account internally the calorimeter material effects for tracks already found
in the muon spectrometer. Algorithms that calculate the energy loss and transport the track anywhere in
the detector are also available. The detailed computation of this correction is the main focus of Sections 2
and 3, while Section 4 is devoted to the use of the energy loss information for muon identification. This
note gives an overview of the current algorithms and techniques which will be used for the reconstruction
of the first data.

2 Algorithmic Treatment of Material Effects

When a muon traverses the detector material, it undergoes successive deflections and a loss of energy.
The total angular deflection is an accumulation of many small angle deflections, referred to as multiple
(Coulomb) scattering; and it is well approximated by a gaussian distribution that is centered at a zero
mean value. The expected root mean square of the projected scattering angle can be described by the
formula of Highland [4]:

σ pro j
ms =

13.6 MeV
βcp

√
t[1+0.038ln t], (1)
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Figure 1: Material distribution before the muon spectrometer in ATLAS as a function of η [3]. The
material is expressed in radiation lengths (X0).

where t is the thickness of the traversed material in units of the radiation length X0. The energy loss, on
the other hand, is non-gaussian. Throughout this document, we will study the energy loss of muons going
through the ATLAS detector in detail. The discussion of multiple scattering, however, will be limited
to this section, because it is simpler and it will be based on the Highland formula shown above. The
thickness in the formula above is calculated from the geometry description for all algorithms. However,
there are small differences in how the multiple scattering information is used in the track fitting. These
differences are explained below, as the different track fitting strategies are discussed.

In ATLAS track reconstruction applications, two main track fitting strategies are deployed: the classi-
cal least squares method and the progressive method that corresponds to the Kalman filter formalism [5].

The least squares fit: In the global fitting technique, most material effects are directly integrated into
the χ2 function (the energy loss may or may not be fitted). This is done by introducing the deflection
angles and, possibly, energy losses as additional parameters to the fit.

The contribution of the fitted scattering angles to the χ2 function has to be regulated by the expected
range of the scattering process in the traversed material. Scattering effects are applied to the muon on two
surfaces along its trajectory, because the scattering effects from material bulk can be accurately described
by two scattering centers. The Muonboy algorithm iterates its calculation of the muon trajectory in a
complex geometry with many scattering centers. The number of scattering centers is reduced to two
after the iteration. The iteration allows for a calculation of the material traversed after the trajectory has
been modified to account for the energy loss. On the other hand, the Muid algorithm and the ATLAS
tracking global-χ2 fitter [6] currently use a map of the material from the Monte Carlo on two surfaces.
The η coordinate of the track on these two surfaces is then used to calculate the amount of material
traversed by the muon.

The least squares fit with the calorimeter energy loss as a fitted variable can only be performed in
a combined fit including measurements of both the muon spectrometer segments and the inner detector
hits. If no inner detector hits exist, the treatment of the energy loss effects is fundamentally equivalent
for both a least-squares-inspired algorithm and a Kalman-filter-inspired algorithm.

To minimize the number of degrees of freedom in the least-squares fit, the number of fitted variables
must be minimized. In particular, one energy loss variable in a track fit is preferable. This does not mean
that the trajectory cannot be affected smoothly by the energy loss, because an extended set of material
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layers can be calculated using a detailed detector description as in Figure 2 and the fitted energy loss

Figure 2: Left: 3-D view of the tracking geometry up to the muon spectrometer. Right: Example
set of energy loss update layers (shown as additional surfaces with respect to the figure on the left;
update positions shown as squares) created during the extrapolation of a track (black line) through the
calorimeter.

distributed proportionally among these layers. This is done for the purpose of transporting the track
through the calorimeters inside the Muonboy algorithm. An alternative approach is currently taken in the
Muid and ATLAS tracking global-χ2 fitter. These algorithms apply the energy loss to the track on one
surface inside the calorimeters hence approximate the rate of change of curvature within the calorimeter
volume (i.e.: they assume the momentum of the muon changes only at one place along its trajectory).

The effect of this simplification on the muon combined reconstruction is expected to be small, be-
cause the energy loss only affects the trajectory of the track if the track is bending. However, the area
where most of the energy loss happens (the calorimeter) has a small magnetic field. A quantitative es-
timate of the effect of the simplification can be obtained by comparing the multiple scattering effects
on the track and the bending that the track undergoes from its entrance in the calorimeters to its exit.
The bending is shown in Figure 3. Equation 1 indicates that a 10 GeV (100 GeV) muon going through
the calorimeters scatters following a gaussian distribution with RMS ≈14-20 (1.4-2) milliradians (with
X0 = 100-200 from Figure 1). Figure 3 shows that the deviation of the track due to the magnetic field is
comparable to the deviation expected from multiple scattering at least in the φ direction. Algorithms that
use one surface to apply the energy loss correction approximate the mean trajectory inside the calorime-
ter with a systematic offset that increases with depth to a maximum value at the calorimeter centre. The
magnitude of this offset is proportional to the magnetic bending scaled by the fraction of energy loss to
muon energy. It thus remains small with respect to the uncertainties caused by Coulomb scattering.

Progressive fitting techniques: In progressive fitting techniques, the particle-detector interaction is
part of the transport process of the track to the next surface where a hit may exist (measurement sur-
face). The transported track can then be compared (and updated) with the measurement obtained on the
next measurement surface. In this transport process magnetic field and material effects (multiple scat-
tering and energy loss) are applied to the parameterization of the track. Multiple scattering is applied

3

MUONS – MUONS IN THE CALORIMETERS: ENERGY LOSS CORRECTIONS AND MUON . . .

27

187



0
η

-3 -2 -1 0 1 2 3

η ∆

-610

-510

-410

-310

-210

p=10 GeV

p=100 GeV

0
η

-3 -2 -1 0 1 2 3

φ ∆

0

0.005

0.01

0.015

0.02

0.025

0.03

p=10 GeV

p=100 GeV

Figure 3: Calculated difference between the calorimeter entrance and exit coordinates (∆η , left, and ∆φ ,
right) for 10 GeV (solid squares) and 100 GeV muons as a function of η0 of the muon at the interaction
point. The lack of mirror symmetry is due to the combined effect of the return flux of the solenoid
(unidirectional) and the toroidal magnetic field (symmetric around the z axis).

by increasing the uncertainties of the angular direction variables, while energy loss effects are taken into
account in two ways. A mean energy loss is applied to the track parameterization, and then an uncer-
tainty is added to the corresponding covariance matrix term to account for the stochastic behavior of the
energy loss. The resulting increased covariance terms degrade the track prediction for the subsequent
measurement surface.

Progressive fitting tools rely, therefore, on a precise description of the detector material and magnetic
field. An example is shown in Figure 2. The illustration on the right of Figure 2 shows material layers
that are calculated dynamically during the extrapolation process into the calorimeter active volumes.

In ATLAS, the stand-alone muon reconstruction algorithms (MOORE [7] and Muonboy) use ex-
clusively the least-squares formalism to fit tracks in the muon spectrometer. On the other hand, the
inner detector reconstruction uses by default the progressive fitting techniques. In combined muon re-
construction, when the hits in the inner detector are used in combination with the muon spectrometer,
the Muonboy-based algorithm (STACO) combines tracks reconstructed in the inner detector and muon
spectrometer independently, therefore being a mixture of the tracking fit and the least-squares fit carried
out by Muonboy. On the other hand, the MOORE-based algorithm (Muid) performs a least-squares fit in
both subsystems.

3 Corrections for the Energy Loss from the Beam Pipe to the Muon Spec-
trometer

In this section we describe how the energy loss is calculated from GEANT4 [8] based parameterizations
and/or measurements of the energy loss by the calorimeters. Muon isolation is also discussed in this
context. Finally, the energy loss corrections are validated as part of the muon reconstruction algorithms.

3.1 Parameterizations of the Energy Loss

Relativistic muons going through matter lose energy mostly through electromagnetic processes: ion-
ization, e+e− pair-production, and bremsstrahlung. Ionization energy loss dominates for muons of
momenta .100 GeV. Bremsstrahlung and e+e− pair-production energy losses are often jointly referred
to as radiative energy losses. Higher energy muons lose energy mostly through radiative energy losses.

4
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However, when passing through materials made of high-Z elements the radiative effects can be already
significant for muons of energies ≈10 GeV [9].

Ionization energy losses have been studied in detail, and an expression for the mean energy loss per
unit length as a function of muon momentum and material type exists in the form of the Bethe-Bloch
equation [10]. Other closed-form formulae exist to describe other properties of the ionization energy loss.
Bremsstrahlung energy losses can be well parameterized using the Bethe-Heitler equation. However,
there is no closed-form formula that accounts for all energy losses. Nevertheless, theoretical calculations
for the cross-sections of all these energy loss processes do exist. With these closed-form cross-sections,
simulation software such as GEANT4 can be used to calculate the energy loss distribution for muons
going through a specific material or set of materials.

The fluctuations of the ionization energy loss of muons in thin layers of material are characterized
by a Landau distribution. Here “thin” refers to any amount of material where the muon loses a small
percentage of its energy. Once radiative effects become the main contribution to the energy loss, the
shape of the distribution changes slowly into a distribution with a larger tail. Fits to a Landau distribution
still characterize the distribution fairly well, with a small bias that pushes the most probable value of the
fitted distribution to values higher than the most probable energy loss [11]. These features are shown
for the energy loss distributions of muons going from the beam-pipe to the exit of the calorimeters in
Figure 4.
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Figure 4: Distribution of the energy loss of muons passing through the calorimeters (|η | < 0.15) as
obtained for 10 GeV muons (left) and 1 TeV muons (right) fitted to Landau distributions (solid line).

As can be seen in Figure 4 the Landau distribution is highly asymmetrical with a long tail towards
higher energy loss. For track fitting, where most of the common fitters require gaussian process noise,
this has a non-trivial consequence: in general, a gaussian approximation has to be performed for the
inclusion of material effects in the track fitting [12].

In order to express muon spectrometer tracks at the perigee, the total energy loss in the path can be
parameterized and applied to the track at some specific position inside the calorimeters. As the detector
is approximately symmetric in φ , parameterizations need only be done as a function of muon momentum
and η . The η-dependence is included by performing the momentum parameterizations in different η
bins of width 0.1 throughout the muon spectrometer acceptance (|η |< 2.7). The dependence of the most
probable value of the energy loss, Empv

loss , as a function of the muon momentum, pµ , is well described by

Empv
loss (pµ) = ampv

0 +ampv
1 ln pµ +ampv

2 pµ , (2)

where ampv
0 describes the minimum ionizing part, ampv

1 describes the relativistic rise, and ampv
2 describes

the radiative effects. The width parameter, σloss, of the energy loss distribution is well fitted by a linear
function σloss(pµ) = aσ

0 + aσ
1 pµ . Some of these fits are illustrated in Figure 5. This parameterization is
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Figure 5: Parameterization of the Empv
loss (left) and σloss (right) of the Landau distribution as a function of

muon momentum for different η regions. One sees a good agreement between the GEANT4 values and
the parameterization.

used as part of the Muid algorithm for combined muon reconstruction [3].
An alternative approach exists in the ATLAS tracking. In this approach, the energy loss is param-

eterized in each calorimeter or even calorimeter layer. The parameterization inside the calorimeters is
applied to the muon track using the detailed geometry described in Section 2.

The most probable value and width parameter of the Landau distribution are not affected by radiative
energy losses in thin materials in the muon energy range of interest (∼5 GeV to a few TeV). This justifies
treating energy loss in non-instrumented material, such as support structures, up to the entrance of the
muon spectrometer as if it was caused by ionization processes only. The most probable value of the
distribution of energy loss by ionization can be calculated if the distribution of material is known [13].
Since material properties are known in each of the volumes in the geometry description used, it is easy
to apply this correction to tracks being transported through this geometry.

For the instrumented regions of the calorimeters, a parameterization that accounts for the large radia-
tive energy losses is required. To provide a parameterization that is correct for the full η range and for
track transport inside the calorimeters, a study of energy loss as a function of the traversed calorimeter
thickness, x, was performed. Two parameters that characterize fully the pdf of the energy loss for muons
were fitted satisfactorily using several fixed momentum samples as

Empv,σ
loss (x, pµ) = bmpv,σ

0 (pµ)x+bmpv,σ
1 (pµ)x lnx. (3)

The momentum dependence of the bi(pµ) parameters was found to follow the same form as in Equa-
tion 2. Fits for some of the absorber materials are shown in Figure 6. These parameterizations have
been validated over the η range from -3 to 3. A direct comparison of the most probable energy loss in
GEANT4 simulation and in the geometry of the ATLAS tracking algorithms is shown in Figure 7 for
muons propagating from the beam-pipe to the exit of the electromagnetic calorimeters and to the exit of
the hadronic calorimeters.

3.2 Measurements of the Energy Deposited in the Calorimeters

In this section the measurement of the muon energy loss in the calorimeters is discussed. Understanding
this measurement is important because it allows for an improvement in the energy loss determination.
This section provides a basic description of the ATLAS calorimeters and their measurements which is
important for understanding the topics discussed in Sections 3.3, 3.4 and 4.

6
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Figure 7: Most probable value of the energy loss as parameterized in the geometry of the ATLAS tracking
(points) and in GEANT4 for muons of momentum 10 GeV (left) and 1 TeV (right) as a function of
pseudorapidity. The solid line and points correspond to the energy loss of muons propagating from the
beam pipe to the exit of the hadronic calorimeters. The filled histogram and hollow points correspond to
the energy loss of muons propagating from the beam pipe to the entrance of the hadronic calorimeters.

3.2.1 Muons in the Liquid Argon Calorimeters

The electromagnetic calorimeter is a lead-liquid argon sampling calorimeter with accordion shaped ab-
sorbers and electrodes, covering the |η | range up to 3.2.

The hadronic end-cap calorimeter, also based on liquid argon technology, covers the |η | range from
1.5 to 3.2. The absorbers are made of parallel plates of copper. The total thickness of the hadronic
end-cap calorimeters is 10 interaction lengths (λint). The measurement of a muon signal in the hadronic
end-cap is complicated because the noise levels are high compared to the muon signal itself [14].

The detailed geometrical description of the LAr calorimeters is presented in [15]. Only the aspects
relevant for muon studies will be recalled. Both barrel and end-cap calorimeters possess up to three
longitudinal samplings (called strip, middle and back). They are completed by a liquid argon presampler
detector to estimate the energy lost in upstream material. The signal and noise distributions in two
longitudinal calorimeter samples in the barrel of the electromagnetic calorimeter are shown in Figure 8

7
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Figure 8: Distribution of the muon energy deposited in one electromagnetic calorimeter cell by 150 GeV
muons, fitted to a Landau function convolved with a gaussian [16]. The gaussians on the left of each
plot are the distributions of the noise. Left (right): energy deposit in a cell belonging to the first (middle)
longitudinal sampling traversed by the muon. The energy is the sum of the energies of the (up to two)
cells belonging to the muon cluster (see Section 4). The data were collected in the 2004 Combined Test
Beam.

for 150 GeV muons. Further discussion of how these distributions were calculated from the combined
test beam data can be found in Section 4. The signal can be separated from the noise, especially in the
middle sampling. In addition, comparisons between GEANT4 simulation and test beam data show that,
despite the high noise in the first sampling, the electromagnetic calorimeter can measure reliably the
energy lost by muons traversing it.

3.2.2 Muons in the Tile Calorimeter

The Tile Calorimeter (TileCal) [17] is a plastic scintillator/steel sampling calorimeter, located in the
region |η | < 1.7; it is divided into three cylindrical sections, referred to as the barrel and extended
barrels. It extends from an inner radius of 2.28 m to an outer radius of 4.25 m. Modules are segmented
in η and in radial depth. In the direction perpendicular to the beam axis, the three radial segments span
1.5, 4.1 and 1.8 λint in the barrel and 1.5, 2.6, 3.3 λint in the extended barrels. The resulting typical
cell dimensions are ∆η×∆φ = 0.1×0.1 (0.2×0.1 in the outermost layer). This segmentation defines a
quasi-projective tower structure.

The TileCal response to high-energy muons follows a Landau-type distribution with characteristi-
cally long tails at high energies caused by radiative processes and energetic δ–rays. This response has
been extensively studied in test beams with 180 GeV muons incident at projective angles. The peak
values of the muon signals vary by more than a factor of two in projective geometry. An example of the
muon signal, expressed in units of collected charge (pC), is shown in Figure 9, both for the whole tower
and the last radial compartment. The signal is well separated from the noise, with a signal-to-noise ratio
(S/N) of ∼ 44 and ∼ 18 respectively. The muon response was shown to be uniform in η to within 1.9 %
over all modules tested. The energy deposition spectrum observed in the TileCal test beams is within a
few percent of the GEANT4 prediction.
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Figure 9: Example of the isolated muon signal as measured at η = 0.35 in the whole tower (left) and in
the last radial compartment (right). The narrow peaks represent the corresponding noise. The energy is
measured in units of collected charge. For a muon 1 pC corresponds to roughly 1 GeV, yielding a noise
width of roughly 40 MeV for the last radial compartment. The data were collected in test beams in 2002
and 2003.

3.2.3 Measurements in Muon Algorithms

The previous sections discussed the reconstruction of energy depositions at the cell level. To provide
estimates of muon energy loss and muon isolation, several cells need to be used along the muon trajectory.
In addition, muon calibration factors such as the e/µ ratio for minimum ionizing muons, need to be
adjusted in order to find the correct energy deposition.

The classical method for measuring the energy loss of muons in calorimeters is based on the concept
of a calorimeter tower, where the muon is assumed to follow a straight trajectory inside the calorime-
ters. A tower is defined as all calorimeter cells within a cone of fixed radius ∆R =

√
∆η2 +∆φ 2 cen-

tered around the muon trajectory. Motivated by this concept, but with a few muon-specific changes, the
Straight Line method has been developed as part of the Muid algorithm for muon reconstruction. The
Straight Line method calculates the coordinates of the relevant track at half the depth of the calorimeter
by transporting the track to that position. These coordinates are used to calculate the calorimeter cells
included in the measurement cone.

In the Track Update method, the muon trajectory through the calorimeters is extrapolated either from
inner detector tracks or muon spectrometer tracks. Given this trajectory, the center of the measurement
cone is recalculated at each calorimeter layer. Figure 10 shows a qualitative comparison between the
Straight Line method and the Track Update method.

Figure 3 illustrated the quantitative differences in the muon trajectories from the two methods. The
difference between the Straight Line and Track Update methods can be estimated by comparing the
coordinates of the muon at the entrance of the electromagnetic calorimeters and at the exit of the hadronic
calorimeters. The difference is clearly negligible for muons of pT > 100 GeV, even though it can be as
big as a third of a hadronic cell width for 10 GeV muons.

In Figure 11, a comparison between the measured energy and the true energy loss is shown for the
Track Update method. The average measured transverse energy loss in a cone of 0.2 around the muon
trajectory for single muons of momentum 10, 100 and 300 GeV is shown as a function of η . In the same
η bins the average true (as obtained from the GEANT4 full simulation) transverse energy lost between
the interaction point and the entrance of the muon spectrometer is shown. The energy lost by the muons
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Figure 10: Illustration of the Straight Line (left) and Track Update (right) concepts.
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Figure 11: Comparison between the average measured transverse energy deposition (points) and true
energy lost between the beam-pipe and the muon spectrometer (line) for muons of momentum 10 GeV
(left), 100 GeV (center) and 300 GeV (right). The errors shown are statistical only.

is well estimated by measurements in the calorimeters. The region around |η | = 1 corresponds to the
crack in the TileCal. Consequently, the measurement underestimates the energy loss in that region.

3.3 Muon Isolation

The previous studies demonstrate the capabilities of the calorimeters to measure the energy lost by
muons. However, these studies were all performed with single muon samples. In real physics sam-
ples, muons do not reach the calorimeters alone, but are often accompanied by additional particles that
deposit energy in the cells around the muon trajectory and contaminate the muon energy loss measure-
ment. Therefore, in order to determine the energy loss of such muons, isolation criteria must also be
defined and optimized for maximum reliability in the energy measurement.

Isolation criteria can be divided into two categories: calorimeter-based and track-based. In muon
reconstruction an area is defined around the muon trajectory with a minimum and maximum radius for
the purpose of determining calorimeter isolation. This achieves the purpose of excluding the cells where
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the muon deposits its energy. The size of this inner radius needs to be optimized to collect most of the
energy lost by the muon but as little energy as possible from other particles. The energy deposited in the
annulus between the inner radius and the outer radius, where the muon deposits little energy, is what the
following paragraphs refer to as isolation energy. The optimal radii that define this annulus depend on
the underlying event and luminosity. However, the muon shower is contained in a small cone of radius
≈ 0.1 [18]. Therefore, a choice of an inner radius much bigger than 0.1 does not achieve the purpose of
collecting the energy deposited by the muon, and it adds noise to the measurement.

A study to determine possible isolation criteria [3] has been performed on a fully simulated tt̄ sample,
where the W bosons were forced to decay into a muon and a neutrino. Muons produced by the semi-
leptonic decays of b quarks tend to be non-isolated, while those from W decays tend to be isolated. In
Figure 12 the distribution of the isolation energy for muons originating from quarks and W s is shown
for the electromagnetic and hadronic calorimeters. The isolation energy inner and outer radii are 0.075
(0.15) and 0.15 (0.30) for the electromagnetic (hadronic) calorimeters, respectively. This reflects their
different granularities. The electromagnetic isolation energy is a more powerful discriminant for the
annuli radii chosen.
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Figure 12: Distribution of the isolation energy in the electromagnetic (0.075 < ∆R < 0.15) (left) and
hadronic calorimeters (0.15 < ∆R < 0.30) (right) in muons from a tt̄ sample without pile-up.

Based on this figure, for the purpose of the rest of the studies in this section, a cut of 2 GeV on electro-
magnetic isolation was used to discriminate isolated muons from non-isolated muons. An additional cut
of 10 GeV in hadronic isolation was used, even though this cut does not help rejecting non-isolated muons
in the vast majority of events. These cuts were relaxed slightly with increasing muon pT to account for
a possible slight increase of the transverse radius of the shower caused by muons in the calorimeters.

Tracking-based criteria can be used to determine isolation cuts independent of calorimeter-based
criteria. If used together, they can help eliminate non-isolated muons belonging to highly-collimated jets
that escape being identified by calorimeter-based criteria. In Figure 13 the number of inner detector tracks
around the muon are plotted for muons from quarks and W s in the same samples used for Figure 12.
These distributions were obtained for muons that passed the calorimeter-based isolation cuts mentioned
above.

The production rate of low-pT non-isolated muons from b-quark decays is expected to be very sig-
nificant. At the same time, a typical muon from a W or Z decay, will have a pT of about 40 GeV. Thus,
it is unlikely that low momentum muons will be isolated in a tt̄ sample. For this reason, all muons with
a pT of less than 15 GeV were automatically tagged as non-isolated and are excluded. In most cases, the
muon originating from a W boson is not accompanied by other tracks in the inner detector. In fact, the
only track found in the track isolation cone is, essentially, the muon itself as reconstructed in the inner
detector. In contrast, several inner detector tracks can be found close to muons originating from quarks.
For an isolation cone of ∆R=0.2, the most probable value is three tracks, including the muon itself, but it
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Figure 13: Distribution of the number of inner detector tracks (including the muon track) with ∆R < 0.2
around the muon spectrometer track, after the calorimeter isolation and pT threshold cuts are applied to
muons in a tt̄ sample.

can be much larger. A cut on tracking isolation has been applied that complements the cut on calorimeter
isolation. This cut constrains an isolated muon track to be accompanied by at most one extra track inside
the tracking isolation cone. Using the criteria described above (electromagnetic and hadronic calorimeter
isolation, track isolation and pµ

T > 15 GeV) approximately 0.2% of the muons originating from b quarks
have an energy loss overestimated by more than 6 GeV. On the other hand, 80% of the muons originating
from W s are tagged as isolated.

All the cuts mentioned above are used by default as isolation criteria in the Muid muon reconstruction
algorithm, to establish the contamination of the calorimeter measurement. If the cuts were not chosen
tightly enough, non-isolated muons would exhibit an artificial increase in energy loss. If this measure-
ment was then used in muon reconstruction, the reconstructed momentum at the interaction vertex would
be artificially increased. This could significantly deteriorate the momentum measurement. A calorimeter
measurement of the energy loss will then only make sense if the muon is tagged as isolated. These cuts
were considered conservative enough that they could be used by default without inducing biases in the
momentum reconstruction [3]. These cuts have not been studied with pile-up or in other samples with
an important source of non-isolated muons, like high-pT , bb̄ samples. Studies of this type are impor-
tant in order to set conservative isolation cuts as default for muon reconstruction involving calorimeter
measurements.

In addition, it is worth discussing the relationship between muon isolation in reconstruction and
muon isolation in physics analyses. While both concepts represent an attempt to determine whether a
muon is inside a jet, analysis cuts are also decided on the basis of criteria such as efficiency or fake
rate that are not necessarily important for the momentum reconstruction. It is, however, important to
emphasize that the optimization of the cuts on reconstruction isolation for specific analyses is possible.
It requires, nevertheless, a refitting of the track with analysis-specific cuts; and it should, therefore, only
be attempted when the recovery of the Landau energy loss tails is crucial for the analysis and the standard
treatment is not adequate.

For muon tagging, however, isolation criteria can overlap with the criteria derived for specific anal-
yses. Isolation studies are necessary to provide a reliable muon tag and do not affect the momentum
reconstruction, because the tracking algorithms are independent of the tagger. Default isolation criteria
can, for example, be relaxed based on information from the physics sample and the specific analy-
sis. As an example, Figure 14 shows the rejection on the Zbb̄ background versus the Standard Model
H(130 GeV)→ ZZ∗→ µ+µ−µ+µ− efficiency using the calorimeter isolation cuts [19]. At this stage,
after a preselection procedure, the four muon candidates have already been selected. Both absolute and
normalized (with respect to muon pT ) isolation are presented. In these analyses, the isolation energy was
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Figure 14: Rejection of the Zbb̄ background as a function of the H(130 GeV)→ 4µ signal efficiency.
Different radii (0.1 < ∆R < 0.3) are compared for absolute, left, and normalized (with respect to muon
pT ), right, calorimeter isolation. No pile up events were simulated.

defined using a cone of fixed radius. The isolation energy of an event was then defined as the isolation
energy of the least isolated muon of the event. The optimum cone radius depends on signal efficiency,
with ∆R of 0.2 being an efficient choice.

3.4 Measurement/Parameterization Combination Methods

To integrate energy loss in tracking algorithms, the energy loss is assumed to be gaussian. If the param-
eterization is used exclusively to correct for the energy loss, any event in which muons undergo a large
energy loss will be incorrectly reconstructed. There is, thus, an advantage in using the parameterizations
together with measurements in the calorimeters to optimize the energy loss reconstruction. Here we
describe two algorithms developed to use the calorimeter information as well as the energy loss param-
eterizations for the muon reconstruction algorithms: the Hybrid Method [3] and the Bayesian Method.
The Hybrid Method is used by default after isolation cuts as part of Muid. The Bayesian Method is used
if specified by the user as part of Muonboy. By default, Muonboy uses a parameterization of the energy
loss only.

The Hybrid Method consists in fully separating the two regions of the Landau distribution: the peak
region and the tail region. The calorimetric energy loss measurement is used when the energy deposition
is significantly larger than the most probable value (tail region); otherwise the parameterization is used
(peak region). The transition point between the two regions is taken as Empv +2σLandau.

The Bayes Method is based on a statistical combination of the parameterization and the measurement
in the calorimeters. This combination is performed using Bayes’ theorem. This method uses informa-
tion from the calorimeters, even when the measurement falls in the peak region. When the calorimeter
measurement falls in the tail, the results provided by this method are similar to those obtained by the Hy-
brid Method. If the measurements falls in the peak region, the measurement still constrains the energy
loss pdf, improving the energy loss reconstruction resolution. In addition, this method generalizes the
selection procedure of the hybrid method, with an event-by-event optimization and for each calorimeter
subsystem. This generalization allows also, in principle, an automatic improvement in the energy loss
reconstruction as the calorimeter calibration improves.

The full validation of these methods in muon reconstruction with all muon reconstruction effects is
shown in the next section. The most significant of these effects are the intrinsic resolutions of the inner
detector and muon spectrometer. However, to validate the methods standalone, it is necessary to do it in
a model free of these reconstruction effects.
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The Hybrid Method has been validated through the energy loss reconstruction distributions in the
ATLAS full simulation using the muon kinematics from the simulation. The ratio of the energy loss
resolution for the Hybrid Method, σhybrid, with respect to the parameterization alone, σparam, is presented
in Figure 15. The resolution is defined as the square root of the variance of the energy loss resolution.
For low-pT values the ratio is close to unity, as expected due to the smaller fraction of events in the
Landau tail. For increasing pT values the ratio decreases, approaching 30% at pT = 1 TeV. Thus, using
the Hybrid Method results in a significant improvement in the energy loss estimation with respect to the
parameterization alone.
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Figure 15: Ratio of the energy loss resolution for the Hybrid Method with respect to the parameterization
alone for single muons.

In addition, the performance of the Bayesian Method has been studied in a toy model under the
assumption that the calorimeter calibration is understood. Muons of 1 TeV were shot through a block of
matter representative of one of the samplings of the hadronic calorimeter. A perfect muon spectrometer
was assumed as it is done for the Hybrid Method above. Figure 16 shows some results from this study that
demonstrate the potential of the Bayesian Method to reconstruct energy loss. The use of the measurement
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Figure 16: Demonstration of the potential of the statistical method to reconstruct the energy loss. The
left plot shows the bias in the energy loss reconstruction, while the right plot shows the E true

loss −E reco
loss dis-

tribution. Both plots compare the energy loss reconstruction using the parameterization only (triangles,
dotted line), the measurement only (filled circles, solid line) and both statistically combined through
Bayes’ theorem (open circles, dashed line).

by itself biases the energy loss reconstruction. The Bayesian Method, on the other hand, shows no
biases. Incidentally, there are no biases in the energy loss reconstruction if the muon spectrometer
measurement is coupled to the energy loss reconstruction in these studies. In addition, the E true

loss −E reco
loss
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distributions show that the resolution obtained with the Bayesian Method is better than that obtained
using the parameterization or the measurement only.

These studies prove the potential of these two methods. Now their performance is analyzed when
they are used as part of the reconstruction software.

3.5 Impact of the Energy Loss Corrections in Reconstruction

Energy loss estimates must be validated as part of the muon reconstruction algorithms. Effects such as
the resolution of muon reconstruction, biases intrinsic to the track transport or the effects of gaussian
assumptions will be coupled to the energy loss reconstruction. However, the studies shown here are still
important for understanding the energy loss correction. They also allow for an investigation of which
data samples are most sensitive to an incorrect estimation of the energy loss.

In Figure 17, two parameters that characterize the gaussian distributions 1/preco
T −1/ptrue

T are shown.
In these plots, the label “MS” corresponds to tracks from fits in the muon spectrometer only. The label
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Figure 17: Left: Muon reconstruction bias for different algorithms as a function of muon pT . Right:
Muon reconstruction resolution for different algorithms as a function of muon pT . These plots were
produced with the Muonboy/STACO algorithms for muon reconstruction [1], but similar performance is
obtained with the MOORE/Muid algorithms [2, 7].

“MS+Eloss correction” refers to tracks reconstructed at the muon spectrometer and transported to the
interaction point (IP), applying an energy loss correction (parameterized or hybrid). For Figure 17 the
energy loss correction was calculated using the Muonboy parameterization only. The label “MS+ID”
refers to tracks reconstructed with the muon spectrometer and the inner detector. To obtain these com-
bined tracks, the energy loss correction needs to be considered in the fit. The distributions are calculated
in 1/pT -space because the muon spectrometer reconstruction and inner detector reconstruction have
gaussian fluctuations in 1/pT . These plots refer to muons reconstructed in the barrel (|η | < 1.0) of the
muon spectrometer. In the left plot, the bias in the reconstruction is shown, defined as the mean of the
distribution

δ p−1
T

p−1
T

= ptrue,IP
T

(
1

preco
T
− 1

ptrue,IP
T

)
, (4)

with ptrue,IP
T being the true pT of the muon at the IP. Clearly, in the absence of an energy loss correction,

this reconstruction can be highly biased. Such a bias also causes a degradation in the resolution. The
application of an energy loss correction reduces this bias and improves the resolution. Further bias
reduction and resolution improvement is obtained by using the inner detector together with the muon
spectrometer to reconstruct the muon track. However, the combination of inner detector tracks and muon
spectrometer tracks is only possible if a proper energy loss correction exists.
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Figure 18 shows the invariant mass resolution (Mreco
inv −Mtrue

inv ) for Z→ µµ and Z′(1000 GeV)→ µµ
samples. The events include a generation cut that requires the pT of both decay muons to be above 7 GeV
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Figure 18: Left: Reconstruction resolution of the Z peak for different algorithms. Right: Reconstruction
resolution of the Z′ peak for a Z′ → µµ of mass 1 TeV for different algorithms. These plots were
produced with the MOORE/Muid algorithms for muon reconstruction [2, 7], but similar performance is
obtained with the Muonboy/STACO algorithms [1].

for Z decays and above 20 GeV for Z′ decays. Inner detector and muon spectrometer tracks were required
for both reconstructed muons. The effect of the energy loss correction is most significant in the Z-mass
reconstruction. If the energy loss is not included a shift of about 7 GeV in the mass peak and a significant
deterioration in the resolution are visible. These effects are much less pronounced in the reconstruction
of the Z′ peak. This happens because the more energetic muons from the Z′ lose a smaller fraction of
their total energy as they pass through the calorimeters.

An additional improvement in the Z and Z′ resolution is possible if the energy loss correction uses
the calorimeter measurement [20]. This is demonstrated in Figure 19, where a comparison is shown
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Figure 19: Left: Reconstruction resolution of the Z peak for an algorithm using muon spectrometer
standalone tracks and the parameterized energy loss correction (filled histogram) and an algorithm using
a combination of a parameterization and the calorimeter measurement for the energy loss correction
(empty histogram). Right: Reconstruction resolution of the Z′ peak for a Z′→ µµ of mass 1 TeV for the
same algorithms.

for the muon spectrometer reconstruction with energy loss correction with and without the calorimeter
measurement. The same samples as for Figure 18 were used. A few events are recovered from the tails
and populate the peak region. This results in ≈ 8% resolution improvement when the inner detector
hits are not used. If the inner detector hits are used the resolution improves by ≈ 4%, showing that
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the combined fit is less sensitive to the energy loss correction. These plots were produced with the
MOORE/Muid algorithms for muon reconstruction using the Hybrid Method (see Section 3.4). A similar
performance is expected using the Bayesian Method, implemented in the ATLAS tracking.

4 Tagging of Muons in the Calorimeters

In this section the different calorimeter-based muon identification algorithms are described. Section 4.1
provides a detailed description of the algorithm that is currently part of the standard reconstruction; and
Section 4.2 illustrates its performance in different physics samples.

These algorithms have been developed with the main goal of complementing the muon spectrometer
in two ways: recovering muons with low transverse momentum (pT = 2-5 GeV), and in the regions of
limited spectrometer acceptance (especially in the η ∼ 0 region). For completeness, algorithms used for
commissioning or triggering are also discussed.

There are two types of calorimeter-based muon tagging algorithms. Their main difference lies in
how they initiate the muon search. The calorimeter-seed algorithms search for muons looking at the
measured energy. Cells with energy depositions inside some energy range are used as seeds. The lower
limit of this range is known as the initiation threshold. The cluster of cells used to identify the muon is
then built up by adding cells around the seed cell whose energy is above a second lower threshold, so
called continuation threshold. At the end of the clustering, the η and φ directions of the reconstructed
cluster can be used to match a track in the inner detector. There are two algorithms that correspond to
this description:

• LArMuID is based on a topological clustering algorithm used by ALEPH [21]. A topological clus-
tering algorithm groups neighboring cells whose energy is above a given threshold. Therefore,
the resulting clusters have a variable number of cells. This algorithm was used to find muons
using the electromagnetic calorimeter data during the test beam and the cosmic commissioning
data analysis. It builds the cluster from a seed cell in the middle sampling of the electromagnetic
calorimeter. Then, it creates the cluster adding another cell (if any) adjacent in φ above the con-
tinuation threshold. Due to the accordion structure of the electromagnetic calorimeters there are
no more than two adjacent cells in φ that can share the muon signal, thus the clusters consist of at
most two cells. The efficiency was measured with a muon beam during the combined test beam
as the fraction of events with a reconstructed muon cluster. The efficiency and the probability to
generate a fake muon from noise fluctuations were evaluated as a function of both thresholds. The
clustering algorithm inherently biases the energy reconstruction, so the lower the thresholds the
better the estimation of the reconstructed energy for the muon. The spectrum of energies collected
has been compared to and shown agreement with GEANT4.

• TileMuId is simple and fast and is used for triggering purposes. Its clustering methods are sim-
ilar to those of LArMuID. This algorithm, however, runs by default as part of the reconstruction
software. It starts with a search for a “candidate” muon in the cells belonging to the last TileCal
sampling, where the muon gives the clearest signature, due to the screening effect of the two pre-
vious samplings. If the measured energy is between a lower and and upper threshold, it uses the
η and φ coordinates of the cell to look for another cell with energy within the same thresholds in
the central sampling. If both searches are successful it looks for a third cell with energy within the
thresholds in the first sampling. When cells with energies within the thresholds are found in all
three samplings, the candidate is confirmed to be a muon. Performance studies of TileMuId can
be found in [22].

There are two track-seed algorithms that extrapolate inner detector tracks through the calorimeter
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identifying those matching the energy deposition pattern of a muon. The track-seed algorithms use no
tracking information from the muon spectrometer. The first track-seed algorithm, CaloMuonTag, will be
described in detail in the next section.

The second track-seed algorithm, CaloMuonLikelihoodTool, builds a likelihood ratio to discrim-
inate muons from pions. The likelihood discriminant is built out of different energy ratios in order to
capture the global features of the energy depositions. The discrimination power of these ratios varies
both as a function of the momentum of the particles considered, and as a function of η . Therefore three
bins in η (barrel, crack, end-cap) and three bins in momentum (0-10 GeV, 10-50 GeV, 50-100 GeV) are
used, and a different set of ratios is selected for each of the 9 regions. The likelihood ratio for the muon
candidate is then defined as

L (x1, ...,xN) =
N

∏
i=1

Pµ
i (xi)

Pµ
i (xi)+Pπ

i (xi)
. (5)

Where Pµ
i and Pπ

i , i = 1, ...,N are the pdf for the energy ratios. The performance of this algorithm is still
being studied, however, the first results show that it is comparable to the performance of CaloMuonTag
discussed in Section 4.2.

4.1 CaloMuonTag

CaloMuonTag extrapolates inner detector tracks through the calorimeters, collecting the energy in the
cell closest to the extrapolated track for each traversed sampling. The muon can deposit energy in more
than one cell in the hadronic calorimeter, but the probability of this happening is rather low, as illustrated
in Figure 20. For the purpose of this algorithm, it is enough to assume that all the energy deposited by
the muon is localized in the central cell. This also minimizes the electronic noise, which is particularly
large in the HEC.
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Figure 20: Energy found in the cell traversed by the extrapolated track (solid line) and the surrounding
cells (dashed line) in the TileCal (left) and in the HEC (right). Distributions obtained for momentum
100 GeV muons.

A track preselection is made to reduce the number of fakes in the output of the algorithms. In
addition, this preselection reduces the time needed by the algorithm to run on events with high track
multiplicity. The following cuts in pT , and transverse isolation energy (E iso

T ) inside a cone of 0.45 are
applied:

• pT > 2 GeV and E iso
T < 10 GeV for tracks pointing to the barrel (η < 1.6).

• pT > 3 GeV and E iso
T < 8 GeV for tracks pointing to the end-cap.
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Tracks are rejected if any of the collected energies are above veto values defined for each sampling. As
most fakes are seeded by low-pT tracks, more stringent cuts can be set for low-pT (< 10 GeV) track
candidates. These cuts can be relaxed for track candidates of higher pT .

Once calorimeter cells along the muon trajectory have been identified, the algorithm determines the
lower threshold energy cut that should be used for the tagging as a function of η :

• Eth = Ebarrel
0

sin2 θ for |η |< 1.7,

• Eth = Eend−cap
0

(1−sinθ)2 for |η |> 1.7,

where θ is the polar angle. The values of Eth from these two equations roughly follow the shape of the
measured energy distributions, which increases with the path length of the muon in the cell.

Energy depositions in the last sampling of the calorimeters give the most reliable muon signals.
However, due to the gap between the TileCal barrel and extended barrel modules, and the transition
region between the TileCal and the end-cap (HEC) calorimeters, it is necessary to look in the two previous
samplings to obtain a good efficiency throughout η . For this reason, if the energy in the last sampling,
or one of the two previous samplings depending on the η of the track, is above the threshold cut, Eth, the
track is tagged as a muon. A different tag is given depending on which sampling passes the threshold
cut.

4.2 Performance

In this section the performance of CaloMuonTag is analyzed. The performance of CaloMuonTag is
studied in some relevant physics samples:

• pp→ J/ψ→ µµ . A direct production of a J/ψ decaying to two muons with the following cuts at
generation level: one muon with pT > 6 GeV and the other with pT > 4 GeV.

• H → ZZ∗ → 4`. A Higgs generated with an invariant mass of 130 GeV is forced to decay into
two Z’s (one of them offshell) that decay leptonically. Only events with four muons are used for
reconstructing the Higgs peak, but all events are used for the efficiency/fake rate calculation.

• tt̄ . A sample of pair produced top quarks with all decay channels allowed.

• Zbb→ 4`. A Z is produced in association with 2 b quarks, and is forced to decay into two charged
leptons. The b quarks are also forced to decay into electrons or muons.

All samples were generated with pile-up with a safety factor of 5, i.e. five times nominal value
expected at a luminosity of 1033cm−2s−1. Except for the pp→ J/ψ→ µµ sample, where a safety factor
of 2 was used.

Figure 21 shows the performance of the calorimeter muon tagger algorithm on selected samples. The
vertical axis on the left shows the efficiency (top distributions). The vertical axis on the right (in red)
shows the fake rate (the number of misidentified tracks per event), represented by the shaded distribution
at the bottom of the plots. The efficiency (fake rate) is defined as the fraction of muons that are found
by the algorithm and (not) matched with a true MC muon. Muons from minimum-bias interactions were
not included in the efficiency calculation.

For the tt̄ (Zbb→ 4`) sample, the algorithm performs well in identifying isolated muons from W ’s
(Z’s). However, due to the isolation and veto cuts applied to reduce the number of fakes, the efficiency
for non-isolated muons from b quarks is very poor, affecting the overall efficiency.

To reduce the fake rate due to the low-pT tracks in the end-caps, some efficiency in that region needs
to be sacrificed. The “peaks” in the fake rate in η match the regions where the acceptance of the last
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Figure 21: Efficiency (and fakes per event, right axis in red and shaded histograms) vs η for different
samples. Top left: pp→ J/ψ → µµ . Top right: H(130)→ ZZ∗→ 4`. Bottom left: tt̄. Bottom right:
Zbb→ 4`.

calorimeter sampling is limited, and the two previous samplings are used for muon identification. Due to
the higher electronic noise, CaloMuonTag presents a higher fake rate in the HEC than in the TileCal. The
results for these samples, and for dijet samples generated with different pT transfers at the hard scattering
interaction are summarized in Table 1.

J/ψ → µµ H→ 4` tt̄ Zbb→ 4` 1120-2240 560-1120 280-560 70-140 17-35

Eff. 0.80 0.86 0.54 0.69 - - - - -

f/e 0.05 0.09 0.16 0.14 0.11 0.12 0.12 0.13 0.12

Table 1: Summary of the efficiencies and fakes per event (f/e) for different physics processes and dijet
samples (top numbers show the ranges of pT transfers at the hard scattering interaction, in GeV).

Finally, Figures 22 and 23 are used to evaluate the performance improvement when using calorimeter
muons to reconstruct the Higgs and the J/ψ mass. The plots on the left show the invariant mass recon-
structed with muons from a combined muon reconstruction algorithm, which makes use of both inner
detector and muon spectrometer tracks. The plots on the right show the invariant mass including muons
tagged by CaloMuonTag with momenta reconstructed by the inner detector.

To obtain the plots in Figure 22 the same set of cuts were used as in the H(130)→ ZZ∗→ 4` stud-
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Figure 22: Reconstructed Higgs peak in the H→ 4` invariant mass reconstruction for the standard com-
bined muons (left) and for combined muons together with inner detector muons tagged by CaloMuonTag
in the η region |η |< 0.1 (right).

ies [19]. The increase on the number of reconstructed events was achieved by adding an extra muon
found by the CaloMuonTag algorithm during the muon preselection. The extra muon was requested to
be found in the last sampling of the TileCal and within the |η |< 0.1 region. No loss in mass resolution or
shift in the mean of the mass peak are observed between the two selected muon samples. The acceptance
gap around |η |< 0.1 represents 4% of the |η |< 2.5 region covered by the combined muon reconstruc-
tion. Since, four muons are recontructed in this analysis, the total efficiency loss due to the gap is 16%.
This results shows that calorimeter identification can recover almost all of the lost events (14.9%).

For the plots shown in Figure 23 the muons used to reconstruct the invariant mass peak were matched
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Figure 23: Reconstructed J/ψ peak in the J/ψ → µµ invariant mass reconstruction for standard com-
bined muons (left) and for combined muons together with inner detector muons tagged by CaloMuonTag
in the η region |η |< 0.1 (right).

to the Monte Carlo truth. In this case, all muons identified by the calorimeter were added to the combined
reconstruction muons. Again, no loss in mass resolution or shift in the mean of the mass peak are
observed between the two selected muon samples.

CaloMuonTag shows very good efficiency and acceptable fake rate for a high-pT analysis like H→
ZZ∗ → 4µ . An additional 15% of events were reconstructed when muons identified by CaloMuonTag
were added to the muons found by the standard reconstruction algorithm. In low-pT analyses, such as
J/ψ → 2µ , tighter selection cuts need to be applied to keep an acceptable fake rate. This reduces the
efficiency of the tagging algorithms. However, an additional 15% of events were reconstructed when
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muons from CaloMuonTag were also used.

5 Conclusion

This document reviews the current status of the understanding of muon energy loss in the ATLAS
calorimeters. Although energy losses and their distribution along the muon track have a very small
impact on muon reconstruction inside the muon system, they play an important role in the transport of
a reconstructed muon track to the beam pipe. During this backtracking, the muon momentum can be
corrected using the energy measured in the calorimeter cells traversed. This procedure is justified for
muons that have a catastrophic energy loss. In most cases, the muon momentum can be corrected using
a parameterization of energy loss, estimated from the reconstructed momentum and the amount and the
nature of the material traversed by the reconstructed trajectory. Techniques that attempt to combine the
measurement with the parameterization to improve the energy loss estimate have been developed and
validated. A performance improvement is achieved in some important analyses through the use of these
techniques.

Muon tagging algorithms that use calorimeter measurements and track information have been pre-
sented. These algorithms have been developed with the main goal of complementing the muon spec-
trometer in two ways: recovering muons with very low transverse momentum, and in the regions of
limited spectrometer acceptance, especially in the η ∼ 0 region. The performance of the calorimeter
muon tagger algorithm in a few relevant data samples has been shown.
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In-Situ Determination of the Performance of the Muon
Spectrometer

Abstract
The ATLAS muon spectrometer consists of three layers of precision drift-tube
chambers in a toroidal magnetic with a field integral between 2.5 and 6 Tm.
Muon tracks are reconstructed with 97% efficiency and a momentum resolu-
tion between 3% and 4% for 10 GeV< pT <500 GeV and better than 10% for
transverse momenta up to 1 TeV. In this note, the performance of a perfectly
calibrated and aligned muon spectrometer will be reviewed and the impact of
deteriorations of the magnetic field, the calibration and misalignment of the
muon chambers on the performance will be discussed. The main part of the
note describes how the performance of the muon spectrometer can be deter-
mined using dimuon decays of Z bosons and J/ψ mesons.

1 Introduction

Muons with a transverse momentum1 pT greater than 3 GeV are detected in the ATLAS muon spectrom-
eter, which is designed to measure muon momenta with a resolution between 3% and 4% for a range of
transverse momenta of 10 GeV< pT <500 GeV and better than 10% for pT ’s up to 1 TeV. The muon
spectrometer consists of a system of superconducting air-core toroid coils producing a magnetic field
with a field integral between 2.5 and 6 Tm [1]. Three layers of chambers are used to precisely measure
muon momenta from the deflection of the muon tracks in the magnetic field (see Figure 1). Three layers
of trigger resistive-plate chambers (RPC) in the barrel and three layers of fast thin-gap chambers (TGC)
in the end caps of the muon spectrometer are used for the muon trigger. The trigger chambers measure
the muon tracks in two orthogonal projections with a spatial resolution of about 1 cm. The precision
measurement of the muon trajectory is performed by three layers of monitored drift-tube (MDT) cham-
bers in almost the entire muon spectrometer and by cathode-strip chambers (CSC) in the innermost layer
of the end caps at |η |> 2.2. The precision muon chambers provide track points with 35 µm resolution in
the bending plane of the magnetic field. The goal of a momentum resolution better than 10% up to 1 TeV
scale requires the knowledge of the chamber positions with an accuracy better than 30 µm in addition to
the high spatial resolution of the chambers. This is achieved by a system of optical alignment monitoring
sensors [1].

In the first part of this note, we review the performance of a perfectly calibrated and aligned muon
spectrometer and discuss the dependence of the performance on the knowledge of the following quanti-
ties: the magnetic field, the calibration of the chambers, the alignment of the chambers, and the accuracy
of the determination of the energy loss of the muons in the calorimeters. In the second and main part, we
describe how the performance of the muon spectrometer can be determined by means of dimuon decays
of Z bosons and J/ψ mesons.

2 Performance of a perfect and deteriorated spectrometer

2.1 Muon reconstruction

The muon spectrometer measures the momenta of charged particles at the entrance of the muon spec-
trometer. The energies lost by the muons on the passage through the calorimeters have to be added to the

1The transverse momentum is defined as the components of momentum in the transverse plane.
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Figure 1: Sketch of a quadrant of the ATLAS muon spectrometer.

energy measured at the entrance of the muon spectrometer in order to obtain the muon momentum at the
primary vertex. This reconstruction strategy is called stand-alone muon reconstruction. In order to cor-
rect for the energy loss, the expected average energy loss is used as a first estimation; in a second step the
energy deposition measured in the calorimeters is used to account for the large energy losses of highly
energetic muons due to bremsstrahlung and direct e+e− pair production. One speaks of combined muon
reconstruction when the momentum measurement of the inner detector is combined with the stand-alone
reconstruction. In this note, muon momenta will always be given at the pp interaction point.

The muon reconstruction is described in detail in [2,3]. The focus of this note is the measurement of
the performance of the stand-alone reconstruction from real data.

2.2 Definitions

The performance of the muon spectrometer is characterized in terms of efficiency and momentum res-
olution. In the analysis of simulated data, let ηrec and ηtruth denote the pseudorapidities and φrec

and φtruth denote the azimuthal angles of the reconstructed and generated muons. The distance ∆R =√
(ηrec−ηtruth)2 +(φrec−φtruth)2 of a reconstructed and generated muon is shown for a Monte Carlo

sample with muons of pT = 50 GeV at the pp interaction point in Figure 2. More than 99.7% of all
reconstructed muons have a distance ∆R < 0.05. We therefore define the muon reconstruction efficiency
as the fraction of generated muons which can be matched to a reconstructed muon within a cone of
∆R < 0.05.

The momentum resolution is measured by comparing the deviation of the reconstructed inverse trans-
verse momentum from the generated inverse transverse momentum:

ρ =
1

pT,truth
− 1

pT,rec

1
pT,truth

(1)

ρ would be normally distributed for a muon spectrometer uniform in η and φ . The momentum resolution
is not independent of η and φ due to the nonuniformity of the magnetic field and the nonuniformity of the
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Figure 2: Distribution of distance ∆R of reconstructed from generated muons in a 50 GeV single muon
Monte Carlo sample.

material distribution in η and φ . This leads to non-Gaussian tails in the ρ distribution when integrated
over η and φ , as illustrated in Figure 3. In order to minimize the effect of tails, the momentum resolution
is determined in the following way throughout this note: In the first step, a Gaussian g0 is fitted to the
distribution. In the next step i a Gaussian gi is fitted to the data between the xm,i−1±2σi−1, where σi−1
is the fitted width of gi−1 and xm,i−1 its fitted mean. The iterative procedure is terminated when the
fit relative change of the fit parameters from one to the next iteration is less than 0.1%. The standard
deviation of the final fit curve is taken as a measure for the momentum resolution. The mean of final fit is
referred to as the momentum scale, which is a measure for systematic shifts of measured muon momenta
with respect to the correct values.

2.3 Performance of a perfect muon spectrometer

We briefly review the performance of a perfectly calibrated and aligned muon spectrometer. We refer
to [1] and [2] for a more detailed discussion of the performance.

Figure 4(a) shows the reconstruction efficiency for muons with pT =50 GeV as a function of η and φ .
The efficiency is close to 100% in most of the η-φ plane. It drops significantly in the acceptance gaps of
the muon spectrometer. The inefficiency near |η |= 0 is caused by the gap for services of the calorimeters
and the inner tracking detector. The inefficiency near |η | = 1.2 will disappear after the installation of
additional muon chambers in the transition region between the barrel and the end caps which will not be
present in the initial phase of the LHC operation. The inefficiencies at φ ≈ 1.2 and φ ≈ 2.2 for |η |< 1.2
are related to acceptance gaps in the feet region of the muon spectrometer.

The stand-alone reconstruction efficiency is presented as function of pT in Figure 4(b). It rises from
0 to its plateau value of 95% between pT = 3 GeV and 10 GeV.

The pT -resolution is independent of φ apart from the feet region where it is degraded due to the
material introduced by the support structure of the detector. The resolution also depends on pseudora-
pidity. It is almost constant in the barrel part of the spectrometer (|η | < 1.05). It is up to three times
worse in the transition region between the barrel and the end caps for 1.05 < |η |< 1.7 mainly due to the
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Figure 4: Efficiencies of the reconstruction of tracks in the muon spectrometer.
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small integral of the magnetic field in this region. The momentum resolution becomes uniform again for
|η |> 1.7.
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Figure 5: Stand-alone momentum resolution integrated over η and φ as a function of pT for the barrel
(5(a)) and the end-cap region (5(b)).

The stand-alone momentum resolution varies with pT (see Figure 5). The momentum resolution in
the barrel is dominated by fluctuations of the energy loss in the calorimeters for pT < 10 GeV where it
is about 5% at pT = 6 GeV. It is best, 2.6% (4%) in the barrel (end cap), for pT ≈ 50 GeV where it is
dominated by multiple scattering in the muon spectrometer. The momentum resolution at high momenta
is limited by the spatial resolution and the alignment of the precision chambers and approaches 10% at
pT = 1 TeV.

2.4 Deterioration of the performance

The performance of the stand-alone muon reconstruction is affected by the limited knowledge of the
magnetic field in the muon spectrometer, the limited knowledge of the material distribution along the
muon trajectory required for the calculation of the energy loss, the calibration of the position measure-
ments by the monitored drift-tube chambers, and the alignment of the muon chambers.

The magnetic field will be known with a relative accuracy better than 5× 10−3 based on the mea-
surements of 1840 magnetic field sensors which are mounted on the muon chambers. As a consequence
the relative impact on the momentum resolution is less than 3% [1].

Studies for the technical design report of the muon spectrometer [4], which have been confirmed by
studies in the context of this note, show that the space-drift-time relationship r(t) of the MDT chambers
must be determined with 20 µm accuracy in order to give a negligible contribution to the momentum
resolution up to pT = 1 TeV. A strategy to calibrate r(t) with muon tracks with the required accuracy has
been worked out and is described in detail in [5].

The muon chambers are installed with a positioning accuracy of 1 mm in the muon spectrometer with
respect to global fiducials in the ATLAS cavern. The studies for the technical design report, however,
showed that the muon chambers must be aligned with an accuracy better than 30 µm in the bending
plane. A bias of 30 µm on the sagitta of a 1 TeV muon corresponds to a systematic shift of the measured
momentum of 60 GeV. The alignment of the muon spectrometer is based on a system of optical alignment
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sensors monitoring relative movements of the chambers on the level of a few micrometers. Muon tracks
are used for the absolute calibration of the optical sensor with 30 µm accuracy. The optical system does
not cover the whole muon spectrometer. The positions of the end caps with respect to the barrel must
be measured with muon tracks traversing the overlap between the barrel and the end-cap part of the
spectrometer. There are also chambers in the transition region between the barrel and end caps whose
positions are not monitored by the optical system. These chambers will be aligned with the rest of the
muon spectrometer by muon tracks. The alignment of the muon spectrometer is discussed in [6].

The expectation of the muon energy loss in the calorimeters can be checked by comparing the muon
momentum as measured by the inner detector and the muon momentum at the entrance of the muon
spectrometer, for instance. We shall not discuss the measurement of the muon energy loss in this article
and refer the reader to [7].

The initial misalignment will be the dominant source of performance degradation. We shall show
in the next section that Z → µ+µ− will lead to a clearly visible resonance peak in the dimuon mass
distribution even in the case of the initial misalignment. It will therefore be possible to measure the
muon performance of a misaligned muon spectrometer with Z→ µ+µ− events.

Impact of misalignment on the performance

In order to study the impact of the initial misalignment of the muon spectrometer on the performance,
the simulated data were reconstructed with a different geometry from the one used in the simulation.
In the reconstruction geometry, the chambers were randomly shifted from the nominal positions with
Gaussian distribution centred at 0 and a standard deviation of 1 mm and rotated randomly with Gaussian
distribution centred at 0 and a standard deviation of 1 mrad. Deformations of the chambers which are
monitored by an optical system mounted on the chambers were not considered in our studies.

η
-2 -1 0 1 2

Ef
fic

ie
nc

y

0.8

0.85

0.9

0.95

1

Stand-alone reconstruction

Aligned layout
Misaligned layout ATLAS

(a) Efficiency vs. η integrated over φ for pT =50 GeV.
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(b) Efficiency vs. φ integrated over η for pT =50 GeV.

Figure 6: Comparison of reconstruction efficiency for an aligned muon spectrometer and a misaligned
muon spectrometer with a average positioning uncertainty of 1 mm for a simulated single muon sample.

Figure 6 illustrates the comparison of the stand-alone track reconstruction efficiency for 50 GeV
muons in the aligned and the misaligned case. Only a small decrease in the reconstruction efficiency can
be observed for muons with a momentum of 50 GeV, a momentum typical for muons originating from W
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or Z bosons. The relatively small decrease in the reconstruction efficiency is mainly due to the fact that
the used definition of efficiency is based on a simple η and φ matching and does not take into account
the measured transverse momentum of the muons. The reconstruction efficiency could be increased in
the misaligned case by applying softer cuts in the pattern recognition stage of the track reconstruction.

Figure 7(a) and 7(b) show the impact of a misaligned muon spectrometer on the fractional transverse
momentum resolution; the resolution is highly degraded. The overall observed fractional muon spec-
trometer resolution σtot can be expressed as the quadratic sum of the intrinsic fractional pT -resolution at
the ideal geometry (σideal) and the fractional resolution due to the misaligned geometry (σAlignment).

σtot =
√

σ2
Alignment +σ2

ideal

This leads to σAlignment ≈ 0.14 for muons with pT ≈ 50 GeV as expected from the relationship be-
tween sagitta and momentum. The effect on the momentum scale is relatively small for the overall muon
spectrometer, since random misalignments cancel to a certain extent. In physics signatures, such as the
decay of a Z boson into two muons, the impact on the average momentum scale is even less, since a
misaligned geometry has the opposite effect for opposite charged muons to first order.
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(a) Overall pT -resolution
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(b) pT -resolution vs. η

Figure 7: Comparison of the fractional pT -resolution for an aligned muon spectrometer and a misaligned
muon spectrometer.

The impact of initial misalignment of the muon spectrometer on the Z resonance is shown in Figure
8. It is expected that the mean of the invariant mass distribution does not change significantly, since the
momentum scale of the reconstructed muon pT is hardly affected by misalignment. On the other hand a
large broadening of the distribution due to the degradation of the pT -resolution of the muons is expected,
which is shown in Figure 8. The dependence of the reconstructed width of the Z boson mass distribution
on the size of the misalignment is shown in Figure 9. σ scale

m is a scaling factor applied to the initial
misalignment of 1 mm and 1 mrad. The observed dependence is the basis for the determination of the
muon spectrometer resolution with data, which is discussed in section 4. A more detailed discussion of
misalignment impacts on the muon spectrometer performance can be found in [8].
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Figure 8: Reconstructed Z boson mass distribu-
tions for an aligned and a misaligned (σ scale

m = 1)
muon spectrometer layout.
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3 Measurement of the reconstruction efficiency from pp collision data

The simulation of the ATLAS detector is still under development and is not expected to reproduce the
actual performance of the detector in all details at the beginning of the LHC operation. Therefore it is
necessary to determine all efficiencies with data in order not to rely on the simulation.

3.1 Reconstruction efficiency from dimuon decays of the Z boson

3.1.1 Tag-and-probe method

The so-called ”tag-and-probe” method can be used to determine the muon spectrometer reconstruction
efficiencies from pp collision data. Muons from Z decays will be detected by the inner tracking detector
and the muon spectrometer in the common acceptance range of |η |< 2.5. The measurements of the inner
detector and the muon spectrometer are independent, though not necessarily uncorrelated. We require
two reconstructed tracks in the inner detector, at least one associated track in the muon spectrometer,
and the invariant mass of the two inner-detector tracks to be close to the mass of the Z boson. The
last requirement ensures that the reconstructed tracks are the tracks of the decay muons of the Z boson.
Moreover, the two inner tracks are required to be isolated to reject possible OCD background. The inner
track which could be associated to the track in the muon spectrometer is therefore a muon and is called
the tag muon. It is also required that the tag muon fired the 20 GeV single-muon trigger in order to
ensure that the event is recorded. This selection ensures that a Z→ µ+µ− decay has been detected. The
second inner track must then be a muon, too, which is called the probe muon (see Figure 10). In the
analysis of dimuon events from pp collisions, the probe muon plays the role of the generated muon in
the determination of the efficiency with simulated data.

The tag-and-probe technique is not restricted to the measurement of the stand-alone reconstruction
efficiency. It can, for instance, be used to measure the muon reconstruction efficiency of the inner detector
or the trigger efficiency [9].

Probe Muon

Z−Boson

Tag Muon

Figure 10: Schematic illustration of the tag and probe method.

Our studies show that the acceptance gaps of the muon trigger which are reflected in uncovered
η-φ regions of the tag muon do not create uncovered η-φ regions of the probe muon. The tag-and-
probe method therefore allows us to determine the efficiency over the full η and φ coverage of the inner
detector.
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Some systematic uncertainties of the tag-and-probe method must be considered. Muons from Z→
µ+µ− decays usually fly in opposite directions in the plane transverse to the proton beam axis. Hence
inefficiencies which are symmetric in ∆φ ≈ π may not be detected with this method.

The topology of pp→ Z/γ∗→ µ+µ− events is characterized by two highly energetic and isolated
muons in the final state. A significant QCD-background contribution is expected due to the huge cross
section of QCD processes. Moreover, the decay of a W± boson into one highly energetic muon and a
neutrino plus an additional muon from a QCD jet and the process Z→ τ+τ−→ µ+ν̄τνµ µ−ντ ν̄µ were
studied as possible background processes in our analysis.

Because of the high collision energy of the LHC, the production of top quark pairs has a cross section
of the order of the signal cross section. Top quarks mostly decay into a W boson and bottom quark. The
W boson and the bottom quark can decay into muons or electrons, which also might fake the signal
process.

The cross section of QCD processes is far too large to be simulated within a full Monte Carlo simu-
lation of the ATLAS detector. Hence it is assumed that the dominant contribution from highly energetic
muons is due to the decay of b-mesons. A more detailed discussion of the selection of pp→ Z→ µ+µ−
events and the background processes which must be considered can be found in [9].

3.1.2 Selection of candidate tracks

Figure 11 shows the invariant dimuon mass and the transverse momenta of the selected muon track
candidates for the signal and the chosen background processes.

The following cuts have been applied to get a clean track selection. Tracks of opposite charge and
a difference in their φ coordinates greater than 2.0 rad are selected. The rapidity of the tracks is limited
to a rapidity coverage of the inner detector of |η | < 2.5. Each of the selected muon candidate tracks is
required to have pT > 20 GeV. The invariant mass Mµµ of the two muon candidate tracks must agree with
the Z mass within ±10 GeV, i.e.|Mµµ −91.2GeV |< 10 GeV.The following isolation cuts are applied to
the selected tracks:

• number of reconstructed tracks in the inner detector within a hollow cone around the candidate
muon: NID Tracks

r1<r<r2
< 5

• sum of the pT ’s of reconstructed tracks in the inner detector within a hollow cone around the
candidate muon: ∑

r1<r<r2

pID Tracks
T < 8 GeV

• sum of reconstructed energy in the cells of the calorimeter within a hollow cone around the candi-
date muon: ∑

r1<r<r2

ET < 6 GeV

• energy of a possible reconstructed jet within a hollow cone around the candidate muon: EJet Energy
r<r2 <

15 GeV

These isolation variables are defined within a hollow cone in the η− and φ−plane of the reconstructed
muon track,

r1 <

√(
ηµ −ηic

)2 +
(
φµ −φic

)2
< r2 (2)

where r1 and r2 are the inner and the outer radius of the cone. The index µ stands for the reconstructed
muon track while the index ic labels the isolation criteria. The smaller radius is set to r1 = 0.05 and is
introduced to exclude the candidate muon track from the calculations of the isolation quantities. The
specific value of the outer radius r2 has only a minor effect on the signal and background separation, as
long it is large enough to contain a significant amount of data for the definition of isolation variables,
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(a) Invariant mass of Z candidates.
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(b) Transverse momentum distribution.
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(c) Number of reconstructed tracks within a cone of ∆R =0.5
around the candidate track.
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(d) Sum of transverse momenta of all tracks within a cone of
∆R =0.5 around the candidate track.

Figure 11: Reconstructed quantities for Z candidate events only using inner detector tracks with a trans-
verse momentum above 6 GeV and no further cuts for signal and background processes.
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i.e. r2 > 0.3. Our choice of r2 = 0.5 is the same as used in the measurement of the cross section of the
process pp→ Z → µ+µ− (see [9]). The isolation criteria listed here are optimized for events without
pile-up of inelastic pp collisions in a selected event. Pile-up of inelastic pp collisions is expected for the
operation of the LHC at a luminosity of 1033 cm−2 s−1 and will lead to more energy in a cone around
the muons. It was checked that the efficiency of our event selection is reduced by less than 5% in the
presence of pile-up and that the purity of our selected samples is not affected by the presence of pile-up.

The distributions of the first two isolation variables for signal and background processes normalized
to their cross sections are presented in Figure 11(c) and 11(d) in absence of pile-up. The selection of
isolated high-pT muons allows for a substantial suppression of the background.
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Figure 12: Cut-flow diagram for probe muon tracks: (0) opposite charge requirement, (1) invariant mass
requirement, (2) kinematic cuts, (3) isolation requirements, (4) electron veto, (5) found at least one track
in the muon spectrometer.

The cut-flow diagram for probe muons is shown in Figure 12. The QCD background can be rejected
with isolation cuts. More problematic in this selection is the W → µν background, and those tt̄-events
in which at least one W boson decays into a muon and a neutrino. These processes produce one highly
energetic isolated muon track which passes all selection cuts for a tag muon. A further track in the
inner detector which passes the other cuts and is not a muon will decrease the measured efficiency. Such
a track is most likely caused by an electron, since it is expected that electrons also appear as isolated
tracks in the inner detector. Therefore it is required that no reconstructed electromagnetic jet in the
electromagnetic calorimeter can be matched to an inner track as an additional selection requirement. This
applies especially for probe tracks stemming from a tt̄-event. Here, again, one has to distinguish between
inner tracks, which result from the decay of the bottom quark or simple QCD-interactions and those,
which result from the decay of the W boson. The first case is suppressed by the isolation requirement
and can be neglected. The second case can lead to a highly energetic isolated electron, stemming from
the decay of the second W boson. These electrons are expected to be vetoed. The cut-flow diagram also
shows that the probe muon candidates from the background processes can also be associated to a muon
spectrometer track and hence have no negative effect on the efficiency determination.

An overview of the remaining background expected from Monte Carlo is shown in Table 1; there
we have assumed at least three events surviving the cuts as a systematic uncertainty in order not to
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Table 1: Fractional background contribution in % based on Monte Carlo prediction including estimated
systematic and statistical uncertainties.

bb̄→ µµ W±→ µ±ν Z/γ∗→ ττ tt̄→W+bW−b Overall
≈ 0+0.03 ≈ 0+0.06 ≈ 0 ≈ 0.02±0.01 0.02±0.1

underestimate the background contribution. After all selection cuts, the purity of our sample is high: less
than 0.1% of the selected dimuon events are from background processes.

Our results are stable against variations of the track matching distance ∆R from 0.05 to 0.3. The
larger track matching cut of ∆R=0.3 takes account for possible misalignment effects in the first phase of
LHC. The robustness of our results against the ∆R matching cut indicates that our selected data sample
will allow an efficiency determination which is not significantly affected by background processes even
with a possible misalignment of the muon spectrometer.

3.1.3 Determination of the stand-alone reconstruction efficiency

The stand-alone reconstruction efficiency depends on pT , η and φ of the muons. Hence, one should
determine the efficiency in appropriate bins in these quantities. The lower value of the pT -binning is
given by the selection cut of 20 GeV. The highest value is set to 70 GeV and 10 bins are used to ensure
high enough statistics within each bin. For larger statistics also values above 100 GeV can be considered.

A natural binning in η and φ is given by the geometry of the muon spectrometer. The muon spec-
trometer consists of 16 sectors in the φ plane, small and large MDT chambers sequentially ordered as
illustrated in Figure 13(a). Therefore 16 bins in φ are used. The same geometrical argument applies to
the η-plane of the detector. Three MDT-chambers which are projective to the interaction point define
one tower. Twenty towers are defined in η which are the basis for the chosen binning (Figure 13(b)). In
total 320 regions are defined in the η−φ plane.

φ = +1/12 π

φ = −1/12 π

(a) φ -binning (b) η-binning

Figure 13: Illustration of the choosen φ and η-binning of the muon spectrometer

It is important to note that the dominant effect of losing reconstruction efficiency is the acceptance
gap due to the absence of MDT chambers. Hence it is a pure geometrical effect mainly in the η-direction.
Therefore different physics samples with different η- and to a certain extent also different φ - and pT -
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Table 2: Overall reconstruction efficiencies for different physics processes. Efficiencies with respect to
the Monte Carlo truth information are quoted for the sample of events that pass the single muon trigger.

Sample ∆R = 0.05 ∆R = 0.075 ∆R = 0.15
Z→ µ+µ− 0.952 0.956 0.958
W±→ µ±ν 0.953 0.958 0.960

tt̄→W+W−bb̄ 0.943 0.948 0.950
bb̄→ µ+µ− 0.930 0.944 0.952

distributions will lead to different overall reconstruction efficiencies. An overview of the overall recon-
struction efficiencies for different physics samples and track matching distances is shown in Table 2.
Hence the in-situ determined efficiencies must be applied in an appropriate binning for different physics
samples.

The comparison of the efficiencies determined with Monte Carlo truth information and the trag-
and-probe method is shown in Figure 14 for η and pT , assuming an aligned muon spectrometer. A
track matching distance of ∆R < 0.075 was chosen. The efficiencies determined in both ways coincide
within their statistical uncertainty for an integrated luminosity of 100 pb−1. This proves that possible
correlations between tag and probe muons are small and can be neglected to a good extent.
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(a) Efficiency integrated over φ and pT in Z→ µ+µ− events
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Figure 14: Comparison of the muon reconstruction efficiency of the muon spectrometer vs. η and pT

determined by the tag and probe method and via the Monte Carlo truth information.

The statistical error on the reconstruction efficiency ε can be calculated (for large N) by

∆ε =

√
ε(1− ε)

N
, (3)

where N is the number of tag muons. Note that both muons can, and will, be chosen as tag muons
in most cases, as the muon spectrometer is expected to have a reconstruction efficiency of 95% on

14

MUONS – IN-SITU DETERMINATION OF THE PERFORMANCE OF THE MUON SPECTROMETER

61

221



average. Figure 15 shows the distribution of the in-situ determined efficiencies for all 320 regions. The
overall reconstruction efficiency can be determined to a high statistical precision even for relatively low
integrated luminosities. A statistical precision of 1% of the overall muon spectrometer reconstruction
efficiency can be reached with less than 1 pb−1. Figure 16 illustrates the statistical uncertainty averaged
over all 320 regions versus the integrated luminosity.
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Figure 15: Distribution of muon reconstruction
efficiency of the 320 muon spectrometer regions.
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Figure 16: Average statistical error of reconstruc-
tion efficiency of the 320 regions vs. integrated
luminosity.

A possible correlation between tag and probe muons could be caused by the trigger. The probability
of reconstructing a muon is significantly higher if it was triggered, as shown in Figure 17. Hence, it might
be suspected that this correlation implies also a correlation in real data, since data events must contain
at least one muon which has been triggered. This is not a problem as long as the trigger requirement is
only applied on the tag muon.

In Section 3.1.1 it was already mentioned that the tag and probe approach has problems in detecting
inefficiencies which have a φ ≈ π symmetry. Dividing the data sample in two parts differing in the
angle ∆Φ could overcome this problem. One part contains reconstructed tag and probe muons with
∆Φ < 2.8 rad the second sample with ∆Φ > 2.8 rad. The chosen value of 2.8 rad leads to roughly
equally sized samples. Applying the tag and probe method on both sub-samples will lead to different
efficiency distributions in case of φ -symmetric inefficiencies. Monte Carlo studies showed that for the
presently simulated detector layout we expect only small differences (Fig. 18).

Table 3 summarizes statistical and systematic uncertainties of the in-situ determined stand-alone
reconstruction efficiency for two different integrated luminosities. The difference in |εin−situ− εtrue| is
calculated via

|εin−situ− εtrue|=
N

∑
i=1

1
N
|ε i

in−situ− ε i
true| (4)

where the index i runs over all bins in η-direction. This is treated as primary source of systematic
uncertainty. One should note that the given systematic error has a strong statistical component from the
Monte Carlo statistics which is reflected in the large decrease of the systematic uncertainty in Table 3.
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Figure 17: Reconstruction efficiency of the muon
spectrometer for muon tracks which have been
triggered and muon tracks which have not been
triggered.
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Figure 18: Comparison of muon reconstruction
efficiencies determined via tag and probe ap-
proach for two sets of muons differing by ∆φ .

Table 3: Estimated uncertainties of in-situ determined muon spectrometer reconstruction efficiencies
for muons in a pT -range between 20 GeV and 70 GeV and within an η-range smaller than 2.5 from a
Z→ µµ decay.

∫
L Statistical |εin−situ− εtrue| Background Overall

Uncertainty Contribution Systematic
100 pb−1 0.08% 0.9% 0.02% ≈ 1%

1 fb−1 0.03% 0.1% 0.02% ≈ 0.1%

We take the difference between the efficiency obtained for the misaligned layout and the efficiency
obtained for the aligned layout as a conservative estimate of the precision which can be achieved with the
tag-and-probe method in case of small unresolved misalignments. The difference in both efficiencies for
the different ∆φ -sample is comparable within its statistical uncertainties. The background contribution
is only estimated by the Monte Carlo prediction and treated as a systematic uncertainty.

The Gaussian sum of the two systematic uncertainties, namely |εin−situ− εtrue| and the background
contribution, is defined as the overall systematic uncertainty.

The given uncertainty estimation assumes that nearly all MDT chambers work and εtrue ≈ 96%. A
lower value of εtrue will lead to an increase of the statistical uncertainty via Equation (3) and also to a
higher systematic uncertainty. For real data a conservative estimate of the systematic uncertainty would
be the difference of the Monte Carlo prediction for the efficiency and the efficiency determined with
collision data. Moreover, it should be noted that the given uncertainties apply for muons in a pT -range
between 20 GeV and 60 GeV and within an η-range smaller than 2.5.
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3.1.4 Alternative approach

The tag-and-probe analysis presented above uses isolation cuts to reject background events and assumes
that a negligable background contribution remains. In this section, we explore the possibility of determin-
ing the reconstruction efficiency from collision data without isolation cuts and determine the background
contribution directly in data. We apply only cuts on the transverse momenta, e.g. pT > 10 GeV. This
leads to a dominant background contribution in the lower invariant dimuon-mass region.

In this approach, a tag muon is defined as a muon spectrometer and inner detector combined muon
track, with pT > 10 GeV. A probe muon is defined as any inner detector track, also with pT > 10 GeV.
An invariant mass is then calculated from every combinatoric tag and probe pair with opposite charges.
The size of this sample is denoted as N in the following (Figure 19(b)). Finally, we select a subsample
requiring that the probe muon also be a combined muon track. The size of this sample is denoted as n
(Figure 19(a)).
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(a) At least one of the muons is matched to a muon spectrom-
eter track.
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(b) Both muons are matched to muon spectrometer tracks.

Figure 19: Expected invariant Masses Mµµ resulting from two inner tracks where both muons must be
matched to a muon spectrometer track (a) or at least one of the muons must be matched to a muon
spectrometer tracks (b).

The track-finding effciency of the muon spectrometer, ε , is then defined as n/N. Missing tracks in
the muon spectrometer will result in n < N and thus effciency loss. The main difference from the ap-
proach presented in Section 3.1 is that no isolation cuts are used for the background rejection but instead
the background is directly estimated from data via side band subtraction. In this approach an exponential
function is fitted to the invariant mass region between ∼ 40 GeV to ∼ 60 GeV, where it is assumed that
the background contribution is dominating. The exponential function is then extrapolated to the invariant
mass region between ∼ 81 GeV to ∼ 101 GeV and used for subtraction of the background in this region.
The remaining number of events between ∼ 81 GeV to ∼ 101 GeV define n and N, respectively. In this
way, the background contribution is accounted for implicitly in data and no further assumptions on the
Monte Carlo predictions are made. The disadvantage of this procedure are the systematic uncertainties
of the fitting procedure and the choice of the fitting function. One possible improvement with higher
statistics of the background sample would be that the Monte Carlo prediction of the shape of the back-
ground distribution could be used to obtain a better fit function than the pure exponential for the side
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band subtraction.
The systematic uncertainty of this method is again estimated by the residual difference of the in-situ

determined efficiency and the true efficiency. For a simulated data sample corresponding to an integrated
luminosity of

∫
Ldt = 100 pb−1 it is expected to determine the efficiency with this approach up to a

precision of

∆ε =±0.05(sys.) (5)

The relative large systematic uncertainty arises mainly from the limited available statistics of background
Monte Carlo samples which has a direct impact on goodness of applied fit. Hence, further improvements
are likely to be achieved in future studies.

3.2 Determination of the reconstruction efficiency with J/Ψ events

The reconstruction efficiency for muons with transverse momenta less than 20 GeV is not determined
from Z→ µ+µ− events due to the cuts on the transverse momenta of the muons. Muons from J/ψ →
µ+µ− decays populate the momentum range below 20 GeV. We explored the possibility of using the
tag-and-probe method on J/ψ → µ+µ− events for the measurement of the reconstruction efficiency
at low transverse momenta. The method works well on signal events. Yet the huge QCD background
contaminates the selected dimuon data sets so much that a reliable efficiency measurement becomes very
difficult. Studies using muon isolation techniques have started. The muon reconstruction efficiency of
low-pT muons must therefore be extracted from Monte Carlo simulations and not be determined easily
from data.

4 Measurement of the momentum resolution and momentum scale

The muon momentum measurement will be affected by the limited knowledge of the magnetic field, the
uncertainty in the energy loss of the muons, and the alignment of the muon spectrometer as discussed in
Section 2.4.

The analysis of the measurements of the optical alignment sensors and the collision data with the
switched-off toroid coils will provide the position of the muon chambers with an accuracy better than
100 µm at the start-up of the LHC [1]. A systematic error of 100 µm on the sagitta corresponds to an
additional systematic error in the muon momentum of about 0.1 TeV−1 · p2 which amounts to 250 MeV
for p=50 GeV.

Muons with energies below 100 GeV lose on average about 3 GeV of their energy on their passage
through the calorimeters almost independently of their energy. The material distribution of the ATLAS
detector is modelled in the detector simulation with an accuracy better than a few percent [1]. A 5%
uncertainty in the amount of the material traversed by the muons would reflect in a 5% uncertainty of the
energy loss, that is an uncertainty of the average energy loss of ±150 MeV.

The uncertainty in the bending power of the toroidal field will lead to a momentum uncertainty
which is significantly smaller than the energy loss uncertainty and the impact of the misalignment on the
momentum measurement. It can therefore be neglected with respect to energy loss uncertainties and the
misalignment of the spectrometer.

A bias in the measured muon momentum translates into a bias in the measurement of the dimuon
mass in Z→ µ+µ− decays. An η , φ , and momentum dependent bias will also broaden the dimuon mass
peak. The shape of the dimuon invariant mass distribution for Z→ µ+µ− decays can therefore be used
to measure the accuracy of the momentum measurement with collision data.

As the momentum bias caused by misalignment is of the same magnitude, but of opposite sign for
µ+ and µ− leptons while the energy loss uncertainty has the same sign and magnitude for µ+ and µ−
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leptons, it is possible to disentangle the effect of misalignment and the effect of energy loss errors on the
reconstructed Z mass. The the sensitivities of the dimuon invariant mass spectrum to misalignment and
errors in the energy-loss correction were therefore studied separately to get a first insight.

4.1 Determination of the energy-loss uncertainty with Z→ µ+µ− events

We begin with the determination of the energy-loss uncertainty with Z → µ+µ− events. We assume
that the detector is aligned and that the magnetic field is known with the expected accuracy such that its
impact on the momentum scale can be neglected. We allow for an error in the energy-loss and, therefore,
correct the reconstructed muon energy in each of the 320 spectrometer towers by a tower-dependent
constant δErec,tower:

Erec,tower→ Erec,tower +δErec,tower. (6)

We determine the 400 constants δErec,tower by minimizing

χ2 = ∑
dimuon pairs k

[(pcorr,+,k + pcorr,−,k)2−M2
Z]2

σ2
k

(7)

where pcorr,±,k denotes the corrected measured µ± momentum and σk the expected dimuon mass reso-
lution. To estimate the sensitivity to the energy-loss correction, we applied this fit to 40,000 simulated
Z→ µ+µ− events (corresponding to an integrated luminosity of 50 pb−1). The fit gives δErec,tower with
a bias of 100 MeV and a stastitical error of the same size. Studies to improve the check of the energy-loss
correction with collision data are ongoing.

4.2 Determination of the momentum scale and resolution for a misaligned spectrometer

In a second step, we assume that the energy-loss correction is right and consider the misalignment of the
muon spectrometer as the only source of a deterioration of the momentum measurement.

If the Monte Carlo simulation describes the detector correctly, it also predicts the shape of the re-
constructed dimuon mass spectrum for Z → µ+µ− events correctly. The misalignment of the muon
chambers causes a deviation of the measured from the predicted shape of the invariant dimuon mass
spectrum. In order to match the Monte Carlo prediction with the experimental measurement, the recon-
structed simulated muon momenta must be smeared and shifted. The following procedure was adopted
in our analysis: A random number δ p normally distributed around 0 with standard deviation σres was
added to the reconstructed simulated muon momenta prec,MC and multiplied by a scale factor α:

pcorr = α(prec,MC−δ p). (8)

The inclusion of δ p corrects for an underestimation of the momentum resolution. The scale factor α
takes care of systematic shifts between the reconstructed momenta in the experiment and the simulation.
α and σres are determined by a fit of the corrected simulated invariant dimuon mass spectrum to the
experimentally measured spectrum.

To test this approach, the existing Z→ µ+µ− Monte Carlo data set was divided into two subsamples
of equal size corresponding to an integrated luminosity of 50 pb−1. The one sample serves as Monte
Carlo reference for an aligned muon spectrometer, the other plays the role of the experimental data set.
Two scenarios were investigated:

1. The Monte Carlo reference sample and the experimental sample were simulated and reconstructed
with the same (aligned) geometry. σres was fixed to 0 in the analysis of this scenario. Separate
scale factors αB and αE were applied to muon in the barrel (|η | < 1) and the end-cap region
(1≤ |η |< 2.7).
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2. The Monte Carlo reference sample was simulated and reconstructed with the same (aligned) ge-
ometry. But the experimental sample was reconstructed with a different geometry misaligned as
described in Section 2.4. In this scenario, two scale factors αB and αE for the barrel and end-cap
parts of the muon spectrometer and a global standard deviation σres were used as fit parameters.

Table 4: Fit results for the scale and resolution parameters for an integrated luminosity of 50 pb−1.
Layout 1−αB 1−αE σres

Aligned (4±14)10−4 (1±13)10−4 –
Misaligned (6±2)10−3 (5±2)10−3 (11.6±0.3) %

The results of the tests are summarized in Table 4. In the ideal case in which the reference and
the experimental sample are statistically independent, but equivalent otherwise, the fit gives factors αB

and αE equal to 1 within the statistical errors as expected. In the second scenario, the uncorrected
misalignment in the experimental sample leads to a systematic shift of the reconstructed momenta, hence
αB and αE differ from 1 slightly, but significantly, and a large degradation of the momentum resolution
from 3.5% to 12% is observed which is consistent with the degradation presented in Section 6. A large
Z→ µ+µ− sample would clearly allow for a finer segmentation than the division in barrel and end-cap
parts for the scale factors and lead to smaller values of σres.
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Figure 20: Dependence of < pcorr− prec,MC > /prec,MC on η integrated over pT and φ for Z→ µ+µ−
events in the second scenario of a misaligned detector.

The mean value of 1+ pcorr−prec,MC
prec,MC

is presented in Figure 20 as a function of η for the second scenario.
The mean values are spread around 1 with a standard deviation of 0.3%. The maximum deviation from 1
is less than 1%. This results indicates that the Z-mass distribution permits the detection of imperfections
in the momentum reconstruction. Studies which use a more refined parametrization of the momentum
correction and take into account energy-loss and alignment corrections at the same time are in progess.

We conclude from the studies in this section that it should be possible to control the muon momentum
and energy scale on the level of 0.5 GeV for 50 GeV muons with 40,000 Z→ µ+µ− events corresponding
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to an integrated luminosity of 50 pb−1.

5 Conclusions

The performance of the ATLAS muon spectrometer can be predicted by Monte Carlo simulations. The
performance of the spectrometer will, however, differ from the prediction due to the initial misalignment
of the muon chambers and imperfections in the corrections of the muon energy-loss. It is therefore
important to measure the performance with collision data.

We showed in the present article that it is possible to measure the muon reconstruction efficiency
with Z → µ+µ− events with an accuracy better than 1% with an integrated luminosity of 100 pb−1.
Selection cuts and the pT spectrum of the Z decay muons limit the momentum measurement to range of
20 GeV< pT <70 GeV. The efficiency measurement can be extended to higher momenta with increased
luminosity when the tails of the pT spectrum get populated.

We explored the possibility of measuring the efficiency at low transverse momenta with J/ψ →
µ+µ− events. Our studies show that a reliable efficiency measurement will be difficult due to large
irreducible QCD background.

We finally addressed the question of how the momentum and energy scale can be measured with
Z→ µ+µ−. According to our feasibility study it will be possible to control the energy-loss correction on
the level of 100 MeV and the momentum scale on the level of 1% for an integrated luminosity of about
100 pb−1. More detailed studies are needed to obtain a better estimate of the achievable precision.
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Reconstruction and Identification of Hadronic τ Decays
Abstract
In this note the overall performance of the ATLAS detector is discussed for
the identification of and measurements with hadronic decays of τ leptons in
a wide dynamic range of transverse energies, spanning from 10-15 GeV up
to at least 500 GeV. In general, hadronically decaying τ leptons are recon-
structed by matching narrow calorimetric clusters with a small number of
tracks. Two complementary approaches, a calorimeter-seeded and a track-
seeded algorithm, have been developed to efficiently reconstruct these de-
cays while providing the necessary large rejection against jets from QCD pro-
cesses. The performance of these algorithms in terms of efficiency and rejec-
tion against jets is discussed. In addition, the prospects for the determination
of fake τ rates as well as the extraction of τ lepton signals from W and Z boson
decays and from tt̄ events in early ATLAS data corresponding to an integrated
luminosity of 100 pb−1 are discussed.

1 Introduction

Tau leptons, and particularly their hadronic decays, will play an important role at the LHC. They will
provide an excellent probe in searches for new phenomena: the Standard Model Higgs boson at low
masses, the MSSM Higgs boson or Supersymmetry (SUSY). Therefore, understanding their selection
efficiencies and the cross-sections at which they will be produced is essential for discovering new physics.

Tau leptons are massive particles with a measurable lifetime undergoing electroweak interactions
only. The production and the decay of τ leptons are well separated in time and space (Γτ/mτ ∼ 10−11),
providing potential for unbiased measurements of the polarisation, spin correlations, and the parity of
the resonances decaying into τ leptons. The excellent knowledge of τ decay modes from low energy
experiments indeed makes this an ideal signature for the observations of new physics.

The interesting transverse momentum range of τ leptons spans from below 10 GeV up to at least
500 GeV. Experiments at the LHC will thus have to identify them in a wide momentum range. The low
energy range should be optimized for analyses related to W and Z boson observability with τ decays and
also to Higgs boson searches and SUSY cascade decays. The higher energy range is mostly of interest
in searches for heavy Higgs bosons in MSSM models and for extra heavy W and Z gauge bosons. For
illustration, Fig. 1 shows the transverse energy spectrum of the visible decay products of τ leptons from
different processes of interest normalized to the predicted cross-section with which they will be produced
at the LHC and to an integrated luminosity of 10 fb−1.

The reconstruction of τ leptons is usually understood as a reconstruction of the hadronic decay
modes, since it would be difficult to distinguish leptonic modes from primary electrons and muons.
Despite a strong physics motivation for exploring data with τ leptons in the final state, their reconstruc-
tion at hadron colliders remains a very difficult task in terms of distinguishing interesting events from
background processes dominated by QCD multi-jet production. Another related challenge is providing
efficient triggering for these events while keeping trigger rates at manageable levels.

The availability of various decay modes makes τ leptons a rich but not totally unique signature.
Hadronically decaying τ leptons1 are distinguished from QCD jets on the basis of low track multiplicities
contained in a narrow cone, characteristics of the track system and the shapes of the calorimetric showers.
Isolation from the rest of the event is required both in the inner detector and the calorimeter. From this

1We will often use notation τhad in this note when discussing objects reconstructed from the visible part of the hadronic
decay products of a τ lepton.
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Figure 1: The visible transverse energy of τ leptons from different physics processes: top quark decays,
W/Z production, Standard Model vector boson fusion Higgs boson production for mH = 120 GeV with
H→ ττ , for τ leptons from low energy Supersymmetry with a light stau (SU1 sample), heavy Z′ bosons,
and heavy Higgs bosons from bbH production in the MSSM with tanβ = 20(45) for masses of 400 GeV
(800 GeV).

information, a set of identification variables is built, to which either a traditional cut-based selection or
multi-variate discrimination techniques are applied.

The inner detector provides information on the charged hadronic track or the collimated multi-track
system reconstructed in isolation from the rest of the event. These tracks should neither match track seg-
ments in the muon spectrometer nor reveal features characteristic of an electron track (e.g. high threshold
hits in the Transition Radiation Tracker). In the case of a multi-track system, they should be well col-
limated in (η ,φ) space and the invariant mass of the system should be below the τ lepton mass. The
charge of the decaying τ lepton can be directly determined from the charge(s) of its decay product(s).

Calorimetry provides information on the energy deposit from the visible decay products (i.e. all
decay products excluding neutrinos). Hadronically decaying τ leptons are well collimated (with an
opening angle limited by the ratio mτ/Eτ ) leading to a relatively narrow shower in the electromagnetic
(EM) calorimeter with, for single-prong decays with one or few π0’s, a significant pure electromagnetic
component. On average in this case about 55% of the energy is carried by π0s present among the decay
products.

The calorimeter and tracking information should match, with narrow calorimeter cluster being found
close to the track(s) impact point in the calorimeter. Furthermore, the invariant mass of the cluster should
be small and the cluster should be isolated from the rest of the event.

The algorithms for the reconstruction of hadronically decaying τ leptons are considered higher level
reconstruction as they use components provided by algorithms specific to different subdetectors like track
reconstruction in the inner detector or topological clustering of the energy deposits in the calorimeter. At
present, two complementary algorithms have been implemented into the ATLAS offline reconstruction
software.

• The calorimetry-based algorithm starts from clusters reconstructed in the hadronic and electromag-
netic calorimeters and builds the identification variables based on information from the tracker and
the calorimeter.

• The track-based algorithm starts from seeds built from few (low multiplicity) high quality tracks
collimated around the leading one. The energy is calculated with an energy-flow algorithm based
only on tracks and the energy in the electromagnetic calorimeter. All identification variables are
built using information from the tracker and the calorimeter.

2

TAU LEPTONS – RECONSTRUCTION AND IDENTIFICATION OF HADRONIC τ DECAYS

3

231



A short overview of the features of τ lepton decays is included in Section 2. In Section 3 selected
topics on the performance of the detector directly relevant to the reconstruction and identification of the
hadronically decaying τ leptons are discussed. Offline reconstruction algorithms and performance results
are described in Section 4. In the remaining part of the note strategies for analyses using τ leptons with
the first 100 pb−1 of data are presented.

2 Topology of τ leptons in LHC collisions

The transverse momentum range of interest spans from below 10 GeV up to 500 GeV. τ leptons decay
hadronically in 64.8% of all cases, while in ∼ 17.8% (17.4%) of the cases they decay to an electron
(muon) [1]. From the detection point of view, hadronic modes are divided by the number of charged πs
among the decay products into single-prong (one charged π) and three-prong (three charged πs) decays.
The small fraction (0.1%) of five-prong decays is usually too hard to detect in a jet environment. The
τ → π±ν mode contributes 22.4% to single-prong hadronic decays and the τ → nπ0π±ν modes 73.5%.
For three-prong decays, the τ → 3π±ν decay contributes 61.6%, and the τ → nπ03π±ν mode only
33.7%. In general, one- and three-prong modes are dominated by final states consisting of π± and π0.
There is a small percentage of decays containing K± which nevertheless can be identified using the same
technique as for states with π± from the ATLAS detector point of view. A small percentage of states
with K0

S cannot be easily classified as belonging to either the single-prong or three-prongs categories as
the number of registered prongs depends on the actual K0

S interaction within the detector. Unless specific
studies are done, other multi-prong hadronic modes can be safely neglected.

The lifetime of the τ lepton (cτ = 87.11µm) in principle allows for the reconstruction of its decay
vertex in the case of three-prong decays. The flight path in the detector increases with the Lorentz
boost of the τ lepton, but at the same time the angular separation of the decay products decreases. A
resulting transverse impact parameter of the τ decay products can be used to distinguish them from
objects originating from the production vertex.

The incorporation of spin effects in τ lepton decays is often of importance. This was done within the
framework of the ATLAS Monte Carlo simulation and events were generated using PYTHIA [2] interfaced
with TAUOLA [3]. The generation process has correctly included full spin correlations in production and
decays of the τ leptons. Tau leptons from the decay of gauge bosons, Higgs bosons or in SUSY cascade
decays will carry information on the polarisation of the decaying resonance and in the case of pair
production also some information on the spin correlations. Tau leptons from W → τν and H± → τν
will be 100% longitudinally polarised, with Pτ = +1.0 and Pτ = -1.0 respectively, resulting in different
distributions of the charged to total visible energy for single-prong decays in the center-of-mass system
of the decaying resonance. At the LHC this effect can be used to suppress W → τν background and to
increase the H±→ τν observability [4]. The τ polarisation could also be used as a tool to discriminate
between MSSM versus Extra Dimension scenarios [5]. The longitudinal polarisation of τ leptons from
neutral Higgs boson decays will be democratic with 50% probability, thus τ leptons from Higgs boson
decays are effectively not polarized. The polarisation of τ leptons from Z boson decays will be a more
complicated function of the center-of-mass energy of the system and the angle of the decay products [6].
In the cleaner environment of the ILC and also perhaps at the sLHC, building variables sensitive to the
longitudinal and transverse spin correlations may lead to a CP measurement of the Higgs boson [7, 8].

3 Performance of the ATLAS detector for τ identification

Hadronic τ decays can be efficiently reconstructed and identified using information from the inner de-
tector and from the calorimeter. Reconstruction is done only for the visible part of the decay products,
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however, for specific analyses like H → ττ the complete invariant mass of the ττ system may be re-
constructed using the collinear approximation [9] (neutrino momenta parallel to that of the visible decay
products). A few selected topics related to the performance of the detector are discussed below before
turning to the reconstruction algorithms.

3.1 Tracking and vertexing

The reconstruction of tracks from charged pion decays is an important ingredient of the τhad reconstruc-
tion algorithms. The track-based algorithm is seeded by one or more good quality tracks which allow
for the calculation of the τhad energy with the so called energy-flow scheme. Both the calo-based and
the track-based algorithm determine the charge of the τhad candidate by summing up the charge(s) of
the tracks reconstructed in the τhad core region2. The tracking information is further used to identify
hadronically decaying τ leptons and to discriminate them against the background from hadronic jets
by considering the track multiplicity, the impact parameter and the transverse flight path in the case of
multi-track candidates. The track selection should therefore ensure high efficiency and quality of the
reconstructed tracks over a broad momentum range from 1 GeV to a few hundred GeV.

3.1.1 Reconstruction efficiency and track quality

The efficiency for track reconstruction in τ decays is defined as the probability for a given charged π
from a τ decay to be reconstructed as a track. With respect to the reference tracking performance of
the detector established for single muons in the low pT range a degradation due to hadronic interactions
(a charged π interacting with the material of the inner detector) is expected. In the higher pT range a
degradation is caused by the strong collimation of the multi-track system for three-prong decays.

Good quality tracks reconstructed with pT as low as 1 GeV are required by the track-based algorithm,
while the calorimeter-based algorithm accepts any track with pT > 2 GeV. A standard quality selection
has been defined in Ref. [10]. However, for the reconstruction of τ leptons a somewhat stricter selection
has been applied. Good quality tracks are required to satisfy χ2/n.d.f < 1.7, to have a number of pixel
and SCT hits ≥ 8 and transverse impact parameters d0 < 1mm. For the leading track in addition the
number of low threshold TRT hits has to be larger than 10 in a pseudorapidity η range up to 1.9, while
for the second or third track the presence of a B-Layer hit and ratio of the of high-to-low threshold hits of
smaller than 0.2 are required. Both requirements were added to minimize the number of accepted tracks
from conversions. A dedicated veto against electron tracks being used as leading tracks is not applied at
the reconstruction level. This will be taken care of separately as part of the identification procedure.

Figure 2 shows the reconstruction efficiency for pT = 1−50 GeV using the standard quality selection
as defined in Ref. [10]. Adding the additional quality criteria as described above, the overall efficiency
for reconstructing good quality tracks from τ lepton hadronic decays is reduced to 82− 83%. The
reconstruction efficiency is slightly higher for tracks from single prong decays compared to three-prong
decays, where tracks could be very collimated particularly for boosted τ leptons.

3.1.2 Charge misidentification

The charge of the τ lepton is calculated as the sum of the charges of the reconstructed tracks. For the
leading track, which is required (e.g. by the track-based algorithm) to have a transverse momentum 3

larger than 9 GeV, charge mis-identification is limited to ∼ 0.2% using the quality cuts described above.

2The core region for the track-based (calo-based) algorithm is understood here as ∆R < 0.2(0.3) cone in (η , φ ) around the
reconstructed direction of the visible decay products.

3The threshold pT > 9 GeV on the leading track was used for results presented here, while it was lowered to 6 GeV in the
more recent software releases.
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Figure 2: Reconstruction efficiency for tracks from charged πs for one- and three-prong hadronic τ
decays from W → τν and Z→ ττ signal samples as a function of the transverse momentum of the track
(left) and of the pseudorapidity for three different ranges of track pT (right).

The overall charge mis-identification probability for the hadronically decaying τ lepton is however dom-
inated by combinatorial effects: single-prong decays may migrate to the three-prong category due to
photon conversions or the presence of additional tracks from the underlying event. A three-prong decay
might be reconstructed as a single-prong decay due to inefficiencies of the track reconstruction and selec-
tion. This overall charge mis-identification is estimated to be below∼ 3.6% without requiring additional
quality cuts. In fact, the τ charge misidentification is dominated by a combination of effects, but the
contributions from the charge misidentification of the individual tracks should not be neglected.

Table 1 shows the percentage of contamination for one- and three-prong candidates using the afore-
mentioned quality criteria for tracks in the core region. For the roughly 3.9% contamination of the
single-track candidates from three-prong decays, about 85% are due to hadronic interactions. A 3.8%
contamination of three-track candidates from one-prong decays is observed with 70% of them being due
to conversions. The percentage of the overall charge misidentification is also shown. Requiring at least
one B-Layer hit reduces the charge misidentification both in the case of electron tracks from conver-
sions and in the case of hadronic interactions at low radii. However, this happens at the expense of an
additional loss in efficiency in particular for three-prong decays.

3.1.3 Tracks from conversions

Photons from π0 decays might convert in the material of the inner detector and then contribute additional
tracks to the core or isolation region of the τhad candidate. This could result in one-prongs being recon-
structed as three-prong candidates, in an inefficiency of the reconstruction and identification criteria and
in a degradation of the energy resolution as calculated from the energy-flow algorithm.

A large fraction of reconstructed τhad candidates are accompanied by conversions. In 1.5% of the
cases a conversion electron is reconstructed as the leading track of the one-prong candidate, while 5.7%
of the three-prong candidates contain one reconstructed track coming from a conversion electron. In
Table 1 the effects of charge misidentification and contamination from photon conversions are quantified.

3.1.4 Impact parameter

The mean proper lifetime of the τ lepton is about 0.29ps. Although the lifetime of the τ lepton is about
five times shorter than that of the b-quark, the transverse impact parameters of its decay products are
still useful for τ identification. The impact parameters, d0 and z0 sin(θ), have been studied for one-prong
candidates reconstructed by the track-based algorithm. The transverse impact parameter d0 is defined
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Table 1: Percentage of one- and three prong τ lepton hadronic decays within reconstructed one-, two-
and three-prong τhad candidates by the track-based algorithm, matched to true τ decays. Tracks in
a cone of ∆R = 0.2 around the leading good quality track are considered. A transverse momentum
of pT > 9 GeV is required for the leading track. An estimate for electron contamination and charge
misidentification is given in addition. Separately specified are results for a subsample where no hadronic
secondary interaction of primary charged π was recorded inside the inner detector volume. Events from
Z→ ττ and W → τν samples were used.

Seeds for track-based Reconstructed as Reconstructed as Reconstructed as
τhad-candidates single-prong three-prong two-prong
Electron contamination
(from conversion) 1.5% 5.7% 2.9%
τ → π±nπ0ν 96.1% 3.8% 23.8%
τ → 3π±nπ0ν 3.9 % 96.2% 76.2%
Charge misid. 1.7% 3.6%
(no had. interact.) 0.4% 2.1%
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Figure 3: Transverse (left) and longitudinal (right) impact parameter resolution as a function of |η | from
a one-prong Z→ ττ sample. The open (full) circles are from τ → π(π0)ν (τ → µνν̄) events.

as the smallest distance in the transverse plane between the track and the reconstructed primary vertex.
The impact parameter z0 is given by the distance in z-direction between the reconstructed primary vertex
and the point of closest approach in the transverse plane of the track multiplied by sin(θ) to obtain the
component transverse to the track direction. Tracks assigned to the τhad candidate are not used in the
primary vertex fit.

In Fig. 3 the resolution of the transverse (left) and longitudinal (right) impact parameters are shown as
a function of |η |. The resolution for final state muons and pions from τ→ µνν and τ→ π(π0)ν decays
are similar: about 13 µm for |η |< 1.0 and about 50 µm for |η |> 1.0 for the transverse and longitudinal
impact parameters, respectively. No degradation related to hadronic interactions for τ → πν decays
is observed. This has been verified by studying events with elastic interaction in the Inner Detector
(hadronic interaction), defined as events where the outgoing π± carries more than 90 % of the transverse
energy of the incoming π±. This observation is consistent with that presented in Ref. [11].

In Fig. 4 distributions of the significances of the impact parameters are presented. The significance
is defined as the impact parameters divided by its estimated error. The distribution shows a moderate
discrimination power between one-prong candidates reconstructed from hadronic τ decays and fake one-
prong candidates. Due to the limited resolution of the longitudinal impact parameter, the separation
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reconstructed by the track-based algorithm. Distributions are shown for τhad candidates reconstructed
from τ decays and for fake candidates which do not originate from the decays of b- or c-hadrons.

between the two classes is less significant in that case.

3.1.5 Secondary vertex reconstruction and transverse flight path

The significant lifetime of the τ lepton (cτ = 87.11µm) allows the reconstruction of its decay vertex
for three-prong decays. Currently, five vertex fitting algorithms [12–14] are implemented in the ATLAS
reconstruction framework. Among these the adaptive vertex fitter [13], an iterative re-weighted fit which
down-weights tracks according to their weighted distance to the vertex, was found to give the optimal
performance.

To estimate its performance, secondary vertex fits were performed using tracks associated with τhad
candidates from Z→ ττ and W → τν events. The quality criteria applied in the track-based reconstruc-
tion were required to be met by the tracks. The τhad candidates associated with a true hadronic τ decay
were divided into two classes. Candidates with three tracks successfully matched to true particles com-
ing from the same true three-prong hadronic τ decays were used as a reference. These candidates are
denoted hereafter as fully-matched. The second class is composed of the remaining candidates with at
least two tracks of which at least one is matched to a true particle coming from a hadronic τ decay. These
candidates are denoted hereafter as partially matched.

The resolution of the secondary vertex position varies strongly if measured in the perpendicular or
parallel direction with respect the momentum of τhad candidate. The resolution on the position of the
secondary vertex calculated in the plane perpendicular to the momentum of the τhad candidate is expected
to be better than in the parallel direction due to the collimation of tracks. To estimate the resolution in the
transverse plane, the residuals of the vertex position in the direction perpendicular to both momentum of
a τhad candidate and the beam axis were calculated. The distributions were approximated by a double
Gaussian fit. For fully matched three-prong τhad candidates there is no significant difference between the
distributions obtained with different fitters. The distributions of residuals of the secondary vertex position
obtained with the adaptive fitter, parallel and perpendicular to the direction of flight of the τhad candidate
are presented in Fig. 5. Shown in Table 2 are the resolution4, the mean values of the fit and 68.3 % and
95.0 % coverages5 for the fully matched, partially matched and combined samples. As expected, the
transverse resolution (σ ∼ 10 µm) is far more accurate than the parallel one (σ ∼ 600 µm). The non-
Gaussian tails are significant in both cases, but far more important in the case of the parallel component.
A precise reconstruction of the transverse flight path is therefore possible, which is important for further

4In the case of a double Gaussian fit, the width of the central Gaussian will be quoted as the resolution hereafter.
5The coverage is the half-width of a symmetric interval covering a given percentage of the distribution.
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Figure 5: Residuals of the secondary vertex position parallel and perpendicular to the direction of flight
of the τhad candidate using the adaptive vertex fitter. Fully (solid) and partially (open) matched three-
prong τhad candidates reconstructed with the track-based algorithm from Z→ ττ and W → τν processes
are used.

Table 2: Resolution and mean of the distribution of residuals of the secondary vertex position in the
directions parallel and transverse to that of the reconstructed momentum vector of the τhad candidate as
obtained from the adaptive vertex fitter. Candidates with up to three associated tracks reconstructed by
the track-based algorithm were used. The resolution quoted is the σ of the core Gaussian of a double
Gaussian fit in the range [−4mm,4mm] in the parallel direction and [−50 µm,50 µm] in the transverse
direction. The 68.3% and 95% coverages are also quoted.

Resolution Mean 68.3% 95%

Parallel
Fully matched 3-prong 0.593±0.008mm 0.006±0.006mm 1.27mm 5.33mm

Partially matched 0.703±0.030mm −0.035±0.020mm 3.83mm > 15mm
Combined 0.613±0.008mm 0.004±0.006mm 1.89mm 11.37mm

Transverse
Fully matched 3-prong 10.1±0.2 µm 0.2±0.1 µm 14.4 µm 36.9 µm

Partially matched 11.3±0.5 µm −0.1±0.2 µm 20.9 µm 72.2 µm
Combined 10.5±0.2 µm 0.1±0.1 µm 16.4 µm 48.1 µm

rejection of the QCD background. It may also be possible to obtain a competitive measurement of the τ
lifetime, which requires a measurement of the flight path and momentum of the τ lepton.

Shown in Fig. 6 is the resolution on the transverse flight path as a function of the transverse mo-
mentum and the pseudorapidity of the τhad candidates. The resolution was obtained from a Gaussian fit
to a central interval covering 80% of distributions of residuals of a transverse flight path for the adap-
tive vertex fitter for fully matched three-prong candidates. In addition the 68.3% and 95% coverages of
distributions of residuals are presented.

Distributions of the significance of the transverse flight path, for different classes of three-prong can-
didates are shown in Fig. 7. This distribution might be used to discriminate between true τhad candidates
and fake candidates from light jets. The discrimination in the case of b- and c- jets seems however to be
difficult.

An efficient rejection of tracks coming from photon conversions, decays of long-lived particles and
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Table 3: Single prong candidates: fractions with zero, one and two or more reconstructed π0 subclusters.

decay mode no π0 subclusters 1 π0 subcluster ≥ 2 π0 subclusters
all τ → hadν 32% 35% 33%
τ → πν 65% 20% 15%
τ → ρν 15% 50% 35%
τ → a1(→ 2π0π)ν 9% 34% 57%

hadronic interactions in the material reduce the number of one-prong candidates wrongly reconstructed as
two- or three-prong candidates and improve the separation between correctly reconstructed three-prong
candidates and candidates from light jets. It is a subject of further studies currently in progress.

3.2 Reconstruction of π0 subclusters

The high granularity of the electromagnetic calorimeter in ATLAS allows for the identification of isolated
subclusters from π0s inside the core region of the reconstructed τ lepton hadronic decays.

Studies have been performed based on the topological clustering algorithm [15] with only the mid-
dle layer of the calorimeter used for finding primary maxima, and the strip layer used for finding the
secondary maxima. The clustering was performed based on cells in a region ∆R < 0.4 around the direc-
tion of the leading track satisfying pT > 9 GeV and only subclusters with center within ∆R < 0.2 were
taken. A subtraction procedure was applied first to reduce the impact from energy deposits of nearby
π±’s and of energy double-counting when adding the latter (track + π0 clusters) to reconstruct the visible
τhad energy. Namely, before clustering procedure, cells being closest to the impact point of the track
(∆R < 0.0375) were removed. The subtraction was stopped when the subtracted energy exceeded 70%
of the track momentum. In the case of coincidence of large energy deposits in the hadronic calorime-
ter (above 40% of the track momentum) and in the presampler+strip layer close to the track, indicating
superposition of π0 and π± showers, cells were subtracted only from the middle layer up to the point
where the transverse energy of the remaining cells exceeded 2.5 ·ET collected in the presampler+strip
layer (always counted in ∆R < 0.0375 from the track impact point).

Reconstructed subclusters were required to have ET > 1 GeV and be separated by ∆R > 0.0375 from
the impact point of the track in the middle layer. In addition, subclusters were accepted if their recon-
structed energy in the strip+presampler layers exceeded 10% of their total energy. These requirements
efficiently removed about 50% of satellite clusters from charged πs in the case of τ → πν decays. Ta-
ble 3 summarizes the results in terms of the fraction of one-prong candidates reconstructed with a given
multiplicity of π0 subclusters.

Reconstructing the track and π0 subclusters for single-prong decays allows for the definition of the
energy and visible mass of the hadronic τ decays from the vector sum of both components. The procedure
was evaluated for one-prong decays from W → τν events, i.e. for τ leptons with visible transverse
momenta below 50 GeV. Figure 8 shows the response and resolution obtained by this algorithm for
reconstructing the visible energy in decays of type τ → ρν from W → τν events in case at least one π0

subcluster is reconstructed. A Gaussian fit to the core region of the distribution yields a resolution of
4.6% with an effective shift of −2.4%, dominated by the calibration of the electromagnetic calorimeter
not being optimal for the π0 subcluster reconstruction.

As a final benchmark for the quality of the π0 cluster reconstruction discussed above, the invariant
mass of τ → ρν → π0πν decays is reconstructed from the track + π0 subcluster system which is more
difficult than the reconstruction of the transverse energy only since the resolution is dominated by the
precision of the reconstruction of the angle between the charged and the neutral pion. Figure 8 (right)
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Figure 9: The efficiency of the electron veto algorithm for W → τν (rectangles) and W → eν (triangles)
events as a function of |η | and pT of the leading track.

shows the reconstructed visible mass for τ → ρν , τ → a1(→ 2π0π)ν , and τ → πν decays. The relative
contributions are proportional to the branching fractions convoluted with the experimental efficiencies
of the algorithm applied to inclusive hadronic decays of the τ lepton. If more than one π0 subcluster is
reconstructed the energy weighted barycenter of the cluster system is taken.

3.2.1 Combined veto on electron tracks

An efficient rejection of tracks originating from isolated electrons is important for rejecting backgrounds
for example from W → eν and Z→ ee events. One possibility would be to reject tracks that have been
identified as good electron candidates by the standard electron reconstruction algorithm. With the so
called tight selection this algorithm is found to reject ∼ 85% of all electrons from W → eν events with a
loss of efficiency for true hadronic τ decays with ptrack

T > 9 GeV of less than 1%.
To achieve a more stringent selection, a dedicated algorithm to veto electrons has been developed

aiming at a higher rejection rate while, at the same time, retaining a high fraction of hadronic τ decays.
It is based on the following variables:

• The energy deposited in the hadronic part of the calorimeter (EHCAL).

• The energy not associated with a charged track in the strip compartment of the electromagnetic
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Table 4: Efficiency for hadronically decaying τ leptons and true electrons from W → τν for passing
the electron veto algorithm. The numbers given are normalized to true electrons with pT > 9 GeV and
|η | < 2.5 (vs. true e) and to reconstructed one-prong or three-prong candidates with the leading track
being matched to a π from W → τν events (vs. reconstructed τhad). The probability that an electron from
W → eν events with pT > 9 GeV and |η |< 2.5 is reconstructed as one-prong (three-prong) candidate is
∼ 70% (∼ 0.7%). In addition the performance of the standard algorithm for electron reconstruction [16]
is shown. The statistical uncertainty on the numbers presented here is at the level of 0.1−0.5%.

Reconstructed as Reconstructed as Overall
Candidates single-prong three-prong
Electron-veto algorithm
τ from W → τν (vs reconstructed τhad) 94.1% 96.2% 94.9%
Electron from W → eν (vs true e) 1.5% < 0.1% 1.6%
Standard algorithm (tight selection)
τ from W → τν (vs reconstructed τhad) 99.9% 99.9% 99.9%
Electron from W → eν (vs true e) 15.6% 0.4% 16.4%
Standard algorithm (medium selection)
τ from W → τν (vs reconstructed τhad) 90.6% 95.1% 92.1%
Electron from W → eν (vs true e) 4.2% 0.2% 4.6%

part of the calorimeter (Estrip
max ).

• The ratio in the transverse plane of the associated energy in the electromagnetic calorimeter and
the track momentum (ET /pT ).

• The ratio of the number of high threshold to low threshold hits (including outliers) in the TRT
(NHT/NLT).

The first two variables are used to divide tracks into categories in which discrimination is provided by
fixed cuts on the remaining two variables.

The algorithm yields a rejection factor of 60 against electrons from W → eν events at the expense of
losing 5% of the signal from W → τν events. The efficiency of the algorithm 6 as a function of |η | and
pT is shown in Fig. 9 and its performance is summarized in Table 4. For completeness results from the
standard electron reconstruction algorithm are also shown. The dedicated electron-veto described here
gives much better efficiency for rejecting isolated electrons from W decay than the standard electron
reconstruction algorithm for comparable loss in accepting true hadronic τ decays.

4 Offline algorithms for τ reconstruction

Two complementary algorithms for the reconstruction of hadronic τ decays have been implemented
in the ATLAS offline reconstruction software. Each algorithm is discussed separately below and their
performance is compared.

6For hadronic decays of τ leptons the efficiency is defined w.r.t. the reconstructed τhad candidates and for electrons w.r.t. to
all electrons inside |η | ≤ 2.5 with pT > 9 GeV.
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Figure 10: The ratio of the reconstructed (ET ) and the true (Eτ−vis
T ) transverse energy of the hadronic

τ decay products is shown as a function of the visible true transverse energy Eτ,vis
T (left), calculated in

|η | < 2.5 and |η | (right) for taus from Z → ττ (triangles) and A→ ττ with mA = 800 GeV (squares)
decays. The ordinate value is the mean and the error bars correspond to the sigma of the Gaussian fit
performed in the range 0.8 < ET /Eτ,vis

T < 1.2. The results are obtained after applying the loose likelihood
selection, see below.

4.1 The calorimeter-based algorithm

In this approach [17], hadronically decaying τ candidates are reconstructed using calorimeter clusters as
seeds. They are obtained from a sliding window clustering algorithm applied to so called calorimeter
towers which are formed from cells of all calorimeter layers on a grid of size ∆η ×∆φ = 0.1× 2π/64.
The energy and position are calculated from the clusters, while all cells with the full granularity of the
corresponding calorimeters are used to calculate the quantities involved in τ identification as described
in the following. Only clusters with a transverse energy ET > 15 GeV are used. The probability for a
true τ to be reconstructed as a cluster increases from 20% to 68% over the visible τ transverse energy
range from 15 to 20 GeV and saturates at 98% for ET > 30 GeV.

All cells within ∆R < 0.4 around the barycenter of the cluster are then calibrated with an H1-style
calibration [18]. The cell weights are a function of the cell energy density, η and the calorimeter region.
These weights have been optimized for jets [18] and only approximately for hadronic τ decays. The
mean and sigma of a Gaussian fit to the ratio of the reconstructed and the generated energy of the visible
τ decay products, Eτ−vis

T , in the range from 0.8 to 1.2 is shown in Fig. 10 as a function of Eτ−vis
T and

η . The resolution is of the order of 10% and an offset in the range from +5 to -7% is observed in the τ
energy range from 20 to 50 GeV, while at larger energies the offset is of the order of -3 to -5%.

Several quantities that exploit the τ lepton properties have been combined in a likelihood function
to discriminate hadronic τ decays from fake candidates originating from QCD jets. These quantities are
described in the following:

• The electromagnetic radius Rem:

To exploit the smaller transverse shower profile in τ decays, the electromagnetic radius Rem is
used, defined as

Rem =
∑n

i=1 ET, i

√
(ηi−ηcluster)

2 +(φi−φcluster)
2

∑n
i=1 ET, i

, (1)

where i runs over all cell in the electromagnetic calorimeter in a cluster with ∆R < 0.4. The
quantities ηi, φi, and ET, i denote their position and transverse energy in cell i. Cells may have
different sizes depending on the layer and their η value. The size varies from ∆η×∆φ = 0.003×
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0.1 in the η-strip region of the barrel to 0.025×0.025 for the second calorimeter layer. This leads
to a dependence of the performance on η . This variable shows good discrimination power at low
ET but becomes less effective at higher ET .

• Isolation in the calorimeter:

Clusters built from hadronic τ decays are well collimated and therefore rather tight isolation crite-
ria can be used. Here a ring of 0.1 < ∆R < 0.2 was chosen as the isolation region and the quantity

∆E12
T = ∑i ET, i

∑ j ET, j
, (2)

is calculated, where the indices i and j run over all electromagnetic calorimeter cells in a cone
around the cluster axis with 0.1 < ∆R < 0.2 and ∆R < 0.4, respectively, and ET, i and ET, j denote
the transverse cell energies.

Like Rem, the ∆E12
T distribution shows an ET dependence and becomes narrower with increasing

ET . This variable also depends on the event type and is expected to be less effective for events
with higher hadronic activity, like e.g. tt̄ events.

• Charge of the τ candidate:

The charge of a τ candidate is defined as the sum over the charge(s) of the associated track(s). The
misidentification of the charge on the level of a few percent shows almost no ET dependence.

• Number of associated tracks:

The number of tracks, Ntr, associated with a given cluster within ∆R < 0.3. The tracks are required
to have pT > 2 GeV and no specific requirements on the quality of the track reconstruction is made.
A significant fraction of events with zero, two, and even four tracks is observed for true hadronic
τ decays.

• Number of hits in the η strip layer:

The number of hits in η direction in the finely segmented strip detector, Nstrip, in the first layer of
the electromagnetic barrel calorimeter is also used in the likelihood discrimination. Cells in the
η strip layer within ∆R < 0.4 around the cluster axis are counted as hits if the energy deposited
exceeds 200 MeV. In contrast to jets, a significant fraction of τ leptons deposit nearly no energy in
the η strip layer (τ → πν decays) and the number of corresponding hits is small.

• Transverse energy width in the η strip layer

The transverse energy width ∆η is defined as

∆η =

√√√√∑n
i=1 Estrip

Ti (ηi−ηcluster)2

∑n
i=1 Estrip

Ti

. (3)

where the sum runs over all strip cells in a cone with ∆R < 0.4 around the cluster axis and Estrip
Ti

is the corresponding strip transverse energy. Like Rem it is a powerful discriminator at low ET but
loses discrimination power with increasing ET for higher collimated high ET jets.

• Lifetime signed pseudo impact parameter significance:

At present only a 2-dimensional impact parameter, also called the pseudo impact parameter, is
used. It is defined as the distance from the beam axis to the point of closest approach of the track
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Figure 11: The distributions of a few discriminating variables (electromagnetic radius, energy isolation,
transverse energy width in the η strip layer and ET over pT 1 of the leading track) used in the calorimeter-
based tau identification for true tau decays and jets with visible transverse cluster energies ET in the
range from 40 to 60 GeV and track multiplicities between 1 and 3.

in the plane perpendicular to the beam axis. From this information and from the jet axis, a quantity
denoted as lifetime signed pseudo impact parameter significance, defined as sigd0

= d0/σ2
d0

where
σ is the impact parameter resolution, is calculated.

• ET over pT of the leading track: ET /pT 1 :

For τ decays a large fraction of the energy is expected to be carried by the leading track and the
ratio of the cluster energy ET to the momentum of the leading track pT 1 is expected to be large,
close to 1. This provides another discrimination against QCD jets, which are expected to have a
more uniform distribution of pT among the tracks. They are also expected to have more additional
neutral particles. Values above one are also expected from τ decay modes involving additional π0s
and for three-prong decays. The ET dependence is rather modest for τ decays but more pronounced
for QCD jets, which tend to become more signal like with higher ET .

In Fig. 11 the distributions of a few discriminating variables are shown for signal and backgrounds
for transverse cluster energies ET in the range between 40 and 60 GeV and for candidates with 1 or 3
tracks.

For the calorimeter-based algorithm the τ identification is based on a one-dimensional likelihood
ratio constructed from three discrete variables (Ntr, Nstrip and the charge of the τ lepton) and five continu-
ous variables (Rem, ∆E12

T , ∆η , sigd0
, and ET /pT,1). For the discrete variables the ratios are directly taken

from the reference histograms. For the continuous variables fits of appropriate functions to each variable
for all ET bins have been performed. The distribution of the likelihood for taus and jets are shown in
Fig. 12. Despite any limitation from using only one-dimensional distributions it shows a good separation
power.
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Figure 12: Left: The log likelihood (LLH) distribution for τ leptons (solid) and jets from QCD production
(dashed). The likelihood is applied after a preselection on the number of associated tracks, i.e. requiring
1≤Ntr ≤ 3. (Candidates with LLH <−10 had variables outside the boundaries of histograms used when
obtaining the PDFs for the likelihood calculation). Right: Efficiency for τ leptons and rejection against
jets for different ET ranges, achieved with the likelihood selection.

It should be noted that the τ identification efficiency chosen to keep enough signal events and to
achieve the necessary rejection against background depends on the physics channel. Despite the use of
ET bins the likelihood discrimination shows a residual ET dependence. Therefore, a fixed cut on the
likelihood value neither will result in a generally flat efficiency, nor will it be optimal.

4.2 The track-based algorithm

In this approach [19], the visible part of the hadronically decaying τ lepton is seen as a very well colli-
mated object consisting of charged and neutral pions, with the charged component being the leading one,
i.e. reproducing well the direction of the visible decay products and having significant transverse mo-
mentum. This assumption is followed by the requirement of a low multiplicity of tracks reconstructed in
the region considered the core of the τhad candidate, and the requirement of only minimal energy deposit
in the isolation region around the core. The energy-scale of the object and the calorimetric variables
used in the identification are built following this picture. For most of the analyses only one-track and
three-track candidates should be used. Including candidates with two tracks helps to recover a large
fraction of lost three-prong candidates, however it also significantly increases the background from QCD
events, in particular for τ leptons with visible transverse momentum below 30 GeV. Candidates with
track multiplicities larger than three should be used for monitoring the level of fake candidates only.

The reconstruction step consists of identifying and qualifying a leading hadronic track7 which be-
comes a seed for building the τ candidate. Then up to six additional tracks are allowed in the core
region. The (η , φ) position of the candidate is taken from the direction of the track at the vertex or the
track-pT weighted bary-center in the case of multi-track candidates and the energy of the candidate is
calculated from the energy flow method. In addition charge ±1 or 0 is required in the case of multi-
prong candidates. The identification step consists of calculating calorimetric and tracking quantities
and then providing a decision either based on selection with cuts or a discriminating variable based on
multi-variate techniques.

7The threshold pT > 9 GeV on the leading track was used for results presented here, while it was lowered to 6 GeV in the
more recent software releases.
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4.2.1 The energy - flow approach

The energy scale of the hadronic τhad candidate is defined using an energy flow algorithm. The energy
deposit in cells is divided into categories.

• The pure electromagnetic energy, Eemcl
T :

The energy is seeded by an isolated electromagnetic cluster which is isolated from the good quality
tracks and which has no substantial hadronic leakage. The energy is collected in a narrow window
around the seed. Only presampler, strip and middle layers are used.

• The charged electromagnetic energy, EchrgEM
T , EchrgHAD

T :

The energy is seeded by the impact point of the track(s) in each layer and the energy is collected
in a narrow window around it.

• The neutral electromagnetic energy, EneuEM
T :

The energy is seeded by the (η , φ) of the track at the vertex and in each layer the closest cell is
searched for. The energy is collected from not yet used cells in a cone of ∆R = 0.2 with respect to
the cell closest to the impact point. Only presampler, strip and middle layers are used.

In the energy-flow approach the charged energy deposits EchrgEM
T + EchrgHAD

T are replaced by the
track(s) momenta (no hadronic neutrals) in order to define the energy scale of the τhad . The contribution
from π0’s is included in Eemcl

T and EneuEM
T ; the effects of π0 and π± depositing energy in the same

calorimeter cells or charged energy leakage outside a narrow cone around the track are corrected by
adding two terms: ∑ resEchrgEM

T and resEneuEM
T . The complete definition for the energy scale Eeflow

T reads
as follows:

Eeflow
T = Eemcl

T +EneuEM
T +∑ ptrack

T +∑ resEchrgEMtrk
T + resEneuEM

T . (4)

The fractional energy response, calculated as (Erec−Etruth)/Etruth, for one and three prong candidates is
shown in Fig. 13.

The evident advantage from using the above approach for defining the energy scale comes from the
fact that while performing well for true hadronic decays of τ leptons, it significantly underestimates the
nominal energy of fake τhads from jets. This effect is rather obvious since a cone of ∆R = 0.2 is too
narrow to efficiently collect the energy of a QCD jet (particularly with low transverse momentum) and
also since a large fraction of the neutral hadronic component is largely omitted in the definition itself (as
the energy deposit in the hadronic calorimeter does not contribute to the energy calculations). This leads
to a faster falling background spectrum as a function of ET compared to that using calibrated calorimetric
clusters as implemented in the calorimeter-based algorithm (Section 4.1). This method leads however to
more non-Gaussian tails in the fractional energy response than the more conventional energy estimates
from calorimetry only.

4.2.2 Identification with calorimetric and tracking variables

Several calorimetric and tracking variables are used to discriminate a narrow, low track multiplicity
τhad cluster from a hadronic cluster originating from quarks or gluons. If not stated otherwise, the
calorimetric and tracking identification quantities are calculated from cells/tracks within a core cone
of ∆R = 0.2 around the seed. The isolation criteria used here are checked in an isolation cone ∆R =
0.2− 0.4. Please note, that although some definitions are very similar for the calorimeter-based and
track-based algorithms, in case of the latter the narrower core cone is often used for the calculation of
calorimetric quantities and a more explicit distinction between core and isolation cone is made.

Not all discriminating quantities discussed in Section 3 have been already implemented in the iden-
tification procedure. In particular transverse impact parameter, transverse flight path and categorizing
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Figure 13: The fractional energy response for single-prong (left) and three-prong (right) true τhad candi-
dates reconstructed with the track-based algorithm. Events from a W → τν sample are shown.

single-prong candidates using π0 subclusters have been added only in the current releases of the recon-
struction software. Therefore they are not used for the results presented below.

• Tracking quantities

– The variance W τ
tracks (for multi-prong candidates only), defined as

W τ
tracks = ∑(∆ητ, track)2 · pT

track

∑ pT
track − (∑∆ητ, track · pT

track)2

(∑ pT
track)2 . (5)

– The invariant mass of the tracks system (for multi-track candidates), mtrk3p,

– The number of tracks in the isolation cone.

• Calorimetric quantities

– The electromagnetic radius of the τhad candidate, Rτ
em, as defined in Eq. (1) for the calorimeter-

based algorithm, but calculated from cells around the seed belonging to the first three sam-
plings of the electromagnetic calorimeter only (presampler, strips and middle layer).

– The number of η strips, Nτ
strips, with energy deposits above a certain threshold.

– The width of the energy deposit in the strips, as defined in Eq. (3) for the calorimeter based
algorithm but calculated in the core cone only.

– The fraction of the transverse energy, fracET
R12, deposited in a cone of radius 0.1 < ∆R < 0.2

with respect to the total energy in a cone of ∆R = 0.2. Cells belonging to all layers of the
calorimeter are used:

fracER12
T = ∑Ecell

T (Rτ,cell < 0.2)−∑Ecell
T (Rτ,cell < 0.1)

∑Ecell
T (Rτ,cell < 0.2)

. (6)

– The transverse energy, Ecore
T , at the EM scale deposited inside the core cone.

– The transverse energy, E isol
T and E isolHAD

T , at the EM scale, deposited inside the isolation
cone.

• Tracking and calorimetric quantities

– The ratio of transverse energy deposited in the hadronic calorimeter in the core region (at the
EM scale), EchrgHAD

T , with respect to the sum of the transverse momenta of the tracks.
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Figure 14: The distributions for signal and backgrounds for the visible mass me f low
vis and ratio of the

transverse energy in the isolation and core region E isol
T /Ecore

T for single-prong candidates, and variance
W τ

tracks and invariant mass of the track system mtrk3p for three-prong candidates. Distributions are shown
for the candidates in the transverse energy range ET = 20−40 GeV.

– The visible mass me f low
vis calculated from cells used for the energy-flow calculation and tracks.

In case of multi-prong candidates, where this mass is smaller than that calculated from the
four-momenta of the tracks, the invariant mass of the track system is taken instead.

In Fig. 14 as an example the distributions for signal and backgrounds for the me f low
vis , the ratio

E isol
T /Ecore

T for single-prong candidates, the variance W τ
tracks and the invariant mass mtrk3p for three-prong

candidates are shown. Note that the me f low
vis distribution shows a double peak structure coming from

τ → π±ν and τ → ρ(a1)ν decays. The separation for candidates with and without π0 clusters was not
done for the distribution shown.

4.2.3 Overall efficiency and rejection

The identification step is done by calculating discriminants using basic cut methods, cut methods opti-
mized by the TMVA package [20], multi-variate analyses based on neural network technique, and from
PDRS discrimination [21].

The rejection power expected from the identification step only is quite modest, given that a quite
good rejection is already achieved in the reconstruction step. The overall performance is summarized
in Table 5. For an efficiency of about 30% with respect to all hadronic decays in the energy range
10− 30 GeV, rejection rates of 200/360 for one-prong/three-prong hadronic τ decays can be achieved
with the cut based selection and of 500/700 with multi-variate selection techniques.
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Table 5: Efficiencies and rejection rates for different discrimination techniques for the track-based al-
gorithm for fixed efficiencies. The efficiencies are normalized to all hadronic τ decays. The rejection
rates are calculated with respect to jets reconstructed from true particles in the Monte Carlo. Events from
Z→ ττ signal samples and QCD dijets were used. The errors given are statistical only.

Selection Efficiency Rejection Rejection Rejection Rejection
cuts TMVA cuts NN PDRS

ET = 10-30 GeV
one-prong 0.33 225 ± 10 435 ± 30 510 ± 40 460 ± 40

three-prong 0.28 360 ± 25 470 ± 40 740 ± 70 670 ± 60
ET = 30-60 GeV

one-prong 0.42 140 ± 10 170 ± 10 440 ± 40 320 ± 30
three-prong 0.45 60 ± 2 9 0 ± 10 160 ± 10 130 ± 10

Table 6: Rejection against jets from Monte Carlo true particles for a 30% efficiency and separately for
the one-prong (1p) and three-prong (3p) candidates. The efficiencies are normalized to true hadronic τ
decays. For the signal Z→ ττ events and events from bbH, H→ ττ with mH = 800 GeV were used; for
the background QCD dijet-samples were used. The errors given are statistical only.

Algorithm ET = 10-30 GeV ET = 30-60 GeV ET = 60-100 GeV ET > 100 GeV
Track-based 1p: 740 ± 70 1p: 1030 ± 160
(neural network) 3p: 590 ± 50 3p: 590 ± 70
Calo-based 1p: 1130 ± 50 1p: 2240 ± 140 1p: 4370 ± 280
(likelihood) 3p: 187 ± 3 3p: 310 ± 7 3p: 423 ± 8

4.3 Comparison of the two algorithms

Figure 15 shows the expected performance of the two algorithms, illustrated as curves describing the jet
rejection versus the efficiency, separately for one and three-prong hadronic τ-decays and for different
ranges of the visible transverse energy. The jet rejections are computed with respect to jets reconstructed
from true particles in the Monte Carlo. The rejections obtained are between a factor of two and ten higher
for one-prong decays than for three-prong decays, depending on the algorithm and on the transverse
energy range considered. For an efficiency of 30% for one-prong decays, the rejection against jets
is typically between 500 and 5000, as illustrated more quantitatively and as a function of the visible
transverse energy in Table 6.

Figure 16 shows the normalized track-multiplicity spectra for hadronic τ candidates with visible
transverse energies above 20 GeV, from Z → ττ decays and from jets, as reconstructed by the track-
based algorithm. The distributions are shown after the reconstruction step, after a cut-based identification
algorithm and finally after applying a neural network discrimination. The track multiplicity in the jet
sample is quite different from that in the signal sample, independently from the cuts applied.

At the same time, Figure 16 indicates that the purity of one-prong and three-prong τhad candidates
improves in the signal sample since the expected fractions of single versus three prongs are reproduced.
For one-prong (three-prong) candidates, the purity improves from 87% (74%) after reconstruction to 91%
(86%) after cut-based identification and to 92% (93%) after applying the neural-network discrimination
technique.

Figure 16 also shows that using candidates with track multiplicities above three to normalize the
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Figure 15: Expected performance for the track-based algorithm with a neural-network selection (left)
and the calorimeter-based algorithm with the likelihood selection (right). The rejection rates against jets
from Monte-Calo particles as a function of the efficiency for hadronic τ decays for various ranges of the
visible transverse energy are shown. For signal events Z→ ττ and bbH,H → ττ with mH = 800 GeV
were used, for the background QCD dijet samples were used.
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Figure 16: Track multiplicity distributions obtained for hadronic τ decays with a visible transverse energy
above 20 GeV and below 60 GeV using the track-based τ identification algorithm. The distributions are
shown after reconstruction, after cut-based identification and finally after applying the neural network
(NN) discrimination technique for an efficiency of 30% for the signal (left) and the background (right).
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ergy above 20 GeV and below 60 GeV using the calorimeter-based τ identification. The distributions are
shown after reconstruction and after applying the likelihood discrimination technique (medium selection)
for the signal (left) and the background (right).

QCD background will allow a reasonably precise calibration of the performance using real data, provided
the rejection against QCD jets is proven to be sufficient to extract a clean signal in the one-prong and
three-prong categories. The sensitivity of such a method can be enhanced by also studying the track
multiplicity outside the narrow cone used for τ-identification and combining this information with that
presented in Fig. 16.

The corresponding spectra for the calorimeter-based algorithm are shown in Figure 17 after recon-
struction and after applying the likelihood discriminant. The optimization of the likelihood results in a
lower efficiency for accepting three-prong decays which biases the track multiplicity spectra. One should
note that candidates with 1-3 tracks are accepted as good τhad candidates.

The application of these τ identification algorithms to extract τ signatures from physics processes
and to reject the large backgrounds from QCD processes is discussed in Section 6.

5 Fake-rates from QCD di-jet samples

This study demonstrates a simple and generic method to determine the τhad fake rate from jets in early
data. Since fake rates are expected to be in the range of 10−3 to few 10−2 for low pT τ leptons, and
since the expected rate of QCD jets far exceeds the rate of hadronically decaying τ leptons, a precise
measurement of fake rates is expected to be crucial for many analyses, and also for a further optimization
of the τhad identification algorithms. In the following, the method and the results are described and
statistical and systematic uncertainties are discussed.

The method proposed here uses a very clean sample of QCD jets, with no significant contamination
from true τ leptons. This is achieved by selecting dijet events with two jets having similar pT and being
back-to-back in φ (see Fig. 18). One of the two jets is randomly chosen as the so-called ‘tag jet’, for
which a cut on the number of tracks (nTrk ≥ 4 for pT ≤ 50 GeV + 1 track for each additional 50 GeV
interval in pT) ensures that it is not a true hadronic τhad decay. If this cut is fulfilled, the other jet,
called ‘probe jet’, can be used to measure the fake rate from QCD jets 8. This is performed both for the
calorimeter-based and the track-based τhad reconstruction algorithm, with identification according to the
medium likelihood selection and cut discriminant, respectively. Note also that, in order to avoid a direct
dependence on the trigger, the probe jet should be required to not have caused the event to be triggered.

8The fake rate is determined as the number of probe jets identified as τhad divided by the number of probe jets.
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Figure 18: Example of selections on a MC dijet sample, generated with 70 ≤ pT ≤ 140 GeV. The two
jets have to fulfill ∆φ ≥ (π−0.3) in order to be back to back in φ (left) and have similar pT values (right).

Table 7: The τhad fake rate from QCD jets and its statistical uncertainty for the available Monte Carlo
statistics and for expected 100pb−1 of data in bins of pT for both τhad reconstruction algorithms.

Calorimeter-based algorithm Track-based algorithm
pT range MC stat. Expected stat. error MC stat. Expected stat. error
(GeV) (%) for 100 pb−1 (%) (%) for 100 pb−1 (%)
15-40 2.3 ± 0.3 ± 0.02 2.5±0.5 ± 0.02
40-80 5.2 ± 2.2 ± 0.01 6.7±2.2 ± 0.01
80-120 0.5 ± 0.2 ± 0.001 1.8±0.6 ± 0.002
120-160 0.2 ± 0.2 ± 0.002 1.4±0.6 ± 0.004

This method, which achieves low statistical uncertainties even for small datasets, only relies on the
dijet and tag jet selection to acquire a clean QCD jet sample and it does not depend, to first order, on
the number of true τ leptons present in the sample nor on the τhad efficiencies. Also, the selection can
be easily adapted to select probe jets in an environment similar to the one of any given physics analysis
using τhad candidates.

To perform these studies, Monte Carlo dijet samples (generated in various pT ranges) and samples
containing true τ leptons (Z → ττ , W → τν) were used. Proper weighting of the samples, including
trigger prescales for running at L = 1031 cm−2s−1, has been applied. To cross-check the method, it has
been verified that there is very good agreement between the values obtained with all selected jets and
those coming from jets matched to Monte Carlo particles jets only, which indicates a very high jet purity.

The numerical results of the fake rate determination using the available Monte Carlo statistics for the
two algorithms can be found in Table 7. Systematic uncertainties (discussed below) are not included.
Note that the uncertainty in the range 40 < pT < 80 GeV, for both algorithms using available Monte
Carlo statistics, is dominated by one dijet event (with large weight) in one of the Monte Carlo samples.
More interesting are the expected statistical uncertainties in data, which are at the percent or sub-percent
level for 100 pb−1, and even for 10 pb−1 of integrated luminosity. This demonstrates the relevance of
this method for very early data.

Given the statistical precision of the fake rate results, this measurement of the systematics of other
measurements is going to be limited by its own systematic uncertainties. In the following, an outline of
the necessary systematic studies is given, including results where possible.

The presence of true hadronically decaying τ leptons in the selected Monte Carlo sample is not
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statistically significant enough to alter the results within their uncertainties. When more statistics are
available, tighter cuts on the tag side can be applied in order to remove more efficiently these types of
events.

A slight tendency was observed for the jet samples with lower hard scattering transverse momenta, to
show higher fake rates. This can be explained by the fact that the jet characteristics depend on the degree
of parton showering. Also, jets from gluons are wider and on average have higher tracks multiplicity
than jets from quarks. Then, the fake rate of gluon-jets should be smaller than that of quark-jets. Data
triggered with the jet-triggers, that has more gluon-jets than quark-jets, and with single photon triggers,
where the quark-jets very likely will be dominant, can be used to understand this effect. However, this
type of systematic uncertainty will be small as long as the distributions of observable quantities (such as
the number of tracks and the jet isolation) of the probe jets studied for the fake rate is comparable with
the properties of the jets faking hadronically decaying τ leptons in the physics analysis.

In case there is a physical correlation between the properties of the tag and the probe jet, the selection
of the tag jet would directly influence the properties of the probe jet, and hence distort the results. As
an example of a possible observable correlation, the number of tracks per jet was studied and it has been
found that the correlations were in the sub-percent range. Hence it is concluded that given the current
knowledge from Monte Carlo, this source of uncertainty can be neglected. For data, this can be revisited.

6 Tau leptons in Standard Model processes

The goals for early τ physics in ATLAS include acquiring a sample of τ leptons from data with a pu-
rity as high possible so that the τhad identification efficiency can be measured and the simulation can
be tuned. Collecting data with an integrated luminosity of 100 pb−1 at an instantaneous luminosity of
1031cm−2s−1 will provide a unique opportunity to access and understand statistically significant τ sam-
ples from Standard Model processes at relatively low transverse momenta. Processes, like the production
of W and Z bosons and top quark pairs with their huge cross section will lead to samples of a few hun-
dred to a few thousand identified hadronic τ decays. Hadronically decaying τ leptons will then become
a well understood probe for discovery physics like searches for Higgs bosons, SUSY, or unexpected phe-
nomena. Below we present feasibility studies for analyses which can be envisaged with an integrated
luminosity of 100 pb−1.

6.1 The W → τν inclusive production

The W → τν signal will be produced with σ ×BR = 1.7 ·104 pb, and will be dominated by events with
low pT of the W-boson resulting in soft τ leptons with low missing transverse energy. The expected
cross-section of the dominant background from hadronic jets is∼ 1010 pb (calculated for hard-scattering
phard

T > 8 GeV), about 6 orders of magnitude larger than the signal production.
The analysis is very sensitive to the performance of the hadronic τ-trigger [22]. These events will

have to be triggered with a τ+Emiss
T trigger, with a configuration adequate to fit into the allowed budget

for trigger rates. Given the fact that the physics motivation is to get signal events with τhad candidates
at low transverse momenta, the present base-line configuration for this analysis is to use τ20i+EFxE309,
with the Emiss

T trigger applied only at the Event Filter level. The present trigger optimization gives an
overall ∼ 70% trigger efficiency with respect to off-line analysis.

The signal will be extracted requiring one identified hadronic τ decay with transverse energy ET =
20−60 GeV and observing the characteristic track multiplicity spectrum of identified hadronic τ decays.
In the present study the track-based algorithm was used with the medium identification, corresponding

9In this notation, τ20i+EFxE30 denotes a trigger which requires at least one τhad candidate with a transverse energy above
20 GeV and “EFxE30” is short for Emiss

T > 30 GeV at the Event Filter level.
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to rejection of 700-1000 for the single- and 600 for the three-prong τ selection against jets and 30% effi-
ciency for true hadronic τhad decays (see Table 6). The overwhelming background from QCD events will
be further suppressed by vetoing events with an additional isolated electrons or muons and by increasing
the threshold on Emiss

T . An additional handle is to select only events with the topological configuration
of the τhad , Emiss

T or additional jets optimal for suppressing events with large fake Emiss
T , i.e. excluding

those where the Emiss
T direction is close to the direction of the identified τhad or an additional jets (see

Ref. [23]).
The QCD background has been estimated with a mixture of full and fast simulation, taking into

account the necessary corrections for the different slopes in the Emiss
T distribution in the full and fast

simulations. It should be noted also that predictions for this overwhelming background are subject to
large uncertainties.

An important background is also expected from W → eν events, where an electron passes the
hadronic τ-trigger selection criteria. This channel, with an initial production cross-section of the same
order as the signal, but contributing almost exclusively to the single-prong mode, will exceed the signal
rates by some factor, before a dedicated electron veto is applied to the single-prong candidates. With the
expected performance of such an algorithm, as discussed in Section 3.2.1, this background can be effi-
ciently suppressed, also providing a control channel for the topology of the hadronic part of the W → τν
events passing the trigger and offline selections. Backgrounds from Z→ ττ , tt̄, Z→ ee, W → µν events
were also considered and it was estimated that they will be suppressed with the offline selection below a
few percent of the signal.

Table 8 summarises the expected event yield at the various stages of the selection. With an Emiss
T

threshold of 50 GeV, the expected signal-to-background ratio is 1:1 and about 3240 signal events would
be observed. Increasing the threshold to 60 GeV would reduce the number of accepted signal events to
1550 but increase the signal-to-background ratio to 3:1. Figure 19 shows the expected track multiplicity
spectrum after the final selection. The optimisation of this selection can be performed using control sam-
ples, i.e. W → eν events extracted from the same filter stream, hence modeling of the W-recoil part of the
event will be possible directly from the data. The final optimisation of the chosen efficiency/rejection and
offline threshold on Emiss

T will have to be tuned with data, given the large uncertainties on Monte Carlo
predictions for the background from hadronic jets. The control on the QCD background normalization
will be possible with fake τhad with track multiplicity above 3, i.e in the signal-free region.

Table 8: Expected number of events in 100 pb−1 of data for signal and background after subsequent steps
of the selection. The track-based algorithm has been used for τhad reconstruction. The QCD background
has been estimated combining fast and full simulation. Given are the expected number of events of track
multiplicity one to three, i.e. contributing to signal region only.

Selection W → τν W → eν W → µν QCD dijet tt̄, Z→ ee, Z→ ττ
Trigger τ20i+EFxE30 8.8·104 6.1·105 3.2·104 4.8·108 3.0·105

Identified τ + Emiss
T > 30 GeV 2.0·104 2600 200 3.0 ·106 1600

Emiss
T > 50 GeV 4200 530 90 5.0·104 550

Veto fake Emiss
T topology 3600 500 80 1.8·104 150

Require jet pT > 15 GeV 3240 450 60 3200 80
Increase to Emiss

T > 60 GeV 1550 150 25 500 30
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Figure 19: The track multiplicity spectrum of accepted τhad candidates after selection as described in the
text with thresholds respectively Emiss

T > 50 GeV (left) and Emiss
T > 60 GeV (right). The expected event

numbers are given for an integrated luminosity of 100 pb−1.

6.2 The Z→ ττ inclusive production

The inclusive Z → ττ process will provide a ten times lower rate compared to W → τν , but will have
more robust prospects for analysis. It will be possible to cross-check channels with e τhad and µ τhad
final states to control the background, comparing the number of events observed in the same-sign and
opposite-sign samples. Moreover, events will be primarily triggered with lepton triggers providing an
unbiased sample of hadronic τ decays which could also serve to understand efficiencies of the hadronic
τ-trigger. The measured cross-section for the Z→ ττ process will be an excellent check on the τ iden-
tification efficiencies, while the lepton identification and trigger efficiencies will be measured first from
Z→ `` channels. A measurement of the visible mass of the ` τhad system at low background levels will
have sensitivity to the energy scale of the reconstructed τhads.

The analysis presented here is designed to select in the first 100 pb−1 of data a sufficient number of
Z → ττ → `νν τhadν events with very low background, which then can be used to determine the τhad
energy scale from the reconstructed `τhad visible mass and to determine the Emiss

T scale [23] from the
reconstructed complete invariant mass of the ττ pair (including neutrinos). Events, which have been
selected by the single electron or single muon trigger stream are analysed and as a first step an isolated
lepton (electron or muon) with p`

T > 15 GeV is required. Then, the set of basic selection cuts is applied.
It requires a missing transverse energy Emiss

T > 20 GeV (to suppress Z → `` and QCD backgrounds),

transverse mass of the lepton and Emiss
T system m`, Emiss

T
T < 30 GeV (against W → `ν background), total

transverse energy deposited in the calorimeter ΣEcalo
T < 400 GeV (against tt̄ and QCD backgrounds) and

finally no identified b-jet (against tt̄ and QCD backgrounds). In the next step, events with an identified
τhad with pT > 15 GeV are selected. The track multiplicity of identified τhad is required to be one or three.
In addition the angular separation between the isolated lepton and τ is imposed, requiring ∆φ(`,τhad) to
be in the ranges between 1.0 - 3.1 or 3.2-5.3 .

The analysis was performed using τhad reconstructed with the calorimeter-based algorithm and the
identification with the likelihood discriminant. The thresholds on the likelihood discriminant were opti-
mized for this analysis and correspond to an overall efficiency of ∼ 35% with respect to all hadronic τ
decays. The QCD background has been estimated with a mixture of full and fast simulation which as-
sumes uncorrelated probabilities for a jet to produce an isolated lepton candidate (predominantly leptons
from heavy flavor decays with a small contribution from fakes in the electron case) and for the second
jet to produce a fake τhad candidate.

Table 9 gives the expected number of signal and background events passing the selection criteria for
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Figure 20: Left: The reconstructed visible mass of the (`τhad) pair for Z→ ττ decays (solid line) and
QCD, W → `ν , Z→ `` backgrounds (dashed line). Right: The reconstructed visible mass of the (`τhad)
pair from Z → ττ decays as a function of the τhad energy scale (right). The dashed lines correspond
to ±1σ and ±3σ with respect to the reconstructed peak position. The results were obtained with the
calorimeter-based algorithm.

Table 9: Expected number of events in 100 pb−1 of data for signal and background after reconstruction
of the τ candidate with the calorimeter-based algorithm and after application of the selection cuts for the
Z→ ττ channel. The QCD background has been estimated combining fast and full simulation.

Selection Z→ ττ W → `ν QCD dijet tt̄ Z→ ``

Isolated lepton 1.5·104 16.7·105 1.1·107 2.6·104 2.2·105

Emiss
T > 20 GeV 4750 14.3·105 3.2·105 2.4·104 1.0·104

m`,Emiss
T

T < 30GeV 3200 2.6·104 1.8·105 3650 3200
ΣET < 400 GeV 3000 2.4·104 1.7·105 1280 2800

b-jet veto 2780 2.4·104 2.7·104 135 2600
τhad-id + ∆φ(`τhad) cuts 630±30 210 ±10 74±11 10±2 30±5

OS events, m`,τhad = 37-75 GeV 520±30 45 ±5 29±5 < 5 10 ±5

a data sample of 100 pb−1. About 520 signal events are expected in the visible mass m`τhad window
between 37− 75 GeV. The expected background levels are 10% from W → `ν events and about 5%
background from QCD events. The reconstructed visible mass of the `τhad pair is shown in Figure 20 for
opposite-sign events.

This selection for Z→ ττ events will provide access to signal-suppressed and signal-enriched sam-
ples. The same-sign events (e τhad and µ τhad) will be essentially signal-free. This will allow a study
of τhad identification and mistagging efficiencies. The mistagging efficiency will be estimated from the
ratio of accepted to all candidates in different categories (one-prong with and without π0 subclusters,
multi-prong). Then, this estimate can be used to predict the background component in opposite-sign
events and to tune the Monte Carlo predictions for the identification variables. It will allow a confirma-
tion of the overall consistency and an estimate of the relative error on the background predictions in the
signal enriched sample. Finally, a measurement of the cross-section for Z → ττ events relative to the
Z→ ee,µµ channels will provide a cross-checks on the associated efficiencies.

Once the lepton energy scale is determined with the very first data, the selected Z→ ττ events can
be used to determine the τhad energy scale in-situ. Subtracting the estimated background from opposite-
sign events, as measured with the same-sign events, will allow for better estimates on the energy scale

27

TAU LEPTONS – RECONSTRUCTION AND IDENTIFICATION OF HADRONIC τ DECAYS

28

256



Table 10: Expected number of events in 100 pb−1 of data for tt̄ →W (`ν)W (τhad ,ντ)bb̄ signal and
background after subsequent steps in the selection. The track-based algorithm has been used for τhad
reconstruction.

Selection tt̄(`,τhad) W → `ν +3 jets single t Z→ `` + 2 jets
Isolated lepton pT > 20 GeV 1300 3.9 ·105 4300 630
Identified τhad pT > 15 GeV 190 22000 210 120

1st jet ET > 50 GeV, 2nd jet ET > 30 GeV 170 4000 170 35
Emiss

T > 25 GeV 150 3400 150 15
ΣET > 250 GeV 150 1750 130 10

Opposite-sign events 130 850 54 < 10
1 b-jet tag 67 28 20

from the shape of the distribution of the visible mass. In Fig. 20 the sensitivity of the measured visible
Z boson mass, as obtained from the reconstructed τ pairs, on the absolute τ energy scale is shown,
assuming only signal events.The statistics correspond to 100 pb−1 of data. Taking into account only the
statistical uncertainties, the τhad energy scale could be determined with a precision of ∼ 3%.

6.3 The τ leptons from tt̄ production

With a cross-section of 833 pb [24], about 16500 events are expected in 100 pb−1 with a W boson de-
caying into a τ lepton. Due to the increased center of mass energy available at the LHC the cross section
for tt̄ production increases by nearly two orders of magnitude over what is available at the Tevatron. The
tt̄ channel is discussed here as an additional source for τ leptons from the SM processes, supplementing
samples expected from W → τν and Z→ ττ process.

The decay chain tt̄→W (qq′)W (τhadν)bb̄ requires events triggered using τ + Emiss
T triggers, τ triggers

and multi–jets triggers. In the latter case this will lead to an unbiased sample of τhad candidates. The
event is required to have at least two light quark jets, two b-tagged jets, and an identified hadronic τ
decay. If the event has more than two light quark jets, the pair with the invariant mass closest to the
nominal mass of the W bosons is chosen which is then combined with the closest b jet to constitute
the hadronically decaying top quark. With 100 pb−1 of data about 300 tt̄ →W (qq′)W (τhadν)bb̄ signal
events with S:B of 20:1 are expected. These events can be used to study the τhad reconstruction and
identification performance and to commission the τ trigger. The pT range of identified τ leptons will
be complementary to that available from the inclusive W and Z boson production. A more detailed
description of the analysis is included in Ref. [25].

The decay chain tt̄→W (eνe,µνµ)W (τhad ,ντ)bb̄ is also interesting for both its physics potential and
the possibility of using this channel to understand τhad identification. These events will be triggered
with single lepton triggers and the main background will come primarily from W (→ `ν)+jets, single top
production and from Z(→ ττ)+jets production. The analysis requires an isolated lepton and identified
τhad . To suppress backgrounds from W+jets and Z+jets events it requires two additional high ET jets,
significant energy deposition in the calorimeter ΣET > 250 GeV and Emiss

T > 25 GeV. Additional back-
ground suppression can be achieved by requiring that one or two jets are b-tagged. Table 10 summarizes
cut flow of the analysis.

In the first 100 pb−1 of data, 54± 4 signal events in the eτhad channel are expected, with a signal-
to-background ratio (S:B) 1:10. The use of b-tagging rejects considerably the dominant W + 3 jets
background (see Fig. 21). If at least one tight b-tag jet is required the expected number of signal events
decreases to 28±3 with S:B improving to 1:1. When requiring a jet in the event that passes the tight b
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Figure 21: Combined b-tagging weights using impact parameter and secondary vertex information for
the first two leading ET jets, both in tt̄→W (eνe,µνµ)W (τhadντ)bb̄ and W +3 jets background. The e τ
(µ τ) channel is shown on the left (right). The cut value of 7 on the b-tagging weight is indicated with
the arrows. An integrated luminosity of 100 pb−1 of data is assumed.

tagging criteria, the dominant source of background is still W (→ `ν)+jets, however the composition of
the background changes and single top production starts contributing significantly, with quark or gluon
jets faking τhad and true b-jets from b-quark fragmentation.

7 Summary

Two complementary algorithms for the identification of hadronic τ decays in the ATLAS experiment
have been developed. The first one (calorimeter based) is seeded from a reconstructed cluster in the
calorimeter, the second one (track based) relies on seeds built from reconstructed tracks in the inner
detector. Several discrimination methods have been established, including a simple cut-based selection
as well as multivariate selections based on likelihood, neutral network, and probability range search
techniques. Rejection factors against jets from QCD processes of a few hundred up to a few thousand
can be achieved for a τ efficiency of 30% in the pT range between 10 to 60 GeV. In addition, a dedicated
algorithm has been developed to reject electrons that pass the τ identification criteria. In the low energy
range, rejection factors of the order of 50 and higher against electrons from W and Z bosons decays are
achieved at the expense of a 5% efficiency loss for hadronic τ decays.

It has also been estimated that the expected performance in the ATLAS experiment will be adequate
to extract τ signals in early LHC data from W → τν and Z→ ττ decays. These signals are important to
establish and calibrate the τ identification performance with early data. The study of dijet events from
QCD processes will allow a determination of τ fake rates. It is expected that such rates can be measured
with a statistical precision at the percent level or better already with data corresponding to an integrated
luminosity of 100 pb−1.
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Jet Reconstruction Performance
Abstract
This section summarizes the general aspects of jet reconstruction with the AT-
LAS detector. General but brief descriptions of the available jet algorithms are
provided, together with a discussion of the performance expectations for the
various algorithm configurations in different detector regions and for different
physics environments. The emphasis is on realistic estimates for the initial jet
reconstruction performance, determined in the absence of experimental data.
The corresponding expectations for important jet reconstruction parameters
like signal linearity and uniformity, the relative energy resolution, and the jet
reconstruction efficiency and purity, are presented.

1 Introduction

High quality and highly efficient jet reconstruction is an important tool for almost all physics analyses
to be performed with the ATLAS experiment at the Large Hadron Collider (LHC) at CERN. The re-
quirements especially for the absolute precision on the jet energy scale often exceed the corresponding
achieved performance in previous experiments. Typically, an absolute systematic uncertainty of better
than 1% is desirable for precision physics like the measurement of the top quark mass, and the recon-
struction of some SUSY final states.

The principal detector for jet reconstruction is the ATLAS calorimeter system, with its basic compo-
nents depicted in Fig. 1. It provides near hermetic coverage in a pseudorapidity range −4.9 < η < 4.9.
The technology choices are well suited for high quality jet reconstruction in the challenging environ-
ment of the proton-proton (pp) collisions at

√
s = 14 TeV at the LHC. The electromagnetic liquid ar-

Figure 1: The ATLAS calorimeter system.
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gon/lead calorimeters feature an accordion geometry homogeneous in azimuthal coverage for |η |< 3.2.
The hadronic calorimeters surrounding them are iron with scintillating tile readout in the central region
(|η | <∼ 1.7) and parallel plate liquid argon/copper in the endcap region (1.7 <∼ |η | <∼ 3.2). The forward
region is covered by liquid argon/copper and liquid argon/tungsten calorimetry with a tubular electrode
readout accommodating the high ionization rates expected at LHC at design luminosity. The readout
of the calorimeters is highly granular for the electromagnetic devices, with typically three longitudinal
segments with varying lateral cell sizes, e.g. ∆η × ∆φ = 0.025× 0.025 in the second segment con-
taining the electromagnetic shower maximum. The hadronic calorimeters are coarser, with typically
∆η ×∆φ = 0.1× 0.1, but have also at least three longitudinal segments. The total number of readout
cells in the ATLAS calorimeter system is close to 200,000. The total thickness of the ATLAS calorimeter
system for hadrons is at least 10 absorption lengths over the whole acceptance region. More details on
the calorimeters, and any other detectors in ATLAS, can be found in Ref. [1].

In this note the approaches used by the ATLAS collaboration to achieve the challenging perfor-
mance goals are discussed. First, the most commonly used jet finders are briefly introduced in Section 2,
together with the theoretical and experimental guidelines for the ATLAS implementations. Then, the ex-
pectations for the performance of these algorithms using different detector signals are shown in Section 3.
As the focus is on the upcoming initial data taking period of ATLAS, some distortions in the detector
alignment and material distributions have been included but not corrected in the results presented here.
Finally, special challenges to jet reconstruction like forward going jets and jets in minimum bias events
are discussed in Section 4, followed by conclusions in Section 5.

2 Jet algorithms in ATLAS

In general an attempt is made to provide implementations of all relevant jet finding algorithms in AT-
LAS. These include fixed sized cone algorithms as well as sequential recombination algorithms and an
algorithm based on event shape analysis. This approach is a response to the fact that there is no universal
jet finder for the hadronic final state in all topologies of interest. For example, for the measurement of the
inclusive QCD jet cross-sections wider jets are typically preferred to capture the hard scattered parton
kinematics, including possible small angle gluon radiation, completely. On the other hand, to reconstruct
a W boson decaying into two jets or to find jets in very busy final states like tt production or possible
SUSY signatures, narrow jets are preferred.

The common feature of all jet finder implementations in ATLAS is full four-momentum recombina-
tion whenever the constituents of a jet change, either through adding a new constituent, or by removing
one, or by changing the kinematic contribution of a given constituent to the jet. Also, in the ATLAS re-
construction software framework ATHENA, the same jet finder code can be run on objects like calorimeter
signal towers, topological cell clusters in the calorimeters, reconstructed tracks, and generated particles
and partons.

In this section the basics of the present default jet algorithms used in ATLAS are discussed after
a brief summary of the theoretical and experimental guidelines for jet algorithm implementation. In
addition, some features of jet finders not included in the more comprehensive presentation of jet recon-
struction performance in Section 3 are shown.

2.1 Guidelines for jet reconstruction

The basic guidelines for jet reconstruction in ATLAS have been extracted from Ref. [2]. They also
reflect the concept of jet definition discussed in Ref. [3], which is an attempt to provide a common
understanding between experiments and theory on how a given jet finding strategy should be specified to
assure the highest level of comparability between the results from various sources.
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2.1.1 Theoretical guidelines

The major theoretical guidelines for jet reconstruction are:

Infrared safety: The presence of additional soft particles between two particles belonging to the same
jet should not affect the recombination of these two particles into a jet. In the same sense, the
absence of additional particles between these two should not disturb the correct reconstruction of
the jet. Generally, any soft particles not coming from the fragmentation of a hard scattered parton
should not effect the number of jets produced.

Collinear safety: A jet should be reconstructed independent of the fact that a certain amount of trans-
verse momentum is carried by one particle, or if a particle is split into two collinear particles.

Order independence: The same hard scattering should be reconstructed independently at parton-, par-
ticle- or detector level.

Note that from the perspective of experimental data the particles mentioned in these guidelines can,
to a point, be replaced by four-momentum type objects reconstructed from detector signals, see e.g.
Section 2.5 and Section 2.6 below.

2.1.2 Experimental guidelines

Additional aspects of jet reconstruction in ATLAS include features also reflected in the design of the
detector. They can be divided into three classes.

Detector technology independence: The reconstructed jet and its kinematic variables should not de-
pendent on the signal source, i.e. all detector specific signal characteristics and inefficiencies must
be calibrated out or corrected as much as possible.

Detector resolution: contributions from the finite spatial and energy resolution must be at a min-
imum;

Detector environment: effects from the detector environment like electronics noise, signal losses
in un-instrumented (inactive) materials and cracks between detectors must be at a minimum;

Stable signals: the detector signal reconstruction and calibration must provide a stable input sig-
nal to jet reconstruction.

Environment independence: The jet reconstruction environment is characterized by the additional ac-
tivity in the collision event due to multiple interactions and pile-up, the source of the jet, the
underlying event activity, and other features of the pp collisions at LHC.

Stability: a jet should be found and reconstructed safely even in the case of changing underly-
ing event activity and changing instantaneous luminosity, thus changing number of multiple
interactions;

Efficiency: all physically interesting jets from energetic partons must be identified with high effi-
ciency.

Implementation: The jet algorithm implementation must be fully specified in that the jet definition,
which consists of the jet finder and its configuration together with the choice of kinematic recom-
bination given in Ref. [3], must be complete. Also included must be all selections and, if important
for the measured jet, the signal choices. In addition, the implementation of the jet reconstruction
must make efficient use of computing resources, i.e. it must be sufficiently fast and avoid excessive
memory consumption.
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The most commonly used jet finder implementations in ATLAS are a seeded fixed cone finder with split
and merge (see below), and a kT algorithm [4, 5] implementation, with an initial implementation as
described in Ref. [6], but later replaced by a faster implementation similar to the one in the FASTJET

package [7]. It is anticipated that for the first experimental collision data all implementations of the
FASTJET library (kT, anti-kT, Cambridge flavor kT [8]) will be available, as well as the seedless infrared-
safe cone algorithm SISCONE [9]. As there are no complete systematic evaluations of these algorithms
available for this note, they are excluded from further discussions here.

2.2 Fixed cone jet finder in ATLAS

The ATLAS implementation of the iterative seeded fixed-cone jet finder follows the algorithm description
of Ref. [2]. First, all input is ordered in decreasing order in transverse momentum pT. If the object with
the highest pT is above the seed threshold, all objects within a cone in pseudorapidity η and azimuth
φ with ∆R =

√
∆η2 +∆φ 2 < Rcone, where Rcone is the fixed cone radius, are combined with the seed.

A new direction is calculated from the four-momenta inside the initial cone and a new cone is centered
around it. Objects are then (re-)collected in this new cone, and again the direction is updated. This
process continues until the direction of the cone does not change anymore after recombination, at which
point the cone is considered stable and is called a jet. At this point the next seed is taken from the input
list and a new cone jet is formed with the same iterative procedure. This continues until no more seeds
are available. The jets found this way can share constituents, and signal objects contributing to the cone
at some iteration maybe lost again due to the recalculation of the direction at a later iteration.

This algorithm is not infrared safe, which can be (at least) partly recovered by introducing a split
and merge step after the jet formation is done. Jets which share constituents with more than a certain
fraction fsm of the pT of the less energetic jet are merged, while they are split if the amount of shared pT
is below fsm, with fsm = 0.5 in ATLAS. Other important parameters of the ATLAS cone jet finder are a
seed threshold of pT > 1 GeV, and a narrow (Rcone = 0.4) and a wide cone jet (Rcone = 0.7) option.

From a theoretical standpoint this particular cone jet finder is by design only meaningful to leading
order for inclusive jet cross-section measurements and final states like W/Z +1 jet, but is not meaningful
at any order for 3-jet final states, W/Z +2 jets, and for the measurement of the dijet invariant mass in 2
jets +X final states [10].

2.3 Sequential recombination algorithms

The default implementation of a sequential recombination jet finder in ATLAS is the kT algorithm. Here
all pairs ij of input objects (partons, particles, reconstructed detector objects with four-momentum repre-
sentation) are analyzed with respect to their relative transverse momentum squared, defined by

dij = min(p2
T, i, p2

T, j)
∆R2

ij

R2 = min(p2
T, i, p2

T, j)
∆η2

ij +∆φ 2
ij

R2 ,

and the squared pT of object i relative to the beam di = p2
T, i. The minimum dmin of all dij and di is found.

If dmin is a dij, the corresponding objects i and j are combined into a new object k using four-momentum
recombination. Both objects i and j are removed from the list, and the new object k is added to it.

If dmin is a di, the object i is considered to be a jet by itself and removed from the list. This procedure
is repeated for the resulting new sets of dij and di until all objects are removed from the list. This means
that all original input objects end up to be either part of a jet or to be jets by themselves. Contrary to the
cone algorithm described earlier, no objects are shared between jets. The procedure is infrared safe. As
it does not use seeds, it is also collinear safe. The distance parameter R, which is the only free parameter
besides the choice of recombination scheme in this inclusive implementation of the kT algorithm, allows
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Table 1: Default jet finder configurations used in ATLAS.
Algorithm Main parameter Clients
Seeded fixed cone Rcone = 0.4 W → j j in tt, SUSY
(seed pT > 1 GeV) Rcone = 0.7 inclusive jet cross-section, Z′→ j j
kT R = 0.4 W → j j in tt, SUSY

R = 0.6 inclusive jet cross-section, Z′→ j j

some control on the size of the jets. Default configurations in ATLAS are R = 0.4 for narrow and R = 0.6
for wide jets.

Table 1 summarizes the algorithms and configurations which have been used by ATLAS for basically
all pre-collision physics studies. Thus, these are the base for most predictions related to the performance
of the hadronic final state reconstruction for all studied physics channels available to date.

2.4 Alternative jet finders

As jet finders others than the “default” algorithms and configurations discussed above can be more appro-
priate for the precision analysis of specific final states, additional jet algorithms are available in ATLAS
for application at the analysis stage. Those are the mid-point variant of the fixed cone algorithm originally
introduced by CDF in Ref. [2, 11], and the “optimal jet finder” discussed in Ref. [12]. Both algorithms
have been studied for ATLAS and in general provide a very similar performance when compared to the
default seeded cone and kT implementations. This can be seen in Fig. 2 for the mid-point algorithm,
which, as already said, is a flavour of the fixed cone algorithm with the modification that the seeds are
placed between two particles with significant pT, rather than just using an individual particle pT as seed
directly. Besides a slightly smaller efficiency in the central region, there are no significant differences
between the studied jet finders observed in this non-comprehensive investigation with simulated ttbb
events.

The optimal jet finder is a departure from the traditional approach of reconstructing each jet rather
independent from previously reconstructed jets in the same event. Here the basic scheme is to calculate
a weight for each particle reflecting the contribution to any jet by minimizing a test function event by
event. This function actually includes weights for contributions to transverse momentum not clustered
into any jet at all, thus using the overall event shape when reconstructing the jets. Parameters of the
algorithm are a jet cone size and a threshold for the test function. A more exclusive mode is available
where the number of jets to be reconstructed can be fixed beforehand. In general this jet finder works
well in busy final states like full hadronic top-quark decays in tt production. Predictions for the relative
top mass resolution, for example, are basically identical for the default kT implementation with R = 0.6
and the optimal jet finder for the same jet size.

2.5 Calorimeter jets

The most important detectors for jet reconstruction are the ATLAS calorimeters. In this section the input
signals and default calibration schemes for calorimeter jets are briefly described.

The ATLAS calorimeter system [13] has about 200,000 individual cells of various sizes and with
different readout technologies and electrode geometries. For jet finding it is necessary to first combine
these cell signals into larger signal objects with physically meaningful four-momenta. The two concepts
available are calorimeter signal towers and topological cell clusters.
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Figure 2: Performance comparison of the ATLAS seeded cone, kT, and the mid-point seeded cone for
ttbb events, as calculated from simulations. Shown are the distributions for jet multiplicity (top left), the
pT spectrum for all jets (top right), the rapidity distribution (bottom left) and the pT spectrum for the
leading jets (bottom right).
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2.5.1 Calorimeter tower signals

In case of the towers, the cells are projected onto a fixed grid in pseudorapidity (η) and azimuth (φ ). The
tower bin size is ∆η×∆φ = 0.1×0.1 in the whole acceptance region of the calorimeters, i.e. in |η |< 5
and −π < φ < π with 100×64 = 6,400 towers in total. Projective calorimeter cells which completely
fit inside a tower contribute their total signal, as reconstructed on a basic electromagnetic energy scale1,
to the tower signal. Non-projective cells and projective cells larger than the tower bin size contribute
a fraction of their signal to several towers, depending on the overlap fraction of the cell area with the
towers, see Fig. 3 for illustration.

wcell

1.0

1.0

0.25 0.25

0.25 0.25

cell ×  = 0.05×0.05

cell ×  = 0.1×0.1

cell ×  = 0.2×0.2

non-projective cell

Figure 3: Calorimeter cell signal contributions to towers on a regular ∆η ×∆φ = 0.1× 0.1 grid, for
projective and non-projective cells. The signal contribution is expressed as a geometrical weight and is
calculated as the ratio of the tower bin area over the projective cell area in η and φ .

Thus, the tower signal is the nondiscriminatory sum of possibly weighted cell signals (all cells are
included). As the cell signals are on the basic electromagnetic energy scale, the resulting tower signal is
on the same scale. No further corrections or calibrations are applied at this stage.

2.5.2 Topological cell clusters

The alternative representation of the calorimeter signals for jet reconstruction are topological cell clus-
ters, which are basically an attempt to reconstruct three-dimensional “energy blobs” representing the
showers developing for each particle entering the calorimeter. The clustering starts with seed cells
with a signal-to-noise ratio, or signal significance Γ = Ecell

/
σnoise,cell , above a certain threshold S, i.e.

|Γ|> S = 4. All directly neighbouring cells of these seed cells, in all three dimensions, are collected into
the cluster. Neighbours of neighbours are considered for those added cells which have Γ above a certain
secondary threshold N (|Γ| > N = 2). Finally, a ring of guard cells with signal significances above a
basic threshold |Γ|> P = 0 is added to the cluster. After the initial clusters are formed, they are analyzed
for local signal maximums by a splitting algorithm, and split between those maximums if any are found
[15].

1This is the raw signal from the ATLAS calorimeters. The nomenclature indicates that this scale has been derived from
electron signals, but it lacks all corrections applied in high precision electron or photon reconstruction as described in Ref. [14].
It typically includes all electronic corrections and the geometrically motivated corrections for high voltage problems, like
inactive electrode sub-gaps and similar.
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Figure 4 shows the average number of particles in Monte Carlo generated jets from QCD dijet pro-
duction together with the number of topological cell clusters in the corresponding simulated calorimeter
jets. The figure indicates that the clustering algorithm resolves the particle content of the jet in the pseu-
dorapidity range 1.5 <∼ |η | <∼ 2.5. The shower overlap between the particles in the jet cannot be resolved
as well in the central region |η | <∼ 1.5, where the calorimeter cell sizes are a bit larger on the scale of
the hadronic shower. Here the ratio of number of particles per cluster is approximately 1.6. Similarly,
in the forward region |η | >∼ 2.5 both the increase in shower overlap, due to the decreasing linear distance
between jet particles, and the increase of the cell sizes reduce the resolution power of the clustering
algorithm for individual particle showers.
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Figure 4: Estimates for the average number of particles in seeded fixed size cone jets with Rcone = 0.7
in fully simulated QCD dijet production, shown as function of the pseudorapidity η of the jet. Also
shown is the corresponding average number of topological clusters in matching jets found with the same
algorithm in the ATLAS calorimeters.

Like towers, clusters are initially formed using the basic electromagnetic energy scale cell signals.
These clusters can already be used for jet reconstruction. In addition, clusters can be calibrated to a local
hadronic energy scale. This calibration starts with a classification step characterizing clusters as electro-
magnetic, hadronic, or noise, based on their location and shape. After that, cell signals inside hadronic
clusters are weighted with functions depending on cluster location, energy, and the cell signal density.
Then, a correction for energy losses in inactive materials close to or inside the cluster is applied. Finally,
a correction for signal losses due to the clustering itself (out-of-cluster correction) is applied. Note that
all calibrations and corrections for topological clusters are derived from single particle simulations and
do not use the jet context.

2.5.3 Characteristics of calorimeter input to jet finding

There are attempts in ATLAS to go beyond the high quality reconstruction of the total jet signal with the
best possible resolution. Especially the reconstruction of jet structure, including the lateral and longitu-
dinal signal distributions, can be useful to apply jet energy scale corrections jet by jet, or reconstruct the
origin of a given jet. The ability to reconstruct this structure depends on the choice of the calorimeter
signal definition used in jet finding, as is qualitatively indicated in the simulated high pT QCD event in
Fig. 5. A given calorimeter signal definition like clusters may reproduce the jet shape at particle level
better in certain regions of the calorimeters than in others. For example, from the depicted event in this
figure the cluster signals represent the transverse energy flow of particles inside a jet better than the tower
jets in the central and endcap regions, while in the forward region the clusters cannot resolve individual
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Figure 5: A simulated QCD dijet event with four jets in the final state, as seen at particle level and in the
ATLAS calorimeters when using towers or clusters (extracted from Ref. [16]).

showers anymore and thus cannot reproduce the jet shape very well. Here the towers still reflect some
spatial structure of the incoming particles.

Another important difference between tower and cluster jets is the number of calorimeter cells used
in the jet. While towers include all cells of the ATLAS calorimeters, topological clustering actually
applies noise suppression due to the cell signal significance cuts used. This means that many fewer cells
contribute to jets in case of clusters, and that the noise contribution per jet is also smaller for cluster jets
than for tower jets, see Section 3.3.1 for further discussion.

Jet finding needs physical four-momenta on input. Thus, both towers and clusters are defined as
massless pseudo-particles with a four-momentum (E,~p), reconstructed from the reconstructed energy E
(either electromagnetic or hadronic scale, see above), and the directions η and φ :

E = |~p|=
√

p2
x + p2

y + p2
z

px = p · cosφ
coshη

py = p · sinφ
coshη

pz = p · tanhη .

The directions are fixed to the bin center in the (η ,φ) grid for each tower, while they are reconstructed
from the energy-weighted barycenter for topological clusters.
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Figure 6: Schematic view on the reconstruction sequences for jets from calorimeter towers (left), uncali-
brated (center) and calibrated (right) topological calorimeter cell clusters in ATLAS. The reconstruction
(software) domains are also indicated.
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2.5.4 Reconstruction flow for calorimeter jets

The general reconstruction algorithm flows for calorimeter jets are summarized in Fig. 6. They reflect
the differences between tower and cluster signals. As already discussed, tower signals are on the elec-
tromagnetic energy scale while topological clusters are either on this scale or are calibrated on a local
hadronic energy scale. Also, tower signals do not include noise suppression, while topological clustering
has noise suppression built in.

Reconstruction sequence I: tower jets Jet reconstruction from calorimeter towers (left diagram in
Fig. 6) starts with a re-summation step, which addresses a possible unphysical four-momentum due to
a negative (net) tower signal Etower < 0. This can be generated by signal fluctuations from noise (elec-
tronics and physics from pile-up) in the cells entering into the corresponding towers. Simply ignoring
the negative signal towers enhances the contribution of positive noise fluctuations, but combining nega-
tive signal towers with nearby positive signals such that the combined four-momentum is physical with
Etower > 0, leads to cancellations of some of the noise fluctuations and avoids signal biases. Only negative
signal towers without nearby positive signals are completely dropped.

The resulting “protojets” represent either one or a few towers, and have all physically valid four-
momenta. They are the input to the actual jet finding algorithm like seeded fixed cone or kT. The outputs
of the jet finder are then jets with energies on the electromagnetic energy scale. Their constituents are
the original calorimeter towers. They are subjected to a cell signal based calibration discussed below in
Section 2.5.5. After calibration, jets with pT < 7 GeV are discarded.

More refined corrections are needed to calibrate the tower jets to the particle level. Those include
corrections for residual non-linearities in the jet response due to algorithm effects, like missing energy
from the jet, or adding energy not belonging to the jet, in the jet clustering procedure. Other corrections
include suppression of signal contributions from the underlying event and/or pile-up. Most of these can
only be addressed in the context of a specific physics analysis.

Reconstruction sequence II: cluster jets When topological clusters on electromagnetic energy scale
are used for jet reconstruction, the reconstruction flow is rather similar to the tower jet reconstruction, see
center diagram in Fig. 6. The main difference is the treatment of negative signals. Due to the symmetric
noise cut applied in the cell selection in the clustering step, some clusters may have net negative signal as
well. These can be ignored for jet reconstruction without significantly biasing the jet signal by positive
noise contributions, because the noise suppression applied by the cell clustering already severely reduces
any noise contribution. Some additional average cancellation is achieved by the symmetric noise cut,
which allows inclusion of some negative cell signals even into positive (physical) clusters.

The cluster jets are initially on the electromagnetic energy scale as well. The same cell signal weight-
ing functions used for tower jets are applied to initially calibrate these jets, with some additional correc-
tions for the fact that these calibration functions have not been optimized for the cluster signals, see
Section 2.5.5 for more details. Like in reconstruction sequence I, all jets with pT < 7 GeV after calibra-
tion are discarded.

Reconstruction sequence III: locally calibrated cluster jets In this sequence the input objects to
jet finding are already calibrated to the local hadronic energy scale [17]. This means that after the jets
are formed, they are also calibrated on this scale. Additional corrections needed are related to the fact
that all calibrations and corrections for this particular scale have been derived from single pion response
only. Additional jet energy losses due to loss of particles in the magnetic field in ATLAS, or in inactive
material without leaving any signal above clustering threshold in the calorimeters, have to be corrected
in the jet context itself, in addition to the corrections for the physics environment contributions already
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discussed for the tower jets. See the right hand side diagram in Fig. 6 for a schematic overview. Fully
calibrated jets from this sequence with pT < 7 GeV are again discarded.

2.5.5 Calorimeter jet calibration

The long standing calibration scheme for calorimeter jets in ATLAS is based on cell signal weighting.
It can be applied to both tower and cluster jets from the reconstruction sequences I and II, respectively.
The basic idea behind this approach, which was originally developed for the CDHS experiment [18] and
further refined for the H1 experiment Ref. [19], is that low signal densities in calorimeter cells indicate
a hadronic signal in a non-compensating calorimeter and thus need a signal weight for compensation of
the order of the electron/pion signal ratio e/π , while high signal densities are more likely generated by
electromagnetic showers and therefore do not need additional signal weighting.

To apply the cell signal weighting, first all calorimeter cell signals contributing to a jet are retrieved.
This is possible even if the jets have not directly been reconstructed from these cells. The signal in each
cell i in the jet is weighted by a function depending on the cell location ~Xi and the cell signal density
ρi = Ei/Vi, with Ei being the electromagnetic energy signal of the cell, and Vi being its volume. The
weighting factor is ≈ 1 for high density signals and rising up to 1.5, the typical e/π for the ATLAS
calorimeters, with decreasing cell signal densities. The weighting functions are universal in that they
do not depend on any jet feature or variable. The calibrated jet four-momentum (Ejet,calo,~preco) is then
recalculated from the weighted cell signals, which are treated as massless four-momenta (Ei,~pi) with
fixed directions:

(
Ejet,calo,~pcalo

)
=

(
Ncells

∑
i

w(ρi,~Xi)Ei,
Ncells

∑
i

w(ρi,~Xi)~pi

)
. (1)

The signal weighting functions have been determined using seeded fixed size cone jets (Rcone = 0.7)
in fully simulated QCD dijet events by fits of reconstructed calorimeter tower jet energies to matching
Monte Carlo truth particle jet energies. Residual non-linearities (as function of pT) and non-uniformities
(as function of η) are corrected by an additional calibration function parametrized in both variables.
These corrections have also been calculated for other standard jet finding configurations and calorimeter
signals. The calibration has been determined using the ideal, non-distorted detector geometries. See
Ref. [17] for more details.

2.6 Track jets

Finding jets in reconstructed inner detector tracks is useful to recover possible inefficiencies of the
calorimeter signals, especially for jets pointing to transition or crack regions. Even though the scheme of
seeding calorimeter jets with track jets in these regions has not been completely evaluated, some recov-
ery may be possible. At least tagging of suspicious event topologies using track jets without matching
calorimeter jet, or matching a poorly reconstructed calorimeter jet, allows a suppression of events with
significant fake missing transverse momentum in the hadronic final state reconstruction, thus improving
the quality of any given sample for physics analysis.

Matching the track jets with calorimeter jets is another promising approach to refine the jet energy
measurement jet by jet, and the hadronic final state reconstruction in general. First, the pT fraction
carried by tracks, defined as

ftrk =
pT,track

pT,calo
, (2)

with pT,track being the transverse momentum from tracks and pT,calo being the one reconstructed by the
calorimeter, can be measured for each jet within the inner detector acceptance |η | < 2.5. It can then be
used to (relatively) improve the jet energy measurement, as indicated in Fig. 7. The figure shows results
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obtained from simulations of QCD dijet processes of jets within |η | < 0.7 and 40 < pT < 60 GeV.
Even though the calorimeter jet calibration performs well on average, there are residual dependencies of
the individual jet signal reconstruction quality on the jet fragmentation, i.e. the particle composition of
the jet, for which ftrk provides a handle for a relative correction which can be applied jet by jet. This
fragmentation dependency can be understood in that jets with large ftrk have a larger amount of their
energy carried by charged hadrons, which tend to generate a smaller signal in the non-compensating
ATLAS calorimeters. The standard jet calibration based on the calorimeter cell signals alone cannot
completely recover the corresponding signal loss. This is certainly one of the promising techniques for a
relative jet energy scale correction in the context of a refined jet calibration, with the immediate goal of
improving the relative jet energy resolution.

Jet finders usually cluster four-momentum in two dimensions, like azimuth φ and pseudorapidity η .
Inner detector tracks in ATLAS have a reconstructed vertex associated, thus the zvtx coordinate can be
added as a third dimension to jet finding from these tracks, see Fig. 8. Jet clustering in φ , η , and zvtx then
allows the assignment of a vertex to a matching calorimeter jet, which is especially of interest in events
with multiple interactions from pile-up. In this case jets not associated with the primary vertex can be
tagged as such, and removed from the final state in jet counting experiments, e.g. a W +n jets analysis.

2.7 Energy flow jets

In Section 2.6 some aspects of the use of jets from charged tracks reconstructed with the inner detector
are discussed. Another approach to improve the jet energy measurement is to match the calorimeter
response in towers or clusters with a charged track pointing to it, and use the track kinematics if the track
momentum resolution is better than the calorimeter energy resolution for the matched cluster, which for
hadrons in ATLAS is the case up to pT ≈ 140 GeV at η = 0. The principal method is referred to as
energy flow reconstruction, and was pioneered at LEP [20] and is in use in hadron colliders; for example,
the CDF application is described in Ref. [21].

The most important feature of energy flow reconstruction is the removal of the calorimeter signal
generated by an accepted track. In ATLAS this has been studied using a track-cluster match approach.
Figure 9 shows the relative variation of the pT resolution for cone jets from energy flow objects and
topological clusters in QCD dijet production, both without final energy scale corrections. From this there
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Figure 7: The difference between jet pT reconstructed from the calorimeter and the matching truth par-
ticle jet pT, for all jets with |η | < 0.7 and 40 < pT < 60 GeV, and jets from this sample in two regions
of the track pT fraction ftrk defined in Eq.(2) (left). The plot in the center shows the relative differ-
ence ∆pT/pT, truth for various bins of ftrk and as function of the calorimeter jet pT. The distributions of
∆pT after applying these corrections are shown in the right figure. The lightly shaded area indicates the
distribution for all jets, without any selection based on ftrk.
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are indications that for jets with pT
<∼ 80 GeV in this environment, which is characterized by typically

low event activity in general, the jet energy resolution can be improved by the energy flow technique.
The expected gain is most significant at lower jet pT, e.g. about 15% (relative) at pT = 40 GeV.

2.8 Particle jets

Particle jets are only available in simulated events. They are built from stable particles produced by the
fragmentation model in the physics generator. Stable particles in ATLAS are those with a laboratory
frame lifetime of about 10 picoseconds or more, thus typically including electrons, muons, photons,
charged pions, kaons, protons, neutrons, neutrinos, and their corresponding antiparticles. These particles
represent the “truth” reference of a hard scattering process for performance studies and simulation based
calibration approaches. The particle jets are therefore referred to as truth particle jets, or truth jets, in
the following sections of this note.

Neutrinos and muons generated in the collision are excluded from these truth jets, as they have their
own observables, i.e. missing transverse momentum for neutrinos and explicitly reconstructed tracks for
muons. Jet finding with generated particles uses the same code as calorimeter reconstruction, obviously
excluding the signal preparation for towers in reconstruction sequence I and all calibration steps.

3 Jet reconstruction performance in ATLAS

The performance of the ATLAS detector for jet reconstruction has been evaluated within the present
day limitations of physics generators, mostly PYTHIA [22], and detector response simulations, all
performed with GEANT4 [23, 24]. All results presented here should therefore be considered to be
expectations and of preliminary nature.

3.1 Preliminaries

The comparisons of calibrated jet features discussed in this section uses calorimeter jets to which the
cell signal based calibration has been applied, in addition to the overall scale correction for different
jet finder configurations and calorimeter signal choices, i.e. jets from reconstruction sequence I and II
introduced in Section 2.5.4, with calibrations applied as described in Section 2.5.5. As already discussed
in that section, the parameters of the corresponding calibration functions have been determined using
simulations of dijets from QCD processes with the ideal detector geometry, meaning no misalignment
between detectors or detector elements, no detector shape distortions, and assuming a perfect knowledge
of the material distribution from supports, services, cryostats, etc., in the complex ATLAS geometry.

The simulations performed for the evaluation of the jet reconstruction performance use the same
generated physics, meaning the same events at particle level, but include small shifts in relative detector
positioning and small changes to the amount (increased) and location (more realistic asymmetric distri-
bution in pseudorapidity and azimuth) of dead material in the detector description. As a consequence,
the calorimeters do not respond optimally for this evaluation with respect to jet signals, but the esti-
mated performance is likely closer to the initial one in ATLAS, with some a priori unknown distortions,
misalignments, and other imperfections.

Final corrections can be derived once experimental data from the detector become available with suf-
ficient statistics by e.g. following the strategies lined out in Ref. [25]. For the performance expectations
presented here these corrections, which could have been derived rather straight forwardly by using the
misaligned detector geometry in the simulations for calibration as well, are intentionally not applied to
probe some of the initial systematic uncertainties to be expected for the initial running of ATLAS. Note
that none of the results presented here include pile-up.
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3.2 Comparing jet reconstruction algorithm performances

Jet reconstruction performance is typically expressed in terms of expected or measured signal linearity,
i.e. flatness of the detector response to particle jets over the whole kinematic range of interest at the LHC
(from pT ≈ 10 GeV to a few TeV), signal uniformity in pseudorapidity η and azimuth φ over the whole
detector system coverage, and the achievable energy resolution. Additional features of jet reconstruction
performance are the efficiency to find jets, and the purity of the found jet sample, which is of course
related to the number of fake jets reconstructed.

Other jet features studied with the ATLAS detector are the possibility to reconstruct the original
source of a given jet. This is particularly interesting for heavily boosted heavy particle decays like for
top quarks, where the final state will likely be reconstructed as just one (narrow) jet. The measurement
of the jet mass and a substructure analysis are experimental tools which could address this question.

The quality of the reconstructed variables depends on the choice of the calorimeter signal (towers or
clusters), the choice of the jet finder and its configuration (wide/narrow jets), and the ability to unfold as
much as possible the physics environment, like reflected in underlying event and pile-up contributions.
A high precision analysis of a given event topology may require different configurations than offered
in default jet reconstruction to optimize the signal. In this section the expected effect of the choices
discussed above on the performance variables is shown for selected configurations.

In most cases the performance is evaluated using a truth reference provided in the simulation by
jets reconstructed at particle level, see Section 2.8. The detector and truth jets are associated through
directional matching. The following list of variables is used:

Jet directions are given by pseudorapidity η and azimuth φ . As η is directly related to the polar angle
θ , and thus useful (even for massive jets) to understand the variations of the detector response, the
rapidity y can be used for physics analysis motivated selections. The variables are defined as:

η = − 1
2

ln
(

p+ pz

p− pz

)
= − ln

[
tan
(

θ
2

)]
(3)

y = − 1
2

ln
(

E + pz

E− pz

)
(4)

φ = arctan
(

py

px

)
. (5)

Matching radius Rm is defined by the directional distance between truth and detector jets, i.e.

Rm =
√

∆η2 +∆φ 2 . (6)

Two jets are matched if the radial distance between them is Rm ≤ 0.2, if not stated otherwise. Only
one match is allowed for each reference (truth) jet. In case of two or more nearby jets, the one
closest to the reference is taken for efficiency and purity studies. For signal linearity and uniformity
studies the reference and the calorimeter jets are omitted in this case.

Signal linearity can be determined by the ratio λ of the energy reconstructed for the calorimeter jet
Ejet,calo and the matched truth jet energy Ejet, truth,

λ =
Ejet,calo

Ejet, truth
, (7)

when λ can be calculated as function of Ejet, truth or Ejet,calo.

Signal uniformity is measured by the variation of the signal as function of the jet direction in the de-
tector frame, as given by η in Eq.(3). The variable λ defined in Eq.(7) can be used to estimate the
uniformity from simulations, if calculated as function of η .
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Relative energy resolution is given by the width of the distribution of the relative difference between
Ejet,calo and Ejet, truth:

σ
E

=

√√√√
〈(

Ejet,calo−Ejet, truth

Ejet, truth

)2
〉
−
〈

Ejet,calo−Ejet, truth

Ejet, truth

〉2

. (8)

Jet reconstruction efficiency ε is defined by the following ratio:

ε(Rm) =
# matches of truth particle jets with reconstructed jets

# truth particle jets
=

Njets
m (Rm)

Njets
truth

. (9)

It depends on the matching radius Rm and is determined as function of the true jet energy, pT, or
η .

Jet reconstruction purity π is given by

π(Rm) =
# matches of truth particle jets with reconstructed jets

# reconstructed jets
=

Njets
m (Rm)

Njets
reco

(10)

and also depends on the choice for Rm. The fake rate f (Rm) is then given by f (Rm) = 1−π(Rm).
Purity is calculated as function of the reconstructed jet energy, pT, and/or direction.

Additional variables reconstructed from jets, like substructure and shape measures, are discussed in
Section 3.6.

3.3 Comparisons of basic jet signal features

The main data source for the evaluation of the performance of the ATLAS calorimeters for jet recon-
struction are fully simulated QCD dijet events with at least one of the hard scattered partons having a pT
within a certain bin. Eight bins are defined, with incrementing delimiters approximately following a 2n

power law: 17→ 35 GeV, 35→ 70 GeV, etc., up to the final bin pT > 2240 GeV with the upper limit set
by the kinematic limit introduced by the parton direction and the 14 TeV center-of-mass energy in the pp
collisions at LHC.

3.3.1 Signal linearity and resolution

Signal linearity has been studied in detail for the evaluation of the various calorimeter jet calibration
schemes under discussion in ATLAS [17]. The general expectation from these studies with the distorted
detector is a response flat within ±1% for jets with pT

>∼ 50 GeV, and a slightly larger deviation from
linearity for jets with lower transverse momentum down to ∼ 10 GeV [17]. As the calibration functions
are determined using one jet finder configuration and one simulated calibration sample in a perfect de-
tector model (see discussion in Section 2.5.5), one can estimate the shift from a response flat within the
margins introduced by the distorted detector when other configurations and/or a different calorimeter
signal basis are considered. This shift can be expressed as the ratio of λalt, as given in Eq.(7), from a
given alternative jet reconstruction to λref , the reference from the same jet reconstruction configuration
used to derive calibration functions in the ideal detector:

ξ =
λalt

λref
=

Ealt
jet,calo

/
Ealt

jet, truth

E ref
jet,calo

/
Eref

jet, truth

. (11)

17

JETS AND MISSING ET – JET RECONSTRUCTION PERFORMANCE

18

278



4

100

0.2 < |y| < 0.4 2.0 < |y| < 2.2

0

2

-2

3

1

-1

-3

4

0

2

-2

3

1

-1

-3

00010010001
-4

Seeded Cone Jets

Rcone 0.7 0.4

Tower

Cluster

Rcone 0.7 0.4

Tower

Cluster

R 0.6 0.4

Tower

Cluster

R 0.6 0.4

Tower

Cluster

k JetsT

 R
e
s
id
u
a
l 
c
a
lib
ra
ti
o
n
 u
n
c
e
rt
a
in
ty
 

1
 (
%
)

Truth jet transverse momentum (GeV)

Seeded Cone Jets

k JetsT

ATLAS MC ATLAS MC

ATLAS MC ATLAS MC

Figure 10: Residual calibration uncertainties for reconstructed jets from various jet finder configurations
and the two calorimeter signals, as function of the truth jet pT and in two bins of jet rapidity y. The refer-
ence configuration is seeded fixed cone tower jets with Rcone = 0.7. The residual calibration uncertainty
is given by ξ , as defined in Eq.(11).

100 0050501 10010 50

R 0.6 0.4

Tower

Cluster

k JetsT

Rcone 0.7 0.4

Tower

Cluster

3.7 < |y| < 3.9

Seeded Cone Jets

-10

-8

-6

-4

-2

0

2

4

1
 (
%
)

Truth jet transverse momentum (GeV)

ATLAS MC ATLAS MC

Figure 11: Residual calibration uncertainty ξ , calculated relative to the fixed seeded cone (Rcone = 0.7)
tower jet calibration as described by Eq.(11), as function of the truth jet pT in the forward direction of
ATLAS.

18

JETS AND MISSING ET – JET RECONSTRUCTION PERFORMANCE

19

279



The quantity ξ can be viewed as a measure of the residual calibration uncertainty with respect to the best
calibrated jet reconstruction configuration, and is thus an estimate of one of the systematic uncertainty
contributions in the general jet reconstruction. Note that

ξ ≈
Ealt

jet,calo

E ref
jet,calo

when the alternative reconstruction uses the same jet finder with the same parameters as the reference,
because Ealt

jet, truth ≈ E ref
jet, truth in this case. The prime example here is the comparison of seeded fixed cone

tower jets with Rcone = 0.7 (the reference) with cluster jets found with the same configuration.
Figure 10 shows expectations for ξ as function of the jet pT in two different regions of jet rapidity.

From this simulation based study it can be concluded that the cell signal based jet calibration, with the ad-
ditional overall scale corrections discussed in Section 2.5.5 applied, is universal for the distorted detector
at a level of about 2% for the studied QCD jets with pT > 20 GeV and the particular choice of distor-
tions implemented in the detector description of the simulation program. As these distortions include
additional inactive material between the electromagnetic liquid argon and the hadronic tile calorimeter
(about 10% increase in nuclear absorption length), the effect is in particular emphasized for low pT jets
in the central region, which mostly occupy the 0.4 < |y| < 0.4 bin2. Here the sensitivity to the jet algo-
rithm (seeded cone or kT), its configuration (narrow or wide jets), and the choice of calorimeter signals
(clusters or tower) is also largest, see Fig. 10.

Sensitivities to signal and jet finder choices are stronger for jets within 3.7 < |y|< 3.9. The calorime-
ter jet shape in the corresponding forward region is dominated by (lateral) hadronic shower extension
rather than the particle flow in a cone in (η ,φ ), meaning that a considerable part of the calorimeter signal
can be outside of a chosen jet cone and therefore be lost for the total jet signal. Jets from each of the
jet finder configurations and calorimeter signal choices have been individually corrected for these signal
losses using simulations with the ideal detector geometry. The effect of the distorted detector, which
includes a change of the relative z position of the endcap and forward calorimeters in ATLAS and thus
a change of the aspect ratio of the particle level jet shape to the calorimeter jet shape and consequently
different energy losses, can be significant especially for the kT jets, as indicated in Fig. 11. Again using
the seeded fixed-size cone tower jets with Rcone = 0.7 as a reference, the cluster jets reconstructed with
the same algorithm show a similar response, indicated by |ξ −1| < 2% in the whole kinematic range
studied here. The narrow cone cluster jets lose about 1% of their energy, rather independent of their
pT, which can be expected due to the lateral hadronic shower size varying only slightly with energy.
The larger effects of the distorted detector on the kT jets, like the prediction of a nearly linear rise of
ξ with log pT for pT

<∼ 100 GeV for all considered kT jets, but most pronounced for wide kT tower jets,
require more investigation of the distortion effects and their reflection in towers and clusters on the more
complex dynamics driving the kT algorithm.

The jet energy resolution is the other important contribution to precision jet reconstruction. It has
been evaluated in the distorted detector geometry with the same QCD sample. The results are again dis-
cussed in more detail in Ref. [17]. A typical relative energy resolution, calculated as described by Eq.(8),
and achieved without particular corrections for the distorted detector, has a stochastic term of about
60%/

√
E( GeV) and a high energy limit of about 3% in the central region of ATLAS, all determined

with these simulated events.
It is expected that the relative energy resolution depends on the calorimeter signal choice, the jet al-

gorithm, the underlying event and pile-up activity, and the general particle density and flow of the physics
environment. Using QCD dijet simulations, with electronics noise included in the detector simulation but
without any pile-up activity, the difference in resolution between tower and cluster jets can be estimated

2Note that for the QCD jets under consideration here the jet mass m is generally small, in particular m� p, i.e. y≈ η .
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jets.

with the test variable ψσ , which uses the fractional difference ∆σ in the energy resolution

∆σ =
(σ

E

)2

cluster
−
(σ

E

)2

tower
,

with the relative resolutions σ
/

E as given in Eq.(8). ψσ can then be defined as

ψσ =
{ √

∆σ for ∆σ > 0
−√−∆σ for ∆σ < 0

. (12)

Figure 12 shows the prediction for ψσ for various jet configurations in two different kinematic regimes
defined by the jet rapidity. As this variable mainly folds differences in the stochastic and noise contri-
bution to the jet energy resolution, the effect of noise suppression implicit for cluster jets is particularly
visible at low energies and for wider jets, where more calorimeter cells with noise contribute to the tower
jets than in narrow jets. At higher jet energies, the energy resolution contribution introduced by sig-
nal fluctuations from electronics noise is significantly reduced and ψσ is comparable with zero in both
kinematic regimes.

The relative difference ψσ can be transformed into an energy-equivalent difference in a straight
forward manner:

∆σabs(E) = ψσ (E) ·E . (13)

Figure 13 shows predictions for this difference for the QCD jets discussed here. The general flat (energy
independent) behaviour indicates that the differences between cluster and tower jets indeed are mostly
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data points. Note the linear energy scale and the limited energy range, compared to Fig. 12.

related to electronics noise. The average noise contribution 〈∆σabs〉 has been determined by straight line
fits to the flat regions. Seeded cone tower jets with Rcone = 0.7 in the lower rapidity regime 0.2 < |y|< 0.4
yield |〈∆σabs〉| ≈ 2.5 GeV more noise than the corresponding cluster jets. This contribution is estimated
to be higher for kT jets with R = 0.6, at approximately 4 GeV. |〈∆σabs〉| increases in the higher rapidity
region 2.0 < |y| < 2.2 to about 6 GeV for cone and 8 GeV for kT jets, respectively. This observation
already reflects the larger electronics noise in the endcap calorimeters, where most of the jets in this
rapidity range go. The evaluation of ψσ as function of the jet direction, as shown in Fig. 15 in Section 3.4,
explores this observation further.

Figure 13 also suggests that for E < 50 GeV, kT jets made from clusters in the lower rapidity regime
are subjected to fluctuations from other sources than electronics noise, which partly cancel the noise
reduction as |∆σabs| gets smaller with decreasing energy. These fluctuations are not present in kT jets
made from towers and in seeded cone jets reconstructed from towers or clusters in the same kinematic
region, and need further exploration.

3.4 Jet signal uniformity

The variation of the jet response as function of the jet direction is a measure of the uniformity of the jet
signals and more powerful to diagnose possible detector inefficiencies than the linearity studies discussed
in the previous section. Figure 14 shows the variation of the response to wide and narrow seeded cone
and kT tower jets as function of the jet pseudorapidity3 for simulated QCD dijet events. The additional
inactive material introduced between the electromagnetic and hadronic calorimeters in the central region,
which is part of the distorted detector geometry model, especially affects the response to the lower energy
jets. The drop in the jet response is also more enhanced for lower energetic jets in the crack region around
|η | ≈ 1.5, with up to 10% of signal loss, again due to more inactive material in this region. The response
to the higher energetic jets is more uniform, as expected, with a signal drop in the cracks around 4%,
which is also observed for the crack at |η | ≈ 3.2.

3Contrary to the preceding discussion of the signal linearity and energy resolution, where the rapidity y is used to categorize
different kinematic regimes for jets, in the discussion of the signal uniformity the pseudorapidity η is preferred, as it directly
reflects a direction in ATLAS (see Eq.(3) in Section 3.2) and thus is more appropriate to characterize the response in a certain
calorimeter region.
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jets ∆Ejet,calo = Ejet,cluster−Ejet, tower as function of η , again in two jet energy bins. The pT variation for
the two energy bins is shown in the middle section, for comparisons.
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There are only relatively small difference between the seeded cone and kT jet signal uniformity,
which are more pronounced at lower jet energies. Using clusters instead of towers as the calorimeter
signal basis does not affect the signal uniformity for the higher energetic jets, but is expected to recover
some signal losses, of the order of 1%, for the lower energetic jets.

Predictions for the dependency of the relative energy resolution on the jet direction is shown in
Fig. 15, for the same QCD jet sample. From this study there are significant differences expected between
the seeded cone and the kT algorithm for lower jet energies. Both for wide and narrow jets the cone
algorithm seems to perform better, especially in the endcap calorimeter region. For higher energetic jets
these differences become insignificant.

Testing the difference between cluster and tower jet energy resolution has been done using the rel-
ative resolution difference ψσ , as defined in Eq.(12). For the lower energetic jet sample the noise-like
contribution to ψσ already observed in Fig. 12 is confirmed, with the additional observation that in the
endcap calorimeters clusters seem to reduce these fluctuations even more than in the central region. High
energetic cluster and tower jets perform very similarly. From the absolute differences between the reso-
lutions shown in Fig. 13, which is about 2.5−8 GeV depending on the kinematic regime and the chosen
jet finder and its configuration, the expected value for ψσ for higher jet energies is about 0.2− 0.7%,
which is in agreement with the predictions for the high energy jet sample shown in Fig. 15. The larger
and positive ψσ at higher pseudorapidities observed especially for narrow kT jets indicates signal fluctu-
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Figure 15: Predictions for the direction dependence of the relative jet energy resolution for seeded cone
(wide, Rcone = 0.7, left, and narrow, Rcone = 0.4, right) and wide (R = 0.6) and narrow (R = 0.4) kT tower
jets in two different jet energy bins (upper plots). The relative resolution difference to cluster jets ψσ , as
defined in Eq.(12), is shown for the same jet samples in the bottom plots.
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ations introduced by clustering in the forward region. A more detailed investigation of the kT algorithm
performance when configured for narrow jets in this region is under way.

3.5 Efficiency and purity

The efficiency of the jet reconstruction in ATLAS depends not only on the jet pT but also on the jet
direction and the physics environment. For basic performance evaluation it has been studied using QCD
dijet production. Figures 16, 17, and 18 show the expectations for seeded cone jets with Rcone = 0.7
and 0.4, and kT jets with R = 0.4 and 0.6, respectively, in various kinematic regimes defined by the jet
rapidity y. It is noticeable that the efficiency at lower pT is rather low, with the wide kT jets performing
better than the corresponding wide cone jets. Both jet algorithms have similar efficiencies for narrow jets
for 0.2 < |y|< 0.4, with increasingly better efficiencies predicted for kT jets at higher rapidities.

Figures 16 through 18 also show the estimated differences in the jet reconstruction efficiency between
tower and cluster jets, defined as ∆ε = εcluster−εtower, with εcluster and εtower defined in Eq.(9). In general
cluster jets are expected to be reconstructed with higher efficiency in the low pT regime, especially in
case of wide jets and in the forward direction. Narrow seeded cone jets are reconstructed with basically
the same efficiency for both calorimeter signal choices, except at pT

<∼ 50 GeV in the forward region,
where cluster jets are again more efficient.

The predictions for ∆ε for wide kT indicate similar behaviour as the seeded cone jets in the central
calorimeter region, but a much less pronounced difference between the tower and cluster jets in the
forward region. There are also indications the narrow kT jet reconstruction efficiency is slightly improved
when using clusters, see again Fig. 16 through Fig. 18. No significant variation of the jet reconstruction
efficiency as function of the jet direction is expected, especially not for higher pT jets.

The fake rate f = 1−π (see also Eq.(10)) for jet reconstruction in QCD dijet events has also been
studied. The rate drops quickly from more than 50% at jet pT of 10 GeV to around 1% for jets with
pT > 50 GeV. There are indications that wide jets reconstructed from topological clusters have a lower
number of fakes at low pT, especially in the central region. Also, the kT algorithm seems to generate
fewer wide jets than the cone algorithm in this region, independent of the calorimeter signal choice.
These differences are expected to be much smaller for narrow jets.

3.6 Jet composition and mass

The reconstruction of jet masses and substructure has gained interest at LHC, especially because of the
expected production of heavy particles with masses of O(100) GeV and transverse momenta of several
hundred GeV. These may decay hadronically into very collimated final states. An important standard
model example is the W boson [26]. Other examples include SUSY [27], exited heavy quarks [28], and
in exotic final states involving extra dimensions [29].

In any case, the complete final state of a heavy and boosted particle may be reconstructed into one jet,
which in the example of a fully hadronically decaying top quark actually contains three highly collimated
jets. The mass of the reconstructed jet is then one of the indicators of its origin, in addition to a possible
substructure reconstruction reflecting the three “internal” jets.

The reconstruction of the jet mass is inherently difficult from calorimeter signals, as the shower
development washes out the directions and energies of individual particles in the jet. In addition, the true
jet mass is of course best reconstructed if all of its original particles can be measured at high precision.
The mass reconstruction is thus disturbed by undetected particles, like the ones curling in the solenoidal
magnetic field in the inner detector cavity of ATLAS, and the ones losing too much energy in upstream
inactive material to generate a signal above threshold in the calorimeters.

Figure 19 shows the expected composition of kT jets with R = 0.6 built from particles, towers, and
clusters in three different rapidity regions. The number of constituents shown in this figure is of course
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narrow (R = 0.4) kT tower jet reconstruction efficiencies in the same kinematic regime. The difference
in efficiency between cluster and tower jets, defined as ∆ε = εcluster− εtower, is shown in the lower left
plot for cone and in the lower right plot for kT jets.
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seeded cone (top left) and kT (top right) tower jets with 2.0 < |y|< 2.2, shown together with correspond-
ing differences in efficiency between cluster and tower jets (bottom plots), again as function of the truth
particle jet pT (see caption of Fig. 16 for more details).
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Figure 18: Jet reconstruction efficiencies ε as function of the truth particle jet pT, for wide and narrow
seeded cone and kT tower jets in ATLAS (top), estimated with simulations of QCD dijet processes, in the
jet rapidity range 3.7 < |y|< 3.9. The corresponding difference in efficiency between cluster and tower
jets is shown in the bottom plots. See caption of Fig. 16 for more details.

depending on the calorimeter signal choice, i.e. towers or clusters. The variation in the number of clusters
between the rapidity regions reflects the changing spatial resolution power of the calorimeter with respect
to resolving individual showers inside a jet. The observation that the number of particles inside jets seems
to drop at highest pT indicates a change in the origin of the jets. Most jets at lower pT in the studied QCD
sample are gluon jets, while for higher pT a significant fraction of jets is produced by quarks. As gluons
have a larger probability to radiate off other gluons than quarks have, one can expect more particles
inside gluon jets, and even more jets in the final state in case of gluons.

The relative sensitivity of the jet mass reconstruction to low signal contributions has been studied
for cluster, tower and particle jets with QCD dijet simulations. The relative change in the jet mass if pT
thresholds are applied to the constituents, is defined as

∆mrel(pmin
T ) =

m(pT > pmin
T )

m(pT > 0)
. (14)

Here m(pT > pmin
T ) means the jet mass recalculated using only jet constituents with a transverse momen-

tum above pmin
T , while m(pT > 0) is the jet mass using all constituents. Figure 20 shows the expectations

for the variation of ∆mrel as a function of the reconstructed m(pT > 0), for different pmin
T . Especially

for high mass jets the cluster jets show a similar behaviour as the particle jets, indicating that clus-
ters are probably better reflecting the particle composition in these jets than the tower jets. Note that
pT > 400 MeV is around the threshold for charged particles to reach the calorimeter in the magnetic field
of the inner detector, and is also close to the general signal threshold for the calorimeters in the central
region of ATLAS.
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Figure 19: The average number of constituents of kT jets with R = 0.6 as function of the jet pT, in
three different regions of ATLAS, as predicted by simulations of QCD dijet events (figure adapted from
Ref. [16]).
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particle level jets in QCD dijet events in ATLAS (figure adapted from Ref. [16]).
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3.7 Jet substructure

The sensitivity in the mass reconstruction observed in Fig. 20 suggests the need for jet variables less
sensitive to the soft particle contribution and response, yet providing sensitivity to the possible origin of
the jet. One of the interesting variables is the characteristic scale yscale for sub-jet splitting in kT jets, i.e.
the pT scale at which the n last recombinations of the kT algorithm are undone. It can be defined using
yn such that

y2
scale = p2

T× yn .

For example, n = 2 means splitting into two sub-jets, identical to undoing the last recombination in the
kT algorithm. yscale is logarithmically below the jet pT in gluon and quark jets, due to the strongly ordered
(in kT) QCD evolution, see e.g. Ref. [30]. In case of a strongly boosted W boson decaying into quark
and anti-quark, on the other hand, yscale is closer to the W mass mW . The left plot in Fig. 21 shows a
qualitative comparison of the yscale spectrum for jets with masses mjet > 40 GeV in simulated QCD dijet
processes with the one for jets from simulated boosted W boson decays with the same mass cut applied.
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Figure 21: Distributions of the scale variable yscale indicating the threshold for splitting a given jet with
mass mjet > 40 GeV into two sub-jets, for simulated QCD dijet processes and boosted W bosons decaying
hadronically (left figure). The right figure shows predictions of the resolution power for yscale for the
boosted W bosons. The filled area distribution shows the spectrum for ∆yscale = yscale, reco− yscale, truth
obtained with fully detailed simulations, while the solid distribution shows the optimistic estimate from
a smeared particle-level calculation. Both distributions are normalized to unity.

The resolution power of ATLAS for a measurement of yscale has been studied for splitting into two
jets, i.e.:

yscale =
√

y2× pT ,

with a sample of simulated highly boosted W decaying hadronically. For these the corresponding yscale
distribution approximately peaks at mW/2, as expected, see Fig. 21. The resolution power for yscale can
be evaluated by comparing this variable reconstructed from the calorimeter jet with the one from the
matching particle level jet. The right plot in Fig. 21 shows the resolution for full simulation and for a
smeared particle-level fast simulation. Pending a full scale evaluation in the context of a physics analy-
sis, the present observation based on the the similarity of both distributions is that the reconstruction of
yscale does not seem to be too sensitive to details affecting the calorimeter signal, like showering, limited
acceptance for low energetic particles, and similar. The prediction for the experimental yscale resolu-
tion from this figure is about 12%, while the optimistic simulation based on four-momentum smearing
predicts about 9%.
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4 Forward jet reconstruction and jets in minimum bias events

The ATLAS detector provides near hermetic coverage within pseudorapidities of approximately
−4.9 < η < 4.9. The forward region is particularly challenging for jet reconstruction, as the jets of
interest often have rather low transverse momentum (at high energy) and are thus closer to the fluctua-
tions introduced by pile-up at design luminosity at LHC. For example, in a jet cone with Rcone = 0.7 one
expects fluctuations in transverse momentum of the order of 12 GeV [31], meaning that the minimum pT
which can safely be reconstructed is around 40 GeV. The estimates for jet performance in the forward
region presented here have been calculated without pile-up, i.e. only electronics noise is folded into the
reconstructed signals.

Events with depleted hadronic activity in the central region of the pp collisions are important signa-
tures for discoveries, including but not limited to leptonically decaying Higgs bosons produced in vector
boson fusion (VBF) events, like WW scattering. To reconstruct this signal with significant efficiency a
central jet veto can be applied. The effectiveness of this veto can be understood from the efficiency to
reconstruct jets in minimum bias events without hard scattering, and the rate for fake jet reconstruction.
This has been studied with simulations for ATLAS and the results are presented in Section 4.2.

4.1 Forward jets

Recent studies indicate that the detection of forward going (light quark) jets with pseudorapidities
2.7≤ |η | ≤ 4.9 helps to significantly increase the discovery potential not only for heavy Higgs bosons
[13], but also for intermediate mass Higgs bosons produced in VBF [32]. This region in the ATLAS de-
tector features a complex calorimeter geometry in the transition region from the end-cap to the forward
calorimeters. This leads to a loss of precision from the changing readout geometries. Some aspects of
the performance of the ATLAS detector for these forward jets are discussed in this section.

The VBF events have a specific topology in that on average two hard tag jets are produced by the two
quarks radiated off the vector boson. Figure 22 shows predictions for the jet multiplicity distributions
in these events, both over the whole detector acceptance (|η | < 4.9), where most often the two tag jets
are found, and in the forward direction (2.7 < |η | < 4.9) only. From this the expectation is in most
events only one of the jets is going into the forward direction, at least for the particular Higgs boson
mass considered here (mH = 120 GeV). This observation is independent of the jet size for seeded cone
and kT jets.

The relative transverse momentum resolution for both forward seeded fixed cone and kT jets in VBF
produced H → ττ → µµ events is estimated at about 9% for 20 < pT < 120 GeV. Signal linearity is
expected to be within ±2% for these jets, at least for pT

>∼ 30− 40 GeV, see Fig. 23. The precision
achieved in the reconstruction of the jet kinematics for even lower pT, an attempt only realistic in low
luminosity running at LHC, seems to be limited from this study to ≈ 5%.

Predictions for the efficiency and purity of forward jets reconstructed with the seeded cone
(Rcone = 0.4) finder are shown in Fig. 24. Here the indication is that using topological cell clusters
as calorimeter signals for jet reconstruction makes jet reconstruction more efficient at the likely less rel-
evant lower end of the jet pT spectrum (pT

<∼ 30−40 GeV), but generates more fake jets in the same pT
range, i.e. has a lower purity in this region for this event sample. As both calorimeter signals reconstruct
kT jets with basically the same efficiency and purity in the whole kinematic range of interest for these
VBF events, there is an indication that the splitting of cell signals to fill towers, which is predominant in
the forward region, generates less seeds than the more integrating cell clustering, where cell signals are
summed up rather than split and thus create more likely signal objects above the seed threshold. See also
text and Fig. 3 in Section 2.5.1 for tower formation, and Section 2.5.2 for clustering.
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Figure 23: Relative deviation of reconstructed transverse momentum pT from calorimeter jets and the pT
from the matched particle jet in VBF Higgs boson production, for various jet finder configurations and
the two calorimeter signal definitions (towers and clusters).
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Figure 24: Estimated efficiency to reconstruct narrow seeded cone tower and cluster jets (Rcone = 0.4)
generated in VBF Higgs boson production in the forward direction (2.7 < |η |< 4.9), as function of the
truth jet transverse momentum (left). The plot on the right shows the corresponding fake reconstruction
rate as function of the transverse momentum of the calorimeter jet.

4.2 Jets in minimum bias events

Soft underlying physics, as generated by the underlying event in hadron colliders and the multiple soft
interactions at high luminosity is an important source of jet production not directly related to the triggered
hard scattering process of interest. For efficient application of a central jet veto, which is an important
tool in background suppression in VBF produced Higgs boson events, it is crucial to understand the jet
rate from soft interactions in this region, and the particular characteristics of these jets. The latter point
is subject to ongoing studies, but first estimates on the jet multiplicity and rate from simulated single
minimum bias events are available.

Figure 25 shows the expected average number of jets in these events as function of the pT threshold
applied in the final jet selection, for various calorimeter signal definitions and the most commonly used
jet finder configurations. The kT jet multiplicity for narrow (R = 0.4) jets is rather independent of the
calorimeter signal choice, while for wider jets (R = 0.6) the cluster jets have a lower average multiplicity,
i.e. are less problematic for a central jet veto. For seeded cone jets, the wider (Rcone = 0.7) tower and
cluster jets have very similar multiplicities, while here the narrow tower jets (Rcone = 0.4) have a lower
multiplicity than the cluster jets.

Predictions for the probability P
(
Njet ≥ 1, pT > 20 GeV,ηrange

)
of reconstructing at least one jet per

single minimum bias event with pT > 20 GeV within a pseudorapidity range of |η |< ηrange is shown in
Fig. 26. Narrow jets from towers and clusters behave rather similarly for both the seeded cone and the kT
algorithm. Wider jets are more often found in calorimeter tower jets than in topological cluster jets. In
general the kT algorithm is less likely to reconstruct wider jets with R = 0.6 than the seeded cone is with
Rcone = 0.7. Here P

(
Njet ≥ 1, pT > 20 GeV,ηrange

)
has been calculated including the occasional jet from

the minimum bias (soft or semi-hard) interaction as well as “true” fake jets from calorimeter signal fluc-
tuations due to noise. Both lead to efficiency losses in an analysis selecting final states with no hadronic
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Figure 26: Prediction from full simulations for the probability P
(
Njet ≥ 1, pT > 20 GeV,ηrange

)
to re-

construct at least one jet with pT > 20 GeV within a pseudorapidity range |η |< ηrange considered for jet
reconstruction in single minimum bias events, as function of ηrange. The jet veto efficiency in the region
|η |< ηrange can be estimated from these curves as 1−P

(
Njet ≥ 1, pT > 20 GeV,ηrange

)
.
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activity in a given region |η | < ηrange. Note that the expectations for the jet veto efficiency discussed
here are estimated by 1−P

(
Njet ≥ 1, pT > 20 GeV,ηrange

)
under the assumption that the minimum bias

events generate a similar underlying activity as can be expected in signal events. An additional loss of
signal events is associated with the multiple soft interactions from pile-up. One expects ∼ 25 minimum
bias interactions per bunch crossing at the design luminosity of L = 1034cm−1s−1. Experimental effects
introduced by the calorimeter readout can increase this number by another factor of 2, giving jet veto effi-
ciencies in the order of 95(50)% for narrow jets with pT > 20 GeV at L = 1033cm−2s−1(1034cm−2s−1).

Reconstructing jets in minimum bias events can provide important information for the modeling of
soft physics and on the underlying event for hard scattering processes if correlation effects are neglected.
For example, the pseudorapidity distributions of kT jets with pT > 10 GeV are shown in Fig. 27. Most
jets above threshold are centrally produced with |η |< 1 and reconstructed with some limited efficiency,
both for towers and clusters. The fake rate for jet reconstruction at this pT threshold can be considerable
(O(30%) in the same central region), but decreases quickly with increasing jet pT, thus likely restricting
the accessible experimental phase space to test jet production in soft or semi-hard proton collisions with
precision on production rates or cross section.
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Figure 27: The pseudorapidity distribution of jets with pT > 10 GeV in single minimum bias events in
ATLAS (top plots for kT with R = 0.6 and R = 0.4, respectively). The distributions for the calorimeter
jets exclude fake jets, i.e. each reconstructed calorimeter jet is matched with a truth particle jet. The
efficiency for jet reconstruction in these events is shown in the bottom plots.

5 Conclusions and outlook

ATLAS supports a highly configurable and flexible jet reconstruction framework, which can easily be
adapted to accommodate new jet algorithms or signal definitions from the detectors. At the same time,
a default set of configurations for jet finding strategies is provided: a seeded fixed cone algorithm with
split and merge, and the kT algorithm, both with two different parameters controlling the size of the
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reconstructed jet. For the seeded cone, cone radii of Rcone = 0.7 and Rcone = 0.4 are available. Similarly,
the default choices for narrow and wide kT jets are distance parameters R = 0.4 and R = 0.6, respectively.
For the detector jets, which are reconstructed from projective calorimeter towers or topological cell
clusters, a calorimeter cell signal weighting based calibration is applied, with calibration weights derived
from simulations with an ideal ATLAS detector geometry model, together with an additional jet energy
scale correction parametrized in pseudorapidity and transverse momentum.

Performance predictions for a slightly misaligned and distorted ATLAS detector system have been
extracted mostly from PYTHIA generated QCD dijet processes simulated through the detector with
GEANT4. The emphasis in these studies was to estimate possible deviations from signal linearity and
uniformity, the deterioration of the relative jet energy resolution, the effect on jet reconstruction efficien-
cies and the fake jet reconstruction rate for the first collisions, when the inactive material distributions
and the alignment of detector components may not be well known. The corresponding pre-collision
physics data estimates have been derived from Monte Carlo for the default jet configurations for the
two considered calorimeter signal definitions (tower and cluster). A preliminary conclusion from these
studies is that the signal linearity can likely be controlled at the level of 2− 3%, depending on the de-
tector region. The effect of the combination of a particular calorimeter signal choice with a given jet
reconstruction configuration has been found to be consistent with expectations, i.e. the noise suppression
intrinsic to clusters can be observed. In general there are strong indications that the effect of uncertainties
in the knowledge of the detector geometry only leads to a modest degradation of the jet reconstruction
performance.

Special challenges to jet reconstruction in the forward direction or jet vetoes in the central region,
have been evaluated and found to be of acceptable performance for physics analyses like vector-boson
fusion produced Higgs boson events. Pile-up at high LHC luminosities leads to considerable degradation
especially of the jet veto efficiency. Due the large uncertainties in the modeling of soft physics under-
lying and overlapping the pp collisions, a precise quantitative evaluation of this degradation needs to
be postponed until experimental minimum bias data and other event topologies become available with
sufficient data quality and statistics.

In preparation for the experimental data ATLAS is now focusing on “data only” calibration ap-
proaches using tools like pT balance in prompt photon production and in QCD dijets. Additional efforts
are concentrating on the subtraction of the pile-up contribution to jets, which can be estimated measuring
the (transverse) energy scattered into a given area in pseudorapidity and azimuth in minimum bias events.
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Detector Level Jet Corrections
Abstract
The jet energy scale is proven to be an important issue for many different
physics analyses. It is the largest systematic uncertainty for the top mass mea-
surement at Tevatron, it is one of the largest uncertainties in the inclusive jet
cross section measurement, whose understanding is the first step towards new
physics searches. Finally, it is an important ingredient of many standard model
analyses. This note discusses different strategies to correct the jet energy for
detector level effects.

1 Introduction

The jet calibration process can be seen as a two-step procedure. In the first step, the jet reconstructed
from the calorimeters is corrected to remove all the effects due to the detector itself (nonlinearities due
to the non-compensating ATLAS calorimeters, the presence of dead material, cracks in the calorimeters
and tracks bending in/out the jet cone due to the solenoidal magnetic field). This calibrates the jet to the
particle level, i.e. to the corresponding jet obtained running the same reconstruction algorithm directly
on the final state Monte Carlo particles. The second step, is the correction of the jet energy back to the
parton level, which will not be discussed in this section.

There are currently several calibration approaches studied in the ATLAS collaboration based on the
calorimeter response on the cell level or layer level and either in the context of jets or of clusters.

The first part of the section describes a possible approach for the calibration to the particle jet. The
energy of the jet is corrected using cell weights. The weights are computed by minimizing the resolution
of the energy measurement with respect to the particle jet. The performance of the calibration in terms
of jet linearity and resolution is assessed in a variety of events (QCD dijets, top-pairs and SUSY events).
The different structure of these events (different color structure, different underlying event) will manifest
itself as a variation in the quality of the calibration. This method has been the most widely used so far in
the ATLAS collaboration.

Other methods have also been studied. Here we discuss one alternative global calibration approach,
which makes use of the longitudinal development of the shower to correct for calorimeter non-compen-
sation. The jet energy is corrected weighting its energy deposits in the longitudinal calorimeter samples.
Although the resolution improvement is smaller with respect to other methods, this method is simple and
less demanding in terms of agreement between the detector simulation predictions and real data.

The second part of this section describes the concept of local hadronic calibration. First clusters are
reconstructed in the calorimeters with an algorithm to optimize noise suppression and particle separa-
tion. Shower shapes and other cluster characteristics are then used to classify the clusters as hadronic
or electromagnetic in nature. The hadronic clusters are subject to a cell weighting procedure to com-
pensate for the different response to hadrons compared to electrons and for energy deposits outside the
calorimeter. In contrast to the cell weights mentioned above no minimization is performed and the actual
visible and invisible energy deposits in active and inactive calorimeter material as predicted by Monte
Carlo simulations are used to derive the weights. One of the advantages of this method is that the jet
reconstruction runs over objects which have the proper scale (in contrast to the global approach, where
the scale corrections are applied after the jet is reconstructed from uncorrected objects).

The third part of the note describes refinements of the jet calibration that can be done using the
tracker information: the residual dependence of the jet scale on the jet charged fraction can be accounted
for improving the jet resolution. An algorithm to correct the b-jet scale in case of semileptonic decays
will also be discussed.
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2 The calibration to the truth jet

According to the perturbative QCD, jets are the manifestations of scattered partons (quarks and gluons).
After undergoing fragmentation, a collimated collection of hadrons emerges and its energy is measured
in the calorimeter system. In addition to this hard scattering, the final state also contains energy coming
from multiple proton–proton (pile–up) interactions and the underlying event.

The typical output of an event generator will provide theoretical predictions about the particle con-
tent and spectra at this stage, the so called particle level. Jets resulting from the application of a jet
reconstruction algorithm at the particle level are thus relevant as “truth”, since they represent the final
state jets that ideally must be reconstructed starting from the detector level. In the following we refer to
them using the expression “truth jets”.

Since jet fragmentation functions are independent of jet energy, the fraction of the total jet energy
carried by the different particle types in a jet is basically independent of energy. Figure 1 shows the
relative contribution of the different particle types to the jet energy as a function of the jet ET. About
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Figure 1: Left: fractional energy carried by different particle types as a function of the jet energy. Right:
fraction of true energy deposited in the different calorimeter samplings for a jet in the central (|η |< 0.7)
calorimeter region as a function of its true energy.

40% of the total energy is carried by charged pions, 25% is carried by photons (mainly coming from the
π0 decay), another 20% is accounted for by kaons, nearly 10% by protons and neutrons. Therefore, 25%
of the energy deposits in the calorimeters come directly from pure electromagnetic showers. The right
plot of Fig. 1 shows the average fractional energy deposit in the different calorimeter samplings with
respect to the true jet energy in the central calorimeter regions (|η | < 0.7). Most of the energy (about
2/3 of the reconstructed energy) is measured by the electromagnetic calorimeter. The total reconstructed
energy differs significantly from the true jet energy. This is because of a number of detector effects:

• if the calorimeters are non-compensating (as in ATLAS), their response to hadrons is lower than
that to electrons and photons, and is non-linear with the hadron energy.

• part of the energy is lost because of dead material, cracks and gaps in the calorimeters, and is also
non-linear with hadron energy.

• The solenoidal magnetic field will bend low energy charged particles outside the jet cone.

The reconstructed jet energy must be corrected for these effects to obtain the best estimator for true
jet energy.

In the following we will discuss two possible strategies. The first one (referred to as global calibra-
tion) aims to provide calibration coefficients at jet level; the second one, the local calibration, provides
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calibration constants at the jet constituent level. The performance of both the approaches will be dis-
cussed in detail. Both methods use simulated events to obtain the calibration coefficients.

3 An energy density based cell calibration

The shower produced by a jet impinging on the calorimeters is composed of an electromagnetic and
a hadronic component. The electromagnetic component is characterized by a compact, highly dense,
energy deposit, while the hadronic one is broader and less dense. This fact can be used to correct the
energy measurement to recover for the non-linear calorimeter response to the hadrons.

After jet reconstruction using calorimeter cells calibrated at the electromagnetic scale, the total en-
ergy of a jet is reconstructed by summing the energies of its constituent cells multiplied by a weight
which depends on the energy density of the cell itself. We thus define the EM scale jet energy as:

Eem = ∑
i=cells

Ei (1)

where Ei is the energy in the cell i for the considered jet. We then define a jet weighted 4-vector

E = ∑
i=cells

wiEi ~P = ∑
i=cells

wi~Pi (2)

where Ei, ~Pi are the i-th cell energy and momentum (whose direction is defined by the position in the
calorimeter and whose magnitude is equal to Ei), and wi are correction factors that need to be determined.
They depend on the cell energy density Ei/Vi, where Vi is the volume of the i-th cell.
In order to reduce the number of weights to be computed, the following steps are done:

• The energy density distributions of the cells are divided into different bins with width increasing
logarithmically with the cell energy density.

• The calorimeters are subdivided into several regions k. The longitudinal segmentation is partially
exploited. Broad pseudorapidity bins are also defined. Table 1 shows the defined regions.

• The weight in the k-th calorimeter region, in the j-th energy density bin is defined to be:

w(k, j)
i =

Np−1

∑
m=0

a(k)
m logm(E/V ) j (3)

where Np (the number of parameters used in the fit) is a number which depends on the region k consid-
ered. The value of log(E/V ) j is defined at the lower edge of the j-th bin.

With this procedure, the number of independent parameters to be determined is significantly reduced
(see Table 1). The pre-sampler and the strip-layer of the EM calorimeter have a single weight, constant
with respect to the density of the energy deposits. The last three rows of the table refer to three energy
terms which are also corrected with a single multiplicative factor: they are the cryostat term, the scin-
tillator term and the gap term. The cryostat term is computed as the geometrical average of the energy
deposited in the back of the electromagnetic barrel and the first layer of the TileCal barrel. It was in fact
found in the past [1] that this gives a good estimate of the energy loss in the cryostat. The scintillator and
gap terms correspond to the energy deposited in the scintillation counters in the region between the Tile
barrel and extended barrel [2]. The weights applied to these terms are meant to recover for the presence
of a large amount of dead material.

The parameters have been determined considering QCD dijet events, simulated with PHYTHIA6.4 [3]
with the ATLAS settings [4], and the detector simulated using GEANT4. The events have been generated
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Table 1: Definition of regions defined for the minimization that determines the cell weights. The third
column shows the number of parameters used in the minimization.

Region name Longitudinal Sample Number of parameters NP

wemb0 Barrel pre-sampler 1
wemb1 Barrel EM strips 1
weme0 End-Cap pre-sampler 1
weme1 End-Cap EM strips 1
emb0 Barrel middle and back sample, |η |< 0.8 4
emb1 Barrel middle and back sample, |η |> 0.8 4
eme0 Endcap middle and back sample, |η |< 2.5 4
eme1 Endcap middle and back sample, |η |> 2.5 4
til0 Barrel 4
til1 Extended Barrel 4

hec0 Hadronic End-Cap, |η |< 2.5 4
hec1 Hadronic End-Cap, |η |> 2.5 4
fem FCal first layer 3
fhad FCal second and third layer 3
cryo Cryostat term 1
scint Scintillator term 1
gap Gap term 1

Total 45

Table 2: List of the QCD dijet events used to compute the calibration constants listed in the text.
Sample Tag pT cut

J1 17 GeV < pT < 35 GeV
J2 35 GeV < pT < 70 GeV
J3 70 GeV < pT < 140 GeV
J4 140 GeV < pT < 280 GeV
J5 280 GeV < pT < 560 GeV
J6 560 GeV < pT < 1120 GeV
J7 1120 GeV < pT < 2240 GeV
J8 pT > 2240 GeV

in bins of the partonic pT, as illustrated in Table 2. Approximately 10k events have been used for each
bin. The jets have been reconstructed using calorimeter towers as input. The jet reconstruction algorithm
used is a seeded cone algorithm with a seed threshold of ET = 1 GeV, and a cone size Rcone = 0.7.
Jets with a reconstructed axis lying close to the gap region (1.3 < |η | < 1.5), or to the crack region
(3.0 < |η |< 3.5), or in the very forward region (|η |> 4.4), are excluded from the minimization.

Reconstructed jets are associated to the nearest truth jet (in φ −η space), obtained, as discussed in
Section 2, running the same reconstruction algorithm on the final state particles from the event generator.

The following quantity is minimized using MINUIT:

χ2 = ∑
e

(
E(e)−E(e)

truth

E(e)
truth

)2

, (4)
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where the sum runs over the considered events e, E(e) is defined in equation (2) and E(e)
truth is the energy

of the matched truth jet.
It should be noted that this approach partially absorbs effects that are not purely calorimetric into the

weights. In particular, the energy smearing introduced by the central solenoidal magnetic field, which
bends low pT particles in and out of the jet cone, is not treated separately, but the effect is proven to be
small for the cone Rcone = 0.7 jets used for the minimization.

In order to correct for residual non–linearities in the jet response, a further, reconstruction algorithm
dependent, correction function is introduced. The final 4-vector of a jet is thus defined as

Eδ = ρδ (ET, η)E ~pδ = ρδ (ET, η)~P (5)

where δ indicates the dependence on the jet reconstruction algorithm and ET and η are the transverse
energy and the pseudorapidity of the 4-vector pµ . The scale factor ρδ (ET,η) is obtained fitting the ratio
ET/ET, truth in 44 bins of η as a function of ET with the following function:

f (ET) =
3

∑
i=0

ci logi ET (6)

and, for a given δ and η bin,
ρ = 1/ f . (7)

The scale factor corrects for the residual non-linearity introduced by the cracks and gaps in the
calorimeter and for differences introduced by the use of different reconstruction algorithms, finally re-
covering the truth jet scale. The size of this final correction is at the level of few percent (up to 5%) in
the crack and gap calorimeter region, while it is of the order of 1-2% (depending on the jet algorithm) in
the rest of the pT–η phase space.

Therefore, the complete set of calibration parameters for a given reconstruction algorithm includes
the cell energy density dependent weights obtained with cone Rcone = 0.7 jets, plus specific scale factors.

3.1 Results on dijet events

All the jet corrections computed as described in the previous section (scale factor included) have been
applied to dijet events. The parameters that are considered in order to assess the quality of the calibration
are the jet linearity, defined as the ratio between the reconstructed jet energy and the corresponding truth
jet energy (as defined in Section 2) and the energy resolution.

The matching between the reconstructed jets and the truth jets is done considering their separation in
a η−φ plane, defined as

Rcone =
√

∆φ 2 +∆η2 (8)

A truth jet is matched with a reconstructed jet if Rcone < 0.2.
Once the matching is done, the E−η phase space of the truth jets is subdivided into bins. For each

bin in energy and pseudorapidity, a histogram is filled with the ratio between the reconstructed energy and
the truth energy Erec/Etruth. The resulting histogram is first fitted with a gaussian in the whole histogram
range. This provides two estimates (µraw, σraw) for the mean value and the width of the distribution. The
fit is then repeated in the range µraw± 2σraw. This provides the final values (µ , σ ) that are used in the
summary plots. Two examples of such histograms are shown in Fig. 2 for two different pseudorapidity
and energy bins.

Figure 3 shows the dependence of 〈Erec/Etruth〉 (linearity, in the following) on the truth jet energy
Etruth for jets reconstructed from calorimeter towers. The plot on the left refers to jets reconstructed with
a cone algorithm with radius of 0.7 while the one on the right is for kT algorithm with R = 0.6 [5].
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Figure 2: Two example histograms of Erec/Etruth. On the left, the histogram is done for
88 GeV < Etruth < 107 GeV and |η | < 0.5, on the right for 158 GeV < Etruth < 191 GeV and
1.0 < |η |< 1.5.
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Figure 3: Dependence of the ratio Erec/Etruth on Etruth for jets reconstructed with a cone algorithm with
Rcone = 0.7 and with a kT algorithm with R = 0.6. The black (white) dots refer to jet with |η | < 0.5
(1.5 < |η |< 2). An ideal detector geometry has been used to simulate the events.
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The results show that the linearity is recovered over a wide energy range, both in the central (|η |< 0.5)
and in the intermediate (1.5 < |η |< 2) regions. For the cone algorithm, at low energy (E = 20−30GeV),
the linearity differs by up to 5% from 1 in the central region. At low energy, there is a 5% residual non
linearity, not fully recovered by the parametrization chosen for the scale factor.

Concerning the intermediate pseudorapidity region, we can see a similar behavior around 100 GeV
(note that in this region E ∼ 100GeV corresponds to ET = E/coshη ∼ 35GeV).

The linearity plot for the kT algorithm shows a more pronounced deviation from 1 at low energy
(〈Erec/Etruth〉 = 5% at 50GeV, 8% at 30GeV). The linearity is fully recovered above ∼ 100GeV in the
central region, ∼ 300GeV in the intermediate region.

The uniformity of the response over pseudorapidity is also satisfactory. Figure 4 shows the depen-
dence of the ratio E rec

T /E truth
T on the pseudorapidity of the matched truth jet for three different transverse

energy bins. Again, the left plot refers to cone 0.7 jets, while the right one refers to kT jets with R = 0.6.
We can observe that for the lowest considered transverse energy bin, the ratio increases with the pseudo-
rapidity. This is a consequence of the fact that energy increases with η at fixed ET and that the linearity
improves with increasing energy.
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Figure 4: Dependence of the ratio Erec
T /E truth

T on the pseudorapidity for the cone algorithm with
Rcone = 0.7 (on the left) and for the kT algorithm with R = 0.6 (on the right). An ideal detector geometry
has been used to simulate the events.

We can also observe (in particular for the kT algorithm) the remnants of the calorimeter structure,
which is not completely corrected by the procedure. There is a first, small dip at |η | ∼ 1.5, in corre-
spondence with the gap between the TileCal barrel and extended barrel [2]. A second dip is observed in
correspondence with the calorimeter crack between the End-Cap and the forward calorimeters.

Even if the effect is smaller when higher ET bins are considered, it is still present in the crack region.
Jets with ET ∼ 400GeV still show a slight η dependence in their response. As a last indicator of the
quality of the correction factors, we consider the energy resolution σ(Erec)/Erec. The dependence of the
energy resolution on the jet energy is shown in Fig. 5 for the cone (left) and kT (right) algorithms in two
pseudorapidity bins. The fit to the data is done considering three terms contributing independently to the
resolution:

σ
E

=
a√

E (GeV)
⊕b⊕ c

E
. (9)

The sampling term (a) is due to the statistical, poissonian, fluctuations in the energy deposits in the
calorimeters. The constant term (b) reflects the effect of the calorimeter non-compensation and all the
detector non-uniformities involved in the energy measurement. The noise term (c) is introduced to de-
scribe the noise contribution to the energy measurement. Although the physics origin of the different
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terms is quite clear, it should be kept in mind that many different ways of combining them have been
used in literature. In particular, the three parameters are correlated, and their values depend on the par-
ticular functional form used to parameterize the resolution.
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Figure 5: Energy resolution as a function of the jet energy for the cone algorithm with Rcone = 0.7 (on
the left) and for the kT algorithm with R = 0.6 (on the right). The black (white) dots refer to jets with
|η |< 0.5 (1.5 < |η |< 2). The smooth curves correspond to a fit done using the parametrization of Eq. 9.
An ideal detector geometry has been used to simulate the events.

The fit is performed between 30 GeV and 1 TeV. In the central region, the resolution of the kT
algorithm is significantly worse than that of the cone algorithm at low energy, while it is similar in the
high energy region. The dependence of the resolution on the pseudorapidity is shown in Fig. 6. Again,
the effect of the gap and crack regions are visible in particular for the lowest ET bin, where a clear
worsening of the resolution is present in particular around η = 3.2.
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Figure 6: Energy resolution as a function of the pseudorapidity for the cone algorithm with Rcone = 0.7
(on the left) and for the kT algorithm with R = 0.6. An ideal detector geometry has been used to simulate
the events.

The analysis has been repeated also for jets obtained using the uncalibrated topological clusters (see
Section 5) as input for the jet reconstruction algorithms, obtaining very similar results for the linearity
and the uniformity. The values of the parameters obtained with the fit of the function expressed in
equation (9) to the simulation results are given in Table 3.

First, at fixed pseudorapidity, the sampling term is almost constant for the different reconstruction
algorithms and for the different inputs. The sampling term in the central calorimeter region is about 65%,
in rough agreement with what has been found previously with similar calibration approaches [6]. The
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constant term is also independent of the reconstruction algorithm and input type. The noise term on the
other hand shows a slight variation between jets reconstructed from towers or from topological clusters,
and is a significant contribution to the jet energy resolution for energies below 100 GeV. In particular, the
noise term is lower if topoclusters are used. A significant difference is also observed between the cone
and the kT algorithm, the latter showing a larger noise value.

Table 3: Parameters of the resolution parametrization described in the text as obtained with the fit of the
resolution curves of Fig.9.

Reconstruction Algorithm 0 < η < 0.5 1.5 < η < 2.5
a (%) b (%) c (GeV) a (%) b (%) c (GeV)

Cone Rcone = 0.7 Tower 64±4 2.6±0.1 4.9±0.5 103±10 2.6±0.8 8±1
kTR = 0.6 Tower 68±5 2.5±0.2 6.3±0.5 110±1 1±1 12.2±2.5

Cone Rcone = 0.7 Topo 63±4 2.7±0.1 4.2±0.5 107±8 1±1 6.5±1.5
kTR = 0.6 Topo 64±5 2.7±0.2 5.4±0.5 112±4 1±1 10.0±1.5

3.2 Results on tt̄ and SUSY events

We now verify the quality of the jet calibration on two radically different physics samples. We consider
first a tt̄ sample, generated with MC@NLO [7]. The event generator used to produce the final state par-
ticles is HERWIG interfaced with JIMMY [8], whose fragmentation model is different from the PHYTHIA

one considered so far. Moreover, most of the jets in tt̄ events are produced by the fragmentation of
quarks, while the QCD dijet events contain mostly gluon jets for moderate ET. The simulation layout
used for the tt̄ events is the same distorted layout discussed in [9], i.e. a geometry with increased dead
material in particular in the gap region.

We consider a cone algorithm with Rcone = 0.4 since it is the one most widely used for analyses
concerning the top quark in ATLAS. The performance on QCD dijet events has been checked and the
results are very similar to those discussed in Section 3.1 and in [9] for the cone with Rcone = 0.7
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Figure 7: Linearity as a function of energy for three pseudorapidity regions (on the left) and of the
pseudorapidity for three transverse energy bins (on the right) for cone 0.4 tower jets in tt̄ events.

The linearity as a function of the energy and the pseudorapidity is shown in Fig. 7. Despite the
fundamentally different event structure, an overall acceptable linearity is found also in top events.

We finally consider SUSY events. The sample has been generated with HERWIG/JIMMY and sim-
ulated with a distorted geometry. Such events are characterized by a high multiplicity of quark jets
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Figure 8: Linearity as a function of energy for three pseudorapidity regions (on the left) and of the
pseudorapidity for three transverse energy bins (on the right) for cone 0.4 tower jets in SUSY events.

(the SUSY point chosen is discussed in [10]). They are thus useful to asses the performance of the jet
calibration in busy events.

The linearity (Fig. 8) is overall good. In the central region, a deviation from 1 of maximum 4% is
observed at low jet energy. Apart from the expected dip at η = 1.5, we observe, also, a good uniformity
of the linearity as a function of the pseudorapidity. At large pseudorapidity (|η | > 3.5) , the linearity is
off by 5-6%.

3.3 A check of the systematics with real data

We applied the method discussed so far to single pions from the ATLAS combined test beam of the year
2004 [11]. The weights have been computed on events fully simulated with GEANT4 using the test beam
geometry.

Positively charged beams of different energy impinging with an incident angle of 20 degrees on
the calorimeters surface have been considered. The beams are composed of pions, protons, positrons
and muons. Signals from scintillators present upstream and downstream of the calorimeters are used as
vetoes to reject early showering particles and muons, respectively. To reject the electrons we required an
energy deposit in the first two layers of the electromagnetic calorimeter of less than a certain threshold
(75% - 90% of the beam energy). A fraction of protons equal to that expected for the chosen beam line
has been added to the simulated sample.

The energy distributions obtained for each energy point at the electromagnetic scale and after the
calibration are fitted with a Gaussian function. The Gaussian mean values (〈E〉) are used to evaluate the
calibration procedure.

In Fig. 9 (left) the ratios 〈E〉/Ebeam are shown as a function of the beam energy. The black dots refer
to the Monte Carlo at the electromagnetic scale. The black squares refer to the Monte Carlo after the
weighting. The procedure restores the linearity at the 2% level for the simulation.

In the same figure the results on the real data are also shown (gray markers). In this case the linearity
is also restored to within a few percent.

To evaluate these differences, we define the ratio R = 〈Edata/EMC〉. Fig. 9 (right) shows the double
ratio RHAD/REM of the points of Fig. 9 (left). This plot is showing the effect of the calibration procedure
on the agreement between data and simulation. The agreement is worse after the application of the
calibration procedure by maximum 4%.
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Figure 9: On the left: 〈E〉/Ebeam for simulated (black points) and real (gray points) data at the EM (dots)
and calibrated (squares) scales. On the right: Double ratio RHAD/REM.

3.4 Summary

The tests discussed in this Section are meant to demonstrate the robustness of the jet corrections com-
puted as discussed at the beginning of the present Section. Summarizing, we can say that the discussed
strategy is able to recover the linearity of the jet energy measurement over a wide energy range, invoking
a relatively low number of parameters (of the order of 50) constrained by a fit on QCD dijet events.
The fact that the jet corrections can be applied with success to events generated with different shower-
ing models, with a very different quark-gluon jet ratio and different topologies, gives confidence in the
correction strategy as a method to remove the detector effects.
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4 Alternative global calibration methods

Although the discussed calibration scheme is the most widely used at present in the ATLAS collabora-
tion, it is not the only one that has been investigated.

4.1 Longitudinal shower development

On average, the early part of a hadron shower is dominated by electromagnetic energy deposited by
neutral pions and the ratio of visible to invisible energy is large. In the deeper part of the shower this ratio
becomes smaller and more of the hadron shower goes undetected. This can be seen in the a quantitative
study that was carried out by the ATLAS TileCal collaboration in the 1996 test-beam [12]. It shows that
in the first interaction length of the calorimeter approximately 70% of the energy of the hadron shower
is deposited as visible electromagnetic energy. The fraction falls off with depth in the calorimeter and
at 6λ only 25% the energy of the hadron shower is deposited as electromagnetic energy. Therefore a
longitudinal weighting of energy deposition as a function of depth can provide improved resolution and
linearity [13]. Figure 1 (right) shows the fraction of energy deposited by a hadronic jet at different depths
in the calorimeter. The layers used in this weighting scheme are defined below based on the properties
and geometry of different calorimeters.

The above motivation for longitudinal weighting is based on the average shower behavior. Hadron
showers fluctuate event-by-event and in a jet, the incoming particle type and energy also varies depend-
ing on how the jet fragmentation proceeds. Figure 1 (left) shows the average energy carried by different
particle types in a jet. To better account for these differences in shower fluctuation and electromagnetic
content of a hadronic jet, the longitudinal weighting is performed in bins of the fraction of energy de-
posited in the LAr calorimeter. Furthermore, the Atlas calorimeter has a significant variation in geometry
as a function of pseudo-rapidity and we therefore fit the parameters in independent bins of jet η .

As shown below, a longitudinal weighting based on the above properties of hadron shower devel-
opment and jets shows a significant improvement in jet energy resolution and linearity with respect to
uncorrected jet energy.

Longitudinal weighting method

In general the choice of energy layers to be weighted are motivated from the following. In the barrel
LAr calorimeter, the first three depths (presampler, EMB1, EMB2) provide a total of 24X0. This gives
99% containment for photons with energies up to 140 GeV [14]. For hadronic jets, the energy in these
layers is expected to be predominately from neutral pions. The presampler and EMB1 are defined as a
single layer for longitudinal weighting purposes. The weight for this layer is expected to be sensitive to
energy losses in the inner detector. EMB2, which has 18X0 is weighted alone. The EMB3 is thin and has
small energy deposit. Therefore the energy in this layer is added to the energy in the first layer of the Tile
calorimeter. This allows for simulations to provide an average correction for energy loss in the cryostat.
Depending on the jet pseudorapidity, a different number of calorimeter layers are used in the fitting. Up
to a pseudorapidity of 1.5 the jet energy is fitted in four layers in the calorimeter defined as follows:

E0 = Epresampler +EEMB1

E1 = EEMB2

E2 = EEMB3 +ETile1

E3 = ETile2 +ETile3 +EHCAL.

For a jet η between 1.5 and 3.2 the jet is fitted for two layers in the calorimeter defined as follows.

E0 = Epresampler +ELArEM1 +ELArEM2
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E1 = ELArEM3 +ETile1 +ETile2 +ETile3 +EHCAL +EFCAL

Beyond η of 3.2 up to 4.4 the jet is not divided into calorimeter layer segments and the full jet energy is
fitted.

The general strategy of deriving weights for different layers is to minimize the function:

S = ∑
n

[(
ERef

n −E rec
n
)2

+λ
(
ERef

n −E rec
n
)]

(10)

with
E rec

n = ∑
i

wiEi (11)

where the wi are weights assigned to the elements Ei of a calorimeter layer in a jet. ERef
n , the true energy

to which we want to calibrate, is defined as the energy of all the MC generated particles contained
in the cone of the reconstructed jet. The Lagrange multiplier λ constrains the minimization such that
〈ERef−E rec〉= 0. The minimization is performed separately for jets classified in bins of eta (44 eta bins
of size 0.1), three fractional energies ( fem) deposited in the EM calorimeter and two energy bins. The
fractional energy fem is defined as

fem = (EPresampler +ELArEM1 +ELArEM2)/Erec. (12)

Three bins in fem are chosen such that each bin has roughly the same statistics. At high energies
the three bins are (small: 0.0-0.65), (mid: 0.65-0.75) and (large: 0.75-1.0). At low energies they are
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Figure 10: The longitudinal weights as a function of jet energy for four layers in three fem bins and for
central jet η .
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(0.0-0.75), (0.75-0.85) and (0.85-1.0). The bin size varies with energy since more energetic jets deposit
more energy in the deeper part of the calorimeter. Bins in fem are used only for jets with η < 3.2.

For each layer, weights are chosen to have the following dependence on the true jet energy:

w = a+b log(E/ECut), (13)

where a and b are the parameters to be determined by minimization. When applying these weights to
jets, the uncorrected jet energy is used instead of the true jet energy. The result is iterated until a stable
value of the corrected jet energy is obtained.

In the above equation, ECut is an arbitrary energy chosen according to the following criteria. Since the
energy range covered is quite large (25 GeV - 2 TeV) the fit is performed in two independent energy bins.
For |η |< 1.2, ECut = 300 GeV, for 1.2 < |η |< 3.2, ECut = 450 and for |η |> 3.2 it is set to 35 · cosh(η)
GeV. By choosing ECut to be the bin boundary one forces the weight to be equal to the value of a at the
boundary. The energy range below ECut is fitted with a fixed value of a. This ensures a smooth behavior
of weights across ECut and reduces the lower energy fit from a two parameter to a one parameter fit. The
same smoothness in the behavior of weights across η and fem is not strictly imposed in the present fit,
although the weights do not have strong variation across the bin boundaries.

The fitting procedure was applied to a fully simulated and reconstructed QCD dijet sample. To
suppress noise, topological clusters were used. The jet algorithm (cone Rcone = 0.7) is run on calorimeter
towers which contain only cells which are included in the reconstructed topological clusters. Half of the
events in the sample were used to determine the layer weights. These weights were then applied to the
other half of the events to determine the effect of the weights on jet energy linearity and resolution.

Figure 10 shows the behavior of the weights in bins of fem. A common feature in all the weight
distributions is a small variation with respect to the jet energy, especially for high energies. This ensures
insensitivity to the use of the true jet energy in equation 13. Layer 2, which measures the bulk of the
jet energy has a weight close to 1 when fem is large i.e when the jet is predominantly electromagnetic in
nature. When fem is large i.e when the jet is predominantly hadronic, the layer 2 weights are around 1.4.
Layer 1 acquires a generally higher weight due to losses in the inner detector, even though it is within the
early part of the jets. Layer 3 and 4 get weights larger than 1 corresponding to jets being predominantly
hadronic in these layers. Layer 3 gets larger weights than layer 2 since it also corrects for energy lost in
the cryostat.

Figure 11 shows the jet energy scale linearity as a function of jet energy (left). The corrected jet
energy scale is linear to about 2% with the largest non-linearity coming from low energies where the
uncorrected non-linearity is approximately 30%. Figure 11 (right) shows the corresponding linearity as a
function of detector pseudo-rapidity for jets of 1000 GeV in energy. The typical non-uniformity is about
1%, increasing to about 2% in the region of η ∼ 3.0. Jet energy resolutions as a function of the jet energy
scale is shown in Fig. 12 for two different jet eta regions. At high energy the jet resolution approaches
about 4%.

In terms of jet energy linearity, the longitudinal weighting and H1-style weighting scheme (Section
3) have comparable performance, although the H1-style weighting scheme shows a slightly better reso-
lution. This is expected since H1-style weighting uses local cell energy density to discriminate between
EM and non-EM like energy deposits. In contrast, longitudinal weighting is less sensitive to local energy
fluctuations, which may be an advantage in the early data taking period, when the simulation of energy
deposition in the calorimeter may not accurately reproduce the data.

5 Local hadron calibration

In contrast to the global calibration method just described, where first jets are made from towers or
clusters on the electromagnetic scale and the calibration is applied after jet-making on cell or sampling

14

JETS AND MISSING ET – DETECTOR LEVEL JET CORRECTIONS

51

311



Jet Energy (GeV)
0 500 1000 1500 2000

Tr
ut

h
/E

Re
co

E

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0.0 < Jet Eta < 0.7
EMATLAS
H1
Samp

Jet Eta

0 1 2 3 4 5
Tr

ut
h

/E
Re

co
E

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

Jet 1000 GeV
EM
H1
Samp

ATLAS
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Figure 12: Jet energy resolution for jets with a cone radius of 0.7 for two regions in pseudorapidity.
The three sets of point show the resolution at the detector (EM) scale, after H1-style and longitudinal
weighting.
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level, the local hadron calibrated jets are made from clusters which are already calibrated to the hadronic
scale.

5.1 Topological clusters

The cluster algorithm used is described in detail in Ref. [15]. Clusters grow dynamically around seed
cells based on noise thresholds and are re-grouped in a second splitter step around local maxima.

The aim of the clustering step before the actual jet making is two-fold:

1. To suppress noise from electronics and pile-up by reducing the number of cells included in the jets
via noise-driven clustering thresholds.

2. To improve the correspondence between clusters and particles. Due to the dynamic nature of the
cluster growing, individual clusters correspond better to stable particles than towers or cells and
the jet constituents can serve to further study the substructure of jets.

To illustrate the effect of noise reduction by using topological clusters as input to jets the amount
of noise at the electromagnetic scale and the number of cells per jet for cone jets with Rcone = 0.7 is
compared in Fig. 13 for jets from dijet simulations with towers as input and with topological clusters as
input. The noise reduction is a direct consequence of selecting fewer cells with topological clusters. The
effect is largest for low energetic jets since the size and number of signal clusters becomes small. The
number of cells per jet for tower jets does not depend on the energy since no threshold for the towers is
applied. Subsequently the noise changes only if a cell included in a tower jet switches to a lower gain.
For the displayed energies this effect is visible in the forward region only. For jets from topological
clusters the noise increases with energy and at transverse energies of 150GeV it is typically a factor of
2 lower than for a corresponding tower jet except for the very forward region where the signals are so
dense that the topological clusters again include almost all cells and the noise level reaches that of the
tower jets.

Figure 14 shows the correspondence of clusters and stable truth particles in a dijet simulation. The
sample shown is a PYTHIA QCD dijet sample with the transverse energy of the leading jet between
140GeV and 280GeV. Roughly 1.6 truth particles correspond to each of the 65±30 clusters for a cut at
1GeV in transverse energy, but the ratio does not depend on the cut. It is close to the expected ratio of
∼ 4/3 since about 1/2 of the stable particles in jets are photons from π0-decays, which usually merge to
one cluster.

|ηJet |
0 0.5 1 1.5 2 2.5 3 3.5 4

Je
t n

oi
se

 (M
eV

)

0

2000

4000

6000

8000

10000

12000
 < 13 GeV Tower Jets 7 GeV < E

 < 13 GeV Topo Jets 7 GeV < E
 < 26 GeV Tower Jets 14 GeV < E

 < 26 GeV Topo Jets 14 GeV < E
 < 65 GeV Tower Jets 35 GeV < E

 < 65 GeV Topo Jets 35 GeV < E
 < 195 GeV Tower Jets 105 GeV < E

 < 195 GeV Topo Jets 105 GeV < E

ATLAS

|ηJet |
0 0.5 1 1.5 2 2.5 3 3.5 4

Nu
m

be
r o

f C
el

ls 
pe

r J
et

210

310

410

Tower Jets
 < 13 GeV Topo Jets 7 GeV < E

 < 26 GeV Topo Jets 14 GeV < E
 < 65 GeV Topo Jets 35 GeV < E
 < 195 GeV Topo Jets 105 GeV < E

ATLAS
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different energies for towers as input (open symbols) and topological clusters as input (filled symbols).
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5.2 Cluster Calibration

The local hadron calibration of topological clusters is described in detail in Ref. [16]. The calibration
starts by classifying clusters as mainly electromagnetic, hadronic, or unknown depending on cluster
shape variables, moments derived from the positive cell contents of the cluster and the cluster energy.
The classification is based on predictions from GEANT4 [17, 18] simulations for charged and neutral
pions. The expected phase space population in logarithmic bins of the cluster energy, cluster depth in the
calorimeter, and average cell energy density and linear bins in |η | from neutral and charged pions with
a ratio of 1 : 2 is converted to a classification weight, reflecting the a-priori assumption that 2/3 of the
pions should be charged.

Roughly 90% of the energy of charged pions is classified as hadronic by this procedure for all en-
ergies, while for neutral pions 90% of their energy is classified as electromagnetic on average beyond
100GeV and the performance drops with the logarithm of the pion energy to about 50% at 10GeV.
The ideal fraction of 100% is not reached for the charged pions as sometimes the shower is split into
more than one cluster with one of them being predominantly electromagnetic in nature. At low energies
neutral pion clusters occupy the same phase space as charged pion clusters and the a-priori precedence
for charged pions makes the classification as electromagnetic less likely. This leads to the high fraction
of neutral pion energy classified as hadronic at low energies which is still acceptable, since the weights
applied here are close to 1. Clusters classified as hadronic receive cell weights derived from detailed
GEANT4 simulations of charged pions with so-called calibration hits in active and inactive calorimeter
materials, which contain the energy from ionization losses and also from invisible processes, such as
nuclear excitation, and from escaping particles, such as neutrinos. Cells in individual calorimeter sam-
plings are treated in 0.2-wide |η |-bins. The weights are binned logarithmically in cluster energy and cell
energy density. A flat distribution in the logarithm of the particle energy was used to generate the single
pion events.

Out-of-cluster (OOC) corrections are applied to correct for energy deposits inside the calorimeter but
outside calorimeter clusters due to the noise thresholds applied during cluster making. These corrections
depend on |η |, cluster energy and the cluster depth in the calorimeter.

Dead material (DM) corrections are applied to compensate for energy deposits in materials outside
of the calorimeters. For deposits in upstream material like the inner wall of the cryostat the presampler
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signals are found to be highly correlated with the lost energy and the corrections are derived from the
sum of calibration hit energies in the upstream regions and the presampler signal.

The correction for energy deposited in the outer cryostat wall between the electromagnetic and
hadronic barrel calorimeters is based on the geometrical mean of the energies in the samplings just
before and just beyond the cryostat wall. Corrections for other energy deposits without clear correlations
to cluster observables are obtained from lookup tables binned in cluster energy, |η |, and shower depth.

5.3 Performance for jets

The aim in this section is to evaluate the degree of completeness of the local hadron calibration when
applied to jets. The performance of the local hadronic calibration scheme was evaluated using the dijet
samples listed in Table 2 and two methods: by comparison to particle jets as described above in section
3.1, and by comparison to the calibration hits in the GEANT4 record. Since no truth matching occurs
in the derivation of the calibration constants genuine jet-level effects are expected to be visible once the
reconstructed jet is compared to the matching jet made of stable truth particles. The main sources of
remaining energy corrections are:

Misclassification Hadronic energy deposits which are treated as electromagnetic lead to a lower energy
response, while electromagnetic energy deposits wrongly treated as hadronic lead to a higher en-
ergy response. The effect of energy underestimation dominates and is roughly 3% for p⊥ ' 150GeV.

Lost Particles Low energetic particles might be bent outside the acceptance cone of the reconstructed
jet or reach the calorimeter inside the acceptance cone but leaving a signal below threshold for the
clustering. Both effects are estimated to add up to 5% for p⊥ ' 150GeV, with 3% stemming from
low energy deposits not included in the clusters and 2% from particles bent outside the acceptance
cone.

Jets formed from topological clusters, calibrated using the local hadronic calibration scheme, were
compared to the truth jets as done with the previous calibration methods. Figure 15 shows the linearity
for Cone Rcone = 0.7 and kT R = 0.6 dijets for 3 different |η | regions as a function of the jet energy. The
performance in the forward region is especially low because of a scale error of 10% introduced in the
simulations1. The forward scale error highlights another strength of the calibration hits – they can in fact
reveal that there is a problem in the predicted reconstructed energy. All calibration methods discussed
in this note would yield an overestimation of the jet energy in the forward region in real data if this
simulation problem would not be fixed in the samples needed to derive the calibration constants.

In the other pseudo-rapidity regions the linearity is rising from 80% at 30GeV to over 95% at 1TeV.
Figure 16 shows the linearity as a function of the true jet |η | for 4 different jet energies. Dips in the
linearity are clearly visible for the transition regions between the calorimeter systems at the gap region
(1.3 < |η |< 1.5) and the crack region (3.0 < |η |< 3.5). For the forward region, the mentioned scale error
is very clearly visible: the linearity cannot be recovered and the scale is off by 10%. The dependency of
the linearity on the jet energies can also be observed in these plots: while the linearity for jets with about
100GeV can be recovered up to about 90% (85% in the gap region), high energy jets (of about 1TeV)
show a linearity of about 95− 97% which is compatible with the 3% loss due to misclassification as
discussed above. Although a simple scale function, such as given in Eq. (5) on the jet level, would restore
the linearity and give a comparable performance as the global calibration, our goal is to understand and
correct for these effects in order to recover the linearity instead by correction functions based on the jet
constituents.

1The assumed sampling fraction did not correspond to the actual sampling fraction in the FCal region and thus the assump-
tion that electromagnetic showers can remain un-scaled leads to an underestimation of the energy.
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Figure 15: Linearity for Cone jets with Rcone = 0.7 (left) and Kt jets with R = 0.6 (right), both calibrated
with the local hadron calibration method (LC), using truth particle jets (MC) as reference. The linearity
is shown as a function of the matched truth jet energy.
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19

JETS AND MISSING ET – DETECTOR LEVEL JET CORRECTIONS

56

316



The jet energy resolution is shown in Fig. 17 as a function of the true jet energy. Table 4 shows the
parameterised resolution obtained using this method as a function of energy and rapidity. It’s perfor-
mance is typically 20% or more above that obtained using the global calibration method. We discuss
some possible improvements to the local hadronic calibration method below.
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Figure 17: Resolution for Cone jets normalized to the reconstructed jet energy with Rcone = 0.7 (left) and
Kt jets with R = 0.6 (right), both calibrated with the local hadron calibration method, using truth particle
jets as reference. The resolution is shown as a function of the matched truth jet energy.

Table 4: Resolution as function of Etrue for jet with the local hadron calibration applied.
Reconstruction Algorithm 0 < |η |< 0.5 1.5 < |η |< 2.0

a (%) b (%) c (GeV) a (%) b (%) c (GeV)
Cone Rcone = 0.7 LC 78±8 3.5±0.8 2.3±0.9 98±14 7.7±1.7 3.3±0.7

kT R = 0.6 LC 79±8 4.7±0.7 2.4±0.6 117±15 9.7±1.9 1.2±2.3

A detailed analysis of the performance of the local calibration when applied to jets is also presented
in Ref. [19], where different local calibration approaches are compared to the performance of the H1
global calibration.

5.4 Further Improvement

As seen in the previous section several jet-level corrections need to be applied in order to bring jets made
of local hadron calibrated topological clusters to the truth particle scale. However, the global method is
seen to exhibit somewhat superior performance indicating that further improvements should be possible
since both methods use shower development as their fundamental basis.

Figure 18 (left) shows the ratio of the corrected energy as obtained from the reconstructed calorimeter
cells to the energy obtained from the GEANT4 calibration hits in the clusters and in dead material. A
significant deficit is seen at low energy. Figure 18 (right) shows the ratio of the the energy obtained
from the GEANT4 calibration hits in the clusters and in dead material to the energy of the nearest truth
particle jet. In this case we see roughly unity at high energy and only a 10% deficit at low energy. Since
this comparison is to the truth particle jet, we attribute this deficit to out of cone energy. We therefore
conclude that the dominant effects on the non-linearity at low energies seen in Fig. 18 stem from particles
lost in the dead material upstream of the calorimeters. These low energy pions deposit most of their
energy in upstream materials and often do not leave a sufficiently large signal in the calorimeters to
cause a cluster to be formed. At present, no good observable on the local cluster level aids in recovering
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Figure 18: Eweighted + DM corrected/Ein cluster truth + DM truth, the reconstructed weighted and
dead-material corrected energy over the the predicted true energy inside clusters and associated dead
material regions (left) and Ein cluster truth + DM truth/Etruth, the ratio of the predicted true energy in-
side clusters and associated dead material regions (the denominator in the left plot) over the energy of the
matched truth particle jet (right) as function of the matched truth jet energy for cone jets with Rcone = 0.7.

this lost energy and the local calibration method can not account for it. Corrections for these effects are
currently being studied. A scaling function like Eq. (5) which is used in the global method would help
to restore the linearity in Fig. 15 but would not improve the resolution. The generalization of cluster
shape variables to the jet level (number of low energetic constituent clusters, energy distribution of the
constituent clusters, etc.) might help in order to obtain correction procedures that depend only indirectly
on the used jet algorithm, restore the linearity and improve the resolution. The missing energy content
can for example be estimated by extrapolating the actual distribution of constituent cluster energies to
zero GeV to recover the lost contributions from low energetic particles. The in-situ methods as discussed
in Ref. [20] can be used to validate the corrections obtained and to possibly compensate residual non-
linearities.

6 Track-based improvement in the jet energy resolution

We present a track-based method for improving the jet energy resolution in ATLAS. Unlike energy-flow
techniques reference, information is added to the reconstructed jet, after the global jet energy scale cor-
rections have been implemented, and the track-based correction is applied based on the fraction of jet
momentum carried by charged tracks associated with the jet. Using this correction, a ∼ 20% improve-
ment in jet energy resolution at low energy is achieved.

In this chapter we describe a technique that uses tracks in jets to extract information from the jet
topology and fragmentation in order to improve the jet energy resolution. The approach is conceptually
different from more traditional energy flow methods, where precise track momentum measurements re-
place calorimeter clusters. In the proposed technique, tracks are used to correct the response of jets as a
function of the jet particle composition, specifically using the ratio of track to calorimeter transverse mo-
mentum ( ftrk = ptracks

T
pcalorimeter

T
). Using ftrk provides an improvement in jet energy resolution without changing

the jet energy scale applied during reconstruction.
In general, jets are composed primarily of neutral and charged pions. Charged particles leave tracks

in the detectors, and so one might naively expect that approximately two-thirds of the jet energy will
be carried by tracks associated with that jet. Monte Carlo QCD dijet samples show Gaussian ftrk distri-
butions centered around 0.66, with small tails extending above 1. The tails are more prominent at low
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energies and include, for example, jets with a true ftrk near one and one or more tracks with incorrectly
measured momenta.

The fractional jet energy resolution,
σ(preco

T −ptrue
T )

ptrue
T

, is proportional to the width of the jet energy re-
sponse in bins of transverse energy, normalized to the average jet energy in a bin. If the response of
these jets varies significantly with ftrk, the transverse jet energy resolution will be artificially broadened,
as shown in Fig. 19. One sees that the total measured transverse jet energy resolution is considerably
wider than either of the constituents corresponding to jets with different charged particle fractions. By
correcting the jet response as a function of jet pT and ftrk we reduce the overall broadening of the energy
distribution and, hence, improve the jet energy resolution.
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Figure 19: Black: difference between reconstructed and truth jet transverse energy for jets with
0 < |η |< 0.7 and 40 GeV < pT < 200 GeV. The mean (width) of this distribution is proportional to
the jet energy response (resolution). Since jets with different ftrk have different responses, the transverse
energy resolution is artificially broadened because of the offset of the distributions for each ftrk bin. The
normalization is arbitrary.

6.1 Monte Carlo samples and event selection

Track based jet corrections were determined using QCD dijet events. The MC events used are the same
J1-J4 samples described in Table 2. The reconstructed jets in the samples ranged in pT from 7 GeV to
280 GeV. Only jets with energies above 45 GeV were used in the fits.

Reconstructed 0.4 cone, tower-seeded jets were selected from the event and separated into bins of
pseudorapidity. Fits were formed for the central (|η | < 1.2), transition (1.5< |η | <1.8) and end cap
(1.9< |η |<2.2) regions of the calorimeters. Because the ATLAS tracker acceptance ends at |η |=2.5, jets
beyond |η |= 2.0 were not considered for fits.

Tracks within a cone of radius 0.4 in η−φ around a jet axis were included in the calculation of ftrk.
In order to remove jets with a single poorly measured track, jets were required to be associated with at
least two tracks, and each track was required to have χ2/DoF < 3.0. Less than 1% of the tracks and
jets were rejected by these cuts. The requirement of two tracks was only applied to derive the correction
and not to evaluate the performance. In order to be as inclusive as possible, all calorimeter jets were
considered. To find the track-based energy corrections, jets were also required to be isolated in a cone of

22

JETS AND MISSING ET – DETECTOR LEVEL JET CORRECTIONS

59

319



0.8 in η−φ space, to avoid jet-jet contamination which skew ftrk considerably for low energy jets. After
cuts, each jet contained typically 5 to 8 tracks.

Jets were also required to have a truth jet matched within 0.1 in η−φ space, and were required not
to be matched to a truth b-quark. Jets with b-quarks could have different energy responses compared to
light quark jets and were excluded from the fits. Incorporating a track-based b-jet energy correction is a
topic for future studies.

6.2 Track-based jet energy response parameterization

Fits to the jet energy response are made as functions of ftrk and pT. The fits were also binned in regions
with flat response as a function of pseudorapidity. Three such regions were identified: one in the barrel
calorimeter, one in the endcap calorimeter, and one in the transition region between the two. The fits are
then extended to nearby regions so that all jets are eventually corrected. Since the transitions between
the calorimeters are discontinuous, the transitions between the corrections were discontinuous for this
first version of track corrections.

One dimensional fits of the response as a function of jet pT were performed in bins of ftrk with the
function R ftrk(pT) = E jet

T /E true
T = a

(
1− eb−c∗pT

)
. Sample fits are shown in Fig. 20 (left). The bins in

ftrk were adjusted so that each bin contained approximately the same number of jets, and no single bin
spanned a large range of ftrk. The pT used for each point of the fit was taken to be the average pT of jets
in that bin, and the ftrk recorded for the bin was the average ftrk of all jets in that bin.
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Figure 20: On the left, fits as a function of reconstructed jet pT for central (|η |< 0.7) jets in bins of ftrk.
On the right, straight line fit of one of the parameters determined by pT fits, as a function of ftrk.

The jet pT fit parameters were then extracted and fitted with a straight line function of ftrk, as shown
in Fig. 20 (right) for parameter a. The 2-dimensional track-jet energy corrections, R(pT, ftrk) can be
applied to reconstructed jets to improve their average response.

6.3 Algorithm performance

The track-jet response correction R(pT, ftrk) described previously was first applied to jets selected for
determining the parameterization. The jet energy response was then checked as a function of ftrk. Fig-
ure 21 (left) shows the dependence of the response on ftrk before and after applying the track-jet correc-
tion. Track-jet corrections flatten the response, R ftrk(pT) = E jet

T /E true
T , to a mean value of 1 for all ftrk.

An overcorrection at high ftrk appears. As the overlaid distribution of ftrk demonstrates, very few jets lie
in this region and so the total energy resolution is not altered.
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As described earlier and shown in Fig. 19, the jet resolution before the R(pT, ftrk) correction can be
thought of as a convolution of distributions consisting of the sum of several offset Gaussians with dif-
ferent ftrk. By re-centering the underlying distributions we improve the jet transverse energy resolution.
Fig. 21 (right) shows the overlapping distributions after re-centering.
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Figure 21: On the left: absolute jet energy response as a function of ftrk, before and after applying
the track-jet response correction. The distribution of ftrk has been overlaid to show the jet distribution.
All jets used in the fits are included. On the right: jet transverse energy response after the track-jet
response correction for jets with 0 < |η |< 0.7 and 40 GeV < pT < 200 GeV. The underlying Gaussian
distributions are now overlapping, and the measured jet transverse energy resolution has been reduced.

The fitted corrections were applied to all jets above 40 GeV in the dijet samples. The following stud-
ies show the improvement of jet transverse energy resolution and Emiss

T distributions after the corrections
are applied.

Jet transverse energy resolution

The transverse jet energy resolution is considerably improved at low jet pT, as demonstrated in Fig. 22.
Fits are shown both before and after the corrections are applied. A ∼ 15% improvement in energy
resolution is achieved at 60 GeV.

Emiss
T resolution

Track-based jet corrections can also be used to improve the scale of the missing transverse energy. The
track-corrected Emiss

T is computed as

~ET
corr

= ~ET −∑(~pT
trk,corr− ~pT) (14)

where the sum refers to the two leading jets, and ~pT
trk,corr = pT/R(pT, ftrk) is the jet transverse momen-

tum corrected as described in Section 6.2.
Figure 23 (left) shows the mean value of the Emiss

T as a function of the ftrk difference between the two
leading jets in a dijet sample. Both leading jets were required to have |η |< 1.2 for this study. Figure 23
(left) shows a large imbalance of energy when the two jets have large differences in f f rk. When ∆ ftrk < 0,
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Figure 23: Average missing transverse energy as a function of the ftrk difference between the two leading
jets in a dijet sample before (left) and after (right) track-based jet energy corrections. The width and tails
are improved.

f 2
trk > f 1

trk and p2
T is underestimated resulting in a positive bias on Emiss

T . Similar argument explains a
negative Emiss

T bias for ∆ ftrk > 0.
Figure 23 (right) shows that the Emiss

T scale is properly corrected after applying the track-based re-
sponse correction to the leading two jets, and the Emiss

T bias has been removed.

6.4 Conclusions and future studies

Although the corrections in this section were calculated only for cone jets with ∆R = 0.4, they can be
trivially extended to any other jet collection, including kT jets.

We introduced a track-based method for correcting the response of jets in ATLAS that provides a
∼ 20% improvement in jet energy resolution at 50 GeV. The corrections also improve missing energy
distributions. These corrections do not require new jet energy scale corrections and can be applied
after the standard reconstruction. By systematically adding information from the tracker to jets already
reconstructed based on calorimeter information, considerable improvements can be made.

There are several additions being explored to further improve the jet energy resolution using this
technique and other similar track-based variable methods. This technique will be expanded to correct
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Figure 24: Fraction of pT carried by the neutrino in b jets decaying semileptonically (b → µX or
b→ c→ µX). The abscissa corresponds to the total transverse component for the jet (all interacting
particles except muons), muon and neutrino momenta. We use b jets from QCD dijet samples as de-
scribed in Section 7.1.

b-jets in the same way that light quark jets have already been corrected. The radius used for track-
jet association may be adjusted to improve the performance. Track-based response corrections will be
expanded to include additional variables such as the fraction of transverse momentum carried by the
leading track ( f 1

trk) and track multiplicity (ntrk).

7 Jet energy scale corrections to semileptonic b jets

In this section, we discuss a possible strategy to correct the b-jet energy in case of semileptonic decays
of the b quark.

The decay of b quarks usually produces a c quark, which subsequently decays to a d quark. The b
quark decays into a muon and a neutrino ≈ 10% of the time. As a result, a b jet is accompanied by a
neutrino and a muon ≈ 19% of the time and by two neutrinos and two muons ≈ 1% of the time. These
neutrinos carry away a fraction of the jet energy, introducing a systematic underestimation of the energy
of such jets. In this document, we concentrate on b jets that contain only one neutrino inside. The
neutrino from the semileptonic b jet decay carries over 10% of the total jet pT.

However, these jets can be tagged by the presence of a muon, if the muon is energetic enough to
reach the Muon Spectrometer. Upon a successful tag, the jet energy scale can be corrected through a
parameterization of the energy carried by the neutrino. In the following sections, a correction of the jet
energy scale as a function of jet and muon pT for semileptonic b jets is presented and validated.

7.1 Monte Carlo event selection

For the studies in this document, two data samples were used (250 k tt̄ and the dijet samples described
in Table 2)

In addition, for the present studies, semileptonic b jets were required to be tagged by the soft-b
tagger [21] and be contained within |η |< 1.2. The η cut is required because the jet response changes for
higher η . Studies in larger η regions were not possible due to a lack of statistics. For the dijet sample,
only events that had two b jets with ∆φ > 1.0 were used. This provides a sample composed mostly of bb̄
events as well as a few gg events where one of the gluons decays to bb̄.
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Figure 25: Left: Jet response as a function of jet pT for semileptonic b jets containing one muon for dif-
ferent values of x (equation 15). Here pjet+µ+ν
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of the true jet momentum (all interacting particles except muons included), the true muon momentum
and the neutrino momentum. Right: Value of the results from straight line fits to the points in the left
plot as a function of x. The fit function C(x) = a+be−cx is also shown.

7.2 Derivation of the jet energy scale correction

The jet energy scale correction was derived using semileptonic b jets from the tt̄ sample. The jet response
was studied as a function of jet and muon pT. In particular, it was found that a correlation exists between
the jet response and the quantity

x = pµ
T,reco/pjet

T,reco, (15)

where pµ
T,reco is the reconstructed muon pT, and pjet

T,reco is the reconstructed jet pT, which does not include
the muon contribution. The jet responses for samples with different values of x are shown in the left plot
of Figure 25. The responses are shown together with the constant fits used to determine the correlation
between the jet response and the quantity x. The fits do well in correcting for the missing neutrino
energy, and, therefore, no further dependence on jet pT has been considered so far. A better modeling of
the dependence of the response as a function of jet pT in the different samples could help improve the
correction. The values of the constant fits (R, in the figure above) were then used to parameterize the jet
response as a function of x. The values of R for samples with different values of x are shown on the right
plot of Figure 25. These values were fit to the function C(x) = a+be−cx. This fit is shown on the same
plot and resulted in the following values for the parameters: a = 0.846, b = 0.11 and c = 6.

This function was used to correct the jet energy scale. In particular, the corrected pT of the jet was
calculated as:

pjet+µ
T,corr = [C(x)]−1 pjet+µ

T,reco. (16)

The momentum of the jet was increased accordingly along the direction of the vector addition of the
muon and jet momenta.

7.3 Validation

The jet response before and after applying the correction for the tt̄ sample is shown in the left plot
of Figure 26. The jet response is corrected appropriately with an uncertainty of ≈ 2% on the correc-
tion. The right plot shows the jet response in the dijet samples. The performance of the correction on
this sample is comparable to that shown in the tt̄ sample. The relative jet pT resolution, σr/r where
r = pjet+µ

T,reco/pjet+µ+ν
T,reco , was also studied for these two samples before and after the correction, but it is not
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Figure 26: Response of semileptonic b jets before and after applying the neutrino correction to jets from
a tt̄ sample (left) and a bb̄ sample (right).

shown. The effect of the correction on this quantity is not noticeable within the statistical uncertainties
of these studies.

7.4 Conclusion on the corrections to semileptonic b jets

In this section, a procedure for correcting the jet energy scale of semileptonic b jets decaying to a muon
has been presented. The procedure has been validated on semileptonic b jets from two data samples
showing a noticeable improvement in the jet response, while the relative pT resolution remains un-
changed. To conclude, it should be emphasized that the correction of semileptonic b jets is strongly
coupled to our ability to tag them. For this reason, studies in specific physics analyses need to be done
to set the operating point of the soft-b tagger. For example, in a bb̄ sample, where there are no light
jets, we can benefit from this correction the most, while in a tt̄ sample the operating point of the soft b-
tagger might need to be adjusted and could have too low an efficiency for the correction to be noticeable.
Further studies on this subject are required in order to determine when the correction is desirable.

Conclusion

In the first part of the article, we discussed two different ways of using the full ATLAS simulation to
calibrate jets. The global method is proven to recover the linearity of the energy measurement while
improving the resolution in a wide energy range on Monte Carlo samples. We proved its robustness
over different quark content, shower model, and event complexity. The local hadron calibration has been
shown to almost fully recover the linearity with respect to the jet calorimeter energy deposits. Even
though a correction step to go back to the truth jet scale is missing, the method is promising. In the last
part of the article, we discussed the possible use of the tracker information of the jet to improve the jet
resolution. After the application of the global calibration, the method is able to further improve the jet
energy resolution especially at low ET . Finally we discussed a possible way of recovering the neutrino
energy in semileptonic b-quark decays.

The calibration methods discussed in this note will be used to provide jet corrections for the ATLAS
detector. We stress that the validation of the corrections heavily relies on in–situ measurements as dis-
cussed in [20].
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E/p Performance for Charged Hadrons
Abstract
The precise measurement of the momentum of hadrons in the tracking detec-
tors, compared to the energy E measured in the calorimeters can provide a
validation of the hadronic calibration of the response of the calorimeter to pi-
ons at the percent level. The E/p ratio allows the validation of the absolute
energy scale calibration over the pseudorapidity range covered by the tracking
detectors. Since the selected hadrons are mainly pions, the results obtained for
pion response from test beam data are almost directly comparable. The single
hadron E/p performances are studied using minimum bias events.

1 Introduction

The tracking system can be used to verify the hadronic calorimeter calibration in the energy range be-
tween 400 MeV and 200 GeV. The inner tracking will be able to reach a 1% precision on the transverse
momentum, pT , with a few months of data taking at low luminosity. The energy over momentum, E/p,
ratio allows the validation of the absolute energy scale calibration over the pseudorapidity range of the
tracking detectors which covers the Barrel Tile Calorimeter (|η |<1), the Extended Barrel Tile Calorime-
ter (1< |η |<1.7) and the Liquid Argon Hadronic Endcap Calorimeter up to |η |=2.5. Furthermore, since
the selected hadrons are almost exclusively pions, the results obtained for pion response from test beam
data are almost directly comparable.

The energy range for which the hadronic calibration must be checked can be determined by jet
fragmentation studies at the generator level. It is instructive to investigate the lowest energy needed to
obtain a given fraction of the jet energy, denoted x. For this reason, it is useful to define the lowest
energy jet particles (LEJPs). Using the highest pT jet in QCD dijet events, the lowest energy jet particles
(LEJPs) are determined by ordering in energy the stable particles (cτ > 10 mm) in the jet. Starting with
the highest energy, the particle energies are summed up until a fraction x of the jet energy is reached. The
particle that pushes this sum over the threshold is the LEJP. Figure 1 shows the mean LEJP energy for a
value of x = 0.95 as a function of the jet energy for central (|η |< 1.5) and endcap (1.5 < |η |< 3.2) jets.
To reconstruct 95% of the jet energy in the central region we have to measure particle energies down to
800 MeV. To reconstruct 99% of the jet energy we need to reach energies down to 200 MeV. The energy
of the highest energy particle in the jet ranges from 10 GeV to 550 GeV.

Any hadronic calibration scheme is required to be robust over the energy range 200 MeV to 550 GeV
to ensure the correct jet energies scale. Furthermore a large fraction of particles in jets have energy below
10 GeV and a large proportion of them are charged pions. Hence it is important to check the hadronic
calibration at low particle energies using the E/p method. The robustness of the hadronic calibration, the
validity of the hadronic shower model in Monte Carlo, and the single charged hadron E/p performance
can be studied in several data samples which cover different energy ranges. The minimum bias sample
can reach down to a momentum of 400 MeV and the remainder of this note deals with studies of E/p in
the minimum bias sample.

2 Study of E/p using Minimum Bias events

As discussed above, low energy hadrons carry a large portion of the energy in a jet. It is therefore
important to study the E/p performance at low energies to obtain an ultimate calibration of the jet
energy scale to 1% precision. In early data, when a precise hadronic calibration will not be available, this
study will be performed using the electromagnetic scale. Subsequently, each step of the local hadronic
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calibration can be cross-checked and improved. These steps include removal of noise via the use of
topological clusters, cluster classification as electromagnetic or hadronic, and calibration of hadronic
clusters to the local hadronic energy scale.

Minimum bias samples were used to determine the feasibility of using charged hadrons in the pT
range between 1 to 10 GeV to cross-check the single hadron energy scale for topological clusters cali-
brated to the local hadronic energy scale [1]. The simulation used for this study replicates data collected
over only a few days at a trigger bandwidth of 10Hz. A year of data-taking at low luminosity will reduce
the statistical uncertainty to less than 1%. The data collected in one year should allow the local hadronic
calibration to be checked as a function of both η and φ .

The calibration of topological clusters calibrated to the local hadronic energy includes corrections
for invisible and escaped energy in the hadronic shower as well as energy lost in dead material, such
as the material of the inner detector. It does not include corrections for energy lost in cells outside the
cluster (out-of-cluster). In the very low energy regime considered by this study, there are significant
energy losses in dead material and from out-of-cluster effects. Even with cluster calibration, it is not
possible to completely recover these losses, since many low energy particles do not leave sufficient
energy in the calorimeter to meet the cluster reconstruction thresholds. As a consequence, we expect
the calibrated value of 〈E/p〉 to be below 1. However, as pT increases, these energy losses diminish
and therefore 〈E/p〉 approaches 1. Measuring the E/p distributions for single hadrons can provide a
way of determining the size of these energy losses in-situ. It can also be directly compared to the single
pion Monte Carlo used to derive the weights and cluster classification used as part of the local hadronic
calibration.

2.1 Isolated pions in Minimum Bias events

To eliminate fake tracks and ensure an accurate momentum measurement, only tracks satisfying the
following criteria were considered in this study:

• At least one hit in the B Layer of the pixel detector.

• No more than one missing hit in the other pixel and SCT layers.

• Good quality track fit satisfying χ2/ndof < 1.5.

Approximately 76% of all reconstructed tracks pass these criteria. The pT range for pions surviving the
track quality constraints is given by the dashed curve in Fig. 2. This shows that minimum bias events can
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Figure 1: Mean LEJP energy (x = 0.95) as a function of the jet energy for jets in central (left) and endcap
(right) regions. The error bars represent the Full-Width-Half-Maximum of the LEJP energy spectrum.
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Figure 2: Distribution of pT of all tracks (solid line) and selected tracks (dashed line) in minimum bias
events, scaled to 1µb−1.

provide a source of pions to check the hadronic energy scale from 500 MeV, the nominal lower energy
required for a reconstructed track, up to energies of the order 10 GeV.

The pion energy deposited in the calorimeter is found by extrapolating the track direction to the
second sampling layer of the EM calorimeter. From this position a cone is defined, ∆Rcone = 1.0, and
the energy of each charged hadron is calculated as the sum of all topological clusters within this cone. A
topological cluster is considered to be inside the cone if its barycenter is within this ∆Rcone = 1.0 around
the extrapolated track position.

In minimum bias events, energy from the underlying event inside the region defined by ∆Rcone con-
siderably biases the measured pion energies. Photons originating from the decay of neutral pions are the
predominant source of background. Charged particles also contribute to the background as the recon-
struction efficiency of tracks below 5 GeV can be lower than 80% [2]. Selection criteria were used to
reduce the contamination from the underlying event. These criteria differ slightly for charged hadrons
with pT ≤ 3 GeV and pT > 3 GeV due to the low multiplicity of higher pT tracks in the event and the
different hadronic shower shapes in the calorimeter. The selection criteria used to minimise the amount
of energy from the underlying event are:

• Isolated from other tracks by at least ∆R = 0.4. The track positions were taken at the second layer
of the EM calorimeter.

• The charged hadron must be one of the harder particles in the event.

– pT
/

∑
all tracks

pT > 0.1 for pT ≤ 3 GeV.

– pT
/

∑
all tracks

pT > 0.3 for pT > 3 GeV.

• The energy in the hadronic calorimeter must be isolated by requiring the energy in the outer region
0.4 < ∆Rcone < 1.0 of the cone to be small.

– EHAD1.0−0.4 < 0.01× ptrack for pT ≤ 3 GeV.

– EHAD1.0−0.4 < 0.05× ptrack for pT > 3 GeV.
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Figure 3: The E/p distributions for pions from minimum bias events before cuts (dotted line), after cuts
(dark solid line) and for a reference sample of single particles (dashed line) for tracks in the pT range
0.8− 1.2 GeV (top left), 1.6− 2.4 GeV (top right), 4− 6 GeV (bottom left) and 8− 12 GeV (bottom
right). All distributions are normalised to unity. The negative E/p ratios are a consequence of clusters
with negative energy resulting from noise.

Figure 3 shows the E/p distribution in minimum bias events before and after cuts, and compares it to
single pions. All results shown here and in Section 2.2 are for tracks associated with real pions (studies
of the impact of non-pion tracks are in progress). These selection criteria approximately halve the shift
in 〈E/p〉 caused by other particles in the cone.

The shift of 〈E/p〉 caused by the selection is primarily due to the isolation cut in the hadronic
calorimeter. The shift was estimated using the pion from single particle Monte Carlo and was found
to change 〈E/p〉 by 0.006 for 1 GeV pions, 0.002 for 2 GeV pions, negligible for 5 GeV pions and 0.001
for 10 GeV pions. The remaining background, due to energy from the underlying event, cannot be re-
moved with cuts. This is justified by the absence of isolated charged hadrons in minimum bias events.

2.2 Data-driven unfolding procedure

The remaining background, present inside the region defined by ∆Rcone, was estimated using a data-
driven method described in Ref. [3]. This was then unfolded from the pion E/p distribution. Most of the
energy coming from the underlying event is deposited in the electromagnetic calorimeter. Charged pions
which deposit most of their energy in the hadronic calorimeter were therefore selected in order to estimate
the energy contamination in the electromagnetic calorimeter. These are labelled as late showering pions.

The energy from the underlying event was studied by dividing ∆Rcone into the following two regions:

• A region where very little background energy is deposited, consisting of:

– The hadronic calorimeter and
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Figure 4: The total, (E/p)meas, (left) and underlying event, (E/p)contam, (right) distributions used to
extract the E/p of isolated charged hadrons in the range 0.8 - 1.2 GeV. Error bars show the statistical
error on the distribution before fitting (solid line).

– A core region close to the track:

* ∆Rcore = 0.1 for pT ≤ 3 GeV.

* ∆Rcore = 0.05 for pT > 3 GeV.

• A ring surrounding the assumed trajectory of the pion through the electromagnetic calorimeter
contains energy of the underlying event, Eouter−cone, defined to be ∆Rcore < ∆R < 1 in the electro-
magnetic calorimeter.

We use the energy in the Eouter–cone of late-showering pions to estimate the underlying event energy.
For this study we assume that the energy in Eouter–cone for late-showering charged particles is zero as they
act as minimum ionising particles (mips) in the electromagnetic calorimeter.1

Late-showering charged pions were identified by two criteria based on the energy in a narrow cone
of ∆R < 0.05 around the track:

• Energy in the electromagnetic calorimeter < 0.5× ptrack.

• Energy in the hadronic calorimeter > 0.5× ptrack .

The background estimated using late-showering pions is applied to all pions (late and early showering
ones). Figure 4 shows the underlying event energy obtained by this method for tracks in the pT range
0.8−1.2 GeV. The underlying event energy divided by the track momentum is defined as (E/p)contam.

The (E/p)meas distributions shown by the solid curves in Fig. 3 are a convolution of the E/p distri-
butions for isolated pions, (E/p)iso, and the underlying event energy. By deconvoluting the background
from the measured E/p, we recovered (E/p)iso.

The convolution can be written in terms of the number of entries in each bin i in the measured E/p
histogram:

(E/p)meas
i = ∑

j
Pi j× (E/p)iso

j , (1)

where the elements of the matrix Pi j represent the probability of background contamination shifting the
energy from bin j to bin i.

Each element of Pi j is taken from the energy deposited in Eouter–cone (shown in Fig. 4 for pT = 1 GeV
pions). The matrix elements are defined as Pi j = (E/p)contam

(i− j) , i.e. Pi j is given by the ith− jth bin con-
tent of the normalised histogram in the region Eouter–cone. The probability that each bin contributes to

1We assumed that the mips penetrating depth was uncorrelated with the background.
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the (E/p)meas value is given by Pi j/det(Pi j). The diagonal elements of the normalised matrix give the
probability that a measurement is free from contaminating energy.

The distribution (E/p)iso is derived by solving the set of linear equations described above via matrix
inversion. The unfolding method is described in Ref. [4] and Ref. [5]. The background is fitted with two
exponential functions: one above zero and one below. The measured E/p is fitted with an exponential
function below zero, a 7th order polynomial function above zero up to half the maximum height, and an
exponential function for the high E/p tail. The result of these fits for 1 GeV pions is shown in Fig. 4.
The final distributions obtained for (E/p)iso are shown in Fig. 5. The subtraction:

〈E/p〉iso = 〈E/p〉meas−〈E/p〉contam (2)

is used to examine the shift caused by any remaining contamination or by the method itself. Results
are shown in Table 1. The E/p values are consistent with the single particle mean, showing that this
procedure is promising. However, larger statistics are required to properly assess the ultimate precision
of this method.

We compared charged hadrons in minimum bias Monte Carlo events of pT = 0.8− 1.2 GeV,
1.6−2.4 GeV, 4− 6 GeV and 8− 12 GeV with single pion samples of 50000 events generated with
pT = 1 GeV, 2 GeV, 5 GeV and 10 GeV. As both minimum bias and single particle simulations are done
with the same detector geometry and showering model, the E/p distributions are identical, providing a
way to test how well we can retrieve the single pion E/p distribution in minimum bias events.

Both positive and negative pions were used, and the results were combined to improve the statistical
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Figure 5: E/p distributions obtained from deconvolution for pions in minimum bias events (solid line)
and single pions (dashed line) for the track momentum ranges 0.8 GeV < pT < 1.2 GeV (top left),
1.6 GeV < pT < 2.4 GeV (top right), 4 GeV < pT < 6 GeV (bottom left) and 8 GeV < pT < 12 GeV
(bottom right). The deconvolution also removes the effect of ‘fake’ clusters in Eouter–cone, reconstructed
from electronics noise.
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Table 1: 〈E/p〉 for pions at pT = 1, 2, 5 and 10 GeV compared to pions in single particle events.
Pion pT Range Minimum Bias Single Particles
0.8−1.2 GeV 0.429±0.052 0.449±0.003
1.6−2.4 GeV 0.622±0.043 0.609±0.003
4−6 GeV 0.818±0.015 0.786±0.002
8−12 GeV 0.870±0.036 0.869±0.001

precision. Due to limited Monte Carlo statistics, here we bin only in pT . Ultimately, the E/p response
will be studied in bins of both energy and pseudorapidity, because the dead material distribution varies
dramatically across |η |. In minimum bias events, the mean charged particle multiplicity is relatively flat
in η for a given pT . Single particle samples are weighted to have the same |η | distribution as minimum
bias tracks.

2.3 Sources of systematic uncertainties

We studied a number of effects which biased the E/p distribution. In our study we assumed that all
charged hadrons were pions. In minimum bias events, about 75% of all charged particles are pions, with
a small number of kaons and protons. Less than 2% of the tracks are due to heavier hadrons, electrons,
muons or are fake. However, the mix of particle types is different for late-showering hadrons. Biases
arising from this different particle mixture were studied by comparing the 〈E/p〉 calculated using all
track types with the 〈E/p〉 derived frompion tracks alone. Within the available statistical precision, we
can put an upper limit of 10% on the shift. We use the energy in the Eouter–cone of late-showering pions
to estimate the contaminating energy. For this study we assume that the energy in Eouter–cone for late-
showering charged particles is zero as they act as mips through the electromagnetic calorimeter. This
assumption translates to a shift on 〈E/p〉 of less than 4%. The energy from the underlying event in the
hadron calorimeter and in the ∆Rcore region cannot be measured by this in-situ method. The shift of the
〈E/p〉 due to this background is estimated using single pions and was found to be less than 4%. The
uncertainty in the energy scale is dominated by the unmeasured contaminating energy and the effect of
non-pion tracks. All the above systematic uncertainties are statistically dominated.

3 Conclusions

Jet fragmentation studies show that low energy hadrons carry a large portion of the energy in a jet. This
study shows that isolated charged hadrons produced in minimum bias events can be used to study the
E/p performance in the pT range from 1 to 10 GeV to obtain an ultimate calibration of the jet energy
scale. This sample will provide an in-situ test of the cluster level hadronic calibration down to 1 GeV.
Within a year at low luminosity, it will be possible to reduce the statistical uncertainty to less than 1%.

With the available Monte Carlo statistics we obtained a statistical uncertainty of 10% at 2 GeV which
goes down to 3% at 10 GeV, mostly dominated by the statistics of the late showering pion control sam-
ple. Systematic biases from several sources have been studied. Effects, such as unpredicted detector
inhomogeneities, will be studied once data are available.
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Jet Energy Scale: In-situ Calibration Strategies

Abstract
This note outlines procedures for the in-situ determination of the jet energy
scale and resolution of the ATLAS calorimeters. The jet energy scale is evalu-
ated using energy-balanced processes:γ /Z + jet, dijet, and multijet events. The
jet energy resolution is obtained from dijet events. Generators using leading-
order multiparton matrix element calculations merged withparton showers
along with leading-logarithmic Monte Carlo models are compared. Effects
on the energy-balance due to hadronization effects are alsostudied.

1 Introduction

Precise reconstruction of the jet energy is a fundamental ingredient of many physics analyses at the
LHC, such as the determination of the top quark mass, the reconstruction of dijet resonances, and the
measurement of the inclusive jet cross-section. Moreover the performance obtained on jet reconstruction
has a direct impact on the quality of the measurement of the missing transverse energy which will play a
decisive role in many searches for new physics at the LHC.

The ultimate goal of the jet energy measurement is, in most cases, the reconstruction of the initial
parton momentum. On the other hand, the measurement in the ATLAS detector starts from signals
recorded in the calorimeter cells which have been calibrated at theelectromagnetic(EM) scale. This
scale is set in test beams and is defined to reproduce correctly the electron energy in the beams.

A subsequent software jet calibration procedure is performed in two major steps. First, corrections
are made for detector effects, in particular calorimeter non-compensation, noise, losses in dead material
and cracks, longitudinal leakage and particle deflection inthe magnetic field. The procedure is described
in Ref. [1]. After this step thehadronic scalewhich provides the jet energy at theparticle level is
obtained, i.e. it should correspond to the jet energy obtained after running the same jet algorithm over all
true momenta of the final state particles in the event. Throughout this note, we will refer to these jets as
“particle-level jets” or “truth jets”. At the second step physics effects, such as clustering, fragmentation,
initial and final state radiation (ISR and FSR), underlying event (UE) and pile-up are considered. After
that thefinal scaleis reached which corresponds to the energy at theparton level. These effects can
depend on the type of interaction, e.g. they can differ for quark and gluon jets, can depend on the parton
momentum scales and multiparton interactions, so that an individual study may be necessary for each
data analysis involving jets.

The validation of the whole jet calibration has to be performed in-situ using suitable physics pro-
cesses. In the course of in-situ validation (also called in-situ calibration) the systematic uncertainty of
the hadronic energy scale is determined, and the final tuningof this scale is possibly performed. Fur-
thermore, the level of physics effects affecting the final scale is estimated. In addition, the jet energy
resolution can be determined in-situ.

The validation procedure will start with QCD dijet events, which allow us to check the uniformity of
the calibration as a function of azimuthφ and of pseudo-rapidityη . The uniformity inφ can be checked
by studying jet rates; the uniformity inη can be validated usingpT balance between the jets. The dijet
events also open two ways of determining the jet energy resolution.

After a uniform detector response is obtained, the absolutehadronic energy scale will be studied
usingγ or Z + jet events, in which theZ boson is reconstructed via theZ → e+e− or µ+µ− decay. The
pT balance between the jet and the boson in such events will be used to relate the hadronic scale of the
jets to the well understood energy of electromagnetic objects.
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At very high jet energies, the statistics ofγ /Z + jet events vanishes. After the validation of the absolute
jet energy scale (JES) with these events in a limitedpT range, the scale at higherpT will be validated
using QCD multijet events by balancing the momentum of the leading jet to the momentum sum of the
other jets. Alternatively, it can be inferred from the opening angle between the two leading charged
particle tracks associated with the jet.

These methods are discussed in the present note. Expectations of several Monte Carlo programs
are compared for various jet algorithms. The statistical and systematic uncertainties of the methods are
assessed with an emphasis on the first 100pb−1 and 1fb−1 of ATLAS data. It is important to note that
one missing contribution is the precision with which the Monte Carlo is tuned to and reproduces the data.
This, naturally, can only be determined once data are available.

Several related studies are covered in other notes. The determination of JES from the invariant
mass of theW boson inW → qq decays is covered in Ref. [2]. The study of jet fragmentationand
of the underlying event using tracks associated with the jets and in the complete event is discussed in
Ref. [3]. The measurement ofE/p for isolated charged particle tracks in order to study the response of
the calorimeter is considered in [4].

This note is organized as follows. First, the Monte Carlo programs used for the present studies are
briefly described. Then, the standard ATLAS jet reconstruction and calibration procedure is outlined. Af-
terward, we discuss the basic features ofγ andZ + jet events and of thepT balance calibration technique,
the physics effects influencing the calibration procedure,the limitations of the underlying models and
the expected systematic and statistical uncertainties of the jet energy scale. Subsequently, we consider
the calibration techniques in QCD dijet and multijet events, followed by the methods of determination of
the jet energy resolution. A summary is given at the end of thenote.

2 Monte Carlo event generators

The general-purpose Monte Carlo programsHERWIG, PYTHIA andALPGEN are used here to model the
final states at the LHC energies. The event generation relieson phenomenological approaches to describe
the processes which occur at all levels apart from calculation of the matrix elements. This is done by
factorizing the event generation into several stages:

• hard subprocess at a fixed order of perturbation theory,

• initial and final state QCD radiation using parton shower models,

• multiple parton interactions (MI) contributing to the underlying event (UE),

• hadronization (fragmentation).

PYTHIA andHERWIG include leading order (2→2) matrix elements for generatingγ /Z + jet and QCD
dijet events. Higher order QCD effects are modeled using parton showers, which can be insufficient to
describe hard QCD radiation. These effects may significantly affect the event kinematics and thus spoil
the determination of the jet energy scale and resolution. They are checked usingALPGEN which includes
leading order matrix elements for generating multiparton final states.ALPGEN simulations are also used
in addition to PYTHIA to study multijet events at very high transverse momenta, where such events
provide the main means to determine the jet energy scale.

2.1 PYTHIA

PYTHIA 6.4 [5] is used with the on-shell leading order (LO) matrix element to model the final states.
Higher-order QCD effects are simulated in the leading-logarithmic approximation with initial- and final-
state radiation following the DGLAP evolution [6]. Coherence effects from soft-gluon interference are
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included. The underlying event has been tuned to reproduce the CDF data. The parton density functions
(PDF) CTEQ6ll [7] are used for the proton.

The initial-state shower is based on backward evolution to the shower initiators. Initial and final
state showers are matched to each other by maximum emission cones. The Lund string fragmentation
model is used to produce the final state hadrons. The string model is based on linear confinement, where
(anti-)quarks or other color (anti-)triplets are located at the ends of the string, and gluons are energy
momentum carrying kinks on the string. When the invariant mass of a string piece gets small enough, it
is identified as a hadron, thus the whole system eventually evolves into hadrons.

2.2 HERWIG

HERWIG6.510 [8] is used in conjunction with the underlying event generatorJIMMY 4.31 [9]. As with
PYTHIA, the CTEQ6ll set is used for the proton PDFs.HERWIG uses the parton shower approach for
initial and final state QCD radiation, including color coherence effects and azimuthal correlations both
within and between the jets. It includes the angular orderedparton shower algorithm which re-sums
both soft and collinear singularities.HERWIG uses the cluster fragmentation model [10, 11], where all
the outgoing gluons are first split into quark/anti-quark ordiquark/anti-diquark pairs. Then, quarks are
combined with their nearest neighbor (in the color field) anti-quark or diquark to form color singlet
clusters. These clusters have mass and spatial distributions peaked at relatively low values. For large
cluster masses, theq−distributions fall rapidly and are asymptotically independent of the hard subprocess
scale. If a cluster is too light to decay into two hadrons, it is allowed to become the lightest hadron of the
relevant flavor. A similar cluster model is also used to modelsoft and underlying hadronic events.

2.3 ALPGEN

ALPGEN2.06 [12] is used with theHERWIG parton shower and theJIMMY underlying event model and
with the subsequentHERWIG cluster fragmentation. Similarly toPYTHIA andHERWIG simulations, the
CTEQ6ll set is used for the proton PDFs. Each final state parton multiplicity is generated individually
by ALPGEN. A matching using a given scheme between a generated parton with the parton shower is
performed in order to avoid double counting of the jet multiplicity. We use the MLM matching scheme.

3 Jet reconstruction in ATLAS

Several jet collections are built during event reconstruction in ATLAS, varying the input to the jet finder
and the jet finding algorithm. The inputs considered for the jet finder are “calorimeter towers” (calo-
towers) and “topological clusters” (topoclusters). In addition, “truth particles” are used for simulated
events. Calorimeter towers are built from all calorimeter cells contained in a region of(dη ×dφ) of size
(0.1×0.1). The initial cell energy is calibrated at the EM scale. Topological clusters are built according
to criteria that identify significant energy deposits in topologically connected cells. Three different levels
of signal significance are applied to the seed, the neighboring and peripheral cells. Currently, the settings
of (4,2,0) in units of sigma of noise are used [1].

The jet finder methods used are cone andkT algorithms. The seeded cone algorithm is used with radii
of R= 0.4 or 0.7, pT of seeds= 1 GeV, and a split/merge fraction of 0.5. The inclusivekT algorithm
(fast version) is run with aD parameter of 0.4, 0.6 or 1.0 [3].

Two calibration approaches are developed in ATLAS, the “global” and the “local” schemes [1]. The
global scheme uses H1-style weights [1] to correct calorimeter cells after jet finding. The weights are
based on the energy density in a cell. This calibration is specific to each type of jet finder. In the local

3

JETS AND MISSING ET – JET ENERGY SCALE: IN-SITU CALIBRATION STRATEGIES

77

337



scheme, jets are built from pre-calibrated topoclusters, which already include hadronic calibration, as
well as dead material and out-of-cluster corrections. In this note, we report on the ”global” scheme1.

For most of the studies, a minimum transverse momentumpT of at least 10 GeV is required for a jet
to be considered in the data analysis.

4 In-situ studies usingγ/Z + jet events

4.1 Electromagnetic final state inγ/Z + jet events

The Z boson is observed via itsZ → ee or Z → µµ decay products. The good lepton identification
capability of the ATLAS detector allows reconstruction ofZ decays with very low background [13].

Before comparing the jet energy scales in data and in simulation usingγ /Z + jet events, basicpT and
η spectra of the vector bosons have to be checked. These spectra are affected mainly by the efficiency
of photon or lepton identification, and by the trigger efficiency. In the case ofγ production, significant
background due to misidentified jets in QCD dijet events remains despite the rejection power of the
detector and of the reconstruction algorithms. The theoretical systematic uncertainties associated with
the vector bosons are expected to be small at all levels. The effects on transverse momentum due to
additional photon radiation at the hadron level are predicted to be negligible.

4.2 Use ofpT balance

In leading order of perturbation theory the final state ofγ /Z + jet events can be considered as a two-
body system in which the transverse momentum of the jetpT, jet is exactly balanced by the transverse
momentum of the vector bosonpT,γ or pT,Z. ThepT balance can thus be defined as

B1 =
pT, jet

pT,γ/Z
−1 . (1)

1The local scheme approach was not yet fully developed when studies reported here were done; this approach will be studied
and compared to the global scheme in the future.

Figure 1: Mean jet multiplicity for jets withpT > 10 GeV as a function ofpT of theZ boson inZ + jet
events.
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Figure 2: ∆φ between the photon and the jet for a) cone algorithm withR= 0.4, and b)kT algorithm
with D = 1.

However in reality, these events contain more than one jet inthe final state at parton, particle and detector
level, so that considering only the leading (highestpT) jet is in general too crude an approximation of
the event kinematics. This is one of the major issues in this study and requires a detailed understanding
of jet multiplicities, as well as theirpT and angular spectra. The Monte Carlo models will have to be
tuned to reproduce these jet properties and their energy dependence as observed with the data. A striking
example of the current uncertainty in modeling these quantities is shown in Fig. 1, in which the average
multiplicity of jets in Z + jet events, generated usingPYTHIA andHERWIG, is depicted as a function of
the transverse momentum of theZ boson. Cone jets reconstructed withR= 0.7 at the particle level with
pT > 10 GeV in the pseudorapidity range|η |< 5 are used.HERWIG predicts a larger number of jets than
PYTHIA mainly due to its mechanism of cluster formation and the assumptions used to model soft and
underlying hadronic events. Further extensive studies have been performed in order to understand the
differences in the basic jet distributions at the parton andthe particle level for various jet algorithms, and
to quantify the influence of initial and final state radiationand of the underlying event model.

A very useful quantity to consider is the azimuthal angular difference∆φ between the boson and
the leading jet. It provides information about the event topology and is sensitive to additional physics
effects, like initial state radiation and final state radiation. Figure 2 shows the∆φ distribution at parton
and at hadron level for three jet algorithms inγ + jet events with multiple interactions switched on and
off, respectively. Although the hadronization effects areapparent for cone jets withR= 0.4, the resulting
leading jet in most cases is in a back-to-back topology with the photon. In order to reduce the topological
bias due to additional radiation, the boson and jets in bothγ andZ + jet events are typically required in
our studies to be back-to-back within∆φ of ±0.2.

In principle, one can consider two extreme ways of taking thephysics effects into account:

• Select only those events where theZ or γ is back-to-back to only one jet in the event. Require
any other jet to have a small transverse momentum. The jet energy correction factors can then be
determined from the requirementB1 = 0 as a function of energy and pseudorapidity. The strong
back-to-back cut and the requirement against other jets in the event will severely cut the statistics
in such an analysis.

• The other extreme is to take all jets in the event that pass loose selection cuts and balance the sum
of their momenta to theZ or γ momentum. ThepT balance can then be defined as

BΣ =
|∑jets~pT|

pT,γ/Z
−1 , (2)
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Figure 3: Left in all rows: the mean value of the fittedpT balanceBΣ as a function ofpT,Z in Z + jet
events. Particle level jets (squares) and jets reconstructed from detector signals (circles) are shown.
Middle in all rows: BΣ distribution for pT,Z ∼ 50 GeV for truth jets. Right in all rows:BΣ distribution
for pT,Z ∼ 50 GeV for reconstructed jets. Upper row: all jets withpT > 1 GeV are taken into account.
Middle row: only jets withpT > 10 GeV are used and the requirement|π−∆φ |< 0.2 is imposed. Lower
row: in addition, no further jet withpT > 10 GeV is allowed.

This approach should be less sensitive to issues related to physics modeling. However, it is more
difficult in this case to relate directly the measured balance to the energy scales of specific jets.

Any kinematic selection cut will affect the globalpT balance between the boson and the hadronic
system. This is illustrated in Fig. 3. The central figure in the upper row shows the momentum balanceBΣ
obtained by summing all particle level jets withpT > 1 GeV for events withpT,Z ∼ 50 GeV. The actual
balance fluctuates around a mean value close to zero. The right plot shows the corresponding distribution
for reconstructed (H1) jets which is broader due to the detector resolution effects.

The left plot shows thepT balance obtained by fitting a Gaussian to thepT balance distribution in the
variouspT,Z bins2. The fitted mean shows a small negative bias (of the order of 1-3%) which decreases
with increasingpT,Z. Adding thepT of neutrinos and muons to that of the jets reduces the bias by about
1%, so this cannot be the origin of this systematic effect, which is further discussed later on.

The effect of selection cuts is studied further, as shown in the middle row of Fig. 3, which presents the

2Throughout this note we use the mean value of a Gaussian distribution fitted within a limited sigma range (typically±1σ )
to characterize thepT balance. We refer to it also as the most probable value.
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pT balance for particle jets withpT > 10 GeV. In addition, the leading jet is required to be back-to-back
with theZ within |∆φ | = (π ±0.2). The bias increases and the spread deteriorates after increasing the
pT threshold for jets. The effects are still strong even thoughthe∆φ cut is imposed. They become less
significant aspT,Z increases. The main effect is due to fluctuations of the fragmentation combined with
out-of-cone losses and with jet splitting. In addition, residual ISR/FSR contributes significantly to the
spread. The underlying event may also contribute particlesto the clustered jet. Studies performed with
PYTHIA γ + jet events [14, 15] indicate that the underlying event contributes∼ 20 MeV on average to the
transverse energyET at truth particle level in each(∆η×∆φ) region of(0.1×0.1) which corresponds to
one calorimeter tower. This results in∼ 1 GeV contribution per cone jet withR= 0.4 and∼ 3 GeV per
cone jet withR= 0.7. The lower row of Fig. 3 shows the same distributions after an additional require-
ment to have no further jet withpT > 10 GeV in the event. The spread of thepT balance distributions is
reduced. The negative bias is also reduced but remains significant, especially at lowpT,Z values.

Furthermore, these effects strongly depend on the chosen jet algorithm. In Fig. 4 thepT balance for
the leading jet relative to the photon is depicted as a function of photonpT for cone jets withR= 0.4,
R= 0.7 and forkT jets withD = 1. The jets are reconstructed at the truth particle level andat the parton
level after parton showering inHERWIG γ + jet events and after applying the∆φ cut. ThekT jets on
parton level reveal an essentially perfect balance, as expected from theory. Cone jets are subject to out-
of-cone losses due to parton showering. The relative lossesincrease with decreasingpT, and are bigger
for cone jets with smaller radii. They are much larger for particle level cone jets due to the lateral spread
of the fragmentation. On the contrary, thekT algorithm tends to include particles originating from other
partons, which leads to a significant positive bias at lowpT.

A further important issue in the use of thepT balance is the quantity used as a reference to define the
pT ranges. This is illustrated in Fig. 5 in whichPYTHIA γ + jet events are used which were generated with
a minimumpT of 30 GeV for the hard scattering process. The scatter plot shows the photonpT versus
the pT of the parton as produced in the hard interaction. The eventsare distributed around the diagonal
as a result of ISR. The cut at the generator stage is visible. If we choosepT,γ bins to studypT balance
distributions (e.g. the set of events with 30 GeV< pT,γ < 40 GeV contained between the two horizontal

Figure 4: Mean value of the fittedpT balance (B1 + 1) as a function ofpT,γ in γ + jet HERWIG events for
various jet algorithms. The points correspond to particle level and parton level jets.
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Figure 5: ThepT of the parton versus thepT of the photon as produced in the hard interaction inγ + jet
events.

dashed lines), we will observe a bias towards lowerpT balance values, since in this case we populate
the distribution with significantly more events from the left side of the diagonal than from the right side.
The events on the left side are generated on average in interactions with smaller center-of-mass energy,
hence with higher cross-section. The cross-section decreases quickly with energy and the negative bias
of the pT balance is significant3. One should note also that the bias is proportional to the spread around
the diagonal. Hence it decreases withpT. It also decreases if one requires the parton and theγ to be
back-to-back in azimuth within some∆φ limit, since the ISR spread is then reduced [14]. If we were
able to select events according to(pT,γ + pT,parton)/2 (with lines perpendicular to the diagonal), then the
symmetry would be restored.

This can be seen in Fig. 6. ThepT balanceB1 for events with 101< pT < 152 GeV is shown in the

3Throughout this note, we will generically refer to such biasas “bin migration effect”.
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Figure 6: Left: pT balance at particle level for events with 101< pT < 152 GeV. The solid line shows
the balance when thepT reference for binning is taken as the averagepT of the photon and the jet; the
triangles when it is taken as the photonpT. The circles show the balance when the photonpT is used and
the photon and the jet are required to be back-to-back within0.2. Right: thepT dependence of the most
probable value of the particle level jet balance for these three cases.
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left panel of the figure. The solid line shows the balance whenthe pT is taken as the averagepT of the
photon and the jet4 and the triangles when it is taken as the photonpT. The difference in the shape is
clearly visible with a more pronounced low tail for thepT,γ reference, because the cross-section favors
the case when ISR has reduced the leading jetpT, as discussed above. The circles show the balance with
the photonpT reference when the photon and the jet are required to be back-to-back within 0.2 to reduce
ISR. The resulting distribution is indeed more symmetric.

The right panel of the figure shows the most probable value of the particle level jet balance for these
three cases. The effect of varying the quantity used to definethe pT bins can be as large as 3% for low
pT. The∆φ cut helps reducing the effect to the percent level. More details on this issue can be found
in Ref. [14]. A disadvantage of using the averagepT to define the energy bins is to introduce a coupling
with the jet energy scale that one is trying to measure. Hence, we decided to usepT,γ and pT,Z in the
baseline study. The averagepT will be used as a cross-check.

The above studies show that the level of imbalance is determined in first order by “out-of-cone” losses
related to the jet algorithm under consideration. In addition ISR/FSR and UE influence the measured bal-
ance. ISR/FSR effects can be reduced by suitable cuts like a “back-to-back” requirement. UE can be
estimated separately by looking at the energy outside jets and can be subtracted, if necessary. The im-
balance, depending on the algorithm and on the choice of the reference scale, is up to 5−10% at 20 GeV
and becomes smaller than 1% around 100−200 GeV. A careful tuning of Monte Carlo simulations will
be necessary to reproduce and disentangle the effects that cause the residual imbalance.

In the following, the specific issues ofγ + jet andZ + jet data analyses are discussed. In particular,
backgrounds, event rates and the kinematic reach for each channel are considered.

4.3 Analysis ofγ + jet events

The data used in this section areγ + jet events generated usingPYTHIA. They are generated in intervals
of pT of the hard scattered partons to provide adequate statistical coverage over a wide range ofpT. The
signal has been generated via the annihilation processqq̄→ gγ (ISUB = 15) [5], and the QCD Compton
processqg→ qγ (ISUB = 30). The Compton process dominates over the wholepT range.

The main background comes from QCD dijet events, where one ofthe jets is misidentified as a
photon in the calorimeter. For background estimation, QCD jets are simulated with the same version
of PYTHIA and similar intervals ofpT. Table 1 gives the cross-sections for the variouspT intervals for
γ + jet and QCD dijet events.

In this study, the leading jetpT balance method is used, which consists of first selecting theleading
photon in the event and then selecting the leading jet in the opposite hemisphere. The balance is inves-
tigated at the reconstruction level using full detector simulation. The cone jet algorithm withR= 0.7 is

4The jetpT is used as an approximation to the partonpT.

Table 1: γ + jet and QCD dijet cross-sections for the variouspT intervals. The total inelastic
cross-section is 8×1011 pb.

pT interval γ + jet σ (pb) Dijet σ (pb) σ ratio (Dijet / γ + jet)
17< pT < 35 GeV 2.61×105 1.38×109 5.29×103

35< pT < 70 GeV 2.76×104 9.33×107 3.38×103

70< pT < 140 GeV 2.59×103 5.88×106 2.27×103

140< pT < 280 GeV 1.99×102 3.08×105 1.55×103

280< pT < 560 GeV 1.17×101 1.25×104 1.07×103

560< pT < 1120 GeV 4.90×10−1 3.60×102 7.35×102
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Figure 7: The most probable value of the balance at reconstruction level for cone jets withR= 0.7. Black
and dots are for default and tight selection, respectively,and the points show the truth level balance. The
back-to-back∆φ cut is applied.

used. Only jets with|η |< 2.5 are considered.
Two different photon selections have been considered. The tight photon selection adds isolation

criteria in the calorimeter and tracker to provide further jet rejection, as discussed later in this section. A
calorimeter isolation criterion is applied on the relativetransverse isolation energy in a cone with half-
opening angle 0.2, requiring thatET(cone)/pT,γ < 0.05. The track isolation criterion requires that the
number of tracks pointing to any jet around the photon is lessthan three. Here, track parameters are
measured at the origin. The tight selection maintains a goodefficiency of> 60% above 100 GeV while
it is significantly reduced at lowpT. These tight selection cuts have not been optimized. Their purpose
in this note is to show that additional purity can be obtained, without too much loss of efficiency, at least
for the higherpT range. The photon energy calibration,pT(reconstructed)/pT(truth), has been checked
and is between 0.995 and 1 over most of thepT range. No photons impinging in the calorimeter crack
regions with 1.37< |η |< 1.52 are used.

The average response of jets over the various calorimeter regions was checked and a residual miscal-
ibration of about 1% was found for allpT values. Jets close to the crack regions are not well calibrated,
therefore jets with 1.3 < |η | < 1.8 are excluded from further analysis. Eventually we will rely on dijet
balance to correct for suchη-dependent effects in the calibration (see Section 5).

Figure 7 shows the measuredpT balance. The photonpT is used as the reference and the standard
back-to-back∆φ cut is applied. Table 2 shows the fitted mean, the statisticaluncertainty and the inte-
grated luminosity for eachpT interval for the tight photon selection. ThepT balance above 80 GeV is
flattening at the level of -0.02. At lowpT the balance with the tight photon selection is a few percent
below the balance measured with the default cuts. The photonreconstruction efficiency is low, and the
stringent isolation cuts likely bias the sample composition rejecting events with strong ISR or underlying
event. The match between the leading reconstructed jet and the leading truth jet is better than 98.5%
for jets above 70 GeV; it degrades to 85% for jets above 17 GeV.The reconstruction levelpT balance
is one percent below the truth levelpT balance. This is the result of the residual miscalibration of the
jets in the particular release of the ATLAS event reconstruction software, as checked by comparing the
reconstructed jetpT with the truth particle level jetpT.

The PYTHIA QCD jet samples described in Table 1 were used to estimate theinfluence of the dijet
background. The jet rejection factors for the standard photon selection and the tight photon selection were
studied as a function of jetpT. With the default photon selection criteria, the probability of identifying
a jet as the leading photon is of the order of 10−3 and has somepT dependence. The resulting signal to
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Table 2: Fitted meanpT balance, error and integrated luminosity of the analysed samples for the
variouspT intervals for the tight photon selection. The last column shows the precision expected
for 10 pb−1 obtained by scaling the error according to recorded integrated luminosity.

pTlow edge Bin width Fitted balance Integrated luminosity, pb−1 Error for 10 pb−1

20 GeV 10 GeV −0.052±0.007 0.67 0.2%
30 GeV 15 GeV −0.042±0.005 0.67 0.2%
45 GeV 22.5 GeV −0.047±0.005 9.1 0.4%
67.5 GeV 33.5 GeV −0.027±0.003 9.1 0.4%
101 GeV 51 GeV −0.026±0.003 47 0.7%
152 GeV 76 GeV −0.018±0.002 47 0.4%
228 GeV 114 GeV −0.016±0.002 535 1.7%
342 GeV 171 GeV −0.021±0.005 535 4%
513 GeV 256 GeV −0.006±0.026 535 19%

background ratio is estimated to be of the order of 1 above 100GeV and degrades to about 0.1 for lower
pT. The tight photon selection improves the signal to background reduced by a factor of three or more.

Figure 8 left shows thepT balance distribution for QCD background events passing thedefault photon
selection in the interval 140< pT,γ < 280 GeV. The back-to-back∆φ cut has been applied. The fitted
most probable value of the distribution with the default photon selection and the∆φ cut is 0.13. Applying
the tight selection reduces the number of background events, but a few events still remain in the tail. It
will thus be desirable to maintain a good signal to background ratio to avoid a bias that would be difficult
to control. For the tight photon selection, the mean of the Gaussian fit to the signal shown in Fig. 8 (right)
for the interval 140< pT,γ < 280 GeV changes by less than 1% when the background is added in.

Thus, the background studies have shown that above∼ 80 GeV, the signal to background ratio is
good enough to avoid bias. A more detailed and higher statistics study of the background rejection at
lower pT should be carried out, to understand if the range of high precision could be extended to lower
pT.

Table 2 shows that a good statistical precision is obtained for a relatively small integrated lu-
minosity. For example, 100 pb−1 is sufficient to reach a precision of 1− 2% for jets in the range
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Figure 8: Left: pT balance for the background sample of 140< pT < 280 GeV for the default and
tight photon selection. Right:pT balance for the signal and background sample in the interval
96< pT,γ < 224 GeV for tight photon selection.
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300< ET < 500 GeV. We expect that the threshold of the un-prescaled photon trigger will be 60 GeV
for early running. Hence above that value the full statistics should be recorded while prescale factors
will have to be applied for lowerpT.

4.4 Analysis ofZ + jet events

A sample of inclusiveZ boson events corresponding to an integrated luminosity of 500 pb−1 has been
produced usingALPGEN. The MLM matching cut is imposed atpT > 20 GeV and|η | < 6, and the
factorization scale is set atm2

Z + p2
T,Z wheremZ is theZ boson mass. The invariant mass is required

to lie between 40 and 200 GeV. A generator-level filter requires one truth cone jet withR= 0.4, with
pT > 20 GeV and|η |< 5.0 and two electrons/muons withpT > 10 GeV and|η |< 2.7 in the event.

Another sample of inclusiveZ events corresponding to 120 pb−1 , as well as the relevant background
samples have been generated usingPYTHIA. The signal has been generated via the Drell-Yan process
(ISUB = 1) [5]. As for γ + jet events, theqg Compton process dominates over the wholepT range. The
Drell-Yan process contributes due to higher order QCD radiation which may reproduce the leading jet.

The Z → ee andW → eν events are produced with a generator-level filter requiringone truth
electron withpT > 10 GeV and|η |< 2.7. TheZ → ττ events are generated with a filter requiring two
electrons/muons withpT > 5 GeV and|η |< 2.8. ForZ→ ττ andZ→ ee the dilepton mass is required
to be larger than 60 GeV. For more details on the data samples see Ref. [16].

The fully simulated events are required to pass the isolatedsingle-electron trigger with apT threshold
of 25 GeV or the isolated di-electron trigger with thepT threshold of 15 GeV at trigger level 1 and 2.
Electrons are required to havepT > 25 GeV,|η | < 2.5 and to be outside the calorimeter cracks defined
as 1.37 < |η | < 1.52. Jets are reconstructed with the cone tower algorithm with R = 0.7. They are
required to have a distance of∆R> 0.4 from a reconstructed electron andpT > 30 GeV.

TheZ bosons are selected by requiring two reconstructed electrons with invariant mass in the range
mZ±20 GeV. If more than two electrons are reconstructed, the pair with the invariant mass closest tomZ

is chosen. The combined distribution of the invariant mass for the signal and background events is shown
in the left panel of Fig. 9 forALPGEN Z + jet events where jets withpT > 40 GeV are reconstructed using
the cone tower algorithm withR= 0.7. The main backgrounds are from QCD multijets and from top
production, whileZ → ττ andW → eν events are an order of magnitude smaller. The background
level is reasonably low. Requiring the jet and theZ to be back-to-back in azimuth within 0.2 reduces the
background to a negligible level.

The right panel of Fig. 9 shows the measured balance for cone jets withR= 0.7 as predicted byALP-
GEN for 500 pb−1 . The precision with which thepT balance can be measured experimentally depends
on the efficiency for reconstructing theZ in its electron or muon decay channels, on the trigger efficiency
and on the experimental width of thepT balance distribution. Table 3 shows the fitted most probable
value of thepT balance and the statistical precision for an integrated luminosity of 500 pb−1 obtained
with theZ → ee sample. Below 200 GeV, the precision is of the order of 0.8%, while above 200 GeV,
it gets worse. TheZ → µµ decay mode can also be used. A similar efficiency and background level
can be achieved as shown in [16] doubling the available statistics. A statistical precision of 1% can be
achieved below 200 GeV with an integrated luminosity of 100 pb−1 , while above the precision is at the
level of 2%. This assumes also that the completeη range can be used for the measurement, relying on
techniques like dijet balancing to ensure uniformity across η to the desired precision.

The measurement is also affected by systematic uncertainties. The balance is sensitive to the correct
modeling of higher order radiation. Comparing the predictions from different Monte Carlo simulation
programs gives an indication of the size of such effects. This is illustrated in Fig. 10, in whichALPGEN

and PYTHIA samples ofZ + jet events corresponding to 120 pb−1 and 500 pb−1 (ALPGEN only) are
compared after applying the∆φ cut, for cone jets withR= 0.7. PYTHIA predicts a more negative average
pT balance at lowpT thanALPGEN. This effect is related to broader distributions and largertails in the
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Figure 9: Left: Distribution of the dielectron mass forZ→ ee+≥ 1jet events and the relevant background
in a simulated event sample corresponding to an integrated luminosity of 200 pb−1 with cone jets with
R= 0.7. Right: ThepT balance for an integrated luminosity of 500 pb−1 of cone jets withR= 0.7 in
events generated withALPGEN in 5 bins ofpT,Z. The red dots are for reconstructed jets, solid triangles
for truth jets and open triangles for truth in bins of averagepT,Z and jetpT.

Table 3: The fitted most probable value of thepT balance and the statistical precision for an
integrated luminosity of 500 pb−1 obtained with theZ→ ee+ jets sample for reconstructed cone
jets withR= 0.7 andR= 0.4.

pT interval cone 0.7 jet balance error cone 0.4 jet balance error
30< pT < 40 GeV −0.032 0.008 −0.150 0.007
40< pT < 60 GeV −0.059 0.007 −0.162 0.008
60< pT < 100 GeV −0.032 0.006 −0.113 0.007
100< pT < 200 GeV −0.027 0.007 −0.081 0.008
200< pT < 400 GeV −0.026 0.014 −0.060 0.016
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Figure 10: ThepT balance for an integrated luminosity of 120pb−1 and 500pb−1 in events generated with
ALPGEN (dots and triangles, respectively) and for 120pb−1 in events generated withPYTHIA (squares)
in bins of pT,Z for cone jets withR= 0.7.

balance distributions resulting from lowpT activity in PYTHIA induced by higher order radiation. The
differences between the two generators can be tested with∼ 100 pb−1 of data forpT < 100 GeV.

4.5 The missingET projection method

The missing~ET projection method is an alternative approach to test the jetenergy scale and has been used
successfully by the D0 experiment to determine the responseof their calorimeter to hadronic jets [17]. It
is explained here for the example ofγ + jet events, but it can also be used forZ+jet events. Details about
the study presented in this section can be found in Ref. [15].

At leading order, momentum conservation between the photonand the jet gives

~ET,γ +~pT,parton= 0 . (3)

Neglecting parton showering and hadronization effects, this can be rewritten at particle level as

~ET,γ +~ET, jet ≈ 0 , (4)

where momentum has been replaced by energy, which is a good approximation for light quark jets.
The systematic effects of parton showering and hadronization, including initial state radiation (ISR)

and final state radiation (FSR), can be reduced by requiring that the leading jet and the photon are back-
to-back within 0.2 in azimuth in a similar way to what was shown in Fig. 2.

At the calorimeter level, the balance equation is modified to

e~ET,γ + j(Ejet)~ET, jet =−~Emiss
T . (5)

wheree, j are the electromagnetic and hadronic responses,Ecalo/Eparticle, of the calorimeters, respectively.
It is implicit in Eq. 5 that energy deposited in the calorimeters by the underlying event and pileup is
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symmetric inφ . These assumptions have been tested and their effect is small. Anticipating that the
electromagnetic scale will be well calibrated, for exampleby using the electrons from the decay of a Z
boson, we can assume thate≈ 1. The quantities can then be projected in the direction of the photon,
yielding

ET,γ + j(Ejet)~ET, jet · n̂γ =−n̂γ ·~Emiss
T , (6)

wheren̂γ is the unit vector in the direction of the photon. Using the relation

~Emiss
T =−~ET,γ −∑ ′~ET , (7)

where∑′ indicates a sum over all activity in the calorimeter other than theγ , the response can be further
simplified as

j =
∑′~ET · n̂γ
~ET, jet · n̂γ

=
∑′ ~ET · n̂γ

ET,γ
, (8)

where Eq. 4 was used in the last step. In this form it is clear that this method of measuring the response
is independent of the underlying event, since the hadronic activity outside theγ + jet system is approxi-
matelyφ -symmetric and its contribution to the sum cancels out. It isalso (mostly) independent of the jet
algorithm.

However, the jet response depends on the jet energy because the relative fraction of EM energy in the
calorimeter level jet increases with increasing energy, hence a correction for non-compensation must be
applied. Thus, the response has to be measured as a function of the jet energy. If we bin the response as a
function of the measured jet energy (Ejet), it would be biased towards lowerET,γ due to the bin migration
described in Section 4.2. Instead, the jet energy is taken asE′ = ET,γ · cosh(ηjet), which uses the much
better measured energy of the photon and projects it in the jet direction; this procedure is based on the
momentum balance of Eq. 4. The EM scale jet energy distribution is fitted with a Gaussian in each bin of
reference energyE′, and the jet energy scale is then calculated. The correspondence betweenE′ and the
measured jet energy is also determined. The resulting jet energy scale can then be plotted as a function
of Ejet.

The response function is then plotted for each algorithm as afunction of the corresponding mean jet
energy and parameterized by

j(E) = b0 +b1 ln
E

Escale
+b2 ln2 E

Escale
(9)

with Escaleset to 200 GeV and theb parameters fitted, as shown in Fig. 11.
The fit function is used to correct the jet energy at the EM scale Emeas

T . The corrected energy
Ecalib

T = Emeas
T / j(E) is then compared to the truth informationEMC

T in the Monte Carlo simulation. Fig-
ure 12 is a plot of the ratioEMC

T /Ecalib
T as a function of jet energy, which shows a linear response within

≈ 2% over the range 50−900 GeV.
This procedure accounts for the fact that the ATLAS calorimeters are non-compensating and that

the electromagnetic content of a hadronic shower is energy dependent. Further adjustments, such as
out-of-cone corrections, must be made to obtain the final jetenergy scale. It is only at this point that
jet algorithm dependent corrections are made and is therefore a useful method as a cross-check of our
understanding of the energy scale with different sensitivity to systematic effects.

4.6 Conclusions of the studies ofγ/Z + jet events

The use of the in-situγ /Z + jet processes allows us to propagate the knowledge of the electromagnetic
scale characteristic of theγ or theZ → ℓℓ decay to the hadronic recoil system. Typically the leading jet
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Figure 11: The energy dependence of the jet response for conejets withR= 0.4. The solid line corre-
sponds to the fit using Eq. 9.
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is required to be back-to-back in azimuth with theγ or theZ boson, and thepT balance between them is
used to connect the two scales.

The balance is affected by various physics effects which systematically limit the precision of the
in-situ validation procedure. These effects can be as largeas 5−10% at 20 GeV and tend to decrease to
the percent level at about 100 GeV.

Theγ + jet process has the advantage of higher statistics compared to Z + jet. However, at lowpT it
may be seriously affected by background from QCD jets. Henceit may turn out to be most useful above
∼50− 100 GeV where the signal to background ratio is more favorable and where an inclusive single
photon trigger is available. A statistical precision better than a percent is achieved already with 10pb−1

at 100 GeV, and in the range 300−500 GeV the percent level is reached with about 100pb−1. TheZ + jet
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Figure 13: The jet responsepT(reconstructed)/pT(truth) at the EM scale versus the jet pseudorapidityη
.

process allows us to measure the absolute energy scale in thelow pT range with a statistical precision
of 1% with ∼ 300pb−1 of data. It provides also the highestpT reach with percent level precision in
the range 300−500 GeV with∼ 200pb−1. Above∼ 500 GeV, other methods will be used as discussed
further on.

5 In-situ studies using QCD jet events

5.1 Calorimeter intercalibration in QCD dijet samples

The calorimeter responsepT(reconstructed)/pT(truth) for jets at the EM scale reveals significant vari-
ations with pseudorapidityη , as shown in Fig. 13. The dips correspond to known cracks and dead
material regions. The response may also be non-uniform in azimuth φ for the sameη due to the varia-
tions in the basic calorimeter response and due to the non-uniform distribution of the dead material. The
response inφ andη should become flat at the hadronic scale. This has to be checked in-situ with high
precision, and if necessary, an intercalibration of different regions of the calorimeter has to be performed.
For this study we usePYTHIA QCD jet events, generated in intervals ofpT of the hard scattered partons,
as described in Section 4.3.

5.1.1 Intercalibration in azimuth

The intercalibration inφ can be checked using the high rates of QCD jet events. As the scattering cross
section is constant inφ , the jet rates above a fixedpT threshold have to be nearly equal in differentφ
sectors, as shown in Fig. 14 (left) for 64φ sectors in theη range|η | < 0.1 which corresponds to the
segmentation of the ATLAS hadronic calorimeter in one calorimeter wheel. Strongly deviating rates in
particular sectors would point to dead calorimeter cells, losses in dead material, or noise.

For a perfectly calibrated calorimeter the spread of rates around the mean rate valueN should be√
N following the Poissonian distribution. Thus, collecting on average e.g.∼1000 events per sector, one

would expect the spread of∼30 events, i.e. 3% of the average rate. A significantly largerspread would
point to a relative miscalibration of different sectors. The spread can be obtained by filling a histogram
with the rates and fitting it with a gaussian. Due to the strongly falling jet pT distribution the rates are
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Figure 14: Left: The jet rate as a function ofφ for jets with the transverse momentum above a certain
threshold. Right: Integrated luminosity required to collect 1000 events with jets above the givenpT

thresholds in each of the 64φ sectors in the region|η |< 0.1.

extremely sensitive to the jet energy scale: a 1.5−2% shift in the energy scale would result in∼6−9%
change of the rate, which is a 2−3σ effect for the above example with 1000 events per sector. Thus, the
statistics of 1000 events per sector should allow us to control the jet energy scale to within 1.5−2%. The
luminosity necessary to collect such statistics in 64φ sectors within theη interval |η |< 0.1 is shown for
different pT thresholds in Fig. 14 (right). A study of the systematics forthis method is on the way.

The trigger menu for the initial running period at the luminosity of 1031 cm−2s−1 is currently under
development, and the effect of trigger prescaling has not yet been taken into account in this plot. The
highestpT threshold for the inclusive jet trigger is expected to be at 100− 150 GeV, above which no
prescaling will be applied. The prescale factors will steeply rise for lower thresholds, such that the
recorded event rate should be roughly flat inpT. Scaling the shown luminosity values for the lowest two
pT bins down with the currently foreseen prescale factors shows that the rate of recorded events will be
still sufficient to reach the statistical precision of 1.5−2% with <∼ 10 pb−1 of data.

However, the rates may be affected by the calibration of the level 1 calorimeter trigger. To avoid a
bias, thepT thresholds chosen for this analysis should be significantlyhigher than the respective trigger
thresholds. This will lead to a loss of statistics, and thus ahigher integrated luminosity will be necessary
for the same statistical precision.

5.1.2 Intercalibration in pseudorapidity

The intercalibration inη can be done based on thepT balance in QCD dijet events. The roughly three
orders of magnitude higher cross section of dijet events, ascompared toZ/γ + jet events, allows an
intercalibration of the calorimeter with higher granularity, higher precision and for higher energy ranges
than can be achieved inZ/γ + jet events for the same integrated luminosity. Applying the calibration
based on thepT balance, one corrects for the relative difference in calorimeter response for jets, the noise
and pile-up in different regions of pseudorapidityη . The goal is to achieve a flat response inη and to
extend the previous calibrations for|η |< 2.5 to higher pseudorapidities.

The method is straightforward: one calorimeter region in pseudorapidityη is chosen as the reference
region and jets in otherη regions are calibrated relative to jets in this region. Normally, one calorimeter
η wheel in the central range, far from the crack regions, will be chosen as the reference region. Other
considerations are the existence of dead or noisy cells in a particular part of the calorimeter, the unifor-
mity of the response inφ within one wheel etc. The width of the region will also dependon the available
statistics.
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Figure 15: Left: The asymmetryA as measured with both jets in the central region|η |< 0.7 as defined in
Eq. 10. Right: The mean asymmetry obtained from gaussian fits, plotted as a function of the half scalar
sum ofpT of both jets at the reconstruction level (closed circles) and at the truth particle level (stars).

We choose to characterize thepT-balance in dijet events by the asymmetryA given by

A =
pprobe

T − pref
T

(pprobe
T + pref

T )/2
, (10)

where pref
T is the transverse momentum of the jet in the reference region, and pprobe

T is that of the jet
in the region to be calibrated. Using this form, thepT balance is symmetric, as shown in Fig. 15 (left)
for reconstructed cone jets withR = 0.7. It thus provides better properties than the simple definition
pprobe

T /pref
T which is intrinsically asymmetric.

To limit ISR/FSR and thereby reduce the width of the asymmetry distribution, a cut on the azimuthal
angle between the two jets,∆φ > 3, is applied. The fitted mean value of the asymmetry as a function of
pT is displayed in the right panel of Fig. 15 and shows that for this definition there is very little bias both
for truth particle jets and for reconstructed jets at the hadronic scale.

Further cuts can be applied to obtain a cleaner dijet sample and thus reduce further the width of the
pT balance distributions. For example, the total number of reconstructed jets withpT > 10 GeV can be
limited to Njet < 4 or even more strongly toNjet = 2. However, these additional cuts reduce the statistics
of the sample, as demonstrated in Fig. 16, which shows the integrated luminosity required to reach a
statistical precision of 0.5% of thepT balance fit mean value in the probe range 0.7 < η < 0.8, where
0 < |η | < 0.7 is taken as the reference region. The luminosity values areshown for different sets of
cuts. For the case of applying only the back-to-back cut on the angle between the two leading jets, 0.5%
precision can be reached in thisη region with 10 pb−1 of data forpT

<∼ 300 GeV, and with 100 pb−1 for
pT

<∼ 500 GeV.
Similar plots were produced for the otherη regions, which show that an order of magnitude more

luminosity is necessary for|η |> 2.5, compared to the central region. On the other hand, the sizeof the
reference region can be increased sequentially, i.e. as soon as oneη has been checked or recalibrated, it
can be added to the reference region to study the nextη range.

As in the luminosity estimation for theφ intercalibration in Section 5.1.1, the trigger prescalinghas
not yet been taken into account in Fig. 16. As in Sect. 5.1.1, scaling the shown luminosity values for
the lowest twopT bins down with the currently foreseen prescale factors shows that the rate of recorded
events will be sufficient to reach 0.5% precision with<∼ 10 pb−1 of data.

The calibration method is further tested in the fullη region for differentpT ranges. For eachη
regioni in eachpT range j, the asymmetryA defined in Eq. 10 is fitted and the mean valueAi j is used to
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calculate a correction factorci j via

ci j =
2−Ai j

2+Ai j
. (11)

In the case of an imperfect original calibration, factors deviating from 1 are obtained. Each jetpT can
then be multiplied by the appropriate factor to restore the balance of fully simulated jets. More details of
this study can be found in Ref. [18].

5.2 High pT jet calibration

The calibration of the jet energy scale for highpT jets (with pT
>∼ 500 GeV) is a challenge at hadron

collider experiments. In this energy range, methods developed for lowerpT jets, normally using well
defined objects as reference, start to fail. This difficulty will be further increased at the early stage of
data taking, where both our understanding of the detectors and the statistics of such highpT jets are
usually limited. Our goal is to develop a calibration technique for jets withpT > 500 GeV based on
data collected with an integrated luminosity of 0.1–1 fb−1. The basic idea is to determine the energy
scale of highpT jets from lowerpT jets, for which the energy scale will be obtained by the techniques
described earlier in this note. Two calibration techniquesare discussed in the following sections: 1)
the correlation between differentpT jets in momentum balance in the transverse plane, and 2) the angle
between particles in the jets.

5.2.1 Multijet pT balance method

This method is based on selecting events with multiple (> 2) jets and calibrating the energy scale of
the highestpT jet by requiring apT balance between the leading jet and the system of remaining lower
pT jets. The absolute jet energy scale of the non-leading jets,which is expected to be obtained from
photon+jets,Z+jets and/orW → jet jet studies, is thus propagated to the JES of the higherpT jets using
pT balance methods. The large QCD jet cross-section allows fora very high reach inpT. This method
has been studied with samples generated with bothALPGEN andPYTHIA using the fast and full detector
simulation. Two different analysis techniques were applied as described in the following.

Figure 16: Integrated luminosity required to reach 0.5% precision for variouspT ranges in the region
0.7 < η < 0.8 with different sets of selection cuts: allPYTHIA dijet events (circles), requiring∆φ > 3
between the two leading jets (triangles), requiring in addition less than 4 reconstructed jets in an event
(squares), requiring exactly two reconstructed jets (stars). The reference region is 0< |η |< 0.7.
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Figure 17: Energy scale (left) and energy scale uncertainty(right) of high pT jets relative to lowerpT

remnant jets as a function of jetpT, obtained by multijetpT balance method at an integrated luminosity
of 1 fb−1. The error bars shown are statistical only.

ALPGEN study

For this study QCD multijet samples with 4, 5 and 6 partons were generated usingALPGEN interfaced
with JIMMY . Four data samples were formed by requiring the leading parton pT to be larger than 400,
600, 800, or 1000 GeV, while thepT of the next-to-leading parton was required to be smaller than 200,
300, 400, or 500 GeV, respectively. The total number of partons (pT > 40 GeV) can be 4, 5 and 6 in each
of the above samples. All the partons are required to be in therange|η |< 3. These samples, referred to
as PT400, PT600, PT800, and PT1000 hereafter, were processed through the full detector simulation.

At least four cone jets withR = 0.7 with pT > 40 GeV must be reconstructed in each event. The
leading jetpT in the samples PT400, 600, 800, and 1000 must be in the interval 400< pjet1

T < 460 GeV,

600< pjet1
T < 700 GeV, 800< pjet1

T < 920 GeV, and 1000< pjet1
T < 1140 GeV, respectively, while the

pT of the next-to-leading jet must correspondingly respect the boundpjet2
T < 190 GeV,pjet2

T < 280 GeV,

pjet2
T < 370 GeV, andpjet2

T < 470 GeV. In addition the leading jet and the vector sum of the remaining
lower pT jets with pT > 40 GeV (called remnant jets) are required to be back-to-backin azimuth within
±20◦. After all the cuts, about 3200, 310, 40, and 11 events remainin the PT400, 600, 800, and 1000
samples, respectively, for an integrated luminosity of 1 fb−1.

The distribution of thepT balance, defined as

B′Σ =
pjet1

T

non− leading jets|∑ pT|
, (12)

is plotted for each sample and fitted by a Gaussian. The mean values of the Gaussian fits with their
uncertainties for 1 fb−1 are shown in Fig. 17 as a function ofpjet1

T . The figure indicates thatB′Σ could be
determined with a statistical accuracy of 2% or better for high pT jets with 400< pT < 1100 GeV and
that it shows a constant offset of 2-3% over thepjet1

T range, as also observed in thePYTHIA study.
Various potential sources of systematic effect have been studied. LowpT jets will not contribute to

remnant jet system because of the 40 GeVpT threshold applied to the jets. If the threshold is varied by
±20 GeV,B′Σ varies by±1% at most. The effect is smaller, for the same range of thresholds, than in the
PYTHIA analysis because of the back-to-back requirement imposed on the system. A sizable fraction of
the soft radiation is still missed is the event. This is the main cause of the positiveB′Σ offset. It could
be reduced by requiring the overall eventpT to be balanced, e.g. by requiring thatEmiss

T < 40 GeV.
In that case,B′Σ decreases by 1–2% and becomes close to 1. However, anEmiss

T cut should be used
with caution as fakeEmiss

T could cause biases. The effect of the underlying event onB′Σ has also been
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evaluated by subtracting theET measured in a cone (R= 0.7) placed randomly in a region of azimuth
within 60◦ < ∆φ < 120◦ from the leading jet and not overlapping with any of the remnant jets. After
subtraction,B′Σ increases by 1–2%.

The precision on the JES for highpT jets is affected by the JES uncertainty of the remnant jets.
If we assume the uncertainty to be±7% for low pT jets with |η | < 3.2, which is the current linearity
performance of the H1 weight calibration method used in thisanalysis [1], vary the scale of the remnant
jets by±7%, and apply again all the event selection,B′Σ changes by±7% independently ofpjet1

T . This
provides an estimate of the JES uncertainty for highpT jets. The uncertainty onB′Σ is increased since
more events fail the next-to-leading jetpT cut that is included in the overall JES uncertainty.

Adding the statistical and above systematic uncertaintiesin quadrature, the JES uncertainty obtained
from multijet balance method is estimated to be about 8% in the pT range of 400< pT < 1100 GeV
and is totally dominated by the absolute JES uncertainty forlower pT remnant jets. If the absolute JES
uncertainty is not included in the systematics, the relative JES uncertainty is 3%.

PYTHIA study

In this study,PYTHIA samples with full and fast detector simulation were used. The fully simulated
sample was generated with kinematic cuts of 280< pT < 560 GeV for the hard scattering process. It
corresponds to an integrated luminosity of about 25 pb−1. Cone jets withR = 0.7 were reconstructed
based on calorimeter towers, topoclusters and on Monte Carlo truth particles.

The fast simulation package ATLFAST was used for a high statistics study. A cut on the hard scat-
tered parton atpT > 280 GeV was applied. The sample represents an integrated luminosity of about
0.8 fb−1. Cone jets withR= 0.4 were used for this study.

Events are selected with a minimum of three reconstructed jets, the leading jet being above a fixed
pT threshold, up to which the JES is assumed to be calibrated. All non-leading jets are required to be
below that value. A further event selection cut is|η |< 2 for the leading jet. Generally non-leading jets
have been reconstructed up to|η |< 5 and down topT > 10 GeV. For specific studies of their systematic
influences all these cuts have been varied.

Figure 18 presents results of the method for the sample usingfull detector simulation. The event
selection cut on non-leading jets ispT < 300 GeV. On the left, thepT balanceB′Σ is shown for leading
jets with 370< pT < 380 GeV, together with a Gaussian fit. While non-Gaussian tails are visible, which
could be partly reduced by a stricter event selection, they do not influence the fit and it was thus decided
to use the maximum statistics.

To reduce the bias of thepT balance due to migration effects, the division of thepT region into bins
is done based on the averagepT of the sum of the non-leading jets and the leading jet of each event. This
reduces the bias to about 1% at truth level. This is similar towhat is studied in theZ/γ + jet analyses
(Section 4.2), where the average(pT,γ/Z + pT, jet)/2 is an option for the binning.

On the right of Fig. 18 the JES was studied from 350 GeV to 550 GeV. The result is reasonably flat
but shows a systematic offset of about 2%, as also observed inthe ALPGEN study. There are various
effects contributing to this imbalance, mostly originating from soft radiation affecting the lowpT jets
in the hemisphere opposite the leading jet. At truth jet level, changing the minimum jetpT from 5
to 10/20/40 GeV introduces a negative bias of 0.2/1/3%, respectively. ThepT threshold value for real
data should be chosen taking the noise, pile-up conditions and jet finding efficiency at lowpT into
account. Out of cone losses also play a role: changing the cone size from 0.7 to 0.4 at truth level, affects
the measured balance by∼ 1%. Furthermore, imperfect calibration of lowpT jets at the level of few
percent [1] may be a cause of bias.

In a high statistics study, based on ATLFAST, the non-leading jets were restricted to apT value below
350 GeV during event selection. Figure 19 shows the result onthe left. ThepT balance distribution is
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lower than for cone jets withR= 0.7, as discussed above. Truth and ATLFAST jets give closer results in
this case, since the latter are truth jets smeared for resolution effects.

The reach inpT of the method can be further increased by iterating the procedure. Apart from the
QCD jet cross-section, the statistics are mainly limited bythe cut on thepT of the non-leading jets during
event selection, essentially requiring that one parton in the hard scattering lost a significant part of its
energy due to gluon radiation. For higherpT ranges this cut should be moved to higher values to obtain
sufficient statistics. The procedure is thus, after applying the method once, up to a certainpT, to use
the range up to thispT as reference region for a next iteration. Results using thisapproach based on
the ATLFAST sample are shown in Fig. 19 on the right hand side.For the studied highpT region, the
multijet statistics predicted byPYTHIA may be an underestimation, as thePYTHIA parton shower model
is not perfectly tuned for thispT range.

A crucial feature for this method, as observed inPYTHIA simulations, is that the imbalance value
remains essentially constant for one iteration if the tested JES is correct. The balance can differ between
the iterations. In general, it is slightly closer to 1 for higher pT ranges, as the system of non-leading jets
becomes harder and thus less sensitive to low energy effects. To ensure that the JES is correct, we require
that the beginning of the test region for a given iteration overlaps with the end of the region verified in
the previous iteration, or at the very beginning verified by another method.
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A complete understanding of the feature that the balance should remain constant for allpT within
one iteration, is necessary in order to rely on it in data. In this case, in addition to the absolute JES
uncertainty of the non-leading jets, the systematic uncertainty of this method is given by deviations of
the balance from a constant value as a function ofpT.

To determine this additional systematic uncertainty, the deviations are split into a global slope of a
linear fit and into local deviations around this fit. As possible sources of systematic effects, the absolute
JES of the remnant system, the choice of thepT binning, the lower and upperpT thresholds for the
non-leading jets, the effect of the underlying event and of the noise, and the effect of the varying jet
multiplicity in the remnant system are studied. To estimatethe deviations quantitatively, the absolute
JES is varied by 10%; the lower jetpT threshold is varied between 10 and 50 GeV; the upper threshold
for each iteration is varied by 100 GeV; the effect of the underlying event and of the noise is estimated by
adding±5 GeV to each jet in the event; and the analysis is performed separately for events with exactly
4, 5 and 6 jets.

The slope of the fit is compatible with zero within statistical uncertainties for all variations of the
sources. The corresponding systematic uncertainties for each source is estimated to be<∼ 0.1%. The
estimation is limited by the available statistics. All local deviations from a linear fit are of the order
of the statistical uncertainties. The width of their distribution is found to be less than 0.2% above the
statistical expectation for each of the above influences. Adding all uncertainties quadratically results in
a very small total systematic uncertainty of 0.5%. Thus, the main contribution to the JES uncertainty is
expected to be the accuracy of the calibration in the reference region. The JES can then be calibrated up
to pT

>∼ 1.5 TeV, with the specific uncertainties introduced by this method being below 1% and requiring
less than 1fb−1 of integrated luminosity.

5.2.2 Track angle method

The idea behind this method is that the invariant mass of two particles in a jet is approximately constant
(given by the scale ofΛQCD), which leads to ap−1

T behavior of theη-φ distance between two particles
in a jet ∆R, wherepT is the transverse momentum of the jet. The dependence of∆R on p−1

T of the jet
could provide a means of determining the energy scale of highpT jets once the JES of lowerpT jets is
calibrated with some accuracy using other in-situ techniques. The procedure to determine the JES of
high pT jets is as follows: 1) measure∆R for low pT jets with the calibrated JES in both data and Monte
Carlo samples, 2) calibrate the simulation so that∆R in the simulation matches∆R in data in the lowpT

range, then 3) measure the∆R for a sample of given highpT jets in data, and look for the Monte Carlo
jet pT scale corresponding to the measured∆Rvalue on the curve of∆R(p−1

T ).
The studies were performed onPYTHIA dijet samples generated in intervals ofpT. The jets selected

have to havepT > 20 GeV and should not overlap with other physics objects within R< 0.4. Afterward
all tracks are selected which fall in a cone ofR= 0.4 around reconstructed jet axis of the jet with the
highestpT. If fewer than two tracks are found for the jet, the event is rejected. The∆R of two tracks is
then calculated for all combinations from two up to the five highestpT tracks in the jet. Figure 20 shows
the mean of the∆R values (one entry per event), normalized to an integrated luminosity of 1fb−1, for
leading jets with 140< ptruth

T < 160 GeV (top-left) and 1120< ptruth
T < 1280 GeV (top-right). The two

histograms correspond to the∆R obtained from leading two and five tracks. When more lowpT tracks
are involved, the∆Rdistribution broadens as a result of jet fragmentation.

The bottom plots in Fig. 20 show the mean (left) and most probable value (MPV) obtained from a
Landau fit to the peak (right) of the∆Rdistributions as a function of the leading jet truthpT. Both mean
and MPV are well fit by a function of the formp0/x+ p1 as shown by the curves. Figure 21 (top-left)
shows the uncertainty of the jetpT scale obtained by evaluating the jetpT range on the curves covered
by the statistical uncertainties of the data points in the bottom of Fig. 20 and dividing thepT range by
the jet truthpT. The pT scale uncertainty varies significantly at highpT with different choices of∆R
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Figure 20: Top: Distributions of the mean of the∆R values for the leading two (solid histogram) and
five (dashed histogram) tracks in jets with 140< ptruth

T < 160 GeV (left) and 1120< ptruth
T < 1280 GeV

(right) for an integrated luminosity of 1fb−1. Bottom: Mean (left) and most probable value obtained
from a Landau fit to the peak (right) of the∆R distributions as a function of the leading jet truthpT for
the leading two (solid points) and five (open points) tracks.The curves represent fits with a function of
the formp0/x+ p1.
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values. In general, the MPV is more stable than the mean valueas it suffers less from fluctuations in jet
hadronization. The MPV-based scale uncertainty seems lessdependent on the leading track multiplicity
in PYTHIA-only comparisons, but the situation changes whenPYTHIA is compared withHERWIG as in
Fig. 21 (top-right). Apparently the choice of the leading two tracks is more robust against different
jet fragmentation models, and therefore the∆R obtained from the MPV of leading two tracks is used
hereafter as a central value.

Figure 21: Top-Left: JetpT scale uncertainty (statistical uncertainty only) as a function of jet truth pT

obtained for different choices of∆R values and track multiplicities. Top-Right: The most probable ∆R
of the leading two and five tracks as a function of the jet truthpT in PYTHIA (open points) andHERWIG

(solid points). Bottom-Left: Default fit (solid curve) to the most probable∆Rof the leading two tracks as
a function of the truth jetpT and the curves corresponding to±5% JES variations atpjet

T = 5 GeV (dashed
and dotted). Bottom-Right: Total and individual systematic and statistical uncertainties as a function of
the truth jetpT expected to be obtained from the track angle method for an integrated luminosity of
1fb−1.

The following sources of systematic uncertainties are considered: 1) the jet fragmentation model
as discussed above, 2) the track selection cuts and reconstruction inefficiencies, 3) absolute JES at low
energies, and 4) the uncertainty associated with the fit. Thesystematic uncertainty on the jetpT scale
is evaluated by obtaining the∆R versus jetpT distributions shifted by±1σ (or the equivalent amount
specified) of the source, and looking at the variation in the jet pT at the measured∆R values. For 1), the
difference betweenPYTHIA andHERWIG is assigned. For 2), the deviated distributions are obtained by
applying different selection cuts on tracks and assuming anextra 5% reconstruction inefficiency for tracks
in jets. The JES uncertainty for lowpT jets is assumed to be±5% at pjet

T = 100 GeV, and the deviated

distributions are obtained by estimating the corresponding variations in∆R at pjet
T = 100 GeV using the

default fit function and transferring the variations to uncertainties on the parameters of the function. The
JES deviated and default distributions are shown in Fig. 21 bottom-left. The total uncertainty obtained
by adding all the systematic uncertainties and the statistical uncertainty in quadrature, and individual
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systematic uncertainties as a function of the jet truthpT are shown in the bottom-right of the figure. With
the assumption of±5% JES uncertainty atpjet

T = 100 GeV, the JES of 150, 300, 600, and 1200 GeVpT

jets can be potentially measured with an accuracy of 8, 10, 13, and 21%, respectively, with an integrated
luminosity of 1fb−1.

5.3 Obtaining jet energy resolution in QCD dijet sample

A precise measurement of the jet energy resolution is necessary to model and control the systematic
effects associated with it on jet observables and the quantities used in physics measurements. A key
issue in estimating the jet energy and momentum resolution is the need to disentangle detector effects
from those associated with physics such as the underlying event, and initial and final state radiation.

Two data-based techniques are presented which allow the jetenergy resolution to be estimated, and
they were compared where appropriate to the resolution obtained using particle jets: the dijet balance
method, used by the DØ collaboration, and thekT balance technique, developed by UA2 and used by
CDF.

The QCD dijet events for this analysis were generated usingPYTHIA in the pT range from 17 GeV
up to 1120 GeV. Jets were reconstructed using the cone algorithm withR= 0.7.

To select dijet events the following basic cuts are applied:

• One primary vertex;

• Exactly two back-to-back leading jets with|∆φ |< 0.3 andpT > 10 GeV;

• Both jets in the sameη region|η |< 1.2.

The∆φ and minimumpT cuts are varied for some systematic studies.

5.3.1 Dijet balance method

The determination of the jetpT resolution in the dijet balance technique is based on energyconservation
in the transverse plane. It assumes that there are only two jets in the event which have similarpT. If one
defines the asymmetry distributionA for the two jets as:

A≡ pT,1− pT,2

pT,1 + pT,2
, (13)

then for jets in the same rapidity region, which therefore have the same resolution, the fractional trans-
verse jet energy resolution can be expressed as a function ofσA:

σpT

pT
=
√

2σA , (14)

wherepT = (pT,1 + pT,2)/2.
The asymmetry distributionA for two representativepT bins obtained by using cone jets withR= 0.7

are shown in Fig. 22. The distributions have been symmetrized by computing eitherpT,1− pT,2 or
pT,2− pT,1 randomly for each event. The resolution function is well described by a Gaussian fit, al-
though it is worth mentioning that previous studies done by the DØ Collaboration suggest using a double
Gaussian fit for largepT bins, to absorb effects of non-Gaussian tails.

The simple dijet balance method does not return the true fractional transverse energy resolution
associated purely with detector effects, since the two leading jets of an event could be imbalanced due to
undetected jets in the event withpT < 10 GeV such as from soft radiation. This radiation will broaden
the resolution function and a correction may be derived by studying the effect of the cut on thepT of any
third jet in the event as described in the next section.
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Figure 22: Asymmetry distributions of two jets for two representativepT bins. Cone jets withR= 0.7
in the pseudorapidity region|η | < 1.2 are used. The distributions were fitted with a single Gaussian
function.

5.3.2 Soft radiation correction

In our basic event selection, both the∆φ cut and the cut requiring exactly two jets withpT > 10 GeV
are implemented in order to reduce the broadening of thepT balance distribution due to soft radiation
effects. However, the effects are not fully suppressed, as further jets withpT < 10 GeV may remain in
the selected events. To account for this effect, the jet resolution is computed by allowing a third jet with
transverse momentumpT,3 up to some thresholdε , and varying the threshold values betweenε = 12.5
and 27.5 GeV. As before, the resolution distributions in the jetpT bins are fitted using single Gaussian
functions. For each jetpT bin, the set of resolutions obtained from the differentpT,3 thresholds are fitted
with a straight line and extrapolated toε = 0. We define this value as:

(
σpT

pT

)pT,3→0

, (15)

which would be the resolution that we would have measured from an ideal dijet sample withε = 0.
Examples of the linear fits and the extrapolations for twopT bins are presented in Fig. 23.

After fitting the resolution for the different third jet thresholds, we calculate a correction factor,
K(pT), as follows:

K(pT) =
(

σpT

pT

)pT,3→0

/

(
σpT

pT

)ε=10 GeV

. (16)

Finally, correcting by this factor, the unbiased fractional transverse energy resolution is obtained via

(
σpT

pT

)

corrected
= K(pT)×

(
σpT

pT

)ε=10 GeV

uncorrected
. (17)

Since the soft radiation bias should be larger at small transverse energies, and negligible at highpT we
parametrizeK(pT), with the function:

K(pT) = 1−exp(a−bpT) . (18)

This parametrization can be used to correct the resolution for eachpT bin and determine the unbiased
resolution associated purely with detector effects. The jet energy resolutions with and without the soft
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Figure 23: Resolution versus thepT,3 threshold cut for differentpT bins. The line corresponds to the
linear fit applied while the dashed-line shows the extrapolation to pT,3 = 0, which corresponds to an ideal
dijet sample (ε = 0).

radiation correction are shown in Fig. 24. As we will see below, by comparing this result to that ob-
tained by other approaches we can establish an estimate of the systematic uncertainty of the jet energy
resolution.

Figure 24: Jet energy resolution for cone jets with
R= 0.7 in the pseudorapidity range|η |< 1.2. The
results are obtained by using dijet balance tech-
niques with and without applying the soft radia-
tion correction.

Figure 25: Sketch of thekT balance technique.
The η axis corresponds to the azimuthal angular
bisector of the dijet system while theψ axis is de-
fined as being orthogonal to theη axis.

5.3.3 ThekT balance technique

The kT balance technique was developed by UA2 and studied at CDF. Toextract the contributions of
detector effects on to the jet energy resolution, the imbalance vector~KT = ~pT,1 +~pT,2 is projected onto
two components (ψ ,η) as shown in Fig. 25.

The η axis corresponds to the azimuthal angular bisector of the dijet system while theψ axis is
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defined as being orthogonal to theη axis. The two components,KT,ψ andKT,η , are sensitive to different
effects. The calorimeter energy resolution represents themain source forσψ , the spread ofKT,ψ . Gluon
radiation effects are smaller but affect this component as well. On the other hand,ση , the spread ofKT,η ,
is significantly affected by gluon radiation. In addition, there are other smaller effects such as jet angular
resolution, underlying event and out-of-cone fluctuations. In order to reduce the hard gluon radiation
effects, events withpT,3 > 11 GeV are rejected. If we define the contributions from the calorimeter
resolution,σres, and from soft radiation,σSR‖ andσSR⊥ , then we can write

σ2
ψ = σ2

res+ σ2
SR‖

σ2
η = σ2

SR⊥ .

Assuming
σ2

SR‖ = σ2
SR⊥ , (19)

the soft radiation effects are removed by subtracting in quadratureση from σψ :

σres=
√

σ2
ψ −σ2

η . (20)

The data sample was divided into sixpT regions, and the distributionsKT,η andKTψ were fitted with
single Gaussians. Since in this method the measured resolution comes from the convolution of the single
jet resolution, to obtain the single jet energy resolution,σres must be scaled by a factor1√

2
.

Figure 26 shows the resulting1√
2
σψ and 1√

2
ση as a function of the square root of the averagepT of

both jets. σψ has an approximately linear dependence with
√
〈pT1,2〉, while ση has a flat dependence,

especially at highpT, as expected. The effective jet energy resolution after removing soft radiation effects
by subtracting in quadratureση from σψ is shown in Fig. 27.

Figure 26: 1√
2
σψ and 1√

2
ση in dijet events as a function of the square root of the averagepT of both jets.

5.3.4 Comparison of dijet andkT balance techniques

A comparison of the two methods, the dijet balance and thekT balance technique, allows an estimate of
the systematic uncertainty associated with the determination of the resolution associated with detector
response. By comparing the reconstructed jets with the jetsfrom Monte Carlo truth we obtain informa-
tion on its dependence on the jet algorithm and the jet matching. Each of the first two leading calorimeter
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Figure 27: The effective jet energy resolution for
cone 0.7 jets after removing soft radiation effects
by subtracting in quadratureση from σψ .

Figure 28: True jet energy resolution for cone 0.7
compared with those obtained using dijet andkT

balance techniques.

jets is matched to particle jets, which lie within∆R< 0.1 w.r.t. the reconstructed jet. After matching, the
responsepcalo

T /ptruth
T is determined, and the true resolution is obtained by fittingthe response with single

Gaussians. This is shown in Fig. 28 together with the resultsfrom the two data-driven estimates.
The two data-driven approaches agree within uncertainties, though a hint that thekT method is un-

derestimating the true detector resolution might be visible. The determination of the resolution using
reconstructed jets matched to particle jets gives results in between the two data-driven approaches and
together with them provides a reasonable basis from which toestimate the systematic uncertainties in the
determination of the noise, stochastic and constant terms in the jet energy resolution.

6 Summary and conclusions

Precise reconstruction of the jet energy is required by manyphysics analyses. In-situ processes provide
the platform against which our understanding, based on theory and detector simulation, must be tested
in order to achieve maximum precision. From the analyses presented in this paper, we conclude that one
can characterize three ranges of jetpT, in which the different features of detector response and underlying
physics control the precision which can be achieved.

From the reconstruction threshold of 10 GeV up to∼ 100− 200 GeV, the combination of effects
from jet clustering and physics effects like ISR/FSR and underlying event can be as large as 5−10% at
low pT, slowly decreasing to the percent level around 100−200 GeV. With QCD dijet events, we will
be able to control the uniformity of the response on the percent level with high granularity inφ andη
already with∼ 10pb−1. In turn, Z + jet balance is an adequate process to measure the absolute energy
scale with a statistical precision of 1% with approximately300pb−1 of data. Hence the precision will
rather quickly be dominated by the systematic uncertainty.Validation of the Monte Carlo simulation to
ensure that both physics and detector effects are well modeled will be particularly important to control
systematic uncertainties. Differences between currentlyavailable Monte Carlo generators are on the level
of 5−10% in some of the observables, which sets the scale for the challenge in this region of jetpT.

The mediumpT region extends from 100− 200 GeV to about 500 GeV. Physics effects are at the
level of 1−2% in this region. The momenta of the particles resulting from jet fragmentation are within
the range of the test beam measurement. It will be an important range in which to validate the Monte
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Carlo description of the detector response. In addition thedijet balance is still statistically powerful, and
1% precision for anη bin size of 0.1 can be achieved with∼ 100pb−1. In γ + jet events thepT balance
can be measured with negligible bias from QCD background. The statistical precision is better than
one percent for 10pb−1 at 100 GeV, and in the range 300− 500 GeV the percent level is reached with
∼ 100pb−1.

Above 500 GeV, one enters a regime which is beyond any existing jet measurement and extrapolation
of the Monte Carlo modeling and comparison to in-situ data iscrucial. A much larger integrated lumi-
nosity is required for in-situ measurements of similar precision. In addition, for the highest momentum
particles which may be produced in these jets, our simulation of the detector no longer has test beam
data available as a basis. Techniques such as multijet balancing or extrapolation based on jet particle
properties can be used and should allow us to control the scale at the level of a few percent with 1fb−1

for jets up to 1 TeV.
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Measurement of Missing Tranverse Energy
Abstract
This note discusses the overall ATLAS detector performance for the recon-
struction of the missing transverse energy, /ET. Two reconstruction algorithms
are discussed and their performance is evaluated for a variety of simulated
physics processes which probe different topologies and different total trans-
verse energy regimes. In addition, effects of fake /ET resulting from instru-
mental effects and from false reconstructions are investigated. Finally, studies
with first data, corresponding to an integrated luminosity of 100pb−1, are sug-
gested which can be used to assess and calibrate the /ET performance at the
startup of data taking.

1 Introduction

A very good measurement of the missing transverse energy, /ET, is essential for many physics studies
in ATLAS. Events with large /ET are expected to be the key signature for new physics such as super-
symmetry and extra dimensions. A good /ET measurement in terms of linearity and resolution is also
important for the reconstruction of the top-quark mass from tt̄ events with one top quark decaying semi-
leptonically. Furthermore, it is crucial for the efficient and accurate reconstruction of the Higgs boson
mass when the Higgs boson decays to a pair of τ-leptons.

This Note describes the overall performance of the /ET measurement in ATLAS. The performance is
checked using fully simulated Monte Carlo (MC) samples in different physics channels with differences
in event topology and kinematics range. Events with no true /ET as well as events with a true /ET, /ETrue

T ,
due to particles unseen in the detector as neutrinos or lightest supersymmetric particles, ranging from
∼ 20 to ∼ 500 GeV are used.

An important requirement on the measurement of /ET is to minimize the impact of limited detector
coverage, finite detector resolution, presence of dead regions and different sources of noise that produce
fake /ET, /EFake

T . The ATLAS calorimeter coverage extends to large pseudorapidity angles to minimize
the impact of high energy particles escaping in the very forward direction. Even so, there are inactive
transition regions between different calorimeters that produce /EFake

T . Dead and noisy readout channels
in the running detector, if present, will also produce /EFake

T . Such /EFake
T sources can significantly enhance

the background from QCD multi-jet events in supersymmetry searches or the background from Z→ ``
events accompanied by high-pT jets in Higgs boson searches when the Higgs boson decays into two
leptons and neutrinos.

The calorimeter plays a crucial role in the /ET measurement and an important first step of the /ET
measurement is the suppression of noise in the calorimeter. Section 2 describes the techniques used for
noise suppression in calorimeters. The two /ET reconstruction algorithms used in ATLAS, Cell-based
and Object-based, are described in detail in Sections 2.2 and 2.3. The overall performance of the /ET
measurement in ATLAS is reported in Section 3. Any mis-measurement in the event, due to finite
resolution or acceptance of the detector or due to instrumental effects related to dead or noisy channels,
will degrade the /ET measurement. Such sources of /ET, that can lead to large values of fake /ET, are
studied in Section 4. Section 5 introduces the /ET algorithm for the ATLAS triggers and describes its
performance. Finally, Section 6 describes techniques in different physics channels that can be used with
the very first ATLAS data to validate the /ET measurement and determine the /ET scale in-situ.
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2 The algorithms for /ET reconstruction in ATLAS

The transverse missing energy in ATLAS is primarily reconstructed from energy deposits in the calorime-
ter and reconstructed muon tracks. Apart from the hard scattering process of interest, many other sources,
such as the underlying event, multiple interactions, pile-up and coherent electronics noise, lead to energy
deposits and/or muon tracks. Classifying the energy deposits into various types (e.g. electrons or jets)
and calibrating them accordingly is the essential key for an optimal /ETmeasurement. In addition, the loss
of energy in dead regions and readout channels make the /ET measurement a real challenge.

There are two algorithms for /ET reconstruction in ATLAS that emphasize different aspects of energy
classification and calibration.

The Cell-based algorithm starts from the energy deposits in calorimeter cells that survive a noise
suppression procedure. The cells can be calibrated using global calibration weights depending on their
energy density. This procedure will be robust already at initial data taking because it does not rely on
other reconstructed objects. In a subsequent step, the cells can be calibrated according to the recon-
structed object they are assigned to. Corrections are applied for the muon energy and for the energy lost
in the cryostats.

The Object-based algorithm starts from the reconstructed, calibrated and classified objects in the
event. The energy outside these objects is further classified as low pT deposit from charged and neutral
pions and calibrated accordingly.

The noise suppression in the calorimeter is common for the Cell- and Object-based algorithm and is
described below, followed by a detailed description of the algorithms.

2.1 Calorimeter noise suppression

The electronics noise alone in the ≈ 200k readout channels of the ATLAS calorimeter contributes about
13 GeV to the width of the /ET distribution. Especially in events that do not have large /ET, such as in
Z→ ττ used for an in-situ determination of the /ET scale (Section 6.2), the noise suppression is of crucial
importance.

For the /ET measurement, two noise suppression methods have been studied so far. Both require
knowledge of the width of the noise distribution, σnoise, which can be either purely electronics noise or a
combination of electronics and pile-up noise.

Standard Noise Suppression Method. The first method is based on only using calorimeter cells
with energies larger than a threshold, generally corresponding to a certain number of σnoise. The threshold
is optimized for /ET resolution, the scale of /ET, the total transverse energy in the calorimeters, Σ/ET, and
for the highest pT jet to be close to the case without noise simulation. Two cases are studied: a symmetric
threshold (|Ecell| > n×σnoise) and an asymmetric one (Ecell > n×σnoise). A symmetric threshold with
n = 2 for all calorimeters is generally used.

Noise Suppression using TopoClusters. The second method only uses cells in 3-dimensional topo-
logical calorimeter clusters [1, 2], hereafter called TopoClusters. A TopoCluster is reconstructed starting
from a seed cell with an absolute energy value |Ecell|> 4σnoise to which neighbors with |Ecell|> 2σnoise
are added. Finally the cells at the boundary are required to have |Ecell|> 0σnoise. The cells that constitute
the TopoCluster are hereafter called TopoCells. This set of thresholds, referred to as 4/2/0, is optimized
to suppress electronics noise as well as pile-up from minimum bias events, while keeping the single pion
efficiency as high as possible.

As a result of the large energy density of electromagnetic showers, the π0 reconstruction efficiency
is high (close to 100% for energies > 4 GeV) for the 4/2/0 configuration. On the other hand, the
reconstruction efficiency for charged pions is very sensitive to the parameters of the TopoClusters. For
example, changing the cuts on neighbors from 4/2 to 6/3, the π± efficiency significantly decreases for
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TopoClusters with E < 4 GeV. This sensitivity highlights the importance of a good modeling of the noise
level from first data.

In Z → νν̄ events simulated with electronics noise, the /ET resolution degrades by only 3 % for
the 4/2/0 configuration as compared to the same events without noise added. Also, the TopoCluster
algorithm performs better in terms of linearity and resolution of the /ET measurement, compared to the
standard noise suppression method. Therefore Cell- and Object-based /ET algorithms apply the noise
suppression method based on TopoClusters with configuration 4/2/0.

2.2 Cell-based /ET reconstruction

The Cell-based /ET reconstruction includes contributions from transverse energy deposits in the calorime-
ters, corrections for energy loss in the cryostat and measured muons:

/EFinal
x,y = /ECalo

x,y + /ECryo
x,y + /EMuon

x,y . (1)

In the following, the three terms in the above equation, referred to as calorimeter, cryostat and muon
terms, are described in some detail.

2.2.1 The /ET calorimeter term

As described in the previous section, the first step is to select calorimeter cells that belong to reconstructed
TopoClusters to minimize the impact of noise.

The x and y components of the calorimeter /ET term are calculated from the transverse energies
measured in TopoCells:

/ECalo
x,y =− ∑

TopoCells
Ex,y. (2)

The total transverse energy in the calorimeters, Σ/ET, is calculated from the scalar sum of ET of all
TopoCells:

Σ/ET
Calo = ∑

TopoCells
ET. (3)

The straightforward result, obtained by using the electromagnetic calibration for all cells, gives a
large shift in the /ET scale of about 30% with respect to /ETrue

T (see Section 3).
This result illustrates the necessity of developing a dedicated calibration scheme to reduce the sys-

tematic shift of the /ET scale and optimize its resolution. This goal is achieved in several steps according
to the cell classification. The classification depends on whether the energy deposits in the calorimeter
are electromagnetic or hadronic in nature and whether they are associated with high pT particles.

To classify energy deposits, schemes to calibrate hadronic showers such as ‘H1-like’ calibration
or ‘Local-Hadronic’ calibration [3] utilize the energy density in a cell. Electromagnetic showers tend
to have higher energy densities as compared to hadronic showers. The ‘Local-Hadronic’ calibration
scheme uses further information related to shape and depth of the calorimetric shower to classify a
TopoCluster. The next step in the cell-based /ET reconstruction is to globally calibrate all calorimeter
cells using the ‘H1-like’ or ‘Local-Hadronic’ calibration schemes. As can be seen in the performance
section, this already gives a very good /ET performance. The final refinement step of the calibration using
the association of cells with reconstructed objects is described in Section 2.2.4. It improves the linearity
and the resolution particularly for events containing electrons (Section 3).
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2.2.2 The /ET muon term

The /ET muon term is calculated from the momenta of muons measured in a large range of pseudorapidity,
defined by |η |< 2.7:

/EMuon
x,y =− ∑

RecMuons
Ex,y. (4)

In the region |η | < 2.5 only good-quality muons in the muon spectrometer with a matched track in
the inner detector are considered. The matching requirement reduces considerably contributions from
fake muons, sometimes created from high hit multiplicities in the muon spectrometer in events with very
energetic jets. For higher values of the pseudorapidity (2.5 < |η | < 2.7), outside the fiducial volume of
the inner detector, there is no matched track required and the muon spectrometer is used alone.

The muon momentum measured by the muon spectrometer is taken in the two cases. Energy lost
in the calorimeter is already included in the calorimeter term. No pT threshold cut is applied to re-
constructed muons. Apart from the loss of muons outside the acceptance of the muon spectrometer
(|η | > 2.7), there is a loss of muons in other regions (see Section 4.1) due to limited coverage of the
muon spectrometer. The muons reconstructed from the inner detector and calorimeter energy deposits
could be used to recover these events, but they are not yet used here.

As can be seen in the performance section, the /ET resolution is only marginally affected by the muon
term, due to the good identification efficiency and resolution of the ATLAS muon system. However,
unmeasured, badly measured or fake muons can be a source of large fake /ET (see Section 4).

2.2.3 /ET cryostat term

The thickness of the cryostat between the LAr barrel electromagnetic calorimeter and the tile barrel
hadronic calorimeter is about half an interaction length where hadronic showers can lose energy. The
/ET reconstruction recovers this loss of energy in the cryostat using the correlation of energies between
the last layer of the LAr calorimeter and the first layer of the hadronic calorimeter. A similar correction
for the end-cap cryostats is applied. This correction is called the cryostat term when used for jet energy
correction [3]. It is defined as follows:

/ECryo
x,y =− ∑

recJets
E jetCryo

x,y , (5)

where all reconstructed jets are summed in the event, and

E jetCryo = wCryo√EEM3×EHAD, (6)

where wCryo is a calibration weight (determined together with the cell calibration weights in the H1-like
calibration) and EEM3 and EHAD are the jet energies in the third layer of the electromagnetic calorimeter
and in the first layer of the hadronic calorimeter, respectively. The cryostat correction turns out to be
non-negligible for high-pT jets. It contributes at the level of ∼ 5% per jet with pT above 500 GeV.

2.2.4 Refined calibration of the /ET calorimeter term

The final step is the refinement of the calibration of cells associated with each high-pT object. Calorime-
ter cells are associated with a parent reconstructed and identified high-pT object, in a chosen order:
electrons, photons, muons, hadronically decaying τ-leptons, b-jets and light jets. Refined calibration of
the object is then used in /ET to replace the initial global calibration cells. The calibration of these objects
is known to higher accuracy than the global calibration, enabling to improve the /ET reconstruction.
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Figure 1: Distribution of the difference between true and reconstructed /ET for Z → ττ events (left)
including and (right) excluding cells in Topoclusters not associated with reconstructed high-pT objects.

The calorimeter cells are associated with the reconstructed objects through the use of an association
map. This map is filled starting from the reconstructed/identified objects in the chosen order, navigating
back to their component clusters and back again to their cells. If a cell belongs to several kinds of
reconstructed objects, only the first association is included in the map, i.e. the overlap removal is done
at cell level. This avoids double counting of cells in the /ET calculation. If a cell belongs to more than
one object of the same kind, all associations are included in the map and the geometrical weight of the
cells, accounting for the sharing of energy of cells owned by two different TopoClusters, is also included
to avoid double counting.

Attention has to be paid to the calibration of cells inside different objects. For example, for elec-
trons/photons, the final cluster-level calibration (which can be propagated back to the cell-level) corrects
for upstream material, longitudinal leakage and out-of-cone energy. The last correction should not be
applied in the /ET calculation because the contribution of cells outside objects already accounts for it.
In a similar way, for τ lepton decays and for jets, the overall scale factors which correct the energy for
physics effects like final state radiation, fragmentation or the underlying event as well as for the effects
due to the clustering algorithm are not applied in the calculation of /ET, because they also contain the
out-of-cluster correction.

All TopoCells, even if not associated with any high-pT reconstructed object, are used in the /ET
calculation. They are calibrated using the global calibration scheme. The importance of the energy
deposits of these low energy particles for the /ET calculation is shown in Fig. 1. The shift in the absolute
value of the reconstructed /ET increases by about 1 GeV while the resolution is degraded by a factor
∼ 1.25.

Once the cells are associated with categories of objects as described above, the contribution to /ET is
calculated as follows:

/ECalo
x,y = /ERefCalib

x,y =−(/ERefEle
x,y + /ERefTau

x,y + /ERefbjets
x,y + /ERefJets

x,y + /ERefMuo
x,y + /ERefOut

x,y ), (7)

where each term is calculated from the negative of the sum of calibrated cells inside a specific object
and /ERefOut

x,y is calculated from the cells in TopoClusters which are not included in the reconstructed
objects. In the following the final /ET calculation obtained from Equation (1) with /ECalo

x,y = /ERefCalib
x,y will

be referred to as /ERefFinal
T .

2.3 Object-based /ET reconstruction

The motivation of the method is to reliably reconstruct /ET for analyses that are sensitive to low pT
deposits coming mostly from neutral and charged pions, from soft jets, from the underlying event and
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from pile-up. This is important, for example, in reconstructing the invariant mass of the Standard Model
Higgs boson, mH , in the H→ τ+τ− final state for masses in the range 115 < mH < 140 GeV [4].

The object-based method comprises two main steps:

• Establish a classification between two main types of objects: high pT (e/γ,µ,τ , jets) and low
pT objects (π0,π±, unclustered deposits) coming from underlying event, pile-up of multiple pp
collisions, initial and final state radiation, and other soft QCD processes.

• Apply the object-based calibration optimized for /ET calculation.

The x and y components of /ET and ∑ET are calculated by adding the contributions from each type of
components:

/Ex,y = −EHigh
x,y −ELow

x,y (8)

∑ET = ∑EHigh
T +∑ELow

T , (9)

where the indices ‘High’ and ‘Low’ correspond to the /ET and ∑ET calculated from high pT and low pT
objects, defined below.

The object-based algorithm uses mostly the calorimeter to reconstruct /ET. Some objects such as
electrons and taus also use the inner detector tracking, while the muons use both, inner detector and
muon spectrometer information. Tracking is also used for the low pT deposits of soft objects.

The object-based method uses the TopoClusters 4/2/0 (Section 2.1) and first calculates all contribu-
tions of high pT objects. Each TopoCluster is allowed to be included only once by the first object that is
associated with it. The classification starts with the identification of electrons, photons, muons and τ’s.
Once the clusters belonging to these objects are removed from the event record, hadronic jets above a
certain threshold are identified. TopoCells not part of any of the above high pT objects are classified as
low pT deposit. The next subsections discuss the calibration of these objects.

2.3.1 Calorimeter objects: electrons, hadronic τ-jets, jets

Electrons: The electron objects are taken from the standard electron reconstruction and a matched
track is always required. The default calibration of an electron is based on the ‘sliding window’ EM
clusters [5]. To be consistent with the combined 4/2/0 TopoClustering used for the object-based recon-
struction, electrons are reconstructed from TopoClusters and they are calibrated by weighting the energy
deposits in the longitudinal calorimeter layers. The electron pT is required to be at least 8 GeV.

Tau Leptons: The object-based method uses the calo-based reconstructed τ-jets [6] and it calibrates
them as jets. A cut of 20 GeV on the τ-jet pT is applied and a τ likelihood > 4 is required.

Jets: A cone (∆R = 0.7) jet algorithm running on the TopoClusters is used for calculating the /ET
contribution from jets. Jets not overlapping with the electron and tau jets are chosen. The jet energy
calibration is based on the ‘H1-like’ hadronic calibration [3], which corrects for the difference in response
for e/γ and hadrons, followed by a scale correction due to the non-uniformity of the reconstruction in η .
It is based on the /ET projection method (used by CDF and D0)[7] using a dijet sample where forward
jets are corrected with respect to well measured central jets (|η | < 0.8). The jet pT is required to be at
least 20 GeV .
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Figure 2: Linearity for single charged π (left) and single π0 (right) as a function of η for the energy bin
1 < E < 10 GeV).

2.3.2 Muons

In general, the combined muons, reconstructed from the inner detector and the muon spectrometer, are
used. In the region where the inner detector has no coverage (2.5 < |η |< 2.7) muons reconstructed from
the spectrometer only are used. To reduce the number of fake muons originating from punch through of
high pT jets, strong quality requirements are imposed on the combined track from the inner detector and
the muon spectrometer. Additionally, if a muon passes inside a jet and the ratio of measured momenta in
the inner detector and in the muon spectrometer is below 0.2, the muon is rejected. If the muon is found
inside a jet or the total pT at the EM scale of the TopoClusters within a cone of 0.2 around the muon is
> 10 GeV, either the measured muon energy loss in the calorimeter is subtracted from the combined pT
or the muon spectrometer pT is used. The combined muon pT is required to be at least 6 GeV.

Inner detector tracks may be used to improve the /ET reconstruction. They contain the muons not
covered by the combination of inner detector and muon spectrometer, especially in the crack regions of
the muon system. Only those tracks are retained which are isolated from others by a cone of size 0.3.
Those tracks overlapping with electrons, muons or jets that are already used for /ET are discarded. The
tracks should have pT > 6 GeV and should satisfy a muon likelihood criterion based on E/p and the
energy in the calorimeter sampling layers. In addition, isolated tracks (mostly pions) with little energy
deposits in the calorimeter can be used to improve /ET. These tracks are used only if pT less than 10 GeV,
to avoid tracks with spurious high pT,which deteriorates the /ET performance.

2.3.3 Low pT depositions: classification and calibration

Only those TopoClusters that have not been assigned to high pT objects are considered for classification
as low pT objects of either electromagnetic or hadronic nature. For this purpose, clusters are further sub-
divided into so-called mini-jets. Mini-jets are reconstructed from TopoClusters using a cone algorithm
of a relatively small radius of ∆R = 0.2 and a seed cluster of pT > 0.5 GeV. A mini-jet is required to
have pT > 0.5 GeV. The mini-jets are next classified as charged and neutral pions.

The separation between charged and neutral pions is done only in |η | < 3.2. A mini-jet is defined
to be a π0 if the fractional energy in the hadronic compartments is less than 2% and pT > 10 GeV. The
low pT deposits are calibrated under single charged and neutral pion hypotheses in the full η range. A
sampling method similar to that used to extract longitudinal weights as implemented for the electron
and photon calibration is used. The calorimeter sampling weights are determined separately for neutral
and charged pions in different energy and η regions. A good linearity is achieved for both neutral and
charged pion hypotheses. Figure 2 shows the linearity for charged and neutral pions in the central region,
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which roughly fluctuates within 5%.
Mini-jets will not saturate all the low pT calorimeter deposits. There will remain a non-trivial amount

of energy left in the calorimeter and clustered in TopoClusters from very low momentum pions, which
will not form a mini-jet. These deposits are referred to as unassociated deposits. The energy calibration
of these unassociated deposits has been estimated in three η regions, depending on the calorimeter
region (barrel, end-cap, forward), and has been added to the /ET calculation.

3 Performance of the reconstructed /ET

In this section the performance of the /ET reconstruction is discussed, focusing on the linearity and resolu-
tion of the reconstructed /ET as a function of the true missing transverse energy, /ETrue

T . The measurement
of the /ET direction and the dependence on topology are also discussed. Note that the performance of
the two /ET reconstruction methods is very similar, so it is not specified which method has been used to
produce each performance plot.

/ETrue
T is defined from the sum of all stable and non-interacting particles in the final state (neutrinos

and the lightest supersymmetric particles). Comparisons between /ET and /ETrue
T are made for a number

of physics processes with different topologies and final states.
The /ET performance in case of events with large /EFake

T , which contribute predominantly to the tails
of the /ET distribution, is described in the next section.

3.1 Linearity and resolution

The /ET linearity is defined by the following expression:

Linearity = (/ETrue
T − /ET)//ETrue

T , (10)

where /ET and /ETrue
T are reconstructed and true /ET, respectively. This definition of linearity assumes an

/ETrue
T value above a threshold and an /EFake

T value that is small such that the /ET angle is well measured.
Figure 3 shows the reconstructed linearity as a function of /ETrue

T for a number of physics processes.
The following statements summarize the behavior of the linearity distributions:

• The uncalibrated /ET corresponds to the use of cell energies at the electromagnetic scale and shows
a large systematic bias of 30%. In W → eν and W → µν decays, the bias is smaller since the
hadronic activity on average is smaller.

• The reconstructed /ET based on globally calibrated cell energies and reconstructed muons gives a
linearity to within 5%.

• The reconstructed /ET including the cryostat correction shows a linearity to within 1% for all pro-
cesses except for W → eν .

• The refined /ET calibration, which optimizes the calibration with reconstructed object identity,
recovers the linearity for W → eν events to within 1%. The refined calibration also gives the best
resolution when compared with the above steps of calibration (see also Section 6).

The linearity for A→ ττ with mA = 800 GeV is shown in Fig. 3 (right) as a function of /ETrue
T . The

bias of linearity at low /ETrue
T is due to the finite resolution of the /ET measurement. The reconstructed

/ET is positive by definition, so the linearity is negative when the true /ET is near to zero. Excluding the
events with /ETrue

T < 40 GeV, which have a small statistics the observed linearity is found to be within
2%.
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The resolution is estimated from the width of the /Ex,y− /ETrue
x,y distribution in bins of the total trans-

verse energy deposited in the calorimeters (Σ/ET). The core of each distribution is fitted with a Gaussian
shape to estimate the width. Figure 4 shows the σ of the fit plotted as a function of Σ/ET when refined
calibration is applied. The /ET resolution approximately follows a stochastic behaviour as a function of
Σ/ET. Deviations from this simple behaviour are expected, and observed for low values of Σ/ET where
the contribution of noise is important and for very high values of Σ/ET where the constant term in the
resolution of the calorimetric energy measurement dominates.

The /ET resolution is fitted with a function σ = a ·
√

Σ/ET for values of Σ/ET between 20 and 2000 GeV.
The parameter a, which quantifies the /ET resolution, varies between 0.53 and 0.57 (see Fig. 4 left and
right, respectively). Refined /ET calibration yields the best results when compared to earlier stages of
the calibration as described above. For W → eν decays the a parameter is reduced by 88% and for
Z → ee events it is reduced by 78% with respect to the global calibration with the cryostat correction
applied. Figure 5 shows the resolution in the high Σ/ET region for QCD jet samples. The jet samples used
are generated in parton pT bins: J1 corresponds to 17 < pT < 35 GeV, J2 to 35 < pT < 70 GeV, J3 to
70 < pT < 140 GeV, J4 to 140 < pT < 280 GeV, J5 to280 < pT < 560 GeV, J6 to 560 < pT < 1120 GeV,
J7 to 1120 < pT < 2240 GeV. There is a clear degradation in the performance for the high pT jet samples
(J6 and J7), where the linear term dominates.

The effect of angular calorimeter coverage on the /ET measurement is evaluated by comparing the res-
olution with and without including the forward calorimeters (FCAL). In Z→ ττ events the /ET resolution
is 7.8 and 10.1 GeV, respectively, showing that the ATLAS coverage minimises by design the effect of
particles escaping at very large η and that the forward calorimeter is very important to guarantee that.

Projections of /ET along suitable axes can be used to check calibration problems and understand
topology dependences. The quantity /EL (longitudinal /ET projection) is the /ET projection onto the axis
pointing in the direction of the genuine /ET of the event. In events without genuine /ET, such as Z→ ``
events this axis is reconstructed from the direction of flight of the Z and in dijet events the projection is
done along the dijet thrust axis. The quantity /EP (perpendicular /ET projection) is defined as a projection
orthogonal to the /EL direction.

A bias of /EL usually indicates mis-calibration of the object’s energy scale (in most cases the hadronic
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Figure 3: (left) Linearity of response for reconstructed /ET as a function of the average true /ET for different
physics processes covering a wide range of true /ET and for the different steps of /ET reconstruction (see
text). The points at average true /ET of 20 GeV are from Z→ ττ events, those at 35 GeV are from W→ eν
and W → µν events, those at 68 GeV are from semi-leptonic tt̄ events, those at 124 GeV are from
A→ ττ events with mA = 800 GeV, and those at 280 GeV are from events containing supersymmetric
particles at a mass scale of 1 TeV. (right) Linearity of response for reconstructed /ET as a function of the
true /ET for A→ ττ events with mA = 800 GeV.
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Figure 7: Resolution of /EL(left) and /EP(right) as a function of Σ/ET for QCD jet samples. See text for the
definition of samples J1-J7.

scale). For events with significant values of /ETrue
T , /EP is a measure of the /ET angular resolution. For dijet

events and other back-to-back topologies with similarly defined /EP usually there is no bias in /EP, but the
resolution of /EP is sensitive to soft radiation in the event. One possible source of bias in /EP comes from a
bias in the angular measurement of the objects in the event, which will cause a shift in the same direction
on both sides of /EL.

Figure 6 shows the /EL and /EP linearity as a function of the true /ET for different physics channels.
The /EL linearity is within 2% above 100 GeV and deviates by 5-10% at lower /ETrue

T . The /EP bias is
consistent with zero throughout. Figure 7 shows the /EL and /EP resolution as a function of the true Σ/ET
for the QCD jet samples. As the /EL for jet events is defined as the /ET projection onto the thrust axis of
the two leading jets which are back-to-back, a much larger resolution in absolute terms is expected with
respect to /EP. The discontinuity in J4 (140 < pT < 280 GeV) and J5 (280 < pT < 560 GeV) /EP resolution
is a result of dividing the dijet events into samples based on the parton pT. Events with the same Σ/ET
in J4 and J5 can have different energies in the perpendicular direction due to differences in underlying
event, initial or final state radiation. This changes the /EP resolution in the two samples.

A good performance in terms of linearity and resolution may enhance the ability to reconstruct the
mass of final states which involve neutrinos. Despite the presence of several neutrinos in the final state,
the invariant mass of the τ pair can also be reconstructed in Z→ ττ and supersymmetric Higgs boson
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Figure 8: Distributions of the reconstructed invariant mass of τ-lepton pairs with one τ-lepton decaying
to a lepton and the other one decaying to hadrons. The results are shown for Z→ ττ decays (left) and
for A→ ττ decays with mA = 450 GeV (right).
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Figure 9: (left) Accuracy of the measurement of the azimuth of the /ET vector as a function of the true
/ET for three different physics processes: semi-leptonic tt̄ events, Z→ ττ and W → eν events. (right)
/EFake

T as a function of the reconstructed φ(/ET) in tt̄ events, simulated with extra material in φ .

decays like A→ ττ under simplifying assumptions [8, 9, 10]. Figure 8 shows reconstructed mass peaks
of Z → ττ and supersymmetric Higgs boson decays A→ ττ with mA = 450 GeV. The reconstructed
masses are correct to∼ 2% and the mass resolution is approximately 11%. Nevertheless, significant tails
remain in the distributions because of the highly non-Gaussian effects induced by mis-measurements of
/ET and by the approximations used.

3.2 Measurement of the /ET direction

Large energy fluctuations in the calorimeter or muon mis-measurements can produce large /EFake
T . In

general, for events with genuine missing transverse energy, the /ET angular resolution will depend on the
relative fraction of /EFake

T and on the event topology. Figure 9 shows the /ET azimuthal angular resolution
as a function of the /ETrue

T for three different physics processes. The measurement of the /ET azimuth is
clearly more accurate for W → eν events, which in general contain one high-pT electron and moderate
hadronic activity in addition, compared to tt̄ events. For values of /ETrue

T below 40 GeV, the accuracy
of the measurement of the direction degrades rapidly. In contrast, for high values of /ETrue

T , azimuthal
accuracies below 100 mrad are achieved.

Detector inefficiencies may perturb the radial symmetry of the physics events. Thus, observations of
φ asymmetries in reconstructed variables may be a hint of instrumental problems. Due to the increased
material (of∼ 5% to 10%) in the upper half of the detector that was added artificially into the simulation,
a φ asymmetry is observed in /ET as seen in Fig. 9 (right). This φ asymmetry can also be observed in the
/ET computed at the event filter trigger level.

Similarly, problematic η regions may be spotted by looking at /ET correlations with jet pseudorapid-
ity, in particular in QCD events. In fact, in this kind of events, /ET is mainly due to jet mis-measurements
which will affect more the /ET component parallel to the dijet axis than that perpendicular to it. Detector
failures or incorrect calibration sets may be revealed as unexpected peaks in such plots.

4 Fake /ET

The reconstructed /ET has two constituents - one that is produced by particles that interact weakly with
the detector (/ETrue

T ) and the other one due to detector inefficiencies and resolution (/EFake
T ). Figure 10

shows the rate of /EFake
T and /ETrue

T for the QCD sample generated with 560 < pT < 1120 GeV, where
/EFake

T dominates at lower values and also has a larger tail. The same figure also shows these distributions
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after excluding events with high pT jets within 17o of the reconstructed /ET in the transverse plane.
This considerably lowers the /EFake

T rate compared to /ETrue
T . For an accurate measurement of /ET it is

important to have a good understanding of the sources of /EFake
T in data. Since the goal here is to study the

performance and not the relative contributions of signal and background, comparisons between different
physics samples are made for a common number of events rather than for a common luminosity.

The first two subsections discuss the /EFake
T from muons and from the calorimeter under the assump-

tion that all detector readout channels are functional. The impact of dead-regions in the detector is
examined in the subsequent subsections.

4.1 Fake /ET from muons

/EFake
T from muons can be caused either by inefficiencies in reconstructing a high pT muon or by recon-

structing a fake high pT muon. The latter could be present due to a combination of a lower pT muon
and/or random hits from high pT jet punch-throughs from the calorimeter to the muon chambers. It can
be argued that for reasonable muon identification efficiencies, /EFake

T from missed muons will only be a
small fraction of the /ETrue

T from neutrinos. For example in QCD samples the neutrino to muon ratio is
roughly two. It gets higher in other physics samples depending on the fraction of τ candidates in the
event. On the other hand fake muons that are reconstructed from random hits in the muon chambers
can be arbitrarily hard and strongly contribute to /EFake

T . However, the study here shows that /EFake
T from

muons is dominated by missed muons rather than fake muons.
The total /EFake

T in the MC sample can be defined as the vectorial difference of reconstructed /ET and
/ETrue

T , as follows:

/EFake
T =

√
/EFake

x
2 + /EFake

y
2 where /EFake

x,y = /Ex,y− /ETrue
x,y . (11)

/Ex,y and /ETrue
x,y are the x and y components of the final reconstructed /ET and of the /ETrue

T defined in Section
3.

The contribution to the total /EFake
T from muon mis-measurements can be defined by

/EFakeMuon
x,y = /EMuon

x,y − /ETrueMuon
x,y , (12)

where /EMuon
x,y and /ETrueMuon

x,y are calculated by summing the reconstructed and true x and y components
from muons in the event.
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Figure 10: The rates of /EFake
T and /ETrue

T in the QCD sample with 560 < pT < 1120 GeV: (left) overall
rates, (right) requiring a ∆φ separation between /ET and the leading high-pT jet in the event. The /EFake

T
rates can be strongly reduced. It should be noted though that such cuts are very analysis dependent.
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Table 1: Number of events with /EFake
T above various thresholds from muon (top) and calorimeter (bottom)

mis-measurements. The J6 (QCD jets in 560 < pT < 1120 GeV range), SU3, tt̄ , and Z→ µµ samples
are normalized to the same number of events (25k).

/EFake
T > 60 GeV > 90 GeV > 120 GeV > 150 GeV

/EFake
T from Muon

J6 61 33 20 13
SU3 195 109 57 42
tt̄ 147 64 33 20
Z→ µµ 436 94 37 20
/EFake

T from Calorimeter
J6 4273 1249 351 110
SU3 1005 176 56 53
tt̄ 104 15 4 2

Figure 11 (left) shows the scatter plot of the two quantities defined in Equations (11) and (12) for
the QCD sample with 560 < pT < 1120 GeV. In order to separate the /EFake

T from muons with respect
to the calorimeter related /EFake

T the following cuts can be used: (a) /EFakeMuon
T > /EFake

T /2 which selects
events with fake /ET coming predominantly from muon mis-measurements, and (b) /EFakeMuon

T < /EFake
T /2

which selects events with fake /ET coming predominantly from other sources like jet mis-measurements
in the calorimeter. Figure 11 also shows how these cuts separate events with /EFake

T from muons and from
calorimeter induced effects.

Table 1 shows the number of events above various /EFake
T thresholds for physics samples (QCD jets

in the range 560 < pT < 1120 GeV, SU3, tt̄ and Z → µµ ) that are predominantly from muons (top
rows) or from the calorimeter (bottom rows). It can be seen that the relative rate of /EFake

T across samples
depends on the muon and calorimeter activities.

In Table 2 different categories of muon mis-measurements and their relative contribution to /EFake
T

are shown1. The first two rows are from missed muons and the last two rows are from fake muons
reconstructed from random hits in the muon chambers and with a possible match to soft muon tracks in
the inner detector. Table 2 shows a smaller contribution to /EFake

T from fake muons compared to missed
muons. Therefore the dominant contribution to /EFake

T from muons is due to inefficiencies in the muon

1Due to technical reasons a small fraction of muon events were not classified in any category.
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Figure 11: (left) Total /EFake
T as a function of /EFake

T from muon mis-measurements. (middle and right)
Cuts defined in (b) and (a) (see text) are used to separate calorimeter/jet and muon /EFake

T components.
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Figure 12: (left) The η distribution of true muons that were missed during reconstruction in a Z→ µµ
high pT > 100 GeV sample. (right) /EFake

T in tt̄ events in the electron (hatched) and muon channel.

identification.
Figure 12 (left) shows the η distribution of the true muons that were missed at the reconstruction

level in the Z→ µµ sample with pT > 100 GeV. There are missed muons around η = 0, |η |=1.2 and at
high η (|η |>2.7) where there is no muon coverage. Muon tracks cannot be reconstructed by the muon
system around η = 0 (−0.05 < η < 0.05), because of service holes required for cables and cryogenics
passage to the inner detectors and calorimeters. In the region around |η |=1 there is a loss of efficiency
in muon reconstruction, due to the middle muon station missing for initial data taking. In these studies
muons missed due to limitations of muon detector coverage or poor muon reconstruction have not been
recovered. In the next software releases algorithms to recover some of these missed muons using energy
deposits in the calorimeter and tracks in the inner detector will be used.

Figure 12 (right) shows the /EFake
T distributions for events in which the leptonically decaying W results

in an electron and those resulting in a muon, respectively. The latter distribution clearly contains larger
non-Gaussian tails. As discussed above, the sources of these large tails are either missed or fake muons.

4.2 Fake /ET from the calorimeter

In this section it is assumed that all calorimeter readout channels are functional. /EFake
T in the calorimeter

is then produced by mis-measurements of hadronic jets, taus, electrons or photons.
The calorimeter has cracks and gaps in the transition regions, which are also used for service out-

lets. These regions have poorer resolution and are expected to have larger contributions to /EFake
T com-

pared to the rest of the calorimeter. There are two gap regions defined in the following η ranges:
(1.3 < |η |< 1.6) and (3.1 < |η |< 3.3). Figure 13 shows the η distribution of the worst and the second
worst measured jet (defined w.r.t. the closest true jet and their energy difference) in the calorimeter for the

Table 2: The sources of mis-measured muons that contribute to /EFake
T > 60 GeV. The columns are

normalized to the same number of events (25k).

Sources SU3 J6 tt̄ Z→ µµ
MC muon not reconstructed 121 17 42 332
Reconstructed muon failed quality cut 30 18 40 18
Muon reconstructed with badly measured pT 29 3 28 28
Reco muon not close to MC muon (“fake muon”) 11 23 0 25
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QCD sample generated with 560 < pT < 1120 GeV. It shows that a large number of the worst measured
jets have η pointing to |η | in 1.3-1.6. The η distribution of the second worst measured jet is more flat
and peaks around |η | in 0.6-0.9, the transition region of the barrel tile calorimeter to the extended barrel
tile calorimeter.

The above correlation of worst measured jets and their η suggests a large correlation between the
jet η and /EFake

T . However, the /EFake
T distribution from full simulation samples suggests otherwise.

Figure 14 shows the /EFake
T distribution in the QCD samples generated with 560 < pT < 1120 GeV and

140 < pT < 280 GeV, when a jet points to the crack/gap region or not. The slope of the distributions
suggests no significant correlation between jets pointing to cracks and /EFake

T .
This apparent contradiction between Fig. 13 and Fig. 14 can be understood as follows: even though

the worst measured jet contributes strongly to the /EFake
T , it is not the only source of /EFake

T in the event.
The worst measured jet contributes on average about 60% and the second worst measured jet contributes
about 20% to /EFake

T . But not all worst measured jets are along the crack region and each event has many
jets. In lower /EFake

T regions there is a stronger correlation between /EFake
T and jets pointing to cracks. For

higher /EFake
T ( > 50 GeV considered here ) there is more than one source contributing to /EFake

T and the
correlation of jets pointing to cracks is smeared out as can be seen in Fig. 14.

4.3 Fake /ET from calorimeter leakage

Jet leakage from the calorimeters or fluctuations in large jet energy deposits in non-instrumented regions
such as the cryostat between the liquid argon and tile calorimeters can also be a source of /EFake

T . The
method used to detect events with potential jet leakage is to look for large energy deposits in the follow-
ing regions: the outermost layers of the TileCal and the HEC, the outermost LAr barrel layer and the
innermost TileCal barrel layer, and in the TileCal gap and crack scintillators.

The following shows an example of selection cuts applied on different variables of the three leading
pT jets with pT> 100 GeV: ETile2/ETotal > 0.05, ETile10/ETotal > 0.7, ECryo/ETotal > 0.2, EGap/ETotal > 0.2
and EHEC3/ETotal > 0.5, where ETotal is the total jet energy, ETile2 is the jet energy in the outermost tile
layer, ETile10 is the jet energy in the first two innermost tile layer, ECryo is the energy lost by the jet in the
cryostat, EGap is the jet energy in the gap scintillators and EHEC3 is the jet energy in the outermost layer
of the HEC calorimeters. If any of these cuts is satisfied the event is rejected.

Furthermore, as the tracks found in the inner detector are not affected by the reconstruction, com-
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Figure 13: The η distribution of the worst (left) and second-worst measured jet (right) in the calorimeter
in QCD events generated with 560 < pT < 1120 GeV.

16

JETS AND MISSING ET – MEASUREMENT OF MISSING TRANSVERSE ENERGY

123

383



Fake EtMiss (GeV)
100 200 300 400 500 600

Ar
bi

tra
ry

 u
ni

ts

1

10

210

310

410

No jet in gap 
At least one jet in gap
Combined

ATLAS

Fake EtMiss (GeV)
0 10 20 30 40 50 60 70 80 90 100

Ar
bi

tra
ry

 u
ni

ts

1

10

210

310
No jet in gap 

At least one jet in gap 

Combined

ATLAS

Figure 14: The /EFake
T rate for QCD sample in 560 < pT < 1120 GeV range (left) and QCD sample in

140 < pT < 280 GeV (right) due to calorimeter mis-measurements.

 (GeV)TE
0 100 200 300 400 500 600

Fr
ac

tio
n 

of
 re

m
ai

ni
ng

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

ATLAS

 (GeV)TE
0 100 200 300 400 500 600

Fr
ac

tio
n 

of
 re

m
ai

ni
ng

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

 (GeV)TEFake 
0 100 200 300 400 500 600

Fr
ac

tio
n 

of
 re

m
ai

ni
ng

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

ATLAS

 (GeV)TEFake 
0 100 200 300 400 500 600

Fr
ac

tio
n 

of
 re

m
ai

ni
ng

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

Figure 15: Fraction of events remaining after the cuts discussed in the text as a function of /ET(left) and
/EFake

T (right) for the QCD sample generated with 560 < pT < 1120 GeV.

plementary information on events with fake /ET can be obtained using /ETtrk from tracks which is the /ET
computed only from tracks. A cut on (/ETtrk− /ET > 50 GeV) was chosen for the optimization of the
signal significance.

Figure 15 shows the percentage of events remaining after the cuts described above are applied on
QCD sample generated with 560 < pT < 1120 GeV. The right plot shows suppression of large fake /ET
generated due to high pT jet leakage. Larger fake /ET are suppressed more strongly. It can also be noticed
from the left plot that these cuts, although removing a large fraction of the events dominated by fake /ET,
are not sensitive to the overall /ET in the event and the fraction of remaining events is fairly constant over
/ET. The method is of course analysis dependent and the values of the cuts should be chosen taking into
account the signal efficiency.

4.4 Fake /ET from instrumental effects

In real data there will be sources of /EFake
T which are not fully modeled in Monte Carlo simulations in-

cluding, for example, mis-modeling of material distributions and instrumental failures. As the details
of these /EFake

T sources will be understood with time, increasingly refined analyses will be developed
to minimize their associated backgrounds while maintaining high selection efficiencies for signals with
genuine missing energy. While it is difficult to predict in advance the exact sources of mis-modeled
/EFake

T , it is nevertheless possible to insert problems into the Monte Carlo that match potential hardware
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Figure 16: Cell-killed QCD sample in 560 < pT < 1120 GeV range: the /ET distribution (left) and the
EM fraction (right). The histograms are normalized by area.

failures. These include trips in high-voltage channels or readout power supplies of the calorimeter or
noise in calorimeter channels or regions. The initial studies presented here are based on samples with
simulated dead regions of the calorimeter, so called ‘cell-killed’ samples: one dead front-end readout
crate in the LAr electromagnetic barrel calorimeter and one dead front-end readout crate affecting LAr
electromagnetic and endcap calorimeters. Based on the location of these hardware failures the calorime-
ter is divided into three regions of φ(/ET): ‘Region 1’ with EM endcap and hadronic endcap problems,
‘Region 2’ with EM barrel problems, and ‘Region 3’ with no problems.

These samples were used as references for the development of cuts that reduce the /EFake
T background

while maintaining high efficiencies for potential signal events. Since we will not know the precise lo-
cation and nature of hardware problems in advance, the cuts are not tuned assuming that knowledge. In
real data it will be possible to significantly improve the analysis performance by cutting harder when
energy deposits are expected near regions with detector hardware problems, but that is not exploited in
the studies so far. Future work will also include using these samples to develop data-driven techniques
for predicting the /EFake

T tails.
The high-pT (560 < pT < 1120 GeV) γ+jet MC sample was processed with the cell-killed configu-

ration described above. Events with at least one back-to-back photon-jet pair were selected. Figure 16
shows the /EFake

T generated in the three regions. Large /ET tails are seen in Regions 1 and 2 where the holes
in calorimeter coverage have been introduced. The effect of dead regions can also be seen in Table 3.
The columns show the number of events above various /EFake

T thresholds. The first two rows show the
number of events with no dead-regions and with the above dead-regions simulated. A very large increase
in high /EFake

T is seen.
Several methods have been developed to suppress events with large fake /ET:

• EM Fraction Method: The EM fraction method starts by finding the closest calorimeter jet to the
/ET direction vector using ∆φ between the calorimeter jet and /ET. Figure 16 (right) shows the EM
fraction distributions. Small EM fractions are due to a dead LAr EM calorimeter crates, whereas
large EM fractions are due to a dead hadron calorimeter crates. The fake /ET generated this way
can be suppressed by requiring the EM fraction to be in a window from 0.40 to 0.96. The effect
of this cut can be seen in the third row of Table 3 when compared to the increase in /EFake

T due to
dead-regions in row 2. A rejection of 1.5 to 4 is seen from low to high /EFake

T bins. The selection
efficiency can be defined as the ratio of the number of events after and before the cuts when events
fall in Region 3 (Region 3 has small /EFake

T ). For the EM fraction method the selection efficiency is
∼ 90%.

• Track-Jet Methods: jets were reconstructed from inner detector tracks using the cone algorithm
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Table 3: The number of events from γ+jet samples above various /EFake
T thresholds with no dead-regions,

with simulated dead-regions and after applying various suppression techniques (see text). All numbers
are normalized to 25k events sample size.

/ET
Fake (GeV) > 100 > 200 > 300 > 400 > 500

No dead regions 555 18 3 1 0
w/ dead regions 2482 1308 864 501 199
w/ EM fraction method 1651 572 287 122 50
w/ track-jet cluster method 1786 664 313 129 49
w/ comb. track-jet cluster method 1402 392 150 46 14

with ∆R = 0.4. A fiducial volume cut of |η | < 2.5 is applied due to the tracking coverage. Since
track-jets use the inner tracking detectors, they provide a complementary identification of events
with fake /ET. A number of different methods of exploiting the track-jets were studied. An effective
method which only uses information present in the Analysis Object Data (AOD) is to sum the ET
of calorimeter topological clusters within the track-jet η-φ cone. The distributions of the ET ratio
of the track-jet to the clusters has tails due to the dead calorimeter regions. A cut is applied
requiring ET ratios larger than 1.0; the value was chosen to maintain a significant efficiency for
signal samples, and could be substantially tightened for different physics analyses. The fourth row
of Table 3 shows the effectiveness of this cut. Rejections from η = 1.4 to η = 4 are achieved from
the low to high /EFake

T regions, with efficiencies of ∼ 93%.

Since the EM fraction method and track-jet methods are largely uncorrelated, they can be combined
for better suppression of large /EFake

T . The last row in Table 3 shows the performance of the combined
track-jet method. The selection efficiency for this combined method is ∼ 84%. It must be emphasized
that the results presented in this table represent the worst case since the cuts do not use the detailed infor-
mation about detector problems that will be known from the detector control and data quality systems.
In a final analysis, much harder cuts can be applied in regions with known detector problems. Of course,
this will reduce the acceptance of the detector.

5 The /ET Trigger algorithm performance

This section briefly describes the /ET algorithms applied at the first level trigger (L1) and the higher-level
trigger (HLT). The HLT is a combination of second level trigger (L2), and a third level trigger (or event
filter, EF). The L1 algorithm is based on hardware, while the HLT algorithms are software based.

5.1 The /ET at L1

The /ET L1 calorimeter triggers cover the region |η |< 4.9, which is the limit of the forward calorimeters
[11]. The basic units of L1 /ET and Σ/ET trigger algorithms are ‘jet elements’, formed by summing over
trigger towers within windows of 0.2× 0.2 in the (η ,φ) plane.2 They are processed by the Jet/Energy
modules, which compute Ex, Ey and Σ/ET of each jet element. Four thresholds are available on Σ/ET with
values up to 2044 counts in steps of 4 (usually, 1 count = 1 GeV). Eight /ET thresholds are available,
up to a maximum threshold value of 504 counts. If an overflow occurs at any point in the /ET or Σ/ET
algorithm, all of the corresponding thresholds are set as passed.

2For 2.4 < |η | < 3.2 the granularity is either ∆η = 0.2 or ∆η = 0.3, while FCAL jet elements extend from |η | = 3.2 to
|η |= 4.9. The φ granularity of the FCAL jet elements is ∆φ = 0.4.
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Figure 17: L1, EF and offline results for the /ET (left) and the Σ/ET (right) resolution as a function of the
true Σ/ET in tt̄ events.

For each event, the L1 Ex, Ey and Σ/ET are saved into one object of the RecEnergyRoI class, including
overflow flags. If any threshold is passed, the JetEnergy RoI is also produced containing the bit pattern
of the thresholds passed.

5.2 /ET at HLT

The offline algorithm described in Section 2.2 is too resource intensive (both in terms of memory access
and calculations to be done) to be applied in the HLT. The following algorithms are ready for the first
data taking3:

• The L2 algorithm uses the calorimeter information in RecEnergyRoI provided by the L1 trigger
and applies a correction for L2 muon objects.

• The default EF algorithm sums all calorimeter cells and applies a 0-th order hadronic calibration by
multiplying /ET and Σ/ET by a constant related to the hadronic/electromagnetic calorimeter energy
fraction in a jet. Finally, the EF takes the muon contribution into account.

Both at L2 and EF, the muon correction may be switched off independently for each trigger chain.
The decision taken both at L2 and EF is carried out by the same software package. This hypothesis

testing code can be configured to accept events based on /ET, on Σ/ET or on both.

5.3 The /ET and Σ/ET resolution at trigger level

Figure 17 shows the /ET and Σ/ET resolution for the L1, EF and offline algorithms as a function of the true
Σ/ET for tt̄ events. Since the L2 algorithm takes the L1 result and applies relatively small corrections, the
present L2 resolution is practically the same as for L1 and therefore not shown. At true Σ/ET values of
500 GeV, the L1 resolution on the /ET measurement is about 25 GeV which is a factor of two larger than
what is achieved offline. The EF resolution, for both /ET and Σ/ET lies in between the values for L1 and
offline resolution.

3At present, work is in progress to detect fake sources due to detector effects like uninstrumented regions or hardware
failure, or physics environment, e.g. beam-halo or cosmic ray tracks.
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6 /ET in early data

Validation of the /ET reconstruction described in the previous sections will be performed with the first
LHC data accumulated by ATLAS. For the very first data, the two main issues are controlling instrumen-
tal failures and calibration of energy deposits in the calorimeter. At this stage, the overwhelming number
of minimum bias events will be used to monitor and diagnose /ET reconstruction problems.

The development of algorithms for data quality checks is being actively pursued to minimize the im-
pact of such failures and will be optimized when the first data is collected. The ‘standard’ /ET calculation,
using the calorimeter cells at the electromagnetic scale above a threshold will be always provided as a
reference. The /ET calibration strategy follows the steps described in Section 3. First, a simple global
calibration for all the TopoCells will be used. As shown in Section 3 this already gives a good linearity
behavior. As the event reconstruction becomes more robust, the event objects (e.g. electrons, jets, taus)
will be used to obtain the best /ET resolution.

Figure 3 already shows how the /ET linearity improves from a simple to a more refined /ET calculation.
Figure 18 shows how the /ET resolution improves arriving in steps to the final refined calibration.
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Figure 18: The /ET resolution as a function of true Σ/ET from the uncalibrated to the refined calibration
as indicated for the following channels: W → µν corresponding to true Σ/ET = 130 GeV, W → eν to
165 GeV, Z → ττ to 210 GeV, tt̄ to 470 GeV, A/H → ττ to 843 GeV, J5 to 800 GeV and SUSY to
906 GeV.

Once data of the order of 100 pb−1 are collected, the /ET validation focuses on physics channels with
relatively large /ET and/or Σ/ET. This section briefly describes a few studies that will be performed with
the first data.

The Z → ττ process, using the Z mass constraint, can be used to determine the /ET scale in-situ
to about 8% accuracy. The Z → `` process with decays to electrons and muons does not have any
significant /ETrue

T from neutrinos. The small background to these events will help to test possible /ET
biases, expected to be zero, and the resolution in a straightforward manner. The copiously produced
W → eν and W → µν events can be used to test the reconstructed /ET in the (20−150) GeV range. Two
methods to use these events are discussed. Semileptonic tt̄ events also have genuine /ET and allow a
test of the /ET reconstruction in an environment relevant for many physics analyses and searches, notably
SUSY.
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Figure 19: (left) The /Ex,y resolution for different Σ/ET regions in minimum bias events. (right) The
/ET resolution in QCD dijet events (J0-J3: see Section 3.1 for definition) is shown together with the /ET
resolution from minimum bias events (black filled circles) as a function of Σ/ET. An integrated luminosity
of the order of 10−5 pb−1 is used.

6.1 Minimum bias events

Minimum bias interactions at the LHC are dominated by soft collisions of the two interacting protons.
These events are useful for /ET commissioning, especially in the early stages of the experiment, due to
their large statistics and their comparatively simple event selection. The main background in minimum
bias events will originate from empty, beam gas and beam halo events, especially at the beginning of the
experiment. Minimum bias events will be used to verify the /ET reconstruction procedure and estimate
the /ET resolution for low Σ/ET events.

In the early stages of the experiment, minimum bias events will be selected by three types of triggers:
randomly selected bunch crossings (MB1), randomly selected bunch crossings together with a SemiCon-
ductor Tracker space point trigger (MB2), and minimum bias trigger scintillator (MBTS2). The details
of the triggers are described in Ref. [12].

For the study of /ET in minimum bias events, high signal efficiency and background rejection are
required. The relative fraction of non-diffractive, single diffractive and double diffractive events in the
sample is not a concern. The selection criteria require at least 20 semiconductor tracker space points to
reject empty events and at least one good reconstructed track to reject beam gas and halo events.

A Monte Carlo study predicts an overall trigger efficiency of 96.8%. The offline track selection
efficiency (with respect to events passing the trigger) is 80.6% for a total selection efficiency of 78.0%.

The /ET in minimum bias events is fairly low with a mean of 4.3 GeV. Fake /ET is caused mainly
by calorimeter energy resolution (82%) and acceptance (18%). The true /ET is 0.06 GeV on average,
originating from K/π decays-in-flight and from the decay of charm and bottom particles. The true Σ/ET
in non-diffractive minimum bias events is typically 64 GeV, while the reconstructed Σ/ET is on average
49 GeV due to the loss of low energy particles which do not reach the calorimeters. Since minimum
bias events are dominated by soft (low-pT) interactions, jets are reconstructed with a rate depending on
Σ/ET. When minimum bias events with Σ/ET of 50 GeV are compared to events with Σ/ET of 250 GeV, the
average number of reconstructed jets with pT > 7 GeV increases from below one to about nine with an
average jet energy of 10 and 13 GeV, respectively.

The /ET resolution in minimum bias events is expected to scale as
√

ΣET because the stochastic term
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of the calorimeter resolution is dominant in Σ/ET regions as shown in the left plot of Fig. 19. These
distributions are well fitted by Gaussian functions with offsets of zero (in the case of no φ asymmetry)
and resolutions which scale with Σ/ET.

The right plot of Fig. 19 shows the comparison of the /ET resolution evaluated in this study with the
higher Σ/ET region (Σ/ET > 300 GeV). The /ET resolution in QCD dijet events matches well the resolution
obtained from minimum bias events.

6.2 Determining the /ET scale using Z→ ττ events

At the beginning of ATLAS operation, about 70k events of type Z → ττ with one leptonic and one
hadronic τ-decay will be produced in 100 pb−1 of data. Such events can be selected with a lepton
trigger. The Z → ττ → `h are produced with genuine /ET of typically 20 GeV and Σ/ET of the order of
200 GeV. In these events the peak position of the ττ invariant mass distribution is sensitive to /ET and
can be very useful in determining the /ET scale [10].

The main backgrounds come from W → `ν+jets events, where one jet fakes a τ decay, and from
QCD events (mainly bb̄). The tt̄ background has a much lower cross-section; the Z→ ee and Z→ µµ
backgrounds are also small and the WW background is negligible. Events with the final state lepton and
τ-jet of the same-sign are not expected to come from Z → ττ events which have opposite-sign. The
backgrounds (apart from the tt̄ background, which is anyway low) contribute in the same way to the
opposite-sign and the same-sign samples. Hence, the effect of backgrounds will be minimized using
same-sign events, subtracted from the opposite-sign events.

For each reconstructed event, the leading and isolated lepton (electron or muon) with p`
T > 15 GeV

and |η`| < 2.5 is chosen and a set of basic cuts is applied: /ET > 20 GeV (rejects QCD events), the
transverse mass calculated from /ET and the lepton < 50 GeV (suppresses events from semileptonic W
decays), and Σ/ET < 400 GeV (suppresses QCD). In addition it is required to have no tagged b jets
(suppresses tt̄ and bb̄ events). Then at least one identified τ-jet with pτ−jet

T > 15 GeV, |ητ−jet| < 2.5,
and a track multiplicity of one or three is required. The ∆φ between the isolated lepton and the τ-jet is
required to be in the range between 1−2.8, which reduces badly reconstructed events and further rejects
backgrounds.

With 100 pb−1 of data, 210 signal events (opposite-sign) are expected in the invariant mass range
66 GeV < mττ < 116 GeV. A total background of 16 events is expected. Figure 20 (left) shows the
reconstructed mass peak for Z→ ττ events as well as the small total backgrounds after analysis cuts for
opposite-sign and same-sign events.

Figure 20 (right) shows a very good sensitivity of the measured Z mass reconstructed from τ-pairs
to the absolute /ET scale. With an integrated luminosity of 100 pb−1, the Z mass can be reconstructed
with an uncertainty of ±0.8 GeV. Taking into account the statistical uncertainty only, the /ET scale could
be determined with a precision of ∼ 3%. But systematic effects, such as the subtraction of same-sign
events and the stability of the fit will affect the measurement of the reconstructed mass peak. Therefore,
assuming a resolution of ±3σ on the reconstructed Z mass, the /ET scale can be determined to about
±8%.

6.3 Z→ `` events

This analysis uses inclusive Z→ ee and Z→ µµ samples to investigate the scale and resolution of the
/ET reconstruction in the first data. In these samples the transverse momentum of the two leptons from
the Z boson decay are balanced by the hadronic recoil and Σ/ET reaches values up to a few hundred GeV.

Events are selected by requiring two well reconstructed, identified and isolated leptons with
pT > 25 GeV. They have to have equal or opposite charge and a reconstructed mass, m``, in the interval
70−100 GeV. In a sample of 250pb−1 of data, about 400k events are expected.
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Figure 20: (left) Reconstructed invariant mass of the pair of τ leptons for Z→ ττ decays and all back-
grounds: opposite-sign background (dashed) and same-sign background (dotted). (right) Reconstructed
invariant mass of the pair of τ leptons for Z→ ττ decays as a function of the /ET scale. The horizontal
lines correspond to ±1σ and to ±3σ w.r.t. the Z peak position. The analysis is based on an integrated
luminosity of 100 pb−1 of data.

Backgrounds from Z→ ττ and W → `ν events are negligible. The background from QCD events
in which two leptons are falsely identified is expected to be small but has to be carefully evaluated when
data are available. In the present study, these backgrounds are not considered as they are expected to
have negligible impact.

In Section 3, projections of /ET, called /EL and /EP, were introduced. This analysis aims at optimizing
the principle of using projections by resolving the missing transverse momentum along the so called
’longitudinal axis’ which is defined by the combined direction of flight of the two leptons. The perpen-
dicular axis is also defined in the transverse plane which is orthogonal to the longitudinal axis. The axes
as reconstructed from the measured angles of the leptons and their measured energies are thus not used
at this point, which would fully exploit the good angular resolution of the ATLAS detector. In general,
the longitudinal axis points in the direction of flight of the Z boson and away from the hadronic recoil.

Figure 21 (left) shows, for Z→ ee events, the average /ET resolved along both axes as a function of
the transverse momentum of the lepton system resolved along the longitudinal axis.

The results for the longitudinal axis exhibit a negative offset of up to ∼ 4 GeV at high values of pT
of the lepton system, while the results for the perpendicular axis are consistent with zero. For Z→ µµ
events similar results are obtained. It has been verified that this offset is not caused by real neutrinos in
the event. If the event topology is considered, it is clear that this is suggesting that the magnitude of the
hadronic recoil pT is underestimated. The resolution of the /ET projection on both axes as a function of
the total scalar sum of the activity in the hadronic calorimeter, ∑ET,cluster, is shown in Figure 21(right) for
Z→ ee events. The fitted curve is of the form σ(/ET) = P0

√
∑ET,cluster +P1 and illustrates the stochastic

behavior of the calorimetric energy measurement.
These results on Z→ ee and Z→ µµ events demonstrate that potential problems of the /ET recon-

struction can be located with high accuracy using the first data.

6.4 W → `ν events

Events with W → eν and W → µν will be copiously produced at the LHC. Tens of thousands of events
with an excellent signal-to-background ratio can be collected per pb−1 . With these events, a good
understanding of the /ET reconstruction can be achieved up to /ET values of few hundred GeV. The
average Σ/ET is of the order of 150 GeV.

In order to isolate W → `ν events, two basic selection cuts are required: existence of one high pT
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Figure 21: For Z → ee events: (left) /ET projected onto the longitudinal and perpendicular axes as
explained in the text as function of the pT of the lepton system resolved along the longitudinal axis.
(right) The width σ (/ET) as a function of ∑ET,cluster. Both plots use a sample corresponding to 250 pb−1

of data.

charged lepton with |η |< 2.5 and /ET > 20 GeV. Possible backgrounds are from tt̄ production, W → τν ,
Z→ ``, and QCD events.

Two methods have been investigated to check the /ET reconstruction using these events. The first
is based on the fact that the average pT of the charged lepton and the neutrino are the same, so the
ratio R = pT,ν/pT, ` has been studied. This variable should be ∼ 1, but its distribution is distorted by
the kinematic and acceptance requirements on the charged leptons. The method and related systematics
have been checked with the fast ATLAS simulation. It is expected to be sensitive to values of /ET up to
60 GeV even with 1pb−1 of data. Full simulation studies are in progress.

The second method, based on the shape of the reconstructed transverse mass of the W boson, is
sensitive to both the /ET resolution and the scale. The transverse mass, mW

T , is reconstructed under the
hypothesis that /ET is completely due to pν

T. An example of an mW
T distribution is shown in the next

section for tt events, which have high values of Σ/ET of typically 500 GeV. The focus in this section
however is on a dedicated analysis of the corresponding distribution for Drell-Yan events at lower Σ/ET
as statistically required.

The mW
T distribution (for Drell-Yan events) is fitted in a binned log-likelihood fit that uses template

histograms. To minimize the dependence on the kinematics of the W boson, e.g. on its transverse mo-
mentum, the fit is restricted to values of mW

T in the range of 65 to 90 GeV. The template histograms of the
mW

T distributions are generated by convolving the true transverse mass distribution with the /ET response:
/Ex,y = α pν

T(x,y)⊕Gauss(0,σ) where parameters α and σ are the /ET scale and resolution (in GeV),
respectively. Since the /ET resolution strongly depends on the activity in the calorimeter, the analysis is
performed in several Σ/ET intervals.

Figure 22 (left) shows the resolution for W → µν events. The results of the fit agree well with the
expectations using truth information labeled as ‘pseudo-data’. In Fig. 22 (right) the result for the /ET
scale is shown. The scale is measured at the 1% level over a large range of Σ/ET, confirming the excellent
performance of this technique. The template fitting performs well in the low Σ/ET region, while a small
discrepancy is observed in the high Σ/ET region.

This method described so far is applicable to W→ µν events, whereas in W → eν events it has to
be modified because the electron is included in the Σ/ET calculation, while the muon is not. This leads
to a significant correlation between Σ/ET and the shape of the transverse W mass distribution when the
template is made including the Σ/ET dependence. Similar results for the /ET scale and resolution are
obtained, but systematic uncertainties have not yet been estimated.

Also if the backgrounds, including the QCD background, cannot be efficiently suppressed by the
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Figure 22: For W→ µν events: /ET resolution (left) and scale (right) as a function of Σ/ET, using the
second method described in the text. The circular dots represent the value calculated from pseudo-data
and the triangular markers represent the estimation.

selection cuts, their influence could be non-negligible. Work is in progress on that.

6.5 Semileptonic tt̄ events

Semileptonic tt events have an interesting multi-jet topology. With genuine /ET in the range from 20 GeV
to 100 GeV and a total transverse energy of typically 500 GeV, they are representative of other physics
channels such as SUSY. This section shows that the reconstructed transverse W mass as well as a kine-
matic fit that exploits all mass constraints in tt̄ events without requiring b jet tagging, will be useful to
investigate possible problems of the /ET measurement in early data. Both methods are sensitive to the
scale of /ET to the level of a few percent (statistically) when a sample with an integrated luminosity of
200 pb−1 is used. These methods are affected differently by jet energy scales and background and can
provide complementary information.

About 7k events survive the selection requirements, which are: at least 3 jets with pT ≥ 40 GeV, at
least one more jet with pT ≥ 20 GeV, /ET ≥ 20 GeV, and one isolated lepton (e or µ), with pT ≥ 20 GeV.
The requirements strongly suppress the background from QCD events, which is expected to have no
effect and is ignored. The QCD background is expected to be < 10% in tt̄ events, so, after the require-
ments for the kinematic fit, this assumption should be safe. The background from W+jets events is at the
level of 20% and is included in this study.

In tt analyses the usual assumption is that the /ET in an event can be assigned to the neutrino from the
leptonically decaying W . With this assumption, the transverse mass mW

T can be reconstructed from the /ET
vector and the transverse momentum of the charged lepton. Figure 23 (left) shows that the shape of the
mW

T distribution is distinctly different for various ranges of fake /ET
4, illustrating the power of these events

to locate problems. To demonstrate that the transverse W mass distribution can be used to check the /ET
scale in early data, two additional event samples with the true /ET scaled by 0.8 and 1.2, respectively have
been produced and reconstructed. The samples are analysed by fitting a Gaussian shape to the core of the
peak in the transverse mass distributions. The peak position shifts by -7 and +7 GeV for the sample with
scale of 0.8 and 1.2 respectively, both with an statistical uncertainty of 0.5 GeV, indicating a sensitivity

4Here fake /ET is defined as the scalar difference of reconstructed /ET and true /ET.
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to the /ET scale at the level of 2%.
Note that backgrounds other than W+jets events are not considered in this study. Background from

SUSY events can have a severe impact on the distribution by shifting the peak and thus mimicking a
/ET scale calibration offset. The existing knowledge of tt events can be combined in a kinematic fit to
improve the measured quantities and to investigate the scale of the /ET measurement. The following mass
constraints are available: mhad

W = mlep
W = 80.4 GeV, where mhad

W is the reconstructed mass of two light jets
of the hadronically decaying W and mlep

W is the reconstructed mass of the lepton and the neutrino of the
leptonically decaying W . The reconstructed mass of the leptonically decaying top quark and that of the
hadronically decaying top quark are assumed to be mhad

top = mlep
top = 175 GeV. The neutrino’s transverse

momentum is set equal to /ET and its longitudinal momentum is analytically calculated from the mlep
W

constraint.
The χ2 function of the fit is built using the energy of the four leading jets, with fit parameters to

scale the corrected jet energies, a constraint on the product of the fit parameters to the a-priori known or
assumed overall jet energy scale and with the implementation of the four mass constraints. All twelve
possible permutations of assigning jets to the two top quarks and W bosons respectively are considered.
Finally, only the permutation with the lowest χ2 is selected in each event.

It is found that the /ET, re-calculated after the fit, is not significantly improved. However, using a cut
on χ2 improves the resolution on /ET, so it is possible to use the χ2 of a kinematic fit to classify tt events
with a relatively good /ET measurement without using b tagging. In the first data this classification helps
to locate possible detector problems.

The kinematic fitting procedure can be utilized to check the /ET scale in early data. Background
events are expected to be incompatible with the constraints used in the fit and thus be reduced by a cut
on χ2. Therefore, in contrast to the study using the transverse W mass as described above, this method
suffers significantly less from backgrounds.

After applying the fit to the events and requiring χ2 < 10 and in additional /ET > 40 the background
from W+jets event is reduced to the 1% level. A robust estimator of the /ET scale is the measured
transverse momentum difference of the (anti-) top quark mother of the leptonically and hadronically
decaying W respectively: ∆pT = plep

T − phad
T where plep

T is the combined transverse momentum of the
measured charged lepton, /ET and one b jet, while phad

T is the momentum of the jets of the hadronically
decaying W and the other b jet. Of course, the assignment of the jets to the correct top quark is not
guaranteed. Nevertheless, this quantity is remarkably sensitive to the /ET scale, as can be seen in Fig.
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Figure 23: In semileptonic tt̄ events, (left) the reconstructed transverse W mass in various ranges of fake
/ET, (right) the distribution of the measured momentum difference of the two top quarks, ∆pT for (true)
/ET scales of 0.8, 1.0 and 1.2 as indicated. The analysis is based on an integrated luminosity of 200 pb−1

of data.
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23(right). The mean values of the distributions are−16.4±0.9 GeV ,−4.5±0.8 GeV, and 4.5±0.9 GeV
for scales of 0.8, 1.0, and 1.2, respectively. This implies a sensitivity on the /ET scale at the level of 2%.
The systematic variation due to a shift of the top quark mass of 2.5 GeV is about 2%.

7 Summary

The /ET in ATLAS is calculated from the energy in the calorimeter and from the reconstructed muons.
The energy in the calorimeter is classified and calibrated according to the reconstructed objects to which
it belongs. Two algorithms for reconstruction and calibration are presently implemented in the ATLAS
software, one Cell-based, where the /ET reconstruction and calibration is done starting from the energy
deposited in calorimeter cells, and the other one Object-based, where the /ET reconstruction is done from
the reconstructed, classified and calibrated objects and from the energy outside of them. The performance
of the two is similar.

The /ET performance has been checked on a large variety of events with physical /ET such as Z→ ττ
, A/H → ττ , SUSY, and tt̄, as well as events with no physical /ET like minimum bias events, events
with QCD jets, and Z+jets processes. The resulting linearity of the response is within 5%, even for
low true /ET values of the order of 40 GeV. The /ET resolution, σ , follows an approximate stochastic
behaviour over a wide range of values of the total transverse energy deposited in the calorimeters. A
simple fit to a function σ = a ·√ΣET yields values between 0.53 and 0.57 for the parameter a, for ΣET
values between 20 and 2000 GeV. Deviations from this simple behaviour are expected and observed for
low values of ΣET where noise is an important contribution, and for very high values of ΣET where
the constant term in the jet energy resolution dominates. For values of the true /ET below 40 GeV, the
accuracy of the measurement of the direction of the /ET vector for small values of /ET degrades rapidly.
In contrast, for high values of the true /ET, azimuthal accuracies better than 100mrad can be achieved.
This accuracy of the measurement of the /ET direction allows an isolation cut on /ET, which can efficiently
suppress events with a badly measured jet and the resulting /ET pointing in the jet direction.

A dedicated study of fake /ET shows that instrumental effects like hot/dead/noisy cells (regions) in
calorimeters, as well as beam-gas scattering or other machine backgrounds, or displaced vertices, are
very important, and that their understanding will be crucial in the first days of data taking. Different
methods can be used to clean events and to correct/recover the /ET measurement. Mis-measurements in
the detector itself, due to high-pT muons escaping from the fiducial acceptance or from large losses of
deposited energy in cracks or inactive materials, might also effectively limit the performance of the /ET
reconstruction and have therefore been studied in detail.

With the first 100pb−1 the algorithms for /ET reconstruction and calibration can be checked studying
the /ET linearity and resolution in minimum bias events and in Standard Model processes like Z and W
decays and in tt̄ processes. Complementary methods for the determination of the /ET scale in-situ have
been studied and it has been shown that it will be possible to determine the /ET scale with a precision of
at least 8%.
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b-Tagging Performance

Abstract
The ability to identify jets stemming from the fragmentation and hadroniza-
tion of b quarks is important for the high-pT physics program of ATLAS:
top physics, Higgs boson searches and studies, new phenomena. After an
overview of the reconstruction of the key ingredients forb-tagging, the tag-
ging techniques are described. The performance ofb-tagging algorithms is
then detailed, as well as the impact on performance of several factors and new
promising directions. Finally, expected performance in the first data and the
anticipated uncertainty with which it can be measured are briefly discussed.

1 Introduction

This note discusses the identification of jets stemming fromthe hadronization ofb quarks, orb-tagging.
The ability to identify jets containingb-hadrons is important for the high-pT physics program of a
general-purpose experiment at the LHC such as ATLAS. This isin particular useful to select very pure
top samples, to search and/or study Standard Model or supersymmetric (SUSY) Higgs bosons which
couple preferably to heavy objects or are produced in association with heavy quarks, to veto the large
dominanttt̄ background for several physics channels and finally to search for new physics: SUSY decay
chains, heavy gauge bosons, etc.

The large majority of these studies requires goodb-tagging performance for jets with a transverse
momentum ranging from 20 to 150 GeV. However, for super-symmetric processes, jets ofpT as high
as 500 GeV may have to be tagged [1], and for exotic phenomenab-jets of up to a few TeV can be
produced. For top studies, the signal rates are very high at the LHC and therefore a moderateb-tagging
efficiency (> 50%) is acceptable, while a fraction of light jets mis-identified asb-jets below a few per
mille suppresses most of theW+jets background (see for instance Ref. [2]). One of the mostdemanding
channels forb-tagging is the production of a light Standard Model Higgs boson in association with a
top-antitop pair [3]:tt̄H(H → bb̄). Fourb-jets have to be tagged with very high efficiency (εb ≈ 70%)
since the signal cross-section is low, and the mis-tagging rate must be kept below 1% to fight the large
tt̄+jets background.

The identification ofb-jets takes advantage of several of their properties which allow us to distinguish
them from jets which contain only lighter quarks. First the fragmentation is hard and theb-hadron retains
about 70% of the originalb quark momentum. In addition, the mass ofb-hadrons is relatively high (> 5
GeV). Thus, their decay products may have a large transversemomentum with respect to the jet axis
and the opening angle of the decay products is large enough toallow separation. The third and most
important property is the relatively long lifetime of hadrons containing ab quark, of the order of 1.5 ps
(cτ ≈ 450µm). A b-hadron in a jet withpT = 50 GeV will therefore have a significant flight path length
〈l〉 = βγcτ , traveling on average about 3 mm in the transverse plane before decaying. Such displaced
vertices can first be identified inclusively by measuring theimpact parameters of the tracks from the
b-hadron decay products. The transverse impact parameter,d0, is the distance of closest approach of
the track to the primary vertex point, in ther −ϕ projection. The longitudinal impact parameter,z0, is
thez coordinate of the track at the point of closest approach inr −ϕ . The tracks fromb-hadron decay
products tend to have rather large impact parameters which can be distinguished from tracks stemming
from the primary vertex. The other more demanding option is to reconstruct explicitly the displaced
vertices. These two approaches of using the impact parameters of tracks or reconstructing the secondary
vertex will be referred to later on as spatialb-tagging. Finally, the semi-leptonic decays ofb-hadrons
can be used by tagging the lepton in the jet. In addition, thanks to the hard fragmentation and high mass
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of b-hadrons, the lepton will have a relatively large transverse momentum and also a large momentum
relative to the jet axis. This is the so-called soft lepton tagging (the lepton being soft compared to high-pT

leptons fromW or Z decays).
The tagging methods relying on the impact parameter of tracks are detailed in this note. Only a

summary and the main results of the other methods are given. The techniques employed to reconstruct
either a single inclusive vertex or to attempt to resolve thecomplex topologies with a secondaryb-
hadron vertex and a tertiaryc-hadron vertex are discussed in Ref. [4], as well as the reconstruction of the
primary vertex. The tagging with soft muons or electrons from b-hadron decays is detailed respectively
in Ref. [5] and Ref. [6]. The expected performance of theb-tagging algorithms in ATLAS, and the impact
of several factors, are explained in detail in this note. However, the assessment of the impact of residual
misalignments on the performance is just starting and first results are available in Ref. [7]. While a large
effort is put into having a very accurate Monte Carlo simulation, theb-tagging performance must be
measured in data. Several studies aiming at measuring theb-tagging efficiency in dijet events (Ref. [8])
or in tt̄ events (Ref. [9]) have been performed. The studies to measure the mis-tagging rates are just
starting and are not discussed. Finally, the high-level trigger of ATLAS has the capability to selectb-jets.
This is particularly interesting for channels with severalb-jets where jet thresholds can be lowered at
the first level thanks to theb-tagging applied at the second and event-filter levels. The high-level trigger
b-tagging performance and strategies are discussed in Ref. [10].

The layout of this note is as follows: in Section 2, the reconstruction of the key objects forb-
tagging is briefly explained and the performance summarized. Since the definition of the flavour of a
jet is not unambiguous in Monte Carlo, the estimators used toassess the performance are defined in
Section 3. Section 4 is intended to be a pedagogical approachto the various tagging algorithms available
and to the likelihood ratio formalism used by ATLAS. Theb-tagging performance for various physics
processes is described in Section 5, relying on the current state-of-the-artb-tagging production software.
In Section 6, a few additional studies aiming at better understanding some critical aspects of theb-
tagging are detailed, while in Section 7 three studies showing new directions to improve theb-tagging
performance are presented. In both cases the studies are described in a separate section because either
they required specific datasets or they relied on software and/or cuts/optimizations which were different
from the ones currently in use in the ATLAS software or they even required new software developments.
In addition, the anticipated uncertainty with which theb-tagging performance may be measured in data
is discussed in Section 8. Finally in Section 9, the main findings and the expected performance in the
first data are summarized.

2 Reconstruction of the key objects

The reconstruction of the various objects needed forb-tagging and its performance are summarized in
this section.

2.1 Charged tracks

The tracks reconstructed in the ATLAS Inner Detector [11] are the main ingredient forb-tagging. On
average a track consists of 3 pixel hits, 4 space-points in the silicon micro-strip detector and about 36 hits
in the Transition Radiation Tracker (TRT). The innermost pixel layer (the so-calledb-layer) is located at
a radius of 5 cm, while the TRT extends up to a radius of 1 m. The tracker is immersed in a 2 T magnetic
field generated by the central solenoid. The intrinsic measurement accuracy of the pixels is around 10
µm in rφ and 115µm in z. All these allow the tracker to measure efficiently and with good accuracy
the tracks within|η | < 2.5 and down topT ∼ 500 MeV. For a central track withpT = 5 GeV, which
is typical forb-tagging, the relative transverse momentum resolution is around 1.5% and the transverse
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impact parameter resolution is about 35µm. Further details can be found in Refs. [11,12].
Most of the results in this note are based on the default pattern-recognition and fitting algorithm,

NewTracking. Its performance is described in Ref. [12]. When relevant, some comparisons are made
with an alternate algorithm, iPatRec.

2.1.1 Baseline track selection

The track selection forb-tagging is designed to select well-measured tracks and reject fake tracks and
tracks from long-lived particles (Ks,Λ or other hyperon decays) and material interactions (photoncon-
versions or hadronic interactions).

Two different quality levels are used. For the standard quality level, at least seven precision hits
(pixel or micro-strip hits) are required. The transverse and longitudinal impact parameters at the perigee
must fulfil |d0| < 2 mm and|z0−zpv|sinθ < 10 mm respectively, wherezpv is the longitudinal location
of the primary vertex. Only tracks withpT > 1 GeV are considered. For theb-tagging quality, the extra
requirements are: at least two hits in the pixel detector of which one must be in theb-layer, as well as
|d0| < 1 mm and|z0− zpv|sinθ < 1.5 mm. This selection is used by all the tagging algorithms relying
on the impact parameters of tracks, while slightly different selections are used by the secondary vertex
algorithms as discussed in Ref. [4].

2.1.2 Tracking efficiency

The b-tagging performance strongly depends upon the tracking efficiency. The tracking performance
inside jets, where the track density may be high, is discussed in the following. The tracking performance
for single tracks is discussed in Ref. [12].

Figure 1 shows the tracking efficiency and fake rate for tracks in tt̄ events as a function of the track
pseudo-rapidity. For the efficiency denominator, only charged primary pions1 produced well before the
b-layer (|x−xpv|< 10 mm,|y−ypv|< 10 mm) and withpT > 1 GeV and|η |< 2.5 are considered. The
first level of the efficiency corresponds to the basic reconstruction efficiency, where a track matched to
a Monte Carlo particle is found. The fake rate is defined as thefraction of reconstructed tracks which
do not pass the matching criteria used for the efficiency, i.e. less than 80% of their hits are coming from
the same Monte Carlo particle. At high pseudo-rapidities, the tracking performance deteriorates mostly
because of increased material and more ambiguous measurements.

Figure 2 shows the tracking efficiency and fake rate for tracks in tt̄ events as a function of their
distance∆R=

√
∆φ2 + ∆η2 to the axis of the closest jet, for tracks fulfilling theb-tagging quality cuts.

The tracking performance degrades near the core of the jet where the track density is the highest and
induces pattern-recognition problems. This is especiallyvisible for high-pT (> 100 GeV) jets.

Finally, in Figure 3 the tracking efficiency and fake rates obtained with the default algorithm and
with iPatRec are compared. The first plot shows the comparison for several bins in the trackpT for all
jets, while the second plot is as a function of the distance tothe jet axis for jets withET > 100 GeV.
It is interesting to note that the two algorithms have a different working point: the default algorithm
maintains a low level of fakes at the price of losing in efficiency, while the complementary choice was
taken for iPatRec. This difference in treatment will lead todifferentb-tagging performance for jets with
high momentum, as discussed in particular in Section 5.6. The features seen in these plots are specific to
the pattern-recognition inside jets: for instance the decrease of the NewTracking efficiency at high track
pT is not visible for isolated tracks; it is here correlated with the local track density since high-pT tracks
are more likely to originate from denser high-pT jets.

1For the tracking studies only pions were considered, but similar results are expected for charged kaons, protons, etc. which
are all used forb-tagging.
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Figure 1: Tracking efficiency (top plot) and fake
rate (bottom plot) versus track pseudo-rapidity, for
three levels of track selection: matching (blue tri-
angles), standard quality cuts (red squares) andb-
tagging quality cuts (black circles), intt̄ events.
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Figure 2: Tracking efficiency (top plot) and fake
rate (bottom) versus distance to jet axis, for tracks
fulfilling the b-tagging quality cuts and associated
to low-pT jets (black symbols) or high-pT jets
(green symbols), intt̄ events.
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Figure 3: Tracking efficiency (top plots) and fake rate (bottom plots) intt̄ events after theb-tagging qual-
ity cuts, for two tracking algorithms: default NewTracking(black symbols) and iPatRec (red symbols).
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Figure 4: Fraction of tracks with shared hits ver-
sus distance to the jet axis. Tracks fulfilling theb-
tagging quality cuts, and with at least one shared
hit in the silicon systems are shown. The standard
definition of shared hits (see text) is shown as well.
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Figure 5: Transverse impact parameter signifi-
canced0/σd0 for tracks in light jets. Two cate-
gories of tracks are used: regular ones (red plain
curve) and tracks with shared hits (blue dashed).
Both distributions are normalized to unity.

2.1.3 Tracks with shared hits

Tracks originating from the same point and passing the trackselection cuts will not necessarily have the
same impact parameter distributions. First of all, even using the track parameters normalized to their
error will not compensate for all resolution effects, such as non-Gaussian tails. In addition, the pattern-
recognition process itself can produce tracks of variable quality depending on their hit contents. Those
tracks require a special treatment to be flagged appropriately. The most significant subset of such tracks
is formed by the tracks which are sharing some of their hits with other tracks.

Figure 4 shows the fraction of tracks which are sharing at least one hit with another reconstructed
track versus the distance of the track to the jet axis, for jets originating fromtt̄ events. Currently for
b-tagging purposes, a track is defined as a track with shared hits if it has at least one shared hit in the
pixels or two shared hits in the strips. As expected, the fraction of tracks with shared hits increases with
the local track density, and is therefore higher for high-pT jets and in the core of the jets. Intt̄ events
the averagepT for taggable (i.e. pT > 15 GeV and|η | < 2.5) b-jets and light jets are respectively 74
and 55 GeV. The fraction of tracks with shared hits is about 2%. For jets with a transverse momentum
of about 140 GeV (WH events withmH=400 GeV, see below), this fraction is twice as high. In both
cases the fraction is roughly similar for NewTracking and iPatRec. In an extreme case, forZ′ → bb̄
events withmZ′ = 2 TeV, a majority of tracks have shared hits and the fraction depends significantly on
the reconstruction algorithm (cf. Section 5.6). Even when the overall level of shared hits is relatively
low, it has been demonstrated that those tracks should be treated appropriately since their impact on the
b-tagging performance is significant. Indeed, the impact parameter significances, defined as the ratios
d0/σd0 andz0/σz0 of the impact parameters to their measured error, for tracksin light jets exhibit a very
different behavior depending on whether the track is a regular one or a track with shared hits, as shown
in Figure 5. It is clear that tracks with shared hits can mimiclifetime more easily.
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Figure 6: Track impact parameter resolution versus trackpT , for several bins in the track pseudo-rapidity.

2.1.4 Impact parameter resolution

The resolution of the track impact parameter is a crucial ingredient to be able to discriminate tracks
coming from long-lived hadrons and prompt tracks. To estimate it, all the reconstructed tracks intt̄ events
fulfilling the b-tagging quality cuts and matched to a good Monte-Carlo track as defined in Section 2.1.2
were used. The difference between the reconstructed and thetrue impact parameter within a bin was
fitted with a single gaussian, whoseσ is reported on Figures 6(a) and 6(b), for respectively the transverse
and longitudinal impact parameters. For a central track with pT = 5 GeV, which is typical forb-tagging,
the transverse impact parameter resolution is about 35µm.

2.2 Primary vertex finding

Another key ingredient forb-tagging is the primary vertex of the event. The impact parameters of tracks
are recomputed with respect to its position and tracks compatible with the primary vertex are excluded
from the secondary vertex searches. At LHC the beam-spot size will be σxy = 15 µm andσz = 5.6 cm:
therefore the primary vertex is especially important for thezdirection, while in the transverse plane only
the beam-line could be used. The strategies to find the primary vertex and their performance are explained
in Ref. [4]. The efficiency to find the primary vertex is very high in the high-pT events of interest, and the
resolution on its position is around 12µm in each transverse direction and 50µm alongz. With pile-up,
the presence of additional minimum bias vertices makes the choice of the primary vertex less trivial: at
a luminosity of 2× 1033 cm−2s−1 (on average 4.6 minimum bias events per bunch-crossing) a wrong
vertex can be picked up as the primary vertex in about 10% of the cases [4], thus causing a deterioration
in theb-jet tagging efficiency.

2.3 Jet algorithms

The baseline jet algorithm for the studies in this note is a seeded cone algorithm using the calorimeter
towers with a cone size of∆R = 0.4, and where the cells were calibrated using the H1 method (see
Ref. [13] for details). The impact onb-tagging performance of using other jet algorithms is discussed in
Section 6.4.

For b-tagging purposes, only the jet direction is relevant. In the first place, this direction is used
to define which tracks should be associated with the jets. Theactual tagging is done on this subset of
tracks. Currently tracks within a distance∆R< 0.4 of the jet axis are associated to the jet. A given track
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is associated to only one jet (the closest in∆R). This is the case for actually any jet collections, regardless
of the cone size of the jet. The jet direction is also used to sign the impact parameters of the tracks in the
jet as explained in Section 4.1.2.

Except when stated otherwise, there was no attempt to removefrom the reconstructed jet collection
the jets which are composed of only electrons. In thett̄ sample (semi-leptonic and di-leptonic channels),
about 5% of the taggable reconstructed jets are electrons. There is no dedicated treatment for muons.
Isolated muons are very unlikely to fake jets, at least for the common processes under consideration
in this note wherepT(µ) < 100 GeV. Muons in jets, stemming fromb/c-hadron semi-leptonic decays
and measured in the muon spectrometer, deposit on average about 3 GeV in the calorimeter but their
momentum as measured in the inner detector and the muon system is not used to refine the kinematics
of the jet, which remain purely calorimeter-based.

Only jets fulfilling pT > 15 GeV and|η | < 2.5 are deemed taggable and considered in the perfor-
mance studies.

2.4 Soft lepton reconstruction

Leptons arising from semi-leptonic decays ofb-hadrons or subsequentc-hadrons can be used to tag
b-jets.

Soft muons are reconstructed [5] using two complementary reconstruction algorithms. Acombined
muoncorresponds to a track fully reconstructed in the muon spectrometer that matches a track in the
inner detector. Low-momentum muons (belowp∼ 5 GeV) which cannot reach the muon middle and
outer stations are identified by matching an inner detector track with a segment in the muon spectrometer
inner stations. Muons satisfying some basic requirements (pT > 3 GeV,|d0| < 4 mm) are associated to
the closest jet provided that∆R< 0.5. Finally, the kinematic properties of the jet-muon systemare used
in order to reject the background caused by punch-throughs and decays-in-flight in light jets.

Reconstructing soft electrons [6] in the calorimeter inside a jet is more difficult. This is achieved
by matching an inner detector track to an electromagnetic cluster. For a given track, only the energy
contained in a small window around the track extrapolation is used. The contribution of neighbouring
hadronic showers is therefore reduced. The identification procedure takes full advantage of the tracking
capabilities of the inner detector as well as of the granularity of the electromagnetic calorimeter: a
likelihood ratio combines inner detector information suchas transition radiation hits with shower shape
variables from the calorimeter. The performance is, however, highly dependent on the track density in
jets as well as the quantity of matter in front of the electromagnetic calorimeter.

3 Performance estimators

3.1 Labelling

To defineb-tagging performance, the Monte Carlo event history is usedto know the type of parton
from which a jet originates. Thislabelling procedure is not unambiguous and is not strictly identical
for different Monte Carlo generators. For the results presented here, a quark labelling has been used: a
jet is labelled as ab-jet if a b quark with pT > 5 GeV is found in a cone of size∆R= 0.3 around the
jet direction. The various labelling hypotheses are tried in this order:b quark,c quark andτ lepton.
When no heavy flavour quark norτ lepton satisfies these requirements, the jet is labelled as alight-jet.
No attempt is made to distinguish betweenu, d, s quarks and gluon since such a label is even more
ambiguous.
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3.2 Efficiency and rejection

For performance studies, only jets fulfillingpT > 15 GeV and|η |< 2.5 are considered and refered to as
taggable jets. In the following, jets for which no track passed theb-tagging quality cuts are still counted
in the performance estimators. However, events where the primary vertex could not be reconstructed
are ignored. In addition,b-jets were not categorized according to the nature of theb-hadron decay:b-
jets with semi-leptonic decays behave quite differently from jets with hadronic decays, even when using
purely spatial methods, but in the following no distinctionwas made.

The tagging efficiency is naturally defined as the fraction oftaggable jets labelled asb-jets (see
previous section) which are actually tagged asb-jets by the tagging algorithm under study. The mis-
tagging rate is the fraction of taggable jets not labelled asb which are actually tagged asb-jets. For
historical reasons the jet rejection is used instead: this is simply the inverse of the mis-tagging rate.

3.3 Purification

A difficulty arises as soon as the jet multiplicity is high andvarious jet flavours are present in a single
event: a jet with∆R(jet−b) = 0.31 is labelled as a light jet, although tracks fromb-hadron decay with
high lifetime content are likely to be associated to it.

This leads to a decrease of the estimated performance, not related to theb-tagging algorithm itself
but to the labelling procedure which strongly depends on theactivity of the event. In order to obtain
a more reliable estimation ofb-tagging performance, a purification procedure has been devised: light
jets for which ab quark, ac quark or aτ lepton is found within a cone of size∆R= 0.8 around the jet
direction are not used to compute the rejection.

The performance estimated after purification represents the intrinsic power of theb-tagging algo-
rithms and should be similar for different kinds of hard event, whereas results obtained for the complete
light jet sample are more dependent on the event type. On the other hand, the latter is more representative
of the actualb-tagging power for a given physics analysis. This is illustrated in Figure 7: the light jet
rejection in simpleWH events is similar without or with purification (left plot), while for busiertt̄ events
(right plot) the two curves differ in the region where lifetime content as opposed to resolution effects
dominates (i.e. for εb < 80%). In the following, jets fulfilling the purification procedure will be referred
to as purified or pure jets, the ones failing this procedure will be called non-pure jets, while all the jets
will be called raw jets.

4 b-tagging algorithms

In this section the various algorithms used in ATLAS to tagb-jets are explained. The spatial algorithms,
built on tracks and subsequently vertices, are the most powerful ones. Most of them are based on a
likelihood ratio approach, but simpler and more robust tagging algorithms are also available. Soft lepton
tagging algorithms are also very important, in particular since the correlation with the previous ones is
minimal. Their performance is summarized in section 4.3.

4.1 Spatial algorithms based on likelihood ratio

All tracks in the jet fulfilling theb-tagging quality cuts described in 2.1.1 are considered forthe spatial
b-tagging algorithms. In typicaltt̄ events, the average number of those tracks per light (b-) jet is 3.7 (5.5)
and their averagepT is 6.6 (6.3) GeV, respectively.
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Figure 7: Rejection of light jets andc-jets with and without purification versusb-jet efficiency forWH
(mH =120 GeV) andtt̄ events, using the tagging algorithm based on 3D impact parameter and secondary
vertex.

4.1.1 V0 and secondary interactions rejection

The preselection cuts on impact parameters reject a large fraction of long-lived particles and secondary
interactions. Among the remaining tracks, the ones identified by the secondary vertex search (sec-
tion 4.1.3) as likely to come fromV0 decays are rejected (they amount to between 1% and 3% of the
tracks in light andb-jets respectively). To do so, the search starts by buildingall two-track pairs that
form a good vertex. The mass of the vertex is used to reject thetracks which are likely to come from
Ks,Λ decays and photon conversions. The radius of the vertex is compared to a crude description of
the innermost pixel layers to reject secondary interactions in material. The cuts and performance of this
selection are described in Ref. [4].

4.1.2 Impact parameter tagging algorithms

For the tagging itself, the impact parameters of tracks are computed with respect to the primary vertex (cf.
section 2.2). On the basis that the decay point of theb-hadron must lie along its flight path, the impact
parameter is signed to further discriminate the tracks fromb-hadron decay from tracks originating from
the primary vertex. The sign is defined using the jet direction ~Pj as measured by the calorimeters (cf.
section 2.3), the direction~Pt and the position~Xt of the track at the point of closest approach to the primary
vertex and the position~Xpv of the primary vertex:

sign(d0) = (~Pj ×~Pt) ·
(
~Pt × (~Xpv−~Xt)

)

The experimental resolution generates a random sign for thetracks originating from the primary vertex,
while tracks from theb/c hadron decay tend to have a positive sign. The sign of the longitudinal impact
parameterz0 is given by the sign of(η j −ηt)×z0t where again thet subscript refers to quantities defined
at the point of closest approach to the primary vertex.

The distribution of the signed transverse impact parameterd0 is shown on Figure 8, left plot, for
tracks coming fromb-jets,c-jets and light jets. The right plot shows the significance distributiond0/σd0
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Figure 8: Signed transverse impact parameterd0 distribution (left) and signed transverse impact param-
eter significanced0/σd0 distribution (right) forb-jets,c-jets and light jets.

which gives more weight to precisely measured tracks. Combining the impact parameter significances of
all the tracks in the jet is the basis of the first method to tagb-jets. Three tagging algorithms are defined
in this way: IP1D relies on the longitudinal impact parameter, IP2D on the transverse impact parameter
and finally IP3D which uses two-dimensional histograms of the longitudinal versus transverse impact
parameters, taking advantage of their correlations.

4.1.3 Secondary vertex tagging algorithms

To further increase the discrimination betweenb-jets and light jets, the inclusive vertex formed by the
decay products of the bottom hadron, including the productsof the eventual subsequent charm hadron
decay, can be sought. The reader is referred to Ref. [4] for all details. The search starts by build-
ing all two-track pairs that form a good vertex, using only tracks far enough from the primary vertex
(L3D/σL3D > 2 whereL3D ≡ ‖~Xpv−~Xt‖ is the three dimensional distance between the primary vertex and
the point of closest approach of the track to this vertex). Vertices compatible with aV0 or material inter-
action are rejected. All tracks from the remaining two-track vertices are combined into a single inclusive
vertex, using an iterative procedure to remove the worst track until theχ2 of the vertex fit is good. Three
of the vertex properties are exploited: the invariant mass of all tracks associated to the vertex, the ratio
of the sum of the energies of the tracks participating to the vertex to the sum of the energies of all tracks
in the jet and the number of two-track vertices. These properties are illustrated in Figure 9 forb-jets
and light jets. The so-called SV tagging algorithms make different use of these properties: SV1 relies
on a 2D-distribution of the two first variables and a 1D-distribution of the number of two-track vertices,
while SV2 is based on a 3D-histogram of the three properties which requires quite some statistics. The
secondary vertex finding efficiency depends in particular onthe event topology, but the typical efficiency
εSV

b is higher than 60% inb-jets. The SV taggers require an a priori knowledge ofεSV
b andεSV

u .
A completely new algorithm, JetFitter, is also available, which exploits the topological structure of

weakb- andc-hadron decays inside the jet. A Kalman filter is used to find a common line on which the
primary vertex and the beauty and charm vertices lie, as wellas their position on this line approximating
the b-hadron flight path. With this approach, theb- andc-hadron vertices are not merged, even when
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Figure 9: Secondary vertex variables: invariant mass of alltracks in vertex (left), energy fraction ver-
tex/jet (center) and number of two-track vertices (right) for b-jets and light jets.

only a single track is attached to each of them. The discrimination betweenb-, c- and light jets is based
on a likelihood using similar variables to the SV tagging algorithm above, and additional variables such
as the flight length significances of the vertices. This algorithm and its performance are also described in
detail in Ref. [4].

4.1.4 Formalism of likelihood ratio

For both the impact parameter tagging and the secondary vertex tagging, a likelihood ratio method is
used: the measured valueSi of a discriminating variable is compared to pre-defined smoothed and nor-
malized distributions for both theb- and light jet hypotheses,b(Si) andu(Si). Two- and three-dimensional
probability density functions are used as well for some tagging algorithms. The ratio of the probabilities
b(Si)/u(Si) defines the track or vertex weight, which can be combined intoa jet weightWJet as the sum
of the logarithms of theNT individual track weightsWi :

WJet =
NT

∑
i=1

lnWi =
NT

∑
i=1

ln
b(Si)
u(Si)

(1)

The distribution of such a weight is shown in Figure 10 forb-, c- and light jets for two different tagging
algorithms: IP2D and the sum of the weights from IP3D and SV1.When no vertex is found, the SV

taggers return a weight of ln
1−εSV

b
1−εSV

u
. To selectb-jets, a cut value onWJet must be chosen, corresponding

to a given efficiency. The relation between the cut value and the efficiency depends on the jet transverse
momentum and rapidity, and therefore is different for different samples.

4.1.5 Likelihood ratio and track categories

As seen already, tracks may exhibit different behavior evenafter the track selection, such as the tracks
with shared hits (Figure 4). One idea to take advantage of thedifferent properties of tracks is to arrange
all tracks into various categories and use dedicated probability density functions for each category. The
likelihood ratio formalism permits to incorporate such categories in a straightforward way. After the
division of the tracks into disjoint categoriesj, where every category has its own set of reference his-
togramsb j andu j , the jet weight can simply be written as the sum over all tracks in each categoryN j

T
and all categoriesNC:

WJet =
NC

∑
j=1




N j
T

∑
i=1

ln
b j(Si)
u j(Si)


 (2)
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Figure 10: Jetb-tagging weight distribution forb-jets,c-jets and purified light jets. The left plot is for
the IP2D tagging algorithm. The right plot corresponds to the IP3D+SV1 tagging algorithm.

Currently in theb-tagging software, two track categories are used: theSharedtracks (tracks with
shared hits), and the complementary subset of tracks calledGoodtracks. These track categories are only
used for the time being for the IP1D, IP2D and IP3D tagging algorithms.

4.2 Other spatial algorithms

The spatial algorithms based on likelihood ratios require an a-priori knowledge of the properties of both
b-jets and light jets. Methods to measure them in data are being devised for theb-jets [8, 9] but will
require at least about 100 pb−1. In addition, there is no clear way to extract a pure enough sample of
light jets, and Monte Carlo simulation will probably have tobe used once a thorough validation against
data has been performed. A few other spatial tagging algorithms, less powerful, are therefore developed,
which have less reliance on Monte Carlo and are expected to beeasier and faster to commission with the
first real data.

The simplest approach that could be used, at least at the beginning, is the counting of tracks with
large impact parameter or large impact parameter significance. Requiring a few of these tracks provides
a sample enriched inb-jets. The performance of such a tagging algorithm is not discussed in this note
because it is not yet fully implemented in ATLAS. Such a simple tagger may also be very useful at the
trigger level.

Another approach is to combine the impact parameter of all the tracks in the jet. JetProb is an imple-
mentation of the ALEPH tagging algorithm [14], used extensively at LEP and later at the Tevatron. The
signed impact parameter significanced0/σd0 of each selected track in the jet is compared to a resolution
function R for prompt tracks, in order to measure the probability that the tracki originates from the
primary vertex (Figure 11(a)):

Pi =
∫ −|di

0/σ i
d0
|

−∞
R(x)dx (3)

The resolution function can be measured in data using the negative side of the signed impact param-
eter distribution (cf. section 6.5.1), assuming there is nocontribution from heavy-flavour particles which
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is not strictly true.
The individual probability of each of theN tracks associated to the jet are then combined to obtain a

jet probabilityP jet which discriminatesb-jets against light jets (Figure 11(b)):

P jet = P0

N−1

∑
j=0

(−lnP0)
j

j!
(4)

where

P0 =
N

∏
i=1

P ′
i and

{
P ′

i = Pi
2 if di

0 > 0

P ′
i =

(
1− Pi

2

)
if di

0 < 0
(5)
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Figure 11: Distributions of the probability of compatibility with the primary vertex for individual tracks
(left plot) and for all tracks in the jet (right plot) as defined for JetProb. The cases ofb-jets (red plain),
c-jets (green dashed) and light jets (blue dotted line) are shown.

4.3 Soft lepton algorithms

Soft lepton tagging relies on the semi-leptonic decays of bottom and charm hadrons. Therefore it is in-
trinsically limited by the branching ratios to leptons: at most 21% [15] ofb-jets will contain a soft lepton
of a given flavour, including cascade decays of bottom to charm hadrons. However, tagging algorithms
based on soft leptons exhibit very high purity and low correlations with the track-based tagging algo-
rithms, which is very important for checking and cross-calibrating performance in data (see for instance
Ref. [8]).

4.3.1 Soft muons

Once a reconstructed muon is associated to a jet as explainedbriefly in Section 2.4, a likelihood permits
to discriminate light jets fromb-jets. The algorithm and its performance are detailed in Ref. [5] and will
not be discussed further in this note. To summarize, a light jet rejection of about 300 can be achieved for
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ab-tagging efficiency of 10%. Those numbers include the semi-leptonic branching ratio, the detector ac-
ceptance, the reconstruction efficiency as well as the jet-muon association efficiency. This was estimated
in tt̄ events, including a simulation of the cavern background (low-energy neutrons and photons stem-
ming from the interaction of forward particles with the shielding) which reduces the rejection level by
about 30%. The performance is relatively steady in the jetpT range 15-100 GeV and in pseudo-rapidity.

4.3.2 Soft electrons

A likelihood ratio is also used for soft electrons. The algorithm and its performance are detailed in
Ref. [6] and will not be discussed further in this note. A light jet rejection of about 100 can be achieved
for ab-tagging efficiency of 7%. The efficiency of the soft electronidentification is high, since two-thirds
of the trueb-jets containing a real soft electron are tagged by the soft electron algorithm. However, about
25% of light jets are mis-tagged by real electrons from photon conversions and Dalitz decays. This
was estimated inWH (mH = 120 GeV) events without pile-up. Based on previous study [16], a further
degradation by 10% (30%) is expected when on average 4.6 (23)minimum-bias events are added. While
the performance is constant in jetpT in the range 15-100 GeV, it degrades quickly with the jet pseudo-
rapidity because of the higher amount of dead material, the poor performance in the transition region
between the barrel and end-cap cryostats of the electromagnetic calorimeter (1.37< |η |< 1.52) and the
absence of the TRT beyond|η |> 2.

4.4 Combining tagging algorithms

Currently only the likelihood-based tagging algorithms have been combined, since the formalism is
easy in this case: the weights of the individual tagging algorithms are simply summed up. The most
commonly used tagging algorithm, IP3D+SV1, is actually such a combination. It should be noted that
the SV tagging algorithms have been optimized to work in conjunction with the IP ones. Another one
combines IP3D and JetFitter. Multivariate approaches to combine all tagging algorithms, including the
soft lepton ones, have not received much attention so far. There are, however, some new studies and the
use for instance of boosted decision trees is discussed in Section 7.3.

4.5 Calibration of tagging algorithms

The likelihood-based tagging algorithms require knowledge of the probability density functions of the
discriminating variables for both theb- and light jet hypotheses: this is called the calibration ofthe
tagging algorithms, or their reference histograms. In the following, those functions have been derived
from a large sample of jets coming fromtt̄ andtt̄ j j events. Several issues about the calibration and its
impact onb-tagging performance are discussed in Section 6.5.

5 Performance for various physics processes

In this section, theb-tagging performance is reviewed for several physics channels of interest. Several
spatial tagging algorithms are considered: JetProb and IP2D which are best suited for the initial period,
IP3D and then IP3D+SV1 for regular operations once the secondary vertexing is understood and finally
IP3D+JetFitter for the ultimate performance.

5.1 Dependence on jet transverse momentum and pseudo-rapidity

The spatialb-tagging performance depends strongly on the jet momentum and rapidity: thepT andη
dependencies of theb-tagging efficiency and light jet rejection for a given cut onthe b-tagging weight
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Figure 12: b-tagging efficiency and purified light jet rejection obtained with the IP3D+SV1 tagging
algorithm operating at a fixed cut of 4 on theb-tagging weight, fortt̄ events.
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(b) Jets with 30< pT < 45 GeV
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(c) Jets with 60< pT < 100 GeV

Figure 13: Rejection of light jets with purification versus jet η for the IP3D+SV1 tagging algorithm and
for two different physics channels: jets fromtt̄ events and fromWH (mH = 120 GeV) events, for a fixed
60% tagging efficiency in each bin.

are shown in Figure 12. At highpT or at high|η |, theb-jet tagging performance is poor, regardless of
which tagging algorithm is used. At lowpT , maintaining a reasonableb-jet efficiency is possible only by
loosening the cut on the weight, at the price of a very low rejection of light jets. The strong dependence,
especially inpT , makes the extraction of theb-jet efficiency from data complicated and means that more
integrated luminosity will be required, since several binsare needed.

Because of these strongpT andη dependencies, and since various samples have very different spec-
tra, it is not straightforward to compare between channels the integrated rejection numbers shown in
the following. It is worth noting that this dependence is really a two-dimensional one, thus Figure 12
is useful for illustrative purposes but the(pT , |η |) spectrum of the jets in the sample considered is not
properly factorized out. This is important for instance to parametrize theb-tagging performance. This is
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Figure 14: pT and |η | spectra of b (upper plots) and light (lower plots) jets for the various channels
considered in this section.

further illustrated in Figure 13: the rejections achieved in two different samples become more similar as
a function ofη when looking in bins ofpT . The remaining differences are mostly because the binning in
pT is still too large, but also because of other minor differences between the samples: for example they
have been generated with different Monte Carlo generators (cf. section 6.6).

For reference, thepT and|η | spectra ofb and light jets in the various samples used in the following
are shown on Figure 14. They affect the integrated rejections for the various channels.

5.2 Simple topologies: WH channels

This first class of events illustrates the performance obtained on simple event topologies where the jet
multiplicity is very low. As discussed in Section 3.3, purification is not an issue in this case.

Events from Higgs boson production in association with aW boson are interesting in this respect
and are a benchmark forb-tagging performance, even though the channel itself is no longer thought
to be very promising at the LHC (see however Ref. [17] for a recent re-investigation). TheW decays
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leptonically, and there are only two jets coming from the hard process, originating from theH decay. To
study theb-tagging efficiency the decayH → bb̄ is simulated while here for the rejection of charmed and
light jets the Higgs boson is forced to decay tocc̄ or to the unlikelyuū channel respectively.

The b-tagging performance obtained on this kind of events and formH = 120 GeV is shown in
Table 1 for the tagging algorithms considered. Two typicalb-tagging efficiencies were considered: 50%
and 60%. For each tagging algorithm, the cuts on the weight required to achieve these efficiencies were
determined over the whole sample, and then applied to estimate the rejections.

To study more energetic jets, similar physics processes have been considered for a different Higgs
boson mass,mH=400 GeV (again such a choice is unphysical since a 400 GeV Higgs boson would not
decay tobb̄ but is useful for these studies). The results are shown in Table 1 for the light jet rejection
and in Table 2 for thec-jet rejection. The differences in performance between thetwo mass cases are the
result of the differentpT andη spectra: the jets formH = 400 GeV are more energetic and explain most
of the discrepancy, this effect being only slightly balanced by the fact that jets formH = 120 GeV are
more forward. For this channel, the gain obtained with JetFitter is more visible.

5.3 Multi-jets channels: the top case

The jet multiplicity in pair-produced top quark events is much higher. In the following, the channels
where at least one of theW bosons decays to leptons are considered. For the dominant lepton+jets chan-
nel, there are usually at least four jets from the hard process and extra jets from radiation. Several flavours
of jets are present at the same time in the event: twob-jets from the top quarks, light jet(s) and often a
c-jet from theW decaying hadronically. This increases the likelihood of having light jets contaminated
with heavy flavour and also makes the labelling of jets even more ambiguous as discussed previously.
The benchmark curves of jet rejection versusb-tagging efficiency are shown on Figures 15(a) and 15(b),
for light jets and for several tagging algorithms. The jets of the various flavours were taken from the
same sample in this case, unlike for events of theWH channels. Table 1 shows the light jet rejection
achieved intt̄ events and intt̄ j j events, both samples being generated with MC@NLO+HERWIG. The
latter events arett̄ events which were filtered in order to have at least six jets, of which four are taggable.
Since the performance in those two samples is similar, they have been merged. For light jets, both the
raw (without purification) and purified rejections are shown. For c-jets andτ-jets the purification does
not make any significant difference. The rejection power ofc-jets (Table 2 and Figure 15(c)) is naturally
very limited because of the lifetime ofc-hadrons and is almost independent of the physics process. With-
out any optimization, theb-tagging algorithms also prove to be useful for the identification ofτ-jets, as
shown on Figure 15(d). The small discontinuities in the curves on Figure 15, visible notably for the IP3D
tagger, are due to the conjunction of a coarser binning of theunderlying probability density functions
for this tagger and the presence of single-track jets (notably electrons faking jets). This effect is more
pronounced for theτ-jets (Figure 15(d)) where single-prong decays are abundant.

The impact on the light jet rejection of electrons faking jets can be seen in the fourth block of
Table 1. Electron jets are seldom mis-tagged asb-jets, since they have usually a single prompt high-
pT track which is well-measured. In this sample, the high-pT electrons are coming fromW → eν or
indirectly from W → τν . In the fourth part of Table 1, a jetj is considered as an electron faking a
jet, and therefore discarded, if it matches with a reconstructed electron candidatee: ∆R(e, j) < 0.1 and
ET(e)/ET( j) > 0.75.

It is interesting to notice that, despite the more complex topology of thesett̄ events, the integrated
light-jet rejection achieved is higher than for theWH (mH=120 GeV) case. This is mostly because jets
in tt̄ events are more central than the ones inWH (mH=120 GeV) production (cf. Figure 14), and the
b-tagging performance degrades quickly at large pseudo-rapidities as seen already.

Table 1 shows the light jet rejection achieved in even more complex topologies with at least six jets.
Those channels are relevant for the Higgs discovery channeltt̄H(bb̄) which requires a highb-tagging
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Table 1: Integrated rejection of light jets (with and without purification when it applies), for various
event types and for several tagging algorithms. For each case, the cut on theb-tagging weight is chosen
to lead to the quoted averageb-tagging efficiencyεb over the sample considered. The quoted errors are
statistical only.

JetProb IP2D IP3D IP3D+SV1 IP3D+JetFitter

WH (mH = 120 GeV) events
εb = 50% 83±1 116±2 190±3 458±13 555±17
εb = 60% 30±0 42±0 59±1 117±2 134±2

WH (mH = 400 GeV) events
εb = 50% 73±1 163±3 179±3 298±7 396±11
εb = 60% 27±0 56±1 58±1 96±1 123±2

tt̄ andtt̄ j j events
Raw,εb = 50% 91±0 146±1 232±2 456±4 635±7
Purified,εb = 50% 97±0 186±1 310±3 789±10 924±13
Raw,εb = 60% 28±0 46±0 67±0 154±1 189±1
Purified,εb = 60% 28±0 51±0 76±0 206±1 224±2

tt̄ andtt̄ j j events, once electrons faking jets are removed
Raw,εb = 50% 92±0 142±1 219±1 423±4 593±6
Purified,εb = 50% 99±0 181±1 293±2 732±10 863±12
Raw,εb = 60% 31±0 49±0 67±0 144±1 180±1
Purified,εb = 60% 33±0 56±0 76±0 194±1 213±2

tt̄H events
Raw,εb = 60% 23±0 35±0 49±1 90±2 113±2
Purified,εb = 60% 25±0 48±1 72±1 188±5 188±5
Raw,εb = 70% 10±0 14±0 18±0 32±0 31±0
Purified,εb = 70% 11±0 17±0 22±0 46±1 37±1

tt̄bb̄ events
Raw,εb = 60% 23±0 34±0 50±1 100±2 123±2
Purified,εb = 60% 24±0 41±0 64±1 156±4 166±4
Raw,εb = 70% 10±0 13±0 18±0 32±0 28±0
Purified,εb = 70% 10±0 15±0 20±0 40±0 31±0

SUSY SU3 events
Raw,εb = 50% 66±1 140±4 162±5 246±9 328±14
Purified,εb = 50% 68±1 161±5 183±6 290±13 375±19
Raw,εb = 60% 24±0 50±1 55±1 89±2 110±3
Purified,εb = 60% 25±0 53±1 58±1 99±3 117±3
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Table 2: Integrated rejection ofc- andτ-jets, for various event types and for several tagging algorithms.
For each case, the cut on theb-tagging weight is chosen to lead to the quoted averageb-tagging efficiency
εb over the sample considered.

JetProb IP2D IP3D IP3D+SV1 IP3D+JetFitter

c-jet rejection forWH (mH = 400 GeV) events
εb = 50% 7.9±0.1 9.7±0.1 10.7±0.2 12.4±0.2 12.7±0.2
εb = 60% 4.7±0.0 5.7±0.1 6.1±0.1 6.8±0.1 7.3±0.1

c-jet rejection fortt̄ andtt̄ j j events
εb = 50% 8.4±0.0 9.5±0.0 10.6±0.0 12.4±0.1 12.3±0.1
εb = 60% 5.1±0.0 5.8±0.0 6.5±0.0 7.4±0.0 7.4±0.0

τ-jet rejection fortt̄ andtt̄ j j events
εb = 50% 10.2±0.1 13.9±0.1 20.3±0.2 45.2±0.8 36.9±0.6
εb = 60% 5.1±0.0 6.4±0.0 8.0±0.1 24.6±0.3 19.3±0.2

efficiency since four jets areb-tagged and the cross section is low: therefore the more typical working
points ofεb around 60-70% are shown. As shown in Figure 14, thepT spectrum for theb-jets in these
samples is harder than forb-jets intt̄ events, explaining partly the differences in performance.In addition
the highb-jet multiplicity in tt̄H events leads to some lifetime contamination in the few lightjets available
in this sample. All these samples are based on PYTHIA Monte Carlo, unlike thett̄ j j sample which is
a background for this channel as well but is based on MC@NLO+HERWIG Monte Carlo and was kept
separate for this reason.

5.4 High-pT jets: SUSY

Events from the SUSY bulk region (SU3 point, see Ref. [1]) were considered. In these events, the average
taggable jet multiplicity is about 5.3 and a large number ofτ-leptons are produced in the decay chain of
charginos and neutralinos. There are on average 0.6b-jets per event, with a relatively hardpT spectrum
as shown on Fig. 14: the averagepT is 144 GeV. On average about 0.6 taggable jets per event are labelled
asτ , compared to 0.2 in the semi-leptonictt̄ channel. They are not considered as light jets. The results
are shown in Tables 1 and 2: because thepT of the jets is quite high, the light jet rejection is similar to
that achieved forWH (mH = 400 GeV) events but significantly worse than for the other channels.

5.5 Degradation of performance at low and highpT

At low pT , performance is degraded mostly because multiple scattering is increased. This also holds
for the high|η | region, where the amount of material in the tracking region increases very significantly,
inducing more secondary interactions. There is currently no rejection of secondary interactions found in
the pixel disks, unlike in the barrel (cf. Section 4.1.3). More importantly, the increase of the extrapolation
distance from theb-layer to the primary vertex at large pseudo-rapidities significantly degrades thez0

resolution as seen in Figure 6(b).
Several effects conspire to reduce theb-tagging performance as the jetpT increases above 120 GeV.

First of all, the fraction of fragmentation tracks increases with the parton transverse momentum, as shown
in Figure 16, while the jet is collimated into a narrower cone: since a fixed-size cone is currently used
to associate tracks to the jet this leads to a dilution of the discriminating power inb-jets. The density
of tracks in the core of energetic jets challenges the pattern-recognition ability of the software and of
the inner detector itself, leading to either a reduced tracking efficiency or a high level of fakes as shown
in Figure 3 for jets withET > 100 GeV. Finally, for very energeticb-hadrons the Lorentz boost leads
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Figure 15: Rejection of light jets,c- andτ-jets versusb-jet efficiency fortt̄ andtt̄ j j events and for all
tagging algorithms: JetProb, IP2D, IP3D, IP3D+SV1, IP3D+JetFitter.
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to a much enhanced decay length. The typicalcτ (∼ 450µm) of b-hadrons is thus scaled by a factor
γ ∼ |pB|/mB which can be large. For highpT jets, theb-hadron can decay at a rather large radiusRB, as
illustrated in Table 3: close to the inner radius of the pixeldetector, leading to more tracking ambiguities
in the first detection layers, or even after the first pixel layer. In the latter case, the current requirement
(for the IPnD and JetProb tagging algorithms) of a hit on theb-layer actually kills the signal. At very
high pT (above 500 GeV), these effects become so critical that a dedicated strategy has to be devised, as
discussed in the next section. In the current simulation, theb-hadrons decaying at a radius larger than the
beam-pipe or theb-layer radii do not interact with these objects, while in real events this will even more
reduce the performance.
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Figure 16: Fraction of selected tracks which are
not from B/D decays versus jetpT , in b-jets from
WH (mH = 400 GeV) events.

Table 3: Fraction ofb-jets in WH (mH = 400
GeV) events for which theb-hadron decays be-
yond the beam-pipe vacuum (first column) or be-
yond theb-layer (second column).

RB > 2.9 cm RB > 5.1 cm
all ET 9.0% 2.8%
ET > 100 GeV 12.2% 3.9%
ET > 200 GeV 21.1% 7.9%

5.6 The case of very high-pT jets: exotic physics

The very highpT range is defined as jets exceeding a transverse energy of 500 GeV. Identification of
such very highpT b-jets is required for the search for heavy resonances with (predominantly) hadronic
decays. A large number of exotic physics models presents signatures with very highpT b-jets, up to a
few TeV. An example is the decayZH → Zh in the little Higgs model [18], whereZ→ e+e− andh→ bb̄.

In the following, three samples corresponding to the process Z′ → qq̄, whereq denotesu, b andc
quarks respectively were used. TheZ′ mass is chosen to be 2 TeV, so that the primary partons have
transverse momenta in the range from 300 GeV to 1 TeV.

Theb-tagging algorithms rely particularly on the determination of the jet axis as an approximation of
theb- andc-hadron flight direction. The difference between the jet pseudo-rapidity and the trueb-hadron
direction exhibits a narrow Gaussian core. The widths of thecore range areση ≈ 0.025 andσφ ≈ 0.010
mrad, with a moderate dependence on jetET and pseudo-rapidity. Non-gaussian tails give rise to large
RMS: RMSη ,φ ≈ 0.050. The particles from the decay of the highly boostedb-hadron are emitted at very
small angles. Up to half of the tracks from theb-hadron decay lie within the azimuthal angle between the
b-hadron and the jet. In these cases the sign of the impact parameter cannot be determined accurately.

The reconstruction of tracks in highpT jets presents a series of specific challenges, as already ex-
plained in Section 5.5. Particles are associated to reconstructed jets using a∆R < 0.4 criterion. To
highlight reconstruction effects only true pions reachingthe outer radius of the tracker are taken into ac-
count. Particles are moreover required to originate from a well-defined vertex: either the primary vertex
of the event or theb/c-hadron decay vertex. Only the first level of the efficiency, i.e. the matching to
hits (Section 2.1.2), is considered. With this definition the efficiency on a reference sample of lowpT

jets is close to 100% and essentially independent of the jet energy and of the distance to the jet axis. In
Figure 17 the track efficiency in theZ′ sample is plotted versus the jet transverse energy, for the default
track reconstruction - NewTracking - and for iPatRec.

The algorithmic reconstruction efficiency for prompt tracks is only slightly degraded. Even in the
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very harsh environment of a 1 TeV jet, the efficiency is approximately 90%. The degradation is most
pronounced in the core of the jet (∆R< 0.1 ). For pions originating inb/c-hadron decays a much more
significant degradation of the efficiency towards high jetET is observed. For 1 TeV jets the efficiency is
approximately 50%. The efficiency shows a strong dependenceon the decay vertex radius. It is worth
mentioning that NewTracking and iPatRec assign very different errors to the positions defined by large
pixel or SCT clusters arising in the inner layers with such dense jets: the former assigns a very small
error assuming only one particle was involved in the cluster, while the latter is assuming the opposite and
assigns the maximal error (cluster width/

√
12).

In very high pT jets the probability that two or more tracks share a hit is very high (> 10%), unlike
what was seen for low and moderatepT jets (cf. Figure 4). The number of shared hits per track - eval-
uated for individual sub-detectors, or for the complete silicon tracker - is a factor 2-3 larger in iPatRec.
For particles from very displacedb/c-hadron decay vertices reconstructed with iPatRec, trackswith a
shared hit in theb-layer actually outnumber the tracks with an unambiguous assignment. Again the two
tracking algorithms have made opposite choices for their working point: NewTracking considers shared
hits are stemming from pattern-recognition errors and tries to assign them to the best track, which is
not necessarily meaningful when the cluster is really originating from several near-by particles, while
iPatRec does not try to resolve the ambiguity.

The high multiplicity of fragmentation tracks, the degraded tracking efficiency, the ambiguities in hit
assignment particularly in the innermost layer and the uncertainty in the impact parameter sign, all render
high pT jets a harsh environment. This may be improved though by the use of dedicated reconstruction
algorithms. A priori, the current simulation should also beupdated to transport properly theb-hadrons
through the material. While studies have started, they are beyond the scope of this note. For the time
being, a re-optimization of the default tagging algorithm parameters has been performed with the aim
of improving theb-tagging performance over a large jetET range (from 200 GeV to 1 TeV). The cone
size for the jet-to-track association was reduced to 0.2 (see Section 7.2 for a possible improvement of the

22

b-TAGGING – b-TAGGING PERFORMANCE

23

419



current treatment), thepT cut on tracks raised to 5 GeV and the use of tracks without a hitin theb-layer
was allowed (see also Section 7.1).

The tagging performance on iPatRec tracks is found to be on average 60% better than for the default
algorithm. The choice of iPatRec to maintain high tracking efficiency inside dense jets (cf. Figure 3),
even at a price of higher fake rates, seems to be instrumentalin achieving better performance here. The
resultingb-tagging performance is presented in Figure 18. Given the modest level of rejection achieved,
a tagging efficiency of 40% is considered here. Without any tuning, the rejection level of the IP3D+SV1
tagging algorithm would be about three times worse for the sameb-tagging efficiency.

In this study, the standard (lowpT) reference histograms were used for the tagging algorithms. So
far, none of the methods developed to extract the calibration histograms from data has been shown to
work for these very highpT jets. Reference histograms for very highpT jets may be extracted from
Monte Carlo simulation, provided it reliably describes thedata. Doing so, a modest improvement of
the performance (up to 50% higher light jet rejection for thesame b-tagging efficiency compared to the
results shown here) can be achieved.

To conclude,b-tagging for very highpT jets faces a series of specific difficulties. This study demon-
strated that a rejection between 10 and 70 for jets withpT > 500 GeV can be achieved by tuning the cur-
rent algorithms. Further improvements require dedicated treatments at the clustering level (with probably
a second-pass approach to break down large clusters coming from near-by particles) and at the pattern-
recognition stage of the track reconstruction. On small preselected datasets, retracking with a specially
optimized pattern-recognition algorithm should be possible.

6 Specific studies to characterizeb-tagging performance

In this section, a few additional studies aimed at better understanding some critical aspects of theb-
tagging performance are detailed. Those studies are described in a separate section because either they
required specific datasets or they rely on software and/or cuts/optimizations which are different from the
ones currently in use in the ATLAS software.

6.1 Impact of residual misalignments

All the studies in this note do not take into account the effect of residual misalignments. While all
the samples studied were simulated with misalignments, they were reconstructed assuming a perfect
knowledge of those misalignments. However, detailed studies, discussed in Ref. [7], are in progress on
this subject. Two different approaches were used: residualmisalignment sets and actual realignment.
In the former, the events simulated with misalignments are reconstructed using the knowledge of the
misalignments, but the true detector elements positions are shifted and/or rotated slightly from their
actual position to mimic residual misalignments. The individual pixel modules were shifted by about
10 µm in x and 30µm in y and z, and rotated by about 0.3 mrad. The pixel layers, disks and the
whole detector were displaced by slightly smaller amounts.In this case, the light jet rejection drops by a
factor 2 for the sameb-tagging efficiency. For residual misalignments about halfas big, the drop in light
jet rejection is degraded by 40% compared to the ideal case. The reduction of residual misalignments
relies on the actual alignment procedure, which is performed to obtain the new positions of the detector
elements. This is the most realistic case considered so far,and includes many (but not all) systematic
deformations caused by the alignment procedure itself. In this case, the light jet rejection is at most 25%
lower for the sameb-tagging efficiency.
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6.2 Impact of the tracker material on performance

A major effort has been invested in describing accurately the material in the tracking volume of ATLAS.
However, some underestimation is possible. To assess the impact of extra material on theb-tagging per-
formance, results with different geometries were compared. Extra material was added, mostly beyond
the b-layer, increasing the thickness in radiation lengths by about 8% (15%) at|η | ≈ 0(1). The first
noticeable effect is the degradation of the impact parameter resolution. The other effect is an increased
fraction of particles undergoing interactions in the matter of the detector and producing secondary par-
ticles which can, directly or through pattern-recognitionproblems, fake non-prompt tracks. At a 60%
b-tagging efficiency, the extra material decreases by 10% thelight jet rejection power. About 60% of
the loss of rejection is explained by the worsening of the impact parameter resolution, and about 40% by
extra secondaries.

6.3 Impact of the pixel detector conditions

The pixel detector and notably the innermostb-layer are critical for achieving goodb-tagging perfor-
mance. The detector efficiency clearly affects the trackingperformance but is also explicitly a key in-
gredient forb-tagging since theb-tagging quality cuts require that each track have at least two pixel hits
of which one is in theb-layer. These pixel hit requirements are made in order to maintain the highest
resolution on the impact parameter of tracks.

A single pixel inefficiency of 5% has been used to simulate theevents. Measurements on the pixel
staves before the detector integration gave a single pixel inefficiency below∼ 0.3% (and below∼ 0.1%
for the b-layer for which the highest quality components were used).The effect of this inefficiency is
especially relevant at small|η | where half of the pixel clusters contain only one pixel. The impact of
varying the fraction of randomly distributed dead pixels was studied for three tagging algorithms on
a large statistics (600k events)tt̄ sample and the results are shown in Table 4. When decreasing the
fraction of dead pixels from 5% to 1%, the tracking efficiencyfor tracks fulfilling theb-tagging quality
cuts improves by up to 2.5% absolute (aroundη ∼ 0), leading to a relative gain in rejection of about
10%.

Table 4: Reference light jet rejection for several tagging algorithms and the relative change with vari-
ous configurations of the pixel system (see text) for a 60%b-tagging efficiency intt̄ events. The used
reference histograms were produced with the respective samples.

IP2D IP3D IP3D+SV1

Reference rejection (5% of dead pixels) 54±1 77±2 229±10
Relative change with 1% of dead pixels +9% +10% +17%
Relative change with a dead half-stave onb-layer -8% -8% -10%
Relative change with a dead bi-stave onb-layer -34% -34% -28%
Relative change with a dead half-stave on external pixel layer < 1% < 1% -1%
Relative change with a dead bi-stave on external pixel layer -1% -1% -4%

More global problems, such as chip and module inefficiencieswere not considered in the studies.
Their effect has been studied in detail in Ref. [19] and can bevery important. However, the latest
measurements made right before the detector integration indicate that only one module (in the middle
layer) out of 1744 is dead and that fewer than 5 chips are dead out of 27904. Besides single module
failures, more dramatic failures might happen. During the pixel operation, it is thought that the two
most likely sources of potential failures could be an opto-board failure, leading to half a stave (at most
7 modules) not functioning and a cooling problem implying that a whole bi-stave (26 modules) could
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not be used. To study those scenarios, the pixel digitization was modified to disable the corresponding
modules, in either theb-layer or the external pixel layer. The impact onb-tagging performance of these
two scenarios is shown in Table 4. In the case of well-identified module failures, it is clear that some
recovery strategies can be used, either directly in the tracking code or at least in theb-tagging algorithm,
for instance by not requiring a hit on a dead module.

6.4 Jet algorithms

For b-tagging purposes, an accurate knowledge of the jet direction is relevant. In the first place, this
direction is used to define which tracks should be associatedto the jets. Then it is used to sign the impact
parameter of tracks.

As mentioned earlier, allb-tagging results are given for jets reconstructed with a cone algorithm of
size∆R= 0.4. Since a given physics analysis may opt for a different jet algorithm, the impact of this
choice on theb-tagging performance is tested in this section. In all cases, as it is the default in theb-
tagging software, only the tracks within a distance∆R< 0.4 of the jet axis were used for the tagging,
even for jet algorithms which could benefit from a less geometric track-jet association such as thekT

algorithm.
Several cone sizes∆R and size parametersR were studied for the cone algorithm and thekT algo-

rithm: from 0.2 to 0.8 in steps of 0.1. Finally, theb-tagging performance of the mid-point algorithm [20],
an alternate jet algorithm addressing the infrared sensitivity of cone algorithms, was also checked, for
two different cone size of∆R= 0.4 and 0.7. In this study, electrons faking jets were removed.

Figure 19 shows the rejection of light jets versus theb-tagging efficiency obtained with the IP3D+SV1
tagging algorithm, for several jet algorithms run ontt̄ events. Results with and without purification are
very different. With purification (Figure 19(b)) there is nosignificant difference in performance in the
relevant range ofb-tagging efficiency (40%< εb < 75%).
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Figure 19: Rejection of light jets versusb-tagging efficiency for the IP3D+SV1 tagging algorithm applied
on jets reconstructed with different algorithms: cone algorithm with size∆R= 0.4,0.7 or kT algorithm
with parameterR= 0.4,0.6. See text for the last plot.

This stability is the anticipated behavior, since only the jet direction is meaningful forb-tagging
purposes and it does vary with the jet algorithm but not drastically for moderate jetpT : the mean of the
distance∆R(b, jet) for a 50 GeV jet is 0.081 for a jet of size∆R= 0.4 and 0.095 for a jet of size∆R= 0.7
(see Ref. [9] for more details). For completeness, it shouldbe mentioned that no differences were found
between tower-based and topological cluster-based jets.

Without the purification procedure (Figure 19(a)), the results are different for different jet defini-
tions. However, the interpretation is not straightforward. In principle broader jets could be more easily
contaminated by neighbouring tracks originating from distinct partons whose showers could not be re-
solved: light jets for instance could be contaminated by heavy-flavour decay products. However, this
effect should be marginal since the maximum track-jet distance for association is kept to∆R= 0.4 in all
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cases.
A better explanation is linked to the ambiguity and arbitrariness of the labelling procedure: with

fewer, broader jets the assignment of partons to the jets is more ambiguous and more likely to have
∆R(b, jet) > 0.3, and thus more jets wrongly labelled as light jets. Therefore, for example, the rejection
atεb = 50% with a cone radius∆R= 0.7 appears to be three times less than with a cone of radius 0.4,by
relabelling the jets with a∆R cut of 0.4 instead of 0.3 this difference can be virtually eliminated as seen
in Figure 19(c). Thus although it appears to be more difficultto define the true flavour of a broader jet
this does not necessarily exclude the choice of a cone size of0.7 for a given analysis.

6.5 Sensitivity to the calibration of tagging algorithms

Most of the ATLAS tagging algorithms make use of an a priori knowledge to discriminateb-jets from
light jets, which comes in various forms. The simplest of these ingredients is the transverse impact
parameter resolution function used by the JetProb tagging algorithm to measure the compatibility of
tracks with the primary vertex. The likelihood ratio tagging algorithms rely on several such distributions,
with the further complication that they must be known for both the light and theb- hypothesis. In
this section, the way this knowledge may affect the performance is studied. It is not currently possible
to know if these settings are a good representation, both in nature and amplitude, of the differences
data/Monte Carlo that will be observed, but at least they give information about the robustness of the
tagging algorithms. All the results are given for thett̄ sample.

6.5.1 JetProb tagging algorithm

JetProb is expected to be one of the first tagging algorithms to be commissioned in ATLAS. To perform
well, the resolution function (cf. Section 4.2) must be measured in data to avoid possible short-comings
of the Monte Carlo simulation (resolutions and non-gaussian tails mostly). One of the major advantages
of this tagging algorithm is that a priori any track from any physics process, e.g. the tracks from the first
minimum-bias events, could be used to calibrate the resolution function, provided the contamination of
non-prompt tracks can be kept at a very low level.

The sensitivity to this last point was studied by checking two different scenarios to select tracks
in order to build the resolution functions. In all cases, only reconstructed tracks with negative impact
parameter significance and fulfilling theb-tag quality cuts are used. This was done ontt̄ events but
similar or better (because of less heavy flavour contamination) results are expected for minimum-bias
events. In the ideal case, the tracks are required to match toa true particle whose true origin is at the
primary vertex of the event. In the realistic case, this requirement was not enforced. The distributions of
the negative impact parameter significanced0/σd0 of tracks obtained in the two cases exhibit significant
differences in the tails: in the ideal case, 0.6% of the tracks have|d0|> 5σd0 (the RMS of the distribution
is 1.3) while this fraction is 3.2% for the realistic case (RMS is 2.1). These distributions are then used
as resolution functions to measure theb-tagging performance on the same events: at a 50%b-tagging
efficiency, the light jet rejection with the realistic scenario is 15% lower than for the ideal case.

6.5.2 Likelihood-based tagging algorithms

For the likelihood-based tagging algorithms, the probability density functions for all the variables (cf.
Section 4.1) are built for theb-jet and light jet hypotheses using Monte Carlo. Thett̄ channel can be
used in data to isolate a sample of pureb-jets from which the various distributions can be derived, using
the methods described in [9]. However, more than a few hundreds of pb−1 of data are needed. For the
light jets, it seems very difficult to isolate a pure enough sample in data. In this section, the sensitivity
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to the calibration is estimated using reference histogramsobtained from Monte Carlo with very different
settings.

First the impact of using a different tracking algorithm forthe calibration (iPatRec) and for the
performance measurement (NewTracking) was assessed and led to a very small variation of the rejection
power, below 10%. Another study consisted of using different detector descriptions for calibrating and
testing: the two geometries compared were relatively similar, with a relative difference in the amount
of material in the tracking volume of 8% (15%) atη ∼ 0 (1). At most a 5% change in rejection power
is seen in this case. Another issue is the sample compositionof the reference histograms: using onlytt̄
events or a mix oftt̄, WH (mH = 120,400 GeV) and SUSY events does not change significantly (< 5%
relative change on rejection power) theb-tagging performance on att̄ sample. However, larger effects
are expected whenb-tagging is run on a very different sample from the one used for the calibration.

A possible bias when building the calibration distributions and looking at performance on the same
event sample was studied by dividing the sample into two. Thebias on the resulting rejection factors was
found to be usually negligible, and in all cases below 10%.

Finally, it was checked what statistics are needed to define the underlying histograms for the various
tagging algorithms in order for results to be stable. This was checked on semi-leptonictt̄ events by
halving a 600k event sample, building calibrations on 10k, 50k, 100k and 300k events from the first half-
sample and checking the performance on the other half. To obtain a rejection level stable within 3%, 50k
events are needed for all the IP and SV tagging algorithms when used in a regime whereεb ≥ 50%.

6.6 Sensitivity to the Monte Carlo modelling

In the Monte Carlo modelling, several parameters can affectthe ability to tagb-jets. Any effect that
can change the lifetimes of the produced particles, the multiplicity of the charged tracks or the momenta
of these tracks can potentially change the tagging efficiency. This modelling is not necessarily a good
description of data, and in addition it is also performed differently across generators.

6.6.1 Fragmentation

First of all, various fragmentation models, describing thenon-perturbative process in which quarks
hadronize into colorless hadronic states, are implementedin the Monte Carlo generators. For heavy-
flavour quarks, two options are available in the PYTHIA generator: the Lund-Bowler model and the
Peterson fragmentation model. While the former has been found to give reasonable agreement with
experimental data at LEP, SLC and HERA, the latter is currently the default in ATLAS PYTHIA produc-
tions. The impact of these various fragmentation models wasinvestigated with six differenttt̄ samples.
For the Peterson fragmentation, three samples were produced with different values for theεb parameter:
0.003, 0.006 (default), 0.012. For the Lund-Bowler model, the rQ parameter was varied: 0.50, 0.75,
1.0 (default). The maximum relative discrepancy in theb-tagging efficiency was found to be around
6%, comparing the Peterson model withεb = 0.012 to the Lund-Bowler model forrQ = 0.5. However,
this choice of parameters is a bit extreme: the difference between the default Peterson model and the
Lund-Bowler model withrQ = 0.75 (which was found to fit best the OPAL and SLD data) leads to an
uncertainty on theb-tagging efficiency of 1.1% for a fixedb-tagging cut leading to ab-tagging efficiency
of 72%.

6.6.2 Heavy flavour production

The production fraction of variousb/c-hadron species can also lead to differentb-tagging efficiencies
since they have different lifetimes and decay modes. The measuredb-hadron fractions [15] and their
values in the generators are shown in Table 5. For HERWIG, thedefaults have been changed following
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the CDF tuning [21] by setting the CLPOW parameter to 1.2, in order to obtain ab-baryon fraction in
agreement with the PDG and with PYTHIA. Another ingredient is the production of excited bottom and
charm states which can give rise to soft charged pions or kaons, affecting the topology of the events: this
has not been studied yet.

Table 5: Fraction (in %) ofb-hadron species from the PDG (assumingf (Bd) = f (B±)) and in PYTHIA,
the default HERWIG and HERWIG tuned for ATLAS (CLPOW=1.2).

Bd B± Bs Baryons
PDG 39.8±1.0 39.8±1.0 10.4±1.4 9.9±1.7
PYTHIA (ATLAS) 39.7 39.2 12.1 9.1
HERWIG 44.3 44.8 10.8 0.0
HERWIG (tuned) 39.4 39.9 10.4 10.3

The various production fractions of each type of theb-mesons were varied according to the mea-
sured errors from PDG 2006 [15], and the impact on a simulatedPYTHIA tt̄ sample was studied by
a re-weighting technique. This source of systematics can besafely neglected since the net effect is an
uncertainty below the per mil level on the tagging efficiency.

6.6.3 b-hadron lifetimes and decays

The uncertainty on the lifetime of the various b hadrons was also studied and found to give rise to an
uncertainty of 0.3% for ab-tagging efficiency of 72%.

The uncertainty in the charged track multiplicity of b hadron decays was estimated by comparing
PYTHIA with measurements from LEP [22]. The resulting uncertainty on theb-tagging efficiency was
found to be 0.9%.

6.6.4 Heavy flavour decays with EvtGen

The two event generators used in ATLAS to fragment and decay particles, PYTHIA and HERWIG,
implement different algorithms to simulate the decays of generated particles, using their own decay
tables to specify decay modes and branching fractions. The sophistication of the decay simulation and
the scope of decay tables vary considerably between generators. For B meson decays, arguably the most
detailed simulation is currently provided by EvtGen [23].

Since theb-tagging performance on Monte-Carlo samples may depend on details of simulated parti-
cle decays, such as the charged particle multiplicity or thespatial distribution of secondary decay vertices
in B decays, the impact of using EvtGen as a decayer instead ofPYTHIA was studied ontt̄ events. For
this study, a decay file for inclusive decays was assembled based on the latest (as of summer 2005)
version of the decay files used by the BaBar and CDF experiments. For decay channels where experi-
mental data is available, branching fractions were taken from PDG [15], while the remaining decays are
simulated generically with JETSET.

For this study, two specific samples were generated: the firsttt̄ sample was generated by PYTHIA
and the decays were handled by PYTHIA. The second one was generated in the same way except that
particle decays were simulated by EvtGen. As expected, changing the particle decay simulation leads to
small differences in some distributions of generator–level quantities. For example, the mean multiplicity
of charged pions in decays of B± and B0 mesons, not including decays of long-lived weakly decaying
strange particles such asK0

s andΛ, is 3.89 (RMS 2.19) with PYTHIA and 3.62 (RMS 2.13) with EvtGen.
The average multiplicity obtained by EvtGen agrees well with the experimental value of 3.58±0.07 [15].
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Theb-tagging weight distributions obtained with the two generators are thus slightly different. For
a fixedb-tagging weight cut, theb-jet efficiency varies by about 1%. Tuning the cut to keep the same
b-tagging efficiency in both samples leads to non-negligiblechanges in the light jet rejection: it de-
creases by about 5% to 15% when EvtGen is used, depending on the tagging algorithm and chosenb-jet
efficiency.

7 Specific studies for improvingb-tagging performance

In this section, three studies aiming at improving theb-tagging performance are presented. Most of them
rely on specific software developments.

In the first part, new track categories are defined to make a better use of the slight differences in e.g.
impact parameter resolution that such tracks may exhibit. Asecond study evaluates the potential gain
by varying the way tracks are associated to jets. The last study shows the improvement obtained when
combining several tagging algorithms in a multivariate approach. Those studies were done independently
and no attempt was made yet to combine them. It is worth notingthat some approaches advocated in the
first two studies are expected to be highly correlated.

7.1 Improving performance with track categories

Grouping the tracks used forb-tagging in several categories has been discussed in Section 4.1.5. Ded-
icated treatment forSharedtracks (cf. 2.1.3) is already implemented and used in the current b-tagging
software. Using dedicated probability density functions for theSharedtracks improves the light jet re-
jection by 23% (7%) for ab-jet tagging efficiency of 50% (60% respectively) intt̄ events. This is the
default treatment in the software. This effect is sample-dependent and is more important for samples
with high jet multiplicities and energetic jets, which tendto be more collimated.

Using additional track categories to improve theb-tagging performance is being further investigated.
A possible interest of the track categories is to try to loosen the track quality cuts and therefore gain in
efficiency without diluting the discrimination power of thegood tracks. As discussed in Section 2.1.2,
requiring each track to have a hit on theb-layer leads to an absolute loss in efficiency of about 2.5%,
which is not negligible forb-tagging purposes where few tracks are available. Thus one attempt consisted
of trying to keep tracks with nob-layer hit in a special category. About 4% of the tracks in jets from tt̄
events which pass the rest of theb-tagging selection fall in this category.

The categories could also be used to deal with the non-Gaussian resolution tails and the imperfect
treatment of the matter in the tracking error estimation process. A priori some fraction of these effects
would be better treated from first principles directly in thetracking, but the experience with previous
experiments shows that this is difficult in practice and therefore ad-hoc treatments may be justified. The
natural variables to partition tracks arepT (actuallyp for multiple-scattering) and pseudo-rapidity (since
the material is very non-uniform inη).

Finally, another potential use of track categories was studied: in b-jets, the fragmentation tracks
accompanying theb-hadron decay products are prompt and should therefore havedifferent distributions
of the discriminating variables. Tracks withpT(track)/pT(jet) < 0.04 were defined as fragmentation
tracks since those are in principle softer and were put in a special category. In typicalb-jets from thett̄
sample, this cut selects 13% of the tracks. Some correlationwith the treatment inpT bins (previous case
above) is expected.

The use of these categories brings some improvement to the light jet rejection, as high as 60% for
the binning in trackpT which is the most powerful way of partioning tracks. The improvement for some
categories depends on the sample: the dedicated category for fragmentation tracks for example is more
helpful for theWH (mH =400 GeV) sample where the actual decay products of theb-hadron are very
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collimated and the fixed-size cone for associating tracks tothe jets brings in a larger fraction of prompt
tracks.

Various ways to combine all the new categories were investigated. The gain in rejection brought by
the best combinations, using 11 partitions formed with the aforementioned categories, ranges from 20%
to 70% depending on the sample and the tagging algorithm, fora 60%b-tagging efficiency.

7.2 Optimizing the track-to-jet association

As the jet transverse momentum increases, its particles arecollimated into a narrower cone. But currently
all tracks within∆R< 0.4 of the jet axis are associated with the jet, regardless of its momentum. For a
300 GeVb-jet, only 30% of the tracks associated to the jet comes from theb-hadron decay products, as
shown in Figure 16. Therefore at highpT the b-tagging discriminating power is diluted since a larger
fraction of the tracks in the jet may be picked up from environmental contamination: underlying event,
pile-up or neighbouring jets in busy events. An alternativetrack-to-jet association has been studied, with
a ∆R cut varying with the jetpT : ∆R < f (pT). Based on the distribution of∆R(jet, track) for tracks
originating fromb-hadron decays inb-jets, a functional formf (pT) has been chosen which ensures that
95% of the tracks fromb-hadron decays in these events are associated to the jet for any jet pT in the
range[15,500] GeV.

The impact onb-tagging performance of using this association instead of the standard one is checked
on tt̄ events. The relative improvement on the overall raw light jet rejection is 46% (7%) for respectively
a b-tagging efficiency of 50% (60%). This improved treatment actually affects only the non-pure jets
(22% of the light jets in this sample), for which the rejection triples for εb = 50% and doubles for
εb = 60%. Obviously the fraction of non-isolated jets and therefore the possible gain with this method
are sample-dependent.

7.3 Combining tagging algorithms with boosted decision trees

Several multi-variant techniques exist that can combine differentb-tagging algorithms into a single clas-
sifier for discriminatingb-jets from light jets. We investigated boosted decision trees (BDT).

BDT can be applied to any classification problem and their usefor combining severalb-tagging
algorithms into a single classifier for discriminatingb-jets from light jets was investigated [24]. In this
study, a BDT classifier was optimized on a training sample containingb-jet and light jet patterns extracted
fromWH (mH = 120 GeV,H → bb̄ or H → uū) andtt̄ samples. The following input variables were used:
the weight from the IP3D tagging algorithm, the three variables on which the SV tagging algorithms
are based (cf. Figure 9), the number of tracks associated with the secondary vertex, the weights of the
soft muon and soft electron tagging algorithms, the largesttransverse and longitudinal impact parameter
significances and transverse momentum of the tracks in the jet, the jet transverse momentum and the
number of tracks in the jet. For a fair comparison with IP3D+SV1, a BDT classifier with only the first
four variables was also studied. The predictive power of theclassifier was estimated using a distinct
sample ofb-jet andu-jet patterns (test sample).

Table 6: Rejection of light jets given by IP3D+SV1 and the boosted decision tree forWH (with mH=120
GeV) andtt̄ events, for fixedb-tagging efficiencies of 50% and 60% in each sample.

IP3D+SV1 BDT 4 variables BDT 12 variables
εb = 50% εb = 60% εb = 50% εb = 60% εb = 50% εb = 60%

WH (mH=120 GeV) 529±40 155±6 682±79 189±12 762±93 201±13
tt̄ 393±16 143±3 484±34 161±6 563±42 187±8
tt̄ after purification 720±42 205±6 808±73 226±11 1021±103 278±15
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Table 6 compares the rejection of light jets given by the two BDT configurations and the likelihood
ratio weight IP3D+SV1 forWH events andtt̄ events. It shows that with the same variables the BDT
outperforms IP3D+SV1 by 10 to 30%. When using additional information, including the soft lepton tag-
ging, the light jet rejection on both event topologies increases by about 50% with respect to IP3D+SV1.
For these results, the training and test samples were based on similar events (WH or tt̄). When train-
ing the BDT onWH events and usingtt̄ events for the test sample, the gain in rejection compared to
IP3D+SV1 is lower but still interesting (> 20%).

8 Measuringb-tagging performance in data

For analyses usingb-tagging, the estimation of the backgrounds from well-known Standard Model pro-
cesses requires knowledge of the tagging and mis-tagging efficiency for the various flavours of jets with
high accuracy. The quality of Monte Carlo simulation of these properties is unknown and therefore
strategies must be developed to measure the tagging and mis-tagging efficiencies directly in data.

8.1 b-tagging efficiency

Several strategies for measuring theb-tagging efficiency directly in data are investigated in detail. The
relative precision they permit has been estimated for a typical b-tagging efficiency of 60%.

The first approach, described in Ref. [8], relies on a sample of the abundantly produced dijet events,
in which one of the jets contains a muon. A muon+jet trigger has been conceived and proposed for this
purpose. Two methods, also employed at the Tevatron, are used to estimate theb-content of the dijet
sample. ThepTrel method is based on templates of the muonpT relative to the jet axis. The templates
are derived from Monte Carlo events for the three types of jets: bottom, charm and light (the latter will
eventually be derived from data). The so-called System 8 method uses two samples of differing bottom
quark content and two uncorrelated tagging algorithms, typically the soft muon one and the tagging
algorithm to be calibrated, to form a system of equations from which theb-tagging efficiency can be
extracted. Using 50 pb−1 of data, a detailedpT - or η-dependent calibration curve could be derived with
the pTrel method and with System 8. Since it is expected that the systematic uncertainties will dominate
rapidly the total error for these methods, a careful study ofsystematics errors has to be done which was
not fully completed for this note: the systematic errors studied so far indicate that it should be possible to
control the absolute error onεb to 6%. Currently the two methods are proven to work well for jets below
a pT of 80 GeV.

The second approach, discussed in Ref. [9], makes use oftt̄ events and is complementary: a little
more data is needed but the tagging efficiency of higherpT jets can be measured. Two distinct ways are
described: by counting the number of selectedtt̄ events with one, two or moreb-tagged jets, or by study-
ing directly the output distributions ofb-tagging algorithms on samples ofb-jets pre-selected by several
methods (topological, kinematic or likelihood selection). The counting method allows measurement of
the integratedb-tagging efficiency with a relative precision of±2.2(stat.)±3.5(syst.)% in the lepton+jets
channel and±3.7(stat.)±2.7(syst.)% in the di-lepton channel for 100 pb−1 of data. For the topological
selection, 200 pb−1 of data are needed and allow a relative precision of±7.7(stat.)±3.2(syst.)%.

8.2 Mis-tagging rates

Measuring the mis-tagging rate in data is more difficult and under study. The main approach is to use
the negative tags (either in impact parameter or decay length) which describe the effects of a limited
resolution on a priori prompt tracks and then to correct for long-lived particles (Ks, Λ, etc), material
interactions and heavy flavour jets which are negatively tagged. So far no study in ATLAS has estimated
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the accuracy with which fake rates can be measured. However,based on the Tevatron experience, it
seems that a 10% relative error could be achievable with 100 pb−1.

8.3 Extracting reference distributions from data

For the likelihood tagging algorithms, reference distributions for light andb-jets are needed. In the
case ofb-jets, they could in principle [25] be measured in data from apure sample ofb-jets using the
techniques developed for theb-tagging efficiency estimation intt̄ events. As shown in Ref. [9], the
various distributions can be checked in data with a few hundred pb−1. However, much more data is
needed to extract multi-dimensional likelihoods. For light jets, it seems difficult to extract from data a
sample with sufficient purity. In any case, a Monte Carlo accurately describing the data is also needed
to extrapolate those reference distributions to ranges where they certainly can not be measured, the very
high-pT regime for instance.

9 Conclusions and outlook: realistic performance in first data

The first tagging algorithm to be commissioned with real datais expected to be (besides the track count-
ing method) JetProb, using the tracks from any kind of eventsto define its resolution function. For a
b-tagging efficiency of 60%, a light jet rejection of around 30could be achieved with this tagging algo-
rithm but further improvements are expected. The soft lepton tagging algorithms will be commissioned
at the same time, leading to higher rejection levels when considering semi-leptonicb-jets. Once the qual-
ity of the Monte Carlo simulation is checked and better understood with data, a tagging algorithm relying
on Monte Carlo templates forb and light jet hypotheses such as IP3D can be used, perhaps doubling the
rejection power. The commissioning of the tagging algorithms relying on secondary vertexing may take
more time, but tagging algorithms like SV1 should quadruplethe initial rejection level, bringing it above
100. Finally the combination of the ultimate JetFitter tagging algorithm and the various improvements
described in this note should permit a rejection of 200, or more interestingly to maintain a rejection of
100 at a higherb-tagging efficiency, around 70%.

Those estimates do not take into account the impact of residual misalignments in the tracker. How-
ever, a first study has been performed in which the actual alignment procedure was run. This is the most
realistic study so far, and includes many systematic deformations caused by the alignment procedure
itself. It concludes that the mis-tagging rate is at most 30%lower for the sameb-tagging efficiency with
a realistic early detector alignment.

The impact of several other effects on theb-tagging performance has been studied in this note. In
the simulation used, the fraction of dead pixels is overestimated. Using 1% instead of 5% dead pixels
improves the light jet rejection by about 10%. Relative improvement in the light jet rejection, from
10% in typicaltt̄ events to 50% for high-pT samples, could be achieved with a tuning of the tracking in
jets. The sensitivity to the accuracy of the passive material description in the simulation could be quite
dramatic. However, a large effort has been made in describing accurately the material in the tracking
volume. If an 8% to 15% discrepancy between Monte Carlo and data would remain, the impact on the
b-tagging performance is a 10% relative change in light jet rejection power.

New ideas to improve the performance have been studied: the generalization of the track categories
could bring a 10% to 60% improvement, optimizing the track-to-jet association could help significantly
in busy events and finally the use of multivariate techniquessuch as BDT could lead to gains in the range
10-50%. However, all these potential gains only apply to some tagging algorithms, somepT region, etc.
Furthermore some correlations are expected among them. Therefore it will be interesting to assess the
net impact of these improvements when they are all available, used simultaneously and optimized.
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Finally, detailed studies have shown that theb-tagging efficiency can be measured directly in data
using dijet ortt̄ events. With 100 pb−1, a relative precision of about 5% can be achieved forb-jet effi-
ciency. The accuracy with which the mis-tagging rates can bemeasured deserves more study, however,
a 10% precision seems feasible based on the Tevatron experience.
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Vertex Reconstruction for b-Tagging

Abstract
Tagging ofb-quark jets, “b-tagging”, is an important ingredient for Standard
Model analyses as well as for searches for new physics. A property ofb-quark
jets exploited byb-tagging algorithms is the presence of secondaryb- andc-
hadron decay vertices. In this note, methods for the explicit reconstruction
of secondary and/or tertiary decay vertices ofb- andc-hadron decays are pre-
sented. The performance of the secondary vertex basedb-tagging algorithms
and the dependences on the event topology and jet kinematicsare studied. The
efficient reconstruction of the primary interaction vertexis also crucial forb-
tagging, especially in the presence of pile-up interactionvertices at LHC lumi-
nosity. The ATLAS primary vertex reconstruction strategies and performances
are presented in this note as well.

1 Introduction

Identification ofb-quark jets relies on the properties of the production and weak decay ofb-hadrons.
The most important one is their relatively large lifetime ofabout 1.5 ps (cτ ≈ 450µm). The resulting
b-hadron flight path< l >= βγcτ leads to a signature of one or more displaced secondary vertices (e.g.
inside a jet originating from ab-quark with transverse momentum of 50 GeVb-hadrons travel on average
about 3 mm in the transverse plane before their decay).

Numerous methods can be used for the identification ofb-quark jets (usually calledb-jet taggingor
just b-tagging), based e.g. on the presence of leptons inside jets due to semileptonic b-hadron decays,
kinematical properties of jets or explicitb- or c-hadron reconstruction. The most efficient tagging meth-
ods are based on the presence of displaced vertices inside jets. Such vertices can be detected either by
the presence of tracks incompatible with the primary event vertex or by explicit reconstruction of those
secondary vertices. Many track based and vertex basedb-tagging methods are known together with
combined methods using both track impact parameters and vertex reconstruction simultaneously.

The reconstruction of secondaryb-hadron decay vertices inside jets is challenging for several reasons.
The multiplicity of charged particle tracks belonging to the vertex is, contrary to the reconstruction of ex-
clusive decay modes, a-priori not known. In cases of less than two reconstructed charged particles, a well
defined secondary vertex cannot be reconstructed. This can happen either because of the charged particle
multiplicity produced in the decay or limitations in the track reconstruction efficiency, as imposed by the
geometrical acceptance of the inner tracking detectors or interactions in the detector material. Secondary
vertex reconstruction efficiencies thus show an upper limit. In addition, weakb-hadron decays almost
always lead to one or more charm hadrons which subsequently decay through weak interaction. Since
c-hadrons also have significant lifetimes, the resulting topology is a set of charged particle tracks either
stemming from the primary event vertex, the secondaryb-hadron or tertiaryc-hadron decay vertices. The
resolution of the ATLAS tracking system does not resolve this decay topology in all cases. Vertex recon-
struction inside jets forb-jet tagging thus has to be done in an inclusive way. It shouldbe targeted towards
highest efficiency to detect secondary vertices and identify its topology as well as possible. Kinematical
features of reconstructed vertices like e.g. the invariantmass may be used in combination with spatial
features (track-vertex and vertex-vertex distances, etc.) to increase theb-jet identification power of the
algorithms.

Another important ingredient for taggingb-quark jets is the reconstruction of the primary event
vertex. The size of the beamspot in the transverse plane (about 15 µm) is sufficiently small to allow
the application ofb-tagging algorithms if only information as defined in the transverse plane is used,
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once the position of the beam is known with high precision. Explicit reconstruction on event by event
basis does not improve significantly the resolution of the primary event vertex in the transverse plane.
In the longitudinal direction along the beam, however, the a-priori knowledge of the interaction point is
only poor (several cm). Explicit reconstruction is thus mandatory if b-tagging algorithms are not only
based on track and vertex information in the transverse plane. Furthermore, at nominal running of the
LHC, additional minimum bias events produce additional so-called pile-up vertices which have to be
distinguished from the hard primary interaction. The main task of the primary vertex reconstruction for
b-tagging is thus to reconstruct and identify the signal event vertex out of all interaction vertices along
the beam.

At the LHC,b-tagging has to be applied to jets covering a wide kinematic range both in transverse
momentum and pseudorapidity.b-tagging has to be applied over the full acceptance of the tracking de-
tectors of about|η |< 2.5. The track reconstruction performance, and thus also the vertex reconstruction
andb-tagging performance, varies strongly with transverse momenta and pseudorapidities of charged
particle tracks.

This note focuses on aspects of primary and secondary vertexreconstruction relevant forb-tagging.
Other aspects, also more technical ones, and performance issues are addressed in notes dedicated to
primary [1] and secondary vertex reconstruction [2, 3]. Thenote is structured as follows. In Section 2
some information on definitions, physics input objects and data sets used in this note is given. Section
3 describes the reconstruction of the primary event vertex,its performance and impact onb-tagging.
Algorithms designed for the inclusive reconstruction of secondary decay vertices inside jets based on
two different methods are described in Section 4. The performance of these algorithms in terms of
secondary vertex related quantities is discussed in Section 5. Their combination with the pure track
impact parameter basedb-tagging algorithms is described in Section 6. Theb-tagging performance of
the algorithms is presented in Section 7. Section 8 gives a summary of the note together with an outlook
towards possible future improvements.

2 Definitions, Reconstruction Details and Datasets

This section gives definitions and technical details of datareconstruction and analysis procedures used
in this note. More detailed information can be found in [4].

The efficiency to tag a jet of flavourq asb-jet, εq, is defined as:

εq =
Number of jets of real flavour q tagged as b

Number of jets of real flavour q
. (1)

Usually εb is called tagging efficiencyand εudsc mistagging rate. The inverse of the mistagging rate
rudsc = 1/εudsc is calledb-tagging rejection poweror simply rejection. The assignment of a certain
flavour to a jet in the Monte Carlo simulation is not unambiguously defined. The following definition
has been introduced: the jet flavour is the flavour of the heaviest quark after gluon radiation and splitting
within a cone of some size around the jet direction. The default cone size used in ATLAS and in the
current note is∆R< 0.3. To test the pure algorithmic performance of the algorithms, a procedure called
“purification” may be applied. Here, a light quark jet is onlyconsidered if there is no heavy parton (b- or
c-quark) orτ lepton within a cone of 0.8 around the jet direction.

Several jet reconstruction algorithms are available in ATLAS [5]. Theb-tagging performance may
depend on the jet algorithm, but the studies of this dependence are outside the scope of this note (see [4]
for such studies). For the studies in this note, an iterativecone algorithm with a cone size of∆R= 0.4
using combined calorimeter towers as input, has been used. Charged particle tracks have been recon-
structed with a Kalman filter based algorithm [6].
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Offline ATLAS jet reconstruction and track reconstruction are independent. An assignment of tracks
to jets is thus necessary. The current ATLAS method used alsoin this note is also based on a geometrical
cone around the jet direction. All charged tracks within a certain cone (the default value is∆R< 0.4)
around the jet axis are assigned to a jet.

The following fully simulated Monte Carlo samples have beenused for the performance studies
described in this note:

• Higgs boson production in association with aW boson. TheW boson was forced to decay into a
muon and its anti-neutrino,W → µνµ , the Higgs boson was forced to decay into pairs ofb-, c- or
u-quarks: H→ bb, H→ cc, H→ uu. This ensures that the jets of different quark flavour have very
similar kinematics. To cover a wide range of jet transverse momenta, samples with Higgs boson
masses ofmH = 120 GeV andmH = 400 GeV have been produced.

• Events with pairs of top quarks,tt, where one or bothW bosons decayed leptonically.

• Events with pairs of top quarks and at least two additional jets: tt j j . These events show a large
hadronic activity with a high probability of overlapping jets.

During the first few years the LHC will operate at a luminosityof 2·1033 cm−2s−1 (low luminosity
mode), reaching 1034 cm−2s−1 (high luminosity mode) at later stages. Each signal event triggered and
reconstructed in the ATLAS detector will be overlayed by several low-pT proton-proton interactions,
commonly denoted as minimum bias interactions. The averagenumber of minimum bias interactions
per bunch crossing is 4.6 and 23 for the low and high luminosity modes, respectively.To study the
influence of these additional so-calledPile-Up interactions, fully simulated Monte-Carlo samples for the
low luminosity mode have also been generated for the WH (mH = 120 GeV) data set.

To parametrize the trajectory of a charged particle in a magnetic field, so-called “perigee” parameters
are used [6]. The ATLAS track basedb-tagging algorithms used0 andz0, the transverse and longitudinal
impact parameters at the point of closest approach of the trajectory to the primary vertex in the transverse
plane. To reduce the dependence on the track parameter resolutions, the corresponding variables are
divided by their errors. Each impact parametersignificancealso gets a sign based on the track and jet
directions. The sign is positive if the track crosses the jetaxis in front of the primary vertex and negative
if behind. Most of the tracks produced inb-hadron decays have a positive sign whereas tracks originating
from the primary vertex have both signs with equal probabilities [4]. The distance between the primary
and secondary vertices may also have a sign based on the jet direction.

3 Primary Vertex Reconstruction

In this section different strategies for the reconstruction of primary vertices currently implemented in
the ATLAS reconstruction software are described. The evaluation of the algorithms is performed in the
single collisionand low luminosity pile-up modes.

The reconstruction of primary vertices can generally be subdivided into two problems: vertex finding
and vertex fitting. The primary vertex finding deals with the association of reconstructed tracks to a par-
ticular vertex candidate. The task of the vertex fitting is toreconstruct the position of the primary vertex
and its covariance matrix, recalculate the parameters of the incident tracks using the vertex constraint
and provide a measure of goodness of the fit, such as for example theχ2 of the fit [7]. In addition, the
χ2 of the refit of track parameters with the knowledge of the reconstructed vertex is a criterion of track
to vertex compatibility.

A brief description of the mathematical properties of the algorithms for primary vertex reconstruction
and evaluation of their performance with respect tob-tagging are presented below. For a more detailed
description of the algorithms the reader is referred to [1].
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3.1 Algorithms for Vertex Fitting

Several strategies for vertex fitting are currently implemented in the ATLAS reconstruction software.
All implemented vertex fitters are based on the minimizationof a χ2 function with respect to a position
of the vertex and parameters of incident tracks at this position. In addition, all fitters are currently
using the exact analytical solution for the dependence of the track parameters on the vertex position and
track parameters at the vertex. Indeed, the full solution with respect to the ATLAS version of perigee
parametrization has a simple form, which is also computationally economical [1]. The approach to the
minimization of theχ2, treatment of components of track momenta in the vicinity ofthe vertex candidate
and reweighting of tracks during the iterative process, however, differs from algorithm to algorithm.

3.1.1 The Billoir Full and Fast Vertex Fitting Algorithms

Two algorithms, theBilloir Full and theBilloir Fast Vertex Fitterwere implemented, following the
schema presented in [8]. Here, the inversion of the full(3n+ 3)× (3n+ 3) matrix1 of parameters of
the fit, wheren is the number of tracks, is replaced withn inversions of(3×3) matrices. Compared to
the globalχ2 minimization, this approach leads to a significant gain in CPU time due to the inversion
of smaller matrices. In addition to the reconstruction of the vertex position and its covariance matrix,
theBilloir Full Vertex Fitter also refits the parameters of the incident tracks with the knowledge of the
vertex.

TheBilloir Fast Vertex Fitteris a simplified version of the vertex fit, where the trajectories of charged
particles are approximated with straight lines in the vicinity of the vertex and their momentum compo-
nentsp = (θ ,φv,q/p) are considered to be constant. While the precision of this approach is only a little
smaller than the one of theFull Billoir Vertex Fitter, the fit itself is significantly faster due to the reduc-
tion of the size of covariance matrices to be inverted. It should also be noted, that theFast Vertex Fitdoes
not refit the momenta of the incident tracks. Due to its reasonable resolution and high CPU performance,
this is the default vertex fitter to be used withInDetPriVxFinder, as explained in Section 3.2.1.

3.1.2 The Sequential and Adaptive Vertex Fitting Algorithms

TheSequential Vertex Fitterimplements the conventional Kalman Filter for vertex fitting as described
in [7]. The vertex estimate is updated iteratively using theinformation from a single track at a time. The
SequentialVertexSmootherallows the refit of parameters of incident trajectories withthe knowledge of
the reconstructed vertex position. In addition, the smoother allows for a calculation of the smoothedχ2

of a track, which is a good criterion of compatibility of a track to a vertex.
A robust version of the above algorithm is theAdaptiveVertexFitter. It is an iterative reweighted

Kalman Vertex Fitter, where each track is down-weighted according to its compatibility to the actual ver-
tex position [9]. The dependence of the weighting factor on the iteration number of the fit is determined
by a thermodynamic annealing procedure. The assignment of tracks to a vertex candidate thus becomes
stronger with iterations and the outliers are efficiently discarded.

3.1.3 The TrkVKalVrtFitter Algorithm

TheTrkVKalVrtFitter is a universal vertex fitter with constraints. It uses the Billoir method [8] to estimate
the local vertex position and calculate refit track parameters with the requirement of passing through the
vertex position. The possibility of applying a beam spot constraint when reconstructing the primary
vertex is also provided. Neutral and charged particles can be used simultaneously in the fit.

1In the vicinity of the vertex, the polar angleθ and the momentump of the trajectories are considered to be constant.
The number of parameters of the fit therefore reduces to 3n+ 3: 3 remaining parameters for each ofn tracks and 3 vertex
coordinates.
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In the presence of badly measured tracks the precision and stability of the fit may be improved by the
optional use of robust functionals. In each iteration step the error matrix for each track is recalculated
based on an eigenvector decomposition and downweighting ofbadly measured directions in the track
parameter space. Several functionals for downweighting known asM-type estimatorsare implemented
[2].

3.2 Vertex Finding Strategies

Three different strategies for primary vertex finding are currently implemented. These are theInDet-
PriVxFinder, the InDetAdaptiveMultiPriVxFinderand theVKalVrtPrim. In the InDetPriVxFinderthe
process of primary vertex finding is decoupled from the vertex fitting and the maximal number of re-
constructed vertices is therefore defined at the seeding step. The latter two algorithms exhibit afinding
through fittingapproach, where the number of vertex candidates changes according to the results of the
previous iteration of the fit.

3.2.1 The InDetPriVxFinder Algorithm

The reconstruction strategy of the Inner Detector Primary Vertex Finder consists of three steps. It starts
with the selection of good quality tracks originating from the beam crossing area (the detailed selection
cuts can be found in [1]).

After this initial track preselection, clusters inz are searched for in the resulting set of tracks. A
simple sliding window algorithm is used for this purpose. First, the tracks are ordered in ascending order
of theirz0 impact parameter. The full range ofz0 impact parameters is then scanned and clusters of fixed
length are formed. In the low luminosity scenario, the default maximal cluster length was chosen to
be 3 mm. The resulting clusters of tracks are considered as independent primary vertex candidates and
corresponding vertices are reconstructed with the provided vertex fitting algorithm.

After the reconstruction of the initial vertex candidates,the tracks least compatible with a given
vertex candidate are rejected and the vertex candidate is refitted (theBilloir Fast Vertex Fitterdescribed
in 3.1.1 is used by default) using one of the following procedures:

• All tracks, with a χ2 contribution greater than a predefined value (by default, the threshold of
χ2 = 5 per track is chosen) are discarded and the vertex candidateis reconstructed again using
remaining tracks.

• The least compatible tracks are removed from the vertex candidate iteratively one by one until no
track with aχ2 contribution greater than a predefined value is left or the number of remaining
tracks is too little to continue. The vertex candidate is refitted at each iteration.

At present, the first algorithm is used as the default one. At the last stage of the primary vertex reconstruc-
tion, the obtained vertex candidates are sorted in descending order according to the sum of transverse
momenta of their tracks. The vertex with the highest∑ pT of the tracks is tagged as the signal one.
It should be noted that the maximum number of reconstructed primary vertices is fully defined by the
output of the cluster finding in the beginning of the algorithm. The iterative refit of the vertex candidates
followed by the rejection of incompatible tracks serves forthe refinement of the knowledge of the vertex
positions only. The minimum number of tracks to form a vertexcandidate is one in the case when the
beam position is used as constraint, and two otherwise.

3.2.2 The InDetAdaptiveMultiPriVxFinder Algorithm

The InDetAdaptiveMultiPriVxFinderis an example of afinding-through-fittingapproach to the primary
vertex reconstruction. The reconstruction starts with thepreselection of tracks originating from the
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beam crossing region (the detailed selection cuts can be found in [1]). A single vertex seed is created
out of the preselected set of tracks. A vertex candidate is then reconstructed using the Adaptive Multi
Vertex Fitter [10], as described in 3.1.2. The tracks which were considered to be outliers during the
first fit are used to create a new vertex seed. At the next iteration a simultaneous fit of two vertices
is performed. Each track is down-weighed with respect to thetwo vertices. The number of vertex
candidates is growing with iterations and the vertices are competing with each other in order to attain
more tracks. An annealing procedure is applied to this process: the assignment of tracks to vertices is
becoming harder with iterations. The result of the fit is a setof reconstructed vertices with an almost
solid track assignment. It has to be noted that for the adaptive fitters the starting point of the fit is of great
importance.

3.2.3 The VKalVrtPrim Algorithm

In this algorithm, primary vertex reconstruction starts with the selection of a subset of tracks close to the
beamspot position. A sliding window type algorithm (with window size≈ 4.5 mm) selects a position
along the beam which maximizes the vertex candidate qualityvalue. This position becomes a seed for
the vertex fitter. It accepts all tracks close to the found vertex candidate position and tries to fit a single
vertex. If the quality of the vertex is not satisfactory, oneor several tracks with the biggestχ2 contribution
are rejected and the fit is repeated. The algorithm works until a vertex with good quality is obtained. Best
results may be achieved with the combination of a robust fitting functional and the rejection of tracks
during the fit. After a successful fit, the participating tracks are removed from the set of selected tracks
and the sliding window algorithm starts a search of the next vertex candidate for the remaining tracks.
VKalVrtPrim runs until no more vertex candidates can be obtained in the remaining track sample.

The vertex candidate quality value used in the search is a sumof the track transverse momenta,
the transverse mass andpT nonuniformity in the transverse plane. The vertex fitter uses the beam spot
position as constraint in the fit.

3.3 Performance of Primary Vertex Reconstruction

In this section, the performance of different primary vertex reconstruction algorithms is evaluated. The
studies are performed in single collision and low luminosity pile-up modes.

As mentioned above, the main tasks of primary vertex finding algorithms are:

• To find all primary vertices in a bunch crossing and reconstruct their positions with highest possible
accuracy.

• To identify the hard scatter signal primary vertex among theset of reconstructed vertices with
highest possible efficiency.

These two aspects will be investigated in the following. In this section the performance of five strate-
gies for primary vertex reconstruction are compared:VKalVrtPrim, InDetAdaptiveMultiPriVxFinderand
InDetPriVxFinderused withSequentialVertexFitter, Billoir Fast andBilloir Full Vertex Fitters. Monte
Carlo samples ofWH(120) → µνbb andWH(120) → µνuu events with and without low luminosity
pile-up are used for this study.

3.3.1 Efficiency of Hard Scatter Signal Primary Vertex Identification

As mentioned above, an average of 4.6 minimum bias events are expected to overlay the signal event
during low luminosity running of the LHC. The number of simulated primary vertices per bunch crossing,
corresponding to the low luminosity mode of the LHC is shown in Figure 1 (left), together with the
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Figure 1: Left: Number of simulated (black line) and reconstructed vertices per event for different
reconstruction algorithms (dotted lines); right: distribution for theInDetAdaptiveMultiPriVxFinderof
the primary vertex purity as defined in Eq. (2). TheWH(mH = 120GeV)→ µνbb event sample has been
used for these studies.

number of primary vertices reconstructed with different algorithms. All primary vertex finders return
containers of reconstructed vertices ordered according tothe probability of a given vertex to be produced
in a signal collision. The identification of a signal vertex (first in the list) is performed in different ways
depending on the algorithm. TheInDetPriVxFinderorders the vertices according to the sum of transverse
momenta of incident tracks, while the output of theInDetAdaptiveMultiPriVxFinderis sorted according
to the sum of squares of transverse momenta. In all cases, thefirst vertex in the list is considered to be the
primary signal vertex and is used by theb-tagging algorithms. In order to estimate the efficiency to find
the correct signal vertex from the list of primary vertices two methods are used. In the first method the
signal vertex is considered as reconstructed correctly if it is closer than 500µm in thez direction from
the truth: |zrec− ztruth| < 500µm. The second method is based on the purity of reconstructed vertices.
The definition of the primary vertex purity is based on the association of tracks fitted to a primary vertex
to truth particles:

P =
∑wsignal

∑wsignal+ ∑wpileup+ ∑wnoCorres
(2)

where∑wsignal is the sum of weights of all tracks associated with the signalprimary vertex,∑wpile−up is
the sum of weights of all tracks associated with pile-up events and∑wnoCorresis the sum of weights of all
tracks which were not matched to truth particles. It can be noted that for vertex algorithms which do not
assign lower weights to tracks with respect to the vertex candidate during the fit, the sum of the weights of
all tracks fitted to the vertex is equal to the track multiplicity. If the value of the purity for a reconstructed
primary vertex candidate is above 0.5, it is assumed that the main contribution to the reconstructed vertex
stems from signal tracks and therefore the signal primary vertex is correctly identified.

In Figure 1 (right) the distribution of the purity of the firstvertex in the output list of theInDetAdap-
tiveMultiPriVxFinder for WH(120) → µνbb events is shown. It can be noted that in the majority of
cases the purity of a tagged signal primary vertex is close tounity.

In Table 1 the fraction of events with correctly identified vertices for both distance based and pu-
rity based definitions are shown for different reconstruction algorithms. TheWH(120) → µνbb and
WH(120)→ µνuu Monte Carlo samples with low luminosity pile-up were used for this study. It can be
noted that the best performance is shown by theInDetAdaptiveMultiPriVxFinderand byVKalVrtPrim.
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Table 1: Fractions of correctly identified primary verticesfor different primary vertex reconstruction al-
gorithms. The fractions are calculated according to the purity based (1) and distance based (2) definitions
of the efficiency. The fraction of events where the signal vertex is in the list of reconstructed vertices
(column denotedin list) is calculated according to the distance based definition.

WH→ µνbb WH→ µνuu
Algorithm (1) [%] (2) [%] in list [%] (1) [%] (2) [%] in list [%]

InDetAdaptiveMultiPriVxFinder 93.7±0.1 93.8±0.1 99.1±0.1 96.1±0.1 96.2±0.1 99.3±0.1
VKalVrtPrim 94.4±0.1 94.5±0.1 99.1±0.1 95.1±0.1 95.2±0.1 99.4±0.1
InDetPriVxFinder (Billoir Full) 89.8±0.2 89.3±0.2 97.6±0.1 94.0±0.2 93.8±0.2 98.2±0.1
InDetPriVxFinder (Billoir Fast) 89.8±0.2 89.3±0.2 97.6±0.1 94.0±0.2 93.8±0.1 98.2±0.1

Also no significant difference is observed between purity based and distance based definitions of the
efficiency. In addition, the observation is made that in the single-collision mode, the rate of wrongly
identified vertices is essentially zero for all algorithms.

The misidentification of the signal vertex leads to a wrong estimate of the longitudinal impact pa-
rameters of tracks. This wrong estimate may lead to an incorrect identification ofb- and light quark jets
and a decrease of theb-tagging performance. A dependence of theb-tagging performance on the type of
the primary vertex reconstruction algorithm is therefore expected.

3.3.2 Pointing Lepton

In the events containing isolated leptons (electrons or muons), or even a lepton inside a jet coming
possibly from semileptonic decays of heavy hadrons, the properties of these leptons can be used to
further increase the efficiency to identify correctly the primary vertex. The trajectory of a reconstructed
lepton can be extrapolated to the interaction region. Each reconstructed vertex, for which the lepton
has a longitudinal impact parameterz0 < 3mm, gets an additional weight and can then be tagged as the
signal vertex after reordering the list of reconstructed vertices. In Table 2 the fractions of events with
correctly identified primary vertices after reordering according to the pointing lepton information are
shown for different primary vertex finding algorithms. To estimate these fractions, the distance based
definition of efficiency is used. Comparing to Table 1, it can be noted that the use of information from
a reconstructed lepton increases the efficiency of correctly identifying the signal primary vertex in case
of theBilloir fitters, which use the sum of squares of transverse momenta of tracksas sorting criteria. In
most cases of misidentified vertices, the direction of the isolated lepton from theW boson decay is not in
the kinematical acceptance of the inner detector, e.g. for theInDetAdaptiveMultiPriVxFinder(73±1)%
of the outliers have the isolated muon with|ηµ |> 2.5. Events with a well reconstructed isolated lepton,
as it is the case in many analyses, thus show a much lower fraction of misidentified primary vertices.

Table 2: Fraction of correctly identified primary vertices for different algorithms using the distance based
definition with reordering due to a lepton matched to the primary vertex.

WH→ µνbb WH→ µνuu
InDetAdaptiveMultiPriVxFinder 94.7±0.1 96.0±0.1
VKalVrtPrim 94.6±0.1 95.2±0.1
InDetPriVxFinder (Billoir Full) 93.7±0.1 95.0±0.1
InDetPriVxFinder (Billoir Fast) 93.7±0.1 95.0±0.1
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3.4 Primary Vertex Resolution

In presence of the pile-up vertices spatial resolutions of the reconstructed primary vertex may degrade
due to the partial acceptance of tracks from the superposed events. Tables 3 and 4 show the resolutions
for the x andz coordinates of reconstructed primary vertices for different reconstruction algorithms.

Table 3: Resolutions on thex coordinate of primary vertices reconstructed with different strategies in
WH→ µνbb andWH→ µνuu signal only and pile-up scenarios. The numbers shown are thewidths of
a fit with a single Gaussian to the corresponding distributions of residuals.

σx [µm] in WH→ µνbb σx [µm] in WH→ µνuu
Algorithm signal only pile-up signal only pile-up

InDetAdaptiveMultiPriVxFinder 11.46±0.05 11.66±0.05 10.13±0.05 10.34±0.05
VKalVrtPrim 11.44±0.05 11.59±0.05 10.04±0.05 10.25±0.06
InDetPriVxFinder (Billoir Full) 12.22±0.05 12.51±0.05 11.01±0.06 11.17±0.05
InDetPriVxFinder (Billoir Fast) 12.23±0.05 12.50±0.05 11.01±0.06 11.17±0.06

Table 4: Resolutions on thez coordinate of primary vertices reconstructed with different strategies in
WH→ µνbb andWH→ µνuu signal only and pile-up scenarios. The numbers shown are thewidths
of a fit with two Gaussians to the corresponding distributionof residuals (σz,N for the narrow andσz,T

for the broad component, respectively).Core Fractionis the fraction of events contained in the narrow
Gaussian.

WH→ µνbb WH→ µνuu
Core Core

Algorithm σz,N, [µm] σz,T , [µm] Fraction [%] σz,N, [µm] σz,T , [µm] Fraction [%]

InDetAdaptiveMulti- signal only 41.3±0.5 98±2 76.3 35.3±0.5 79±2 75.8
PriVxFinder pile-up 40.9±0.5 95±2 75.1 34.9±0.5 77±2 75.5

signal only 40.2±0.5 92±2 71.1 36.0±0.5 82±2 78.1VKalVrtPrim
pile-up 41.2±0.5 98±2 74.1 34.3±0.5 76±2 73.2

InDetPriVxFinder signal only 49.3±0.5 132±3 76.3 40.4±0.6 99±3 76.4
(Billoir Full) pile-up 48.6±0.5 127±3 76.7 41.0±0.5 103±3 79.1

InDetPriVxFinder signal only 49.3±0.5 132±3 76.2 40.3±0.6 98±3 76.0
(Billoir Fast) pile-up 48.6±0.5 127±3 76.5 40.9±0.5 103±3 79.0

The numbers shown are the widths of a fit with a single Gaussianfor thex coordinate and two Gaussians
for thez coordinate, respectively, to the corresponding distribution of the residuals. In addition the ratio
of the narrow Gaussian and the sum of the two Gaussians is given for thez coordinate. It can be noted
that the best results are obtained with theVKalVrtPrim and InDetAdaptiveMultiPriVxFinderand that
the values of coordinate resolutions for all algorithms arevery close to those obtained for the non-pile-
up case. It can therefore be concluded, that in the low-luminosity conditions the degradation of spatial
resolution appears to be very small.

3.5 Impact onb-Tagging Performance

The beam interaction region in ATLAS has an approximately gaussian transverse profile withσ = 15µm.
This size is smaller than the typical transverse impact parameter (d0) [6] resolution of charged particle
tracks.b-tagging algorithms based on transverse impact parameter significances only (IP2D method [4])
are thus only slightly sensitive to the details of the primary vertex reconstruction and the presence of
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Table 5: Light jet rejection for WH(mH = 120 GeV) events (signal only and pile-up scenarios) using
different primary vertex reconstruction algorithms. Onlyjets with at least one track associated are con-
sidered in these performance studies.IP2D, IP3D andIP3D + SV1 b-tagging methods are described in
details in [4]

IP2D IP3D IP3D + SV1
algorithm 50% 60% 50% 60% 50% 60%

signal only 133±6 46±1 226±14 67±2 438±36 119±5
InDetAdaptiveMulti-

pile-up 135±6 45±1 160±8 52±1 230±14 82±3
PriVxFinder

ratio [%] 102±6 98±3 71±8 78±4 53±10 69±6

signal only 131±6 46±1 234±14 69±2 486±42 129±6
VKalVrtPrim pile-up 141±6 47±1 136±6 50±1 220±12 80±3

ratio [%] 108±6 102±2 58±7 72±4 45±10 68±6

signal only 123±5 46±1 225±13 68±2 449±38 113±5
InDetPriVxFinder

pile-up 124±5 41±1 140±6 48±1 220±12 71±2
(Billoir Fast)

ratio [%] 101±6 89±3 62±7 71±3 49±10 62±3

signal only 123±5 46±1 225±13 68±2 450±38 114±5
InDetPriVxFinder

pile-up 124±5 41±1 140±6 48±1 221±12 71±2
(Billoir Full)

ratio [%] 101±6 89±3 62±7 71±3 49±10 62±3

pile-up vertices. This is demonstrated in the first column ofTable 5. Since the vertex reconstruction
accuracy in the longitudinal direction is also better than the typical longitudinal impact parameter res-
olution (z0 [6]), the b-tagging performance is not influenced significantly by the choice of the primary
vertex algorithm in the case where only the signal vertex is present. This can be seen by comparing the
rows labelledsignal onlyin Table 5 for the different primary vertex reconstruction algorithms.

The presence of pile-up vertices, however, changes the situation for the longitudinal coordinate con-
siderably. Thez position resolution is not affected significantly by the presence of additional vertices as
is shown in Table 4, but the longitudinal size of the beam interaction region is much bigger (σz≈ 5.6 cm)
than the transverse one. Any misidentification of the primary interaction vertex thus produces artificially
largez0 track impact parameters. Consequently, most of the tracks are rejected by theb-tagging track
selection procedure in these cases and the jets to be tagged do not have any tracks associated. Such jets
can not be tagged asb-quark jets anymore. Since the vertex misidentification probability is not negligible
in some event topologies, as can be seen from Table 1, the performance ofb-tagging algorithms using
information from the longitudinal coordinate is appreciably affected. The degradation of theb-tagging
performance in the presence of pile-up vertices for these algorithms is shown in the second and third
columns of Table 5 for theIP3D andIP3D+SV1algorithms which use this information.

An additional complication forb-tagging with pile-up originates from the rather large amount of soft
jets produced in pile-up interactions. These jets do not have reconstructed tracks inside at all in many
cases and are thus considered as light quark jets by theb-tagging algorithms. This, however, causes
an unphysical change of theb-tagging performance not related to the performance of the algorithms
themselves, because a different set of jets is used to estimate the performance. To minimize this effect,
the results in Table 5 are obtained for jets with at least one associated track. This approach is different
from the one normally used forb-tagging performance studies. The numbers in Table 5 thus have to be
taken with care when comparing with otherb-tagging results. The observed degradation of theb-tagging
performance confirms the results obtained in a previous study [11], where a more dramatic decrease of
theb-tagging performance was demonstrated for the case of the nominal LHC luminosity (1034cm−2s−1)
when each beam crossing produces 24 pile-up events on average.

There are several possibilities to improve theb-tagging performance in pile-up scenarios. The pres-
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ence of jets without any tracks associated to them (especially if the requirement of a small longitudinal
impact parameter is not fulfilled for most of the tracks) is anindication that the correct primary vertex
has not been reconstructed in this particular event. In suchcases, one could either try to use the second
vertex from the list of primary vertex candidates (according to the ordering of vertices as applied by
the primary vertex reconstruction algorithm) or drop the information in the longitudinal direction, thus
falling back to ab-tagging algorithm working in the transverse plane only. The reconstruction of the
primary event vertex, as currently implemented, is a universal procedure not depending on the topology
of the event. Adding information specific to a particular analysis could help in some cases to increase the
fraction of correctly identified primary vertices, e.g. reconstructing the primary vertex only from prompt
isolated highpT leptons for channels where these are present. These optionshave to be studied in the
future.

4 Inclusive Secondary Vertex Reconstruction in Jets

A b-jet originates from ab-quark, which produces ab-hadron in the fragmentation. Theb-hadron then
decays due to electroweak interactions, which cause the transition of theb-quark preferably into ac-
quark (|Vcb|2 ≫ |Vub|2), which then subsequently also undergoes a weak decay. As a result, the typical
topology of the particles in ab-jet seen in the detector is a decay chain with two vertices, one stemming
from theb-hadron decay and at least one fromc-hadron decays. The eventual intermediate presence
of excitedb- or c-hadron states does not change this picture because their strong or electromagnetic
decays do not cause measurable lifetimes. A unique feature of jets originating from the fragmentation of
b-quarks is thus the presence ofb- andc-hadron decay vertices.

An exclusive reconstruction of these decays cannot be done with high efficiency. The largeb-hadron
masses lead to a huge number of possible decay modes with verysmall branching ratios, many of them
involving neutral particles (which cannot be used for vertex reconstruction). The reconstruction of sec-
ondaryb- andc-hadron decay vertices in jets thus has to be done in an inclusive way, where the number
of charged particle tracks originating fromb- andc-hadron decays is not known a-priori.

Trying to resolve theb- andc-hadron vertices of the decay cascade separately is very difficult for the
following reasons:

• The probability to have at least two reconstructed charged particle tracks both from theb- andc-
hadron decays is much less than 100%. This is both because of the charged particle multiplicities
involved in these decays as well as the limited track reconstruction efficiency, mainly because of
material interactions in the detector (as discussed in Section 5).

• The resolutions of the relevant track parameters, especially at low transverse momenta, are not
sufficient to separate the two vertices efficiently.

Two different approaches for the inclusive reconstructionof secondary vertices are presented in Sec-
tions 4.1 and 4.2. The first one is based on a classical approach of fitting a single geometrical vertex.
As explained, this is strictly speaking not the correct hypothesis, however, for the reasons given above,
this is an approximation that works well for a large fractionof cases. The second algorithm is based on
a kinematical approach, assuming that the primary event vertex and theb- andc-hadron decay vertices
lie approximately on the same line, the flight path of theb-hadron. These underlying assumptions are
discussed in more detail in the corresponding sections.

The most important issues in inclusive vertex reconstruction are to reconstruct the decay vertices
with high efficiency and to associate efficiently to the vertices the charged particle tracks coming from
the corresponding decays ofb- andc-hadrons.

Another important issue is the detection and removal of sources of tracks with large impact parame-
ters which do not have any relation to theb-quark content of a jet.K0 andΛ0 decays,γ-conversions and
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hadronic interactions in the detector material must be removed as efficiently as possible before applying
b-tagging.

Combining the information from secondary vertices and track impact parameters allows the opti-
mization of theb-tagging performance and is decribed in Section 6.

4.1 The BTagVrtSec Algorithm

The main purpose of theBTagVrtSecalgorithm is efficientb-jet tagging based on the detection of a
secondary vertex inside a jet. It reconstructs secondary vertices due tob- and/orc-hadron decays inside
a jet with high efficiency and calculates a jet weight, a discriminating variable which may be combined
with similar variables from other tagging algorithms (see Section 6). This algorithm is based on the
VKalVrt [2] vertex reconstruction package.

4.1.1 BTagVrtSec Vertex Reconstruction

As stated above, to separateb-quark jets from jets produced by light quarks and gluons, itis sufficient
to detect unambiguouslyb- andc-hadron decay vertices inside the jet. The idea of theBTagVrtSecalgo-
rithm is to maximize theb/c-hadron vertex detection efficiency, keeping at the same time the probability
to find a fake vertex inside light jets low. The default version of the algorithm constructs a single sec-
ondary vertex from theb- andc-hadron decay products. As justification of such an approachit should be
noted, that the ability to reconstructb- andc-hadron decay vertices separately is quite limited as already
explained previously. Moreover, the precise reconstruction of the decay chain is less important forb-
tagging than the detection of the secondary decay itself. The single vertex approximation allows a high
secondary vertex detection efficiency, necessary for powerful b-tagging at the price of an imprecise kine-
matical reconstruction in cases when the distance between theb-andc-hadron vertices is big. Another
advantage of the single vertex approximation is a more simple algorithm that might be easier to tune and
calibrate on data.

TheBTagVrtSecalgorithm starts with a selection of tracks inside a jet. Tracks are selected with the
same quality cuts as for the primary vertex reconstruction algorithm VKalVrtPrim, except for a relaxed
cut on the transverse track impact parameter (d0 ≤ 3.5 mm) and no requirement of the presence of a hit
in the first layer (b-layer) of the pixel detector. This is done in order to maximize the efficiency to re-
construct V0 decays and material interactions with subsequent removal of the corresponding tracks from
theb-tagging procedure. Tracks are selected in a cone around thejet axis. The size of the cone is a tun-
able parameter (the default value is∆R= 0.4) which currently does not depend on the jet reconstruction
algorithm.

The vertex search itself starts with a determination of all track pairs which form good (χ2 < 4.5) two-
track vertices inside the jet. In addition, each track of thepair must have a three dimensional distance
from the primary vertex2 divided by its error higher than 2.0 and the sum of these two significances must
be higher than 6.0. In order to decrease the fake rate an additional requirement(~V2tr −~Vprimary,~Pjet) > 0
is used.

Some of the reconstructed two-track vertices stem fromK0
s andΛ0 decays,γ → e+e− conversions

and hadronic interactions in the detector material. The corresponding distributions are shown in Figure 2.
Figures 2 a) and b) show the invariantπ+π− and pπ− mass spectra for accepted two particle vertices
with peaks due toK0

s andΛ0 decays. Figure 2 c) shows the distance between the primary and secondary
vertices in the transverse plane with peaks due to interactions in the material of the beam pipe and
pixel detector layers. Charged particle tracks coming fromsuch vertices are marked asbadand do not
participate further in the followingb-tagging procedure for the given jet.

2The distance between the primary vertex and the point of closest approach of the track to this vertex.
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Figure 2: Some distributions for reconstructed two track vertices:
a) theπ+π− invariant mass spectrum with a peak ofK0 decays; b) thepπ invariant mass spectrum with
a peak ofΛ0 decays; c) the distance in the transverse plane between the primary and secondary vertices
with the peaks due to interactions in the beam pipe (two wallsat R≈30 mm) walls and pixel layers
(R=50.5 mm and R=88.5 mm).

In the next step of the algorithm all tracks inside the jet from accepted two-track vertices except for
marked V0 decays and material interactions are combined into onesecondary tracklist and the vertex
fitting procedure from theVKalVrt package tries to fit a single secondary vertex out of all thesetracks.
If the resulting vertex has an unacceptableχ2, the track with the highest contribution to the vertexχ2 is
deleted from thesecondary tracklist and the vertex fit is redone. This procedure iterates until a goodχ2

of the vertex fit is obtained or all tracks from thesecondary tracklist have been removed.
Secondary vertices in light quark jets mainly stem from tracks coming from the primary vertex,

typically with a bad measurement of their track parameters and errors.
Someb-tagging efficiency and rejection calibration algorithms requirenegative tailvertices. For the

use in those algorithms the requirement for two-track vertices(~V2tr −~Vprim,~Pjet) > 0 may be dropped. In
this condition in some casesBTagVrtSecreconstructs a final single secondary vertexbehindthe primary
vertex: (~Vsec−~Vprim,~Pjet) < 0. Such secondary vertices are mostly fake vertices but givethe necessary
reference for calibration.

4.1.2 b-Tagging with BTagVrtSec

Eachb-tagging algorithm is based on variables which show significantly different behaviour forb-jets
and light jets. For secondary vertex based algorithms the first variable is the presence of a reconstructed
vertex in the jet itself, whose probability is big forb-quark jets and small for light quark jets. The vertex
reconstruction procedure can, however, provide much more information which also may be used in a
b-tagging algorithm to increase the efficiency. In order not to have a too complex procedure which is still
easy to calibrate and to control, only the most sensitive variables should be taken into account.

AlthoughBTagVrtSeccan be used as a standaloneb-tagging algorithm, it was developed primarily for
working in combination with track impact parameter based algorithms [4]. The distance between primary
and secondary vertices is thus not used because this kind of lifetime information is already contained in
the track impact parameters. Three additional variables have been chosen for theBTagVrtSectagging
algorithm:

1. The mass of the reconstructed secondary vertex:M.
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2. The ratio of the energy of charged particle tracks included in the secondary vertex and the total
energy of all charged particle tracks in the jet:R;

3. The number of good (excluding identifiedV0 decays or material interactions) two-track vertices in
the jet:N.

The distributions of the first two variables are shown in Figure 9 in Section 5 for light, charm andb-jets.
The distributions of the number of two-track vertices can befound in [4]. In standalone mode (with-
out combination with track impact parameter based tagging algorithms) the three dimensional distance
between the primary and secondary vertices may also be used.

To be reliable anyb-tagging algorithm must be calibrated on data. To facilitate the calibration and to
reduce the necessary amount of data the chosen variables have been transformed (for details see [12]):

• Invariant mass:M′ =
M

M +1
;

• Energy ratio:R′ = R0.7;

• Number of good two-track secondary vertices:N′ = logN.

Due to the efficiency to reconstruct a secondary vertex inside a jet not reaching 100%, the probability
density functions (PDF) of the vertex based variable have tocontain aδ–function [12].

PDF = (1− ε) ·δ (M′,F ′,N′)+ ε ·ASH(M′,F ′,N′)

with ε being the efficiency to reconstruct a secondary vertex inside a jet. The continuous probability
density function of the vertex variables is constructed from multidimensional calibration histograms
using the ASH smoothing method [13].

Two slightly different taggers based on theBTagVrtSecalgorithms are available in ATLAS, denoted
SV1 andSV2. They use exactly the same variables but handle them in a different way.SV1 treatsM′

andR′ jointly and addsN′ as independent variable (2+1 decomposition), whereasSV2 uses joint three-
dimensional probability density functions.

The only criterion for the selection of variables and tuningof the BTagVrtSecalgorithm wasb-
tagging performance. Other quantities like the purity of the reconstructed secondary vertices were not
considered. Although the achieved quality of theb-hadron decay vertex is quite good (see Section 5), for
applications other thanb-taggingBTagVrtSecmay require a different tuning.

4.2 The JetFitter Algorithm

A new inclusive secondary vertexing algorithm which exploits the topological structure of weakb- and
c-hadron decays inside a jet was recently developed.

4.2.1 Reconstruction of the Decay Chain Topology

As already stated, the fragmentation of ab-quark results in a decay chain with two vertices, one stemming
from theb-hadron decay and at least one fromc-hadron decays.

As described in Section 4.1, theBTagVrtSecalgorithm relies on a vertexing algorithm in which
displaced tracks are selected and an inclusive single vertex is obtained using a Kalman basedχ2 fit (as
sketched in Figure 3).

The algorithm described here, calledJetFitter, is based on a different hypothesis. It assumes that the
b- andc-hadron decay vertices lie on the same line defined through theb-hadron flight path. All charged
particle tracks stemming from either theb- or c-hadron decay thus intersect thisb-hadron flight axis.
There are several advantages to this method:
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Figure 3:BTagVrtSecfits all displaced
tracks to an inclusive vertex.

Figure 4: JetFitter performs a multi-vertex fit using the
b-hadron flight direction as constraint.

• Incomplete topologies can also be reconstructed (in principle even the topology with a single track
from theb-hadron decay and a single track from thec-hadron decay is accessible).

• The fit evaluates the compatibility of the given set of trackswith a b-c-hadron like cascade topol-
ogy, increasing the discrimination power against light quark jets.

• Constraining the tracks to lie on theb-hadron flight axis reduces the degrees of freedom of the fit,
increasing the chance to separate theb/c-hadron vertices.

From the physics point of view this hypothesis is justified through the kinematics of the particles
involved as defined through the hardb-quark fragmentation function and the masses ofb- andc-hadrons.
The lateral displacement of thec-hadron decay vertex with respect to theb-hadron flight path is small
enough not to violate significantly the basic assumption within the typical resolutions of the tracking
detector (see Figure 4).

This hypothesis, extensively used in theJetFitter algorithm, was explored for the first time in the
ghost track algorithmdeveloped by the SLD Collaboration [14], where the already definedb-hadron
flight axis is substituted by aghost trackand where a numerical globalχ2 minimisation procedure was
used to perform the multi-vertex fit.

4.2.2 The JetFitter Vertex Reconstruction Algorithm

In JetFitter the vertexing task is mathematically implemented as an extension of the Kalman Filter for-
malism for vertex reconstruction [7] and the decay chain is described through the determination of the
following variables:

~d = (xPV,yPV,zPV,φ ,θ ,d1,d2, ...,dN), (3)

with:

• (xPV,yPV,zPV): the primary vertex position.

• (φ ,θ ): the azimuthal and polar directions of theb-hadron flight axis.

• (d1,d2, ...,dN): the distances of the fitted vertices, defined as the intersections of one or more tracks
and theb-hadron flight axis, to the primary vertex position along theflight axis (N representing the
number of vertices).

Before starting the fit, the variables are initialised with their prior knowledge:
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• The primary vertex position (with covariance matrix), as provided by the primary vertex finding
algorithm.

• Theb-hadron flight direction, approximated by the direction of the jet axis, the error being provided
by the convolution of the jet direction resolution with the average displacement of the jet axis
relative to theb-hadron flight axis, as determined from Monte Carlo simulations.

The fit is then performed, resulting in the minimization of the χ2 containing the weighted residuals of
all tracks with respect to their vertices on theb-hadron flight axis. The charged particle tracks to be used
in the determination of the decay chain are selected according to the∆Rmatching criterion explained in
Section 2 and a further track selection is applied, in order to reduce the amount of fake tracks.

After the primary vertex and theb-hadron flight axis have been initialised, a first fit is performed
under the hypothesis that each track represents a single vertex along theb-hadron flight axis, untilχ2

convergence is reached, obtaining a first set of fitted variables (φ ,θ ,d1,d2, ...,dN).
A clustering procedure is then performed, where all combinations of two vertices (picked up among

the vertices lying on theb-hadron flight axis plus the primary vertex) are taken into consideration, filling
a table of probabilities. After the table of probabilities is filled, the vertices with the highest compatibility
are merged, a new complete fit is performed and a new table of probabilities is filled. This procedure is
iterated until no pairs of vertices with a probability abovea certain threshold remain.

The result of this clustering procedure is a decay topology with a well defined association of tracks
to vertices along theb-hadron flight axis, with at least one track for each vertex.

More details about the JetFitter vertex reconstruction algorithm can be found in [3].

4.2.3 The JetFitter basedb-Tagging Algorithm

Theb-tagging algorithm implemented as a first application ofJetFitter is based on separatingb-jets from
c- and light-quark (u,d,s) jets by means of the definition of a likelihood function.

The decay topology is described by the following discrete variables:

1. Number of vertices with at least two tracks.

2. Total number of tracks at these vertices.

3. Number of additional single track vertices on theb-hadron flight axis.

while the vertex information is condensed in the following variables:

1. Mass: the invariant mass of all charged particle tracks attached to the decay chain.

2. Energy Fraction: the energy of these charged particles divided by the sum of the energies of all
charged particles associated to the jet.

3. Flight length significanced
σ(d) : the weighted average vertex position divided by its error.

The use of these variables allows the definition of a likelihood function of the form:

Lb,l ,c(x) = ∑
cat

coeff(cat) ·PDFcat(mass) ·PDFcat(energyFraction) ·PDFcat

(
d

σ(d)

)
, (4)

which has to be parametrised separately for each of the threedifferent flavours.
The information about the decay topology of the jet as reconstructed byJetFitter is represented by

the category (the coefficientcoeff(cat) representing how probable it is to find a certain topology fora
given flavour), while the vertex information is contained inthe probability distribution functions (PDFs).
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Figure 5: 13 different topologies are defined, combining thethree discrete variables in such way as to
reduce their correlations. For the case of one single vertexwith at least two tracks (1), the discretePDFs
for both the other two variables, total tracks at vertices (2) and single additional tracks (3), are used, but
they are then considered as uncorrelated, so that their corresponding coefficients are just multiplied.

The discrete variables describing the decay topology are combined according to the scheme of Fig-
ure 5 into 13 category coefficients.

In order to reduce the correlations between the decay topology and vertex related variables and to
increase the discrimination power, thePDFs are made category dependent. This splitting ofPDFs is
done only when strictly needed.

The templates for the vertex variables are shown in Table 6 for all three flavours. EachPDF was
split independently into the categories it was found to be most correlated with, in order to maintain the
number of splitPDFsto be determined on Monte Carlo simulated events as low as possible. They were
determined on the WH(mH = 120 GeV) Monte Carlo events withH → bb, H → cc andH → uu and on
tt Monte Carlo events.

TheJetFitterbasedb-tagging algorithm can be either used as a stand-alone algorithm or in combina-
tion with pure impact parameter based algorithms (see Section 6).

5 Secondary Vertex Reconstruction Performance

In this section, the performance of the inclusive secondaryvertex reconstruction algorithms as described
in Sections 4.1 and 4.2 is discussed.

Table 6 shows the rate of reconstructed secondary vertices in b-quark and light quark jets in bins
of jet transverse momentum and pseudorapidity for both secondary vertex reconstruction algorithms, as
obtained on thett andtt j j samples.

Above a certain transverse momentum, the efficiency to identify the secondary vertex in ab-jet
for both algorithms approaches approximately a constant value around 75−80%, while the number of
vertices reconstructed in light-jets consistently increases with higher jet transverse momentum.

Both effects have to do mainly with the ability to separate real or fake secondary tracks from the
primary vertex: tracks from secondaries are selected according to the impact parameter significance of
a track with respect to the primary vertex or to the three dimensional flight length significance of the
secondary vertex. Therefore, these quantities are strictly related and, above a certain threshold, they
are nearly invariant regardless of the boost and thus the flight length of the displacedb- or c-hadron
produced. For low transverse momenta, the charged particletracks fromb-hadron decays suffer from
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Figure 6: ThePDFs for the mass, the energy fraction and the flight length significance are shown,
separately for the three different jet-flavours and split according to the decay chain topology found by
JetFitter.

larger multiple scattering, thus showing less significant displacements from the primary event vertex and
reducing the secondary vertex reconstruction efficiency.

The rising amount of fake vertices in light quark jets with increasing jet transverse momenta is partly
due to the nature of the fragmentation process in light quarkjets, which produces a larger number of
tracks coming from the primary interaction vertex the larger the transverse jet momentum is. Assuming
the probability for a reconstructed track to represent an outlying measurement is approximately constant
to first approximation, the probability of having tracks which fake secondaries increases roughly linearly
with the number of primary tracks. The real secondary vertices produced in light quark jets, like photon
conversions and V0 decays represent an additional source of vertices not related to heavy hadron decays.
Furthermore, the pattern recognition during the track reconstruction phase is more difficult in dense jets
as it is the case for higher jet transverse momenta (see [4]).
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Table 6: The fraction of jets with at least one reconstructedsecondary vertex passing the selection criteria
to be used by theb-tagging algorithms inb-, c- and light quark jets forBTagVrtSec(top) andJetFitter
(bottom). These numbers, given in percent, have been obtained on thett andtt j j samples, applying the
purification procedure.

0< |η|<0.5 0.5< |η|<1.0 1.0< |η|<1.5 1.5< |η|<2.0 2.0< |η|<2.5

pT [GeV] b c l b c l b c l b c l b c l

15–30 56.9 21.2 3.0 56.3 20.5 2.6 55.3 18.5 2.5 51.7 16.7 2.9 41.7 14.1 3.2
54.4 19.6 2.3 53.4 18.8 2.1 52.2 17.6 2.0 49.5 15.3 2.4 41.4 13.8 3.0

30–50 72.4 29.6 5.3 72.1 28.9 4.5 70.7 28.1 4.6 66.5 24.0 5.1 58.5 21.0 5.6
69.6 27.1 4.1 68.5 25.7 3.6 66.8 24.5 3.7 62.9 21.9 4.4 56.8 21.1 5.6

50–80 78.2 35.1 7.5 78.3 33.9 6.4 76.5 32.0 6.7 72.7 29.5 7.3 65.8 27.5 7.9
74.7 31.1 5.4 73.9 29.4 4.9 71.9 28.2 5.2 67.7 25.7 6.2 63.1 25.2 7.9

80–120 80.3 39.3 10.4 80.2 38.5 9.2 78.7 36.8 9.2 74.6 34.3 9.6 67.4 31.7 10.9
76.3 33.9 6.9 75.4 32.6 6.2 73.4 30.9 6.3 69.1 28.5 7.9 64.2 28.6 10.1

120–200 78.4 42.6 14.7 78.0 39.8 13.3 76.9 39.9 13.5 71.8 36.5 14.1 64.2 32.1 14.8
76.3 36.8 8.9 74.5 32.2 8.1 72.4 32.5 8.6 67.0 30.6 10.0 59.9 27.3 13.5

The dependence of the vertex reconstruction efficiency on the jet pseudorapidity is mainly a conse-
quence of the different resolutions which can be achieved indifferent regions of the Inner Detector: for
increasing rapidities, the track resolutions close to the Interaction Point get worse, the track reconstruc-
tion efficiency starts to decrease and the number of fake tracks rises (a detailed quantitative explanation
of these effects can be found in [6] and [4]).

It can also be concluded that theBTagVrtSecalgorithm is slightly more efficient in reconstructing
secondary vertices inside b quark jets, at the cost of a slightly higher rate of fake vertices produced in
light quark jets compared to theJetFitteralgorithm, at least in the barrel region of the Inner Detector.

Table 7 shows the population of some reconstructed topologies forb-quark,c-quark and light quark
jets for JetFitter, as a function of the jet transverse momentum and pseudorapidity. As stated in Sec-

Table 7: Population of the different topologies of the vertices reconstructed byJetFitter in b-,c- and light
quark jets , shown as a function of the jet transverse momentum pT (top) and the jet pseudorapidity
η . These numbers, given in percent, have been obtained on thett sample, applying the purification
procedure.

15< pT <30 30< pT <50 50< pT <80 80< pT <120 120< pT <200

b c l b c l b c l b c l b c l

Nothing 30.7 66.0 87.9 18.5 56.7 83.0 13.7 51.3 79.7 11.7 46.8 76.8 10.8 43.5 71.9
1 Single Track 15.3 15.2 9.4 11.4 16.5 12.3 9.9 17.4 13.6 9.3 18.0 14.7 9.7 19.1 16.5
2 Single Tracks 2.8 1.3 0.4 3.7 2.1 0.7 4.5 2.6 1.0 5.5 3.5 1.4 6.8 4.3 2.2
1 Single Vertex 42.8 16.2 2.2 50.3 22.3 3.9 49.6 25.1 5.2 46.3 26.8 6.4 42.2 26.9 8.1

1 Vertex + 1 Track 6.7 1.2 0.09 11.9 2.2 0.2 15.9 3.1 0.4 19.2 4.2 0.7 21.7 5.3 1.1
2 Vertices 1.7 0.1 0.01 4.2 0.3 0.02 6.3 0.5 0.04 8.0 0.6 0.08 8.8 0.9 0.2

0.0< |η |<0.5 0.5< |η |<1.0 1.0< |η |<1.5 1.5< |η |<2.0 2.0< |η |<2.5

b c l b c l b c l b c l b c l

Nothing 15.2 54.8 88.8 16.2 56.4 88.5 17.6 57.6 87.5 20.5 59.5 85.7 25.5 62.5 84.6
1 Single Track 10.1 16.1 8.0 10.2 16.1 8.4 11.1 16.4 9.2 12.9 17.2 10.4 14.8 16.7 10.9
2 Single Tracks 4.2 2.2 0.5 4.4 2.2 0.5 4.7 2.4 0.5 5.1 2.5 0.7 5.0 2.3 0.7
1 Single Vertex 46.8 23.3 2.5 47.3 22.1 2.4 46.9 21.1 2.5 44.7 18.3 3.0 41.1 16.2 3.5

1 Vertex + 1 Track 16.8 3.1 0.2 15.6 2.7 0.2 14.3 2.3 0.2 12.8 2.2 0.2 10.5 2.0 0.3
2 Vertices 6.9 0.5 0.03 6.3 0.4 0.02 5.5 0.3 0.03 4.1 0.3 0.02 3.1 0.3 0.02
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Figure 7: Residuals of the reconstructed three dimensional(left) and transverse (right) flight length of
the inclusive secondary vertex with respect to the trueb−hadron position for both vertexing algorithms.

tion 4.2, the key feature ofJetFitteris the ability to distinguish several decay chain topologies, in addition
to recognizing the presence of a single inclusive decay vertex. The efficiencies and mistagging rates given
above for the different categories show that most of the achievable gain is due to the 1Vertex+1 Track
and 2Verticescategories, where a gain in rejection against light quark jets of a factor∼ 4 and∼ 16 can
be obtained on approximately∼ 10% and∼ 5% of the reconstructedb-jets, respectively. The dependence
on pT andη follows the same pattern as already described for the inclusive vertex reconstruction.

Figure 7 shows the resolution achieved on the inclusively reconstructedb-hadron decay vertex with
respect to the trueb-hadron position. A core can be seen, corresponding to the cases where most of
the reconstructed tracks really stem from theb-hadron vertex, approaching the intrinsic resolution of
the vertex reconstruction, while a very large tail to higherflight lengths can be observed, due to tracks
coming from the decay of the charmed hadron of theb→ c-hadron cascade.

Another criterion to estimate the algorithmic performanceof the secondary vertex finders is the
fraction of charged particles arising from the decays ofb- or c-hadrons and reconstructed as tracks in
the Inner Detector that are correctly associated to a displaced vertex (efficiency) and –at the same time–
which fraction of the tracks assigned by the secondary vertex finders to displaced vertices really stem
from realb- or c-hadron decays (purity).

The average charged particle multiplicities at the secondary and tertiary decay vertices as obtained
from the Monte Carlo generator PYTHIA was analyzed, where a minimum transverse momentum of 500
MeV was required for the charged particles. The decay products of a strong or electromagneticb-hadron
decay (e.g. pions fromB∗∗ decays) are not counted as coming from the secondary vertex,because of
the lifetime of these states the decay particles emerge fromthe primary vertex. The decay products
of a strongly or electromagnetically decayingc-hadron (e.g.D∗ or D∗∗) are considered as stemming
from theb-hadron vertex, while only the decay products of weakly decaying c-hadrons are considered
as originating from thec-hadron vertex.

The average charged particle multiplicity of the inclusiveb/c-hadron vertex is∼ 4.7, as shown in
Figure 8, distributed in∼ 2.3 charged particles stemming from theb-hadron vertex and∼ 2.4 charged
particles originating from thec-hadron vertex. In the same figure the decay multiplicity at generator level
(left) is compared with the number of tracks coming from theb- andc-hadron vertices which have been
reconstructed as tracks in the Inner Detector (right). Around 80% of their charged decay products are
correctly reconstructed as tracks and pass the standard track quality selection cuts. In order to strongly
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Figure 8: Average charged particle decay multiplicity of the b- and/or c-hadrons at generator level
(left), compared with the number of charged particles coming from theb- and/or c-hadron vertices
reconstructed as tracks in the Inner Detector and passing some standard quality criteria (right). The
WH(H → bb̄) sample has been used.

Table 8: Efficiency (fraction of reconstructed tracks from the decays ofb- or c-hadrons that are associated
to the secondary vertices) and purity (fraction of tracks fitted to the secondary vertices that stem from
realb- or c-hadron decays) for the two secondary vertex finders, separately for different topologies in the
case ofJetFitter. The WH(H → bb̄) sample has been used.

Algorithm Topology Track efficiency Track purity
BTagVrtSec 1 inclusiveB/D vertex 69 % 92 %

1 vertex 74 % 91 %
JetFitter 1 vertex + 1 track 80 % 85 %

2 vertices 85 % 89 %

reduce the contamination of reconstructed secondary vertices by other charged particles originating from
the primary interaction point, tracks originating from theb- or c-hadron vertices, but not distinguishable
from primary tracks, are also suppressed to some extent by the track selection cuts. This and other
selection criteria further reduce theb- andc-hadron decay products reconstruction efficiency, resulting
in a compromise between the highest possibleefficiencyand a reasonablepurity. In Table 8 the track
association efficiencies and purities of the displaced tracks stemming from theb- or c- hadrons for the
BTagVrtSecandJetFitteralgorithms are shown, the efficiencies being normalized to the number of tracks
from b/c-hadron decays which are reconstructed by the tracking detector. The fit of an inclusiveb/c-
hadron decay vertex, as performed byBTagVrtSec, allows to obtain a very high purity, but at the cost of
starting to loose some tracks when the distance between theb- andc-hadron vertices starts to be relevant.
JetFitter is able to recover a good part of this inefficiency, thanks to the ability of reconstructing more
complex decay chain topologies, at the cost of a slightly lower purity.

Several topological and kinematical variables related to the reconstructed secondary vertices are used
by theb-tagging algorithms, as described in sections 4.1 and 4.2. The invariant mass of charged particles
associated to the vertex and the fraction of charged energy at the vertex relative to that of the jet, are used
by both algorithms. The distributions of these variables are shown in Figure 9 for different regions of
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Figure 9: Variables related to the properties of reconstructed secondary vertices as computed by the
BTagVrtSecalgorithm for different jet transverse momenta and pseudorapidities forb-quark jets (solid),
c-quark jets (dotted) and light quark jets (dashed). Left: 0< |η | < 0.5, 15< pT < 30 GeV; middle:
0 < |η | < 0.5, 80< pT < 120 GeV; right: 2< |η | < 2.5, 80< pT < 120 GeV. The top row shows the
invariant mass of charged particle tracks associated to thereconstructed secondary vertices, the middle
row the energy of charged particle tracks associated to the reconstructed secondary vertices divided by
the energy of all charged particles in the jet, and the bottomrow the flight distance significance as defined
in the text.

jet transverse momenta and pseudorapidities for theBTagVertSecalgorithm. The flight distance signif-
icance, defined as the distance between the primary and secondary vertices divided by its error, is also
shown there. The observed dependence of the secondary vertex reconstruction performance on the jet
kinematics will directly impact the performance of theb-tagging algorithms. This will be discussed in
Section 7.

Essentially allb-tagging algorithms use the direction of the jet, as reconstructed from calorimeter
towers, to assign e.g. the lifetime sign to the impact parameters of charged particle tracks. The jet di-
rection is a reasonably good approximation of theb-quark direction, however, forb-tagging it is mainly
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the direction of theb-hadron that matters. The direction of theb-hadron flight path can be estimated
using information from reconstructed primary and secondary vertices, e.g. forBTagVrtSecthe line join-
ing the primary and secondary vertices can be used as theb-hadron direction if a secondary vertex is
present in the jet. The more sophisticatedJetFitteralgorithm delivers by construction an estimate for the
b-hadron flight direction using information from both the calorimeters and vertices of charged particle
tracks. Figure 10 shows a comparison of the resolutions achieved for the azimuth angleφ for the different
approaches. Using an improvedb-hadron direction may decrease the contribution of chargedparticles
from the decays ofb-hadrons to the negative tail of the impact parameter distribution. This contribution
mainly comes from a wrong assignment of the lifetime sign if theb-hadron direction has not been recon-
structed sufficiently precisely. This will facilitate the calibration and improve theb-tagging performance.

Azimuthal b-hadron direction resolution [rad]
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
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1000

1500

2000

2500
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Figure 10: Angular resolution of theb-hadron flight direction in the azimuth angleφ as reconstructed
with theJetFitterandBTagVrtSecalgorithms (for the latter, the line joining the primary andsecondary
vertices has been used in the case where a secondary vertex ispresent), compared with the corresponding
resolution as obtained from calorimeter jets. TheWH (H → bb̄; mH=120 GeV) sample was used for this
study.

6 Combination with Impact Parameter basedb-tagging Algorithms

Theb-tagging algorithms presented in the previous sections provide all information needed to be used
as stand-alone algorithms. Secondary vertex basedb-tagging algorithms are, however, limited by the
efficiency to reconstruct a secondary vertex inside a jet. Toobtain maximum performance, the secondary
vertex based algorithms can be combined with other algorithms. b-tagging algorithms purely based on
the impact parameter significances of charged particle tracks do not have this limitation. They do not
offer, however, the amount of topological and kinematical information as the secondary vertex based
algorithms.

In ATLAS, the impact parameter information can be used either in two (rφ plane only) or three
dimensions. The corresponding algorithms and their performance are described in detail in [4]. They
calculate a likelihood ratio of the probability density functions for observed track impact parameter
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significancesS for tracks coming fromb-quark jets and light quark jets:wtrack = b(S)/u(S). The jet
likelihood ratio (calledjet weight) is the sum of track ratios:wIP

jet = ∑Ntrack
i=1 lnwtrack,i . Assuming that the

tracks are independent, the jet likelihood ratio is an optimal variable for making a decision about the jet
origin.

Secondary vertex algorithms were designed in a way facilitating combination with track only based
algorithms. They provide likelihood ratios of various parameters forb-jets and light jets, which may
be simply summed with track likelihood ratios. To preserve an optimal performance, secondary vertex
variables have been chosen to be maximally independent on track impact parameters (i.e. the distance
between primary and secondary vertex is strongly correlated with track impact parameters and then
should be used with care). The combinedjet weightis then computed as sum of the likelihood ratios of
the different algorithms:Wcombined

jet = WSV
jet +WIP

jet.
The likelihood ratio approach used in ATLAS makesb-tagging an easily scalable procedure. Any

new algorithm or new variable can be added in the same way to already existing tagging information.
Choice of independent variables (or at least weakly correlated ones) guarantees an optimality of com-
bined procedure.

7 b-Tagging Performance

In this section, the performance of the algorithms described in this note is discussed. The data samples
described in Section 2 have been used for these studies. Jetshad to be within the acceptance of the
tracking detectors (|η |< 2.5) and their reconstructed transverse momenta had to exceed15 GeV:p jet

T >
15 GeV. The performance is shown in terms ofb-tagging efficiency,εb, and light quark rejection,ru,c as
defined in Section 2. A certain working point is chosen by placing a cut on the weight as computed by
the algorithm.

The performance was studied both using only the informationas delivered by the secondary vertex
based algorithms (denotedBTagVrtSecandJetFitter as in the previous sections) and after combination
with a tagging algorithm based on a combination of transverse and longitudinal impact parameter signif-
icances as described in Section 6. Theb-tagging algorithm purely based on the information from impact

Table 9: The rejection against light quark jets for fixedb-tagging efficiencies of 50% and 60% for
different data samples without and with applying the purification procedure, denoted asraw andpurified,
respectively.

Sample εb BTagVrtSec JetFitter BTagVrtSec+IP3D JetFitter+IP3D
WH(120) 50% raw 97± 1 156± 3 454± 13 545± 17

60% raw 37± 0 52± 0 116± 2 133± 2
WH(120) 50% purified 98± 1 156± 3 462± 13 554± 17

60% purified 38± 0 52± 1 118± 2 134± 2

WH(400) 50% raw 55± 1 101± 1 285± 6 379± 10
60% raw 25± 0 45± 0 93± 1 121± 2

WH(400) 50% purified 55± 1 101± 1 296± 7 390± 11
60% purified 25± 0 46± 0 95± 1 123± 2

tt +tt j j 50% raw 110± 1 176± 1 456± 4 633± 7
60% raw 48± 0 66± 0 154± 1 190± 1

tt +tt j j 50% purified 130± 1 189± 1 791± 11 924± 14
60% purified 53± 0 68± 0 206± 1 226± 2
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Table 10: The rejection against charm quark jets for fixedb-tagging efficiencies of 50% and 60% for
different data samples. The purification procedure has not been applied here.

Sample εb BTagVrtSec JetFitter BTagVrtSec+IP3D JetFitter+IP3D
WH(400) 50% raw 8.1± 0.1 9.8± 0.2 12.4± 0.2 12.6± 0.2

60% raw 4.8± 0.0 6.1± 0.1 6.8± 0.1 7.3± 0.1
tt +tt j j 50% raw 9.9± 0.0 10.3± 0.0 12.4± 0.1 12.3± 0.1

60% raw 5.9± 0.0 6.2± 0.0 7.4± 0.0 7.4± 0.0

parameter significances of charged particle tracks showingthe best performance is calledIP3D and is
used in the following studies. Details about this algorithmcan be found in [4]. The results from the
combined algorithms are denotedBTagVrtSec+IP3DandJetFitter+IP3D, respectively. Tables 9 and 10
show the rejection rates against light quark and charm quarkjets for different tagging algorithms and
data samples.

Figure 11 shows the rejection of light quark (u,d,s) and gluon jets,ru, versus theb-tagging efficiency
εb for the pure secondary vertex based algorithms and a comparison with the most performant tagging
algorithm purely based on three dimensional impact parameter information,IP3D. It can be seen that
the maximum achievableb-tagging efficiency of the vertex based algorithms is limited by the efficiency
to reconstruct a displaced vertex orb-hadron decay topology. It is higher in the case ofJetFitterwhich
imposes only very soft requirements on the topology. The performance of the impact parameter based
tagging algorithmIP3D is better over almost the full range ofb-tagging efficiencies. There is also a
significant difference betweenBTagVrtSecandJetFitter, the latter one showing better performance. It
has to be noted, however, thatJetFitterexplicitely uses lifetime information (the flight distancesignifi-
cance), which is not used byBTagVrtSecto decorrelate the algorithm better fromIP3D. The right plot
of Figure 11 exhibits some steep structures atb-tagging efficiencies of about 50% and 70%. These can
be related to sudden drops in the rejection rate of theIP3D algorithm for theseb-tagging efficiencies,
as can be seen in the left part of Figure 11. This behaviour canbe explained mainly by the presence of
jets with only a single track associated to them and the finitebinning of the reference distributions for
the probability density functions of the impact parameter significances as used by theIP3D b-tagging
algorithm (see [4] for details).

Figure 12 shows the rejection against charm quark jets. The rejection against charm quark jets is
significantly lower compared to light quark jets because of the real lifetime of charm hadrons and thus
similar topology. Here, the vertex based algorithms show a performance that is much closer to the impact
parameter based algorithm.

Figures 13 and 14 show the rejections against light quark jets and charm quark jets for the secondary
vertex based tagging algorithms after combination with theIP3D algorithm, again compared withIP3D.
This combination results in a significant increase in rejection power, especially for light quark jets.

The dependence of the performance on the jet kinematics is ofparticular importance. Figures 15
and 16 show the rejection against light quark jets for a fixedb-tagging efficiency of 50% versus the jet
transverse momentum and jet pseudo rapidity, respectively. Table 11 shows the rejection against light
quark jets for a fixedb-tagging efficiency of 50% for several regions of jet transverse momenta and
pseudorapidities.

The reasons for the observed behaviour are manifold. For larger pseudorapidities, the particles pass
through more material and thus the detector resolution is worse. Another reason for degradation of
the longitudinal impact parameter at high pseudorapidity is the dramatic increase of the extrapolation
distance from b-layer hit to the vertex. The degradation forhigh jet transverse momenta is caused by
an increased fragmentation multiplicity, resulting in an increased combinatorics in the secondary vertex

25

b-TAGGING – VERTEX RECONSTRUCTION FOR b-TAGGING

60

456



b-jet efficiency
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lig
ht

 q
ua

rk
 r

ej
ec

tio
n

1

10

210

310

410

510

ATLAS

b-jet efficiency
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

lig
ht

 je
t r

ej
ec

tio
n 

ra
tio

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
ATLAS

Figure 11: Left: Light jet rejection versusb-tagging efficiency forBTagVrtSec(triangles, green) and
JetFitter (full circles, red). The pure impact parameter based algorithm IP3D is also shown for compar-
ison (open circles, blue); right: The ratio with respect toIP3D for BTagVrtSec(dashed line, green) and
JetFitter (full line, red). These results have been obtained on thett andtt j j samples. No purification of
light quark jets (see Section 2) has been applied.
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Figure 12: Left: Charm jet rejection versusb-tagging efficiency forBTagVrtSec(triangles, green) and
JetFitter (full circles, red). The pure impact parameter based algorithm IP3D is also shown for compar-
ison (open circles, blue); right: The ratio with respect toIP3D for BTagVrtSec(dashed line, green) and
JetFitter(full line, red). These results have been obtained on thett andtt j j samples.
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Figure 13: Left: Light jet rejection versusb-tagging efficiency forBTagVrtSec(triangles, green) andJet-
Fitter (full circles, red) after combination withIP3D. The pure impact parameter based algorithmIP3D
is also shown for comparison (open circles, blue); right: The ratio with respect toIP3D for BTagVrtSec
(dashed line, green) andJetFitter (full line, red) combined. These results have been obtainedon thett
andtt j j samples. No purification has been applied.
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Figure 14: Left: Charm jet rejection versusb-tagging efficiency forBTagVrtSec(triangles, green) and
JetFitter (full circles, red) after combination withIP3D. The pure impact parameter based algorithm
IP3D is also shown for comparison (open circles, blue); right: The ratio with respect toIP3D for
BTagVrtSec(dashed line, green) andJetFitter (full line, red) combined. These results have been ob-
tained on thett andtt j j samples.
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Table 11: The rejection against light quark jets (with purification) for a fixedb-tagging efficiency of 50%
for the tt andtt j j samples in regions of jet transverse momenta and pseudorapidities for the secondary
vertex basedb-tagging algorithms (top:BTagVrtSec; bottom:JetFitter) after combination with the pure
impact parameter based tagging algorithm,IP3D.

0< |η |<0.5 0.5< |η |<1.0 1.0< |η |<1.5 1.5< |η |<2.0 2.0< |η |<2.5
15 GeV< pT <30GeV 177± 4 180± 4 158± 4 74± 1 28± 0

200± 5 183± 4 149± 3 74± 1 25± 0
30 GeV< pT <50GeV 1170± 79 1140± 79 782± 48 375± 18 92± 2

1269± 90 1286± 93 957± 65 409± 21 111± 3
50 GeV< pT <80GeV 1534± 132 2613± 306 1380± 127 536± 36 149± 6

2354± 251 2415± 272 1678± 170 677± 51 195± 9
80 GeV< pT <120GeV 1698± 203 2050± 281 1293± 152 559± 50 143± 8

2286± 317 3293± 573 1311± 156 715± 73 196± 12
120GeV< pT <200GeV 1016± 128 1116± 152 736± 86 235± 17 63± 3

1231± 171 1370± 206 1194± 178 299± 25 67± 3

finding stage when trying to find the tracks stemming from theb-hadron decay. Furthermore, the pattern
recognition in the track reconstruction becomes more difficult in the very dense environment of jets
with very large transverse momenta. The steep fall for low jet transverse momenta is mainly due to the
strongly enhanced multiple scattering of low momentum charged particle tracks, leading to significantly
degraded impact parameter resolutions. The observed dependence of theb-tagging performance on the
jet kinematics can be related to the peformance of the secondary vertex reconstruction as discussed in
Section 5. It can be seen there, that the secondary vertex reconstruction efficiency inb-quark jets drops
in the same kinematical regions as the resultingb-tagging performance, with an increased rate of (fake)
vertices in light quark jets.

Two of the most discriminating variables, for both algorithms, are the invariant mass of charged
particle tracks associated to the secondary vertex and the fraction of the charged energy at the secondary
vertex divided by the total charged energy in the jet. Figure9 in Section 5 shows these variables forb-
quark,c-quark and light quark jets for various jet transverse momenta and pseusorapidities. The loss of
discrimination power in the regions where the degradation of the b-tagging performance is observed, is
clearly visible. Apart from the kinematic dependence, theb-tagging performance also depends critically
on the contamination of the light quark jets by displaced tracks stemming from nearbyb- or c-quark
jets, as can already be concluded comparing theb-tagging performance before and after application of
the purification procedure. It is however worth looking at this dependence in more detail, analyzing the
b-tagging performance as a function of the distance∆Rof the light quark jets to the nearestb- or c-quark
or τ lepton.

Table 12 shows, both for the pure secondary vertex based algorithms and after combination with the
IP3D algorithm, that the more the light quark jets are contaminated byb- or c-hadron decay products
(smaller values of∆R), the stronger the degradation of theb-tagging performance is. At very small
angles of∆R the light quark-jets can be barely distinguished from the nearby heavy flavour jet. A small
kinematical bias (slightly differentpT andη distribution of the jets for different∆R intervals) should
also be taken into account when interpreting these results.

There is a noticeable difference in the behaviour ofJetFitter compared toBTagVrtSec, the second
being less robust against building up vertices which catch up contributions from nearby heavy flavour
jets. As stated in Section 4.2.2,JetFitter uses the jet direction as reconstructed by the calorimeter as a
constraint in the fit of the hypotheticalb-hadron flight axis, thus being more efficient in discarding tracks
coming from nearby jets.
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Figure 15: Left: Light jet rejection for a fixedb-tagging efficiency of 50% versus the jet transverse mo-
mentum forBTagVrtSec(triangles, green) andJetFitter (full circles, red) after combination withIP3D.
The pure impact parameter based algorithmIP3D is also shown for comparison (open circles, blue);
right: The ratio with respect toIP3D for BTagVrtSec(triangles, green) andJetFitter (full circles, red)
combined. The plots in the top (bottom) row show the performance without (with) applying the purifica-
tion procedure. These results have been obtained on thett andtt j j sample.

8 Summary and Outlook

In this note, an overview of vertex reconstruction algorithms used in ATLAS, both for the reconstruction
of the primary event vertex and the inclusive reconstruction of secondary decay vertices inside jets, has
been given. The focus has been put on applications to the tagging of b-quark jets.

Several primary vertex reconstruction algorithms are available in ATLAS. The performance of these
algorithms has been studied both for the case where only the hard signal interaction is present and for
a luminosity of 2× 1033cm−2s−1, when 4.6 additional pile-up vertices are present on average. It was
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Figure 16: Left: Light jet rejection for a fixedb-tagging efficiency of 50% versus the jet pseudorapidity
for BTagVrtSec(triangles, green) andJetFitter (full circles, red) after combination withIP3D. The pure
impact parameter based algorithmIP3D is also shown for comparison (open circles, blue); right: The ra-
tio with respect toIP3D for BTagVrtSec(triangles, green) andJetFitter(full circles, red) combined. The
plots in the top (bottom) row show the performance without (with) applying the purification procedure.
These results have been obtained on thett andtt j j sample.

demonstrated that the presence of additional vertices doesnot degrade the primary vertex reconstruc-
tion precision significantly. A more severe problem is the misidentification of a pile-up vertex as the
signal vertex. For the luminosity of 2×1033cm−2s−1 and the event topologies studied in this note, this
misidentification rate can be as high as 5%. This misidentification leads to a significant degradation
of the performance of theb-tagging algorithms that use information of charged particle tracks in the
longitudinal direction. Possible procedures to recover a large part of this performance loss have been
discussed and will be studied an implemented in the future.
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Table 12: The rejection against light quark jets for different b-tagging efficiencies (εb) as function of the
difference in∆R of the light quark jets to the nearestb-, c- or τ-jet (top row: BTagVrtSec; bottom row:
JetFitter), for the secondary vertex basedb-tagging algorithms used stand-alone (upper table) and after
combination with the impact parameter based tagging algorithm IP3D (lower table).

εb 0.3 < ∆R< 0.35 0.35< ∆R< 0.4 0.4 < ∆R< 0.45 0.45< ∆R< 0.5 0.5 < ∆R< 0.6 0.6 < ∆R< 0.7
50% 12.4± 0.3 28± 1 80± 5 177± 14 231± 11 244± 10

29± 1 89± 6 244± 27 363± 43 345± 20 327± 16
60% 7.3± 0.1 14± 0.3 8.7± 1 68± 3 91± 3 91± 3

17.3± 0.4 43± 2 30± 6 113± 7 128± 5 119± 4

εb 0.3 < ∆R< 0.35 0.35< ∆R< 0.4 0.4 < ∆R< 0.45 0.45< ∆R< 0.5 0.5 < ∆R< 0.6 0.6 < ∆R< 0.7
50% 18.4± 0.5 51± 2 179± 17 467± 62 939± 92 951± 79

31± 1 141± 12 501± 80 793± 138 1133± 121 1077± 95
60% 10.1± 0.2 23± 1 66± 4 143± 11 265± 14 266± 12

17.0± 0.4 50± 2 158± 14 222± 20 309± 17 302± 14

Many interesting physics events at the LHC have a lepton withlarge transverse momentum in the
final state, so one may try to decrease the misidentification rate by selecting the reconstructed interac-
tion vertex closest to this lepton. This strategy, however,does not provide a significant improvement
in comparison with the standard primary vertex selection algorithm since the presence of a well recon-
structed highpT lepton increases the weight of the corresponding vertex andthen is taken into account
automatically.

Two algorithms are available in ATLAS for the inclusive reconstruction of secondary decay ver-
tices in jets, following different approaches. The first algorithm, BTagVrtSec, reconstructs explicitly
geometrical secondary vertices inside the jet. The second algorithm, JetFitter, is based on the specific
kinematics of theb- andc-hadrons decay chain. The performance of the algorithms hasbeen investigated
thoroughly. Theb-tagging performance of both algorithms has been studied using only the information
from the secondary vertex algorithms as well as after combination withb-tagging algorithms based on
charged track impact parameters. A strong dependence of thevertex reconstruction and thusb-tagging
performance on the jet pseudorapidity and transverse momentum was demonstrated. As explained in the
text, this is caused by physics or instrumental effects.

Several new developments and further improvements are planned for the future. A dedicated recon-
struction of V0 decays and material interactions will also be available inJetFitter soon. Together with
other improvements, like a modified seeding procedure and the application of multivariate techniques, a
significant improvement can be expected for theJetFitter basedb-tagging algorithm in the near future.
An extension of theBTagVrtSecalgorithm is able to reconstruct several vertices in a jet. The definition
of variables related to the additional information to be used for b-tagging will be done in the near future
and increase theb-tagging performance. The implementation of another inclusive vertex reconstruction
algorithm, the so-calledTopological Vertex Finderis in progress. It is based on an algorithm originally
developed by the SLD collaboration [15].

In the inclusive secondary vertex reconstruction algorithms presented in this note, different cuts are
applied at different stages during vertex finding and fitting. Currently, these cuts do not depend on the jet
parameters. Due to the strong dependence of theb-tagging performance on them, however, it seems more
appropriate to optimize these parameters depending on the kinematics of the jet under consideration.
One quantity worth investigating is the size of the cone around the jet axis within which charged particle
tracks are associated to the jet and thus used by the vertex reconstruction andb-tagging algorithms.
For large jet transverse momenta, the cone that contains most of the particles from the decays of heavy
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Figure 17:Ratios of the tuned rejections to the default rejection as a function of the jet transverse momentum for ab-tagging
efficiency of 60%. The left hand side plot shows this ratio forlight quark jet rejection, while the right hand side plot shows the
ratio for charm jet rejection.

b- andc-hadrons as well as from fragmentation, will be significantly smaller than for lower transverse
momenta. It is thus desirable to choose the size of this trackassociation cone depending on the transverse
momentum of the jet. Since this is not restricted to secondary vertex basedb-tagging algorithms, this
point is addressed in detail in [4]. To give an idea of what canbe expected from such a parameter tuning,
one parameter of theBTagVrtSecalgorithm has been optimized in bins of the jet transverse momentum.
This parameter is a cut on the significance of the displacement of vertex candidates built from pairs of
tracks from the primary event vertex. Table 13 shows the values chosen after the optimization procedure.

It can be seen, that the optimal value varies strongly with the jet transverse momentum. Figure 17

Table 13: Optimal values for the significance cut on the displacement of two track vertex candidates from
the primary event vertex for the different jetpT bins.

JetpT [GeV] 15-30 30-50 50-80 80-120 120-200 200-400 400-1000
Optimal Cut 3.5 4.5 5.0 6.0 6.5 7.0 7.0

shows the gain inb-tagging performance that is achieved by the parameter tuning. It can be seen that the
rejection against light quark jets improves by a factor of about two in the region of large jet transverse
momenta, whereas the gain in charm jet rejection is more moderate. This parameter tuning will be
continued in the future and will be included in theb-tagging algorithms.
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Effects of Misalignment onb-Tagging
Abstract
This note investigates the effects of misalignment onb-tagging performance
using Monte Carlo simulations. Four different alignment sets were consid-
ered, two with known random misalignments, one produced with the ATLAS
alignment procedures and one with a perfectly aligned detector. Error tun-
ing was investigated to compensate for the larger effectivehit errors caused
by misalignment. In addition the effects of misalignment onthe tracking and
vertexing performance were evaluated.

1 Introduction

The ATLAS detector has been built to provide high precision tracking and vertexing which are essen-
tial for goodb-tagging performance. Misalignment of the detector will degrade the tracking resolution
and consequently the performance of theb-tagging is expected to be sensitive to the alignment of the
detector. As well as random misalignments of modules which give an effective smearing of each hit,
systematic distortions introduced by the structure of the detector and by the alignment algorithms can
have unexpected consequences.

The effects of misalignment onb-tagging have been studied with Monte Carlo simulations using a
number of different alignment sets. These include a set thatperfectly aligns the detector, two hand-made
sets with known levels of random misalignment and an alignment set produced with the actual alignment
algorithms to be used to align the ATLAS detector.

The assignment of correct errors for the hits is important for proper track and vertex reconstruction.
Because module misalignments add to the intrinsic error of the module, the errors assigned to the hits
need to be adjusted depending on the level of misalignment. Samples were investigated with and without
this hit error adjustment.

The note is organized as follows: Section 2 describes the four alignment sets. The error tuning
procedure and resulting scale factors used to adjust the hiterrors are presented in Section 3. Studies were
made with bothtt̄ andW H(mH = 120 GeV) samples and a brief description of these samples is given
in Section 4. Section 5 describes the effects of misalignment on the tracking and vertexing performance.
The effects of misalignment on theb-tagging performance, as measured by comparing theb-jet efficiency
versus light jet rejection for the different alignment sets, are presented and discussed in Section 6.

2 Residual misalignment sets

In order to study the effects of misalignment, a number of different alignment scenarios were consid-
ered. The Monte Carlo simulation used in this investigationincludes misalignments introduced at the
simulation stage. The level of misplacement is representative of the amount of misalignment expected
before any attempt to align the detector. The misalignmentsare of the order of 10–100µm at the level
of individual modules and assembly structures such as layers and disks and misalignments of the order
of a few mm at the whole subsystem level. The level of these misalignment was based on known fab-
rication precisions and survey measurements. [1]. The misalignments introduced are too large to allow
for reasonable reconstruction. What is desired is to reconstruct the resulting data sets with alignment
corrections that are typical of what is expected in the real detector, after which only small misalignments
should remain. Four alignment sets were used in this study:

• Perfect: This is the ideal case where the same set of alignments used inthe simulation are used in
the reconstruction and so one does not see any misalignment.
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• Aligned: This uses an alignment set produced using the actual track based alignment algorithms
developed for the ATLAS detector. It is expected to include any systematic deformations that
the alignment procedure itself causes. While some systematic effects were included in the mis-
alignments introduced in the simulation, such as clocking effects where each subsequent layer was
rotated by increasing amounts, it does not contain all the systematic deformations which are ex-
pected. In particular large scale structures such as layersand discs were treated as rigid objects
without any internal deformations such as a twist. Also pixel stave bows which are known to occur
were not introduced. So it is possible that this set is still optimistic. This set is a first attempt at the
full scale alignment of the inner detector and so should not be considered the final word on what
will be seen in the real detector. However, it is considered to be the most realistic case studied
here.

• Random10:This is a hand-made alignment set that takes the misalignment set used in simulation
and randomly shifts the module positions by small amounts. These residual misalignments were
introduced at different levels in the hierarchy. Random shifts and rotations were made to individual
modules, and whole layers and disks. A small shift and rotation was also made to the whole pixel
structure. Since the degradation of theb-tagging performance is expected to be dominated by the
alignment of the pixel system, only pixel residual misalignments were introduced, The SCT and
TRT were corrected perfectly as in the perfect alignment case. Due to movements of higher level
structures in this set, some systematic effects may exist. The levels of misalignment are given in
Table 1. The axis definitions for the module level uses a localframe wherex andy are therφ andη
measurement directions respectively andz is out of the plane. For higher levels they correspond to
the global frame withz-axis along the beam direction.RotX , RotY , RotZ are rotations around the
corresponding axes. The module level shifts in therφ measurement direction are around 10µm.
The set attempts to emulate the level of misalignments expected during the early running period. It
is not well known what levels of misalignments are expected after certain running periods so this
is just an indication rather than being a firm prediction of what is expected at start up. Comparison
with the real alignments (“Aligned” set) shows this to be a rather pessimistic scenario.

• Random5: As with “Random10”, but with levels of misalignment better by about a factor of 1.5 to
2. This is an estimate of what might be expected after severalyears of running. Like “Random10”,
this set introduces misalignments at the three levels of hierarchy with levels of misalignment given
in Table 2.

Table 1: Residual misalignment for “Random10”. Random misalignments were generated with a Gaus-
sian distribution withσ as tabulated. Shifts are inµm and rotations are in mrad.

Level x y z RotX RotY RotZ

Module 10 30 30 0.3 0.5 0.2
Layer 10 10 15 0.05 0.05 0.1
Disk 10 10 30 0.2 0.2 0.1
Whole pixel 10 10 15 0.1 0.1 0.1
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Table 2: Residual misalignment for “Random5”. Random misalignments were generated with a Gaussian
distribution withσ as tabulated. Shifts are inµm and rotations are in mrad.

Level x y z RotX RotY RotZ

Module 5 15 15 0.15 0.3 0.1
Layer 7 7 10 0.02 0.02 0.05
Disk 7 7 20 0.1 0.1 0.05
Whole pixel 7 7 10 0.05 0.05 0.05

3 Error scaling

3.1 Error scaling procedure

The intrinsic error of a hit will depend on a number of factorssuch as the cluster width and track direc-
tion. These factors are taken into account when calculatingthe intrinsic error of the hit. In the case of a
perfectly aligned detector, if these intrinsic errors are properly determined one expects the pull distribu-
tion (the distribution of the hit residuals divided by the calculated intrinsic error) to have a width close to
one.

The differences between the real positions of individual hits and those recorded by a misaligned
detector lead to an additional error term that must be added in quadrature to the intrinsic error of the hits.

The errors on the hits directly affect whether a hit is associated to a track, the track propagation and
track parameter errors and the objects that use tracks as input, such as vertices. Of particular importance
to b-tagging is the precision of the impact parameter and the vertexing performance. It is therefore
necessary to have accurately assigned hit errors.

In this section hits will refer to clusters in the silicon detectors (pixel and SCT) and drift circles in the
TRT. To correct the hit errors the diagonal elements of the error matrix are modified using two parameters
a andc:

σ
′2 = a2 ·σ2+ c2 (1)

where:

• σ is the original error assigned to the hit which is a function of the cluster size and track angle.
This should normally be close to the intrinsic resolution ifproperly determined,

• a is a multiplicative factor on the error, which is meant to compensate for inaccuracies in the
intrinsic error determination,

• c is a constant added in quadrature to the error. This is meant to correct effects attributed purely to
residual misalignments.

Since each detector component can have significantly different behaviour, the granularity of each
detector component has to be taken into account, and therefore different sets of (a, c) have to be computed
separately for the barrel and endcap regions for each detector technology, as well as for the differentrφ
andη measurement directions in the case of the pixel detector.

For the derivation of the (a, c) pairs, the distributions of hit residuals and their pull distributions are
analyzed, and in particular the deviations of the pull widths from the ideal value of 1 are investigated.

Since the scale factora is intended to correct the intrinsic resolutions, this is most easily obtained
with a perfectly aligned geometry. Naturally, this is not possible with real data, where more in depth

3
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studies will be needed to determine if the assigned intrinsic errors are appropriate. Currently the factor
a is needed as the errors used in the reconstruction do not match those observed in the simulation.
It is assumed, however, that the best knowledge from test-beam and simulation will be put into the
determination of the intrinsic error such thata will be close to 1 and any remaining differences would be
absorbed into the parameterc.

The widths of the resulting pull distributions can be used directly as the scaling factorsa. This is
iterated a few times, applying the correction, rerunning reconstruction and then determining new values
of a. The iterations are necessary due to correlations between detector components. The factorc is set to
zero when determining thea factor.

The resulting factorsa are then kept constant when used for the misaligned detector. Several itera-
tions (apply (a, c) factors, reconstruct sample, analyze pulls) are performed using a misaligned detector,
in order to determine thec factor. It is computed using the formula:

c2
i = (p2

obs −1)a2σ2
0 + p2

obsc
2
i−1 (2)

whereci andci−1 are the values of thec factor obtained in the iterationi andi−1, respectively,pobs is
the hit residual pull width observed at stepi, andσ0 is the average intrinsic detector resolution.

The determination ofc does not rely on any information about the actual detector positions and
the procedure can be applied to real data. For this study a sample of high energy single muons was
used, while in practice one would need to study the feasibility of extracting the error tuning with a more
realistic event sample and track selection.

3.2 Error scaling parameters

The resulting parameters after the tuning are shown in Table3. The values ofa are seen to be well below
one for the SCT and TRT. This is due to an overestimate of the intrinsic errors. This is being improved.
The value forc gives some indication of the level of residual misalignment. For the “Random5” and
“Random10” sets, the values ofc are higher than what was input for the module shifts. This is possibly
due to a larger error being needed to compensate for the effects of the layer and disc movements. It can
be seen that the real alignment results in small values ofc compared to the hand-made sets. In the pixel
rφ measurement direction one gets 3µm and in theη measurement direction one gets around 15µm for
the “Aligned” set.

Table 3: Error scaling parameters for the different alignment scenarios. The parametera was tuned using
the “Perfect” case and used for all alignment scenarios.

All Perfect Random10 Random5 Aligned
a c(µm) c(µm) c(µm) c(µm)

Pixel barrelrφ 1.03 0 31 13 3
Pixel barrelη 0.97 0 71 34 13
Pixel endcaprφ 1.05 0 30 14 3
Pixel endcapη 1.08 0 43 11 15
SCT barrel 0.78 0 0 2 7
SCT endcap 0.86 0 6 5 8
TRT barrel 0.82 0 11 3 37
TRT endcap 0.77 0 11 10 19

4
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Table 4: Efficiency of track reconstruction.
Setup efficiency (%)

Perfect 97.09±0.02
Random10 95.50±0.03
Random10 + error scaling 97.22±0.02
Aligned 97.07±0.02
Aligned + error scaling 97.04±0.02

4 Monte Carlo Samples

The performance ofb-tagging was investigated withtt̄ andWH(mH = 120 GeV) samples which are
standard samples used inb-tagging performance studies in ATLAS [2]. The main difference between
these two samples is that theW H events have lower jet multiplicities.

The tt̄ sample includes semi-leptonic and di-lepton channels and this sample is used for measuring
both b-jet and light jet efficiencies. TheWH(120) sample contains two sub samples.WH(120) →
µνbb is used to measureb-jet efficiencies andWH(120) → µνuu for light jet efficiencies. The samples
contained no pile-up.

5 Effects of misalignment on tracking and vertexing

The tracking and vertexing performance was studied with theW H(120) → µνbb sample, although the
other samples could equally have been chosen. A sample size of 27,000 events was used. This sample
was reconstructed using three of the alignment sets described in Section 2: “Perfect”, “Random10” and
“Aligned”. All other settings were kept the same. For the “Random10” and “Aligned” sets, samples were
investigated with and without error scaling.

5.1 Tracking performance

The track reconstruction efficiency was computed for each scenario by comparing true tracks to cor-
responding reconstructed tracks. Tracks withpT > 1 GeV and|η | < 2.5 were selected. A true track
was considered to match a reconstructed track if the true track was the source of at least 50% of the
hits associated to the reconstructed track. Next, the efficiency was computed as the ratio of the number
of matched tracks to the number of all true tracks. The results for the efficiency for each of the three
scenarios are shown in Table 4. The presence of residual misalignment in the “Random10” set causes a
loss of about 2% in the efficiency, while the introduction of error scaling completely recovers the loss of
performance. The “Aligned” set shows no significant change with respect to the “Perfect” case, with or
without error scaling.

The number of fake tracks was also investigated in a similar manner to the track reconstruction
efficiency calculation. A track was labeled as “fake” if it had fewer than 50% of its hits from a single true
track. The percentage of fake tracks from the total acceptedtracks is shown in Table 5 for the different
alignment scenarios. The misalignments result in more fakes, and as with the efficiency, this is recovered
with the introduction of error scaling.

5.2 Vertexing performance

The performance of the primary vertex finding algorithm was also investigated for the same five scenarios
of alignment and error scaling. The efficiency for the primary vertex finding was computed as the ratio

5
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Table 5: Ratio of fake tracks to the total number of accepted tracks.
Setup fake tracks (%)

Perfect 2.33±0.02
Random10 2.46±0.02
Random10 + error scaling 2.29±0.02
Aligned 2.34±0.02
Aligned + error scaling 2.27±0.02

between the total number of reconstructed vertices to the total number of true vertices. It was found that
this remains constant, at a value of 99.68±0.04%, irrespective of the misalignment scenario considered.

The primary vertex resolution was evaluated by looking at the difference between the reconstructed
and the true vertex position. The resulting distributions for x andz directions are displayed in Fig. 1.
The results for they direction were similar to that in thex direction. The introduction of residual mis-
alignment causes the distributions to become wider as wouldbe expected with a degradation of the hit
resolutions. The shift for the hand-made sets is consistentwith the shift of the entire pixel detector that
was introduced. For the “Aligned” set a shift inz of about 90µm is apparent. The alignment procedures
do not fully constrain the six degrees of freedom of the wholedetector and no attempt was made to cor-
rect to the average primary vertex position in thez direction. Because of this, the alignment procedure
can easily result in such a shift when comparing with truth information.

The values for the resolution are computed as the width of a Gaussian fit to the distributions in
Fig. 1 and are shown in Table 6. The resolution is degraded by residual misalignment, for bothx andz
directions. Error scaling helps to partially recover the loss of performance for the “Random10” scenario.
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Figure 1: Primary vertex resolution, shown for thex direction (a) andz direction (b) for the various
misalignment scenarios. ES denotes error scaling.

The number of primary vertex outliers was also investigated. Since the shift observed when looking
at the resolution should not affect reconstruction, the true vertex position must be corrected by this shift.
In the following, a primary vertex was flagged as “outlier” ifthe distance between the reconstructed
vertex and the corrected true vertex position was greater than three sigma (30µm in thex direction and
150µm in thez direction).

The percentage of outliers is shown in Table 7, which shows that residual misalignment introduces
additional outliers, and therefore indicates a degradation in the primary vertex finding. The number of
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Table 6: Primary vertex resolution.
Setup res. inx (µm) shift in x (µm) res. inz (µm) shift in z (µm)

Perfect 11.4±0.1 −0.13±0.07 51.1±0.4 −8.2±0.3
Random10 15.1±0.1 4.2±0.1 63.0±0.4 1.4±0.4
Random10 + error scaling 13.2±0.1 2.6±0.1 56.6±0.4 2.3±0.4
Aligned 13.9±0.1 −0.18±0.09 53.7±0.4 −91.5±0.4
Aligned + error scaling 13.8±0.1 −0.15±0.09 55.4±0.4 −91.6±0.4

Table 7: Fraction of primary vertex outliers.
Setup outliers inx (%) outliers inz (%)

Perfect 1.7±0.1 4.1±0.1
Random10 5.5±0.2 8.3±0.2
Random10 + error scaling 2.8±0.1 6.1±0.2
Aligned 3.2±0.1 8.2±0.2
Aligned + error scaling 3.2±0.1 8.0±0.2

outliers is however partially diminished by the application of error scaling for “Random10”. For the
“Aligned” scenario the corresponding scaling factors are much smaller than for “Random10” and the
effect of error scaling on the primary vertex performance isnegligible.

6 Effects of misalignment onb-tagging performance

For the study of the impact of the residual misalignment on the b-tagging performance, several data sets
were produced withWH(mH = 120 GeV) andtt̄ events. Eight cases were considered corresponding
to each specific scenario of residual misalignment (“Perfect”, “Aligned”, “Random10” and “Random5”)
with and without error scaling as described in Sections 2 and3. The performance of theb-tagging has
been assessed by looking at the rejection rate of light quarks atb-jet efficiencies of 50% and 60% using
various tagging algorithms: IP2D, IP3D, SV1 and the combined tagger IP3D+SV1. A description of the
different taggers can be found in Ref. [2].

For each of the scenarios usingWH(120) samples, 45,000WH(120) → µνbb events and 175,000
WH(120)→ µνuu events were used. Thett̄ samples contained 50,000 events each with the exception of
the “Perfect” scenario without error scaling which had 570,000 events and the “Aligned” scenario with
error scaling which had 500,000 events.

6.1 Results

Figure 2 shows theb-jet efficiency versus light jet rejection fortt̄ andW H(120) samples for the four
misalignment sets with and without error scaling. Rejections for the IP3D and IP3D+SV1 tagger atb-tag
efficiencies of 50% and 60% are tabulated in Table 8 forWH(120) and in Table 9 fortt̄.

The results for the IP3D+SV1 are also summarized in Fig. 3. Asexpected, the larger the misalign-
ment, the greater the degradation of theb-tagging performance. In the case of “Random10”, which
represents the highest amount of misalignment (shifts of 10µm in the pixelrφ measurement direction),
there is almost a factor 2 drop in performance. For “Random5”, where the level of misalignment is lower
(shifts of the order of 5µm), the decrease of the light jet rejection rates is lower than in the previous
case at around 30% degradation. For the “Aligned” set the loss in performance is around 10 to 20%
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Table 8: Light jet rejection rates computed forb-jet efficiencies of 50% and 60% for the IP3D and
IP3D+SV1 taggers for the various misalignment scenarios with and without error scaling (ES) for
WH(120) events.

Rejection rate
Setup IP3D (50%) IP3D (60%) IP3D+SV1 (50%) IP3D+SV1 (60%)

Perfect 211±4 67±1 399±11 104±2
Perfect + ES 215±5 67±1 372±11 98±2
Random10 51±1 23±1 49±1 21±1
Random10 + ES 80±1 29±1 166±3 49±1
Random5 144±3 49±1 165±3 53±1
Random5 + ES 182±7 53±1 311±16 80±2
Aligned 193±4 62±1 300±8 84±1
Aligned + ES 190±4 62±1 306±8 87±1

Table 9: Standard light jet rejection rates computed forb-jet efficiencies of 50% and 60% for the IP3D
and IP3D+SV1 taggers for the various misalignment scenarios with and without error scaling (ES) fortt̄
events.

Rejection rate
Setup IP3D (50%) IP3D (60%) IP3D+SV1 (50%) IP3D+SV1 (60%)

Perfect 238±11 68±2 480±30 166±6
Perfect + ES 244±11 70±2 474±30 161±6
Random10 86±2 32±1 95±3 38±1
Random10 + ES 71±2 25±0 242±11 77±2
Random5 192±7 56±1 290±14 95±3
Random5 + ES 133±4 46±1 360±20 116±4
Aligned 234±10 67±2 442±27 143±5
Aligned + ES 206±8 62±1 428±24 138±5

Table 10: Purified light jet rejection rates computed forb-jet efficiencies of 50% and 60% for the IP3D
and IP3D+SV1 taggers for the various misalignment scenarios with and without error scaling (ES) fortt̄
events.

Rejection rate
Setup IP3D (50%) IP3D (60%) IP3D+SV1 (50%) IP3D+SV1 (60%)

Perfect 331±19 80±2 914±86 243±12
Perfect + ES 332±19 80±2 872±79 234±11
Random10 97±3 34±0 106±3 41±1
Random10 + ES 76±2 26±0 316±17 89±3
Random5 250±12 62±2 387±23 113±4
Random5 + ES 154±6 50±1 558±41 148±6
Aligned 321±18 77±2 714±59 190±8
Aligned + ES 273±14 70±2 706±56 180±7
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Figure 2: Light jet rejection versusb-tagging efficiency for the four different alignment sets for
IP3D+SV1 fortt̄ (left) andW H(120) (right). ES denotes error scaling.

and lies somewhere between the “Perfect” alignment and the “Random5” set. This is consistent with the
level of misalignment suggested by the parameterc in the error tuning which is 3µm in the pixelrφ
measurement direction.
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Figure 3: Light jet rejections using IP3D+SV1 tagger for thefour misalignment scenarios atb-tagging
efficiency working points of 50% (left) and 60% (right). Results are shown before and after error scaling
(ES).

The rejections forWH(120) are systematically lower than that fortt̄ as observed in other studies [2],
however, in general they both show similar trends with misalignment. Some differences are observed
with the effects of error scaling which are discussed below.Results are shown mainly fortt̄, although
similar conclusions are reached for both samples.

Figure 4 shows theb-tag weight for IP3D+SV1 tagger for the different alignmentscenarios. The
differences between the “Aligned” and “Perfect” sets are difficult to see in such plots but for the larger
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misalignments (“Random10” and “Random5”) it is seen that the light jets have slightly larger weights
while theb-jets have lower weights resulting in the loss of discrimination.
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Figure 4: Jet weight distributions for the IP3D+SV1 tagger for the different alignment scenarios with
error scaling fortt̄ (a) andWH(120) (b).

6.2 Effects of error scaling

It is observed in Fig. 3 that for the larger misalignment scenarios (“Random10” and “Random5”) the
error scaling gives a significant improvement, while for the“Aligned” and “Perfect” case the impact of
error scaling is small.

Figure 5 compares theb-tag weights with and without error scaling. Only the “Random10” results
are shown. For the other scenarios the differences were lesspronounced. Thett̄ events show some
differences in behaviour for the error scaling as compared with theWH events. Fortt̄, the error scaling
results in only a small difference for the light jets while for theb-jets the differences are more evident.
This is in contrast with theW H events where the light jets show more differences and theb-jets are less
affected.
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Figure 5: Jet weight distributions for the IP3D+SV1 tagger comparing with and without error scaling
(ES) for “Random10” scenario fortt̄ (a) andW H(120) (b).
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The differences are thought to be associated with thepT spectra of light jets andb-jets which are
different from each other and different for the two event types. The effectiveness of the error scaling
is expected to have somepT dependence since for lowerpT , the multiple scattering will dominate and
differences in hit errors will be less important. There was insufficient statistics in the samples however
to verify if this was indeed the case.

In some cases the use of error scaling results in worse performance. This is discussed further in
Section 6.4.

6.3 Purified jets

For comparison with other studies [2] purified jets were alsostudied. Purification excludes labelling jets
as light jets when there is ab-quark within a cone of 0.8. This gives a more physics independent measure
of the performance (although differences will still be seenbetween samples because of the differentpT

andη distributions of the jets contained in the samples). Table 10 shows the results for purified jets for
tt̄. ForWH events only standard jets were considered as other studies [2] show similar results with and
without purification. Figure 6 compares standard and purified jets fortt̄ events and it can be seen that
the rejections are higher for purified jets but the trends aresimilar for the different alignment scenarios.
The degradation of the “Aligned” case with respect to the “Perfect” alignment is more pronounced after
purification (19 – 23% degradation) than for the standard jets (10 – 14% degradation). The effects of
error scaling showed similar behaviour for both standard and purified jets.
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Figure 6: Comparison of light jet rejections using IP3D+SV1tagger for standard and purified jets intt̄
events. Left plot: 50%b-tag efficiency. Right plot: 60%b-tag efficiency.

6.4 Comparison of the different taggers

Figure 7 shows the rejections for different taggers for standard jets. The impact parameter based taggers
are the most affected by misalignment with the “Aligned” setshowing 10 – 20% lower rejections than
the “Perfect” case and up to a factor 3 degradation for the largest misalignment. After error scaling, the
SV1 tagger shows rather uniform performance for all scenarios considered, with the “Aligned” set giving
10% degraded performance with respect to the “Perfect” case.
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Without error scaling (see Fig. 8) the SV1 tagger shows significant differences for the different align-
ment scenarios. The ratio between rejections with error scaling to those without error scaling is shown
in Fig. 9. It can be seen that the error scaling has the most beneficial effect with the larger misalignments
(“Random10” and “Random5”) for the SV1 performance. For the“Aligned” scenario the error scaling
has little effect while for the “Perfect” case it actually degrades the performance slightly. For the impact
parameter based taggers the error scaling has a smaller effect on theb-tagging performance and even
degrades the performance intt̄ events.
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Figure 7: Comparison of the light jet rejections for the different taggers, IP2D, IP3D, SV1 and the
combined tagger IP3D+SV1. Left plot: 50%b-tag efficiency. Right plot: 60%b-tag efficiency. Results
are with error scaling usingtt̄ events.

Due to the beneficial effect of the error scaling on the secondary vertexing, the overall performance
of the combined tagger (IP3D+SV1) is also improved with error scaling in the case of the “Random10”
and “Random5” sets. The error scaling parameterc is zero for the “Perfect” alignment and small for the
“Aligned” set and consequently for both cases the effect of error scaling on the performance ofb-tagging
for the combined tagger is also small. For the “Aligned” case, while the relative difference is smaller
than the hand-made sets, the error scaling degrades the performance slightly.

The reason for loss of performance with error scaling for some cases can be explained by the fol-
lowing: since the error scaling will generally increase theerrors, it will reduce the impact parameter
significance. This is desirable for light jets as it will makethem more compatible with zero impact pa-
rameter. Forb-jets, however, it also reduces the significance and so will reduce theb-tagging efficiency
for a given weight cut, or in other words, one needs a lower weight cut to obtain the same efficiency and
hence results in lower rejection for light jets for a givenb-jet efficiency. The overall effect depends on
these two competing effects and so can potentially lead to a loss in performance. While a decrease in
performance with error scaling was observed intt̄ events for the IP2D and IP3D taggers, the opposite
was observed forWH events. As was already discussed above for theb-tag weight in Fig. 5, the error
scaling affects the light jets andb-jets in the two physics samples differently and this is thought to lead
to the differences in the error scaling behaviour seen here.

The effect of error scaling on the secondary vertex tagger will be to recover some secondary vertices
which would have otherwise failed quality cuts due to an underestimated error. One will lose some true
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Figure 8: As in Fig. 7 but without error scaling.
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Figure 9: Ratio of rejections with error scaling to rejections without error scaling. Left plot: 50%b-tag
efficiency. Right plot: 60%b-tag efficiency.
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secondary vertices that are close to the primary vertex as the larger error will make them compatible with
the primary vertex, however for similar reasons it will result in fewer fake secondary vertices close to the
primary vertex.

6.5 Effects of recalibration

The taggers require probability distribution functions for light jets andb-jets as described in Ref. [2]
and the process of obtaining the set of these reference distributions is known as calibration. The results
presented here use the same set of calibrations as used in Ref. [2]. Since misalignments will alter these
distributions, it is possible that one can obtain some more discriminating power by recalibrating using
the misaligned sample. Methods for obtaining these calibrations from real data are explored in Ref. [3].

To investigate whether recalibrating results in any gain inperformance, a new set of reference dis-
tributions was obtained for each sample with and without error scaling. In practice one should use
independent samples to calibrate and to test the performance, however, here the reference distributions
were obtained with the same or a subset of the sample used to measure the performance.

As seen in Fig. 10 recalibration gives better performance, although after error scaling the difference
between the fixed calibration and recalibration is only marginal.

One might expect that recalibration may compensate any miscalculation of the errors in a similar
way to the error scaling. This is only partially the case as can be seen in Fig. 11, where the relative
improvement with error scaling is reduced when recalibrating.
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Figure 10: Comparison of the light jet rejection obtained for the IP3D+SV1 tagger using a fixed calibra-
tion or recalibrating for each separate sample. Left plot: 50% b-tag efficiency. Right plot: 60%b-tag
efficiency.

7 Conclusion

The effect of misalignment on the tracking performance, as measured by tracking efficiency and fake
rates, was small, and error scaling recovered the performance almost to the level that was seen with
the perfect alignment. The degradation of the primary vertex was more significant, with resolutions
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Figure 11: Ratio of rejections with error scaling to rejections without error scaling. Results are shown
for the IP3D+SV1 tagger. Left plot: 50%b-tag efficiency. Right plot: 60%b-tag efficiency. Compares
using a fixed calibrations and recalibrating for each separate sample.

about 2.5µm degraded and an increase in the number of outliers. The “Aligned” set showed similar
performance to the “Random10” despite betterb-tagging performance.

The performance ofb-tagging was clearly degraded with misalignment and the amount of degrada-
tion was found to be roughly proportional to the amount of random displacement of modules. Systematic
effects are expected to also play an important role, however, the random displacement was the only as-
pect that was quantified in this study by the parameterc obtained in the error scaling procedure. In
order to disentangle the contributions from random and systematic effects it would be necessary to create
dedicated residual misalignment sets with known systematic distortions.

The impact parameter based taggers were observed to be the most affected by misalignment and
the introduction of error scaling brought little or even negative benefit to theb-tagging performance in
the case oftt̄ events. Error scaling was important for the performance of the secondary vertex find-
ing, and without it, for larger misalignments the degradation for the secondary vertex based tagger was
significant. With error scaling most of the degradation was recovered and the secondary vertex tagger
showed uniform performance for all alignment scenarios considered. The behaviour of the combined
tagger, IP3D+SV1, follows what one might conclude from the behaviour of the separate taggers, that is,
it benefits from error scaling but shows a degradation with misalignment even after error scaling.

The “Aligned” set was the most realistic misalignment scenario studied here and the results were
encouraging with rather moderate degradation in theb-tagging performance. In purified jets fromtt̄,
the degradation was more evident with 19% loss of rejection at 50%b-tagging efficiency. However, in a
more realistic environment, as seen by looking at standard jets, the amount of degradation was only 10%.
At 60% b-tagging efficiency, the loss of rejection was slightly larger with 23% degradation for purified
jets and 14% degradation for standard jets. For WH events theloss of rejection was similar with around
18% degradation at 50%b-tagging efficiency and 11% degradation at 60%b-tagging efficiency.

The amount of residual misalignment remaining after applying the actual alignment procedures re-
sulted in only a small loss of performance and so misalignments are not expected to cause a major
problem for doingb-tagging in ATLAS.
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Soft Muon b-Tagging
Abstract
b-jets can be identified by taking advantage of the presence ofa muon coming
from the semi-leptonic decay of theb hadrons. This note describes a soft muon
tagging algorithm and its performance when applied to different Monte Carlo
physics samples in ATLAS. Ab-jet tagging efficiency of about 10% (includ-
ing the inclusiveb → µνX branching ratio of≈ 20%) is achieved for a light
jet rejection of better than 300. The effect of pile-up events and cavern back-
ground on the performance is also considered and is found to be significant but
manageable.

1 Introduction

Soft-lepton tagging relies on the semi-leptonic decays ofb and c hadrons. Indeed the presence of a
muon is enhanced inb-jets thanks to the significant semi-leptonic decay branching ratio ofb hadrons
(BR(b → µνX) ≈ 11%), and ofc hadrons produced by theb hadron decay (sequential semi-leptonic
decay,BR(b → c → µνX) ≈ 10%). A soft muon tagger, while intrinsically limited by thesmall semi-
leptonic branching ratio, offers a good alternative or complement to the more performant lifetime taggers.
Thanks to its good purity and low correlation with lifetime taggers, it can be used to do cross-calibrations
of the two types of tagger [1], or to enhance the lifetime tagger performance by combining the two.
Finally, it permits derivation of specific jet energy corrections [2].

The properties of the soft muons and of the various backgrounds are shown in Section 2. The al-
gorithm is then described in detail in Section 3 while its performance applied to different Monte Carlo
samples is discussed in Section 4.

2 Properties of muons from semi-leptonic decays and their backgrounds

There are three sources of background from particles withinlight jets: muons coming from the decay
of light hadrons (mostly pions), hadrons managing to go through the calorimeter and reaching the muon
spectrometer (“punch-through”), and hits caused by the neutron gas that will be surrounding the detector
during data taking, producing fake tracks in the muon spectrometer (“cavern background”).c-jets are
also a source of background as far asb-tagging is concerned. Figures 1, 2, 3, and 4 show, respectively,
the distance to the closest jet∆R =

√
η2+ φ2, the muon transverse momentum, the impact parameter,

and the transverse momentum relative to the closest jet axisprel
T , for muons from (direct)b decays,

sequentialb → c → µνX decays,c decay, light hadron decays, and fake muons, in jets ofET > 15GeV
and|η |< 2.5 in tt̄ events.prel

T is defined as the muon momentum in the plane orthogonal to the jet axis,
where the jet axis is corrected for the presence of a muon by adding the muon momentum to the jet
momentum. Contributions from true muons are estimated at the generator level while fake muons are
estimated with the full simulation and defined as a reconstructed muon associated with a jet while no
muon of momentum larger than 2 GeV was found at the generator level within∆R = 0.6 of that same jet.
Note that the distinction between fake muons and muons from light hadron decays is somewhat arbitrary
since the latter can also be produced in the calorimeter as part of the hadronic shower; such muons are
present in the full simulation but are not distinguished from fake muons because long-lived particles and
showers are taken care of by GEANT and the full GEANT information was not available in the present
study. Muons produced by directb hadron decays have a significantly larger transverse momentum than
the various backgrounds, especially muons from light hadron decays; additionally, since light hadrons
such as charged pions and charged kaons have a long lifetime,those muons tend to have a large impact
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parameter. Those two properties will be used to reject this important background efficiently. Thanks to
theb hadrons high mass, muons from directb decays tend to be more boosted in a plane transverse to the
jet axis,i.e. have a largerprel

T than the backgrounds. This property is used in the tagger to further separate
b-jets from light jets through a likelihood technique. It is important to note that muons from sequentialb
decay are much more difficult to separate from background since they have a much softer spectrum both
in pT andprel

T than those from directb decay. Finally, Fig. 5 shows that theprel
T distribution intt̄ andWH

events is very similar. Indeed theprel
T variable is not very correlated with the jetET or pseudo-rapidity.

Thus it is not very dependent on the process producing theb-jets.
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Figure 1: Distribution of∆R =
√

∆η2+ ∆φ2 between closest jet and muons fromb hadron decays,c
hadron decays, light hadron decays, and fakes, in jets ofET > 15GeV and|η |< 2.5 in tt̄ events. The red
line shows the cut applied for the basic selection describedin Section 3. All histograms in Fig. 1 to 5 are
normalized to unity.

3 Description of the algorithm

The algorithm works in three steps, described in the following sections:

• The standard muon reconstruction algorithms are used to identify muons.

• Muons satisfying some basic requirements are then associated to jets.

• Finally, a 1-dimensional likelihood ratio using theprel
T variable discriminates further signal from

background.

3.1 Muon reconstruction

Two complementary muon reconstruction algorithms are usedby the soft-muon tagger: so-called “com-
bined” muons, which correspond to a track fully reconstructed in the muon spectrometer and matched
with a track in the inner detector; and “tagged” muons, whichcannot reach the muon middle and outer
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Figure 2: Transverse momentum distribution of muons fromb hadron decays,c hadron decays, light
hadron decays, and fakes, in jets ofET > 15GeV and|η | < 2.5 in tt̄ events. The last bin includes
overflows. The red line shows the cut applied for the basic selection described in Section 3.
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Figure 3: Impact parameter distribution of muons fromb hadron decays,c hadron decays, light hadron
decays, and fakes, in jets ofET > 15GeV and|η |< 2.5 in tt̄ events. The last bin includes overflows. The
red line shows the cut applied for the basic selection described in Section 3.
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Figure 4: Distribution of the transverse momentum relativeto the jet axis of muons fromb hadron decays,
c hadron decays, light hadron decays, and fakes, in jets ofET > 15GeV and|η |< 2.5 in tt̄ events. The
last bin includes overflows.
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stations and are identified by matching an inner detector track with a segment in the muon inner sta-
tions only. The ATLAS muon spectrometer is able to fully reconstruct muons of momentum larger than
about 5 GeV, providing a precise measurement of its momentum, allowing – in combination with the
inner detector track – a very good rejection of the combinatoric background in the dense environment of
jets. Muon spectrometer tracks that fail to be combined withan inner detector track are not used by the
soft-muon tagger because of the contamination from fakes and muons from light hadron decays. Tagged
muons are less pure than combined muons but allow one to recover some efficiency in the crucial low
momentum range. Thus both combined muons and tagged muons are used by the soft-muon tagger. For
more details of muon reconstruction and identification, seeRef. [3].

3.2 Jet-muon association and basic selection

Muons are associated with the closest jet (inη × φ ) in the event (only jets withET > 15 GeV and
|η |< 2.5 are considered) and the jet-muon pair is required to satisfy ∆R(jet-muon)< 0.5. Additionally,
muons are required to satisfy the following requirements:

• Impact parameter with regard to the primary vertex|d0|< 4 mm

• pT > 4 GeV

• Matching between the muon spectrometer and inner detector tracks ofχ2/do f < 10

3.3 Likelihood ratio

Muons from semi-leptonicb-decays are further separable because of their particular kinematics. As
shown in Section 1, the muon transverse momentum relative tothe jet (prel

T ) is a good discriminant vari-
able, and it is used in a likelihood ratio to discriminate between theb and light jet hypotheses. No attempt
was made to specifically discriminate betweenb- andc-jets. Theprel

T probability density functions were
estimated on fully simulatedtt̄ andWH → µνbb̄/W H → µνuū samples of several hundred thousand
events and are shown in Fig. 6 and 7 for tagged and for combinedmuons separately. Here pile-up and
cavern background are omitted. The normalized variableprel

T /(prel
T +0.5GeV ) is used instead ofprel

T in
order to facilitate the smoothing of the probability density functions. The likelihood is found to be less
discriminating for tagged muons than for combined muons because muons at low momentum tend to
be produced byb → c → µX sequential decays, which also tend to yield a smallerprel

T as shown in the
previous section. This is visible in the probability density function as a second peak at a value of≈ 0.5
(compared to≈ 0.7 for direct b → µX decays). Each likelihood is normalized with the probability
(estimated on the same fully simulated samples) that a reconstructed muon be associated with a jet of a
given flavor. For each type of reconstructed muon (tagged or combined), the likelihood ratioQ can be
written as follows:

Q =
ε0

b ×L(prel
T |b)

ε0
l ×L(prel

T |l)
whereε0

b (ε0
l ) is the fraction ofb-jets (light jets) that contain a muon satisfying the basic selection and

L(prel
T |b) (L(prel

T |l)) is the probability density function for ab-jet (light jet). It was found thatε0
b /ε0

l ≈ 6.6
for tagged muons andε0

b /ε0
l ≈ 44.4 for combined muons, reflecting the fact that combined muonsare

purer and contribute to a large fraction of the efficiency.
Several muons can be associated with a jet. In such a case, themuon with highest transverse momen-

tum is considered. At this point, no attempt has been made to use the information given by the presence
of an additional muon in the jet.
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4 Performance

The algorithm performance was estimated ontt̄ andWH → µνbb̄/WH → µνuū Monte Carlo samples
of several hundred thousand events. The jet flavor is determined at the generator level by matching
reconstructed jets with quarks considered after final stateradiation (for details, see Ref. [4]). Figures 8
and 9 show theb-tagging efficiency and the light jet tagging rate, respectively, with and without a cut
on the likelihood ratio, as a function of jetET and pseudorapidity intt̄ events. An averageb-tagging
efficiency of 10% is reached for a cut on the likelihood ratio of lnQ > 3.05, which corresponds to
rejecting all tagged muons and selecting combined muons with prel

T > 360 MeV. No requirement on
theb decay is made, so that theb-tagging efficiency includes the semi-leptonic branching ratios as well
as the jet-muon association efficiency, the detector acceptance, and the muon reconstruction efficiency
and selection. Likewise, the light jet tagging rate includes both light hadron decay muons and fake
muons. Theb-tagging efficiency tends to decrease as the jetET increases, mostly because of a drop
in the tracking efficiency of the inner detector in highly collimated jets. Not surprisingly, the light jet
tagging rate increases significantly with the jetET . After the basic selection stage, light hadron decays
account for 8% (1.6%) of combined muons (tagged muons) present in tagged light jets intt̄ events.
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Figure 8: Probability for ab-jet to be tagged by the soft-muon tagger as a function of jet pseudorapidity
(left) and transverse energy (right: the last bin includes overflows) without and with a requirement on the
likelihood ratio corresponding to an averageb-tagging efficiency of 10%.
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Figures 10 and 11 show theb-tagging efficiency vs light jet rejection (the inverse of the light jet
tagging rate) for different cuts on the likelihood ratio. Figure 10 compares the performance intt̄ andWH
events. The rejection for a given efficiency is slightly better in tt̄ events than inWH events, due to the
fact that jets intt̄ events are more central, while the tagger performance is degraded in the forward region
of the detector. The soft-muon tagger reaches a rejection ofabout 300 inW H events and 380 intt̄ events
for an efficiency of 10%.

Figure 11 shows the effect of pile-up (the superposition of several events occuring within the same
bunch crossing) and cavern background on the tagger performance. Here, only jets matched to the hard-
scatter process quarks are considered in order to make a faircomparison of the algorithm performance
with and without cavern background and pile-up. Indeed, soft jets from pile-up events tend to have a
lower light jet tagging rate and would bias the comparison. For a luminosity of 2×1033cm−2·s−1, pile-
up and cavern background decrease the rejection by about 15%(for a given efficiency of 10%), which is
significant but not dramatic.
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Figure 10: b-tagging efficiency vs light jet rejection estimated intt̄ andW H (without pile-up/cavern
background).

Performance will have to be evaluated in data, using techniques similar to those developed at the
Tevatron [5]. The muon reconstruction efficiency can be measured using a tag-and-probe method ap-
plied to J/ψ and Z samples. The light jet tagging rate may be measured using jetevents, although
disentangling background from heavy-flavor muons is a complex issue. Jet samples may also be used to
test the likelihood probability distribution functions against data. Those issues have not been studied in
the context of soft muon tagging in ATLAS yet.

5 Conclusion

The soft-muon tagger developped for the ATLAS detector shows excellent performance across a large jet
ET spectrum, with a light jet rejection of more than 300 for ab-tagging efficiency of 10%. The event pile-
up and the cavern background appear to have a significant but not dramatic effect on the performance,
with a decrease of about 15% on the light jet rejection at a luminosity of 2×1033cm−2·s−1.
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Figure 11: b-tagging efficiency vs light jet rejection estimated on att̄ sample with and without pile-
up/cavern background.
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Soft Electron b-Tagging
Abstract
The presence of an electron coming from the semi-leptonic decay of aBhadron
can be used to tagb-jets. This note describes a soft electron tagging algorithm
and its performance when applied to ATLAS Monte Carlo simulation data. Jets
are built from the energy reconstructed in the electromagnetic and hadronic
calorimeters with a cone algorithm. Electrons, reconstructed by a track-seeded
algorithm, are sought among charged tracks associated to the jets. The tagging
of jets originating fromb quarks is based on kinematics and on the identi-
fication capabilities of the inner tracker and the electromagnetic calorimeter.
The performance of the electron identification andb-tagging procedure are
presented. Ab-jet tagging efficiency of about 7% (including the inclusive
b→ eνX branching ratio of∼ 20%) is achieved for a light jet rejection of
better than 100.

1 Introduction

A variety of interesting physics processes at LHC, such as the H → bb̄ decay for an intermediate Higgs
boson mass range, top physics or searches for new physics require efficient identification ofb-quarks.
The performance ofb-tagging algorithms in ATLAS are studied in Ref. [1]. The semi-leptonic decays
of heavy quarks provide a clean signature used to identify the flavour composition of jets. The semi-
leptonic decay modes areb→ ℓ, c→ ℓ and the cascade decayb→ c→ ℓ. Electrons produced inb
decays (through direct and cascade decays) can be detected using the electromagnetic calorimeter and
the inner detector. Since these electrons are non-isolatedand with low transverse momentum, excellent
electron/hadron separation capability is required. As ab-flavour tag, the lepton tag is not competitive
with the lifetime tag because the branching ratio is low for such decays (about 20% forB-meson decays
to leptons, including cascade decays, per lepton family) and is limited by the efficiency to reconstruct
and identify electrons within jets. Still this method can beused with the vertex algorithms to provide a
complement to the overallb-tagging performance and for cross-checks and calibration.

The note is organised as follows. Monte Carlo data samples used in this analysis are described in
Section 2. The jet and track selections are described in Section 3. The electron identification algorithm
is described in Section 4. Theb-tagging algorithm and its performance are described in Section 5.

2 Monte Carlo samples

The samples used in this study contain events with electronsin jets from Higgs boson associated pro-
ductionWH, with W → µν . We take the mass of the Higgs boson to bemH = 120 GeV. The signal
sample consists ofH → bb̄ events and the background sample ofH → uū events. Another sample of
H → bb̄ events is enriched in true electrons with a filter at the generation level. This filter is defined as
follows: bothb quarks (before final state radiation, FSR) are required to have a transverse momentum
pb

T > 15 GeV and a pseudorapidity|ηb|< 2.5; at least one true electron withpe
T > 1 GeV is required to

be found in a cone∆R< 0.4 around eachb-quark direction (before FSR). This sample will be used only
in Section 4 to model signal electrons with enough statistics.

All samples have been generated using the PYTHIA 6.403 [2] Monte Carlo event generator. More
details on the Monte Carlo generators used can be found in [3]. Data have been passed through a full
detector simulation based on GEANT4. No pile-up has been included but its effect on performance,
based on previous studies, is mentioned below where relevant.
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The signal electrons come from direct (b→ e) and cascade (b→ c→ e) semi-leptonic decays of
B-hadrons. Apart from the previous sources, there are also some other sources1, mainlyb→ τ → e and
b→ (J/ψ ,ψ ′)→ e+e−. The background electrons arise fromπ0 Dalitz decays,γ-conversions occurring
in the inner detector and decays of light hadrons. The fraction of electrons from photon conversions
becomes substantial at large pseudo-rapidities and large transverse momenta.

Distributions of true transverse momentum,pT , and pseudo-rapidity,η , for electrons and pions are
shown in Fig. 1 for the samples considered. Table 1 shows the mean values of the true transverse mo-
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Figure 1: Normalized distributions of true transverse momentum pT (left) and pseudo-rapidityη (right)
are shown for signal electrons (hatched histograms), electrons from conversions (dotted line histograms)
and pions (plain histograms).

mentum distributions for signal and background electrons and pions in the two samples.

Table 1: The mean truepT (in GeV) for electrons and pions in various data samples.
sample electrons pions

B hadrons D hadrons γ-conversions andπ0 Dalitz other sources
H → bb̄ 10.8 11.9 4.9 7.3 5.9
H → uū - - 5.2 4.2 7.1

3 Jet and track selection

The reconstruction of the various objects needed forb-tagging and the estimation of its performance are
summarized in this section. The reconstruction of soft electrons will be detailed in the next section.

We follow the default jet reconstruction and labelling procedure described in Ref. [1]. Jets are re-
constructed in the calorimeters using a standard cone algorithm with a size of∆R = 0.4. Jets with
pT > 15 GeV and|η |< 2.5 are considered forb-tagging. To assess quantitatively theb-tagging perfor-
mance, Monte-Carlo information is used to determine the type of parton (a quark-based labelling) from
which a jet originates. Jets are labelled asb-jets if ab quark withpT > 5 GeV (after FSR) is found in a
cone∆R= 0.3 around the jet direction. The labelling forc-jets (andτ-jets) is done in the same way. By
light jets we denote all other reconstructed jets.

1The corresponding branching ratios [4] areBr(b→ ℓ−) = (10.71±0.22)%, Br(b→ c→ ℓ+) = (8.01±0.18)%, Br(b→
c̄→ ℓ−) = (1.62+0.44

−0.36)%, Br(b→ τ → e) = (0.419±0.055)% andBr(b→ (J/ψ,ψ ′)→ e+e−) = (0.072±0.006)%.
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Figure 2: Track multiplicity in jets (left) and jet transverse momentum (right) forb jets (hatched his-
tograms) and light jets (solid line). Only jets having at least onegood quality trackwith pT > 2 GeV are
considered.

For the soft electronb-tagging algorithm, a track-based electron reconstruction algorithm is used and
will be described in the next section. In order to be able to identify track candidates as electrons, strict
track selection criteria are applied and called hereaftergood track quality cuts. To reduce the number of
fake candidates in jets, only tracks withpT > 2 GeV are considered. The inner detector coverage extends
to pseudo-rapidity values of±2.5, except for the transition radiation tracker (TRT) which extends up to
±2. This sub-detector is crucial in the identification procedure, so the track selection requires|η | < 2.
Tracks are required to have at least nine precision hits (pixels and SCT), at least two hits in the pixel
detector, at least one hit in the vertexing layer (the so-called b-layer) and an unsigned transverse impact
parameter at the perigee smaller than 1 mm. The TRT may recordeither of two types of hits, ‘low-
energy’ hits which are used for track reconstruction and ‘high-energy’ hits which are used for electron
identification. Selection criteria thus require at least 20low-energy hits and at least one high-energy hit
in the TRT detector along the track. After this selection, only about 50% of initial tracks remain. About
50% of actualb-jets and 60% of light jets, in the WH sample, have nogood quality trackassociated.
Figure 2 shows the multiplicity ofgood quality trackinside jets and the jet transverse momenta. For jets
having at least onegood quality trackthe mean multiplicity is 3.8 (3.3) forb-jets (light jets). Light jets,
which include ISR, FSR and underlying events, have a softer transverse momentum thanb jets, which
are originated from theH decay, with a meanpT of 51 GeV against 57 GeV, but with a large spread, an
RMS of∼35 GeV.

The fraction of jets containing electrons with agood quality trackis given in Table 2 for signal and
background samples.

Table 2: Fraction of jets (in %) with an electron at the generator level that also have agood quality track,
for the signal and background samples.

Sample γ-conversions andπ0 Dalitz B hadrons D hadrons Other sources
H → bb̄ 1.6 3.4 2.2 0.3
H → uū 1.3 < 10−4 < 10−4 0.1
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4 Electron reconstruction and identification

The standard electron reconstruction procedure [5] is based on calorimeter clusters, with a subsequent as-
sociation to tracks. While this method is efficient for high-energy isolated electrons, such as those arising
fromW or Z decays, it is not effective for electrons inside hadronic jets, such as those from semi-leptonic
decays. Indeed hadron and electron showers tend to overlap in collimated jets so that electron cluster
characteristics are obscured. An alternative procedure takes full advantage of the tracking capabilities
of the inner detector as well as the granularity of the electromagnetic calorimeter. The method relies
on the extrapolation of reconstructed charged particle trajectories into the electromagnetic calorimeter.
The most common background processes for producing electron-like showers in the calorimeters were
described in Section 2. Because the development of showers is different for electrons and hadrons, the
electron identification algorithm incorporates variablesthat describe the shower shapes, quality of the
match between the track and its corresponding cluster, and the fraction of high-energy hits in the tran-
sition radiation tracker. This algorithm is used also for the reconstruction of lowpT electrons in J/ψ
events [6].

4.1 Electron reconstruction

All the tracks that pass thegood track quality cuts, described in the previous section, are extrapolated to
the second (also known as middle) sampling layer of the electromagnetic calorimeter. Around this posi-
tion a cluster of size∆η×∆φ = 0.125×0.125 (5×5 cells in this sampling layer) is built. The cell with
the maximum energy is sought within a smallη andφ window (0.075×0.075) around the extrapolation
point. Shower shapes are estimated with respect to this cell. The contribution of neighbouring hadronic
showers is therefore reduced.

A set ofpreselectioncriteria are applied to decrease the number of fake candidates per jet:

- The ratio of energy reconstructed in the core of the shower in the first sampling layer to the to-
tal shower energy reconstructed in the core of the cluster, must fulfil E1(core)/E(core) >0.03.
E1(core) is the energy reconstructed in a window of size∆η ×∆φ = 0.009375× 0.1 in the first
sampling layer (3× 1 cells). E(core), the core energy in the cluster, is computed in the follow-
ing windows: 0.075× 0.3 (3× 3 cells) in the presampler, 0.046875× 0.2 (15× 2 cells) in the
strips, 0.125×0.125 (5×5 cells) in the middle, 0.15×0.125 (3×5 cells) in the back. This ratio
tends to be larger for electrons than for hadrons due to the different development of hadronic and
electromagnetic showers. This quantity is discussed in detail in the following section.

- Similarly, the fraction of energy reconstructed in the core of the shower in the third sampling layer
to the energy reconstructed in the core of the cluster,E3(core)/E(core), must be smaller than 0.5.
E3(core) is the energy reconstructed in a window of size∆η ×∆φ = 0.15× 0.075 in the third
sampling layer (3× 3 cells). This ratio is larger for hadrons than it is for low-energy electrons
which almost never reach this layer and is discussed in the following section.

- The ratio of the energyE reconstructed in the electromagnetic calorimeter over themomentump
of the track reconstructed in the inner detector is requiredto fulfil E/p >0.7.

Thesepreselectioncriteria cut out less than 5% of signal electrons. Finally, candidates which are also
reconstructed as originating from a conversion are vetoed,corresponding to a loss of 9% of all signal and
background tracks.

Position and energy corrections are applied in the precise reconstruction of the electromagnetic clus-
ter and are described in [7]. These corrections have been tuned for high-energy clusters and are not
optimal for low-energy electrons. In Fig. 3 the ratio between the reconstructed and the true electron
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Figure 3: Ratio between reconstructed and true energy as a function of the electron pseudo-rapidity|η |
(left) and ratio of the reconstructed to true momentum for electrons (right).

energies is shown as a function of|η | for signal electrons from theH → bb̄ sample. It can be seen that
the corrections over-estimate the electron energy. Moreover, as electrons are embedded in jets, there is
a contamination from other hadrons in the energy determination which is not visible with the isolated
electrons from a J/ψ sample [6]. Work is on going to improve the energy reconstruction at low energy.

By default the four-momentum of an electron is defined as the energy reconstructed in the calorime-
ter, whereas the direction is taken from the associated track. Since in this note the main physics processes
lead to electron transverse momenta of less than 15 GeV, the momentum measured in the tracker is used
instead of the energy unless stated otherwise. The reconstructed momentum of the electron is shown in
Fig. 3. The track reconstructs the momentum of the electron close to its true value for most candidates.
The small downward shift of the peak from unity and the tail towards lower values are due to photon
bremsstrahlung. Future developments in ATLAS will ensure an optimal combination of calorimeter and
tracker measurements in the energy definition.

4.2 Electron identification variables

The hadronic calorimeter has a granularity of∆η×∆φ = 0.1×0.1 which is too large to disentangle the
energy deposit of an electron inside a jet. In the electromagnetic calorimeter, electrons are narrow objects
while jets tend to have a broader profile, allowing a discrimination. For this purpose, we use the finer
granularity (∆η×∆φ = 0.05×0.025) of the third sampling layer of the electromagnetic calorimeter. The
ratioE3(core)/E(core), defined above, is larger for pions than for electrons and is clearly discriminating
as can be seen in Fig. 4.

Electromagnetic showers deposit most of their energy in thesecond sampling layer of the electro-
magnetic calorimeter. The following variables are used:

- The lateral shower shapeRη (cf. Fig. 5 on left) is given by the ratio of the energy reconstructed in a
window of size 0.075×0.175 (3×7 cells of the middle sampling layer) to the energy reconstructed
in 0.175×0.175 (7×7 cells).

- The lateral widthωη2 =

√
∑Ec×η2

∑Ec
−

(
∑Ec×η

∑Ec

)2
(cf. Fig. 5 on right) is calculated in a window of

size 0.075×0.125 (3×5 cells of the middle sampling layer) using the energy weighted sum over
all cells, which depends on the particle impact point insidethe cell.

The first layer, with its very fine granularity in pseudo-rapidity, can be used to detect sub-structures
within a shower and thus isolatedπ0’s andγ ’s can be discriminated against efficiently. For all variables
computed in the first sampling layer, two cells inφ are summed.
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Figure 4: RatioE3(core)/E(core) (see text) for electrons in theH → bb̄ sample (hatched histogram) and
for charged pions in theH → uū sample (solid line). The distributions are normalized to unit area.
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Figure 5: Lateral shower shapeRη (left) and lateral widthωη2 (right) in the second layer of the elec-
tromagnetic calorimeter (see text for details). The distributions are shown for electrons in theH → bb̄
sample (hatched histograms) and for charged pions in theH → uū sample (solid lines). The distributions
are normalized to unit area.

The ratioE1(core)/E(core), defined above, is larger for electrons than for hadrons as can be seen in
Fig 6.

The lateral shower shape in the strips is now exploited.

- The total shower width in stripsωstot is determined in a window∆η = 0.0625 (corresponding to 20

strips in the barrel for instance). It is calculated from:ωstot =
√

∑Ei × (i− imax)
2/∑Ei, wherei

is the strip number andimax the strip number of the first local maximum. This width is shown for
electrons and pions in Fig. 7.

- The shower width using three strips around the one with the maximal energy deposit is shown in
Fig. 7 on the right. It is given by the following formula:

ωs3 =
√

∑Ei × (i− imax)
2/∑Ei, wherei is the number of the strip andimax the strip number of the

most energetic one.

The pion and jet rejection can be significantly improved by ensuring consistency between the elec-
tromagnetic calorimeter and the inner detector information.
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Figure 6: RatioE1(core)/E(core) (see text) for electrons in theH → bb̄ sample (hatched histogram) and
for pions in theH → uū sample (solid line). The distributions are normalized to unit area.
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Figure 7: Total shower widthωstot (left) and shower width in three stripsωs3 (right) in the first layer
of the electromagnetic calorimeter. The distributions areshown for electrons in theH → bb̄ sample
(hatched histograms) and pions in theH → uū sample (solid lines). The distributions are normalized to
unit area.

First, the angular matching between the track and the electromagnetic cluster is checked (cf. Fig. 8):

|∆η | =
i=im+7

∑
i=im−7

Ei × (i − im)/
i=im+7

∑
i=im−7

Ei, which gives the difference between the track and the shower

positions measured in units of distance between the strips,where im is the impact cell for the track
reconstructed in the inner detector andEi is the energy reconstructed in thei-th cell in theη direction, at
constantφ given by the track parameters.

Subsequently, the energyE measured in the electromagnetic calorimeter is compared tothe momen-
tum p measured in the inner detector (cf. Fig. 9 on the left). In thecase of an electron, the momentum
should match the energy. The large tails at high values of theratio in the signal distribution are due to
soft bremsstrahlung.

A further reduction of the charged hadron contamination is obtained by rejecting tracks having a low
fraction of high-energy hits in the TRT. Figure 9 (right) shows the ratioNHTR/Nstraw between the number
of high threshold hitsNHTR and the total number of TRT hitsNstraw.
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Figure 8: Angular matching between charged tracks extrapolated to the electromagnetic calorimeter
and electromagnetic clusters in pseudo-rapidity (|∆η |). The distributions are shown for electrons in the
H → bb̄ sample (hatched histogram) and for pions in theH → uū sample (solid line). The distributions
are normalized to unit area.
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Figure 9: RatioE/p between the energy of the electromagnetic clusters and the momentum of recon-
structed charged tracks (left) and fractionNHTR/Nstraw of high-energy hits in the TRT (right). The distri-
butions are shown for electrons in theH → bb̄ sample (hatched histograms) and for pions in theH → uū
sample (solid lines). The distributions are normalized to unit area.

4.3 Rejection of electrons fromγ-conversions and Dalitz decays

A significant source of low-pT electron tracks in jets are photon conversions and Dalitz decays. Such
tracks might be identified by the algorithm as signal electron tracks. Thegood quality trackcuts help in
part to suppress that type of background. In case ofγ-conversions and Dalitz decays,e+e− pairs with
small invariant mass are observed in the detector. To find them the conversion finding algorithms can
be used. Ref. [8] details the last developments on the reconstruction of such electrons. Unfortunately,
these were not available for the electron reconstruction algorithms at the time of this study. As detailed in
Section 4.1, about 9% of signal electrons are mis-identifiedas conversions. Based on previous studies [9],
for an electron efficiencyεe = 80%, the rejection factor of electrons from conversions andDalitz decays
is∼ 3 with the conversion package and∼ 2 without.
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5 b-tagging algorithm

The variables described in the previous section have been shown to be efficient in distinguishing electron
tracks from non-electron tracks or electron tracks fromγ-conversions and Dalitz decays.

In order to construct ab-tagging algorithm we combine these variables with additional variables to
exploit the specific features ofb-jets. First we take advantage of the fact that the electron is coming
from a b quark and thus can have a significant transverse impact parameter d0. Figure 10 shows the
corresponding distributions. In addition, because of theB hadron’s high mass, electrons from direct
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Figure 10: Transverse impact parameter for electrons in theH → bb̄ sample (hatched histogram) and for
pions in theH → uū sample (solid line). The distributions are normalized to unit area.

bottom decays tend to be more boosted in a plane transverse tothe jet axis,i.e. have a largerprel
T than

the backgrounds, as shown in Fig. 11.prel
T is defined as the electron momentum in the plane orthogonal

to the jet axis.
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Figure 11: Distribution of the track transverse momentumprel
T relative to the jet axis for signal electron

tracks inb jets (hatched histogram) and for pion tracks in light jets (solid line).

The combination of all variables is performed in two steps; first for variables independent of the jet
and second including a jet dependent variable as explained in Section 5.1. Finally the performance of the
algorithm will be detailed in Section 5.2.
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5.1 b-tagging procedure

A likelihood-ratio method is used to combine the variables described in the previous section along with
the electron track impact parameterd0. This likelihood ratio uses information only on the characteristics
of the electron and is independent of the parameters of the jet. The discriminating variables are compared
to pre-defined normalized distributions (probability density functions) for both the electron and the pion
hypotheses. We use the signal sample ofH → bb̄ filtered for electrons and part of theH → uū background
samples. The variables show a significant dependence on pseudo-rapidity and a less pronounced one
on transverse momentum. Inη the changes correspond to varying granularities, lead thickness and
material in front of the electromagnetic calorimeter. The separation between the distributions obtained
for electrons and pions can vary also withη . Therefore probability density functions are defined in five
|η | bins: (0-0.8), (0.8-1.37), (1.37-1.52), (1.52-1.8), (1.8-2).
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Figure 12: Discriminating functionDtrack for electrons in theH → bb̄ sample (hatched histogram) and
for pions in theH → uū sample (solid line). The distributions are normalized to unit area.

For eachgood qualitytrack the discriminating functionDtrack is calculated as:

Dtrack = ∏i Pe(xi)
∏i Pe(xi)+ ∏i Ph(xi)

, (1)

wherexi denotes the value of thei-th variable for a given track,Pe(xi) is the probability obtained from
the single variablexi that the track originates from a signal electron,Ph(xi) is the probability that the
track originates from a hadron, andi runs through all the variables used by the algorithm. Distributions
of Dtrack obtained for signal electrons and background pions are shown in Fig. 12. Dtrack tends to 1 for
electrons and tends to 0 for pions. The identification of a candidate track as originating from a signal
electron track is based on the value ofDtrack. Those tracks for whichDtrack is below a given threshold are
rejected. Typically, for an electron identification efficiency of 80%, a pion rejection factor of about 200
can be achieved inH → uū events.

For eachgood qualitytrack in the jet the value of the discriminating function forelectron identifi-
cation,Dtrack, defined previously in Eq. 1, has been calculated. For each jet, the track with the highest
value max(Dtrack) is chosen and this single track will now be used to estimate the discriminating function
Djet for the jet. In addition to the variables used for electron identification based on the inner detector
and electromagnetic calorimeter information, the track transverse momentumprel

T relative to the jet axis,
shown in Fig. 11 is included. For each jet the discriminatingfunctionDjet is calculated using the selected
track as:

Djet = max(Dtrack)×
Pe(prel

T )
Pe(prel

T )+Ph(prel
T )

, (2)
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wherePe(prel
T ) is the probability obtained from the single variableprel

T that the track originates from a
b-jet andPh(prel

T ) is the probability that the track originates from a light jet. Distributions ofDjet obtained
for b− and light jets are shown in Fig. 13. For a given thresholdDthr

jet , a jet withDjet > Dthr
jet is tagged as a

b-jet.
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Figure 13: Discriminating functionDjet for b-jets in theH → bb̄ sample (hatched histogram) and light
jets in theH → uū sample (solid line). The distributions are normalized to unit area.

5.2 Performance of theb-tagging algorithm

Theb-tagging efficiency is defined asεb = Nt
b/Nb whereNt

b is number of the taggedb-labelled jets and
Nb is the total number of jets labelled asb-jets. The definition includes the semi-leptonic branching
ratios as well as the detector acceptance and the electron reconstruction and identification efficiencies.
The jet rejection factor is calculated asRlight jet = Nj/Nt

j , whereNj is the number of light jets andNt
j is

the number of light jets tagged by mistake asb-jets.
Figure 14 shows the rejection of light jets as a function of the b-tagging efficiencyεb. The rejection

factors achieved against light jets are presented in Table 3. For ab-tagging efficiencyεb = 7% on
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Figure 14: Rejection factor of light jetsRlight jet versusb-tagging efficiencyεb.

inclusiveb-jets, the light jet rejection factor is about 110. This operating point corresponds to a 61%
b-tagging efficiency on semi-electronicb-jets.
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Table 3: Light jet rejection factorsRlight jet for variousb-tagging efficienciesεb on inclusive jets. Errors
are statistical only.

εb (%) Rlight jet

8 80±1
7 110±2
6 160±3

This study has been performed on Monte Carlo simulated data which do not include pile-up effects.
Based on previous study [10], a further degradation of the light jets rejection factor by 10% (30%) is
expected when on average 4.6 (23) minimum-bias events per beam-crossing are added.

Figure 15 shows the light jet rejection as a function of the jet pT and |η | for a totalb-tagging effi-
ciencyεb = 7%. Performance are estimated in five bins in|η | and in seven bins inpT . The rejection of
light jets does not depend significantly on jetpT over the range 30-80 GeV. For lowerpT , jets are wider
and an electron can escape outside the cone of∆R= 0.4 and this leads to lower rejections for the same
b-tagging efficiency. For higher jet energies, the jet is narrower and showers coming from the particles in
the jet overlap more and thus it is more difficult to separate the electrons, leading to a drop in rejection. A
loss in the jet rejection factor can also be observed in the region 1.37< |η |< 1.52 corresponding to the
crack between the barrel and the end-caps of the electromagnetic calorimeter. Even though soft electrons
are reconstructed only within|η |< 2, some sensitivity is retained for jet axes just beyond the cut-off as
shown in Fig.15.
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Figure 15: Light jet rejection factor as a function of jetpT (left) and jet |η | (right) for a b-tagging
efficiencyεb = 7%.

Table 4 shows the fraction of jets tagged of a given type of track for εb = 7%. Mostb-jets are tagged
by true electron tracks; in particular by signal electrons in∼65% of cases. Light jets are tagged in∼25%
of cases by electrons fromγ-conversions and Dalitz decays. Light jets are also tagged in∼60% of cases
by pions.

6 Conclusion

Soft electron tagging relies on the semi-leptonic decays ofbottom and charm hadrons. It is therefore
intrinsically limited by the branching ratios to electrons: about 20% ofb-jets will contain a soft electron,
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Table 4: Fraction of jets (%) in theWH sample tagged by a specified type of track forεb = 7%. The ”e
from * ” column corresponds to electrons from conversions and Dalitz decays. Statistical errors on these
numbers are negligible.

Fraction of jets tagged by a specified type of track [%]
Jet type

all e e from b e from c e from * othere π others

b 67.6 42.0 19.4 3.6 2.6 23.9 8.5

light 27.2 0.2 0.4 25.5 1.1 58.7 14.1

including cascade decays of bottom to charm hadrons. However, when a signal electron is present the
algorithm is quite efficient. In addition, tagging algorithms based on soft leptons have low correlations
with the track-basedb-tagging algorithms, which is very important for checking and cross-calibrating
performance with data.

The study presented here was based on a sample ofWH events which have two highpT and well
separated jets. Ab-jet tagging efficiency of about 7% (including the inclusiveb → eνX branching
ratio of∼ 20%) is achieved for a light jet rejection better than 100. The efficiency of the soft electron
identification is high, since two-thirds of theb-jets are tagged by the true electron. Work is ongoing to
prepare similar analyses with other Monte Carlo simulated samples with different topologies as well as
to prepare the measurement with real ATLAS data.
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b-Tagging Calibration with tt̄ Events

Abstract
This note describes various studies ofb-jet reconstruction andb-tagging in
simulated ATLAStt̄ events. The performance of several jet algorithms on
tt̄ eventb-jets is studied. Techniques for measuring theb-tagging efficiency
directly from datatt̄ events, using both tag counting and explicitb-jet selec-
tion, are described and compared. Finally, the optimisation of b-tagging fortt̄
events, using both Monte Carlo and data samples, is discussed. Both semilep-
tonic and dileptontt̄ decay channels are considered, for an initial integrated
luminosity of 100 pb−1.

1 Introduction

The identification ofb-jets is of crucial importance to many physics analyses at the LHC, including
top physics and the search for new particles including Higgsbosons. The performance ofb-tagging
algorithms will have to be understood using real data, as Monte Carlo will only give an approximate
description of the tracking and vertexing performance of the detector, at least initially. Light jet rejection
factors can be measured in inclusive jet samples (where the heavy flavour content is small), but pure
samples ofb-jets are required to measure theb-jet tagging efficiency. One solution, already widely used
at the Tevatron, exploits dijet events in which one of the jets isb-tagged using a soft lepton tag [1].

At the LHC, the largett̄ production cross-section offers an alternative source ofb-jets, in a distinctive
topology which is relatively easy to trigger on and isolate,providing at least one of theW -bosons from
the top decays leptonically. Providing the top quark is assumed to have Standard Model properties (in
particular that Br(t →Wb) = 1), eachtt̄ event has twob-jets, together with at least one high-ET lepton,
missing energy and additional high-ET jets from hadronically decayingW -bosons. The environment
(high jet multiplicity, high-ET b-jets) is also much closer to that whichb-tagging efficiency measurements
are typically needed than in dijet events.

The b-tagging efficiency can be extracted fromtt̄ events in two ways—either by counting events
with different numbers of tagged jets, or by reconstructingthe tt̄ decay topology in order to identify a
pure sample ofb-jets. Both techniques are explored in this note, which is organised as follows. Sec-
tion 2 briefly describes the Monte Carlo simulation samples and common event selection which is used
throughout, and Section 3 discusses reconstruction ofb-jets in tt̄ events, as an essential preliminary to
studies ofb-jet tagging. The counting andb-jet selection methods are discussed in Sections 4 and 5.
Finally, Section 6 discusses the possibilities for optimising b-tagging performance specifically fortt̄
events, using both Monte Carlo and data.

2 Datasets and event selection

All studies were performed using ATLAS Monte Carlo production samples as discussed in more detail
in [2] and [3]. Semileptonic and dileptonictt̄ decays were generated with MC@NLO with Herwig
hadronisation. AcerMC with Pythia hadronisation was used as an alternative. The background in the
semileptonic channel is dominated byW +multijet production, which was simulated with ALPGEN (in-
cludingW bb̄ andW cc̄), and single top production, simulated with AcerMC. In the dilepton channel (used
only for the counting methodb-tagging efficiency determination), additional backgrounds fromZ+jets
(simulated with ALPGEN) and diboson production (simulatedwith Herwig) are also important. Back-
ground coming from QCD multijet events has not been studied,as this background is difficult to simulate
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Electron channel Muon channel Dilepton channel
tt̄ (except all hadronic) 45232 45232 45232
Trigger 10430 12116 21417
Lepton ID 8350 (80.1 %) 11268(93.0 %)
Isolation 8063 (96.6 %) 9909 (87.9 %) Lepton pair selection 1549 (7.23 %)
MissingET > 20 GeV 6362 (78.9 %) 7834 (79.1 %) MissingET cut 1355 (87.5 %)
≥ 4 jetsET > 20 GeV 3651 (57.4 %) 4555 (58.1 %) ≥ 2 jetsET > 20 GeV 1160 (85.6 %)
≥ 4 jetsET > 30 GeV 2329 (63.8 %) 2927 (64.3 %) ≥ 2 jetsET > 30 GeV 1000 (86.2 %)
W mass window cut 1958 (84.1 %) 2487 (85.0 %) - -
top mass window cut 1378 (70.4 %) 1773 (71.3 %) - -

Table 1: Numbers of events fromtt̄ production expected with 100 pb−1 in the lepton+jets and dilepton
channels. The cut efficiency w.r.t. the previous line is shown in parenthesis. The fully hadronic decaytt̄
contribution is not included but is expected to be small. Contributions from non-tt̄ background are not
included.

and samples were not available. The normalisation of such background (if significant) will eventually
have to be extracted from data.

Systematic errors have been evaluated following the prescriptions discussed in detail in [2] and [4]
wherever possible. The sensitivity to incorrectb-tagging of non-b jets was assessed by doubling and
setting to zero the corresponding jet tagging efficiencies,separately for light quark and charm jets. The
jet energy scale was varied by±5%. The Monte Carlo event generation sensitivity was assessed by using
AcerMC instead of MC@NLO, including samples with modified ISR, FSR and parton shower cutoffQ2.
The backgrounds fromW+multijet events and single top production were independently doubled and set
to zero. In all cases, the effect of these variations was computed without adjusting parameters of the
analysis (e.g. acceptance factors and background estimates) to compensate for changes made to the input
Monte Carlo samples.

The analyses make use of isolated highET electrons and muons (withET > 20 GeV) and jets (with
ET > 20 GeV or higher depending on the particular analysis), selected according to standard ATLAS
object definitions and fiducial cuts [2]. In the semileptonicchannel, events are required to have exactly
one highET lepton, at least four jets and missing transverse energy of at least 20 GeV. In the dilepton
channel, two leptons of opposite charge and a missing transverse energy of at least 20 GeV are required;
in the e+e− and µ+µ− channels, theZ+jets background was further reduced by vetoing events with
dilepton mass between 81 and 101 GeV and by requiring a missing transverse energy of at least 35 GeV.
In both cases, at least one lepton in the event was required topass the ATLAS level-1, level-2 and event
filter triggers, using trigger signatures appropriate for the 20 GeV offline leptonET cuts. For electrons,
the signatures e25i and e60 were used (the e60 trigger improves the efficiency at high leptonET ), and for
muons, the signature mu20i was used. Further studies of the ATLAS trigger performance ontt̄ events
can be found in [5].

The resulting estimated event yields at various stages of the event selection are shown in Table 1 for
100 pb−1. Non-tt̄ backgrounds are not included. The individual analyses apply further specific selec-
tion cuts as discussed below. The effects of the tighter selections used only by the tag counting analysis
described in Section 4 are also shown in Table 1. The hadronicW mass window cut was applied by se-
lecting the pair of jets with invariant mass closest to theW mass and requiring this to be within±20 GeV
of the nominal value; a top mass cut was applied similarly by adding the jet giving a reconstructed top
mass closest to the nominal, and requiring it to be within±30 GeV of the top mass.

All studies were performed with the default ATLASb-tagging algorithm (IP3D+SV1), which uses
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a likelihood weightw constructed from the results of the IP3D impact parameter and SV1 secondary
vertex-based taggers [6]. This likelihood weight is large for b-jets and small for light andc-quark jets.
For jets from top decay withET > 20 GeV, a cutw > 4 gives ab-jet tagging efficiency of around 70 %
per jet and a light jet rejection of 50 while aw > 7 cut gives an efficiency of 60 % and a rejection of 200,
though these values are somewhat dependent on jetET andη . Detailed studies of the expectedb-tagging
performance can be found in [6] (e.g. in Table 1 therein). For the purposes of comparison,b-tagging
efficiency measurements have been done at reference efficiencies of 50, 60 and 70 %. Various other cut
values are used internally by the selections in the individual analysis methods. When considering Monte
Carlo truth information, jets have been labelledb, c and light using the standard ATLAS jet matching
and labelling procedures [6].

3 b jet reconstruction in tt̄ events

The choice of jet reconstruction algorithm is an important issue for top physics analysis in ATLAS, where
good resolution for the reconstruction of the original quark energy and direction is mandatory. These
questions are explored below, using various jet algorithmsand parameter choices. The analysis uses a
sample of 250k semileptonictt̄ events generated with MC@NLO and passed through the standard top
selection as discussed in Section 2. The choice of jet algorithm also affects theb-tagging performance,
as studied in detail elsewhere [6].

The standard reconstruction outputs jet collections made with the Cone (with∆R = 0.4 and∆R = 0.7)
andkT (with D = 0.4 andD = 0.6) jet algorithms, each based on either Precluster Projective Towers
(‘Tower’) or Topological Cell Clusters (‘Topo’) (see [7] for more information on jet reconstruction in
ATLAS). For this study, these standard jet reconstruction algorithms and parameter choices have been
complemented by additional Cone andkT jets with a larger variety of∆R andD parameters. To compare
all these jet algorithm and parameter choices in a controlled environment, re-reconstruction of jets was
performed at the AOD level, using ‘Topological Cell Clusters’ calibrated by ‘Local Hadron Calibration’
(see [8] and [9] for details about the different strategies used to exploit and calibrate calorimeter infor-
mation). All parameters except for theD parameter (kT ) or ∆R (Cone) were left unchanged with respect
to the standard jet algorithms.

It should be noted that these re-reconstructed jets do not contain the calorimeter energy corrections
applied in the standard calibration procedure described in[7] and [8]. Therefore a comparison of the
overall performance between the different jet algorithms with different parameters is valid, but no direct
comparison between corrected and non-corrected jets should be made.

3.1 Jet energy and angle resolution

Reconstructed jets are matched to quarks from thett̄ decay following the standard procedure [6]. The
results are shown in Fig. 1.

The top plots of Fig. 1 show the width of the distributions(Equark −E jet)/Equark (i.e. the energy
resolution) as a function ofEquark, for both kT and Cone. To calculate the width, a Gaussian is fitted
to the individual distributions. The distributions show the expected behaviour. The smallest width is
obtained for the jet sizes 0.4, 0.5 and 0.6, for both Cone andkT . However, the differences between the
different jet algorithms are small, so no strong conclusions can be drawn from them.

The two lower plots of Fig. 1 show an investigation of the angular resolution. The mean distance
between the initial quark and the resulting jet in∆R is plotted as function ofEquark for Cone andkT . The
expected behaviour is that for bigger jet sizes the deviations between the jet axis and the flight direction
of the initial quark should increase; this behaviour is observed in Fig. 1. It can also be seen that for larger
jets and higher quark energies, thekT jet algorithm performs better than Cone.
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Figure 1: Studies ofb-jet resolution: width of(Equark −E jet)/Equark and average of∆R(Quark,Jet) for
Cone andkT with different jet sizes.

The choice of the Cone algorithm with∆R = 0.4 that was driven by the need to reconstruct properly
W hadronic decays [10] has been found to be an appropriate choice for thett̄ signal. Background studies
that will be performed in the near future will complete the picture.

4 b-tagging efficiency measurement via tag counting

Conceptually, in the absence of background, the simplest way to determine theb-tagging efficiency in
tt̄ events is to count the number of events with different numbers of b-tagged jets; this allows both the
b-tagging efficiency and thett̄ production cross-section to be measured simultaneously. This method is
discussed in detail below, with an emphasis on theb- (andc-) tagging efficiency measurements. More
information ontt̄ cross-section measurement can be found elsewhere [4].

In the following analysis, the event selection has been slightly tightened from that used elsewhere, in
order to reduce the background. Jets are required to haveET > 30 GeV. In the lepton+jets channel, the
single top background is significantly reduced by applying acut on theW and top reconstructed masses,
as described in Section 2.

4.1 Method

Top pair-production events give rise to twob-jets in the final state. Assuming for pedagogical purposes
that every selected event contains twob-jets in the detector acceptance and that onlyb-jets can be tagged,
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then it is clear that the expected number of events with oneb-tagged jet is proportional toN2εb(1− εb)
while the expected number of events with twob-tagged jets is proportional toNε2

b , where:

• εb is theb-tagging efficiency, i.e. the probability to tag ab-jet

• N is the number of selectedtt̄ events prior to anyb-tagging requirement, which is proportional to
thett̄ production cross-section.

It can be seen that it is possible to estimate both theb-tagging efficiency and thett̄ production cross-
section from the observed number of events with one and twob-tagged jets.

In reality, c-jets and light jets (either from the hadronicW decay or from ISR/FSR) are present
and contribute to the number of tagged jets in the event. Moreover not allb-jets coming from the top
decays end up being selected, whilst a small number ofb-jets are produced through gluon radiation. To
take these effects into account, the event flavour content isestimated from Monte Carlo with a large
simulationtt̄ sample. The factorsFi jk are defined as the fractions of selected events (prior to anyb-
tagging requirement) withi b-jets, j c-jets, andk light jets (i, j,k = 0,1,2,3, ...). Theexpected number
of events withn tagged jets< Nn > can be written as the sum over all possible combinations ofi b-jets,
j c-jets, andk light jets, as a function ofb-, c-, and light jet tagging efficiency:

< Nn >= (L ·σtt̄ ·Apre−tag) ·∑
i, j,k

Fi jk ∑
i′+ j′+k′=n

Ai′
i ·ε i′

b ·(1−εb)i−i′ ·A j′
j ·ε j′

c ·(1−εc) j− j′ ·Ak′
k ·εk′

l ·(1−εl)k−k′

(1)
whereAi′

i is the number of arrangementsi!/(i′! ·(i− i′)!), the prime subscript corresponding to the number
of tagged jets of a given flavour;σtt̄ is the total production cross-section;Apre−tag is the acceptance for
tt̄ events prior to anyb-tagging requirement (including trigger efficiency, lepton reconstruction and ID
efficiency,etc.) andL is the integrated luminosity. The assumption that there is no correlation between
tags in a given event is discussed later and is treated as a systematic uncertainty.

Finally, the following likelihood can be written:

L = Π(Poisson(Nn,< Nn >))) (2)

whereNn is theobserved number of events withn tags. In practice only events with one, two, or three
tags in the lepton+jets channel and one or two tags in the dilepton channel are taken into account in
the likelihood. Events with no tag suffer from significant background, whilst there are few events with
more than three (two in the dilepton channel) tags. In the lepton+jets channel, bothb- andc-tagging
efficiencies are allowed to fluctuate in the fit together with thett̄ cross-section (hence three variables and
three constraints); the light jet tagging efficiency is fixedin the fit and must be measured elsewhere. In
the dilepton channel, thec-jet tagging efficiency is also fixed (hence two variables andtwo constraints).

Tables 2 and 3 show theFi jk values for the lepton+jets and dilepton channels, estimated from a sample
of 265k tt̄ events. It is interesting to note that the ‘nominal’ combination (two b-jets and two light jets
for the lepton+jets channel; twob-jets for the dilepton channel) represents only about one third of the
events, due to the presence of ISR/FSR light jets andc-jets fromW decays. The significant presence of
c-jets in the lepton+jets channels allows thec-jet tagging efficiency to also be measured.

Figures 2 and 3 show the expected yield of events in the lepton+jets and dilepton channels for an
integrated luminosity of 100 pb−1, as a function of the number of tagged jets. Ab-jet is considered
tagged if itsb-tagging weightw is greater than 7.

The method was applied to a sample oftt̄ events corresponding to about 400 pb−1 of data and
independent of those used to estimate the acceptance factors. Table 4 compares the measured efficiencies
and cross-section to their true value for three differentb-tagging purity levels. No bias is visible within
the available statistics. The small deviation for the cross-section measurement in the dilepton channel is
explained by the lack of statistics in the sample used to estimate theFi jk factors; this issue is discussed

5
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Number of light jets 1 2 3 4 any
2 b-jets, 1c-jet 15.9 % 10.6 % 3.00 % 0.85 % 30.5 %
2 b-jets, 0c-jet - 24.4 % 13.8 % 3.74 % 42.8 %
1 b-jet, 1c-jet - 6.46 % 2.38 % 0.74 % 9.75 %
1 b-jet, 0c-jet - - 7.60 % 3.21 % 11.6 %
0 b-jet, 1c-jet - - 0.38 % 0.11 % 0.49 %
0 b-jet, 0c-jet - - - 0.46 % 0.65 %

Table 2: Fractions of selected events with a certain number of b, c and light jets in the lepton+jets channel
for the counting method. Only the dominant contributions are shown.

Number of light jets 0 1 2 3 any
2 b-jets, 1c-jet 1.02 % 0.73 % 0.27 % <0.1 % 2.08 %
2 b-jets, 0c-jet 35.2 % 20.9 % 6.64 % 1.39 % 64.3 %
1 b-jet, 1c-jet 1.68 % 1.08 % 0.46 % 0.22 % 3.54 %
1 b-jet, 0c-jet - 18.9 % 6.26 % 1.66 % 27.2 %
0 b-jet, 1c-jet - 0.29 % 0.11 % <0.1 % 0.40 %
0 b-jet, 0c-jet - - 1.11 % 0.31 % 1.50 %

Table 3: Fractions of selected events with a certain number of b, c and light jets in the dilepton channel
for the counting method. Only the dominant contributions are shown.

later together with other systematic uncertainties. With 100 pb−1, a statistical precision of 2.7% (4.2%)
can be achieved on theb-tagging efficiency, and 2.4% (4.8%) on thett̄ cross-section, respectively in
the lepton+jets channel and dilepton channel. In the lepton+jets channel, the statistical uncertainty on
thec-tagging efficiency is rather large, because this measurement is mostly determined by the number of
events with three tagged jets.

4.2 Backgrounds

In the lepton+jets channel, the main backgrounds areW +jets and single top. Other sources of background
areZ+jets (where one lepton fails to be identified),WW /W Z/ZZ+jets, and QCD processes (which has

εb (%) εc (%) σtt̄ (pb)
true meas. true meas.

w > 4 72.1 71.7±0.7 22.3 21.9±1.5 841±9
Lepton+jets w > 7 60.4 59.8±0.8 12.8 13.8±1.3 844±10

w > 10 48.1 47.4±0.9 6.7 8.2±1.4 832±13
w > 4 72.9 72.9±1.0 - - 882±17

Dilepton w > 7 61.1 60.5±1.2 - - 883±19
w > 10 48.4 47.9±1.3 - - 883±25

Table 4: Counting method: tagging effciencies and cross-section measured on a control sample and
compared to their true value for three levels ofb-tagging purity, for the lepton+jets and dilepton channels.
The tt̄ production cross-section was assumed to be 833 pb. The uncertainties are statistical only and
correspond to about 400 pb−1 of data.
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Figure 2: Yield expected for an integrated luminosity of 100pb−1 in the lepton+jets channel as a func-
tion of the number of tagged jets. The expected background from W /Z+jets, single top, and diboson
production is also shown.
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Figure 3: Yield expected for an integrated luminosity of 100pb−1 in the dilepton+jets channels (left:
ee/µµ ; right: eµ) as a function of the number of tagged jets. The expected background fromZ+jets and
single top is also shown.

not been studied, as discussed in Section 2). Figure 2 shows the total background due toW /Z+jets, single
top, and diboson+jets production and Fig. 4 (left) shows theexpected signal over background ratio as a
function of the number of tagged jets. Events with one, or more than one, tagged jets have good purity,
with signal over background ratios of 14.4 and 26.8 respectively, but the background does need to be
taken into account. The estimated background is subtractedfrom each sub-sample.

In the dilepton+jets channel, the main source of backgroundis Z+jets production (but in theeµ
channel, onlyZ → ττ → eµνν is significant).WW /W Z/ZZ+jets and single top also contribute. Figure 3
shows the total background due toZ+jets and diboson+jets production. The purity of the dilepton+jets
sample (especially of theeµ channel) is good enough for the background estimate not to bean issue.
Figure 4 shows that the expected signal over background ratio for events with exactly one tagged jet
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Channel Lepton+Jets Dilepton
Source εb εc σtt̄ εb σtt̄

Light & τ jets < 0.1 18 < 0.1 0.7 0.3
c-jets - - - 0.8 0.8
b-jet labelling 1.4 12 0.1 1.4 0.1
tag correlation < 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Jet energy scale 0.9 2.9 +6.8

−9.9 0.5 +1.3
−3

b-jet energy scale < 0.1 1.5 0.8 0.2 < 0.1
(MC statistics 0.5 7 0.5 3 3)
Background 1.2 3.5 4.8 0.3 0.4
AcerMC vs MC@NLO < 0.1 9 (4.9) 2 6
ISR/FSR 2.7 12.5 8.9 2 (4)
top quark mass 0.3 - 2.2 0.5 2
Luminosity - - 5 - 5
Lepton ID/trigger/pdf’s - - 2.8 - 2.8
Total 3.4 27 +12.4

−14.4±2.8±5 3.5 +6.6
−7.2±2.8±5

Statistical (100 pb−1) 2.7 18 2.4 4.2 4.8

Table 5: Relative systematic and statistical uncertainties (in percent) for the lepton+jets channel for a
b-tagging efficiency ofεtrue = 0.6 and jetET > 30 GeV.

is 80 in theee andµµ channels and 175 in theeµ channel; the background is completely negligible for
events with two or more tagged jets. It is remarkable that theeµ 0-tagged jet sub-sample is also quite
pure and could be used in the fit to improve its statistical power, provided a reliable background estimate
is available.
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Figure 4: Signal over background ratio vs the number of tagged jets in the lepton+jets channel (left) and
in the dileptonee/µµ andeµ dilepton+jets channels (right).

4.3 Systematic uncertainties

Table 5 summarizes the resulting systematic uncertaintiesfor the counting method in the lepton+jets and
the dilepton channels. Some effects specific to this method are discussed in detail below.

The acceptance factorsFi jk depend upon the definition of jet flavour, which is arbitrary to some ex-
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tent. By default, reconstructed jets are matched to the closest heavy quark (after FSR) in∆R =
√

η2 + φ2;
the jet is attributed the quark flavour if∆R < 0.3 (in case of ambiguity,b quarks have priority overc
quarks). Jets that are not associated to anyb or c quark are considered light jets. Another possibility is
to match jets with hadrons, following the same procedure. Itwas checked that the choice of matching
hadrons or quarks has a negligible effect on the definition ofjet flavour. To assess the systematic uncer-
tainty, the cut was shifted from 0.2 to 0.5 (nominal cut: 0.3)and theFi jk factors were re-estimated for
each value. The shift observed on the same pseudo-experiments was taken as systematic effect.

The counting method assumes that there is no correlation betweenb-tags within an event, while
some detector effects or the reconstructed primary vertex might induce such a correlation. To check
this assumption, events with two reconstructedb-jets in the detector acceptance were selected. The
covariance between the tagging of the twob-jets is:

cov(tag1, tag2) =
N2b−tags

N
− ε2

b

(whereN2b−tags is the number of events with two taggedb-jets,N is the total number of events, andεb is
the trueb-tagging efficiency). It was found thatcov(tag1, tag2) = (8.8±27) ·10−4, which is consistent
with 0; the statistical uncertainty corresponds to a bias onthe measured efficiency of 0.2 %, which is
conservatively taken as systematic uncertainty.

Backgrounds are subtracted in each sub-sample and a 100% uncertainty is assumed. In the lep-
ton+jets sample, for 100 pb−1, 106 events fromW /Z+jets are expected to populate the lepton+jets 1-tag
sub-sample and 34.6 the 2-tag sub-sample. In the dilepton channel, 4.4 events with one tagged jet are
expected for all three channels (mostly in theee andµµ channels), resulting in a small uncertainty.

A 5% uncertainty on the jet energy scale, a 1% additional uncertainty on theb-jet energy scale, and
a 2 GeV uncertainty on the top mass, are also taken into account.

The statistical uncertainty on theFi jk factors was estimated by comparing the results given by two
different training samples. It is not negligible in the dilepton+jets channel (3 %). However it could easily
be reduced by employing a largertt̄ sample (1M events would suffice); thus it was not included in the
total uncertainty.

The cross-section measurement is very sensitive to the jet multiplicity, which is driven mostly by
ISR and FSR. This uncertainty appears also in the comparisonof the two MC generators since the
hadronisation models (Herwig in one case, Pythia in the other) need to be tuned in data and display
important differences. In order to avoid to count twice the uncertainty on jet multiplicity, only the largest
of the two estimates (ISR/FSR and MC generators) was considered in the total systematic uncertainty.

Systematic uncertainties onσtt̄ that are not specific to this analysis are discussed elsewhere [4].
Uncertainties relative to integrated luminosity and eventselection prior tob-tagging (namely, lepton
identification efficiency, trigger efficiency and pdf’s) amount to 5 % and 2.8 %, respectively.

4.4 Tag counting results

With 100 pb−1 of data, the counting method allows theb-tagging efficiency at a working point ofεtrue =
0.6 to be measured with a relative precision of±2.7(stat.)±3.4(syst.) % in the lepton+jets channel, and
±4.2(stat.)±3.5(syst.) % in the dilepton channel. A better understanding of ISR/FSR could significantly
reduce the systematic uncertainty.

The uncertainty on thett̄ production cross-section is somewhat larger in both channels, with
±2.4(stat.)+12.7

−14.7(syst.)±5(lum.) % in the lepton+jets channel, and±4.8(stat.)+7.2
−7.7(syst.)±5(lum.) % in the

dilepton channel, mostly because of the uncertainties on the jet multiplicity (ISR/FSR), jet energy scale,
and background estimate, uncertainties that can be improved in the long term and have been assessed
conservatively here.
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The lepton+jets channel also allows thec-tagging efficiency to be measured. Unfortunately it is very
sensitive to light jet contamination, and the uncertainty on light jet rejection and jet multiplicity makes
any precision measurement impossible. Isolating a purerc-jet sample through some kinematic selection
might help but has not been attempted here.

5 Selectingb jet samples in data

Going beyond theb-tagging efficiency measurement from the counting method discussed above, the
kinematics and topology of semileptonictt̄ events also allow pure samples ofb-jets to be identified
directly. Providing this selection is done without biasingany properties of the selectedb-jets, they can
then be used to measure theb-tagging efficiency, simply by studying the distribution ofthe tagging
discriminant variable(s) in the selected jets. With enoughstatistics, this technique should also allow the
measurement of the tagging efficiency as a function of other variables (e.g. jetET andη).

Obtaining a pure sample of identifiedb-jets requires full reconstruction of thett̄ decay chain, as-
signing four jets in the event to the twob-jets coming directly from thet → Wb decays and the jets
from hadronicW → qq decay. For any given event, many different assignments are possible, especially
when spectator jets (not from thett̄ decay) are also present. The correct combination can be determined
by making use of kinematic information, including the reconstruction of the hadronic and leptonic top
masses for each considered combination, and the classification can be further improved by requiring a
b-tag forone of the jets assigned to thet →W b decay, providing the other presumedb-jet is left unbiased.

Three similar techniques have been explored for making thisjet identification, all of which consider
each combinatorial jet assignment and try to determine which one is correct:

• A ‘topological’ selection based on the reconstructed masses for each combination.

• A ‘likelihood’ selection, exploiting reconstructed top mass, jet momentum and angular informa-
tion.

• A ‘kinematic’ selection based on applying a kinematic fit to each combination and choosing the
one with the bestχ2 value.

All of these methods start from the selection of semileptonic tt̄ events discussed in Section 2,i.e. events
with a high-ET lepton, significant missing energy and at least four jets. None of the methods result
in a sample which is 100 % pure inb-flavoured jets, so background subtraction techniques are needed
to derive pure samples on a statistical basis. The three methods, their associated background subtrac-
tion techniques, and their application to the measurement of the b-tagging efficiency for the standard
IP3D+SV1 tagger, are discussed in Sections 5.1, 5.2 and 5.3 below. Comparisons of their performance
in terms ofb-jet sample selection andb-tagging efficiency measurement are then given in Sections 5.4
and 5.5.

5.1 Topological selection

The topological selection ofb-jets from the basic sample has two stages: reconstruction of tt̄ pairs,
followed by fitting the top mass distributions to extract theb-jet sample and estimate the remaining back-
ground. To improve the purity, an explicitb-tag is required on the jet from the hadronic top decay, whilst
theb-jet from the leptonic top is left unbiased, and is used to form the sample ofb-jets for measuring the
tagging efficiency.

An attempt is made to reconstruct both hadronic and leptonictop decays in each event. First, the
invariant mass of every pair of jets is calculated to look forcombinations consistent with coming from
the decayW → j j. Combinations satisfying 60< m j j < 100 GeV are retained, and combined with a third

10

b-TAGGING – b-TAGGING CALIBRATION WITH tt̄ EVENTS

117

513



jet to form a candidatet → bW → b j j decay. One jet from the W decay and the candidateb-jet must
have jetET > 40 GeV, and the secondW decay jet must haveET > 20GeV. To reduce background, this
candidateb-jet is required to have ab-tagging weight ofw > 3, corresponding to an efficiency of about
74 % for genuineb-jets from top decay. Additionally, the twoW jets are both required to haveb-tagging
weights ofw < 3, to reduce the probability that theb-jet from the top decay is included in theW . No
mass requirements are placed on the hadronic top candidate at this stage.

A leptonic top is then reconstructed from one of the other jets and a reconstructed leptonicW decay.
The leptonicW is formed from the identified lepton and a neutrino, whose transverse momentum (px, py)
is taken to be equal to the missing transverse momentum vector of the event. The longitudinal momentum
of the neutrino is inferred using the constraint of the knownW mass, which leads to a quadratic equation
for pz which has either two or no solutions. In the case of two solutions, the one with the smallerpz is
chosen. If there is no solution, the measured missingET is scaled down, preserving its direction, until
a solution is possible. The reconstructedW is then combined with another jet which was not used in
making the hadronicW , which is assumed to be theb-jet from the leptonic top decay. This jet is required
to haveET > 20 GeV. No requirements are placed on theb-tagging weight for this jet, which is instead
enhanced inb-flavour due to the topological reconstruction of thett̄ event.

This procedure is performed for all possible combinations of jets in each event. In an event with four
jets, several assignments of jets to the hadronic topb-jet, leptonic topb-jet and W decay jets are possible,
constrained by the requirements made on theb-tagging weights for the jets assigned to the hadronic
top decay. In events with more than four jets, some jets will be left unassigned, and are assumed to
be spectator jets from initial or final state radiation or theunderlying event. As the number of jets in
the event increases, the number of combinations satisfyingall the requirements increases very rapidly,
from typically one or two combinations in events with four jets to an average of nine combinations for
events with six or more jets. The combination with the largest scalar sum of thepT of the two tops is
retained for further analysis. In 100 pb−1 of fully-simulatedtt̄ events plusW+jets background, 3028
events are selected, of which 80 % are semileptonictt̄ events witht → beν or bµν , with the background
being dominated bytt̄ with b→ bτν (11 %) andW+jets (6 %), together with smaller contributions from
dilepton and single top events.

5.1.1 Mass fitting

After all these selections, only one assignment of jets and leptons to the hadronic and leptonic top de-
cays remains. The resulting distributions of reconstructed hadronic and leptonic top masses are shown
in Fig. 5. Clear top mass peaks are seen in both distributions, though with significant combinatorial
background and a small contribution fromW+jet and single top background events. Contributions from
non-tt̄ events (denoted class 1), events where both tops are incorrectly reconstructed (class 2), events
where one top (hadronic or leptonic) is correctly reconstructed and the other is not (classes 3 and 4), and
events where both tops are correctly reconstructed (class 5) are shown separately. For these purposes, a
top decay is considered correctly reconstructed if the associatedb-jet is actually labelled as ab-jet by the
Monte Carlo truth analysis, and the direction of the reconstructed top decay is within∆R of 0.5 (2.0) for
the hadronically (leptonically) decaying top. The hadronic top mass distribution in Fig. 5 shows peaks
for classes 3 and 5, and the leptonic top mass shows peaks for classes 4 and 5, though with a consider-
ably worse mass resolution. Both distributions also show some ‘peaking’ structure in the combinatorial
backgrounds.

The analysis aims to extract a pure sample ofb-jets from the reconstructed leptonic top decay. The
leptonic top is chosen since it does not suffer from combinatorial background within the top decay
itself—by contrast, in the hadronic top decay with three jets combined to give the top mass, a mis-
assignment of jets toW decay andb will give the same top mass, with only the reconstructed hadronic
W mass changing. Since the resolution on the latter quantity is relatively poor, many reconstructedb j
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Figure 5: Reconstructed hadronic (left) and leptonic (right) top masses for the selected jet combi-
nation, showing the contributions from correctly reconstructedtt̄ events, combinatorial and non-tt̄
background, normalised to 100 pb−1. The numbers refer to the classes discussed in the text.

combinations are compatible with theW mass, and theW mass requirement gives little discrimination.
In the leptonic top decay, theW has no decay jets, and this problem does not arise.

The resolution on the reconstructed leptonic top mass is poor, and there is a large combinato-
rial background. This is reduced by first requiring that the hadronic top mass is in the signal region
(140< mjjj < 190 GeV), and then dividing the sample into five sub-samples according to the recon-
structedET of the leptonic topb-jet, as the level of background depends strongly on this jetenergy. The
resulting leptonic top mass distributions can be seen in Fig. 6, where it can be seen that the top signal
is significantly enhanced, especially for high leptonic topjet ET . Events from classes 4 and 5 have cor-
rectly reconstructed leptonic tops, where the leptonic topjet is pureb flavour, whilst the other events are
combinatorial background, with a mixture of jet flavours (they can includeb-jets from the hadronic top,
and jets which are not unambiguously from a single parton, containing some particles from the decay of
B hadrons).

In order to correct for this background of event classes 1–3 under the leptonic top mass peak, both its
size and flavour composition must be determined. This is doneon a statistical basis using the sideband
region with highmbℓν to normalise the background contribution, and a control sample to determine the
shape of its mass distribution. The control sample is generated from events where the reconstructed
hadronic top mass satisfies 200< mjjj < 400GeV, and where the leptonic topb-jet satisfies a cut on the
b-tagging weight ofw < 4. These samples are dominated by events in classes 2 and 3, and provide a
reasonable model of the background shapes in the signal sample.

The amount of background under the signal is then extracted using a simultaneous fit to both signal
and control sample leptonic top mass distributions. The control sample is described using a fit function
Fb(mbℓν) given by:

Fb(mbℓν) = E((mbℓν − c0)/400) , (3)

12

b-TAGGING – b-TAGGING CALIBRATION WITH tt̄ EVENTS

119

515



 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25
<40 GeV

T
20<E
5. both tops correct
4. hadronic top b/g
3. leptonic top b/g
2. both tops b/g
1. non tt background

ATLAS

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25

30

35

40

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25

30

35

40

<80 GeV
T

40<E

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25

30

35

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

5

10

15

20

25

30

35

<120 GeV
T

80<E

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

2
4

6
8

10

12
14

16
18

20

22

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

2
4

6
8

10

12
14

16
18

20

22

<160 GeV
T

120<E

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

2

4

6

8

10

12

 (GeV)bνlm
100 150 200 250 300 350 400

ev
en

ts
 / 

8 
G

eV

0

2

4

6

8

10

12

T
160 GeV<E

Figure 6: Reconstructed leptonic top mass distributions for different regions of the leptonic top
b-jet ET , with hadronic top mass in the range 140< mjjj < 190 GeV. The points with error bars
show all events, with background contributions indicated by the hatched histograms. The error
bars show the full Monte Carlo statistics (948 pb−1) whilst the event counts indicate the number
of events expected for 100 pb−1. The lines show fits to the signal and estimated background, and
are discussed further in the text.
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whereE(x) is given by:

E(x) =
{

c1xc2 exp(−c3x) if x > 0
0 if x < 0

. (4)

The signal is described by a fit functionFs(mbℓν) consisting of a scaled background function plus a
Gaussian representing the signal, given by:

Fs(mbℓν) = c4Fb(mbℓν)+ c5G((mbℓν − c6)/c7) . (5)

The parameterc4 represents the ratio of class 1–3 background contributionsin signal to control samples,
andc5 the amount of top signal with fitted meanc6 and RMS widthc7. All eight parameters are extracted
in a simultaneousχ2 fit to the signal and control sample mass distributions, thusdetermining the shape of
the background under the signal peak from the control sample, and the normalisation of the background
from the sideband of the signal distribution at highmbℓν . Separate fits are performed in each leptonic
top jet ET bin, and the results are shown in Fig. 6. The fits are performedover the mass rangeb1 and
b2, whereb1 is set to 90, 90, 110, 120, and 130 GeV for the 20–40, 40–80, 80–120, 120–160 and 160-
200 GeV jetET bins, reflecting the differing kinematic cut-off in each jetmass bin.

5.1.2 Background subtraction

The sample of leptonic topb-jets is divided using the reconstructed leptonic top mass into a signal region
defined bys1 < mbℓν < s2 wheres1 = c6−2c7 ands2 = c6 +2c7 (i.e. mbℓν within ±2σ of the fitted top
mass peak position) and a sideband region withmbℓν outside this range. The distribution of theb-tagging
weight in the signal region contains contributions both from pureb-jets (events of classes 4 and 5), and
from the mixture of flavours forming the combinatorial background under the signal peak. This latter
mixture is well described by the jets in the sideband region,so its effect is corrected for by subtracting
theb-tagging weight distribution in the sideband region, scaled according to the expected normalisation
derived from the mass fit discussed in Section 5.1.1. The scale factorS is given by:

S =

∫ s2
s1

Fb(mbℓν)dmbℓν
∫ s1

b1
Fb(mbℓν)dmbℓν +

∫ b2
s2

Fb(mbℓν)dmbℓν
(6)

and varies between around 4 for the 40-80 GeV bin to 0.3 for the160-200 GeV bin. Once this scaled
background has been subtracted, the resultingb-tagging weight distribution in the signal region is sta-
tistically compatible with that expected from pureb-jets. The uncertainty on the amount of background
to subtract in each bin of theb-tagging weight distribution has two components: the uncertainty on the
number of background events in each bin in the sideband distribution, scaled byS, and the uncertainty
on S itself, which is correlated across all bins. The latter is calculated using equation 6 together with the
full correlation matrix for the parametersc0 to c6 which are used in the background functionFb(mbℓν).

In order to check that this selection does not introduce a bias, theb-tagging weight distribution of
true b-jets in the selected signal region was checked, and found tobe compatible with that of allb-jets
within theη andET acceptance. Hence this selected sample ofb-jets can be safely used to measure the
b-tagging efficiency.

5.1.3 Topological selection results

The results of applying this analysis procedure to full simulation events (including background) are
shown as the ‘Topological’ entries in Table 6 in Section 5.4.For each leptonic top jetET bin, the number
of jets selected in the windows1 < mbℓν < s2, the number remaining after subtracting the scaled sideband
background, and the purity of the selected sample are given,together with the background-subtracted
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sampleb-flavour purity, i.e. the fraction of the background-subtracted sample which is made up ofb-
flavour jets according to the Monte Carlo truth information.It can be seen that in all cases the flavour
purity is compatible with unity within errors, showing thatthe background subtraction procedure is
working well and producing a statistically pure sample ofb-jets. Table 6 also shows the results integrated
from 40-200 GeV. The sample size and purity in the 20–40 GeV jet ET bin is not sufficient to make a
sensible measurement of theb-tagging efficiency, and this bin is not considered in what follows.

Using thisb-jet selection, theb-tagging efficiency corresponding to any cut on theb-tagging weight
can be obtained by integration of theb-tagging weight distribution,i.e. calculating the fraction of the
background-subtracted weight distribution above the cut value. This efficiency is shown as a function of
b-tagging weight cut for eachb-jet ET bin in Fig. 7 as the points with error bars. The solid histogram
shows the same distribution for an unbiased sample of pureb-jets intt̄ events without any event selection,
derived using Monte Carlo truth information. If the method is correct, the two distributions should agree
within errors. The statistical errors on the measuredb-tagging efficiency (which are highly correlated
between bins) have two components: the binomial errors due to the fluctuations in numbers of events
passing the cut for signal and background, and the uncertainty due to the background subtraction scale
factorS. Figure 7 also shows the differenceδ = εmeas− εtrue between the estimated and true efficiency,
which should be compatible with zero if the method is workingwell. This is seen to be the case except
for very highb-tagging efficiencies in the two highest jetET bins, where the statistics are limited. The
combined efficiency curve forb-jet ET > 40 GeV is shown in Fig. 8(a). These results are derived by
weighting the individualb-tagging efficiencies measured in each energy bin by theb-jetsET distribution
in tt̄ events.

The method has been validated using ensemble tests based on sets of Monte Carlo subsamples of
various integrated luminosities, derived from a sample of 1793 pb−1. Studies of the distributions of fit
results, estimated uncertainties and pulls show that the uncertainty on theb-tagging efficiency returned
from the fit underestimates the true uncertainty by about 20 %. They also show that the fit shows sig-
nificant biases and does not always converge correctly for samples of 100 pb−1. With 200 pb−1 of data,
the fit results are unbiased and the fit converges in 98 % of the test samples; hence this is considered the
minimum amount of data for which this technique can be used.

Figure 8(b) shows the absolute uncertainty returned by the tagging measurement as a function of the
efficiency itself, scaled to an integrated luminosity of 200pb−1. At εtrue = 0.6, the statistical error is
about 0.038, corresponding to a relative error ofσεtrue/εtrue =6.4 %.

Systematic uncertainties have been evaluated as discussedin Section 4.3, with the exception that no
uncertainties were evaluated forb-jet labelling, Monte Carlo statistics and the top quark mass, which are
not relevant for this analysis. The systematic errors are summarised in Table 7.

5.2 Likelihood-based selection

The likelihood selection uses templates based on event and jet kinematic variables to determine the best
assignment of jets tott̄ decay products within an event. These same likelihoods are also used to select
events for which the jet assignments are most likely to be correct.

Templates are constructed using several kinematic variables to provide discrimination between ‘cor-
rect’ and ‘incorrect’ permutations. To maximize discrimination, templates are constructed separately for
each jet multiplicity. All possible permutations of assignments of jets to final-state quarks are considered,
and, for each permutation within each event, the leptonic and hadronic top quark and hadronicW boson
are reconstructed, using the reconstructed momenta. The permutation is labelled ‘correct’ if the jets used
to reconstruct the particle (t, W , b-quark, or light quark fromW decay) are correctly matched to the
quarks arising from the hard-scatter vertex. To limit the number of jet-parton assignment combinations,
events with more than six jets are rejected.
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Figure 7: b-tagging efficiencyvs. weight cut for differentb-jet ET ranges, as measured by the
topologicalb-jet analysis (upper points with error bars, statistics of full simulation sample), and
compared to the true efficiency from unbiasedb-jets (histogram). The difference between the two
is shown as the lower points with error bars.
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Figure 8: (a)b-tagging efficiencyvs. cut onb-tagging weightw, as measured from the topological
b-jet selection (points with error bars), and derived from Monte Carlo truth information in allb-
jets intt̄ events (histogram), for 948 pb−1 of simulatedtt̄ plus background events; (b) Estimated
statistical uncertainty on the measuredb-tagging efficiency as a function of tagging efficiency, for
200 pb−1.

The 18 variables used in the likelihood are described below.The two templates based on the hadronic
t-quark are shown in Fig. 9.

1-4. hadronicW boson and top quark pT and mass. The two light quark four-momenta are added to-
gether to obtain the hadronicW boson four-momentum. Theb-quark four-momentum is then
added to obtain the hadronic top quark momentum.

5-6. leptonic top quark pT and mass. The transverse momentum of the neutrino is taken to be the neg-
ative of the total transverse momentum of the event. Thez-component of the neutrino momentum
is unknown, so is determined by assuming the mass of theW boson (80.403 GeV) and solving
the resulting quadratic equation. Since there are two solutions, the smaller solution is chosen. If
the root is imaginary, the real part is used. The energy of theneutrino is taken from the neutrino
momentum assuming the neutrino is massless. The leptonic top quark four-momentum is then
determined from the lepton, neutrino and associatedb-quark jet.

7-18. hadronic and leptonicb-jets and 2 jets fromW -decay: rank, ET , and ∆φ(bhad , lep). For each of
the four jets assigned to the hadronicW quarks and the twob-quark, kinematic variables are used
to construct additional templates. The jets are ranked byET , with rank one denoting the jet with
the highestET . This jet rank, along with jetET and the separation inφ between the jet and the
lepton (∆φ(jet,lep)) are used as additional templates.
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Figure 9: Templates for the likelihood-based selection, using (a) hadronict-quark mass and (b) hadronic
t-quarkpT .

5.2.1 Event selection

Theb-purity of the basic sample selected as discussed in Section2 is enhanced by requiring one jet to
be b-tagged, with an IP3D+SV1 weightw > 6. Then a discriminant valueD is calculated for each jet
combination in the event using the templates, which are taken to be likelihood distribution functions for
each variable. The ‘correct combination’ templates are used to get the ‘s’ values for theith variable, and
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Figure 10: Discrimination between correct and incorrect permutations, best permutation chosen for each
event, for entire range ofD , and forD ≥ 0.985. Events are chosen which have at least 1b-tagged jet.

the ‘incorrect combination’ templates are used to get the ‘b’ values. They are combined according to:

D = ∏i(si/bi)
1+ ∏(si/bi)

. (7)

In each event, the combination with the largest value ofD is retained. The resulting distributions are
shown in Fig. 10, normalised to 100 pb−1. The contributions from the correct combination, incorrect
combinations and non-tt̄ events are shown separately. As can be seen from the right-hand plot, very
high discriminant values are required to select a sample with high purity.

The b-jet purity is shownvs. the number of selected events in Fig. 11, for several ranges of jet
ET . Higher purity samples can be obtained by tightening the cuton D , but at the expense of selection
efficiency. A cut ofD > 0.985 was chosen for these studies assuming 100 pb−1 samples, which could be
raised to improve the purity once the data sample size allows.

5.2.2 Background subtraction

Assuming the cuts used to discriminate between correct and incorrect jet-parton assignments reduce the
background from non-tt̄ events to a negligible level, the primary background to be considered arises
from jets incorrectly assigned tob-quarks. These jets can be from light,c, or s-quarks fromW decay, and
from ISR/FSR jets. To estimate the effect of the background on theb-tagging efficiencies, it is necessary
to determine the tagging rate of jets in background events, as well as the fraction of signal (and hence
background) events in the data sample. Using Monte Carlo truth information to determine the true flavour
of the jet assigned to the leptonic top decay (and assumed to be ab-jet), signal (S) and background (B)
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Figure 11: Likelihood selection:b-jet purity vs. number of selected events (discriminant cutvalue
ranging from 0.975 to 1) for eachb-jet ET bin.

templates are formed, binned by discriminant value. Using these templates, a likelihood is constructed
to find the fractionfsgn of signal events. The likelihood formed from data (D) and templates is:

lnL ( fsgn) =
#bins

∑
i
−Di ln( fsgnSi +(1− fsgn)Bi) , (8)

whereDi is the number of data events in theith bin, andSi andBi are the values of theith bins of signal and
background templates. The associated backgroundb-tagging efficiencies are determined using events
passing a looser discriminant cut (D > 0.9), since the tag rate for jets in the background do not depend
strongly on the value of this cut. These are shown for severalranges of jetET in Fig. 12. The average of
theb-tagging efficiencies of non-b-jets over all jetET bins is used, givingεbkgd

btag = 0.021±0.004. Once
theb-tagging efficiencies for background events andfsgn are obtained, the following equation is used to

solve forεb-jets
btag :

εb-jets
btag =

1
fsgn

(
εall jets

btag − (1− fsgn)εbkgd
btag

)
(9)

5.2.3 Results forb-tagging efficiency measurement

Theb-tagging efficiencies are determined for events binned inb-jet ET , with bin sizes chosen to match
the kinematic and topological methods. To simulate the 100 pb−1 sample, histograms have been scaled
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Figure 12: b-tagging efficiencies for signal (b-jets), and tag rate for light andc-jets (background) for
events passing a discriminant cut of 0.9. Each plot was done for a different range of jetET .

to the number of events expected in the sample. The sample purities are shown for theET -binned sample
in Table 6 for comparison with the other methods, and theb-tagging efficiencies are shown in Fig. 13.
The average ofb-tagging efficiencies for jetET > 40 GeV is 0.674± 0.086, consistent with the actual
value of 0.658.

Ensemble testing was done using 100 pseudo-experiments, verifying the same central value and error.
The pull distribution of the 100 pseudo-experiments has a width of 0.60 standard deviations, so the error
(0.086) is scaled by 0.60 to get an expected statistical error 0.05 for the 100 pb−1 sample. The low pull
width arises because, for some pseudo-experiments in the ensemble, likelihood fits of signal fractions
are close to 0 or 1. Failing to determine asymmetric errors properly for these pseudo-experiments results
in an overestimation of the error.

Systematic uncertainties are determined for the effects discussed in Section 4.3, using the full avail-
able MC statistics for all except the effect of background events in the sample. Ensemble testing was
used to evaluate this error, using double the expected number of events and no background events. In
general, the systematic errors are large for the cuts chosenfor the 100 pb−1 sample. These are expected to
improve once data samples are available and the discriminants are optimised, especially once the sample
size allows tighter jetET and discriminant cuts to be used in order to reduce the background from non-tt̄
and wrong combinations.

5.3 Kinematic selection

This section describes the selection of a high purityb-jet sample through the use of a kinematic fit and
cuts based on the resulting fitχ2. Other selection criteria, including the use of ab-tag on the hadronic top
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Figure 13: Likelihood method: simulation ofb-tagging efficiencies vs.ET for a 100 pb−1 sample
using the best permutation for events selected with a discriminant cut. The solid line shows the
true b-tagging efficiencies from the full MC sample using truth information. (b-tag weight=6.0,
discriminant cut 0.985)

b-jet are also used to enhance the purity. As with the other methods described above, it is difficult to get
high purity whilst maintaining sufficient statistics, and adata-based background subtraction procedure is
employed to derive an effective pureb-jet sample.

5.3.1 Kinematic fit and performance

The analysis uses the kinematic fit HITFIT [11], originally developed at DØ. AW mass constraint is
included and the two reconstructed tops are constrained to have the same mass. The top mass can also be
constrained. For this study the mean top mass obtained with the unconstrained fit (172 GeV) was used
as a constraint in subsequent fits. The mean top mass obtainedfrom the fit was 172 GeV. Both neutrino
solutions are considered and the one with the lowerχ2 is used. The fit requires calibrations of the jet
energy to the parton energy and resolutions of the jets and leptons, which were determined by comparing
reconstructed quantities with the Monte Carlo truth information.

Only the four largestET jets in the event were used in the kinematic fit, giving rise to12 permutations
which were each fitted. The correct combination is not alwaysin the four leading jets. In 49 % of
the events passing the basic semileptonic event selection discussed in Section 2, the four jets from the
tt̄ system are reconstructed and pass the jet selection cuts. Out of the events where all four jets are
reconstructed 44 % contain the ttbar jets in the four leadingjets, rising to 92 % of events if the first six
jets are used. However, this leads to a large increase in combinatorial background and was not considered
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Figure 14: Kinematic selection: Distribution of theχ2 for the permutation with the minimumχ2 showing
contributions of the signal and backgrounds with standard selection cuts (left plot), and with additional
requirements according to selectionS3 described in the text (right plot).

From the four leading jets, the permutation with the lowestχ2 was chosen, and events where this
χ2 was below a particular cut value were retained. If the four leading jets are four jets from thett̄
system, then the correct permutation is the one with the lowest χ2 in 58 % of the cases. Figure 14 (left)
shows theχ2 distribution for the selected combination, including the contributions from correct and
wrong combinations intt̄ events, and fromW+jets and single top backgrounds. It can be seen that the
fraction of correct combinations is not high, even for lowχ2 values. Several additional selections beyond
the ‘standard cuts’S0 defined above were tried in order to enhance the purity as follows. SelectionS1

requires ab-tag with weightw > 5 on the jet assigned as the hadronicb-jet; the effect of this is mainly
to reduce theW+multijet background. SelectionS2 adds ab-tag veto (w < 5) on both jets assigned to
the hadronically decayingW . SelectionS3 also requires there are six or less jets withET > 20 GeV, and
selectionS4 requires that the hadronic toppT satisfiespT > 150 GeV. The relative reduction of wrong
combinations and background can be seen in theχ2 distribution after selectionS3 as shown in Fig. 14
(right).

Figure 15 shows the results of these additional selections,in terms of the fraction of jets assigned as
the leptonic topb-jet which are reallyb-jets, and the number of selected events for 100 pb−1. Purities of
up to 90 % are reachable, but at the cost of low selection efficiency. To retain a reasonable number of
events, a signal sample is defined using selectionS3 with a cutχ2 < 10, which leaves around 600 events
for 100 pb−1.

5.3.2 Background subtraction

As for the topological method, a background control sample is used to estimate the composition of the
remaining background in the sample of selected jets from data. The use of the kinematic fit excludes
most events with masses outside the top mass window, so it is not possible to use top mass sidebands
to estimate the background composition. However, events with high χ2 are predominantly wrong com-
binations (see Fig. 14). The wrong-combination fraction can be enhanced by selecting events that pass
the standard selectionS0 and requiring that one of the jets assigned to theW is tagged as ab-jet (w > 5).
Theχ2 distribution of this control sample follows closely that ofthe wrong combination background in
the selected jet sample. The shape of theχ2 distribution is used to predict the amount of combinatorial
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Figure 15: Left: The purity (fraction of trueb jets) of the jet assigned as theb-jet on the leptonic side as
a function of theχ2 cut. Right: The corresponding number of events. The different selection criteria are
described in the text.

background in the signal sample, normalising the two samples in the region 30< χ2 < 100. Any test
distribution (e.g. the b-tagging weight) extracted from the signal sample can then be corrected for this
contribution of background events, taking the shape of the test distribution in background from the region
of the control sample withχ2 > 30. This background subtraction method is very similar to that discussed
in Section 5.1, with the highχ2 region playing the role of the top mass sideband, and the control sample
with a b-tagged jet from theW decay corresponding to the sample with high hadronic top mass in the
topological selection.

5.3.3 Results forb-tagging efficiency measurement

The results of applying this selection to simulated data including background and scaling the event count
to 100 pb−1 are shown in Table 6. The purity in the 20-40 GeV jetET bin is rather low, and the back-
ground from the significant contribution of single top is notwell-estimated. As for the topological
analysis, this bin is not used for calculating theb-tagging efficiency. The combinedb-tagging weight
distribution for the other bins (ET > 40 GeV) is shown in Fig. 16. Theb-tagging efficiency correspond-
ing to any given cut can be calculated by integration, and thecorresponding statistical errors for various
tag working points can be seen in Table 7.

5.4 Comparison of selection methods

The performance of the differentb-jet selection methods are compared in Table 6, which shows the
number of jets selected as a function of jetET , the effective number of jets after background subtraction
procedures have been performed, the corresponding purity of the original sample, and theb-jet fraction
of the final background-subtracted sample, which should be compatible with one.

The different selections have roughly similar overall performance, with the topological selection
giving relatively more jets at highET , and the kinematic selection more at lowET . All selections allow
a sample of several hundredb-jets to be selected in 100 pb−1 of data, although the selections of lowET

b-jets (20–40 GeV) suffer from large backgrounds.
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Figure 16: Kinematic selection: (Left): Theb-tag weight distribution for the uncorrected sample (un-
filled histogram), for the estimated background sample (filled histogram) and the corrected distribution
calculated from the difference (data points). Right: Theb-tag weight distribution for the corrected sam-
ple (data points) compared with the distribution for trueb-jets (histogram). Both plots are normalised to
100 pb−1, but use 967 pb−1 of simulated data.

5.5 Comparison of efficiency measurements

The performance of the differentb-tagging efficiency measurements is compared in Table 7, which shows
the statistical and significant systematic errors for a truetagging efficiency of 0.6 for all methods. The
systematic errors have been evaluated as discussed in [2] and Section 2. The differences in systematic
uncertainties reflect the different uses made of Monte Carloinformation by the various methods. The
expected statistical errors for other tagging efficiencies, and the simpler IP2D tagging algorithm, are
shown (where available) in Table 8.

With 100 pb−1 of data, the counting method can measure the overallb-tagging efficiency to a preci-
sion of better than 5 %, and, particularly as the luminosity increases through 200 pb−1 several alternative
approaches are possible that also enable the efficiency dependence on other variables (e.g. jet ET ) to be
studied.

6 Optimisation of b-tagging for tt̄ events

The ATLAS multivariateb-tagging algorithms rely heavily on likelihood reference distributions for light-
andb-quark jets derived from Monte Carlo simulation. The default reference distributions are produced
using a mixture of physics processes. In principle, using reference histograms from Monte Carlott̄
events alone could lead to an improvement in tagging performance ontt̄ events. The selection of a pure
sample ofb-jets from tt̄ data offers an opportunity to tune theb-tagging algorithms directly on data,
reducing the dependence on Monte Carlo simulation. Both these topics are discussed below.
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JetET Selected Effective Purity Estimatedb
range (GeV) jets jets (%) flavour purity (%)
Topological
20–40 144 51 54 99±8
40–80 340 189 67 92±3
80–120 223 138 78 98±3
120–160 122 92 84 98±3
160–200 75 54 86 108±4
40–200 819 515 60 -
Likelihood
20–40 52 24 47 86±6
40–80 225 130 58 94±3
80–120 204 143 70 97±3
120–160 110 91 83 89±3
160–200 54 40 73 104±5
40–200 593 403 68 -
Kinematic
20–40 164 102 53 74±6
40–80 284 182 73 93±4
80–120 113 78 88 107±5
120–160 38 30 90 103±5
160–200 17 13 94 107±6
40–200 451 302 79 98±3

Table 6: Summary ofb-jet selection method performance, showing the number of selectedb-jets, the
number of jets after background subtraction, the selected sample purity, and estimatedb-jet purity of the
final sample after background subtraction, for each selection method. The results correspond to 100 pb−1

of MC@NLO tt̄ Monte Carlo plus backgrounds fromW +jets,Wbb̄, W cc̄ and single top production.

Systematic Counting Topological Likelihood Kinematic
lepton+jet dilepton

Light jets andτ 0.1 0.7 0.5 5.2 0.6
Charm jets 0.0 0.8 0.7 4.6 2.2
Jet energy scale 0.9 0.5 0.5 2.5 1.1
b-jet labelling 1.4 1.4 - - -
MC generators 0.1 2 0.2 5.9 5.5
ISR/FSR 2.7 2 1 2.2 0.5
W +jet background 1.2 0.3 2.8 9.6 0.3
Single top background 0.1 0.1 1.2 - 1.2
Top quark mass 0.3 0.5 - 4.1 -
Total systematic 3.4 3.5 3.4 14.2 6.2
Statistical (100 pb−1) 2.7 4.2 - 5.0 7.7
Statistical (200 pb−1) 1.9 3.0 6.4 4.4 5.5

Table 7: Summary of systematic and statistical uncertainties on the measurement of theb-tagging effi-
ciency at a true efficiency ofεtrue = 0.6, for the counting method in lepton+jets and dilepton channels,
and the topological, likelihood and kinematic jet selection methods. The uncertainties are expressed as
relative errors (in %).
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Tag εtrue Counting Topological Likelihood Kinematic
lepton+jet dilepton

IP3D+SV1 0.5 2.8 4.0 6.2 8.8 6.1
IP3D+SV1 0.6 1.9 3.0 6.4 5.2 5.5
IP3D+SV1 0.7 1.4 2.0 6.7 5.1 4.9
IP2D 0.5 7.4 4.7 6.2
IP2D 0.6 6.5 5.1 5.5
IP2D 0.7 5.6 5.1 5.0

Table 8: Expected statistical errors (relative errors in %)on theb-tagging efficiency for 200 pb−1 mea-
sured using each technique, for IP3D+SV1 and IP2D taggers atvarious working points.
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Figure 17: Comparison of b tagging weights and b tag performance using default and special top sample
reference histograms.

6.1 Usingtt̄ specific reference histograms

For this study, reference histograms based only ontt̄ events (without the light jet purification procedure
which discards light jets biased by nearbyb-jets [6]) were created using a total of 250k events. By
contrast, the default reference histograms were produced using a variety of physics processes, light jet
purification, as well as different versions of the detector geometry, simulation, and reconstruction. The
following comparison does not attempt to disentangle the various effects of those differences; for more
details, see [6]. The resultingtt̄ eventb-tagging weights are compared to those calculated using the
default reference histograms, for the IP3D+SV1b-tagging algorithm with the default tower-based Cone
jet algorithm with∆R = 0.4. The results are shown in Fig. 17. The left plots shows theb-tagging weights
for b-jets and light jets calculated with both sets of reference histograms.

The weights for bothb-jets and light quark jets calculated with the top sample reference histograms
are on average smaller than those from the default referencehistograms. However, because theb-tagging
weights are smaller for bothb-jets and light jets, the performance should not change significantly. This
is confirmed by the right plot in Fig. 17, showing theb-tag efficiencyvs the light jet rejection. Within
the statistical uncertainty there is no difference in the performance. So there appears to be no significant
advantage in using special dedicatedtt̄ reference histograms when applyingb-tagging tott̄ events.
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6.2 Calibrating b-tagging using data

In principle, theb-jet selection methods discussed in Section 5 should allow the reference distributions
for b-jets in tt̄ events to be determined directly from data, removing the need for Monte Carlob-jets
completely. However, none of the methods produce a pureb-jet sample without the need for back-
ground subtraction, and hence do not identify a pure sample of b-jets from which multiple variables
(and their correlations) can be extracted simultaneously on a jet-by-jet basis. Instead, background-
subtracted distributions are produced. These can be used directly as reference distributions only for
one-dimensional likelihoods with a single input variable.For n-dimensional likelihoods (for example
the standard tagging weight which is a two-dimensional combination of IP3D and SV1 taggers), ann-
dimensional background-subtracted distribution would beneeded in order to properly model both the two
input distributions and their correlation. For higher-dimensional distributions, the required data statistics
would quickly become prohibitive.

At least for initial data, a more feasible approach would be to use the background-subtractedb-jet
samples to check each of the likelihood input variables individually, to determine how well the Monte
Carlo simulation models the data. Monte Carlo would then be used to form the likelihood reference
distributions as before (including correlations between input variables), with the comparison with data
being used to assess systematic uncertainties,e.g. by reweighting Monte Carlo events to more precisely
follow the data distributions if discrepancies are seen.

This technique is illustrated in Fig. 18, which shows background-subtracted distributions of five
variables related to theb-tagging weight computation, derived from theb-jet sample selected using the
topological technique of Section 5.1, compared to the true distributions from Monte Carlo. The inte-
grated luminosity is 948 pb−1. The first two variables are IP3D, the weight derived from the3D-impact
parameters of all tracks in the jet; and SV1, the weight derived from the SV1 secondary vertex recon-
struction algorithm. The others are all input variables used to form the SV1 secondary vertex weight:
N2Track, the number of two-track vertices found; SVMass, the mass of the reconstructed secondary
vertex, and SVEFrac, the energy fraction of the jets associated to the vertex. The spikes around zero for
these last three variables correspond to jets where no secondary vertex was found. The variables have
been transformed linearly onto the range [0,1] to simplify the subtraction procedure.

It can be seen that the background-subtracted distributions are consistent with the Monte-Carlo truth,
demonstrating the validity of the method. It would be straightforward to construct reweighting factors
from these distributions, to explore possible systematic variations. However, it should also be noted that
the techniques discussed in Section 5.5 already allow theb-tagging efficiency to be measured with min-
imal dependency on the Monte Carlo—the main use of this technique would then be to understand how
to improve the Monte Carlo simulation ofb-jets, which could help to increase theb-tagging performance
in tt̄ events by giving each variable its optimal weight in the likelihood.

7 Conclusions

The studies of jet reconstruction presented above show thattheb-jet energy resolution intt̄ events is not
very sensitive to the jet algorithm and parameters chosen. The jet angular resolution is more sensitive,
degrading in particular with large jet cone sizes.

With 100 pb−1 of data, several methods are available to make useful measurements of theb-tagging
efficiency intt̄ events. The tag counting method can reach an overall relative precision of around 5 %, in
both lepton+jets and dilepton channels. However, this method only gives an ‘integrated’ measurement,
valid for theET andη distribution ofb-jets selected by thett̄ event selection. Monte Carlo techniques
would have to be used to extrapolate this measurement for other jetET andη distributions, perhaps also
incorporating information derived from studies of dijet samples [1].
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Figure 18: Background-subtractedb-tagging variable distributions derived from theb-jet sample
selected by the topological method, with 948 pb−1 of simulatedtt̄ plus background data. The
derived distributions are shown by the points with error bars, and the Monte Carlo truth for an
unbiased sample ofb-jets is shown by the solid histograms.
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Other techniques, based on the topology and kinematics oftt̄ events, can be used to select a sample
of jets enriched inb-flavour, which can then be used to measure theb-tagging efficiency as a function
of other variables. This requires that the remaining non-b background in the selected jet samples be
estimated and removed, and a variety of techniques are available for doing that, based either on data or
Monte Carlo. These techniques are less statistically powerful than the tag counting method, achieving
overallb-tagging uncertainties of around 10 % with 100 pb−1, but will become increasingly powerful as
more data becomes available.

Calibrating theb-tagging likelihood reference distributions from Monte Carlo tt̄ events rather than
the generic event mixture used by default does not significantly affect the performance of the standard
algorithms, which demonstrates the robustness of theb-tagger. On the other hand, theb-jet selection
methods discussed above also allow reference distributions from tt̄ data to be obtained; with moderate
integrated luminosity these are likely to be more useful to cross-check the Monte Carlo description of
likelihood input variables rather than as a direct input tob-tag calibration.
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b-Tagging Calibration with Jet Events

Abstract
This note describes two strategies for data-based measurement of the semi-

leptonicb-tagging efficiency of ATLAS lifetimeb-tagging algorithms using jet
data. ThepT,rel method uses templates of the muonpT relative to the jet+muon
axis for bottom, charm, and light jets to estimate theb-quark content of a
jet sample. Theb-tagging efficiency is obtained by measuring theb-quark
content before and after tagging a sample. The second method, System 8, uses
two samples of jets of differingb-quark content and two uncorrelated tagging
algorithms to form a system of 8 equations and 8 unknowns, oneof which
is theb-tagging efficiency. Both methods use a Monte Carlo scale factor to
convert the measured semi-leptonic efficiency to an inclusive efficiency. Both
methods give results binned inpT andη . Good agreement was found between
theb-tagging efficiencies determined by both techniques and true Monte Carlo
for 15< pT < 80 GeV, however above 80 GeV both methods have difficulty.
Initial systematics studies have been performed which indicate that it should
be possible to control the absolute error onb-tagging efficiency to 6% for both
methods. This error does not include the error associated with converting the
semi-leptonic efficiency to the inclusive efficiency.

1 Introduction

Many analyses at the LHC will rely on the presence ofb-quarks. Top production, Standard Model
Higgs boson searches, and searches for physics beyond the Standard Model, for example, all have final
states involvingb-quarks. To estimate the backgrounds from well known Standard Model processes
after applyingb-tagging algorithms it is necessary to know the tagging efficiency forb-jets, for light-jets
(fake rate or mistagging rate), and forc-jets (charm-tagging efficiency). All three efficiencies should
be measured as accurately as possible: systematic errors inthe b-tagging calibration can translate to
large errors in an analysis. Although the fake rate andc-tagging rate are important, only theb-tagging
efficiency is considered in this note.

In order to measure theb-tagging efficiency we must know the bottom quark content (‘b-content’)
of a calibration sample well. Unfortunately, it is difficultto select a pureb-jet sample in the data. Two
independent methods to calibrate theb-tagging algorithms are currently under study in ATLAS. Thefirst
method uses a high purity sample of top quark events. Full kinematic reconstruction enables the proper
identification of the jet resulting from the fragmentation of the b-quark from the top quark decay. A
tagging algorithm can be run on that sample of jets and the efficiency measured [1]. Similarly, one can
count tags in a high purity sample of top events and estimate both the tag rate and the cross section [1].

This note describes the determination of theb-tagging efficiency in QCD jet data. Unfiltered QCD
jet data have a very small fraction ofb-jets at small jet energy and small effective

√
s, however. In order

to increase the fraction ofb-jets we require that jets in the sample contain a muon. Though muons come
from other sources, a major source is the semi-leptonic decay of b-quarks orc-quarks resulting from the
b-quark decays. A consequence is that only the lifetime tagging efficiency in semi-leptonic decays of
b-jets is measured by the techniques described here. The semi-leptonic efficiency must be corrected to
obtain an inclusiveb-tagging efficiency. The scaling is determined from Monte Carlo; this note only
briefly touches on the determination of this scale factor.

Two standard lifetime-basedb-tagging algorithms, IP2D and IP3D+SV1 [2], are used to demon-
strate the calibration methods and estimate systematic errors. Briefly, IP2D uses reconstructed tracks
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and their transverse impact parameters to look for jets withdisplaced tracks inconsistent with light-jets.
IP3D+SV1 is a combined tagger: IP3D is similar to IP2D, but also takes the longitudinal impact pa-
rameter into account; SV1 reconstructs a secondary vertex from tracks near a jet. SV1 uses a likelihood
made up of the invariant mass of the tracks associated with the secondary vertex, the ratio of the energy
of tracks in the secondary vertex to the energy of tracks associated to the jet, and the total number of
two-track vertices reconstructed in a jet. Methods that measure theb-tagging efficiency that work for
these particular taggers are expected to work for other lifetime taggers as well.

Two separate calibration techniques are described in this note:

• The pT,rel method, described in Section 3, uses Monte Carlo-derived templates, forb-, c-, and
light-jets, of the relativepT of a muon with respect to the jet+muon axis. Theb-content of a jet
data sample can then be determined by fitting thepT,rel distribution of the data with these templates
before and after the lifetime tagging algorithms are applied. Theb-tagging efficiency is derived
from the changingb-fraction.

• The System 8 method, described in Section 4, employs two samples with differentb-content and
two uncorrelated tagging algorithms to construct a system of 8 nonlinear equations and 8 un-
knowns. One of the unknowns is theb-lifetime tagging efficiency.

Both of these techniques require a large sample of jets with muons. Section 2 describes a dedicated
trigger that will be used to collect this sample along with the Monte Carlo samples and selection cuts
used in this study.

The performance of the tagging algorithms varies with both jet pT and η [2]. This is caused by
both geometrical acceptance effects and variations in the track reconstruction efficiency. Both methods
described in this note measure the efficiency as a function ofpT and η . The dependence on other
variables could also be measured if required.

The efficiency measured from jet data is largely uncorrelated with that measured from thett̄ data,
since the data sets and the techniques are uncorrelated. Thus the results obtained with the two methods
can be combined to further improve the understanding ofb-tagging and reduce associated systematic
errors. At low jet energies thett̄ method is rather sensitive to background contamination, a region where
the jet method will perform best. At higher jet energies thett̄ method will have a better accuracy.

2 Samples and selection

Several sets of Monte Carlo QCD jet events were generated specially for this study. The jet samples were
generated with the standard dijet process using the PYTHIA Monte Carlo generator and full ATLAS
detector simulation and detector reconstruction software. ATLAS splits generation of its QCD samples
by requiring the hard scatter partonpT to be within a certain range: between 17 and 35 GeV, between 35
and 70 GeV, between 70 and 140 GeV, and between 140 and 280 GeV.Approximately 100,000 events
were generated in each range. After generation the samples are combined for the analysis.

The b-jet statistics in the QCD sample are not sufficient to test the methods discussed here. To
increase statistics we also generatedmuon+jet samples, which further required in each event a muon
from any source with a truepT > 3 GeV and|η | < 2. ThepT cut was chosen as a representative lower
limit for muons that can accurately be reconstructed and identified (we make a reconstructed muon
pT > 4 GeV cut). The requirement of a muon has a dramatic effect on the flavor composition of the
sample, increasing theb-jet content by about a factor of 10, and increasing thec-jet content by about a
factor of 5.

Identification of electrons in jets is more challenging thanthat of muons, and so in the studies reported
here we restrict ourselves to the muon channel.
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Figure 1: The left plot shows the fraction of all muons with reconstructedpT > 4 GeV that are secondary
muons vs muonpT in the QCD samples (filled circles) and in the muon+jet samples (open circles). The
difference is caused by the generator-level filtering of theµ samples before ATLAS simulation has a
chance to create the secondary muons. The right plot shows the fraction of muon-tagged jets that are
due to ab-quark as identified by the default Monte Carlo labeling algorithm. In both plots, the black
open circles represent muon-tagged jets found in the muon+jet sample and the red filled circles represent
muon-tagged jets found in the QCD jet sample.

2.1 Selection cuts

This analysis depends, primarily, on two reconstructed objects: jets and muons. Jets are found as∆R<
0.4 cone jets with apT > 15 GeV [3]. Jets are calibrated with a standard jet energy scale calibration (and
the jetpT includes the muonpT ) [4]. Muons are reconstructed from tracks in the outer muon detectors
and must match an inner detector track with a fitχ2 < 10. The muons must have a reconstructedpT > 4
GeV [5]. A muon-tagged jetis a jet with a muon contained within a cone of∆R< 0.4 of the jet axis.

Theflavor of each jet must be determined (b-, c-, or light-jet) in Monte Carlo. The ATLAS flavor
labeling algorithm [2] is used. A jet is labeled as ab-jet if a b-quark withpT > 5 GeV is found in a cone
of size∆R= 0.3 around the jet direction. If nob-quark is present, but instead ac-quark is found then the
jet is labeled as a charm jet. Remaining jets are labeled as light-jets. Light-jets include jets that originate
from a gluon as well as au-, d-, or s-quark. Ab- or c-quark that originates from gluon splitting will be
classified as ab- or c-jet as long as theb- or c-quark is within∆R< 0.3 of the jet axis.

2.2 Monte Carlo biases

Requiring that a true muon fromb or c decay is present as imposed on the muon+jet Monte Carlo sample
means that almost all muons from decays ofπ/K, or from material interactions, are missing. These latter
sources are here denotedsecondary muons.They are present in the inclusive jet sample, of course.

The QCD jet sample predicts the secondary muon rate shown by the filled circles in Fig. 1 (left). The
muon+jet samples have a very different secondary muon average fraction, especially at low muonpT ,
as seen by the open circles in Fig. 1 (left). Fig. 1 (right) shows the fraction of jets with selected muons
which areb-jets in the two samples.

The adequacy of the modeling of the secondary muons was checked, firstly by checking that the
secondary muon rates were consistent separately forb-jets,c-jets, and light-jets between the inclusive jet
and muon+jet samples. Secondly, we compared the lifetime tagging rates ofb-jets and light-jets in the
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Figure 2: Tag rates (IP3D+SV1 weight> 4) for jets containing a reconstructed muon. The left plot
are jets labeled asb-jets and the right plot are jets labeled as light-jets. In both plots, the open circles
represent muon-tagged jets found in the muon+jet sample andthe filled circles represent muon-tagged
jets found in the QCD jet sample.

two samples as a function ofpT after requiring a reconstructed muon. The results are shownin Fig. 2.
Theb-jet tag rates (a tag is defined as a jet having an IP3D+SV1 weight greater than 4) in the QCD jet
and muon+jet samples are consistent within statistics. Thelight-jet lifetime-tag rate is a factor of about
three higher in the muon+jet sample than in the muon-tagged inclusive jet sample. This arises from semi-
leptonic heavy flavor decays in nearby jets which contaminate the light-jets with a muon and a displaced
vertex. Muon-tagged jets in the QCD jet sample are less likely to suffer from this contamination because
the muon is more likely to be a secondary, and thus not be associated with an event containing ab-quark.
Real data is expected to look more like the QCD jet sample withthe lower lifetime-tagger tag rate. We
have checked that neither tagging calibration technique isaffected by changes in the relative mix of
light-jet muon sources as far as current Monte Carlo statistics allow.

2.3 Trigger

Dedicated trigger signatures are necessary to obtain the required number of muon+jet events. We con-
sider the statistics obtainable as a function of jetpT . We also discuss a more sophisticated trigger to
increase statistics at high jetpT compared to a single jet trigger. A full discussion of the operation of the
ATLAS jet and muon trigger systems can be found elsewhere [6,7].

The most obvious choice for a muon+jet trigger is a simple coincidence of lepton and jet triggers
requiring no geometrical correlation. The rate for such a trigger is high, so that it must be prescaled,
especially at lowpT . The flexible multi-level trigger system of ATLAS allows geometrical correlations
to be used, explicitly requiring that the muon is close to thetriggering jet direction.

In the current trigger menu foreseen for running at luminosities around 1031 cm−2s−1 [8], various
muon and jet trigger thresholds are available at Level-1 (L1). Example combinations of these thresholds
which are promising for the studies reported here are the twotriggers L1MU4 J10 and L1MU6 J10,
which are L1 signatures with a muon withpT > 4 or 6 GeV and a jet withpT > 10 GeV.

At Level-2 (L2) the muon selection is refined [7]: the selection sequence is started by themuFast
algorithm which confirms L1 muon candidates and makes a more precise muon momentum measurement
using muon spectrometer hit information. A fast track combination algorithm,muComb, matches tracks
found by muFast with tracks found in the inner detector. For the studies reported here, no further selection
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is made at the third trigger level, the event filter (EF).
Since the trigger rate is likely to be limited by bandwidth considerations at lowpT rather than the

physics rate, the key parameter in considering the trigger performance is the purity of the sample in
terms of the final selected events which are desired: the offline muon-tagged jets. We define the purity
of the triggered sample as the fraction of events passing thetrigger that contain such an offline muon-
tagged jet. For the purpose of this study, the offline muon-tagged jet candidate is as defined in Section 2
(pT > 4 GeV matching a reconstructed jet withpT > 15 GeV). The purities of jet samples selected by
the different trigger requirements discussed above are shown in Table 1.

The second and subsequent rows of Table 1 show that a further refinement is possible by ask-
ing for angular matching between the trigger muon and jet directions (taken here to be within∆R =√

∆φ2 + ∆η2 < 0.4). The choice between L1MU4 J10 and L1MU6 J10 will be driven essentially by
the required muonpT acceptance. Overall, purities relative to the offline selected sample of around 80%
are attainable. This refined algorithm will be implemented for data-taking.

Table 1: Purities of muon-tagged jet events in the triggeredsample for different trigger selections. The
purity is shown for four triggers with two L1 muon trigger thresholds (X). Errors are purely Monte Carlo
statistics.

Signature X = 4 GeV X = 6 GeV
L1 MUX J10 20±1% 40±3%
L1 MUX J10 (µ-jet matching) 51±3% 79±7%
L2 muX(muFast)J10 (µ-jet matching) 70±5% 82±8%
L2 muX(muComb:µ+ID) J10 (µ-jet matching) 78±6% 84±8%

A further concern is to provide a good coverage in jetpT extending from lowpT as discussed above to
much higher jetpT , where the highest jet threshold will run unprescaled. The strategy adopted, similar to
the one used for the inclusive jet trigger, consists of building up a set of muon-jet triggers with different jet
trigger thresholds with prescale factors that diminish aspT rises. Figure 3 (left) shows thepT distribution
of the jet belonging to the muon-jet candidate selected using the signature L2mu4 J10. Using the set
of signatures L2mu4 J10, L2mu4 J18, L2mu4 J23, L2mu4 J35, L2mu4 J42 with prescale factors
50/15/12/12/1 a more uniform jetpT distribution is obtained as shown in Fig. 3 (right).

Under the assumption that the rate budget for the muon+jet trigger is 1 Hz, 100 000 muon+jet events
are expected for around 30 hours of running time, corresponding to 1 pb−1 of data at a luminosity of
1031 cm−2s−1. The combined muon-jet sample used in this study is therefore equivalent to roughly 5
pb−1 of data, assuming that thepT acceptance of the trigger is comparable to that generated inthe Monte
Carlo samples.

3 The pT,rel method

The pT,rel method is based on the different relative transverse momentum distributions of muons inb-
jets,c-jets, and light-jets. This arises because the muon typically originates from the semi-leptonic decay
of a heavy hadron in heavy-flavor jets. The variablepT,rel is defined as thepT of the muon with respect
to the jet+muon axis. As can be seen Fig. 4,pT,rel has good discrimination betweenb-jets andc-jets and
light-jets.

The fraction ofb-jets in the muon-tagged jet sample is estimated by performing a fit to thepT,rel

distribution of muons using templates describing thepT,rel shape fromb-jets,c-jets and light-jets. The
first two templates are determined from Monte Carlo using muons originating either fromb- or c-hadron
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Figure 3: JetpT distribution for trigger L2mu4 J10 (left plot) and the jetpT distribution for the sum
of triggers L2mu4 J10, L2mu4 J18, L2mu4 J23, L2mu4 J35, L2mu4 J42 (right plot). In the case
of the sum of triggers, the triggers were relatively prescaled by factors 50/15/12/12/1. In both plots the
muon is confirmed at L2 by the muComb algorithm.

decays. The template for light-jets is obtained by picking random tracks from jets with no heavy flavor
in close proximity, assuming a uniform probability that such tracks fake a muon. We plan on using the
same procedure to determine the light-jet templates from data once data is available, although we will
still use Monte Carlo for theb- andc-templates. A systematic uncertainty will arise from the presence
of nonb- andc-jets in the real data sample, as discussed in Section 3.3.

The pT,rel templates are determined in bins of jetpT andη to allow theb-tagging efficiency to be
measured as a function of these variables. ThepT,rel distribution is fitted by allowing the normalization of
the three templates to vary and minimizing a likelihood thatalso accounts for the template statistics [9].
The fit results are expressed in terms of fit fractions of theb-, c-, and light-jetpT,rel templates,Fb, Fc and
Flight. Theb-tagging efficiency is obtained from the fit results by:

εdata,i
b =

Ntag,i
µ− jetF

tag,i
b

Ni
µ− jetF

i
b

(1)

whereNi
µ− jet andNtag,i

µ− jet are, respectively, the number ofµ-jets in thei’th jet pT andη bin before and
after tagging.

As described in Section 5, a Monte Carlo-based correction isneeded to correct the efficiency for
b-jets with a muon to inclusiveb-jets. In this section we discuss only the lifetime-taggingefficiency
measurement forb-jets with muons.

3.1 Measuring theb-tagging efficiency usingpT,rel

The full muon+jet sample was split into two equal parts. The first half was used to obtain thepT,rel

templates for light-,c- andb-jets, while the second half was used to measure the tagging performance.
As mentioned above, the light-jetpT,rel templates were built from thepT,rel of all tracks within a cone

of ∆R< 0.4 andpT > 4 GeV of any reconstructed jet labeled as ‘light’. The candidate jet was further
required to be at least∆Raway from any other non-light-labeled jet.

Representative templates are shown in Fig. 4. ThepT,rel distributions depend on jetpT , especially for
b-jets, and the templates are therefore derived in several bins of jetpT . For high-pT jets, the separation
power of thepT,rel variable significantly decreases: both the shape and peak value of thepT,rel distribution
for b-jets approaches that ofc- and light-jets. This can be seen in the right plot of Fig. 4.
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The ROOT TFractionFitter [9] algorithm is used to fit the templates to the data (the second half of the
Monte Carlo sample for this study). TFractionFitter uses a standard likelihood fit that takes into account
both the template and data statistics. It includes the constraint that the templates must sum to the data
distribution. The histograms in Fig. 5 show the results of the fit applied to muon-tagged jet samples
before applying the IP3D+SV1 tagger (left) and after (right). Since the shape of the templates forc- and
light-jets do not differ greatly, the relative rate ofc- and light-jets is not so well determined. The shape of
the template forb-jets does differ significantly, and so the fraction ofb-jets can be reliably determined.
Theb-tagging efficiency is then determined directly using Equation (1).

As a first step, an inclusiveb-tagging efficiency was measured, averaged over thepT andη spectra
of the jets. The results for the inclusiveb-tagging efficiency, for various cuts on the tagger weightw, are
presented in Table 2. Good agreement is observed between thetrue Monte Carlob-tagging efficiency
and that measured with thepT,rel method, within 1-2% statistical precision.

Table 2: True Monte Carlo efficiencies and efficiencies obtained with thepT,rel method for 2 taggers
using the combined muon+jet samples. The errors are statistical only.

Tagger Weight cut εtrue εmeas

w > 4 0.748 0.758± 0.018
IP3D+SV1 w > 7 0.627 0.630± 0.013

w > 10 0.489 0.475± 0.010
w > 2 0.731 0.715± 0.017

IP2D w > 3 0.640 0.631± 0.013
w > 4 0.550 0.541± 0.009
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Figure 4:pT,rel templates obtained at lowpjet
T (15< pjet

T < 28 GeV) (left) and highpjet
T (163< pjet

T < 300

GeV) region. Intermediatepjet
T ranges have distributions lying between these extremes.

The stability and sensitivity of the algorithm was tested byvarying the fraction ofb-jets in the Monte
Carlo data-like test sample. This can be done in two ways: by decreasing the number ofb-jets or by
adding more light-jets to the initial sample. We have chosenthe second approach.

We varied the input fraction of light-jets in the Monte Carlotest sample (and thus the fraction of
b-jets) and re-measured the efficiency. The true input fractions and those obtained from fits to templates
are shown in Table 3. We find agreement within statistical errors.
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Figure 5: A fit of thepT,rel templates to the test sample. The test sample (black error bars) was fit with
the pT,rel templates obtained from QCD jet Monte Carlo samples (green triangle: light-jet, blue square:
c-jet, and red dot:b-jet). The red histogram is the result of the fit. The left plotshows the fit results for
all muon-tagged jets, and the right shows that obtained after tagging.

Table 3: The stability of thepT,rel method as a function of changingb-, c-, and light-jet fractions. The
fraction of b-jets was varied by altering the number of light-jets as described in the text. The first two
columns show the true and fitted fractions ofb-jets in the muon-tagged jet sample (fB - true and fB -
result of fit). The remaining columns show the efficiency for two taggers (IP3D+SV1 withw > 7 and
IP2D with w > 3) as measured directly in Monte Carlo (εtrue, and as determined by thept,rel method
(εmeas).

fB - true fB - result of fit εwIP3D+SV1>7
true εwIP3D+SV1>7

meas εwIP2D>3
true εwIP2D>3

meas

0.259 0.260± 0.005 0.627 0.630± 0.024 0.640 0.632± 0.014
0.298 0.298± 0.005 0.627 0.632± 0.013 0.640 0.633± 0.013
0.347 0.349± 0.006 0.627 0.630± 0.015 0.640 0.631± 0.014
0.398 0.397± 0.006 0.627 0.634± 0.015 0.640 0.635± 0.012
0.457 0.463± 0.010 0.627 0.625± 0.016 0.640 0.625± 0.016

3.2 b-tagging efficiency as a function of jetpT and η

Theb-tagging efficiency is strongly dependent on jetpT andη [2]. The above Monte Carlo test is an av-
erage and is only applicable for physics analysis that have the same kinematic properties as the muon+jet
sample. In order to properly account for such effects theb-tagging efficiency should be parameterized
and measured as a function of at least these two variables. Since the Monte Carlo statistics are limited,
the method is tested by binning separately inpT andη . With more statistics a two-dimensional(pT ,η)-
binning will be used. For the first case, thepT,rel templates are derived in several jetpT bins. Event
samples in eachpT bin are split in half as before: the first half was used to determine theb, c, and light
jet pT,rel templates, while the second half was used as a data-like testsample to measure theb-tagging
efficiency. The efficiency obtained in this way is integratedover the whole jetη spectrum. The procedure
was repeated to measure the efficiency dependence on jet|η |. In this case, the efficiency was integrated
over thepT spectrum of jets.

The measuredpT dependence of theb-tagging efficiency is shown in Fig. 6 (left) for the tagger
IP3D+SV1. We observe a good agreement between measured and true efficiencies in this low jetpT

region. For jets withpT > 80 GeV, not shown, the statistical error from the fit becomes large and
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the results become unreliable. At present, therefore, we conclude that the efficiency can be reliably
determined only in the low jetpT region (pT < 80 GeV). This is related to the poor separation ofb-jet
templates fromc- and light-jet templates in the high jetpT region (compare the plots in Fig. 4 for an
example). In view of this, the|η |-dependence of theb-tagging efficiency was studied only for jets with
pT < 80 GeV (Fig. 6 right). Good agreement over the whole|η | range is observed.
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Figure 6: Efficiency as a function of jetpT (left) and jet|η | (right) for the tagger IP3D+SV1 as measured
using thepT,rel method. The dots are the true value as measured in the Monte Carlo, and the squares
(with error bars) are determined from thepT,rel method. The lines are parameterizations to the measured
pT,rel points. At high jetpT the pT,rel measurement technique fails and so we do not attempt to measure
b-tagging performance above 80 GeV. The|η | plot (right) includes only jets withpT < 80 GeV.

3.3 Expected Errors

The high yield of muon-tagged jets from the muon-jet triggermeans that the statistical error for determin-
ing efficiencies with thepT,rel method should rapidly become small: for 100 pb−1 of data, for example,
the overall statistical error would already be well below 1%.

The study of the systematic errors in thepT,rel method is in progress, and will require real data for
detailed evaluation. Sources of systematic error being considered include:

• The major uncertainty of this method is the use of Monte Carloto model thepT,rel templates for
b- andc-jets. A change in the fragmentation function, for example,will likely change the muon
pT,rel spectrum. We estimated the contribution of these effects byscaling thepT,rel shape of theb
andc templates, resulting in an change inεmeasof 5%.

• The light-jet templates will be drawn from data and thus willhave some heavy flavor contamina-
tion. QCD Monte Carlo predicts a jet sample will contain 2.5%b-jets and 5%c-jets. We expect
little error to be introduced byc-jets as theirpT,rel distribution is so similar to light-jets. We tested
the effect of 2.8%b-jets in the pool of jets that was used to determine the light-jet template and
re-ran thepT,rel fit. We observed a systematic shift to smallerb-jet efficiencies by 3%. We add
±3% as a systematic error due to heavy flavor contamination of the light jet templates. There is
evidence we can mitigate the size of this error by rejecting jets from the light-jet template that
satisfy a loose lifetime tagging requirement.

• Detector modeling has also been examined as a source of further systematic error. JetpT resolu-
tion, the muonpT resolution, and the jet and muon direction resolution are all potential contribu-
tors. Studies indicate the error due to this are of order a fewpercent. Detector modeling of muon
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systematics have not been studied as it is assumed that the Monte Carlo modeling errors will be
larger.

• We have an implicit assumption that all tracks in jets correctly model thepT,rel distribution for
light jets. A further systematic will exist becausepT,rel distribution for fake muons in light jets is
not the same as the tracks associated with light jets.

These preliminary studies to date indicate that the systematic error sources should be controllable at the
level of 6% or better on the lifetime tagging efficiency.

4 The System 8 method

The System 8 technique is designed to measure theb-tagging efficiency with reduced dependence on
Monte Carlo [10], [11]. This method uses two data samples with differentb-fractions and two uncorre-
lated tagging algorithms. A system of 8 nonlinear equationsinvolving known quantities - like the total
number of jets tagged in each sample - and 8 unknown quantities - like theb-tagging efficiency - can be
written down and solved.

Before writing down the system of 8 equations we define the taggers and two samples more fully.
The two taggers used must be as uncorrelated as possible. Forthis study we use the muon-in-jet tagger
algorithm (SMT) [5] as one tagger. The SMT algorithm forms a 1-dimensional likelihood using thepT,rel

of the muon. In the present analysis an event is said to be tagged by the SMT tagger if the likelihood
value is greater than 1.4. The second tagger, the one whose efficiency we want to measure is either
the IP3D+SV1 or the IP2D algorithm. We abbreviate this second algorithm as “LT”, short for “lifetime
tagger”.

The two samples are denoted the “n-sample” and the “p-sample.” The n-sample is the full sample of
jets containing a muon described in Section 2. The p-sample is a subset of the n-sample selected to have
an enhancedb-content. A muon-tagged jet in the p-sample is required to have at least one back-to-back
(∆φ > 2.5) lifetime-tagged (IP3D+SV1 weight> 3) jet. This selection criterion increases theb-fraction
of the p-sample relative to the n-sample by about a factor of two. The cuts for the p-sample were chosen
to keep the statistics of the p-sample as large as possible and also to ensure the stability of the method.

4.1 The 8 equations

Four numbers are measured in each sample: the number of jets before tagging (n in the n-sample,p in
the p-sample), the number of jets tagged by the LT algorithm (nLT , pLT ), the number of jets tagged by
the SMT algorithm (nSMT, pSMT), and the number of jets tagged by both algorithms (nboth, pboth).

While the total number of muon-tagged jets in each sample is an experimental observable, their flavor
composition is not. We denote the number ofb-jets in each sample as (nb, pb) andc- and light-jets as
(ncl , pcl). The tagging efficiencies of the algorithms on the selectedb-jets are (εLT

b , εSMT
b ) and non-b-jets

tagging efficiencies are (εLT
cl , εSMT

cl ) — which are also unknown. Unless otherwise stated, each efficiency
is that which would apply to tagging of the n-sample.

These 8 quantities can be related by 8 equations. These equations also contain parameters encoding
the extent to which the following assumptions are valid: that the efficiency of each tagger is the same on
the n- and p-sample, and that the two tagging algorithms are uncorrelated. The parameters introduced
areαi as follows:

εboth
b = α1 εLT

b εSMT
b (2)

εboth
cl = α2 εLT

cl εSMT
cl (3)

εSMT
cl (on p-sample) = α3 εSMT

cl (on n-sample) (4)
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εLT
cl (on p-sample) = α4 εLT

cl (on n-sample) (5)

εSMT
b (on p-sample) = α5 εSMT

b (on n-sample) (6)

εLT
b (on p-sample) = α6 εLT

b (on n-sample) (7)

The α1 andα2 coefficients measure how correlated the two taggers are onb-jets and non-b-jets. The
α3, α4, α5, andα6 are sensitive to any tag rate differences caused by the selection of the p-sample. The
method is constructed in such a way that theαi should each be approximately unity. The values of the
αi must be determined from Monte Carlo and possible differences of eachαi from that in data must be
included in the systematic error. The current method used toevaluate this systematic is described in
Section 4.3.

The eight jet counts enumerated above can be related by the following eight equations, including the
αi :

n = nb +ncl (8)

p = pb + pcl (9)

nLT = εLT
b nb + εLT

cl ncl (10)

pLT = α6εLT
b pb + α4εLT

cl pcl (11)

nSMT = εSMT
b nb + εSMT

cl ncl (12)

pSMT = α5εSMT
b pb + α3εSMT

cl pcl (13)

nboth = α1εLT
b εSMT

b nb + α2εLT
cl εSMT

cl ncl (14)

pboth = α1α5 α6 εLT
b εSMT

b pb + α2α3 α4 εLT
cl εSMT

cl pcl (15)

This system of eight equations (giving the method its name) is well specified if the value of each
αi is known. TheεLT

b is the unknown that is of most interest — most of the others arenot directly
usable for other analysis. The System 8 method is based on a technique used by the D0 experiment
at the Tevatron [10]. The CDF experiment has also used jet events to calibrate their lifetimeb-tagging
efficiency [12] using a different technique.

4.2 Solving System 8, statistical error, and stability

Solving the system of 8 equations is in general straightforward with tools like Mathematica (analytical
solution) or MINUIT (numerical solution). However, the nonlinearity of the 8 equations makes eval-
uating the statistical errors nontrivial. As a result MonteCarlo methods are employed. The System 8
observables, the jet counts{n, p,nLT , pLT ,nSMT, pSMT,nboth, pboth} are correlated; from them 8 uncor-
related jet counts{x1, ..,x8} are defined by dividing the n-sample into non-overlapping subsets. These
parameters are varied according to Gaussian distributionswith standard deviation

√
xi . The variation of

all xi was performed simultaneously assuming no correlations between them. The counts were varied in
this way 100,000 times and the 8 equations were solved each time. The resulting distribution ofεLT

b was
used to determine the one-sigma statistical error. Statistical errors are shown for current Monte Carlo
statistics in Table 5.

The System 8 solution is not well constrained when the equations are close to being linearly-dependent.
As the equations near linear dependence, the System 8 solution becomes increasingly sensitive to statis-
tical fluctuations, resulting in unreliable values ofεLT

b . The term ‘stability’ will be used to describe the
sensitivity of System 8 to statistical variations in the data.

The 8 equations are linearly independent as long as theb-content of the n- and p-samples differ, and
as long asεb 6= εcl for both the SMT and LT tagging algorithms. In practice the first condition is easily
met by construction of the p-sample (which requires a back-to-backb-tagged jet), but in the case of the
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SMT the second stability requirement (εSMT
b 6= εSMT

cl ) becomes increasingly difficult to satisfy at high jet
pT .

The SMT algorithm is highly correlated with thepT,rel distribution of muons to distinguish between
b-, c- and light-jets. These distributions become very similar at high jet pT (see Fig. 4), leading to the
poor ability of the SMT to separateb and non-b-jets at high momentum. It is for this reason we restrict
the analysis topT < 80 GeV.

4.3 Correlation systematic error

It is important to determine how well the Monte Carlo describes theαi in the data. Possible deviations
should be reflected in the systematic error. We evaluate thiscontribution as the change inεLT

b obtained
by shifting eachαi from its value in Monte Carlo to unity. The total contribution to the systematic error,
formed by adding the individual shifts in quadrature, is abbreviated as the correlation error.

Eachαi is measured from Monte Carlo and the results are shown for theIP3D+SV1 tagger (w > 4)
in Table 4. The errors on eachαi come only from Monte Carlo statistics. We have checked othertagging
algorithms and weight cuts and the results are similar. It can be seen that onlyα3 differs by much more
than one sigma from unity, and the others lie within 3% of unity.

Table 4: Theα coefficients measured on Monte Carlo for jet 15< pT < 80 GeV, for the IP3D+SV1 tagger
weightw > 4 and SMT cut of 1.4 (αmeas

i ). The last two columns show how theb-tagging efficiency (εb)
is affected by different variations inαi : a 1% variation (αi = 1±0.01) and the measured offset of each
αi from unity (αi = 1± (αmeas

i − 1)). The change inεb is labeled∆εb. The latter column is added in
quadrature to determine the total systematic error for the correlation error (see text).

Assumption Value (αmeas
i ) ∆εb for αi = 1±0.01 ∆εb for αi = 1± (αmeas

i −1)

α1 1.016±0.012 0.027 0.043
α2 1.018±0.024 0.002 0.004
α3 1.052±0.019 0.006 0.031
α4 1.028±0.020 < 0.001 < 0.001
α5 1.011±0.011 < 0.001 < 0.001
α6 1.005±0.010 0.016 0.008

We vary eachαi by±0.01 to give an idea of how eachαi contributes to the error inεLT
b . Table 4 shows

that variations inα2, α4 andα5 should have rather less impact on theb-tagging efficiency measurement
thanα1, α3 andα6. The measured values of the coefficientsα1 andα6 are statistically consistent with
unity and show little statistically-significant dependence on jetpT or SMT cut. The coefficientα3, on the
other hand, is not consistent with unity and shows apT dependence, and has a pronounced effect on the
measured efficiency at high jetpT . The non-unityα3 is understood to be primarily due to the different
relative fractions of charm and light in the n- and p-samples.

In order to work out the correlation error we evaluate the shift in ∆εLT
b

for a variation inαi of ±(αi −
1), as shown in Table 4. Adding the errors in quadrature gives anestimate of the correlation error of 6%.
Larger Monte Carlo samples will help improve our understanding of this error and help better understand
which αi really aren’t unity.

4.4 Tests on Monte Carlo

We evaluated the System 8 method on the muon+jet Monte Carlo sample, for the following standard
ATLAS taggers: IP2D, and the default combination of IP3D+SV1 for jets withpT < 80 GeV.

12
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To derivepT andη dependent efficiency curves, the System 8 method was appliedin bins of pT and
η . Due to lack of Monte Carlo statistics it is not currently possible to bin in bothpT andη simultane-
ously; instead, System 8 was tested inpT bins for |η |< 2.5, and separately inη bins for 15< pT < 80
GeV. With larger Monte Carlo statistics and much larger datastatistics (such as with 50 pb−1) we should
have enough for four bins inpT and four in|η | simultaneously for jetpT < 80 GeV. The exact binning
configuration will be optimized to give the best possible resolution at low jetpT where theb-tagging ef-
ficiency is changing most rapidly. For this study, three binsin pT (15-30 GeV, 30-50 GeV, 50-80 GeV),
and four bins in|η | (0.0-0.5, 0.5-1.0, 1.0-1.5, 1.5-2.5) were considered.

Table 5 shows the results of calibrating the IP3D+SV1 tagger(w>4) and IP2D tagger (w>3) in bins
of pT andη . The statistical error is shown. Recall the correlation error is an additional 6% which should
be added in quadrature.

Table 5: Measured efficiencies, the statistical error, and their deviation from the true efficiencies in bins
of pT andη , as described in the text. The statistical error is for the muon+jet Monte Carlo statistics. The
correlation error, estimated to be±0.06, must be added as well.

Tagger Bin Measuredεb |∆meas.,true|
pT : 15-30 0.672±0.036 0.040
pT : 30-50 0.723±0.026 0.004

IP3D+SV1 pT : 50-80 0.755±0.029 0.017
|η |: 0.0-0.5 0.748±0.041 0.008
|η |: 0.5-1.0 0.734±0.045 0.029
|η |: 1.0-1.5 0.736±0.038 0.017
|η |: 1.5-2.5 0.707±0.043 0.001

pT : 15-30 0.520±0.030 0.002
pT : 30-50 0.619±0.027 0.003

IP2D pT : 50-80 0.671±0.033 0.011
|η |: 0.0-0.5 0.663±0.043 0.003
|η |: 0.5-1.0 0.656±0.052 0.016
|η |: 1.0-1.5 0.606±0.036 0.034
|η |: 1.5-2.5 0.587±0.046 0.018

To conclude, System 8 works well for different types of lifetime tagging algorithms for jetpT < 80
GeV. It demonstrates stable results for different cuts onb-tagging weights.

5 The inclusiveb-tagging efficiency

This note describes two methods which measure the lifetime-tagging efficiency forb-jets containing
muons. In this section we briefly discuss how to convert from the measured tag efficiency to a lifetime
tagging efficiency relevant to inclusive jet samples.

Fig. 7 shows the ratio of the muon-jet lifetime tag rate to theinclusive-jet tag rate for the default
IP3D+SV1 tagger (w > 4) as a function ofpT . The difference between the tag rates in the two samples
is primarily due to about a 50% difference in thepT of the highestpT track and in the average number
of tracks per jet.

We define a scale factor,Sb, to describe the difference in tag rates. The scale factor isdefined in
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Figure 7: The right hand plot shows the ratio of efficiencies for semi-leptonic jet tagging and hadronic
jet tagging in the QCD jet sample.

Monte Carlo:

εMC
b→had(pT ,η) = Sb(pT ,η)εMC

b→ℓνX(pT ,η) (16)

and thus, given a hadronic Monte Carlob-jet, one calculates its calibrated lifetime tagging efficiency as
follows:

εb→had(pT ,η) = εb(pT ,η)Sb→had(pT ,η) (17)

whereεb is the tagging efficiency measured with System 8 orpT,rel in muon-tagged jets.
To understand the systematic error on the scale factor we need a better understanding of the causes

of the differences in tag rate. This work is in progress.

6 Conclusions

We have presented two methods to calibrate lifetimeb-tagging algorithms using dijet data. Trigger stud-
ies were performed in order to assure that there will be enough data for theb-tagging calibration. Detailed
b-tagging performance can be obtained with data corresponding to 50 pb−1 of integrated luminosity.

The suggested methods,pT,rel and System 8, were studied using Monte Carlo jet events, at least one
of which has an associated muon. Good agreement is observed between true semi-leptonicb-tagging
efficiency and that measured bypT,rel and System 8. Both methods were verified in different jetη and
pT regions. We found that the current version of thepT,rel method can be used for jets below 80 GeV in
entireη region. System 8 was also proved to work well up to 80 GeV in theentireη region.

The total error of both methods is expected to be rapidly dominated by systematic uncertainties. The
systematic errors studied so far indicate that both methodsshould be able to control the absolute error on
εb to 6%. The additional systematic uncertainties associatedwith converting the semi-leptonic efficiency
to the inclusive efficiency have not yet been determined The two methods are complementary to those
discussed in [1], in that they are most useful in measuring the turn-on of theb-tagging efficiency at low
jet pT .
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The Trigger for Early Running
Abstract
The ATLAS trigger and data acquisition system is based on three levels of
event selection designed to capture the physics of interest with high efficiency
from an initial bunch crossing rate of 40 MHz. The selections in the three
trigger levels must provide sufficient rejection to reduce the rate to 200 Hz,
compatible with offline computing power and storage capacity. The LHC is
expected to begin its operation with a peak luminosity of 1031 cm−2 s−1 with a
relatively small number of bunches, but quickly ramp up to higher luminosities
by increasing the number of bunches, and thus the overall interaction rate.
Decisions must be taken every 25 ns during normal LHC operations at the
design luminosity of 1034 cm−2 s−1, where the average bunch crossing will
contain more than 20 interactions. Hence, trigger selections must be deployed
that can adapt to the changing beam conditions while preserving the interesting
physics and satisfying varying detector requirements. In this paper, we provide
a menu of trigger selections that can be deployed during the startup phase at
each trigger level and show its evolution to higher luminosities. The studies
presented in this paper are based on simulated data.

1 Introduction

The ATLAS trigger [1, 2] is composed of three levels of event selection: Level 1 (L1) [3] which is
hardware-based using ASICs and FPGAs, the Level 2 (L2) and Event Filter (EF) (collectively referred
to as the High Level Trigger or HLT [4]) based on software algorithms analyzing the data on large
computing farms. The three levels of the ATLAS trigger system must reduce the output event storage
rate to ∼200 Hz (about 300 MB/s) from an initial LHC bunch crossing rate of 40 MHz. It is evident
from Fig. 1 that large rejection against QCD processes is needed while maintaining high efficiency for
low cross section physics processes that include searches for new physics.

During the ATLAS startup phase, where low luminosity conditions (1031 cm−2 s−1) are expected to
prevail, the focus of the trigger selection strategy will be to commission the trigger and the detector and to
ensure that established Standard Model processes are observed. It is therefore important to deploy loose
selection criteria at each stage. In early operations many triggers will operate in pass-through mode,
which entails executing the trigger algorithms but accepting the event independent of the algorithmic
decision. This allows the trigger selections and algorithms to be validated to ensure that they are robust
against the varying beam and detector conditions that are hard to predict before data-taking. As the
luminosity increases, the use of higher thresholds, isolation criteria and tighter selections at HLT become
necessary to reduce the background rates while achieving selection of interesting physics with high
efficiency.

This note describes the possible triggers that can be deployed during the initial low luminosity
running and discusses the strategy for triggering as the LHC ramps up to its design luminosity of
1034 cm−2 s−1. The performance of the various trigger algorithms at each of the three trigger levels
is described in a set of additional accompanying notes. It should be emphasized that the rate estimates
discussed in this note are based on simulations and are subject to several sources of uncertainty which in-
clude lack of knowledge of the exact cross-sections, detector performance, and beam related background
conditions. Observations with early data will allow validation of these estimated rates and extrapolations
to higher luminosities.
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Figure 1: Expected event rates for several physics processes at the LHC design luminosity.

2 Level 1 trigger

The Level 1 trigger system receives data at the full LHC bunch crossing rate of 40 MHz and must make
its decision within 2.5 µs to reduce the output rate to 75 kHz (∼40 kHz during ATLAS start-up). The
L1 trigger has dedicated access to data from the calorimeter and muon detectors. The L1 calorimeter
trigger [5] decision is based on the multiplicities and energy thresholds of the following objects observed
in the ATLAS Liquid Argon [6] and Tile [7] calorimeter sub-system: Electromagnetic (EM) clusters,
taus, jets, missing transverse energy (/ET ), scalar sum ET (∑ET ) in calorimeter, and total transverse
energy of observed L1 jets (∑ET (jets)). These objects are computed by the L1 algorithms using the
measured ET values in trigger towers of 0.1×0.1 granularity in ∆η×∆φ . The L1 muon trigger [8] uses
measurement of trajectories in the different stations of the muon trigger detectors: the Resistive Plate
Chambers [9] (RPC) in the barrel region and the Thin Gap Chambers [8] (TGC) in the endcap region.
The input to the trigger decision is the multiplicity for various muon pT thresholds.

There are a limited number of configuration choices that are available at L1. The most common

2

TRIGGER – TRIGGER FOR EARLY RUNNING

3

551



difference between configuration choices is the amount of transverse energy or momentum required, so
we refer to these configurations as “thresholds,” but note that in addition to the ET threshold condition,
three different isolation criteria can be applied for L1 EM and tau objects, and three different window
sizes can be specified for L1 jet objects. Table 1 gives the number of these so-called thresholds that can
be set for each object type. The total number of thresholds allowed for EM and tau objects is 16, where
8 are dedicated to be EM objects and 8 can be configured to be either EM or tau objects. The forward
jets have four thresholds that can be set independently in each of the detector arms.

Object EM Taus Jets For. Jets /ET ∑ET ∑ET ( jets) µ≤10 GeV µ>10 GeV

# of thresholds 8 - 16 0 - 8 8 4+4 8 4 4 3 3

Table 1: Number of L1 thresholds that can be set for each L1 object type at any given time (see text for
details).

The total number of allowed L1 configurations (also called L1 items) that can be deployed at any
time is 256. Each of these L1 items, programmed in the Central Trigger Processor (CTP) [10], is a
logical combination of the specified multiplicities of one or more of the configured L1 thresholds. As
an example L1 EM25i and L1 EM25 (A single L1 EM object with ET > 25 GeV with and without
isolation respectively) uses two L1 EM thresholds while L1 2EM25i (Two L1 isolated EM object with
ET > 25 GeV) uses the same L1 threshold as the L1 EM25i item. Furthermore, for each of the 256
L1 items, a prescale factor N can be specified (where only 1 in N events is selected and passed to the
HLT for further consideration). As the peak luminosity drops during a fill, the L1 prescale value can
be adjusted to keep the output bandwidth saturated without stopping and restarting a data-taking run, if
desired. A given data-taking run is sub-divided into time intervals of the order of one minute. These
sub-divisions, called luminosity blocks [11], provide the smallest granularity at which various data will
be monitored and available for physics analysis. The trigger configuration, including the L1 prescale
settings, remains unchanged within this luminosity block and adjustments to L1 prescale factors will be
made on luminosity block boundaries.

3 Level 2

The L2 trigger is software-based, with the selection algorithms running on a farm of commodity PCs.
The selection is largely based on regions-of-interest (RoI) identified at L1 and uses fine-grained data
from the detector for a local analysis of the L1 candidate. A seed is constructed for each trigger accepted
by L1 that consists of a pT threshold and an η-φ position. The L2 algorithms use this seed to construct
an RoI window around the seed position. The size of the RoI window is determined by the L2 algorithms
depending on the type of triggered object (for example, a smaller RoI is used for electron triggers than for
jet triggers). The L2 algorithms then use the RoI to selectively access, unpack and analyze the associated
detector data for that η-φ position. The ability to move, unpack, and analyse the local data only around
the seed position greatly reduces both the processing times and the required data bandwidth.

The L2 algorithms provide a refined analysis of the L1 features based on fine-grained detector data
and more optimal calibrations to provide results with improved resolution. They provide the ability to use
detector information that is not available at L1, most notably reconstructed tracks from the Inner Detector.
The information from individual sub-systems can then be matched to provide additional rejection and
higher purity at L2. For each L1 RoI, a sequence of L2 algorithms is executed which compute event
feature quantities associated with the RoI. Subsequently, a coherent set of selection criteria is applied on
the derived features to determine if the candidate object should be retained.
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The L2 farm will consist of around 500 quad-core CPUs. On average, the L2 can initiate the process-
ing of a new event every 10 µs. The average processing time available for L2 algorithms is 40 ms, which
includes the time for data transfers. The L2 system must provide an additional rejection compared to L1
of about 40 to reduce the output rate down from ∼75 (40) kHz to ∼2 (1) kHz during nominal (startup)
operations.

4 Event Filter

The final online selection is performed by software algorithms running on the Event Filter (EF), a farm
of processors that will consist of 1800 dual quad-core CPUs. The EF receives events accepted by L2 at
a rate of 2 kHz (1 kHz) during nominal (startup) operations and must provide the additional rejection to
reduce the output rate to ∼200 Hz, corresponding to about 300 MB/s. An average processing time of 4
s per event is available to achieve this rejection. The output rate from the Event Filter is limited by the
offline computing budget and storage capacity.

As in L2, the EF works in a seeded mode, although it has direct access to the complete data for a
given event as the EF selection is performed after the event building step. Each L2 trigger that has been
accepted can be used to seed a sequence of EF algorithms that provide a more refined and complete anal-
ysis. Unlike L2, which uses specialized algorithms optimized for timing performance, the EF typically
uses the same algorithms as the offline reconstruction. The use of the more complex pattern recognition
algorithms and calibration developed for offline helps in providing the additional rejection needed at the
EF.

5 Trigger rate estimation

Trigger rates have been estimated using a sample of simulated events. The design of a specific trigger
menu often requires several iterations of selection optimization to ensure that the output rate is within
allowed bandwidths and that interesting physics is triggered with high efficiency.

The first step in approximating trigger rates is to choose an appropriate input simulation sample. Most
trigger selections are dominated by backgrounds from common processes, so samples with large physics
cross-sections are generally used. However, these typically contain very few events that satisfy the trigger
criteria and hence a very large number of events are required to obtain adequate statistical uncertainties
on the estimated rates. In order to design the trigger menu for a luminosity of 1031 cm−2 s−1, a minimum-
bias dataset containing seven million non-diffractive events with a cross-section of approximately 70 mb
was used. To estimate the trigger rates with comparable statistical uncertainties for higher luminosities
would require prohibitively large generated samples, hence other approaches are being pursued. These
include using a combination of QCD and minimum bias event samples or alternatively using the so-called
enhanced bias sample. The enhanced bias sample is a loosely filtered minimum bias sample requiring the
lowest L1 pT thresholds for muon, EM, or jet to have been fulfilled. Only events that pass the filtering
process are reconstructed, resulting in a much more effective use of the computing resources. In addition
to QCD processes, other high cross-section physics processes, such as W and Z boson production, need
to be considered for estimating trigger rates at very high luminosities. Although such simulated samples
provide a reasonable starting point to establish a data taking menu, these trigger menus will evolve as
our understanding of the detector and trigger evolve, and as the physics requirements mature. Once data
taking operations begin, dedicated data samples for further menu optimization and rate estimations will
be collected.

In order to compute the initial trigger rates, the full trigger simulation (L1, L2, and EF) is executed on
a minimum bias data sample generated with PYTHIA [12] and simulated with realistic detector effects
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in Geant4 [13]. The rate estimates presented in this paper are based on an analysis of seven million
minimum-bias events. At a luminosity of 1031 cm−2 s−1 each unprescaled event corresponds to a rate of
about 0.1 Hz. These raw rates are subsequently weighted for any applied prescale factors, which allows
more accurate rate measurements as it makes use of all the events in the data sample. For each level, the
individual trigger rates are computed using the equation

R = L × naccepted

ntotal
× 1

∏current level
l=lowest level Pl

×σ (1)

where R is the rate at the current level, L is the instantaneous luminosity, Pl is the prescale factor applied
at a specific level, naccepted is the number of events accepted after the specific trigger level studied (and
hence all the previous lower levels as well), and ntotal is the total number of events in the dataset and σ
is the cross section.

Trigger rates are estimated by assigning a probability for an event to have been accepted. The com-
putation of rates based on probabilities makes maximal use of the available set of simulated events from
a statistical point of view. The probability Pri of an event being accepted by a trigger item i is given by:

Pri(event) = Di(event)/Pi, (2)

where Di is the decision probability accepting an event when no prescale factor is applied, and Pi is the
overall prescale associated with the trigger item.

In order to compute the overall acceptance rate of a specific menu, the overlap in acceptance from
different trigger items needs to be correctly taken into account. The probability that two triggers accept
an event simultaneously is then given by:

Pr12(evt) = Pr1(evt)×Pr2(evt). (3)

The overall probability of accepting an event in a menu of two triggers, including their correlations,
is thus given by

Prmenu(evt) = Pr1(evt)+Pr2(evt)−Pr1(evt)×Pr2(evt) (4)

This computation, although simple in the case of two triggers, becomes increasingly complex as the
number of items in the menu increases. Fortunately, this problem can be solved recursively. Dedicated
tools employing these methods have been developed to compute trigger acceptance rates and overlaps
for various trigger menus.

6 Trigger menu for a luminosity of 1031 cm−2 s−1

The initial LHC startup luminosity is expected to be approximately 1031 cm−2 s−1 with a low number
of bunches in the machine. These conditions will be ideal for commissioning the trigger and detector
systems, as well as for the initial data taking, which will be dedicated to high cross section Standard
Model signatures. Hence, the trigger selections deployed during this early running phase will primarily
be a combination of low pT thresholds and loose selection criteria. Triggers at higher selection stages
will be operated in pass-through mode wherever possible.

Trigger menus are tables of triggers that incorporate the signatures for various physics objects at
each of the three trigger levels. These signatures fully specify the thresholds and selection criteria at
each level, providing a recipe for triggering on various physics processes. Each signature is considered
carefully addressing its physics goals, the efficiency and background rejection it provides for meeting
these goals and the trigger bandwidth it consumes. Trigger menus also must include additional triggers
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for trigger validation, monitoring, calibration and measuring the performance of the physics triggers.
With these considerations, a trigger menu for the startup phase has been developed. The rates have been
estimated using the previously described simulated minimum-bias events.

The following notation is used to label the different trigger items: e (electron), g (photon), EM
(electromagnetic), J (jets), FJ (forward jets), XE (Missing ET ), TE (Total scalar sum ET ), JE (Scalar sum
of jet ET ), MU (muons), and tau (tau leptons). A typical example of a trigger item is 2e15i (two isolated
electrons with a pT greater than 15 GeV) or tau20i XE30 (an isolated tau decaying hadronically with
visible pT above 20 GeV and /ET above 30 GeV). A prefix to the item name is used to specify the trigger
level at which the item is deployed. If the presence of several trigger object types are required, the AND
of these multiple object types is shown using an “ ”, for example, tau25i XE30 requires an isolated tau
lepton with a pT above 25 GeV AND a Missing ET above 30 GeV (when objects are combined with no
qualifier a simpler notation can be used, for example, e+ µ for a trigger with an electron and a muon).

6.1 L1 items foreseen for a luminosity of 1031 cm−2 s−1

All rates given in this section are measured using simulated events with a luminosity of 1031 cm−2 s−1.
Table 2 shows a potential set of EM L1 signatures, their prescale factors and estimated rates that could
be deployed during start-up for an assumed luminosity of 1031 cm−2 s−1. It shows the eight L1 EM
thresholds and the multi-EM object thresholds that are direct combinations of the single EM thresholds.
At low luminosities, a single non-isolated trigger of 7 GeV can be used without the application of prescale
factors at the first trigger level with a rate of about 5 kHz. All multi-object EM triggers at L1 have
sufficiently low trigger rates and can be deployed without the application of any prescale factors. The
total L1 output rate out for the EM objects defined in Table 2 is about 10 kHz after correctly accounting
for events that have passed multiple L1 EM object signatures. The L1 EM object triggers are then used
to seed both electron and photon signatures at the HLT.

Trigger Item EM3 EM7 EM13 EM13I EM18 EM18I EM23I EM100
Prescale 60 1 1 1 1 1 1 1
Rate (Hz) 674 4900 950 480 369 143 53 1.5
Trigger Item 2EM3 2EM7 2EM13 2EM13I 2EM18 2EM18I 2EM23I 3EM7
Prescale 1 1 1 1 1 1 1 1
Rate (Hz) 6500 534 108 8 47 2 0.6 53

Table 2: L1 trigger items and estimated rates at 1031 cm−2 s−1 for electromagnetic objects.

Several higher threshold signatures are deployed with and without isolation, even though lower
thresholds can be deployed without the application of prescale factors at low luminosities. This allows
the validation of the higher thresholds and trigger items that will be needed at high luminosities when
the lower threshold triggers can only be deployed with prescale factors due to rate considerations.

The inclusive L1 jet trigger items and corresponding prescale factors, as shown in Table 3, are chosen
to given an approximately flat trigger rate across the steeply falling jet ET spectrum. At a luminosity of
1031 cm−2 s−1, a single jet trigger with a threshold ET of 120 GeV can be deployed without prescale
factors and has a L1 output rate of about 8 Hz. Figure 2 shows that triggered jet ET spectrum is fairly
flat up to the threshold value of 120 GeV and then falls with the jet cross section. This strategy provides
sufficient statistics across the ET spectrum for the measurement of the differential cross sections and for
measuring the efficiencies and performance of different algorithms.

At a luminosity of 1031 cm−2 s−1, the HLT algorithms for the inclusive jet triggers are run in pass-
through mode with the rate controlled only by using L1 prescale factors. This allows validation of the
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Trigger Item J10 J18 J23 J35 J42 J70 J120 3J10 3J18 4J10 4J18 4J23
Prescale 42000 6000 2000 500 100 15 1 150 1 30 1 1
Rate (Hz) 4 1 1 1 4 4 9 40 140 40 20 7

Table 3: L1 trigger items and estimated rates at 1031 cm−2 s−1 for jet objects.
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Figure 2: Jet ET spectrum at 1031 cm−2 s−1 before (dashed) and after (solid) pre-scaling at L1.
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HLT algorithms for jet triggers that can then be deployed at higher luminosities.
Unlike single jet triggers, where the output rates are controlled by applying prescale factors at L1,

jet triggers with higher multiplicities (multi-jets) have a larger allocated L1 output bandwidth to allow
the use of additional selection algorithms only applicable at the HLT (e.g. b-tagging). Their total output
rate to disk storage is subsequently controlled at the HLT with either a combination of jet algorithms
and additional prescale factors (leading to normal jet signatures) or additional highly rejective selections,
(e.g. b-tagging algorithms leading to b-jet signatures).

The prescale factors and rates for forward jet triggers are shown in Table 4. The HLT algorithms at
low luminosity are executed in pass-through mode with rates controlled using L1 thresholds and prescale
factors.

Trigger Item FJ18 FJ35 FJ70 FJ120 2FJ18 2FJ35
Prescale 7000 700 20 1 100 1
Rate (Hz) 1 1 1 1 1 2

Table 4: L1 trigger items and estimated rates at 1031 cm−2 s−1 for forward jet objects.

Table 5 shows the rates for the suite of single muon and dimuon signatures; these triggers can all
be deployed at 1031 cm−2 s−1 without L1 prescale factors with further selection at HLT to control the
output rates. Three of the six available muon thresholds must be established below pT of 10 GeV and
are based on a coincidence of only two of the inner three stations. The lowest possible muon threshold
of 4 GeV is set by opening the coincidence window in the two stations to the maximum allowed size.
The remaining three high pT threshold L1 muon triggers (pT > 10 GeV) require a coincidence in all
three muon trigger stations. The largest contribution to the rates shown in Figure 3 come from b, c quark
decays and in-flight decays of pions and kaons. The L1 muon trigger is highly efficient (99%) for pT

above the threshold values within the fiducial acceptance of the detector.

Trigger Item MU4 MU6 MU10 MU15 MU20 MU40
Rate (Hz) 1730 640 360 30 20 10
Trigger Item 2MU4 MU4 MU6 2MU6 2MU10 2MU20 3MU6
Rate (Hz) 70 45 14 7 0.2 0.7

Table 5: L1 trigger items and estimated rates at 1031 cm−2 s−1 for muon objects.

Some of the signatures and estimated rates for single and double tau triggers at 1031 cm−2 s−1 are
shown in Table 6. The triggers at low luminosity are chosen to collect large statistics of W and Z boson
decays to tau leptons. For W boson decays, additional cuts on /ET help reduce the rates. However,
reliance on /ET is limited during startup as it is very sensitive to several detector and acceptance effects,
and will take time to validate. Alternative approaches that use /ET only in the Event Filter seeded with a
single tau signature at L1 are being studied. In addition to the 2τ triggers at L1, τ + e and τ + µ triggers
have been implemented at L1 to trigger on Z→ ττ decays with one of the taus decaying leptonically.

The eight /ET thresholds likely to be deployed at the L1 stage are shown in Table 7. The strategy here
is similar in nature to that of the jet triggers, with L1 prescale factors tuned to provide a flat rate across
the /ET spectrum. The reliance on inclusive /ET trigger will be small especially during the early running
period as it is sensitive to various detector effects that will require time to understand. Most of the /ET

thresholds are expected to be used in combination with other signatures.
In addition to the /ET trigger thresholds, there are four thresholds available for the scalar sum ET (TE)

and the scalar sum ET of observed L1 jets (JE). As for the /ET triggers, reliance on such triggers will be
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Figure 3: Estimated muon trigger rate for a luminosity of 1031 cm−2 s−1. Shown are the total rates and
various contributions.

Signature tau6 tau9I tau11I tau16I tau25 tau25I tau40
Prescale 750 300 1500 10000 20 10 1
Rate (Hz) 19 16 2 < 0.1 16.1 25 83
Signature 2tau6 2tau9I 2tau16I tau6 tau16I tau9I EM13I tau9I MU6 tau9I XE30
Prescale 100 1 1 10 1 1 1
Rate (Hz) 19 413 65 46 100 25 160

Table 6: L1 trigger items and estimated rates at 1031 cm−2 s−1 for tau objects.

Trigger Item XE15 XE20 XE25 XE30 XE40 XE50 XE70 XE80
Prescale 30000 7000 1500 200 20 2 1 1
Rate (Hz) 2.5 3 4 7.5 7.5 14 2 1

Table 7: L1 trigger items and estimated rates at 1031 cm−2 s−1 for Missing ET objects.
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limited in the early running period, but could prove to be valuable to ensure that very high ET events
are recorded. Table 8 shows the selections, the pre-scale factors necessary to achieve the desired rate
reduction, and estimated L1 output rates for the TE and JE triggers that could be deployed at startup.

Trigger Item TE150 TE250 TE360 TE650 JE120 JE220 JE280 JE340
Prescale 100k 1100 40 1 150 10 2 1
Rate (Hz) 2 3 1 0.5 0.5 0.5 0.5 0.1

Table 8: L1 trigger items and estimated rates at 1031 cm−2 s−1 for the scalar ∑ET (TE) and ∑E jet
T (JE)

triggers.

In addition to L1 triggers that rely on thresholds and multiplicities of a single object type (EM, Jet,
muon etc.), several triggers are formed by combining multiple L1 object types (e.g: EM + muon, Jet
+ missing ET etc.). Table 9 shows some of the typical combined signatures and their estimated rates.
The rates for these triggers are generally small because they combine objects of different types at L1
and can thus be executed without prescale factors. Combining object types at L1 provides a mechanism
to control the rates while maintaining low enough thresholds to meet the physics goals of the trigger.
Even though single object triggers may suffice for low luminosity running, it is necessary to deploy the
multi-object triggers at low luminosity to validate them and ensure their reliability as the LHC moves to
high luminosity operations.

Trigger Item EM13 XE20 EM7 MU6 MU11 XE15 MU10 J18
Rate (Hz) 225 10 13 33
Trigger Item 2J42 XE30 4J23 EM13I 4J23 MU11 EM13I J42 XE30
Rate (Hz) 13 6.5 1 6.5

Table 9: A representative list of L1 trigger items and estimated rates at 1031 cm−2 s−1 for triggers
combining several object types. The “ ” notation is used to show the AND between two object types.

6.2 HLT signatures foreseen for a luminosity of 1031 cm−2 s−1

During low luminosity running, most of the triggers at Level 2 and Event Filter are either executed in
pass-through mode or with loose selections. Table 10 shows some of the lowest threshold trigger items
that can be executed without applying prescale factors and their estimated rates for 1031 cm−2 s−1. Higher
threshold triggers, which will become important during high luminosity running are also deployed so that
they can be validated with early data.

Trigger Item e12 2e5 g20 tau60 tau25i XE30 MU10 2MU4 e10 MU6 J120 4J23 2b23
Rate (Hz) 19 7 7 10 3.5 18 2.3 0.5 9 7 3

Table 10: Examples of low threshold trigger terms executed without prescale factors and estimated rates
that can be deployed at 1031 cm−2 s−1.

Figure 4 shows a graphical summary of the EF output rates for each trigger group and the cumulative
rates, which provide a running total of the rates. The sum of the rates for all the trigger groups is more
than the cumulative rates due to overlaps between the groups. The grouping is done as follows: single
and multi-object triggers of the same object type are grouped together, hence “Electrons” refers to the
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total rates estimated for all single and multi-electron triggers including triggers executed with prescale
factors and in pass-through mode. “B-Physics and Topological” refers primarily to B-physics triggers
and other triggers where invariant mass cuts have been applied during the selection process, such as in
selection of J/ψ , ϒ , and Z decays. The “Other Topological” triggers require two or more object types,
such as e+ jets, τ + /ET etc.

The trigger grouping and associated rates are shown in finer detail in Table 11 for each of the trigger
levels. The rates for each trigger grouping accounts for overlaps between signatures in that group, but not
across groups. The “Total” row gives the cumulative rates for this trigger menu, accounting for overlaps
between the trigger groups as well. The total output rates for each trigger level, for the proposed trigger
menu at a luminosity of 1031 cm−2 s−1, is estimated to be within the available bandwidth, although
there are large uncertainties inherent in the simulation. The estimated rate out of L1/L2 is 12 kHz/620
Hz well below their respective targets of 40 kHz and 1 kHz available during the LHC startup phase.
The selections have been tuned to yield the targeted EF output rate of 200 Hz, but it is evident that this
preliminary trigger list will need to be optimized based on early experience with real data.

7 Data streams

ATLAS has adopted an inclusive streaming model whereby raw data events can be streamed to one or
more files based on the trigger decision. A proposed initial streaming configuration consists of four raw
data streams called egamma, jetTauEtmiss, muons, and minbias. Each stream consists of events that pass
one or more trigger signatures. The stream names indicate the type of trigger signatures they will contain,

Rate (Hz)
0 20 40 60 80 100 120 140 160 180 200

Other Topological

Minimum Bias

B-physics & Topological

Total Jet E

Total E

Missing Et

Muons

Taus

Photons

Electrons
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Jets Rates

Cumulative Rates

Figure 4: HLT unique (black) and cumulative (gray) estimated rates at 1031 cm−2 s−1 for different trigger
groups as described in the text.
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Object L1 (Hz) L2 (Hz) EF (Hz)
Single-electrons 5580 176 27.3
Multi-electrons 6490 41.1 6.9
Multi-photons common 2.9 < 0.1
Single-photons common 33.4 9.1
Multi-Jets 221 7.9 7.9
Single-Jets 24.4 24.4 24.4
Multi-Fjets 2.7 2.7 2.7
Single-Fjets 3.7 3.7 3.7
Multi-bjets common 12.9 2.6
Single-bjets common 11.6 11.6
Multi-taus 465 14.5 12.4
Single-taus 148 32.9 22.3
Multi-muons 68.6 5.8 2.3
Single-muons 1730 204 21.8
Missing ET 37.9 31. 3.8
Total ET 6.3 6.3 1
Total Jet ET 1.6 1.6 1.6
BPhysics common 25 13
Muti-Object 5890 134 48
Minimum Bias 1000 10 10
Total 12000 620 197

Table 11: L1, L2, and EF estimated rates for several groups of trigger items at a luminosity of
1031 cm−2 s−1. The total rate accounts for overlaps between the groups. The L1 objects labeled “com-
mon” have the same L1 triggers as other object types and hence do not require any additional L1 band-
width.

for example, events passing electron or photon triggers will be written to the egamma stream. Events
passing certain topological triggers could be written to more than one stream. Two examples, e+ /ET and
e + µ , can be used to demonstrate the two possible modes for streaming events that pass a topological
trigger. For the e+ /ET signature, events are only written to the egamma stream unless they also pass an
inclusive /ET signature after pre-scaling, in which case they are also written to the jetTauEtmiss stream.
For the e+ µ signature, events are written to both egamma and muon stream regardless of whether they
pass the inclusive single electron or single muon trigger.

Streams are chosen to have approximately the same proportion of events and to keep the total overlap
(event duplication across streams) to less than 10%. The final optimization of these streams can only be
achieved with an understanding of the overlaps observed with real data. Furthermore, the number and
type of raw data streams may be optimized for use at different luminosity settings.

Table 12 shows the total and the unique rates of the proposed early stream configuration. The unique
rate reflects the number of events written solely to the specified stream, hence the difference between the
total rate and the unique rate is the rate of replicated events in each stream.

As shown in the Table, in addition to the raw data streams, an express stream and a calibration stream
have also been defined. An express stream containing a subset of triggers can be used to provide rapid
feedback on the quality of the data. It is therefore reconstructed first and any relevant knowledge of
the quality of data is incorporated into the reconstruction of the remaining streams. Events in express
stream are primarily intended for monitoring and not for physics analysis. Hence, by definition, events
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appearing in express stream would also appear in one of the primary raw data streams.
Additional triggers required for detector calibration can be run in a parasitic mode during data taking

operations. These include triggers that provide data needed for detector alignment and energy scale
determination. Such data can be written to their own raw data stream with the advantage of being
processed early and the extracted calibration constants used as part of the bulk reconstruction of the
primary raw data streams.

8 Evolution to higher luminosities

Experience with early running will allow further optimization of the trigger algorithms and menus and
improve the ability to estimate rates in the high luminosity regime. As the LHC ramps up to its de-
sign luminosity, complex trigger signatures with multiple observables, higher pT thresholds and tighter
selections will be deployed to maintain the output Event Filter rates at about 200 Hz.

As noted in Section 2, there are a limited number of L1 thresholds available for each object type. The
intent is to keep the L1 thresholds as stable as possible. With increasing luminosity, higher L1 thresholds
need to be introduced at the expense of some of the lower thresholds. However, many of the thresholds
will be retained providing common points of comparison across luminosity regimes. At high luminosity,
the luxury of running in pass-through mode or with loose selections will not be possible, and tighter
HLT selections will be implemented to achieve the required rejection. For example, jet triggers that used
only the L1 prescale to control the rates at low luminosity, will enable the HLT at high luminosity to
obtain the additional rejection needed to control the EF output rates. In addition, topological triggers that
include jets at lower thresholds than the inclusive jet triggers but in combination with other objects or
requirements to achieve reduction in output rate, are deployed to increase the physics acceptance.

At high luminosities, the trigger software and selection must be robust against high detector oc-
cupancies, pile-up effects and cavern backgrounds. Pile-up effects becomes significant with increas-
ing luminosities with an average of more than 20 interactions per crossing expected at a luminosity of
1034 cm−2 s−1. The trigger should ensure coverage of the full physics programme, including searches
for new physics and precision measurements of Standard Model parameters. The signatures include lep-
ton, photon, and jet triggers, but with higher thresholds and tighter selection criteria employed to control
the rates. Additional requirements that operate in pass-through mode at low luminosities, such as isola-
tion, large /ET and other complex criteria such as flavour tagging, must also be deployed to achieve the
necessary rate reduction.

Table 13 shows a representative sample of L1 and HLT trigger items that can be expected to be
deployed without prescale factors at a luminosity of 2×1033 cm−2 s−1. A comparison of this menu to
the one at a luminosity of 1031 cm−2 s−1 illustrates the evolution of the rates and thresholds as a function
of luminosity. The evolution is not linear as some of the triggers also have employed tighter selection
conditions at higher luminosity. While Table 13 gives a flavour of some of the primary triggers and

Stream Total Rate (Hz) Unique Rate (Hz)
egamma 55 48
muon 35 29
jetTauEtmiss 104 89
minBias 10 10
express 18 0
calibration 15 13

Table 12: Total and unique rates at 1031 cm−2 s−1 for a selected raw data stream configuration.
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L1 item Rate (kHz)
EM18I 12.0
2EM11I 4.0
MU20 0.8
2MU6 0.2
J140 0.2
3J60 0.2
4J40 0.2

J36 XE60 0.4
tau16I XE30 2.0

MU10 EM11I 0.1
Others 5.0

HLT item Rate (Hz)
e22i 40
2e12i < 1
g55i 25
2g17i 2

MU20i 40
2MU10 10

J370 10
4J90 10

J65 XE70 20
tau35i XE45 5

2MU6 for B-physics 10

Table 13: Subset of trigger items from two illustrative trigger menus at L1 (left) and at the HLT (right)
for a luminosity of 2×1033 cm−2 s−1.

expected rates, the full physics trigger menu will consist of many additional signatures for precision
measurements and the discovery program, as well as triggers required for calibration and background
studies.

Preliminary rate studies suggest that about 30% of the 200 Hz bandwidth will be available for electron
and photon triggers, 25% for muon triggers, 15% for jet triggers, and 15% for triggers involving taus and
/ET . About 5% of the bandwidth is allocated to B-physics related triggers which will involve low pT

di-muon signatures with additional mass cuts to select J/ψ and other rate B-meson decays, with the
balance of the bandwidth used for calibration and background triggers. This proposed distribution, will
of course evolve with experience, and will be tuned to ensure full coverage for discovery and precision
physics at all luminosities.

9 Summary

The LHC is expected to begin its operation at a low luminosity of about 1031 cm−2 s−1 and ramp up
to the design luminosity of 1034 cm−2 s−1 over the first few years of operation. The three levels of the
ATLAS trigger have been designed to handle the high rates and occupancies at high luminosity. The
trigger items and their performance have been studied in detail in both the low and high luminosity
regimes and a comprehensive trigger menu has been developed for the LHC startup phase. Details of
the triggers comprising this menu have been discussed in this note and primarily consist of low pT

thresholds and loose selections that would allow for rapid commissioning and preparation for the high
luminosity regime. The rates estimated for a trigger menu that will likely be deployed during the initial
phase of the LHC run are within the limits of the TDAQ bandwidths, but are subject to fairly large
uncertainties due to the use of simulations that extrapolate from the 2 TeV center-of-mass energy of
the Tevatron to the 14 TeV expected for the LHC. The trigger menu in the high luminosity regime will
use high pT thresholds and complex triggers involving multiple objects to provide efficient selection of
physics processes and high background rejection. A flavour of such signatures has been discussed in this
note. The initial running will allow further optimization of the trigger menus, which will evolve as the
luminosity increases over three orders of magnitude to the design luminosity.
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HLT Track Reconstruction Performance
Abstract
This note reviews the tracking algorithms used at the L2 and Event Filter stages
of the High Level Trigger of ATLAS. The tracking performance (efficiency,
resolution) is studied for different topologies (single tracks, high and low pT

jets) using simulated data. Detailed information on the execution time of the
algorithms is also given.

1 Introduction

The aim of this note is to describe the tracking algorithms used at the L2 and Event Filter stages of the
High Level Trigger of ATLAS and to study their performance.

The definitions of the relevant quantities (efficiency, fake rate, and resolution) given in this note can
differ with the ones used in the different selection algorithms of specific trigger objects (e/γ , muon, taus,
b-jet and B-physics): here the purpose is to define a common language to study and compare the different
tracking algorithms.

A detailed description of the complete ATLAS detector and its performance can be found in [1].
In addition to a description of the trigger system, it also contains relevant information on the ATLAS
tracking detectors, the Inner Detector (ID) and its subsystems (Pixel, SCT and TRT).

2 Track reconstruction at L2

2.1 Data preparation

Detector data should be converted before it can be used by tracking algorithms. The conversion process
includes the bytestream decoding, the cluster formation in the Pixel and SCT detectors [1], and their
conversion in spatial coordinates (space points).

2.2 IDScan

IDScan is a set of algorithms for fast pattern recognition and track reconstruction at the second level trig-
ger, using space points provided by the tools described in Section 2.1. These algorithms first determine
the z-position of the interaction point along the beam axis and then perform combinatorial tracking only
inside groups of space points that point back to that determined position.

The first algorithm, aiming to determine the z-position of the primary vertex, divides the region-
of-interest (RoI) into many equally-sized φ slices, whose width is tuned according to the individual
RoI type, based on the lowest track momenta desired and the level of background hits in the detector.
While tracks of high momenta produce most of their hits in a small number of neighbouring slices, hits
from lower-momentum, curved tracks populate several different slices. Every space point is paired (or
optionally every space point from the innermost three silicon layers) in each slice to the other space
points in that slice and in a few neighboring slices, and each pair is used to calculate a z-position by
linear extrapolation to the beam line. (This exploits the fact that helical trajectories of charged particles
in a solenoidal magnetic field are straight lines in the ρ-z projection.) A one-dimensional histogram
accumulates all the calculated z values, and the peak(s) in this histogram provide the rest of the IDScan
algorithms with the z-coordinate of the pp interaction point. The correct position is identified in more
than 98% of the RoIs, with a resolution between 150 and 200 µm (depending on the type of RoI) for the
central RoIs.
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Using the z-position previously reconstructed, the second algorithm computes the pseudorapidity for
all the space points in the RoI and fills a two-dimensional histogram in (η ,φ). Since all hits from a given
(sufficiently) high-PT track tend to be contained in a small solid angle (with its apex at the origin for the
track), the space points from each track that originates from the computed z-position on the beam axis
form a cluster of neighbouring bins in this histogram. When the bin size is small enough, the occupancy
for each bin is low and each cluster, called a group, often contains the space points of a single track.
Fake candidates are reduced by keeping track of which detector layers contribute space points to each
bin and requiring that at least four out of an expected seven layers to have contributed to a given bin or
its immediate neighbours, before that bin is included in a group.

After the groups have been identified random space points and/or space points from multiple tracks
in each group are separated. This is achieved by considering all possible triplets of space points within
a group and making use of the fact that any three hits from a track can be used to extract the same
track parameters φ0 and 1/PT in the transverse plane. The algorithm fills a two-dimensional histogram
with extracted (φ0,1/PT ) values and considering combinations containing space points from at least four
different silicon layers.

Finally the cleaned groups are subjected to the clone removal algorithm, which identifies groups
sharing at least a certain number of space points (currently 2 or 3 depending on the RoI type) and
removes all but the one with the highest number of space points. Furthermore, a group is removed if it
shares more than 45% of its space points with others. This step significantly reduces the number of fake
groups that contain a few random space points in addition to a small number of space points from an
actual track.

After all these steps, the remaining groups are passed on to a track fitter. The default fitter used by
IDScan is described in Section 2.5.

2.3 SiTrack

The SiTrack L2 algorithm adopts a combinatorial pattern recognition approach to reconstruct tracks
starting from space points formed in the ID silicon detectors.

In order to perform space point combinations, these are first of all grouped into sets from which the
entries of each combination will then be extracted; the grouping is implemented in SiTrack, using the
idea of “logical layers”. These correspond to a list of physical detector layers, i.e. barrel layers and
end-cap disks, and are labeled with increasing numbers moving away from the beam line. The same
physical layer can be included in more logical layers, to increase the robustness of the track finding
process. To provide a tangible example, the first logical layer adopted for the reconstruction of high-pT

isolated leptons includes the innermost two pixel barrel layers and the innermost pixel end-cap disk.
Once the space points have been associated to the logical layers they belong to, the track reconstruc-

tion algorithm proceeds through the following five steps:

• formation of track seeds;

• optional primary vertex reconstruction along the beam line;

• extension of track seeds;

• merging of extended seeds;

• clone removal.

The formation of track seeds corresponds to a combinatorial pairing of space points coming from the
innermost two logical layers. For each seed, the extrapolation to the beam line is evaluated, using a
straight line approximation; this process is depicted in Fig. 1. At this point a cut on the transverse
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Figure 1: Pictorial scheme of the SiTrack combinatorial strategy for track seeds formation (left) and track
seeds extension (right).

impact parameter is applied. This cut, meant to reduce the number of seeds to be further processed, is
particularly important, as it fixes the lowest reconstructible track pT value.

The subsequent step is the reconstruction of the position of the primary interaction vertex along the
beam line, used to reject tracks not coming from the primary interaction. The vertex reconstruction
is performed filling a histogram with the longitudinal impact parameter of the seeds and searching for
histogram maxima; more vertex candidates can be retained and seeds not pointing to any of the recon-
structed vertexes are discarded. This optional step is useful for high track multiplicity topologies like
jets, but is typically skipped in the case of low multiplicity event topologies, e.g. for the reconstruction
of single isolated leptons. Each retained seed is extended, as depicted in Fig. 1, extrapolating it to the
outer logical layers and forming one or more space point triplets for each seed; extensions are selected
applying a cut on the distance between the outer space point and the extrapolated seed. Each extended
seed is then fitted by a straight line in the longitudinal plane and parametrized as a circle in the transverse
plane.

All the extensions found for each seed must then be merged into a single full track, grouping the
triplets having similar track parameters after the fit. The full track is thus formed by the union of the
space points from all the merged extensions. All the triplets not involved in the merging process are
discarded, while track parameters are re-evaluated for the full track, fitting it with a straight line in the
longitudinal plane and a circle in the transverse one.

Two full tracks obtained from different track seeds may still share most of their space point; these
tracks are defined as clones. To eliminate these ambiguous cases, only the clone track containing the
largest number of space points is retained; in case more clone tracks contain the same number of space
points, the one with the lowest χ2 value prevails. The retained full tracks are finally refit using one of the
available common fit tools.

2.4 TRT tracking

Information from the TRT part of Inner Detector can be used as the basis of a L2 tracking algorithm.
The core of the algorithm is a set of utilities from the offline reconstruction package xKalman [2] for
the reconstruction of tracks in the TRT detector. It is based on the Hough-transform (histogramming)
method. At the initialization step of the algorithm, a set of trajectories in the φ−R(Z) space is calculated
for the barrel and endcap parts of the TRT. The value of the local magnetic field is taken into account
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at each straw position and coordinate along it when calculating the trajectories. After initialization, a
histogram (with a size of 500 bins in φ and 70 bins in curvature) is filled for each event with the TRT hit
positions. The track candidates can be identified from peaks in the histogram. Bins with at least eight
hits are considered as track candidates. These track candidates should satisfy some quality parameters
like the number of unique hits and the ratio of hits to number of straws crossed by the trajectory. For each
track candidate, the parameters are tuned so that the track lies on the maximum number of drift circle
positions. It is at this stage that drift information is taken into account to further improve the resolution
of the track parameters.

2.5 Track fitting tools

The track fitting procedure used by the L2 ID algorithms in Pixel and SCT detectors is based on a Kalman
filtering technique.

At first, space points are dissolved into clusters and a filtering node is created for each cluster. The
filtering nodes encapsulate implementations of the Kalman filter algorithm for various measurement
models. The fitter object uses the filtering nodes to update a track state described as a 5-dim vector of
track parameters (local x, local y, angles φ and θ given in the global coordinate system, and track inverse
momentum Q) and corresponding covariance matrix.

The track state update consists of three steps. First, the track state is extrapolated using a sim-
ple parabolic approximation of a trajectory in uniform magnetic field. The material-related corrections
(multiple scattering, energy losses) are added to the covariance matrix during this step. The extrapolated
track state is used to validate the next hit: if the χ2 distance between the hit and state is less then a
predefined cut for this filtering node the track state is updated. These “extrapolate-validate-update” steps
are repeated for every node. After that, a standard backward smoother is applied.

There exists another tool which performs track fit and simultaneous pattern recognition in the TRT.
The implementation of this tool is based on a distributed approach. More details on the L2 TRT track
extension tool can be found in Ref. [3].

2.6 Vertex Fitting tools

An essential part of the L2 event selection (e.g. B-physics event selection) is vertex finding and fitting us-
ing tracks reconstructed by the L2 tracking algorithms as input. Due to the L2 timing constraints a vertex
fitting algorithm for the L2 application has to be fast. An additional requirement stems from the L2 track
reconstruction which provides input track parameter errors in form of a covariance matrix. In contrast,
vertex fitting algorithms proposed in literature assume uncertainties of the input track parameters to be
described by weight (inverse covariance) matrices. However, if only track covariance matrices are avail-
able, these algorithms requires them to be inverted beforehand thus resulting in substantial computing
time overhead.

To alleviate this drawback a fast vertex fitting algorithm capable of using track covariance matri-
ces directly (i.e. without time-consuming inversion) has been developed. The specific feature of the
algorithm is that track momenta at perigee points rather than “at-vertex” momenta are selected as the
fit parameters. Such a choice of fit parameters makes it possible to apply a decorrelating measurement
transformation so that the transformed measurement can be partitioned into two uncorrelated vectors
– measured momenta and its linear combination with measured track coordinates at the perigee. This
linear combination comprises a new 2-dim measurement model while the measured momenta and the
corresponding blocks of the input track covariance matrices are used to initialise a vertex fit parameter
vector and covariance matrix of the Kalman filter. This approach provides a mathematically correct and
numerically stable initialisation of the vertex fit. A reduced size (2-dim instead of the usual 5-dim) of
the measurement model makes the proposed Kalman filter very fast and therefore suitable for an online
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application in the ATLAS Level 2 Trigger. A detailed description of the L2 vertex fitting algorithm can
be found in Ref. [4].

3 Track reconstruction at EF

ID reconstruction at the EF is performed using ATLAS “New Tracking” software [5]. A common ap-
proach between offline and online is possible thanks to the modular New Tracking design which allows
the replacement of time-critical components and full-featured offline modules by trigger-specific im-
plementations. New Tracking currently covers two sequences, the main inside-out track reconstruction
(track finding starts from the Silicon and then is extended to the TRT) and outside-in tracking (from
the TRT to the Silicon). The primary pattern search concepts for both sequences have been to a large
extent adopted from the already existing ATLAS ID reconstruction program xKalman [2], but integrated
and incorporating additional components in the common New Tracking approach. In the following note,
only the inside-out reconstruction of tracks is described since is it the only one used in the EF ID online
reconstruction. In the future, an outside-in approach is intended to be used in the trigger in cases where
photon conversions are present.

The EF ID reconstruction runs for many different signatures, such as electrons, muons, taus, and b-
jets. Each of these triggers contains a very similar algorithm sequence as the ID inside-out tracking and
is followed, depending on a given object, by dedicated event reconstruction algorithms including vertex
finding, b-tagging or electron processing. In the EF realization of New Tracking dedicated algorithms
steer the underlying tools with RoI-seeded input collections 1. The tools used are directly taken from
the offline reconstruction chain but operated in a RoI-seeded mode, where the trigger signature defines a
width of the RoI.

The EF ID algorithm sequence is divided into three stages defined as pre-processing, inside-out track
finding and post-processing. The pre-processing stage is responsible for building clusters and drift circles
in the Silicon and TRT detectors, respectively, and the creation of space points as three-dimensional
representations of the Silicon detector measurements.

The inside-out track finding starts from the Pixel and SCT to find track seeds and creates track
candidates based on the seeds primarily found. The seeded track finding results in a very high number of
track candidates, that have to be resolved before an extension into the TRT detector can be done. Many of
these tracks share hits, are incomplete, or describe fake tracks, hence ambiguity resolution is necessary.
The track extension from the Silicon to the TRT is divided into two modules. First, tracks found in the
Silicon detector are used as an input to find a compatible set of TRT measurements. Then each extended
track is evaluated with respect to the original Silicon track. A track scoring mechanism is then used to
compare the original track with the one after refitting, and the best track is chosen.

The last stage, post-processing, starts from a primary-vertex search, which is based on the Billoir
fitting method [6]. A track object is created which is a representation of the track reconstruction results
aimed for analysis applications.

Currently several different fitting techniques are implemented in New Tracking and can be chosen at
a configuration level:

• Kalman Fitter as a straightforward implementation of the Kalman filter technique [7] that has been
adopted for the track fitting in high energy physics experiments. For the ATLAS Silicon detector,
the Kalman Fitter has a dedicated extension for fitting of tracks from electrons, that lose stochas-
tically a significant part of their energy due to bremsstrahlung effects. In that case, an assumption
about purely Gaussian noise is far from being optimal. A special Dynamic Noise Adjustment tech-

1The FullScan operation is an exception which assumes track reconstruction in the entire detector.
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nique has been developed [8]. It still uses a Gaussian error assumption but modifies the applied
variance based on the amount of traversed material.

• Deterministic Annealing Filter is a deterministic annealing technique [9] which combines the stan-
dard Kalman filter formalism with a probabilistic description of the measurement assignment to a
track.

• Gaussian Sum Filter is a special multi-Gaussian extension of the standard Kalman fitter [10],
dedicated to reconstruction of electron tracks. In the GSF approach, the highly non-gaussian
probability density function of electron energy loss is modeled by a mixture of several Gaussians.

• Alignment Kalman Filter is an extended version of the Kalman filter [11] that integrates an update
of the detector surface orientation and position into an intrinsic measurement update of a Kalman
Fitter step.

• Global Chi2 Fitter [12] is a track fit through a minimization of χ2 value. Given purely Gaussian
process noise, the minimization of the χ2 value that is built from hit residuals at every measurement
surface gives the best set of estimators of the track trajectory. Material effects enter the χ2 function
as additional fitting parameters.

The Kalman Fitter approach without the Deterministic Annealing Filter extension is a default fitter
at the EF ID. Other fitters described above can be chosen during the configuration step.

4 Performance

4.1 Timing measurement

This section presents a summary of CPU timing measurements for various steps of data preparation and
track reconstruction in L2 ID and EF ID algorithms.

4.1.1 L2 ID

The L2 ID timing has been measured on a quad-core 3GHz Woodcrest CPU machine. Timers provided
by the standard trigger monitoring framework have been used for these measurements.

The data preparation timing measurements obtained on tt̄ data for the Pixel and SCT are shown in
Table 1 for e/γ , muon, and tau triggers. The average cluster collection and space point multiplicities per
RoI are presented in Table 2.

The track reconstruction timing measurements are summarized in Table 3 (note that SiTrack fit timing
is included in the pattern recognition time). The average track multiplicity is presented in Table 4.

Tables 5,6, 7, and 8 present a comparison between RoI-based and FullScan running for B−physics
triggers on bb̄→ µX data. These show, respectively, the time of data formation, average space point
multiplicity, time of L2 ID track reconstruction, and average track multiplicity for the two cases.

4.1.2 EF ID

The EF ID timing measurements are shown in Table 9. They were done on a 3 GHz Intel Xeon 5160
CPU with 8GB of memory. The EF ID software was run in the emulator of the event filter processing and
execution times for the algorithms were obtained as mean values from the timing histograms provided
by the HLT framework. The results are representative in terms of algorithm execution times but do not
account for data collection times, which are platform dependent. Two event samples were used in the
tests, one corresponding to a single electrons with 100GeV, the other was a simulation of tt̄ production.
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Data preparation step Mean time [ms]
µ e/γ τ

RegionSelector 0.23 0.26 0.32
RobDataProvSvc 0.02 0.02 0.02
Cluster IDCs retrieval 0.03 0.03 0.02
BS-to-clusters, Pixel 0.63 0.73 1.02
BS-to-clusters, SCT 0.60 0.69 0.95
Pixel space point formation 0.24 0.27 0.35
SCT space point formation 0.31 0.37 0.40
Total time 2.11 2.45 3.23

Table 1: The timing measurements of the data formation per RoI.

Data preparation step Multiplicity
µ e/γ τ

Pixel cluster coll. 46.2 45.6 104.4
SCT cluster coll. 82.8 83.5 245.8
Pixel space points 66.4 65.9 131.6
SCT space points 36.5 38.8 87.1

Table 2: Average cluster/space point multiplicities per RoI.

The most CPU demanding operation is the track finding in the silicon detectors with typical exe-
cution times of 30 ms per RoI ( 300 ms in FullScan mode). Next is the processing of TRT extensions
and resolution of ambiguities each with a CPU cost of about 20 ms per RoI (approximately 170 ms in
FullScan). Another important contribution to the processing time is the data preparation step which takes
about 20 ms per RoI for all detectors (and about 300 ms in FullScan mode). The total time to process tt̄
events in full-scan mode is about 1s.

4.2 Efficiency and resolution definition

In order to evaluate the performance of any tracking algorithm, three kinds of information have to be
provided: track reconstruction efficiency, the percentage of fake reconstructed track candidates, and the

Track reconstruction step Mean time [ms]
µ e/γ τ

IDScan : Pattern recognition 0.60 0.70 1.45
IDScan : Track Fit 0.28 0.29 0.49
IDScan : TRT data preparation 1.14 1.32 –
IDScan : TRT tracking 2.96 2.87 –
SiTrack : Pattern recognition 0.62 0.66 –
SiTrack : TRT data preparation 1.15 1.39 –
SiTrack : TRT tracking 2.85 3.66 –

Table 3: The timing measurements of the L2 ID track reconstruction with IDScan and SiTrack.
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L2 ID algorithm Tracks/RoI
µ e/γ τ

IDScan 1.92 1.63 4.50
SiTrack 2.05 2.66 –

Table 4: The average track multiplicity per RoI for L2 ID track reconstruction with IDScan and SiTrack.

Data preparation step Mean time [ms]
RoI 0.75×0.75 FullScan

RegionSelector 0.67 4.76
RobDataProvSvc 0.02 0.41
Cluster IDCs retrieval 0.03 0.06
BS-to-clusters, Pixel 2.13 11.7
BS-to-clusters, SCT 1.89 13.1
Pixel space point formation 0.78 5.27
SCT space point formation 0.68 5.65
Total time 6.67 44.5

Table 5: The timing measurements of the data formation for RoI-based and FullScan running of
B−physics triggers.

resolution of the track parameters.
All the results shown in this section refer to reconstructed Monte Carlo (MC) simulated data samples,

where the track parameters for both the reconstructed and the simulated tracks are available. In addition,
each space point used to build a given track can be traced back to the MC particle that generated the cor-
responding charge deposit. This information is used by the ID trigger analysis packages to evaluate two
additional quantities for each reconstructed track, which prove fundamental for the efficiency definition:

• the number of space points which trace back to the same MC track;

• the link between a reconstructed track and the MC track that generated most of its space points.

In this context we define:

• reconstructible MC particle: a particle passing a set of geometrical selection cuts (being contained
in one of the processed RoIs, pointing to the primary vertex) and a pT cut;

Data preparation step Multiplicity
RoI 0.75×0.75 FullScan

Pixel cluster coll. 266.2 1744
SCT cluster coll. 824.7 8176
Pixel space points 246.2 1591.5
SCT space points 119.6 910.3

Table 6: The average cluster/space point multiplicities for RoI-based and FullScan running of B−physics
triggers.
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Track reconstruction step Mean time [ms]
RoI 0.75×0.75 FullScan

IDScan : Pattern recognition 3.00 34.6
IDScan : Track Fit 0.55 2.19
IDScan : TRT data preparation 2.05 9.50
IDScan : TRT tracking 5.43 19.5

Table 7: The timing measurements of the L2 ID track reconstruction for RoI-based and FullScan running
of B−physics triggers.

L2 ID algorithm Tracks/RoI
RoI 0.75×0.75 FullScan

IDScan 4.26 16.9

Table 8: The average track multiplicity for RoI-based and FullScan running of the B−physics triggers.

• good track: a reconstructed track linked to a reconstructible particle by the majority of its space
points; the geometrical and pT cuts used for the MC particles are applied to the reconstructed
tracks too;

• best track: for each reconstructible particle, more than one good track can be available; the best
track is defined as the one sharing the largest percentage of space points with the linked particle;

• fake track: a reconstructed track (passing geometrical and pT cuts) which is not a good track;

The most natural choice for the definitions of efficiency, fake fraction and resolution is then:

• efficiency: ratio between the best tracks and reconstructible particles;

• fake fraction: ratio between fake tracks and all the reconstructed tracks passing the applied cuts;

• resolution: difference between the track parameter of a good track and that of the linked recon-
structible MC particle;

These definitions are used to produce the set of plots used in the following subsections to summarize the
performance of a given tracking algorithm.

The track reconstruction efficiency is shown as a function of the absolute value of η and pT of the
reconstructible MC particle while the fake fraction is shown as a function of the absolute value of η and
pT of the reconstructed track. The track parameter resolutions are shown as a function of the absolute
value of η and pT of the reconstructible MC particle: the resolutions on φ , 1/pT , transverse impact
parameter (d0) and longitudinal impact parameter (z0) are shown as a function of the absolute value of
η while resolutions on d0 and 1/pT are shown as a function of pT . The track parameter resolutions are
evaluated with a gaussian fit to the resolution distribution for each parameter.

4.3 Results with isolated electrons

The tracking performance for electrons was evaluated with a data sample of single electrons uniformly
distributed over a transverse momentum range of 7 to 80 GeV. Figure 2 shows the reconstruction effi-
ciency and the fake fraction as a function of η and pT for SiTrack, IDScan and EF tracking algorithms.
Figure 3 summarizes, for the same algorithms, the track parameters resolutions. As shown in the figures,
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Mean time [ms]
single e 100GeV tt̄Algorithm

Electron Electron Muon Tau FullScan
Pix 2 2 2 3 61

SCT 8 8 10 10 85Data preparation
TRT 8 6 8 9 140

Space point finder 1 1 1 2 30
Track finding in Si 6 29 6 31 310
Ambiguity solving 4 15 5 11 135

TRT track extensions 1 3 1 1 31
TRT extension processing 5 19 8 13 170

Vertex finding 0.1 1 1 - 23
Particle creation 0.4 2 1 1 24

Total 35 86 43 81 1009

Table 9: Timing of EF reconstruction steps per RoI in two samples of events, single e− of 100 GeV and
tt̄ events. Electron, muon, and tau times were measured in the corresponding triggers, FullScan mode
comes from the execution of B-physics triggers. The RoI sizes were 0.1×0.1 (∆φ×∆η) for the electron
and muon triggers, 0.2×0.2 for tau triggers.

the efficiency is typically 95% or greater, except for low pT or high η where it drops to about 90%. The
fake fractions tend to be below 2% except at low pT or high η where they can exceed 6%. Resolutions
are observed to be quite good and are also somewhat degraded at low pT or high η .

4.4 Results with isolated muons

The tracking performance for muons was evaluated with a data sample of single muons with transverse
momenta of 6, 9, 21 and 30 GeV. Figure 4 shows the reconstruction efficiency and the fake fraction as a
of function η and pT for SiTrack, IDScan and EF tracking algorithms. Figure 5 summarizes, for the same
algorithms, the track parameter resolutions. As shown in the figures, the muon performance is even better
than for electrons, with close to 100% efficiency throughout the kinematic range and an extremely low
fake rate. Resolutions are slightly better than for electrons, and show similar pT and angular dependence.
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Figure 2: Electron track reconstruction efficiency (top) for single electrons as functions of pT and η for
SiTrack (full triangles), IDScan (empty triangles) and EF tracking (empty circles). Bottom plots show
fake fraction as a function of the reconstructed pT and η .
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Figure 3: Track parameter resolutions for single electrons as a function of η and pT for SiTrack (full
triangles), IDScan (empty triangles) and EF tracking (empty circles).
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Figure 4: Muon track reconstruction efficiency (top) for single muons as functions of pT and η for
SiTrack (full triangles), IDScan (empty triangles) and EF tracking (empty circles). Bottom plots show
fake fraction as a function of the reconstructed pT and η .
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Figure 5: Track parameter resolutions for single muons as a function of η and pT for SiTrack (full
triangles), IDScan (empty triangles) and EF tracking (empty circles).
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4.5 Results with jets

The tracking performance has also been evaluated using a sample of b-jets produced in the decay of a
Higgs boson (mass 120 GeV) produced in association with a leptonically-decaying W boson. This is
the benchmark sample for b-tagging selection. Only tracks formed with at least four space points are
considered.

Figure 6 shows the reconstruction efficiency and the fake fraction as a function of η and pT for
SiTrack, IDScan and EF tracking algorithms. Figure 7 summarizes, for the same algorithms, the track
parameter resolutions. Not surprisingly, the efficiency for this sample is a bit lower (80 to 90 %) than the
single electron and single muon samples, and has a bit higher fake rates. Resolutions are comparable or
slightly worse.
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Figure 6: Reconstruction efficiency (top) for tracks in b-jets yielded by Higgs decay as functions of
pT and η for SiTrack (full triangles), IDScan (empty triangles) and EF tracking (empty circles). The
efficiency as a function of η is computed for tracks with pT > 3 GeV . Bottom plots show fake fraction
as a function of the reconstructed pT and η .

4.6 Results with π and K in B-physics events

Using Bs decay to φπ→KKπ the reconstruction efficiency for both kaons and pions have been evaluated.
Figure 8 shows the reconstruction efficiency as a function of η and pT for SiTrack, IDScan and EF

tracking algorithms. The efficiency is typically close to 95% dropping somewhat at low pT or high η .
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Figure 7: Track parameter resolutions for tracks in b-jets yielded by Higgs decay as a function of η and
pT for SiTrack (full triangles), IDScan (empty triangles) and EF tracking (empty circles).
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Figure 8: Reconstruction efficiency for kaons (top plot) and pions (bottom plot) yielded from a decay
of the Bs meson to φπ → KKπ (sample 16701 with misaligned geometry), as functions of pT and η for
SiTrack (full triangles), IDScan (empty triangles) and EF tracking (empty circles).
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4.7 Comparison between the EF and the offline tracking performance

Since the track reconstruction in the EF is based on the same software as used for offline reconstruction,
the EF tracking performance was studied under conditions equivalent to those used offline. This study
was done using release 13.0.30.4 with perfectly aligned detector geometry.

To factorize out the bare EF performance, fake L1 RoIs were produced and passed through the L2 to
seed the EF tracking, based on the MC truth information from particles with a pT > 1 GeV and a |η |< 3.

The same selection as normally used for offline studies was applied, where only particles within
|η |< 2.5, |d0|< 2 mm and |z0− zv|× sinθ < 10 mm were taken into account. The accepted tracks had
to pass the requirement that at least 80% of the their hits were caused by the matched MC particle as well
as the quality requirement of having at least 7 hits in the Pixel or SCT detectors together.

Figure 9 (left) shows the reconstruction efficiency as a function of η , for single electrons and muons
with a pT = 5 or 100 GeV. The efficiency is defined as the fraction of particles that produce an accepted
track and the average efficiencies based on all electrons (muons) were found to be 83.9±0.2% (99.50±
0.03) for a pT = 5 GeV and 92.9±0.1% (99.52±0.03) for a pT = 100 GeV. Figure 9 (right) together
with Fig. 10 shows the muon resolution of 1/pT , φ and d0 for accepted tracks as functions of η , where
the inverse pT resolution is scaled by the pT value for easier comparison. In accordance with the offline
studies, the resolution is determined from the root-mean-squared of the tracks within a region containing
99.7% of the distributions, i.e. within 3 standard deviations from the mean of a Gaussian distribution.
All results are shown together with the offline results presented in [1], which is represented in the plots
by the superimposed lines. The results agrees well, however, small deviations are seen due to slightly
different software setup with respect to Ref. [1].
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Figure 9: Reconstruction efficiency (left) and scaled 1/pT resolution (right) as functions of |η |. The superimposed
lines represent results from the offline track reconstruction.

5 Summary and conclusions

We have reviewed the track reconstruction algorithms used at the L2 and Event Filter stages of the High
Level Trigger of ATLAS.

The algorithms performance and timing have been studied running on simulated data different chains
of trigger selection.
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Data Preparation for the High-Level Trigger Calorimeter
Algorithms

Abstract
This note describes the data preparation necessary to enable the ATLAS High
Level Trigger Calorimeter Algorithms. An overview of the infrastructure,
which provides the transition from the calorimeter electronics to data recon-
struction and trigger algorithm implementation, is given. This infrastructure
is detailed as a separate note since it is relevant to all trigger algorithms re-
quiring calorimeter information (electrons, photons, taus, jets, missing ET and
muons).

1 Introduction

The calorimeters and part of the muon system were designed to participate in the ATLAS first level
hardware-based trigger (L1) [1–4], while all sub-detectors participate in the software-based high level
trigger (HLT) [5], comprised of Level 2 (L2) and the Event Filter (EF). One important phase for any
trigger software algorithm is the data preparation step which provides the conversion of the bytes of data
produced by the detector electronics into a convenient form for the trigger algorithms. In the case of the
calorimeters, the digital information provided by the detector must be converted into calorimeter cells as
input to the reconstruction algorithms. A good data preparation step will provide the input to the trigger
software in an organized manner, so that access to the prepared data is optimized. This note describes
this step for the calorimeter trigger software in the HLT. The same software data preparation layer is used
in algorithms that are used to identify electrons, photons, taus, jets and muons [6].

1.1 Calorimeter readout

The fundamental LAr calorimeter readout unit is the calorimeter cell. The cell electrodes receive the
current due to the drift electrons in the liquid argon and form a triangular shaped signal [1]. The shaping
and readout of this signal is performed by the Front-End Electronics. To preserve the dynamic range and
the energy resolution, the signal is shaped with three possible gains. The Front-End Boards (FEBs) save
analog samples of the signals coming from the detector at the bunch crossing rate (25 ns). Each FEB can
process up to 128 LAr calorimeter cells.

The signals are converted by the FEBs to a digital format if the event is accepted by the L1 Trigger.
The digital information is sent to the ReadOut-Drivers (RODs). These are Digital Signal Processor (DSP)
based machines, fast enough to deal with a number of input channels (2 FEBs feed one ROD DSP). From
the pulse shape digitized at the FEB, the energy deposited in any cell can be calculated.

Data from each ROD are sent to a ReadOut Buffer (ROB). The ROBs keep this data fragment until
it is requested by L2 or the Event Builder (EB). While L2 only requests a limited amount of data frag-
ments, the EB will request fragments from the whole detector for events approved by L2 for subsequent
processing in the EF computer nodes.

In the Tile Calorimeter [2], the photons produced in the scintillators are measured by photomultipli-
ers, which produce a negative shaped pulse. The digitized electronic signal is saved into an on-detector
memory waiting for the accept signal from the L1 trigger. For each of the 256 Tile Calorimeter modules,
a so-called drawer (inserted in the back of the calorimeter structure) contains up to 48 photomultipliers
and all the readout electronics.

The analog signals from the detector cells are also summed up by dedicated hardware by detector
regions in depth. Trigger Towers (TT) are coarse granularity combinations of the detector cells and can be
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Figure 1: Different parts of the data preparation processing and their relation to the calorimeter algorithm
at the L2. For details, see text.

provided in analog mode to the hardware L1 processing. Except for the very forward regions, the TT size
is 0.1×0.1 in η×φ . The L1 hardware algorithm uses some minimal TT energy and isolation quantities
to define a possible L1 calorimeter candidate. A pointing to the found candidate η ×φ position is sent
as a seed for software trigger processing. This seed is used to open a region (usually defined in terms of
TT coordinates) called Region of Interest (RoI), where the full detector granularity ca be accessed by the
reconstruction algorithms.

2 Data preparation

From a general point of view the preparation of the LAr and Tile Calorimeters data is similar. Figure 1
depicts the global scope of the data preparation for the L2 calorimeter algorithm as described below. The
EF structure is similar and is discussed briefly later in the note (see Ref. [7] for additional details of the
full HLT data preparation).

The L2 software component called Steering receives the L1 information on the acceptance of an
event along with the η and φ coordinates corresponding to the L1 triggered object. The reconstruction
algorithm gathers a list of ROB identifiers which contain data for a given RoI. Each ROB may partially
contain data from TTs not pertaining to the RoI (ROB data access is not usually defined by the RoI, but
rather by the hardware cabling). An optimal way to map cells to the towers and to the addresses of the
ROB must be provided.

The mapping of the ROBs and TT are part of the geometry description and are also used in the offline
reconstruction software framework. The access to the offline detector description databases which maps
any physical position into a set of identifiers is typically very slow, as the full detector description is
comprised of a great amount of data. In order to provide faster access, compatible with the L2 speed
requirements, a look-up table called the Region Selector is prepared in the initialization phase of the
trigger software.

The ROB identifiers are translated to network addresses of the ROB machines and the data are sub-
sequently requested. The processing of the trigger selection algorithms is inhibited while the network
acquires the data. Operating in a multiprocessing environment, as forseen for the ATLAS trigger, reduces
this dead time [5, 8]. The ROB data provider receives the list of ROB identifiers and returns the detector
data to the algorithms.

When data are received, pointers to the beginning of the different fragments are passed to the
detector-specific bytestream conversion code. Bytestream conversion is the decoding of the data format
produced by the detector RODs, and packaging of the data into an accessible format for the algorithms,
in this case calorimeter cells. The last part of the data preparation is to provide the cells in a manner
organized for the reconstruction algorithms. For instance, cells are provided by detector layer.
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2.1 Data processing in the Read-Out Drivers

The LAr Digital Signal Processors (DSPs) are able to prepare data in different formats, the most im-
portant one is termed “physics mode.” In this mode the DSPs process the nominal 5 samples per cell
provided by the front-end electronics. These samples are used to compute the energy deposited in the
cell by the particles using an optimal filtering (OF) [9]. This processing is a simple weighted sum of the
samples. The weights include the noise autocorrelation, electronics calibration constants, and a normal-
ization factor that converts ADC counts to MeV. For cells with energy above a programmable threshold
the timing of the signal and the quality of the pulse shape compared to the expectation are calculated.
Finally, for each cell, the choice of electronic gain applied to the analog signal in the FEB is recorded.

Beyond the cell-based data, the DSP can also extract global information at the FEB or TT level,
which can be used to improve the L2 and EF processing speed. The DSP can sum up the energy in a
given region in space providing Ex, Ey, and Ez sums for these regions. The cell energies are added within
these regions using cell-position-based projection coefficients loaded in the DSP from a database. Zero
suppression is applied for cells below a given threshold. FEB’s or TT’s can be used to reconstruct jets
or missing ET at L2 and EF if unpacking the full detector is too time consuming. Currently FEB’s are
being used to provide the energy sums, however, using the TT information instead is under evaluation to
improve jet and missing ET resolutions.

The pulses from the Tile Calorimeter photomultipliers are also sampled and digitized by 10-bit
ADCs. During a physics data taking, 7 samples (175ns) of the signal pulses are acquired and trans-
mitted to the RODs. The information is processed using DSPs which also apply optimal filtering for cell
energy reconstruction [10].

2.2 Region selector

As mentioned earlier, part of the information is stored in lookup tables for fast access to the detector
description. In the LAr calorimeter case, the information unit to be correlated to the L1 position is the
Trigger Tower. The η × φ minimum and maximum and the ROD identifier for each TT is arranged
in a large matrix. Multiple tables corresponding to the different calorimeter layers are available. For
the transition region from barrel to endcap calorimeter the data of the fiducial volume covered by a TT
may be provided by more than one ROD. In the Tile Calorimeter case, the geometry information is
associated with the calorimeter module identifier and, again, the ROB identifiers. The Look-Up tables
with geometry information for LAr and Tile are prepared by accessing the relevant conditions database.

2.3 Data containers

The data structure of a calorimeter cell includes a part common to LAr and Tile, and parts specific to
both subdetectors. In the software these cells are organized in vectors, called collections. For the Liquid
Argon Calorimeter each cell collection holds data for a LAr ROD, corresponding to two FEBs or, at most
256 cells. In the case of the Tile cell collection, there are either 23 cells (in the Barrel) or 13 cells (in
the Extended Barrel) per collection. Data for four cell collections are associated with a single ROD. A
Tile Calorimeter ROD has data for at most 92 Tile cells. Finally, the collections are organized in a vector
which is called a container.

The containers for LAr and Tile are stored permanently in memory and the cells and collections
are never deleted. This way, on-the-fly memory allocation, which is typically a slow operation in a
computing system, is avoided. One problem with reusing collections is that the container must keep
track of which collections have already been decoded in a given event. This information is provided by
the tools that access the container. If requested subsequently in the same event, the collection will not be
decoded again.

3
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2.4 Bytestream conversion

The ROD fragments, containing the energy encoded information are provided to the appropriate HLT
bytestream conversion code. Based on the ROD fragment identifier, the corresponding cell collection is
located by the proper container (LAr or Tile containers). Subsequently, subdetector specific code is used
to perform the data unpacking.

The LAr bytestream conversion code automatically identifies the fragment type using the ROD ver-
sion encoded in the bytestream itself. Depending on the detected format, the corresponding internal
infrastructure is selected.

The bytestream conversion software unpacks the energy information using the DSP physics output
format as described in Section 2.1. The conversion provides the cell energy, hardware gain, pulse peak
time, and pulse-fit quality information (if available) for each of the ROD fragment channels. The channel
number is used as an index to the cell position in the cell collection, so that each LAr channel is associated
to a single predefined cell object in the collection. Each cell is updated with the current values of energy,
time, quality and hardware gain. In the unpacking step, typically more cells are requested than those
contained in the RoI as data from one FEB may extend over several TTs. Furthermore, the trigger
reconstruction algorithms require data access on a layer-by-layer basis. This results in a very complex
operation with many checks of cell layer and position. Maps between TT identifiers and the associated
groups of cells are prepared prior to algorithm execution, to speed up the process. Using the TT identifier
list obtained from the Region Selector, a chain of cells for those TTs can be obtained, simplifying the
algorithm code.

The bytestream conversion software for the Tile calorimeter data also checks the ROD format, ensur-
ing that the correct method of unpacking the data is chosen. The data is decoded and the energy values
are stored in a pre-allocated raw data structure. This is again used to avoid online memory allocation. The
energy, time, and quality are stored together with the ADC identifier for each cell in a Tile Calorimeter
drawer. This raw data is copied into the cell structure. The mapping of raw data to cells is the same for
every drawer in a given calorimeter sector. To speed up the processing a mapping is built to the indices
of the cells that correspond to each raw data.

Each Tile drawer is unpacked into a cell collection. The data providing in this case is much simpler
than in the LAr case. Algorithms are able to iterate through the whole collection after the unpacking is
done.

2.5 Data preparation in the EF

The Data Preparation tools in the EF make use of the same data unpacking approach that is used by L2,
dumping this information into an offline cell container. As the EF has a larger time budget, however,
more sophisticated algorithms and tools developed for offline reconstruction are used to process the cells
stored in this container.

For each of the subdetectors (EM, HEC, FCal and Tile), the EF cell container is filled. This provides
the possibility of unpacking only selected calorimeter sections, as needed. Once the container has been
filled with the corresponding calorimeter cells, a set of software tools are executed to organize and check
the container, and to perform cell-based calibrations.

3 Algorithm performance

In this section, the performance of representative HLT algorithms (e/γ for L2 and missing ET for EF)
and data preparation is studied. The results are based on bytestream files prepared with a format similar
to the ATLAS raw output data.

4
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Figure 2: Number of cells used in the L2 e/γ selection algorithm as a function of η for the LAr (EM, EM
endcaps and HEC) Calorimeters (left) and for the Tile Calorimeter (right). The RoI size was 0.4×0.4 in
η×φ .
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Figure 3: Cumulative time spent in the different phases (Region Selector, bytestream conversion, and
algorithm) of the L2 e/γ selection as a function of η for the electromagnetic part (left) and for the
hadronic part (right) for an RoI size of 0.4×0.4 in η×φ (a 2.3 GHz machine was used to perform these
measurements).

The primary performance issue is processing time. The processing time depends on the number of
cells required, which is a function of η . Figure 2 shows the number of cells separately for LAr (left)
and Tile (right) calorimeters; the overlapping bins in the figure are due to variable φ segmentation in
transition regions between different calorimeter modules. The distribution on the left shows that the
number of active cells in the barrel is quite uniform; since the endcap granularity is smaller, the number
of unpacked cells decreases with increasing η . The distribution of the number of cells unpacked for the
Tile Calorimeter depends on the number of drawers to be unpacked. In the very central region (|η |< 0.4),
data from negative and positive rapidities must be accessed to complete the RoI, doubling the amount of
data to be unpacked. A similar effect is observed in the region between the TileCal Barrel and Extended
Barrel.

For the standard L2 e/γ selection based on a RoI size of 0.4×0.4 in η×φ , the execution time for each
of the processing steps was measured. The results, based on a sample of about 15,000 single electron
events are shown in Fig. 3 separately for the EM (left: LAr) and for the hadronic (right: Tile and HEC)
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Reco. step Region Selector bytestream conversion Algorithm Total
EM 2nd layer 29µs 169µs 146µs 347µs
EM 1st layer 13µs 171µs 113µs 301µs

EM other layers 21µs 158µs 56µs 243µs
Hadronic 46µs 334µs 43µs 438µs

Total 109µs (8%) 833µs (63%) 358µs (27%) 1.33 ms

Table 1: Processing time for different algorithm steps and for different actions. Improvements for the
Tile calorimeter data preparation are envisaged. Time measurement excludes ROB data retrieval time (a
2.3 GHz machine was used).

sections. It is important to stress that the processing time per RoI does not depend on event type, since
the cluster sizes are constant for a given RoI. It can be seen that the Region Selector comprises a small
portion of the total time, and that the bytestream conversion is the dominant source of time, with the
algorithm itself taking only about 35% (10%) of the total time for the EM (Hadronic) calorimeters. Even
though fewer cells are used in the EM calorimeter crack region (around η = 1.5 as shown in Fig. 2),
these cells are distributed in two ROBs (one from the Barrel and another from the EM endcap), resulting
in an overall increase in the processing time. Finally, we note that the conversion times are especially
large in the regions covered by the Tile calorimeter and in proportion to the number of Tile calorimeter
modules accessed. Work is ongoing to reduce these large processing times. The timing results averaged
over η are also summarized in Table 1. ROB data retrieval times are not included, since they can only be
evaluated during real data taking.

These time measurements indicate that the preparation of the Tile calorimeter data needs to be im-
proved. Even though about six times fewer cells are accessed for the barrel region, the data preparation
time to run the hadronic part is comparable to the EM part.

Other trigger algorithms such as tau or jet identification need larger RoI sizes and consequently
require more time. As an example, a jet algorithm which uses a 1.0×1.0 RoI size takes 10 to 12 ms.

3.1 EF missing ET performance

The EF missing ET reconstruction algorithm accesses data from all the calorimeters and computes the
missing ET with its Ex, Ey components as well as the total scalar energy sum. In addition, corrections
due to energy deposits from muons can be taken into account by including the results from the EF muon
reconstruction.

To access the calorimeter data the algorithm uses the same data preparation layer used by L2. Since
the ATLAS calorimeters contains about 200,000 cells, the access to every single cell can become too
time consuming at the trigger level. A faster option is to use energy sums at the FEB level (discussed
earlier in Section 2.1). FEB unpacking has only been implemented for LAr data, where the impact on
the unpacking time is most significant.

In Fig. 4 the processing time of the EF missing ET algorithm is shown for full unpacking and FEB-
based unpacking. On average, the time to process the whole calorimeter is dramatically reduced from
57 ms for the cell method to 2.4 ms for the FEB method.

The total scalar sum and the Missing ET calculations were performed using the two unpacking meth-
ods. The missing ET calculation does not depend on the method, while the scalar sum is systematically
reduced in the FEB calculation due to the effect of the zero suppression. However, due to the drastic
improvement in speed, the FEB algorithm is a valid option for the missing ET reconstruction.

In addition to the timing studies detailed here, a thorough study of the memory usage and initial-
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Figure 4: Processing time of the EF missing ET algorithm. The timing distributions for the cell and FEB
method are shown. A 2GHz machine was used for this test.

ization time was performed. A substantial fraction of the initialization time is taken by the detector
geometry preparation, including the filling of the cell coordinates and the Region Selector tables. This
initialization step requires access to databases containing information on detector conditions, and pos-
sibly files with complementary information. It was determined that the initialization time is acceptable
and does not inhibit the running of any of the desired algorithms. Furthermore, the memory usage of the
algorithms was measured to be stable and within acceptable operating limits.

4 Data preparation summary

This note describes the implementation of the whole data preparation step for the HLT calorimeter trigger
from the detector electronics up to the reconstruction level. It is fundamental that a data preparation layer
is efficient and fast, leaving time for the real physics algorithms. The High-Level Trigger Calorimeter
tools described here have been used extensively with simulated data to commission the ATLAS trigger. A
unique interface provides access to detector physics quantities (calorimeter cells) obtained with complex
computations from the readout data. Knowledge of the detector details is, of course, a fundamental input
into optimizing the strategy to be followed in this unpacking procedure. The critical performance issue
for calorimeter data preparation is that it be accomplished within the online time budget, and this goal has
been achieved with the current system. Even for special algorithms, like the missing ET which process
cells from the whole detector, the data preparation performance is still within the required processing
interval restrictions. Whenever FEB summary information can be used, significant timing reductions can
be achieved. Further optimization studies are still in progress.

In addition to studies with simulated data, the tools and algorithms discussed here have been applied
to commissioning runs of the ATLAS detector using cosmic rays. Until the LHC begins taking data, this
is the only exercise that can approximate the real trigger usage in LHC conditions. Many trigger objects,
such as taus, jets, and missing ET are being successfully debugged in this manner, providing important
feedback to the algorithm developers.
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Tau Trigger: Performance and Menus for Early Running

Abstract
The selection of events with handronically decaying tau leptons is challenging
due to high background rates at the LHC. On the other hand, efficient selection
of events with tau leptons increases the discovery potential of ATLAS in many
physics channels, notably Standard Model or Supersymmetric (SUSY) Higgs
boson production. In this note we describe the ATLAS tau trigger system,
focusing on the early data taking period, and present results from studies based
on simulated events, including trigger rates and the acceptance of tau leptons
from W andZ boson decays, Higgs Boson decays, and SUSY processes. In
order to cope with the rate and optimize the efficiency of important physics
channels, the results of the current simulation studies indicate that ATLAS tau
triggers should include either relatively high transversemomentum single tau
signatures, or low transverse momentum tau signatures in combination with
other signatures, such as missing transverse energy, leptons, or jets.

1 Introduction

Tau triggers are designed to select hadronic decays of tau leptons, which mainly consist of one or three
charged pions accompanied with a neutrino and possibly neutral pions. Leptonic tau decays are typically
selected by electron [1] or muon [2] triggers. Tau triggers are an important part of the ATLAS trigger
system, a fundamental component of the ATLAS detector [3].

ATLAS will collect data at different luminosities, starting from 1031cm−2 s−1. At the lowest lumi-
nosity the focus of tau triggers is to collect samples that are useful for understanding the detector and
the tau reconstruction software. Tau signatures combined with missing transverse energy signatures are
essential to provide data samples enriched in W→ τν events, which provide an important sample of real
taus needed to refine tau identification algorithms. Additionally, single tau triggers with large prescale
factors will provide samples for tau fake rates studies.

At higher luminosities, tau triggers will cope with the event rate increase by using higherET thresh-
old requirements, more restrictive identification requirements, or demanding a combination of different
signatures, such as missing transverse energy, jets, or leptons. At high luminosity, tau triggers will be
essential to enable the collection of data samples for searches based on single tau lepton final states, like
Minimal Supersymmetric Standard Model (MSSM)H± → τν [4] decays. They will also be used for
final states with more than one tau lepton, like SM Higgs boson[5], MSSM neutral Higgs boson [6], or
Z′ boson [7] decays.

The results presented in this paper are based on events fullysimulated with GEANT4. The text is
organized as follows. An overview of the three-level trigger selection for single tau triggers is presented
in Section 2, while the performance in terms of resolution, rates, and efficiencies is described in Section 3.
Timing studies of tau trigger algorithms are presented in Section 4. The current tau trigger menu, which
includes various single and combined tau triggers, is described in Section 5, with a focus on the early
data taking period corresponding to a luminosity of 1031cm−2 s−1. Finally, a summary is presented in
Section 6.
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2 Overview of single tau trigger selection

2.1 Level 1 selection

The L1 tau trigger selection is closely related to the L1 electron/photon trigger (e/γ), and is fully doc-
umented in [8]. It is a hardware trigger based on electromagnetic (e.m.) and hadronic calorimeter
information, and uses trigger towers of approximate size∆η×∆φ = 0.1×0.1, with a coverage up to|η |
< 2.5 (given by the inner-detector coverage and the high-granularity e.m. calorimetry).

The algorithm considers a rectangular Region of Interest (RoI) of 4×4 towers (0.4×0.4 in η×φ ) in
both the e.m. and hadronic calorimeters, and makes use of different elements, each formed by summing
ET over a group of towers. The algorithm uses the following quantities:

• the central 2×2 core cluster is the energy measured in the central 2×2 e.m. and hadronic towers

• the TauCluster is the energy defined by the two most energetic neighboring central towers in the
e.m. calorimeter plus the central 2×2 towers of the hadronic calorimeter

• EmIsol is the energy in the e.m. isolation ring (the region between 2×2 and 4×4 towers in the e.m.
calorimeter).

• HadIsol is the energy in the hadronic isolation ring (region between2×2 and 4×4 towers in the
hadronic calorimeter).

The L1 tau trigger candidate is accepted if the core cluster is a localET maximum and also satisfies
additional conditions onTauCluster, EmIsol andHadIsol [8]. Its position is taken as the center of the
4×4 tower RoI, and its energy is calibrated using a procedure derived for jets (see Section 2.1.1). A
maximum of eight trigger thresholds are available at L1 for taus. Each threshold is a combination of
requirements ofET thresholds forTauCluster, EmIsol andHadIsol. A L1 tau trigger candidate passing
the requirements is then passed to L2 for further examination.

2.1.1 Level 1 Calorimeter Calibration

Trigger towers are formed by the analogue summation of calorimeter cells. Calibration of the trigger
consists of adjusting the overall gains of the towers. The e.m. towers are calibrated to optimize the e.m.
trigger response. The gains of the hadronic towers are adjusted to provide a uniform jet response inη
using a jet sample with anET range 50-100GeV and makingη-dependent adjustments to the trigger
thresholds.

2.2 Level 2 selection

The L2 tau trigger selection uses the full calorimeter granularity and the inclusion of tracking information
from the Inner Detector to refine the L1 selection. The selection is designed to further reject QCD jet
backgrounds by exploiting more of the characteristics of a hadronic tau decay, such as collimation and
low track multiplicity.

2.2.1 Level 2 calorimeter selection

At this stage, the selection of the single tau triggers is based on the calorimeter shower shape variables
and the energy of a reconstructed cluster within the RoI to enrich the sample of tau candidates. Shape
variables are calculated using only the second e.m. sampling layer (out of four). The second sampling
is where most of the e.m. energy is deposited, therefore it provides the most information about the
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e.m. shower shape. The cluster energy is calculated with allavailable e.m. and hadronic layers. Three
different rectangular windows are defined, centered on aseed cluster, with areas ofη × φ = 0.1× 0.1
(narrow,Nar), 0.2×0.2 (wide,Wid), and 0.3×0.3 (normal,Nor) 1. TheNor window is equivalent to the
RoI used at L2.

The algorithm consists of several steps. First, aseed cluster is found, using the second e.m. sampling.
The algorithm unpacks cells in theNor window centered around the L1 RoI position, and finds the cell
with the highest energy deposition. In aWid window around the most energetic cell, the cluster position
is defined as the energy weighted mean position of the cells. Then, shape variables are reconstructed
using the different windows around theseed, as described in the following. At the same time, the total
energy in all calorimeter samplings is computed. Finally, the total energy is corrected with a simple
sampling calibration.

The variables used by the L2 Calorimeter selection are the following:

• EMRadius is the energy weighted squared radius of theseed, which is obtained from the sum of the
individual energy weighted squared cell distances from theseed. It is calculated in aNor window
around theseed, in the second sampling of the e.m. calorimeter, i.e.

EMRadius =
∑
Nor

Ecell ·R2
cell

∑
Nor

Ecell
. (1)

• IsoFrac is the difference in energy between theNar and Wid window, normalized to theWid
window. It is calculated in the second sampling of the e.m. calorimeter. The definition is

isoFrac =
∑
Wid

Ecell −∑
Nar

Ecell

∑
Wid

Ecell
. (2)

• StripWidth is the width of the energy deposition, defined as the energy weighted standard devia-
tion in η . It is calculated in aNor window around theseed, in the second sampling of the e.m.
calorimeter. The formula is

stripWidth =

√√√√√√
∑
Nor

η2
cell ·Ecell

∑
Nor

Ecell
−




∑
Nor

ηcell ·Ecell

∑
Nor

Ecell




2

. (3)

• EtCalib is the calibrated total transverse energy, calculated in the e.m. and hadronic calorimeters,
in a Nor region around the seed.

The distributions ofEMRadius, IsoFrac andstripWidth are shown in Fig. 1 for tau trigger candidates
from generated tau leptons decaying hadronically and for QCD jets for two differentET regions. In
the top row distributions for lowET tau leptons fromW → τν decays are compared to background
QCD jets distributions, while in the bottom row highET tau leptons from Supersymmetric neutral Higgs
decays (with a mass of 800 GeV) are compared to QCD background. The top row shows the difficulty
in triggering on lowET taus as the separation between signal and background is not so dramatic; the
separation is much better for highET taus.

1The window sizes are currently subject of optimization studies.
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Figure 1:L2 Calorimeter variables to distinguish QCD jets from lowET taus fromW → τν decays (top) and from highET
taus from Supersymmetric HiggsA→ ττ decays (bottom).

2.2.2 Level 2 calorimeter calibration

A simpleSampling calibration is used in the L2 calorimeter algorithm for reconstruction of the tau en-
ergy. This method is fast (≈ 7µs) because it applies a global weight to the energy of each sampling
to compute a total calibrated energy, as opposed to other slower algorithms, such as the offline calibra-
tion [9], which use a cell-by-cell correction. In the current implementation only two layers are considered
(e.m. and hadronic compartments) and the weights are energyandη dependent.

2.2.3 Level 2 tracking selection

The standard L2 track reconstruction [10] is used in the L2 tau triggers.To keep the L2 execution time
within budget, data from the Transition Radiation Tracker is not used.

Tracks withpT > 1.5GeV are reconstructed in a rectangular RoI of sizeη ×φ = 0.6×0.6 centered
on the L2 Calorimeterseed. The output of the L2 Tracking algorithm is a list of tracks found in the RoI.
Within this region, two selection cones are defined, corresponding to a distance∆R =

√
(∆η)2 +(∆φ)2

of 0.15 (Core) and 0.3 (Nor) with respect to the direction of the highestpT track found in the RoI. An
isolation ring (Iso) with ∆R between 0.15 and 0.3 is also defined.

The following selection variables are then calculated fromthe track list:

• Pt leading is the pT of the track with the highestpT . By requiring a minimumpT this criterion
also effectively requires that at least one track is found inthe RoI.

• Pt Iso/Core is the ratio of the scalar sum ofpT s of all tracks in theCore andIso region∑ piso
T /∑ pcore

T .

• N Slow tracks is the number of slow tracks found in theCore region. A slow track is defined as a
track with pT below a certain threshold, typically 7.5GeV/c. The rejection power of this variable
might depend on the pile-up conditions.

4

TRIGGER – TAU TRIGGER: PERFORMANCE AND MENUS FOR EARLY RUNNING

47

595



• Charge is defined as the absolute value of the sum of charges of all tracks found in theNor region.

• N Tracks is the total number of tracks found in theNor region.

The L2 tracking selection places requirements on these five variables. The set of requirements can be
different for different single tau signatures. The three most important criteria are requiring that at least
one track be found with a minimumPt leading, an isolation cut on the maximum amount of energy de-
posited in theIso region, and a cut on the maximum number of slow tracks. The requirements on charge
and total tracks are very loose, due to the higher number of fake tracks found by the L2 tracking algo-
rithm compared to the more sophisticated offline reconstruction. In addition, the offline reconstruction
of single tau lepton final states (e.g. fromW → τν) relies on an unbiased track distribution to estimate
backgrounds and extract the number of signal events. The distributions ofPt leading, N Slow tracks and
Pt Iso/Core are shown in Fig. 2 for tau trigger candidates from generatedtau leptons decaying hadron-
ically and for QCD jets for two differentET regions. QCD jet background is compared to lowET tau
leptons fromW → τν decays (top row), and highET tau leptons from Supersymmetric neutral Higgs de-
cays (bottom row). Tau trigger candidates are required to pass different L1 and L2 Calorimeter selection
criteria based on theirET . A L2 tau trigger candidate passing the calorimeter and tracking requirements
is passed to the EF for further consideration.

L2 Pt leading
0 50 100 150 200

Ev
en

ts

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
)ντ→Tau Signal (W

QCD Jets 17<pT<280 GeV

ATLAS

L2 N Slow
0 1 2 3 4 5 6 7 8 9 10

Ev
en

ts

0

0.1

0.2

0.3

0.4

0.5

0.6

L2 Pt Iso/Core
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

-310

-210

-110

1

L2 Pt leading
0 50 100 150 200

Ev
en

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 )ττ→Tau Signal (A

QCD Jets 17<pT<280 GeV

ATLAS

L2 N Slow
0 1 2 3 4 5 6 7 8 9 10

Ev
en

ts

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

L2 Pt Iso/Core
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

-410

-310

-210

-110

1

Figure 2:L2 Tracking variables to distinguish QCD background from low ET taus fromW → τν decays (top) and from high
ET taus from Supersymmetric HiggsA → ττ decays (bottom).

2.3 Event Filter selection

At the EF level, the selection follows the offline reconstruction procedure as closely as possible. The EF
calorimeter algorithm collects cells in a rectangular RoI of size η × φ = 0.6×0.6 centered around the
L2 tau trigger candidate. The EF tracking reconstruction isdescribed in [10]. Tracking is performed in a
rectangular RoI of sizeη ×φ = 0.4×0.4 centered around the L2 tau trigger candidate.
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To create an EF tau trigger candidate, the EF single tau triggers execute the calorimeter based iden-
tification algorithm of the offline reconstruction [11] in the following way. The cells collected in the
RoI are used to reconstruct the direction of the EF tau trigger candidate. Additionally, some very loose
criteria are applied to tracks reconstructed in the RoI, andif more than one track is found a secondary
vertex reconstruction is attempted. The transverse energyand the calorimeter shower shape variables
are built from the cells collected in the RoI using the newly reconstructed direction. Unlike the offline
reconstruction algorithm, no noise suppression is appliedat the EF. The addition of electronic noise in
the calorimeter cells gives a generally small change in the calorimeter shower shape variables. Finally,
an overall hadronic calibration [9] is applied to all cells,and a tau specific jet calibration is applied to
the tau trigger candidate. This final calibration is derivedfrom simulated samples of high and lowpT

tau lepton sources. A procedure using taus fromZ bosons decays and exploiting the correlation between
the tau absolute energy scale and the visible reconstructedZ boson mass will be applied to determine
calibration constants from real data [11].

The following variables are used for the EF selection:

• EMRadius is an energy weighted radius, which exploits the small transverse shower profile of tau
leptons. The mathematical expression used is

EMRadius =
∑

i

ET,cell ·∆Rcell

∑
Nor

ET,cell
. (4)

where the sum includes not only the second sampling layer of the e.m. calorimeter (as in L2) but
also all other samplings except the last one.

• IsoFrac is the energy deposited in an annular region between 0.1< ∆R < 0.2 divided by the energy
deposited in∆R < 0.3. A similar expression is given in Eq. 2, where the square regions should be
replaced by the annuli.

• N Tracks is the number of associated tracks with pT > 2GeV found in a∆R < 0.2 region around
the trigger candidate from L2.

• Pt leading track is the highestpT track among the tracks found in a∆R < 0.2 region around the
trigger candidate from L2.

• EtCalib is the energy calculated in all e.m. and hadronic cells foundin the∆R < 0.3 region around
the trigger candidate from L2, and calibrated with the procedure described in [9] and an additional
tau specific jet calibration.

Some of the variables used in the EF selection, namelyEtCalib, IsoFrac andEMRadius, are shown
in Fig. 3 for tau trigger candidates from generated tau leptons decaying hadronically and for QCD jets for
two differentET regions. As for previous figures, QCD background is comparedto standard tau signal
samples. Events with a tau candidate that pass the EF thus pass the trigger and are recorded for offline
analysis.

3 Performance of single tau triggers

3.1 Performance overview

This section describes in detail the expected trigger efficiencies and background event rates obtained from
the various single tau triggers available in the ATLAS trigger menu, while combined triggers including
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Figure 3:EF variables to distinguish QCD background from lowET taus fromW → τν decays (top) and from highET taus
from Supersymmetric HiggsA→ ττ decays (bottom).
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other types of signatures is given in Section 5. In addition,the optimization procedure applied to the
selection at each level is introduced. The goal is to obtain at least 90% efficiency at each trigger level
with sufficient rejection of background.

The various types of samples of GEANT4 simulated events usedin this note together with the total
number of events and the cross section are summarized in Table 1. It is appropriate to note at this point
that the rates reported in this note are clearly affected by large uncertainties, because of the limited
statistics available and because the simulation has yet to be validated with real data.

Sample Events σ (pb)
Min.Bias 2900k 7.0E+10

QCD dijet 8< pT < 17GeV 742k 1.74E+10
QCD dijet 17< pT < 35GeV 395k 1.38E+9
QCD dijet 35< pT < 70GeV 824k 9.33E+7
QCD dijet 70< pT < 140GeV 272k 5.88E+6
Wτ→hX (filtered pT > 12GeV) 24000 5.54nb

Zττ 23000 0.246nb
Hττ→ℓhX(120) 22924 0.145
Hττ→hhX(120) 40950 0.073

Aττ(800) 26250 10
SU3 22250 18.59

tt̄ 41700 800

Table 1:GEANT4 simulated data samples used in the note.

3.1.1 Naming convention

In the ATLAS trigger menu, different single tau triggers areimplemented, corresponding to differentET

threshold requirements2: tau10i, tau15i, tau20i, tau25i, tau35i, tau45i, tau60. Fortau10i and
tau15i the isolation criteria are only applied at the L2 and EF level. For someET thresholds, additional
triggers are defined using looser isolation criteria (e.g.tau10). Hadronic isolation at L1 is not applied
in any selection. Due to theET resolution at the three trigger levels, the actual cut applied onET at each
stage is generally lower than the nominalET to maintain high efficiency.

3.1.2 Trigger efficiency definition

The tau trigger efficiency is optimized with respect to generated tau leptons decaying hadronically, where
the visible tau momentum(pα

vis = pα
τ − pα

ν ) is in the sensitive region of the detector(|η | ≤ 2.5) and is
greater than the nominalET threshold requirement for a given signature. Furthermore,the efficiency is
optimized to select those tau leptons which are likely to be selected by the tau identification algorithms of
the offline reconstruction software. This constitutes whatwe subsequently call the tau trigger reference.

More specifically, a geometrical match of a trigger candidate to a generated tau lepton within a cone
region∆R < 0.2 is requested. Generated tau leptons are considered for calculating signal efficiencies
only if the tau lepton is also selected by either of the two tauoffline reconstruction algorithms [11]:
the calorimeter based or the track based algorithm. It should be noted here, that detailed optimization
with respect to 1-prong (1 charged pion) and 3-prong (3 charged pions) tau lepton decays has not been

2The first symbol of the signature represents the particle type, the following number is theET threshold and the “i” indicates
that an isolation requirement is applied.
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performed for this study. This results in different efficiencies for these classes of events, as pointed out
in the following sections. Total trigger efficiencies shownin this section are estimated on various physics
processes which cover different kinematic ranges. The samples used are therefore specified in the text.

3.2 Energy and angular resolution

The relative resolutions (in %) onET , η , andφ as a function of visibleET andη for tau trigger candidates
at the different trigger levels are shown in Fig. 4 fortau20i. The visible four-momentum of the tau
lepton is reconstructed from all decay products except neutrinos. The resolutions are rather flat as a
function of the generated visibleET , however, some dependence on the distributions as a function of the
generated visibleη is observed. In particular a degraded resolution inET andη in the transition region
between the barrel and endcap calorimeters is clearly visible. Due to the inclusion of track information,
the angular resolution at L2 is better than that of L1. Theη andφ of the tau trigger candidate at the
end of the EF algorithm execution is set according to the calorimeter based tau reconstruction algorithm,
hence the EF angular resolution is slightly worse than at L2 where tracking information is used.
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Figure 4:Relative angular and energy resolution forτ candidates as a function of generated visibleET andη. Resolution (in
%) is calculated using a variety of simulated tau lepton samples passing thetau20i trigger.

3.3 L1 performance studies

The standard reconstruction of the visible energy of L1 tau candidates (TauCluster) reveals a serious
limitation when trying to obtain a high efficiency above a given ET threshold at L1. A systematic shift
of about 30% and a relative resolution of 33% are observed forthe reconstructed energy with respect to
the generated values. Therefore other possible reconstruction methods have been explored. The energy
reconstructed with the standard algorithm (TauCluster) has been compared with other reconstruction
methods: (1) E4×4, defined as the sum over all towers (e.m. and hadronic part) in the 4×4 RoI region,
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(2) Jet4× 4, obtained as the total energy in the 4× 4 RoI region calculated with the L1 Jet algorithm
(which is described in Ref. [8]), and (3) Jet6×6. An improvement of 10% in resolution can be achieved
with E4×4 and Jet4×4 algorithms with respect toTauCluster. However, a comparison of the efficiencies
of the different methods, shown in Fig. 5, indicates that theTauCluster algorithm efficiency is system-
atically the highest. While these other algorithms that more fully contain theET of the tau lepton give
better resolution thanTauCluster, this gain in resolution is accompanied by a loss in efficiency and dis-
crimination, motivating the continued use ofTauCluster as the default tau algorithm.
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Figure 5:Efficiency curves as a function of the offlineET for different L1 reconstruction methods; threshold requirements
are chosen to give the same rate among the different cases.

Using TauCluster, the rates for a luminosity of 1031cm−2s−1 are evaluated by using simulations
of the relevant QCD backgrounds (see Table 2). The expected rate including all physical processes
(minimum bias rate) is shown as a function of the cut value applied to TauCluster in Fig. 6. The effect
of the isolation cut can also be seen in Fig. 6.

The L1 selection used in tau trigger implementation is presented in Table 2; the cuts have been tuned
to maintain a high efficiency, and the signatures are all observed to have an efficiency> 95% 3. The
efficiency has been obtained using simulated samples ofW → τν and 800 GeV Supersymmetric Higgs
A → ττ events, while background is evaluated using QCD events withtwo jets with hard parton 8<
pT < 140 GeV. In Fig. 7, the efficiency is plotted as a function of the generated visibleET for different
tau signatures. The rather slow increase of the efficiency curves limits the overall performance of tau
triggers.

3.4 L2 performance studies of the calorimeter selection

At L2, the full granularity calorimeter and tracking information is available, allowing a more sophisti-
cated selection of tau leptons. As shown in Section 3.2, the angular and energy resolutions are improved
with respect to L1.

The L2 calorimeter based selection of tau trigger candidates is optimized with respect to generated
tau leptons that pass the L1 selection and are successfully reconstructed by the offline reconstruction
software (offline details are given in Section 3.1.2). The optimization is obtained using simulated samples

3The efficiency definition is described in Section 3.1.2
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Figure 6: Expected rate including all physical processes at a luminosity of L = 1031cm−2s−1, as a function of the cut
applied toTauCluster and with and without the isolation cutEmIsol.

Signature ET threshold (GeV) EmIsol (GeV) Eff.(%) Rate (Hz)
tau10i 6 - 97 13945
tau15i 6 - 98 13945
tau20i 9 6 96 4823
tau25i 11 6 96 2822
tau35i 16 6 96 990
tau45i 25 6 96 263
tau60 40 - 97 97

Table 2: Single tau signatures, associated L1 thresholds, and efficiency and rates determined from signal and background
samples as described in the text (L =1031cm−2 s−1).

of W → τν and 800 GeV Supersymmetric HiggsA → ττ events, and simulated background samples of
QCD events with two jets with hard parton 8< pT < 140 GeV.

The L2 variables based on calorimetry introduced in Section2.2 are optimized in the following way:

• Since some correlation among the calorimeter shower shape variables (EMRadius, isoFrac and
stripWidth) is expected, the three variables are simultaneously optimized. The thresholds are de-
termined by scanning the possible cut values for each variable and choosing the set of cuts giving
the lowest background rate for a requested minimum signal efficiency.

• The threshold for the variableEtCalib is determined by requiring that the efficiency becomes flat
starting at the nominalET of the trigger (see Fig. 8).

The optimized L2 calorimeter requirements for tau signatures and the corresponding efficiencies
and rates are presented in Table 3. The cut value onEtCalib increases for higherET signatures, as we
aim to select higherET taus. The shower shape variables, a measure of the narrowness of the shower,
are tighter for higherET signatures, since higherET taus are more boosted and their decay products
are more collimated. The three shower shape variables requirements have been optimized to give an
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Figure 7:L1 efficiency curves for different tau signatures.

efficiency of≈ 95%, although the observed efficiency values are a little lower due to the additional
EtCalib requirement.

The efficiency is detailed further in Table 4 for two typical tau signatures, one with low and one with
high ET . For each signature, efficiency is recalculated using as a reference different tau lepton samples
reconstructed offline. Either the sample from each tau algorithm is considered separately, or the sample
reconstructed by either of them (“OR”), or by both simultaneously (“AND”), is considered. The errors
quoted are statistical only. In order to achieve the needed rejection of QCD backgrounds, the calorimeter-
based algorithm of the offline reconstruction biases the distribution of decays towards 1-prong decays
using calorimeter information. A similar rejection and efficiency is achieved in a different manner using
the track-based algorithm, which requires a large transverse momentum for the leading track in the tau
lepton decay. Therefore, the L2 calorimeter selection has ahigh and uniform efficiency for the sample
reconstructed offline by the calorimeter-based algorithm,while it is lower on the sample reconstructed
using the track-based algorithm in the 3-prong category.

Signature EtCalib (GeV) EMRadius IsoFrac StripWidth Eff.(%) Rate(Hz) L1/L2 rate
tau10i 8.0 0.023 0.74 0.058 95 9251 1.51
tau15i 9.7 0.022 0.71 0.057 94 5933 2.35
tau20i 12.2 0.019 0.66 0.055 94 3070 1.57
tau25i 17.0 0.016 0.65 0.051 92 1224 2.31
tau35i 26.5 0.015 0.6 0.048 91 351 2.82
tau45i 33.5 0.00807 0.43 0.0465 93 119 2.21
tau60 44.9 0.00345 0.35 0.04 93 47 2.06

Table 3: Single tau signatures, associated L2 calorimeter thresholds and efficiency onW → τν sample and rates on QCD
background samples forL =1031cm−2 s−1.
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tau20i tau60
Offline Identification method all taus 1-prong 3-prong all taus 1-prong 3-prong
Calo-based 97.6±0.1 97.5±0.1 98.3±0.4 97.8±0.1 97.8±0.1 96.8±0.5
Track-based 92.5±0.2 95.2±0.2 88.4±0.4 94.9±0.2 95.7±0.2 91.7±0.5
Calo- OR Track-based 94.2±0.2 96.3±0.2 88.9±0.4 96.6±0.1 97.3±0.1 92.8±0.4
Calo- AND Track-based 97.2±0.2 97.0±0.2 98.2±0.4 96.6±0.2 96.6±0.2 96.1±0.9

Table 4: Tau signatures and corresponding efficiencies (in %) for different reference samples of tau leptons identified by
the offline reconstruction. Efficiencies have been estimated on low and highET generated samples of tau leptons. Errors are
statistical only. Efficiencies are for L2 calorimeter selection only.
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Figure 8:Efficiency curves of L2 selection relative to L1 for different tau signatures.

3.5 L2 performance studies of the tracking selection

The addition of tracking information at L2 allows an improvement in the discrimination between hadronic
decays of tau leptons and QCD jet backgrounds, although at the cost of a non-negligible loss of trigger
reconstruction efficiency. This loss is most noticeable forlow ET tau signatures, mainly due to the re-
quirement of one leading track above a fixedpT threshold. Overall, the L2 tracking algorithm is about
95% efficient for isolated tracks withET above 5GeV (for example fromW → τν). In W → τν events,
however, only 90% of generated tau leptons that are identified by the offline reconstruction and pass the
L2 calorimeter selection have at least one track with pT > 5GeV reconstructed at L2.

The L2 tracking selection of tau trigger candidates is optimized with respect to generated tau leptons
that pass the L1 and L2 calorimeter selection and are found bythe offline reconstruction software. Details
of the offline reference and efficiency definition are described in Section 3.1.2. The optimization is
obtained with the standard samples described previously.

The efficiency and rejection power of some of the L2 tracking variables can be seen in Fig. 9, where
the integrated efficiency for tau samples and background areshown as a function of the applied cut value.
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For lowET signatures, the minimum requirement onPt leading along with the upper limit onPt Iso/Core
are the two most important criteria. For higherET signatures, the upper limit onN Slow tracks becomes
more important, as background QCD jets tend to have a higher multiplicity of soft tracks compared to
multi-track hadronic decays of tau leptons. The multiplicity requirement,N Track, is potentially a useful
discriminant for higherET signatures, although a tight cut tends to bias the multiplicity distribution of
the tau leptons found by offline reconstruction. To avoid such bias a very soft cut is applied.

The optimized L2 tracking requirements for tau signatures and the corresponding efficiencies and
rates are presented in Table 5. Aside from thePt leading requirement, which is tightened with increasing
ET threshold, the requirements onPt Iso/Core<0.1,N Slow tracks≤2, Charge≤2 and 1≤N Track≤7 are
kept constant at values which work reasonably well for all signatures, and therefore are not shown in the
Table.

The efficiency is detailed in Table 6 for two typical tau signatures, one with low and one with high
ET . For each signature, efficiency is recalculated using different reference samples based on offline
reconstruction as in the previous section. Again, the errors quoted are statistical only. For the highET

signatures, there is not a strong efficiency dependence on the particular reference sample chosen. For
the low ET signatures, however, the different selections used in the offline algorithms, particularly in
selecting 1-prong tau lepton decays, are apparent. Since the track-based algorithm also requires a track
with some minimumpT when applied to these events the L2 tracking selection is quite efficient. The
L2 tracking selection is considerably less efficient when applied to events selected with the calorimeter
based algorithm, where no such requirement on the tracks is made.

The overall L2 trigger efficiency for various single tau signatures, using the optimized selection
described in Sect. 3.4- 3.5, is shown in Fig. 8.

Signature Pt lead (GeV) Eff. (%) Rate (Hz) L2Calo/L2Track
tau10i 1.5 86 3980 2.32
tau15i 2.5 85 2900 2.04
tau20i 5.0 81 947 3.24
tau25i 5.0 74 351 3.48
tau35i 5.0 75 107 3.28
tau45i 5.0 80 39 2.01
tau60 5.0 79 15 3.13

Table 5: Single tau signatures, associated L2 tracking thresholds and efficiencies forW → τν sample and rates for QCD
background samples forL =1031cm−2 s−1.

tau20i tau60
Offline Identification method all taus 1-prong 3-prong all taus 1-prong 3-prong
Calo-based 87.1±0.3 86.6±0.3 91.8±0.8 97.5±0.1 97.9±0.1 90.3±0.9
Track-based 95.5±0.2 96.5±0.2 93.9±0.3 95.8±0.2 97.3±0.2 89.3±0.6
Calo- OR Track-based 88.9±0.2 87.5±0.3 92.8±0.4 96.5±0.1 97.5±0.1 89.3±0.5
Calo- AND Track-based 97.3±0.2 97.4±0.2 96.6±0.6 97.9±0.1 98.2±0.1 92.4±1.3

Table 6:Tau signature efficiencies (in %) for different reference samples of tau leptons identified by the offline reconstruction.
Efficiencies have been estimated on low and highET generated samples of tau leptons. Errors are statistical only. Efficiencies
are for L2 tracking only.
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Figure 9:Performance of L2 tracking variables to distinguish QCD background jets from lowET (top) and highET (bottom)
tau leptons. For each plot, the closed circle data points show the cumulative efficiency (left-hand scale) for tau leptons as
a function of cut value, while the open triangle data points show the QCD jet rates (right-hand scale) for a luminosity of
L = 1031cm−2s−1.
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3.6 EF performance studies

As described in Section 2.3, the tau identification algorithm developed for offline reconstruction is
adapted for EF use. The resolution inET and direction achieved at the EF are shown in Section 3.2,
and provide a clear improvement inET determination with respect to L2.

The EF selection of tau trigger candidates is optimized withrespect to generated tau leptons that
pass the L1 and L2 selection and are found by the offline reconstruction software. Details of the offline
reference and efficiency definition are described in Section3.1.2. The optimization is performed using
the standard samples described previously.

The cuts on calorimeter shape variables andET are optimized separately, in analogy to the L2 pro-
cedure previously described. First, the correlation between theET of the tau lepton and thepT of the
leading track associated with the tau lepton is studied in simulated samples, and then a combined re-
quirement on these two variables is applied to each tau signature. Finally, the calorimeter shower shape
variables are studied, and a further requirement is appliedon these variables.

In Table 7 the optimized threshold requirements and corresponding efficiencies and background
rates are presented. As for L2, the shower shape variables are tightened and the cut value onEtCalib
and pT lead are raised as a function of theET of the tau signature. The two shower shape variables
requirements have been optimized to give an overall efficiency of ≈ 90%. The requirement onnTracks
is not stringent, so as not to bias the distribution for this variable, which is a key offline variable for the
evaluation of tau lepton purity. Fig. 10 shows the efficiencyfor various single tau signatures, using the
optimized selection summarized in Table 7.

The efficiency is detailed in Table 8 as in previous sections.At EF clearly the efficiency is highest
for the tau leptons identified by the calorimeter based algorithm of the offline reconstruction.
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Figure 10:Efficiency curves of EF selection relative to L2 for different tau signatures.
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Signature EtCalib (GeV) pT lead. (GeV) EMRadius IsoFrac nTracks Eff.(%) Rate (Hz)
tau10i 10. 5. 0.13 0.38 1-8 90 1611
tau15i 14. 6. 0.13 0.32 1-8 85 897
tau20i 19. 6. 0.11 0.33 1-8 86 349
tau25i 22. 7. 0.1 0.3 1-8 86 175
tau35i 31. 8. 0.09 0.24 1-8 87 64
tau45i 36. 8. 0.08 0.19 1-8 92 24
tau60 51. 8. 0.09 0.24 1-8 93 8

Table 7: Single tau signatures, associated EF thresholds and efficiencies for theW → τν sample and rates for the QCD
background sample forL =1031cm−2 s−1.

tau20i tau60
Offline Identification method all taus 1-prong 3-prong all taus 1-prong 3-prong
Calo-based 90.9±0.3 90.3±0.3 95.5±0.6 98.5±0.1 98.5±0.1 98.7±0.4
Track-based 84.7±0.3 88.9±0.4 77.4±0.6 97.3±0.1 97.7±0.1 95.8±0.4
Calo- OR Track-based 85.0±0.3 87.9±0.3 77.9±0.6 98.0±0.1 98.2±0.1 96.4±0.3
Calo- AND Track-based 93.7±0.3 93.2±0.3 97.1±0.5 98.2±0.1 98.2±0.1 98.6±0.6

Table 8:Tau signature efficiencies (in %) for different reference samples of tau leptons identified by the offline reconstruction.
Efficiencies have been estimated on low and highET generated samples of tau leptons. Errors are statistical only. Efficiencies
are for EF only.

3.7 Combined performance of single tau triggers

After evaluating each trigger level separately, we now present the overall combined performance (L1 +
L2 + EF) of the single tau triggers. Figures 11 and 12 show the dependence of the efficiency onET .
The shape of the efficiency curves is determined by theET resolution, which is different for the different
trigger levels. TheET threshold requirement of the signature is selected such that the efficiency curve
reaches a plateau at the visibleET of the generated tau lepton greater than this threshold. Since the
efficiency turn-on is slowest at L1, the cut onET at L1 is set significantly lower than for L2 and EF.

The efficiency is detailed in Table 9 for two typical tau triggers as in the previous sections. In addition
to the observations of the individual trigger level sections, one can see that the overall performance for
the lowET tau trigger is about 70% with respect to the reference, whileat highET it is about 90%. This
is due to relatively tighter cuts needed to control the largebackgrounds present for the lowET signature.
One can also see that the efficiency at lowET is low in particular for 3-prong decays when the reference
is the sample of tau leptons identified by the track-based algorithm. This reflects the previous observation
of Section 3.4, and points to the need for the execution of thetrack-based algorithm at the EF as well as
at L2.

4 Trigger timing studies

4.1 Online setup

Prior to first LHC collisions, it is desirable to test the trigger software and data acquisition system in
conditions resembling real data taking. There are two type of tests which can be performed:cosmic runs,
where the detector signals left by cosmic rays activate the L1 trigger, andtechnical runs where simulated
L1 trigger signals are used. These runs allow the monitoringsystem to be assessed, the algorithm timing
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tau20i tau60
Offline Identification package all taus 1-prong 3-prong all taus 1-prong 3-prong
Calo-based 76.5±0.4 75.5±0.4 85.2±1.0 93.8±0.2 94.3±0.2 86.1±1.0
Track-based 70.9±0.4 79.5±0.4 58.3±0.7 88.4±0.3 90.9±0.3 78.1±0.8
Calo- OR Track-based 68.3±0.3 72.5±0.4 58.6±0.6 91.3±0.2 93.1±0.2 79.6±0.7
Calo- AND Track-based 87.9±0.4 87.4±0.4 91.1±0.9 92.8±0.3 93.1±0.3 87.1±1.6

Table 9:Tau trigger efficiencies (in %) for different reference samples of tau leptons identified by the offline reconstruction.
Efficiencies have been estimated on low and highET generated samples of tau leptons. Errors are statistical only. Efficiencies
is for L1 + L2 + EF selection.
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Figure 11:Overall trigger efficiency (L1 + L2 + EF) for different tau triggers.
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Figure 12:Efficiency fortau20i trigger.

to be measured (although the composition of the input eventsis not representative of the expected L1
trigger output when real data are taken) and the interplay between triggers to be studied. All studies are
performed on CPUs dedicated to timing studies in order to minimize the possible influence of other users
on timing results. Each of these machines is a dual-core Intel(R) XEON(TM) CPU 2.20GHz machine.

4.2 Timing results

The CPU time performance of the trigger is a crucial ingredient in the optimization of the trigger. Current
design constrains the total execution time per event to 40 msat L2 and 1 s at EF for the whole trigger.
Recent timing studies performed on tau triggers include:

• tests of individual triggers to gauge the impact of increasing threshold levels on the total execution
time of the trigger.

During this test, each of the tau triggers is run individually (and no other triggers are run at the
same time). Although the average execution time of each algorithm remains roughly equal between
triggers (see Table 10), the average total time per event decreases as a result of the lower number
of RoIs per event for high energy triggers. The results shownin Table 10 indicate that the time
performance of the tau trigger should be well within the constraint for total execution time at L2
and EF.

• a verification of caching of data from the liquid argon calorimeter in L2. This test requires running
the tau algorithms and other calorimeter-based algorithms(electron algorithm, for example) for
the same event. In case data in a given RoI is needed by more than one signature, then the caching
procedure ensures that data are requested only once. Recenttests verify that caching is correctly
implemented and provides roughly a factor of four time savings in the L2 calorimeter part.
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Threshold Signature
Algorithm tau10i tau15i tau20i tau25i tau35i
L2 Calo 8.1 8.0 8.0 8.1 8.1

L2 Tracking 15.4 15.5 15.0 14.9 14.7
L2 Combined 1.9 1.9 2.0 2.0 2.2

L2 TotalTime 41.6 35.9 19.7 14.1 7.9

EF Calo 12.3 12.5 13.4 13.0 14.0
EF Tracking 289.7 297.7 269.5 268.4 247.8

EF Combined 77.0 76.9 80.7 77.8 78.9

EF TotalTime 149.1 133.6 67.5 51.2 24.6

Table 10:Mean algorithm execution time for each of the tau triggers. All times are given in ms and per RoI, except the L2
and EF total times are given per event, in ms. The measurements are performed on a simulated sample of limited statistics,950
QCD background events with hard parton 35<pT < 70GeV.

• a timing comparison between the calorimeter-approach and tracking-approach in L2. Currently,
the default order of L2 algorithms is that calorimeter data are analysed first and tracking data
afterward. The alternative approach should also be evaluated. For thetau15 signature alone,
using a simulated sample of limited statistics (950 QCD background events with hard parton 35
< pT < 70GeV), the calorimeter and tracking approaches have been evaluated and show roughly
equal total execution times, 34.1 and 34.0ms respectively.On a simulated sample of 400 QCD
background events with hard partonpT > 2TeV, for the same tau trigger, the tracking approach is
slightly faster than the calorimeter approach, 299 versus 330ms respectively. The longer execution
time on high energy jet samples with respect to low energy ones is mainly due to the longer
execution time of the L2 tracking algorithm. This result shows that the L2 tracking selection
provides greater background rejection power than the L2 calorimeter one against high energy jets,
and therefore suggests that the tracking-approach is advisable for highET tau triggers.

5 Tau trigger menu

The single tau signatures are the basic element in the ATLAS trigger menu for collecting hadronic decays
of tau leptons. Therefore, Section 2 and 3 have been devoted to the selection and performance of the
single tau signatures. In this section we describe the full tau trigger menu, with an emphasis on triggers
that combine tau signatures with other signatures and the physics goals they address. Such combined
triggers are very important for collecting samples of tau leptons of moderateET from several SM or
even beyond the SM processes. As shown in Sect. 3, the minimalrequirement onET for a single tau
trigger must be high, even at low luminosity, to be allowed torun without prescale factors. A combined
requirement of a moderateET tau signature with other signatures provides a way to achieve the necessary
rejection against backgrounds and avoid prescale factors.

5.1 Combined tau triggers

The following triggers aiming at collecting hadronic decays of tau leptons are currently implemented in
the ATLAS trigger menu, in addition to the single tau triggers already introduced:

• tau+missingET (tau+Emiss
T ). This type of trigger covers a wide spectrum of physics channels. At

low luminosity, when the trigger rejection can be relaxed, the selection of events withW → τν is
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the priority. tt̄ events with tau leptons in the final state are also selected bythis trigger. Such events
are characterized by relatively softET range of tau leptons as well as lowEmiss

T . The tau+Emiss
T

triggers at design luminosity are intended for SM or SUSY Higgs (neutral or charged) searches as
well as for searches of new exotic particles likeZ′. TheEmiss

T trigger [14] uses the same threshold
requirement at all trigger levels. The turn-on of theEmiss

T efficiency curve is mainly limited by
the L1 missingET resolution. Since the averageEmiss

T in W → τν events is low, and the EFEmiss
T

resolution is better, additional triggers where theEmiss
T requirement is applied only at EF are under

study.

• tau+ℓ(+jets), ℓ = e,mu. This type of trigger aims at selecting events with two relatively soft tau
leptons in the final state. Two tau leptons are found in eventswith Z boson, neutral SM or SUSY
Higgs. In addition, the tau+ℓ combination selects events with multiple leptons likett̄ or lepton
flavor violating processes. The combination of two trigger signatures allows the use of lower
threshold requirements than for the case of the single tau trigger. In case of excessive rates for this
type of trigger at design luminosity, the additional requirement of jets orEmiss

T can be introduced.

• tau+tau(+jets). This type of trigger records events where both tau leptons decay hadronically.
While the rejection rate is less favorable than the tau+ℓ case, the sample collected is complemen-
tary to the above and both increases statistics and allows the reduction of systematics uncertainties
due to lepton identification. This trigger is highly relevant for searches of Higgs boson or new
exotic particles likeZ′ and will also be beneficial for SUSY double tau end point analyzes.

• tau+jets, tau+b-jets. This type of trigger is an interesting alternative fortt̄ studies. At low lu-
minosity, it allows the study of events with low jetET thresholds, while at high luminosities it is
necessary to reduce QCD and multiple interaction background events.

5.2 Commissioning triggers

In addition to single tau triggers there are singletrack triggers, highly optimized to select RoIs with
one track only. The main purpose of this type of trigger is alignment of the tracker or hadronic calibra-
tion. These triggers work inparasitic mode, taking all L1 RoIs passing 6GeV or 9GeV with isolation
requirements in a given event. In this manner, a sufficient amount of tracks for commissioning can be
obtained.

Furthermore, additional triggers liketau15i PT and2tau25i PT are included in the ATLAS trigger
menu (PT stand for pass-through). For pass-through triggers, all events that are accepted by the L1
algorithm are recorded for offline study of the HLT algorithms. At L2 and EF the algorithms are executed
and their result is stored in the event record, however, their decision is not considered in the global trigger
decision. As the output rate of these triggers is equal to theL1 rate, only a small fraction can be recorded,
typically∼ 0.1Hz after prescale factors.

5.3 Tau trigger menu performance

In this section we summarize tau trigger efficiencies for various physics signals, see Table 11, and the
corresponding rates estimated on minimum bias samples for 100pb−1, see Table 12. For the results
shown, the physics signal efficiencies are calculated per event, using the following references:

• trigger with one (two) tau leptons: at least one (two) tau leptons at generator level with visibleET

greater than the tau trigger threshold(s) are required. Furthermore, the generated tau leptons are
identified by the offline reconstruction algorithms.
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• trigger with tau+e and tau+mu: besides the tau lepton requirement (see item above), the addi-
tional lepton is required at generator level to have anET greater than the chosen lepton trigger
threshold. The generated lepton additionally is identifiedby the “loose” offline reconstruction
algorithm [1], [2].

• trigger tau+Emiss
T : besides the tau lepton requirement (see item above), the missingET at generator

level as well as the missingET reconstructed by the offline reconstruction algorithms [14] are
required to be above the chosen trigger threshold.

Introducing the triggers described above is important for most physics signals with tau leptons in the
final state because:

• allows increased statistics

• it is a robust approach against failure or inefficiency of a particular trigger (e.g. due to detector
problems)

• allows reduction of systematic uncertainty by comparing results of the same analysis repeated on
samples selected with different triggers.

In Table 11 and Table 12 the symboltau+xe stands for the tau+Emiss
T triggers, andj stands for the

jet triggers.

5.4 Tau trigger menus for different luminosity periods

According to the foreseen LHC start-up plans, ATLAS will commence data taking at a low luminosity
of about 1031cm−2 s−1. Over the course of the first year or so, it is expected that theluminosity will
increase to a rather high luminosity of about 1033cm−2 s−1. While the input rate rapidly increases during
this period, the maximal output rate of the complete triggeris expected to be constant at about 200Hz
(due to limitations on storage capacities and recording speed), putting a significant burden on the trigger
system.

As mentioned in Section 1, the low luminosity period will be used to commission the detector and
trigger system. During this period, the focus of the triggerselection is Standard Model physics and
events necessary for calibration and efficiency studies. The total sample collected is expected to be of
the order of 100pb−1. Concerning hadronic decays of tau leptons, the absolute scale of tau leptons and
the characteristics and rate of QCD jets misidentified as tauleptons are estimated from simulated data
studies only, and need to be verified and understood with collider data. To address this, several triggers
are proposed, and outlined in the next section. For each trigger, a method of measuring the efficiency on
real data should also be proposed.

The transition to higher luminosity is foreseen to be done smoothly, dropping triggers of the low
luminosity period menu which were used for commissioning orwith unacceptably large rate, and keeping
or introducing triggers without any prescale factors whichfocus on discovery physics.

The high luminosity menu will be obtained either by tightening the threshold requirements and cuts
of triggers present in the low luminosity menu, or adding newtriggers, especially combinations of several
signatures. Only some ideas for a tau trigger menu for a luminosity ofL =1033cm−2 s−1 currently exist.

Given the current background rates, shown in Section 3, the high luminosity menu will include single
high ET signatures with threshold requirements higher than what shown in Section 3 (most probably
tau100). Furthermore, the high luminosity menu will be composed mostly of combined triggers like
tau35i xe45, tau25i e25i, tau25i mu20, 2tau35i, tau20i j150 andtau20i 4j50.
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Trigger Item Wτ→hX Zττ tt̄ Aττ(800) SU3 Hττ→ℓhX Hττ→hhX

tau10 82.6±0.3 91.9±0.2 93.6±0.4 97.1±0.1 94.3±0.3 93.8±0.2 96.9±0.1
tau10i 78.7±0.4 89.8±0.2 91.1±0.4 96.4±0.2 92.0±0.4 92.1±0.3 95.8±0.1
tau15 78.2±0.4 88.7±0.3 91.9±0.4 96.5±0.1 92.4±0.4 91.6±0.3 95.4±0.1
tau15i 74.1±0.4 86.0±0.3 89.1±0.5 96.1±0.2 90.4±0.4 90.0±0.3 94.1±0.1
tau20i 68.5±0.5 79.9±0.3 83.2±0.6 89.8±0.2 82.5±0.5 85.0±0.4 89.8±0.2
tau25i 66.5±0.6 76.0±0.4 80.1±0.7 89.0±0.3 79.7±0.6 82.0±0.4 87.1±0.2
tau35i 65.8±0.9 70.0±0.6 77.4±0.9 87.5±0.3 76.9±0.7 78.2±0.5 82.0±0.2
tau45 82.7±1.3 78.7±0.8 88.0±0.9 94.9±0.2 89.6±0.6 86.2±0.5 88.5±0.2
tau45i 72.1±1.5 68.5±0.9 76.0±1.2 86.1±0.3 75.1±0.9 75.8±0.7 78.5±0.3
tau60 77.5±2.6 74.4±1.5 74.7±1.7 91.4±0.2 78.2±1.1 76.1±0.9 77.5±0.4
tau100 83.9±6.6 78.2±4.1 80.2±3.5 90.0±0.3 81.7±1.9 79.1±1.6 80.7±0.7
2tau25i 0.0±0.0 47.2±1.5 60.0±11.0 62.6±1.2 62.6±2.7 61.5±6.7 59.3±0.6
2tau35i 0.0±0.0 43.1±3.1 57.1±18.7 60.6±1.3 62.0±3.8 50.0±9.1 55.6±0.9
tau15i xe20 56.3±0.6 48.4±0.8 80.1±0.7 92.7±0.2 89.5±0.4 80.8±0.5 80.2±0.3
tau20i xe30 45.4±0.9 38.6±1.2 70.1±0.9 84.5±0.3 81.4±0.6 73.9±0.6 73.2±0.4
tau25i xe30 44.2±1.0 38.0±1.3 67.5±1.0 83.8±0.3 78.7±0.6 71.4±0.7 71.1±0.4
tau35i xe20 55.1±1.2 42.0±1.2 68.7±1.1 84.5±0.3 76.3±0.7 70.8±0.7 69.5±0.4
tau35i xe30 47.7±1.5 38.5±1.7 63.3±1.2 82.3±0.3 76.2±0.7 69.2±0.8 66.9±0.4
tau35i xe40 42.1±2.5 39.2±2.4 58.0±1.4 80.8±0.4 75.6±0.8 68.3±1.0 65.3±0.5
tau45 xe40 54.7±3.6 48.3±3.0 67.4±1.6 87.6±0.3 88.2±0.7 76.5±1.0 71.0±0.6
tau45i xe20 60.1±2.1 43.8±1.7 67.3±1.4 83.2±0.3 74.7±0.9 69.0±0.9 66.7±0.4
tau20i e10 0.0±0.0 68.1±1.2 73.7±2.9 79.6±0.8 77.1±1.7 73.2±0.8 0.0±0.0
tau20i mu6 0.0±0.0 72.0±0.9 81.4±2.4 80.3±0.7 83.3±1.3 79.4±0.7 0.0±0.0
tau20i j70 70.8±1.4 78.8±0.7 81.6±0.7 89.4±0.2 82.7±0.6 65.6±0.7 72.6±0.3
tau20i 3j23 61.1±2.1 80.2±0.8 82.0±0.7 89.9±0.2 83.2±0.6 83.7±0.7 80.7±0.3
tau20i 4j23 58.2±4.1 82.7±1.6 80.5±0.9 90.3±0.3 84.5±0.6 86.9±1.7 83.9±0.7

Table 11: Physics signal efficiency without prescale factors. The requirements at generator level are
summarized in Section 5.3. The Higgs boson mass for the last two columns is 120 GeV. Errors are
statistical only.
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Trigger Level 1 Level 2 Event Filter
Selection Events Rate (Hz) Events Rate (Hz) Events Rate (Hz)

tauNoCut 79802 23342 79252 23181 77231 22590±81
tau10 48854 14290 16235 4749 7748 2266±26
tau10i 48854 14290 14066 4114 5413 1583±21
tau15 48854 14290 10472 3063 4054 1186±19
tau15i 48854 14290 9764 2856 2953 864±16
tau15i PT 48854 14290 10237 2994 10237 2994±30
tau20i 16298 4767 3322 972 1229 359±10
tau25i 9404 2751 1565 458 631 185±7
tau35i 3149 921 473 138 215 63±4
tau45 1062 311 321 94 255 75±5
tau45i 750 219 154 45 79 23±3
tau60 262 77 35 10.2 25 7.3±1.5
tau100 262 77 7 2.0 4 1.2±0.6
tau15i xe20 5625 1645 1329 389 198 58±4
tau20i xe30 525 154 139 40.7 23 6.7±1.4
tau20i xe30 PT 525 154 142 41 142 41±4
tau25i xe30 385 113 83 24.3 17 5.0±1.2
tau35i xe20 784 229 129 37.7 42 12.3±1.9
tau35i xe30 203 59 41 12.0 10 2.9±0.9
tau35i xe40 58 17 15 4.4 3 0.9±0.5
tau45 xe40 47 14 18 5.3 6 1.7±0.7
tau45i xe20 278 81 54 15.8 19 5.6±1.3

Table 12: Minimum bias event rates without prescale factors. The cross section value used isσ = 70mb
and the peak luminosity used isL = 1031cm−2s−1. Errors are statistical only.
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5.4.1 Running atL =1031 cm−2 s−1

The trigger menu for a luminosity ofL =1031cm−2 s−1 covers largely SM physics channels (W → τν ,
Z → ττ , tt̄). A fair amount of the bandwidth is given to commissioning triggers (< 1Hz each), which
are needed to monitor trigger rates and variables used for tau lepton identification in differentET ranges.

Table 13 gives the trigger menu proposed for initial data taking, including expected prescale factors
and corresponding trigger rates, with overlap between triggers taken into account. The prescale factors
are necessary to restrict the total rate from lowET tau triggers, since there are many physics topics that
need to share limited bandwidth. The initial prescale values have been determined from simulation, and
will be optimised based on experience with early data. Eventyields for several tau-based physics topics
are shown in Table 14. In this table the results of only one typical trigger are reported for a set of triggers,
corresponding to the one currently considered as the most suitable for the physics signals targeted at low
luminosity. However, as physics simulation studies are progressing and as background rates are verified
on data, it is likely that the trigger menu will be modified.

6 Summary

This note describes in detail the ATLAS tau trigger system, which is dedicated to the selection of hadronic
decays of tau leptons. These results are obtained from simulations prior to LHC operations. In the
selection at L1, energy deposition in the e.m. and hadronic calorimeters are used, while at L2 and EF
calorimeter shower shape and energy information is combined with tracking information from the Inner
Detector. At design luminosity, tau triggers are envisagedto be used without prescale factors to select
single tau trigger candidates withET above 100GeV. The events with tau trigger candidates with lower
ET will be selected using combined triggers which employ tau signatures in conjunction with missingET

electron, muon, jet or another tau signatures. The largest contribution to the rate will be misidentified
low ET QCD jets, that are narrow and contain few particles mimicking hadronic decays of tau leptons.

In the first months of LHC operation a low luminosity of 1031cm−2 s−1 is anticipated, and the data
will primarily be used for commissioning the detector and trigger system. At that time the main focus
of tau triggers will be on Standard Model physics such asW → τν , Z → ττ andtt̄ events with hadronic
decays of tau leptons in the final state. The typical tau trigger efficiency at low luminosity for generated
tau leptons reconstructed by the algorithms of the offline reconstruction is expected to be around 80%
for a wide range of physics channels, resulting in a total tautrigger rate of 28Hz.

Trigger Prescale Rate (Hz) Cumulative Rate (Hz)
tau100 1 2.4±0.5 2.4±0.5
tau60 1 10.7±1.0 10.7±1.0
tau45i 10 2.5±0.2 12.6±1.1
tau45 20 4.1±0.1 16.0±1.4
tau20i xe30 1 4.9±0.7 20.1±1.4
tau20i e10 1 1.2±0.4 21.2±1.5
tau20i mu6 1 2.8±0.5 23.7±1.6
2tau25i 1 2.6±0.5 25.3±1.6
tau20i 4j23 1 0.1±0.1 25.4±1.6
tau20i 3j23 1 0.9±0.3 25.8±1.6
tau20i j70 1 7.1±0.9 28.6±1.7
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Table 13:Tau trigger menu forL =1031cm−2 s−1.

Trigger Item Wτ→hX Zττ tt̄ Aττ(800) SU3 Hττ→ℓhX(120) Hττ→hhX(120)
tau15i 128.4 9.53 2.56 0.37 0.002 0.003 0.004
tau45 816 121.4 63.9 26.2 0.17 0.11 0.17
tau45i 1406 211.4 110.3 47.5 0.30 0.20 0.31
tau60 4399 670 568 484 3.07 1.18 1.87
tau100 699 84 116 406 2.58 0.31 0.48
2tau25i 0 544 13 37 0.24 0.02 0.68
2tau35i 0 114 4 35 0.22 0.01 0.33
tau20i xe30 29005 668 2097 429 2.72 2.30 2.01
tau35i xe40 3379 178 831 374 2.37 1.03 1.00
tau20i e10 0 1191 182 83 0.53 1.36 0.00
tau20i mu6 0 2003 227 96 0.61 1.94 0.00
tau20i j70 8672 1278 2457 2.96 320 2.04 0.00
tau20i 3j23 3852 1019 2697 2.31 288 1.30 0.00
tau20i 4j23 957 232 1803 1.31 226 0.23 0.00

Table 14:Number of events expected in 100pb−1at 1031cm−2 s−1 for different physics signals. Cross-sections are given in
Table 1. The requirements imposed at generator level are summarized in Section 5.3.
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Physics Performance Studies and Strategy of the Electron and
Photon Trigger Selection

Abstract
This note gives an overview of the implementation and performance of the
electron and photon selection by the ATLAS trigger system. Trigger menus
for commissioning as well as for the first physics run are presented together
with the strategy for the early data taking phase. The physics performance
in terms of selection efficiency and background rejection has been estimated
using Monte Carlo simulations for various luminosity scenarios. An example
of a method to determine trigger efficiency from real data using Z → ee events
is discussed.

1 Introduction

This note gives an overview of the implementation and performance of the electron and photon selection
by the ATLAS trigger system. Electron and photon trigger baseline signatures and menus for LHC
commissioning and first physics run are presented. The principles that have determined their design are:

• Coverage of the physics needed for commissioning the trigger and detector systems as well as the
offline reconstruction.

• Coverage of the physics channels that allow standard model studies and searches for new physics.

• Keeping the rates within the allowed bandwidth.

Events with electrons and photons in the final state are important signatures for many physics ana-
lyses envisaged at the LHC. A good selection by the electron/photon (e/γ) triggers will be important for
many analyses from searches for new physics, such as the Higgs boson, SUSY,Z′ boson to standard
model (SM) precision physics such as top quark andW boson mass measurement, rareB decays, etc.
In the early running processes such asZ → ee, J/ψ → ee, W → eν andγ-jet events will be crucial for
the understanding of the detector. These decays are important benchmark channels for the calibration,
alignment and monitoring of the detector performance. The e/γ trigger needs to cover the transverse
energy range between a few GeV and several TeV. An overview ofsome relevant physics channels
with electrons and photons in the final state, classified according to the corresponding transverse energy
thresholds is given in Table 1.

To achieve this physics reach the trigger algorithms have tobe optimized in terms of physics perfor-
mance (signal efficiency, background rejection) and systemperformance (execution time, data require-
ments, etc). The trigger menu has to ensure a good selection of the above physics channels within the
allocated rate for the various luminosities during LHC running.

In the following sections the implementation, performanceand selection strategy are described in
detail. Section 2 explains how e/γ candidates are reconstructed and selected at the differenttrigger levels.
Section 3 presents the selection strategy for LHC start-up,describing the schema currently envisaged for:
commissioning, first menu for an initial luminosity of L∼1031 cm−2 s−1 and the subsequent development
towards higher luminosity scenarios. In Section 4 the performance of the various electron and photon
triggers for a startup luminosity of L∼1031 cm−2 s−1 and a luminosity scenario of L∼1033 cm−2 s−1

is discussed. Examples of trigger efficiencies for physics processes with electrons and photons in the
final state over the transverse energy (ET ) spectrum from a few GeV up to several TeV are included. A
discussion of the robustness of the trigger selection follows in Section 5. Section 6 explains how the
trigger efficiency will be determined from real data usingZ → ee events.
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Momentum range Examples of some important processes

low pT ∼ 5-15 GeV Bd → J/ψK0
s → eeππ

Bs → K∗γ
J/ψ → ee, Drell-Yan

high pT ∼ 20−100 GeV H → γγ (for m(H)<130GeV)
H → ZZ(∗) → eeee,eeµµ (for 130< m(H) < 700 GeV)
top physics,Z → ee,W → eν,
direct photon production

very highpT ∼ 100−1000 GeV Z′ → ee, W
′ → eν

G → γγ,G → ee,
pp → ee∗ → eeγ

Table 1: Examples of some important processes requiring a good electron and photon trigger selection

2 Electron and photon trigger selection

In this section the electron and photon trigger reconstruction and selection are described. The recon-
struction and selection variables for each of the trigger levels are summarized in separate subsections.

2.1 L1 selection

At L1 trigger information from the electromagnetic (EM) andhadronic calorimeter system in the form
of so-called trigger towers is used. A trigger tower has a dimension∆η ×∆φ ∼ 0.1×0.1. In this region
all the cells are summed over the full depth of either the electromagnetic or hadronic calorimeter. The
L1 selection algorithm for electromagnetic clusters is based on a sliding 4×4 window of trigger towers
which looks for local maxima [1].

Figure 1: L1 calorimeter trigger schema, showing how trigger towers (each spanning a 0.1×0.1 η × φ
region) are used to determine the energy for the electromagnetic cluster as well as for the electromagnetic
isolation, hadronic core and hadronic isolation.

The trigger object is considered to contain an electron or photon candidate if the following require-
ments are satisfied:

• The central 2×2 ‘core’ cluster consisting of both EM and hadronic towers isa localET maximum
This requirement prevents double counting of clusters by overlapping windows.
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• The most energetic of the four combinations of two neighbuoring EM towers passes the electro-
magnetic cluster threshold.

Figure 1 shows the L1 trigger tower schema used to determine the L1 selection variables. Isolation
requirements can be imposed if required to control the rate:

• EEM
isol : The totalET in the 12 EM towers surrounding the 2×2 core cluster is less than the electro-

magnetic isolation threshold.

• EHAD
core : The totalET in the 4 towers of the hadronic calorimeter behind the 2×2 core cluster of the

electromagnetic calorimeter is less than the hadronic corethreshold.

• EHAD
isol : The totalET in the 12 towers surrounding the 2×2 core cluster in the hadronic calorimeter

is less than the hadronic isolation threshold.

The distributions of these isolation variables for signal and background are shown in Fig. 2 from Monte
Carlo simulations. For signal, single electrons with anET between 7 and 80 GeV with a flat distribu-
tion are used (solid line, hatched histogram). In comparison, background candidates from a simulated
sample of QCD background (referred to as dijets) withET > 17 GeV are shown (dashed line, hollow his-
togram). Most of the samples discussed in this note, unless otherwise specified, use the Pythia 6.403 [2]
Monte Carlo event generator. The ATLAS detector Monte Carlosimulation is based on GEANT4 [3].
The Monte Carlo simulations store details of the generated particles including the type and kinematic
variables, this so-calledMC-Truth information can then be used as a control in subsequent analyses of
the simulated data. In this case the truth information has been used to guarantee that no real electrons
are included in the background distributions in Fig. 2. The distributions shown have been normalized to
unit area. It can be seen that isolation, in particular L1 EM isolation, provides a good handle to reduce
jet background rate, typically needed at low transverse energy thresholds. As isolation depends on the
topology and energy distribution of the event, as well as on other parameters such as luminosity and
beam conditions, isolation cuts need to be well understood and applied carefully during data taking.
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Figure 2: L1 isolation variables for single electrons with an ET between 7 and 80 GeV with a flat
distribution (solid line, hatched histogram). In comparison, background candidates from theET > 17 GeV
dijet sample are shown (dashed line, hollow histogram). Forthe background, only clusters that do not
match to a true electron within a∆R cone of 0.1 are considered. The distributions for electromagnetic
isolation (left), hadronic core energy (middle), and hadronic isolation (right) are shown.

2.2 L2 selection

L2 is seeded by the L1 EM Region of Interest (RoI). Thus L2 receives the reconstructed L1 object with
the η and φ positions and the transverse energy thresholds passed. L2 accesses a subsample of the
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detector data around the givenη andφ position and applies trigger specific reconstruction algorithms
characterized for their speed and robustness. Both photon and electron selection use the full granularity,
full precision calorimeter information now available in the first selection step. The transverse cluster
energy and various shower shape variables calculated in thedifferent layers of the EM calorimeter are
used to identify e/γ candidates. The electron selection uses in addition inner detector information. Tracks
are reconstructed in the inner detector and matched to the calorimeter energy clusters. Thus track finding
and track-cluster matching variables can be used to select electrons.

2.2.1 Calorimeter based electron and photon selection

L2 calorimeter reconstruction is seeded by theη andφ positions provided by L1. Calorimeter cells in a
window of size∆η ×∆φ = 0.4×0.4 are retrieved (for more details on the data preparation see[4]). At
the L2 trigger the cluster building algorithm scans the cells in the second layer of the EM calorimeter and
searches for the cell with highestET . Subsequently, a cluster of 0.075×0.175 inη × φ is built around
this seed cell. The larger cluster size inφ reduces the low-energy tails due to photon conversion and
electron bremsstrahlung. Electrons and photons deposit nearly all of their energy in the EM calorimeter
and deposit typically less than 1% of their energy into the hadronic calorimeter. In addition, showers
from electrons and photons are typically smaller in the plane transverse to its direction than showers
from jets. These quantities are used to select a low-background sample of electrons and photons.

In detail, the L2 electron and photon calorimeter algorithms select events base on the following
quantities:

• Transverse energy of the EM cluster (EEM
T ): Due to the energy dependence of the jet cross-section,

a cut onEEM
T provides the best rejection against jet background for a given highpT signal process.

• Transverse energy in the first layer of the hadronic calorimeter (EHad
T ): This is required to be below

a given threshold. This cut is relaxed for highET triggers (90 GeV and above) as the leakage into
the hadronic calorimeter increases with energy.

• Shower shape inη direction in the second EM sampling: The ratio of the energy deposit in
3× 7 cells (corresponding to 0.075× 0.175 in ∆η ×∆φ ) over that in 7× 7 cells is calculated:
Rcore = E3x7/E7x7. Photons and electrons deposit most of their energy in 3×7 cells and thus the
corresponding ratio is typically larger than 80 %.

• Search for a second maximum in the first EM sampling: After applying the cuts in the hadronic
calorimeter and the second sampling of the EM calorimeter, only jets with very little hadronic
activity and narrow showers in the calorimeter remain. The fine granularity in rapidity in the first
sampling of the EM calorimeter allows checks to be made for substructures within a shower for
a further rejection of background such as single or multipleπ0s orηs decaying to photons. The
energy deposit in a window∆η ×∆φ = 0.125×0.2 is examined. The shower is scanned for local
maxima in theη-direction. The ratio of the difference between the energy deposited in the bin with
highest energyE1st and the energy deposited in the bin with second highest energy E2nd divided by
the sum of these two energies is calculated:Rstrips = (E1st −E2nd)/(E1st + E2nd). This ratio tends
to one for isolated electrons and photons, and tends to zero for photons coming for example from
π0 decay.

Figure 3 shows typical distributions of the above shower shape variables for a signal sample of Higgs
decaying intoγγ and a the dijet background sample. A clear rejection power against background of the
ET is seen for a cut above 20 GeV. The shower shape variables in the first and second EM sampling of the
calorimeter provide a good discrimination power above 0.8. These shower shape variables will have a
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narrower distribution for photons compared to electrons. The high granularity of the first EM sampling of
the ATLAS detector permits efficient photon identification using only calorimeter information, tracking
information is not used at all in the selection.
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Figure 3: Selection variables for a L2 calorimeter energy cluster. The distributions are shown for signal
candidates from a simulatedH → γγ sample (dashed line) and for dijet background candidates that do not
have a photon or electron matched within a∆R cone of 0.1 and that have at least 1 jet withET > 17 GeV
(black solid line). Both distributions have been normalized to unity. The plots show the transverse energy
of the EM cluster (top left), transverse energy deposited inthe first layer of the hadronic calorimeter (top
right), shower shape in theη direction in the second EM sampling (Rcore) (bottom left), and the search
for a second maximum in the first electromagnetic sampling (Rstrips) (bottom right).

2.2.2 Inner detector electron selection

If all the criteria of the calorimeter based electron selection are fulfilled, a search for tracks is performed
in front of the cluster, electron trigger candidates are identified by the presence of a matching recon-
structed tracks [5].

2.2.3 Combined calorimeter and inner detector based electron selection

A further rate reduction, while maintaining a high electronefficiency, can be achieved by combining
the calorimeter and inner detector information. The background rate can be reduced by cutting onη
andφ between the EM cluster and the extrapolated track into the calorimeter. As shown in Fig. 4 these
distributions are narrower for electrons than for jets. Another quantity useful for electron selection is the
ratio of the clusterET and the trackpT. This quantity is affected by bremsstrahlung effects whichcause
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a tail in theET /pT distribution towards high values (see Fig. 4), so it is not intended to use an upper cut
on ET /pT in the early data-taking.
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Figure 4: L2 (top) and EF (bottom) electron selection variables based on the combined calorimeter and
inner detector information. From left to right the following distributions are shown: the difference in
η (left) and φ (middle) between the cluster and track (extrapolated to calorimeter) position. and are
shown: ratio of theET of the EM cluster and thepT of the reconstructed tracks (right). Distributions are
shown for signal (solid line, hatched histogram) and background (dashed line, hollow histogram). The
reconstructed electrons come from a 7< ET < 80 GeV sample. The background candidates come from
a filtered dijet simulated sample, only candidates with no match to a truth electron within a∆R cone of
0.1 rad are selected.

2.3 EF selection

At the EF trigger level offline reconstruction algorithms and tools are used as much as possible. An
important difference, however, between the offline and the EF reconstruction is that the offline recon-
struction is run once per event accessing the whole detector, while the EF uses a seeded approach; runs
several times per event, once for each RoI given by L2, accessing only the corresponding subsample of
the detector.

Currently, in the photon trigger selection only calorimeter information is used. EM clusters are
searched for and reconstructed in RoIs of size∆η × ∆φ = 0.4× 0.4. The EF calorimeter clustering
algorithm searches for a local energy maximum with calorimeter trigger tower granularity. For electron
and photon reconstruction only the data from the EM calorimeter is used, in contrast with L2 where the
hadronic energy is also computed. The clusters should have an ET above a given threshold. The default
cluster size used is 0.125×0.125 inη×φ (whilst the offline reconstruction algorithms perform clustering
with different window sizes, a single clustering option is used in the EF ). Once found by the clustering
algorithm the cluster parameters (position, energy, etc.)are computed and further refined by a set of
cluster correction (position and energy calibration) tools [5]. Also, corrections for the transition region
between barrel and end-cap calorimeters are possible usingthe information from a set of scintillators.

For electron triggers, tracks are subsequently reconstructed in the inner detector. The EF tracking
currently implements an inside-out track reconstruction (track finding starts from the inner silicon de-
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tectors and then is extended to the transition radiation tracker). In the future, an outside-in approach is
intended to be used in the trigger in cases where photon conversions are present. There is the possibility
to attempt bremsstrahlung recovery using offline tools. This option is not foreseen to run in the electron
triggers for start-up but might be applied when running at higher luminosities with tighter selections. At
L∼1031 cm−2 s−1 bremsstrahlung effects do not affect the trigger efficiencysince the selection cuts are
sufficiently loose to be insensitive to the performance improvements.

Electron and photon identification in the EF is very similar to the offline [6]. Calorimeter shower
shapes, leakage into the hadronic calorimeter and theET of the EM cluster are used for the calorimeter
based selection for electrons and photons. Compared to L2 more shower shape variables are used.
Together with improved calibrations this results in a further rate reduction. For electrons track-cluster
matching variables, track quality cuts, transverse impactparameter and for high luminosity running
potentially transition radiation information could be used to further reduce the rate.

As an example a loose electron EF selection will use the following selections: longitudinal leakage,
shower shapes in the middle layer of the EM calorimeter, and very loose track-cluster matching cuts.
Tighter selections might also use the shower shapes in the first EM calorimeter layer, information on
the transverse impact parameter and on the track quality (number of hits in the pixels and strip silicon
detectors and number of hits in the first pixel layer). Distributions for the track-cluster matching variables
at EF are shown in Fig. 4. The distributions are very similar to those of the L2 track-cluster matching,
but more refined algorithms are available at this stage, withmore up-to-date calibration and alignment
information.

3 Electron and photon trigger selection strategy

In this section the foreseen trigger selection strategy from the start-up phase up to physics running at
nominal low luminosity is discussed. First the various commissioning steps at start-up are explained.
This is followed by a discussion of a possible electron and photon trigger menu for the first physics run
assuming a luminosity of L∼1031 cm−2 s−1.

When LHC turns on the trigger menus will need to provide data for commissioning and for analy-
sis. In these paragraphs analysis is used to mean standard model measurements and searches for new
physics. Typically these two objectives require very different trigger selection criteria. Commissioning
usually demands loose selections to allow for more basic understanding of the detector and trigger, but
loose selections accept more background events. Analysis is favoured with tight trigger selections that
maximize the signal to background ratio in the allocated bandwidth. At start-up commissioning tasks
would be prioritized, though signatures that provide data for a physics analysis will be included in the
menu whenever possible. Following the progress on commissioning, loose trigger selections will be sub-
stituted by tighter ones that increase the analysis capabilities. The main challenge for the ATLAS trigger
is the big difference (approximately six orders of magnitude) between the collision rate and the rate at
which data can be stored. This imposes tight constraints on the trigger menus.

These principles used to determine the trigger menus, are developed in more detail in the following
subsections, which also include early trigger menu tables.

The naming conventions for the various e/γ triggers used in the following sections are as follows.
The name for L1 electromagnetic candidates is EM. This is followed by theET threshold applied for this
triggers and if isolation criteria are applied an “i” is added at the end of the name. The number preceding
EM indicates the object multiplicity. For example 2EM13I requires that at least two isolated electron or
photon candidates are identified at L1 passing aET = 13 GeV threshold. The naming conventions for L2
and EF are very similar. For example 2γ17i denotes a trigger which selects events in which two isolated
photons are found passing aET threshold cut of 17 GeV at EF level. Similarly a possible e20xe15
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trigger selects events in which at least one electron candidate withET (EF) > 20 GeV is identified, in
addition, the missing transverse energy at EF exceeds 15 GeV.

3.1 Commissioning

At LHC start-up an initial luminosity of L∼1031 cm−2 s−1 is expected. This will allow lowerET thresh-
olds compared to those at the nominal LHC luminosity. The start-up menu has to provide the data
samples needed to commission the trigger and detectors and at the same time provide useful data to be
used for physics analysis. Therefore, the trigger has to guarantee the selection of the following standard
model channels:W → eν , J/ψ → ee,ϒ → ee, Drell-Yan, and direct photon production. For example:
Z → ee, J/ψ → ee and ϒ → ee will provide input for the electromagnetic calibration, alignment, ef-
ficiency measurements, etc. Electrons from bottom and charmquark decays will be useful for studies
of E/p. Direct photon production will provide input for the jet calibrations usingγ-jet events where
the photon and jet are back-to-back. For comparison, in the first 100 pb−1 of data we expect 235k of
J/ψ → ee, 40k of ϒ → ee, 10k of Drell-Yan events, 10Mb,c → e, 100k direct photons and 250k of
W → eν .
The strategy is to apply L1 selections and run the High-LevelTrigger (HLT) in pass-through mode
(the selection criteria are tested and the trigger decisionis recorded but no event is rejected). Table 2
shows the eγ triggers foreseen. This will provide the first data samples for the low and high-pT spec-
trum and the rates for the various e/γ triggers. Fig. 5 shows the expected L1 e/γ rate for a luminosity
of L∼1031 cm−2 s−1 with and without isolation criteria applied as a function ofthe transverse energy
threshold.

L1 Rate w/o Pre- HLT RateTrigger
item prescale [Hz] scale [Hz]

em5passHLT EM3 40000 20000 2
em10passHLT EM7 5000 1300 4
em15passHLT EM13 800 200 4
em15ipassHLT EM13I 390 100 4
em20passHLT EM18 280 70 4
em20ipassHLT EM18I 100 25 4
em25ipassHLT EM23I 41 10 4
em105passHLT EM100 1 1 1
2em5passHLT 2EM3 6500 1600 4
2em15passHLT 2EM13 80 20 4
2em20passHLT 2EM18 35 10 4

Table 2: ‘L1-only selection’ trigger menu items for the LHC start-up including prescale factors. Depend-
ing on the rate, prescale factors might be readjusted. The L1selection is applied and HLT selection is
run in pass-through mode.

This will provide the input, based on real data, to devise a trigger menu best suited for the first com-
missioning and physics run with HLT selection enabled. Notethat current rate estimates are affected by
an uncertainty factor of two or three coming from the theoretical uncertainties in the jet cross-section.
Though the L1 pass-through triggers will mainly select background events they are useful samples and
can be used to look for clusters and tracks in the wholeη−φ space and check that known dead and noisy
channels and/or disconnected regions are correctly flagged. In addition the distributions of the e/γ selec-
tion variables from data can be compared to those from Monte Carlo simulations. For example, signal
over background distributions will be studied for variables with good discrimination power (e.g. Rcore).
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L2 and EF performance can be checked and studies undertaken to evaluate the tracking performance of
the different L2 tracking algorithms.
In the next phase of the commissioning the HLT selection willbe progressively enabled. Several mon-
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Figure 5: L1 rate for single (left) and double (right) e/γ triggers for a luminosity of L∼1031 cm−2 s−1.
The open correspond to non-isolated triggers. Errors are statistical only.

itoring triggers will be kept, though with increased prescale factors applied. For example, L2 and EF in
pass-through mode or looseγ triggers (to monitor tighter calorimeter cuts as well as tracking efficiency
for the electron triggers).

3.2 First physics run

After the commissioning phase of the detector the first physics run is foreseen. At the physics run, each
of the trigger menu signatures including the HLT will be enabled as soon as the understanding of the
detector and trigger allow. Table 3 gives an overview of the main electron and photon physics triggers.
The aim is to select events with at least one electron above∼ 10 GeV or one photon above∼ 20 GeV,
in addition to the relevant double object triggers, e.g. forselectingJ/ψ , ϒ, and Z events.J/ψ → ee
andϒ → ee events are particularly demanding events for the trigger system. The trigger rates errors for
each trigger menu are statistical. Due to their relatively low masses, the electrons produced in theJ/ψ
andϒ decays are very soft (with an average transverse momenta of less that 5 GeV). This poses a huge
challenge to the L1 calorimeter trigger. Its performance atthe low-energy end is limited by the noise of
typically 0.5 GeV per RoI. A 3 GeV threshold is the limit for the L1 trigger.The 6.5 kHz L1 output rate
for 2e5 makes it one of the biggest consumers of the total bandwidth.

To keep the rate at an acceptable level selections for the electron triggers at low-pT (e.g. 2e5) have
to apply tighter HLT selections compared to the higher-pT triggers. A prescaled e5 trigger will allow
measurement of the efficiencies and optimization of the selection cuts. A range of signatures is foreseen
in the trigger menu to adapt to running conditions. If the trigger rate should prove to be too high back-up
items with higher thresholds are included and/or prescale factors can be adjusted. Note, the uncertainties
related to the detector response and the theoretical uncertainties on the jet cross-section. To ensure the
selection of important physics channels, redundant triggers are present. As an example Table 4 shows
the various triggers which will be useful for triggering onW → eν , these include triggers which combine
electrons and missing transverse energy.
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L1 EF L1 Pre- HLTSignature
item selection Rate scale Rate

Motivation

e10 EM7 medium 5.0 kHz 1 21 Hz e± from b,c decays, E/p studies
γ20 EM18 loose 0.3 kHz 1 5.4±0.2 Hz direct photon production, jet calibration

usingγ-jet events, high-pT physics
e20 EM18 loose 0.3 kHz 1 4.3±0.2 Hz high-pT physics,Z → ee,W → eν
em105passHLT EM100 1 Hz 1 1.0±0.1 Hz New physics, check for possible problems
2e5 2EM3 medium 6.5 kHz 1 6 Hz J/ψ → ee, Y → ee, Drell-Yan production
2γ10 2EM7 loose 0.5 kHz 1 < 0.1 Hz di-photon cross-section
2e10 2EM7 loose 0.5 kHz 1 0.4±0.2 Hz Z → ee

Table 3: Summary of the main electron and photon triggers envisaged for the first physics run at
L∼1031 cm−2 s−1. In this table the main physics triggers are listed including their expected rates and
their physics motivation.

L1 EF Pre- RateSignature
item selection scale [Hz]

Motivation

e20 EM18 loose 1 4.3±0.2 main physics trigger
γ20 EM18 loose 1 5.4±0.2 redundancy, check of tracking eff. and

performance
e15xe20 EM13XE20 loose 1 1.0±0.4 access to lowerpT -range
e10xe30 EM7XE30 medium 1 0.3±0.3 access to lowerpT -range
e20i EM18I loose 1 2.8±0.1 backup if rate too high
e25i EM23I loose 1 1.4±0.1 backup if rate too high
e20xe15 EM18XE15 loose 1 1.6±0.1 backup if rate is too high
γ20 xe15 EM18XE15 loose 1 1.9±0.2 backup if rate is too high, check tracking eff and

performance

Table 4: Summary of the main and redundant triggers for selecting W → eν events foreseen for the
L∼1031 cm−2 s−1 trigger menu.
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3.3 Electron and photon trigger menus

This section collects detailed examples of the foreseen trigger menus. Table 5 shows a summary of the
trigger menu for the first physics run assuming a luminosity L∼1031 cm−2 s−1. Each row corresponds to
a different trigger signature. The convention to interpretthe name of a trigger signature is explained in
Section 3. For each signature the table has three blocks of information. The first block of three columns
gives L1 information:

• Name of the L1 trigger item. Which includes the transverse energy threshold required and an ”I”
if isolation cuts (as described in Section 2.1) are applied.

• Prescale factor applied after L1 selection.

• Corresponding rate after prescale factors applied.

The second block of three columns summarizes the EF:

• Tightness of the EF selection cuts.

• Prescale factor.

• Corresponding HLT rate.

The last column illustrates some relevant channels that thecorresponding trigger would collect.
Tables 6 and 7 have the same structure described above. Table6 gives examples of trigger signatures

with tighter selection cuts, to be used if the rates given by the ones presented in Table 5 are too high.
A summary of the main trigger signatures foreseen for a higher luminosity scenario of L∼1033 cm−2 s−1,

is shown in Table 7.

4 Electron and photon trigger physics performance

In this section the performance of the different signaturesis presented with trigger efficiency plots as a
function of transverse energyET and pseudo-rapidityη .

The trigger efficiency optimization of a given electron/photon trigger menu is a compromise between
several factors: trigger efficiency for signal, QCD background rate which depends on the luminosity
(constrained by allowed HLT bandwidth) and constrains of the average execution time at each trigger
level. The performance of the main electron and photons triggers has been evaluated for a start-up lumi-
nosity of L∼1031 cm−2 s−1and for a higher luminosity of L∼1033 cm−2 s−1. In sections 4.2 and 4.3 the
performance of these triggers is discussed for electrons and photons respectively. For these studies two
types of events have been used, the so called ideal and the misaligned detector geometry. The misaligned
detector geometry simulation contains expected distortions of the detector and in addition contains ex-
tra material coming from a more accurate description of cooling, powering and cabling services. This
increases significantly the amount of material in the region1.4 < |η |< 1.8 compared to the ideal geom-
etry, thus affecting the calorimeter energy calibration which was extracted using the ideal geometry. In
section 4.2 a comparison is given for the performance based on these two layouts for one of the electron
triggers.

4.1 Data Samples

The signal samples used for electron and photon trigger performance studies in this note are summarized
in Table 8. For the electron and photon trigger optimizationand turn-on curves samples with an energy
range of 7< ET < 80 GeV (flat energy spectrum) are used.
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Level-1 HLT
Signature Item Pre- Rate Sel- Pre- Rate Motivation

scale [kHz] ection scale [Hz]

e5 EM3 60 0.7 medium 1 4.8±0.2 J/Ψ → ee, Y → ee, Drell-Yan
2e5 2EM3 1 6.5 medium 1 6 J/ψ → ee, Y → ee, Drell-Yan
Jpsiee 2EM3 1 6.5 medium 1 1 J/ψ → ee, Y → ee
e10 EM7 1 5.0 medium 1 21 e± from b,c decays, E/p studies
γ10 EM7 1 5.0 medium 100 0.6±0.1 e± direct photon cross-section,

e-no-track trigger
e10xe30 EM7 1 0.2 medium 1 0.3±0.3 access lowpT -range for

XE30 W → eν
2γ10 2EM7 1 0.5 loose 1 < 0.1 di-photon cross-section
2e10 2EM7 1 0.5 loose 1 0.4±0.2 Z → e+e−

Zee 2EM7 1 0.5 loose 1 < 0.1 Z → e+e−

2e12iL33 2EM7 1 0.5 tight 1 < 0.1 trigger for L∼1033 cm−2 s−1

γ15 EM13 1 0.7 medium 10 1.3±0.1 e± direct photon cross-section
e15xe20 EM13 1 0.2 loose 1 1.0±0.4 access lowpT -range for

XE20 W → eν
2g17i L33 2EM13I 1 0.1 tight 1 < 0.1 trigger for L∼1033 cm−2 s−1

γ20 EM18 1 0.3 loose 1 5.4±0.2 direct photons, jet calibration
usingγ-jet events, high-pT

physics,check tracking eff.
e20 EM18 1 0.3 loose 200 < 0.1 check L2EF performance
passL2
e20 EM18 1 0.3 125 0.1 check L2EF performance
passEF
em20 EM18 1 0.3 750 0.5±0.1 check HLT performance
passEF
em20i EM18I 1 0.1 300 0.5±0.1 check L1 isolation
passEF
e22i L33 EM18I 1 0.1 tight 1 1.2±0.1 trigger for L∼1033 cm−2 s−1

γ55 L33 EM18 1 0.3 tight 1 1.2±0.1 trigger for L∼1033 cm−2 s−1

em105 EM100 1 1 1 1.0±0.1 New physics, check for possible
passHLT problems
γ150 EM100 1 1 1 < 0.1 check for possible problems in
passHLT express stream

Table 5: Summary of triggers for the first physics run assuming a luminosity of L∼1031 cm−2 s−1. For
each signature rates and the motivation for this trigger aregiven.
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Level-1 Event Filter
Signature Item Pre- Rate Sel- Pre- Rate back-up for trigger

scale [kHz] ection scale [Hz]

e5 e7 2EM3 1 6.5 medium 1 4.3±0.2 2e5
e5 e10 EM3 EM7 1 6.5 medium 1 4.3±0.2 2e5
3g10 3EM7 1 < 0.1 tight 1 < 0.1 Hz 2g10, 2e10
e20xe15 EM18 XE15 1 0.1 loose 1 1.6±0.1 e20 forW → eν selection
γ20 xe15 EM18 XE15 1 0.1 loose 1 1.9±0.2 g20 forW → eν selection
e20i EM18I 1 0.1 loose 1 2.8±0.1 e20
e25 EM18I 1 0.1 loose 1 2.4±0.1 e20
e25 EM18I 1 0.1 loose 1 2.4±0.1 e20
e25i EM23I 1 < 1 loose 1 1.4±0.1 e20
γ105 EM100 1 << 1 1 < 0.1 em105passHLT
e105 EM100 1 1 1 < 0.1 em105passHLT

Table 6: Summary of backup triggers defined in case the rate istoo high for a start-up luminosity of
L∼1031 cm−2 s−1. For each signature rates and the motivation for this trigger are given.

Level-1 HLT
Signature Item Pre- Rate Sel- Pre- Rate Motivation

scale [kHz] ection scale [Hz]
2e12i 2EM7 1 0.5 tight 1 1 Z → ee
2γ17i 2EM13I 1 0.1 tight 1 ∼ 1 new physics e.g.H → γγ
e22i EM18I 1 10 tight 1 120 high-pT electron physics
γ55 EM18 1 30 tight 1 20±3 high-pT photon physics
γ105 EM100 1 0.1 loose 1 1 new very high-pT physics
e105 EM100 1 0.1 loose 1 < 1 new very high-pT physics

Table 7: Summary of triggers assuming a luminosity of L∼1033 cm−2 s−1. For each signature rates and
the motivation for this trigger are given.
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Physics ET (GeV) Geometry

single photons 60 misaligned
single photon scan 7-80 misaligned–ideal

single photons 20 misaligned
single electrons 25 misaligned

single electron scan 7-80 misaligned–ideal
Z→ ee – misaligned–ideal

directJ/Psi – misaligned
H→ γγ 120 misaligned
W→ eν misaligned
G→ ee 500 misaligned
Z
′ → ee 1000 misaligned

G→ γγ 500 misaligned
Photon+Jet1 17-35 misaligned
Photon+Jet2 35-70 misaligned
Photon+Jet3 70-140 misaligned
Photon+Jet4 140-280 misaligned
Photon+Jet5 280-560 misaligned
Photon+Jet6 560-1120 misaligned

Table 8: Main electron/photon signal and physics samples.

pT (hard) jet filter σ after filtering

6GeV default 4.214mb
7GeV loose 6.531mb
7GeV default 3.788mb
17GeV loose 0.373mb
17GeV default 0.191mb
35GeV loose 0.039mb
35GeV default 0.021mb

Table 9: Main background samples and their cross sections.
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Background samples and their expected cross-sections are summarized in Table 9. The minimum bias
Monte Carlo sample corresponds to our best knowledge of the inclusive expected backgrounds (including
both hard and soft processes). Unfortunately most of the events in it are at low energies< 7 GeV and it
is not very practical for high-statistics studies above this energy. To increase our efficiency for the events
with electrons and photons we use a filter which is based on thecombination of the EM clusterET cut
and the area of the EM cluster. Two types of the filter, “default” and “loose” are used to check for the
potential biases in the L1 trigger rate which could occur if the area required by the filter is too small or
theET cut too high for the trigger threshold studied.

For the trigger rate studies in the intermediate energy range 6−17 GeV we use minimum bias events
with a transverse energy above 6 GeV and default filter (a rejection factor of 16.61). Above 17 GeV the
dijet processes become the most prominent background for electrons and photons. Dijet samples with a
threshold cut of 15 GeV and different level of filters (default and loose respectively) are used to provide
background estimates in that area (the physics processes such as W, Z, direct photons have been added).
For the very high energy studies dijet samples with a threshold cut of 35 GeV are used.

For this note two detector geometries are used:

• “ideal” which uses the detector geometry to our best knowledge.

• “misaligned” where the detector has misalignments and material distortions.

The misaligned detector geometry has been generated to testthe robustness of our reconstruction and
trigger algorithms with respect to incorrect alignment andcalibration of the detector due to unexpected
excess of material. Extra material was added in the misaligned detector geometry with respect to the
ideal:

• For the inner detector, extra thin layers of material were added in the azimuthal angle range of
0 < φ < π only. The amount of material added varies in thez direction, from a few percent ofX0

on the active detector elements up to 1X0 in the areas occupied by services.

• For the electromagnetic calorimeter, more material was added in the barrel cryostat (∼ 8−11% of
X0), between the barrel presampler and first calorimeter sampling (∼ 5% X0, always for positive
φ ), and in the gap between the barrel and endcap cryostats (factor 1.7 increase of material density).

4.2 Electron trigger performance

The performance of the electron trigger has been evaluated for the trigger menus foreseen for the lumi-
nosity expected at early running L∼1031 cm−2 s−1 and for a higher luminosity of L∼1033 cm−2 s−1.
The trigger efficiencies are quoted with respect to electrons identified with offline particle identification
cuts [6]. The trigger efficiencies have been evaluated usingsimulated single electron samples with a
transverse energy spectrum of 7< ET < 80 GeV and other physics samples such asJ/ψ → ee, Z → ee,
etc. Rates have been estimated using simulated dijet eventsor minimum bias background depending on
the trigger thresholds.

In the following the performance for the start-up trigger items e5, e10, e20, e105 and for a possible
e22i trigger for higher luminosity running are discussed.

Figure 6 shows the efficiencies as a function ofET and|η | of the low-pT e5 trigger for the three trigger
levels L1, L2 and EF. The e5 trigger menu is a trigger with prescale factor at L∼1031 cm−2 s−1and the
main trigger is the 2e5 trigger, which applies the same selection cuts. The efficiencies are obtained for
electrons from a misaligned detector geometryJ/ψ → ee sample. In the offline analysis these electrons
typically will be identified via the “medium set” of offline “soft-electron” selection cuts (see [7] for
more details). Therefore, the efficiencies shown in Fig. 6 are normalized with respect to such an offline
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Figure 6:Trigger efficiencies at L1 (solid circles), L2 (open squares) and EF (solid triangles) as a function of true electronET
(left) and|η| (right) for the e5 (top), e10 (second from top), e20 (third from top) e105 (bottom) menu items. The efficiencies are
obtained from the following Monte Carlo simulated samples:J/ψ → ee decays simulated with misaligned detector geometry
for e5 trigger item,Z′→ ee (1TeV) for e105 and single electrons simulated with ideal detector geometry for e10 and e20. Trigger
efficiencies are normalized with respect to the medium set ofoffline soft-electron cuts for e5, with respect to the mediumset
of offline electron cuts for e10 and with respect to the loose set of offline electron cuts for e20 and e105. For trigger efficiency
versus|η| plots, anET cut according to the corresponding menu item has been applied: for e5ET > 10 GeV, for e10ET > 15
GeV, for e20ET > 30 GeV and for e105ET > 130 GeV. For e5 trigger item no data is shown for electrons for|η|> 2 as this is
beyond the coverage of the transition radiation tracker whose information is used for the offline electron selection. Errors are
statistical only.
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selection. As seen in the right figure, the efficiencies drop significantly in the transition region between
the barrel and end-cap calorimeter. A better optimization of the trigger selection cuts in this region might
help to recover part of the inefficiencies. Figure 6 shows L1,L2 and EF efficiencies as a function of
ET and of|η | of the e10 trigger, which is the lowestpT unprescaled single electron trigger foreseen for
running at L∼1031 cm−2 s−1. The e10 trigger selects events with at least one good electron candidate
with ET > 10 GeV. The efficiencies are obtained for single electrons using ideal detector geometry and
are normalized with respect to the medium set of offline electron cuts as discussed in Section 2.3. The
efficiency reaches a plateau value forET approximately above 15 GeV and is quite uniform as a function
of |η |, except for a 10−20% dip in the transition region between the barrel and end-cap calorimeters. In
Fig. 7 e10 trigger efficiencies are compared for samples thatuse ideal and misaligned detector simulation.
The biggest effects are observed at lowerET for the turn-on curve (left) and in the region 1.4 < |η |< 1.8
(right) where a significant increase of material in the so-called misaligned geometry with respect to the
ideal one was introduced. Trigger efficiency plots as a function of ET and |η | for the electron triggers
e20 and e105 are shown in Fig. 6. Compared to the e10 trigger signature, the e20 trigger applies looser
electron identification cuts. The e105 trigger is aimed at selecting very highpT electrons with very loose
selection cuts for L∼1032 cm−2 s−1. At L∼1031 cm−2 s−1this trigger will only apply the L1 selection.

For several physics channels a global trigger efficiency with respect to the offline loose selection is
shown in Table 10 for each trigger level. An average trigger efficiency of∼ 98% is obtained after the EF
level trigger. An efficiency close to 100% is expected for very high pT electrons, therefore the selection
has been optimized towards this goal.

Figure 8 (left) shows L1, L2 and EF efficiencies as a function of ET of the signature e22i, the menu
item selecting an electron withET > 22 GeV. The efficiencies are obtained for single electrons using
ideal detector geometry are normalized with respect to a loose set of offline electron cuts as discussed
in [6]. The efficiency reaches a plateau value forET approximately above 25 GeV.

Figure 8 (right) shows an example of trigger efficiency dependency on the offline electron identi-
fication cuts. Trigger efficiency has been determined with respect to loose, medium and tight offline
electron identification selections as described in [6] for e15i. This menu item applies medium electron
identification cuts at EF, therefore its efficiency with respect to loose offline reconstructed electrons is
significantly lower than with respect to medium or tight offline electrons.
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Figure 7: Ratio of trigger efficiencies for single electronsreconstruction in misaligned and ideal detector
geometry as a function of true electronET (left) and|η | (right) for the e10 menu item. Events in the|η |
plot are required to verifyET > 15 GeV. Errors are statistical only.
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4.3 Photon trigger performance

The physics performance of the photon trigger menus presented in Section 3 has been evaluated for early
running at L∼1031 cm−2 s−1and for a luminosity of L∼1033 cm−2 s−1. The performance has been eval-
uated in terms of trigger efficiency after each trigger levelusing simulated single photons with transverse
energies between 7 and 80 GeV. Rate estimates were calculated using dijet background simulations.
A γ20 trigger with loose selection has been defined for the first physics run at L∼1031 cm−2 s−1. At this
stage the selections still need to be understood and the photon trigger is also used to check the tracking
part of the electron selection. Therefore, the same calorimeter selection cuts are used as for electrons.

Figure 9 (top right) shows the relative rate for each triggerlevel as a function of|η |. Photons in the
transition region between barrel and end-cap calorimeters(1.37< |η |< 1.52) are not well measured and
are excluded in the physics analysis.
The single photon trigger at L∼1033 cm−2 s−1 selects photons aboveET =55 GeV. To keep the rate under
control, this trigger has to apply very tight L2 and EF calorimeter selections.

Figure 9 shows the trigger efficiencies as a function ofET and |η | for the γ55 trigger using single
photons. Only photons with|η | < 1.37 or 1.52 < |η | < 2.45 are considered. With respect to loosely
selected offline photons theγ55 trigger is 95.5% efficient.

The double object trigger 2γ17i is another of the main photon triggers for running at L∼1033 cm−2 s−1.
Since the single photon dataset only contains one photon perevent, the 2γ17i trigger efficiency was
estimated as the square of the single photon trigger efficiency (Eff2γ17i= Eff2γ17i). The overall trigger
efficiency estimated from this sample is 93.9±0.2%.

Figure 9 shows theγ 17i turn-on curve and efficiency as a function of|η | using single photon events.
The trigger efficiencies shown for the turn-on are normalized with respect to tight offline photon selection
criteria. In addition, the photons are required to be withinthe region|η | < 1.37 or 1.52< |η | < 2.45.
This plot shows that theγ17i trigger is well set up and is fully efficient at 25 GeV.

The photon trigger performance has been studied not only forsingle photon samples but also for
several physics channels. Table 11 shows a summary of photontrigger efficiencies for simulated samples
of standard model direct photon decays, Higgs decaying intotwo photons (low mass range 120 GeV)
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Dataset (geometry) Trigger Level Trigger efficiency (%)

W → eν (misaligned) L1 98.2±0.1
(e20) L1 + L2 96.0±0.2

L1 + L2 + EF 94.3±0.2
Z′→ ee (misaligned) L1 99.7+0.3

−0.7
(e105) L1 + L2 98.9±0.7

L1 + L2 + EF 98.8±0.7
electrons 500 GeV (misaligned) L1 99.1±0.6
(e105) L1 + L2 97.6±0.5

L1 + L2 + EF 97.5±0.5

Table 10: Global trigger efficiencies for the trigger items e20 and e105. The signal efficiencies are
determined from several different signal samples:W → eν Z′ → ee and a sample of single electrons
of fixed transverse energy of 500 GeV. The simulation used misaligned detector geometry. Trigger
efficiencies are determined with respect to loose offline electron selection. In theW → eν case the offline
reconstructed electron is required to be within the|η |< 2.5 region and to have a transverse energy above
25 GeV. Efficiencies for the e105 item are determined in the kinematic region|η | < 2.5, the transition
region between barrel and end-cap calorimeters removed (1.37< |η |< 1.52), and with a minimum true
transverse energy of 130 GeV.

Dataset (luminosity) Trigger Level Trigger efficiency (%)

γ+Jet (L∼1031 cm−2 s−1) L1 100.0±0.0
(γ20) L1 + L2 99.8±0.1

L1 + L2 + EF 95.0±0.3
G→ γγ (L∼1032 cm−2 s−1) L1 99.5±0.1
(γ105) L1 + L2 98.8±0.1

L1 + L2 + EF 98.7±0.2
H → γγ (L∼1033 cm−2 s−1) L1 95.6±0.2
(2γ17i) L1 + L2 93.6±0.2

L1 + L2 + EF 91.2±0.2

Table 11: Trigger efficiencies after each trigger level, normalized with respect to the looseγ selection,
for different physics channels covering a wide range inET . In the case ofH → γγ standard kinematical
cuts are applied in addition. For each physics process the efficiencies for the main physics trigger to
select these events for a given luminosity scenario are shown.

and an exotic signature: graviton decaying into a pair of photons G→ γγ (500 GeV).
Trigger efficiencies after each level are given. Efficiencies are determined with respect to a loose

offline selection using the main physics trigger for a given luminosity to select these events. In the case
of H → γγ standard kinematical cuts are also applied. A more detailedstudy of trigger efficiencies for
different physics channels can be found in [8] and [9].

5 Trigger robustness studies

The electron/photon HLT selection must be robust against detector effects such as mis-calibration, mis-
alignment, dead and noisy read-out cells or sectors, luminosity and beam conditions changes etc. This
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Figure 9: Trigger efficiencies at L1, L2 and EF as a function ofthe generated photonET (top left)and
|η | (top right) for theγ20 trigger. The efficiencies are obtained for single photonssimulated with ideal
detector geometry and are normalized with respect to the loose set of offline photon cuts. Note, the|η |
plot includes an additional cut ofET > 23 GeV. Trigger efficiencies at L1, L2 and EF as a function
of the generated photonET (middle left) and|η | (middle right) for theγ55 trigger. The efficiencies
are normalized with respect to photons withET > 55 GeV passing the loose set of offline photon cuts.
Trigger efficiencies at L1, L2 and EF as a function of the generated photonET (bottom left) and|η |
(bottom right) for theγ17i trigger. The efficiencies are normalized with respect tothe tight set of offline
photon cuts. Errors are statistical only.

will be especially important during early running. Depending on the bunch structure of the LHC, the
effect of pile–up might already be important even at a luminosity of L∼1032 cm−2 s−1. More than
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Trigger Level e12i no pile-up e12i with pile-up e22i no pile-up e22i with pile-up

L1 94.8±0.1% 94.8±0.3% 96.0±0.1% 95.5±0.3%
L1 + L2 86.8±0.2% 86.7±0.4% 90.2±0.2% 89.4±0.4%
L1 + L2 + EF 81.5±0.2% 81.3±0.5% 88.7±0.2% 88.0±0.4%

Table 12: The e12i and e22i trigger efficiency from a sample ofelectrons of 7< ET < 80 GeV, with and
without pile-up at a luminosity of L∼2× 1033 cm−2 s−1

one proton-proton interaction might occur per bunch crossing, the proton-proton interactions that are
not interesting for analysis but happen in the same bunch crossing that the interesting one are typically
denoted as ’pile-up’. At L∼2×1033 cm−2 s−1 around 4.6 minimum bias events are expected per bunch
crossing. In this section only the effects of pile-up and mis-calibrations due to additional detector material
in front of the calorimeter are discussed.

5.1 Effect of pile-up

The robustness of several electron triggers was studied with simulated data which included overlapping
events (“pile-up”) for a luminosity L∼2× 1033 cm−2 s−1. The presence of pile-up might have effects in
reconstruction efficiency, (mostly for tracks but also for calorimeter energy clusters), as well as in the
identification of isolated electrons and photons, both at the trigger and offline reconstruction level.

Table 12 shows the effect of pile-up on the e12i and e22i trigger for single electron events. As can
be seen the effect of pile-up on the trigger efficiency at L∼2× 1033 cm−2 s−1 is∼ 3%. There is a∼ 2%
effect due to the isolation criteria at L1 when tight isolation cuts are applied (e12i) and a∼ 1% loss
at the HLT level. This results show that the trigger efficiency is only slightly more affected by pile-up
effects than offline electron reconstruction. The effect ofpile-up on trigger performance determined with
respect toMC-Truth electrons as well as on the background rate is being studied.

5.2 Effect of additional detector material

A simulated data sample consisting of single electrons as described above was used to study the effect
of additional inactive material in the detector. Despite the efforts to accurately describe the detector in
Monte Carlo simulation it is not expected to be perfect. The biggest and more problematic differences
between simulation and reality are expected to come from thedescription of inactive material (for exam-
ple pipes for cooling, power and signal cables, etc). Trigger robustness against those possible distortions
has to be tested. Methods to identify and correct those effects have to be developed. The detector simula-
tion used to produce this data sample included distorted material distributions in both the inner detector
volume and the electromagnetic calorimeter.

A detailed description of the material added in the Monte Carlo sample is given in Section 4.1 The
amount of extra material with respect to the non-distorted simulation, grows from a few percent of a
radiation length atη = 0 up to∼ 1X0 at 1.5 < |η | < 1.8, and then decreases towards higher values of
|η |. The amount of material added in front of the active elementswas larger than the uncertainty on the
material distribution.

The effect of the extra inactive material on the electron trigger was studied by comparing the trigger
efficiency forφ > 0, where extra material was added in the detector simulation, and forφ < 0, where
no extra material was added. The resulting efficiencies are shown in Fig. 10. The efficiency is plotted
as a function of the kinematic variables of the electron candidate reconstructed offline. A loose offline
electron selection was used for normalization.
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Figure 10: Effect of additional inactive material in the detector on the electron trigger efficiency. The
trigger efficiency is compared for the nominal material distribution (atφ < 0) and for increased inactive
material (atφ > 0) for the electron triggers e10 and e15i. The efficiency is plotted as a function of|η |
(left) andET (right) of the electron candidate reconstructed offline. The left histograms correspond to
the e15i trigger only. Errors are statistical only.

It can be seen that the effect of the added material is more pronounced for the e15i signature than
for e10. The e15i signature applies tighter selection cuts than the e10. In particular e15i requires the
so-called medium electron identification cuts in EF, this explains the lower trigger efficiency for e15i. If
trigger efficiency was computed with respect to medium or tight offline electron identification selection,
the trigger efficiency would be higher, as shown in Fig. 8.

6 Trigger efficiency determination from real data

The trigger efficiency will need to be determined from data, reducing the dependence on Monte Carlo
simulation as much as possible. Before data-taking starts some of the methods to study the trigger
performance without relying on theMC-Truth information are being developed, an example is given in
this section.

The so-called “tag and probe” method has been studied using aMonte Carlo simulation sample of
Z → ee. In the first subsection the basis of this method is explained, followed by the detailed explanation
of the selection criteria chosen for this study, the triggerefficiency computation and its comparison with
MC-Truth information. In the following subsection the performance of the method is presented for some
loose trigger selections that will be used in early running.

6.1 Efficiency extraction method

The so-called “tag and probe” method uses offline identification of Z → ee decays to select a clean
sample of electrons, which are then used to determine the electron trigger efficiency. During data-taking
a data sample to perform an analysis will be characterized bya given trigger signature being satisfied.
In the study summarized in this section the data sample is defined by a given single electron trigger
signature. The electron candidate that has satisfied the trigger is reconstructed and identified offline, it
is the so-called “tag” electron.Z → ee decays are selected requiring a second electron to be identified
offline together with some identification conditions on theZ particle. This second electron is the so-
called “probe” and it is used to study the trigger performance, since it is know to be a “good electron” it
can be used to verify if electron trigger selection cuts are efficient to identify electrons.
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The discrimination criteria applied to identify offline thetag and probe electrons and theZ can vary.
In the following paragraphs we specify the identification criteria chosen to perform the study presented
in this section.

Selection of the tag electron involves tight electron identification cuts [6] in the offline reconstruction
to reduce background, and this electron must also trigger the event on its own, through a single electron
trigger chain. As trigger efficiencies are measured with respect to one of the established offline electron
definitions (the so-called “loose”, “medium” or “tight” electron identification set of cuts, described in
[6]), this selection is the one initially applied to the probe electron.

Additionally, both offline reconstructed electrons must pass kinematic cuts,i.e. ET > Ecut
T and|η |<

2.4, and not lie in the region between the barrel and endcap calorimeters (1.37 < |η | < 1.52 region is
excluded). The value ofEcut

T is chosen to be where the efficiency reaches its high-energy plateau in curves
that show trigger efficiency versus transverse energy (suchas the one shown in Fig. 11 ). When a trigger
efficiency is plotted as a function ofET or η , the relevant kinematic selection is relaxed. Finally, there
are topological constraints, namely that the two electronshave opposite charge, and that their combined
invariant mass lies in the range 70< mee< 110 GeV.

At this point, the pair of electrons (tag and probe) may be considered for analysis. The trigger
efficiency is defined by the frequency with which the probe electron in this sample passes the relevant
trigger selection.

It is perfectly possible for the probe electron to satisfy the tag selection as well. In this case, the
roles of tag and probe may be swapped, the tag becoming the probe and vice versa. Because the tag
selection is at least as tight as the probe selection at everystage, the new probe passes the trigger selection
automatically. Thus, tag and probe events fall into one of three categories:

• N1 f events where only one electron passes the tag cuts and the probe fails the trigger selection

• N1p events where only one electron passes the tag cut and the probe passes the trigger selection

• N2p events where both electrons pass the tag selection

Counting these events, the measured efficiency may be expressed as

ε “tag and probe′′ =
N1p +2N2p

N1 f + N1p +2N2p
=

Np

NT
(1)

whereNp and NT are defined by this equation. Assuming that the uncertainty in each variable is
simply

√
N, the statistical error onε is

σε =
1

NT

√[
(1−2ε)Np+ ε2NT +(1− ε)2 ·2N2p

]
. (2)

Equation 2 may be generalized to allow for a more comprehensive uncertainty inNp andNT. Equa-
tions 1 and 2 can be extended to be used for differential trigger efficiency measurements.

When using Monte Carlo simulated events, the truth record (MC-Truth) can be used to provide an-
other estimate of the trigger efficiency. To understand the systematic uncertainty of the tag and probe
method, the fractional efficiency difference between the trigger efficiency determined using tag and probe
method (ε “tag and probe′′) and the trigger efficiency determined with respect to theMC-Truth information
(εMC−Truth) can be used:

Fractional Efficiency Difference=
ε “tag and probe′′ − εMC−Truth

εMC−Truth
. (3)

To reduce kinematic bias, theMC-Truth events have been required to satisfy the same kinematic cutsas
the tag and probe events, although some bias can remain from the detector resolution. To reduce this, and
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estimate just the bias from the tag and probe method itself, reconstructed quantities (ET andη) are used
to determine the acceptance. Non-reconstruction of a true electron is not a problem here, as the trigger
efficiency is always measured relative to some level of offline reconstruction.

Trigger Level w.r.t. loose (%) w.r.t. medium (%) w.r.t. tight(%)
(truth) (truth) (truth)

L1 99.995± 0.005 99.995± 0.005 99.997± 0.005
(99.994± 0.002) (99.995± 0.002) (99.998± 0.001)

L2 98.74± 0.07 99.59± 0.04 99.68± 0.04
(98.67± 0.03) (99.54± 0.02) (99.62± 0.02)

EF 98.66± 0.07 99.15± 0.06 99.96± 0.01
(98.59± 0.03) (99.12± 0.02) (99.96± 0.06)

L1 + L2 + EF 97.41± 0.09 98.74± 0.07 99.63± 0.04
(97.28± 0.04) (98.65± 0.03) (99.57± 0.02)

Table 13: Single object tag and probe efficiencies for the e10selection used in the 2e10 signature, with
comparison to efficiencies derived using truth informationfrom simulation. Efficiencies are given with
respect to the previous trigger level(s), as well as for the whole trigger (rows) and the given offline
electron identification selection (columns). The errors given are statistical only. Errors on tag and probe
values are scaled up, to correspond to 50 pb−1of data. For this table, the invariant mass cut is 70< mee<
100 GeV. A signal sample ofZ0 → ee Monte Carlo simulation without background was used to obtain
these results.

6.2 Efficiency extraction for early running

Early running at ATLAS will be vital for understanding the performance of the detector as well as the
trigger and the offline reconstruction. There will be several single object triggers with low thresholds
and loose selections that will be impossible to use later on in the experiment. Table 13 shows example
results for the e10 trigger selection used to build the 2e10 signature. The single object efficiency is
shown, as the tag electron has been required to pass the tighter single electron trigger e10. Both trigger
signatures are listed in Table 3. Table 13 displays the relative trigger efficiency for each trigger level
as well as the overall one, comparing results obtained from tag and probe method and from simulation
truth information, that show a good agreement within the statistical error. Figure 11 shows these results
differentially, along with the fractional efficiency difference defined in Equation 3. This shows good
agreement between the two methods, and that the loose e10 trigger has high efficiency forZ0 → ee
electrons. The results presented in this Section have been obtained from a sample ofZ0 → ee Monte
Carlo simulation without adding possible background. Studies performed adding Monte Carlo simulated
background have shown that the presence of background coulddegrade the resolution of the method
to a few percent level. The use of a lowET threshold and the loose electron identification cuts on the
probe offline selection means that backgrounds will be significantly higher than in standard data-taking
at higher luminosities, in which tighter selection cuts would be applied. TheET low threshold will,
however, mean that background will be present in the invariant mass distribution of the two electrons for
values smaller than theZ mass, allowing both sidebands to be used for background subtraction below
the Z peak. Even with higherET thresholds, where only one sideband can be used, it is possible to
extract the correct signal with a small additional systematic error [10].

The e20 signature foreseen for early running phase has looser electron identification cuts than the
other single electron signature present in this menu, e10. Even though no isolation to other electro-
magnetic or hadronic activity in the calorimeters is required, the threshold of the transverse energy is
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Figure 11: Single object tag and probe efficiencies for the e10 selection of the 2e10 trigger signature. The
efficiencies shown are relative to a tight offline electron identification selection as described in [6], as a
function of the reconstructedET (left) andη (right). The tag and probe method (points) is compared to
MC truth (lines). The lower two plots show the fractional efficiency difference (see Equation 3) between
the two. The number of events used corresponds to 50 pb−1. For this figure, the invariant mass cut is
70< mee< 100 GeV. Errors are statistical only. A signal sample ofZ0 → ee Monte Carlo simulation
without background was used to obtain these results.

sufficient to sustain a manageable rate. The trigger efficiencies for the different trigger levels with re-
spect to the offline electron identification selections for the probe electron are shown in Table 14, both
for the “tag and probe” method and with respect toMC-Truth, showing good agreement within the sta-
tistical error, and high trigger efficiencies. In Fig. 12 thetrigger efficiency for e20 signature as a function
of ET andη is presented. It can be seen that the L2 efficiency is close to 100% with respect to the L1
efficiency already at very low transverse energy, the EF is almost 100% efficient with respect to L2. The
optimization for this trigger item made to minimize the lossof efficiency in these areas, especially not
losing efficiency in the HLT with respect to L1 at large transverse energy. In the bottom part of the same
figure the fractional efficiency difference between the “tagand probe” andMC-Truth method as defined
in Eq. 3 is shown, good agreement between both methods is observed.
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Trigger Level w.r.t. loose (%) w.r.t. medium (%) w.r.t. tight(%)
(truth) (truth) (truth)

L1 99.74± 0.03 99.83± 0.03 99.88± 0.02
(99.84± 0.01) (99.93± 0.01) (99.95± 0.01)

L2 98.55± 0.07 99.48± 0.04 99.58± 0.04
(98.48± 0.03) (99.44± 0.02) (99.53± 0.02)

EF 98.67± 0.07 99.16± 0.06 99.96± 0.01
(98.60± 0.03) (99.13± 0.02) (99.959± 0.06)

L1 + L2 + EF 97.0± 0.01 98.48± 0.08 99.41± 0.05
(96.95± 0.04) (98.51± 0.03) (99.44± 0.02)

Table 14: Tag and probe trigger efficiencies for the e20 signature, with comparison to efficiencies de-
rived using truth information from simulation. Efficiencies are given with respect to the previous trigger
level(s), as well as for the whole trigger (rows) and the given offline electron identification selection
(columns). The errors given are statistical only. Errors ontag and probe values are scaled up, to corre-
spond to 50 pb−1of data. For this table, the invariant mass cut is 70< mee< 100 GeV. A signal sample
of Z0 → ee Monte Carlo simulation without background was used to obtain these results.
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Figure 12: Trigger efficiency from the “tag and probe” methodwith Z → ee for the e20 trigger signature.
The efficiencies are shownw.r.t. a tight offline electron selection as described in [6], as a function of the
reconstructedET (left) and the reconstructedη (right). The “tag and probe” method (points) is compared
with theMC-Truth method (solid line) for all three trigger levels, L1 (solid circles), L2 (open triangles),
and the EF (solid squares), The fractional efficiency difference (see Eq. 3) between the “tag and probe”
andMC-Truth methods is shown in the bottom two plots. The number ofZ → ee events used corresponds
to 100 pb−1. Errors are statistical only. A signal sample ofZ0 → ee Monte Carlo simulation without
background was used to obtain these results.
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7 Summary

An electron and photon trigger baseline for LHC commissioning and the first physics run have been
presented. Many studies and tests have been summarized, without finding any problems that could com-
promise the successful start-up of ATLAS data-taking. Electron and photon trigger performance have
been studied in detail in a wide energy range using single electron and single photon simulated samples.
Trigger efficiency dependencies on transverse energy (ET ) and pseudo-rapidity (η) have been observed
and studies are ongoing to explore the possibility to minimize them. Trigger efficiencies for the e/γ selec-
tion have been evaluated for simulations of different physics samples such asH → γγ , Z → ee, W → eν
and some exotic channels. The electron and photon trigger menus for these selections have proven to
be efficient above the threshold of the corresponding transverse energy cut with respect to offline recon-
struction. The corresponding background rates have been estimated to be within the allocated bandwidth.
It should be noted that due to current uncertainty in the cross-sections used for background estimations,
rates could vary significantly. This could require the use oftighter selections with corresponding loss
of signal efficiency. Some examples of backup signatures forsuch situations have been shown. Trig-
ger robustness studies have been started, and are currentlybeing extended. Trigger reconstruction and
selection efficiencies do not show significant drops with respect to offline reconstructed electrons and
photons. A method of trigger efficiency determination from data usingZ → ee decays has been studied
in depth. This results compare well to trigger efficiency computed with respect to Monte Carlo truth.
The extension of this method to other channels and samples are being developed.
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Performance of the Muon Trigger Slice with Simulated Data
Abstract
The overall functionality and performance of the muon trigger system with re-
spect to data produced as part of the ATLAS Computing System Commission-
ing effort is described. The physics performance in terms oftrigger efficiency
and accepted rates is studied for the muon inclusive signatures for different
luminosity scenarios. Dedicated studies on physics samples with single and
double muon final states are also performed in order to evaluate the trigger ef-
ficiencies on realistic data and background rejection capabilities. Methods to
evaluate muon trigger efficiencies from real data are discussed. Furthermore,
strategies to use the ATLAS calorimeters to tag and select isolated muons are
presented.

1 Introduction

Triggering and identifying muons will be crucial for many LHC physics analyses. In accordance with
the ATLAS general trigger scheme, the muon trigger system has three distinct levels: L1, L2, and the
Event Filter (EF). The paper discusses the software tools used for muon trigger reconstruction and the
algorithm selection strategy and trigger configuration. Next, the resolution and selection efficiencies of
the various muon triggers are presented, followed by a discussion of the trigger rates for various lumi-
nosities. Subsequently, the rejection of background from in-flight meson decays and selection of isolated
muons using calorimeter information is discussed. Finally, the trigger performance on the di−muon fi-
nal statesZ → µµandZ′→ µµ is presented along with a description of plans to determine the trigger
efficiency from collider data.

2 Detector simulation and data samples

The samples used in this paper were produced using a full GEANT4 based simulation of the ATLAS de-
tector. The trigger simulation options included both standard andB-physics trigger simulation configura-
tions, which correspond to the standard and the low trigger thresholds (see Section 3). The deterioration
of efficiency due to the geometrical acceptance and the limited size of coincidence window are taken into
account in the L1 simulation and trigger logic emulator.

Large samples of single prompt muons, simulated uniformly in η − φ , with fixed pT ranging from
2 GeV to 1 TeV, have been used to study the muon trigger performance. One of the main backgrounds
for the muon trigger selection comes from in-flight decays ofcharged kaons and pions. This has been
evaluated using samples of minimum bias events and single pions, where the mesons are forced to decay
inside the Inner Detector cavity in order to facilitate the production of a sizable sample of in-flightπ/K
decays. Muon trigger rates were determined using both single muons and minimum bias events. The
selection of muons using the Tile Calorimeter has been studied using lowpT (4 and 6 GeV) single muons
and semi-inclusiveb quark decays,bb̄→ µX. Muon trigger studies on high-pT dimuon final states and
the determination of trigger efficiency from data have been performed usingZ → µµandZ′→ µµ as
signal processes andB→ µµ , W boson decays,Z→ ττ and top-pair events as background processes.

3 Muon trigger algorithms and configuration

The L1 muon trigger selects active RoIs, in the event using Resistive Plate Chambers (RPC) [1] in
the barrel (|η | < 1.05) and Thin Gap Chambers (TGC) [1] in the endcaps (1.05< |η | < 2.4). The

99

647



trigger algorithms look for hit coincidences within different RPC or TGC detector layers inside the
programmed geometrical windows which define the transversemomentum region. A coincidence is
required in bothη andφ projections. The information about muon candidates in boththe barrel and the
end-cap is transmitted to the Muon to Central Trigger Processor Interface (MuCTPI) [1], which calculates
the number of L1 muon candidates for six differentpT thresholds and takes overlaps between the trigger
sectors into account by using look-up-tables (LUT). There are several L1 signatures each corresponding
to a differentpT threshold:

• mu0, mu5, mu6, mu8, mu10 for the lowpT selection;

• mu11, mu20, mu40 for the highpT selection.

The integer numbers after the “mu” symbolize the requiredpT threshold. L1 also provides the coordi-
nates inη andφ of the selected RoIs. The mu0 threshold represents a L1 configuration with completely
open coincidence windows; it is also called the “Cosmic” threshold as it can be used to trigger on cosmic
rays during the detector commissioning phase and between the LHC fills. Similar thresholds, labeled
with “muXX”, have been defined for L2 and EF.

The muon HLT runs L2 and EF algorithms. It starts from the RoI delivered by the L1 trigger and
applies trigger decisions in a series of steps, each refiningthe existing measurement by acquiring ad-
ditional information from the ATLAS detectors. A list of physics signatures, implemented in the event
reconstruction and selection algorithms, are used to buildsignature and sequence tables for all HLT steps.
This stepwise and seeded processing of events is controlledby the trigger steering. The reconstruction
progresses by calling feature extraction algorithms. These typically request detector data from within the
RoI and attempt to identify muon features. Subsequently, a hypothesis algorithm determines whether the
identified feature meets the criteria necessary to continue. The decision to reject the event or continue is
based on the validity of signatures, taking into account prescale and pass-through factors. Thus, events
can be rejected after an intermediate step if no signatures remain viable.

The main algorithm of the muon L2 system, muFast, runs on fullgranularity data within the RoI
defined by L1. An optimized strategy is used to avoid heavy calculations and access to external services
to reduce the execution time of the algorithm. After patternrecognition driven by the trigger hits which
selects Monitored Drift Tubes (MDT) regions crossed by the muon track, a track fit is performed using
MDT drift time precision measurements. ThepTevaluation is performed using LUT. Reconstructed
tracks in the Inner Detector can be combined with the tracks found by muFast by a fast track combination
algorithm called muComb.

The L2 algorithm (muIso) is used to discriminate between isolated and non-isolated muon candidates
by examining energy depositions in the electromagnetic andhadronic calorimeters. The algorithm is
seeded by muons selected by muFast or muComb and decodes LAr and Tile Calorimeter quantities in
cones centered around the muon direction. For the muon selection two different concentric cones are
defined: an internal cone chosen to contain the energy deposit deposited by the muon itself, and an
external cone, containing energy only from detector noise,pile-up and jet particles.

A strategy for tagging muons at L2 in the TileCal is implemented in the TileMuId algorithm. It can
provide additional redundancy and robustness to the muon trigger, as well as enhance the efficiency in
the low pT region. The search starts from the outermost calorimeter layer, which contains the cleanest
signals, and once a deposited energy is compatible with a muon, the algorithm checks the energy de-
position in the neighboring cells for the internal layers. Candidates are considered tagged muons when
muon compatible cells are found following aη-projective pattern in all the three TileCal layers. There
are two different variants of this algorithm : one (TrigTileLookForMuAlg) is fully executed on the L2
Processing Unit (L2PU) while the other (TrigTileRODMuAlg)has a core part executed on the Readout
Driver (ROD).
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The EF accesses the full event with its full granularity. Given the larger admissible latency, it is pos-
sible to adapt algorithms developed for the off-line reconstruction to the on-line framework, an approach
that minimises algorithm development. The EF processing starts by reconstructing tracks in the Muon
Spectrometer around the muons found by L2 and is done by threeinstances of the EF algorithm; the first
instance reconstructs tracks inside the Muon Spectrometer, starting with a search for regions of activity
within the detector, and subsequently performing pattern recognition and full track fitting. The second
step extrapolates muon tracks to their production point. Finally the information from the first two steps
is combined with the reconstructed tracks from the Inner Detector.

The hypothesis algorithms define a set of HLT trigger thresholds by applying cuts on thepT of the
muon candidate. The muon trigger efficiency is defined as

The number of events with a triggered muon
The number of events with a muon

(1)

The effective trigger thresholds are obtained in such a way that at the nominal threshold value the ef-
ficiency is 90% of the corresponding efficiency without cuts.For this reason effective thresholds are
slightly lower than nominal thresholds.

4 L1 performance

4.1 Barrel muon trigger performance

As mentioned earlier, studies of muon trigger performance were conducted using simulated samples
of single muon events generated over a largepT and angular range. L1 selection algorithms show an
efficiency greater than 99% for muons withpT above threshold. The overall acceptance (82% low-pT ,
78% high-pT ) is due exclusively to geometrical regions of the Muon Spectrometer not covered by the
RPC. Figure 1 shows the inefficient regions corresponding tothe magnet support structures (−2.3≤
φ ≤ −1.7 and−1.4≤ φ ≤ 0.9) and the spectrometer central crack atη ∼ 0, not covered by RPCs. The
overall loss in geometrical acceptance due to theη = 0 crack is approximately 7% while the loss due to
the support structure is about 5%. Moreover smaller inefficiency patterns are clearly visible which are
due to magnetic ribs in small trigger sectors. The geometrical acceptance effects are visible also in Fig. 2
where the L1 efficiency above threshold is shown with respectto η andφ .
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Figure 1: L1 geometrical acceptance in theη-φ plane.
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Figure 2:η andφ dependence of barrel trigger efficiency for single muons with a pT=75 GeV.

Threshold Plateau Efficiency Effective Threshold (GeV) Sharpness(GeV)

mu6 0.82 5.3 2.2
mu8 0.82 6.1 1.9
mu10 0.82 6.7 2.2
mu11 0.78 10.9 3.7
mu20 0.78 15.3 7.1
mu40 0.78 27.8 19.7

Table 1: Plateau efficiencies, effective thresholds, and sharpness for L1 signatures. Sharpness is defined
as the difference ofpT corresponding to 90% and 10% of the plateau efficiency.

Figure 3 shows turn-on curves for low-pT and high-pT thresholds; the efficiencies at plateau and
effective thresholds are summarized in Table 1.

Muon tracks are deflected in ther −η plane under the action of the toroidal magnetic field. Their
trajectories are symmetrical under charge exchange and reflection with respect to the planez = 0, but
the layout of the Muon Spectrometer is not. This asymmetry, could, in principle, produce a bias in the
trigger efficiency calculation. From the single muon data sample, it was found that for muons withpT

greater than the L1 threshold the asymmetry in the efficiencyis quite small (< 1%).
Particular attention was devoted to the study of muons with 2< pT < 3.5 GeV in the barrel region

(|η |<1.05). Given the large inclusive cross-section with muons in the final state, this very low-pT region
represents the most significant contribution to the total expected muon rate. Table 2 shows the fraction
of these events that produce hits in the RPCs and the L1 barrelefficiency for passing the mu6 trigger.
Most of the lowpTmuons that pass L1 have|η | ≃1.

Muon pT (GeV) Percentage of events with hits in RPC L1 Efficiency

2 0.15% (1.4±0.1) ·10−3

2.5 0.35% (3.4±0.1) ·10−3

3 0.48% (4.8±0.1) ·10−3

3.5 3.36% (33.4±0.3) ·10−3

Table 2: L1 RPC efficiency for very low-pT single muon events with|η | <1.05.

4

TRIGGER – PERFORMANCE OF THE MUON TRIGGER SLICE WITH SIMULATED DATA

102

650



(GeV)Tp
0 2 4 6 8 10 12 14 16 18 20

E
ff

ic
ie

n
c
y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Threshold 1 = 6 GeV

Threshold 2 = 8 GeV

Threshold 3 = 10 GeV

ATLAS

(GeV)Tp
0 10 20 30 40 50 60

E
ff

ic
ie

n
c
y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Threshold 4 = 11 GeV

Threshold 5 = 20 GeV

Threshold 6 = 40 GeV

ATLAS

Figure 3: L1 barrel efficiency as a function ofpT for low-pt (left) and high-pt (right) thresholds.

Very low-pT muons produced in the acceptance of the TGC (|η | >1.05) sometimes give hits in the
RPC (|η | <1.05) because they are strongly deflected by the magnetic field. The fraction of muons with
|η |>1.05 that give RPC hits ranges from 46% atpT = 2 GeV to about 10% at 3.5 GeV, and is negligible
above 4 GeV. The overall efficiency for such muons to pass the mu6 trigger is about 10−3.

Figure 4 shows L1 end-cap efficiency curves for lowpT (left) and highpT thresholds (right). Ef-
ficiencies at the threshold and plateau are summarized in Table 3. The efficiency of mu6 at threshold
is 77%, relatively lower than other cases. This is due to the limited window-size of the three-station
coincidence for muons havingpT of 6 GeV. Theη dependence of the mu6 and mu20 efficiency are
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Figure 4: The end-cap trigger efficiency curves for eachpT threshold. The left plot shows the low-pT

thresholds of 6, 8, and 10 GeV and the right plot shows the high-pT thresholds of 11, 20 and 40 GeV.

pT threshold (GeV) 6 8 10 11 20 40
Threshold 77% 84% 88% 88% 92% 90%
Plateau 95% 95% 95% 95% 94% 93%

Table 3: Trigger efficiencies at threshold and plateau for various muonpT thresholds.

shown in Fig. 5 (at threshold) and Fig. 6 (at plateau) with respect to the sign of charge of muonq×η .
Because the two muon end-cap stations are made as mirror images,µ−(+) with η > (<) 0 behaves the
same asµ+(−) with η < (>) 0. The difference of efficiency between the two signs ofq×η is large
at the geometrical boundary for muons near thepT = 6 threshold as shown in Fig. 5. One more point
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worth noting is the dip atη=2 for the mu6 signature. Muons in the dip region pass throughchambers
which belong to different trigger sectors, consequently the requirement of a three-station coincidence is
not satisfied and trigger efficiency is reduced. Figure 7 shows theφ dependence of mu6 (left) and mu20
(right) trigger efficiencies at the plateau and at threshold. The effect of octant symmetry of the magnetic
field is seen in the plot of the mu6 efficiency for threshold muons. For the mu6 signature at plateau and
for the mu20 signature, this effect is not observed, resulting in an approximately uniform efficiency.
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Figure 5:η dependence of end-cap trigger efficiency for mu6 (left) and mu20 (right). The solid circles
representq×η > 0, the open circles representq×η < 0.
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Figure 6: η dependency of end-cap trigger efficiency at plateau for mu6 (left) and mu20 (right). The
solid circles representq×η > 0, the open circles representq×η < 0.

5 Performance of L2 muon algorithms

As described in Section 2, algorithm performance is evaluated on samples of single muons generated with
different transverse momenta. The resolution of the inverse of the measured momentum with respect to
the generated transverse momentum is studied. Due to the non-uniform magnetic field in the Muon
Spectrometer it is divided into four regions according to the pseudorapidity of the muon candidate: the
Barrel region with|η | < 1.05, and three end-cap regions with 1.05 < |η | < 1.5, 1.5 < |η | < 2.0, and
2.0 < |η |< 2.4.

For the Muon Spectrometer standalone reconstruction (muFast), the resolution of inversepT as a
function of the muon transverse momentum is shown in Fig. 8(left). The degradation in the resolution
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Figure 7: φ dependence of end-cap trigger efficiency for mu6 (left) and mu20 (right) for muons with
pT = 45 GeV. The open circles show the efficiency at threshold and the solid circles show the efficiency
at plateau.

with respect to previous results [2] is caused by the realistic geometry misalignment introduced in the
muon simulation. Resolution as function ofη andφLoc

1 is shown in Fig. 8(right). The degradation of
the resolution in the endcap regions is evident. The muFast efficiency with respect to L1 selection as a
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Figure 8: 1/pT resolution (Muon Spectrometer StandAlone) as a function ofpT (left) andη−φLoc (right).

function of muon momentum are shown for mu4, mu6, and mu20 selections in Fig. 9. The low rejection
at small momentum (2.5 < pT < 4.5 GeV), in particular in the barrel region, is caused by candidate
tracks not pointing to the nominal interaction vertex due tolarge scattering angles.

Efficiencies of the MS standalone reconstruction (muFast) (mu6 trigger selection) with respect to L1
selection as a function ofη andφLoc for muons withPT = 6 GeV are shown in Fig. 10.

The combination of a Muon Spectrometer standalone muon candidate with an Inner Detector track
found by the L2 tracking algorithms is performed by muComb. For muons withpT < 50 GeV the Inner
Detector measurement has a better resolution than the Muon Spectrometer standalone measurement.
Therefore, the combination of the two measurements gives better resolutions in the low-pT range. Figure
11 shows the 1/pT resolution as a function ofpT and also the resolution as function ofη andφLoc. The
muComb efficiency with respect to muFast as a function ofpT for mu4, mu6, and mu20 is shown in
Fig. 12. The problem of low rejection for low-pT muons is partially solved when the Muon Spectrometer
candidates are combined with Inner Detector tracks.

1φLoc is the azimuthal angle folded up in[0,π/16] such to cover half of an odd MS sector ([0,π/32]) and half of an even
MS sector[π/32,π/16].
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Figure 9: muFast efficiency with respect to L1 selection for the mu4, mu6, and mu20 triggers for different
η regions.
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Figure 10: Efficiency of muFast as a function ofη (right) andφLoc (left) for muons withpT = 6 GeV.
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Figure 11: The muon combined 1/pT resolution as a function ofpT (left) and as a function ofη − φLoc

(right).
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Figure 12: The muComb algorithm efficiency with respect to mu4, mu6, and mu20 triggers for the
differentη regions.
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Efficiencies of muComb (mu6 trigger selection) with respectto muFast selection as a function ofη
andφLoc for muons withpT = 6 GeV are shown in Fig. 13.
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Figure 13: Efficiency of muComb as a function ofη (right) andφLoc (left) for single muons withpT = 6
GeV.

6 Event filter performance

The full reconstruction in the Muon EF has been executed on the simulated samples described in Sec-
tion 2. The reconstruction in the Muon Spectrometer is carried out by the MOORE algorithm, the
extrapolation to the vertex of the muon track found in the Muon Spectrometer is performed by the MuId
standalone algorithm and the combination of the tracks found in the Muon Spectrometer and in the Inner
Detector by the MuId Combined algorithm.

Efficiency for single muon events is defined as the ratio of events with a reconstructed track at the
EF after the execution of each reconstruction step to all events which have passed L1 and L2. The
efficiency with respect to L2 as a function of muonpT is shown in Fig. 14 for all three EF algorithms.
The efficiency is defined on an event basis, and counts only once events having L2 muon-feature or EF
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Figure 14: Efficiency as a function of muonpT for MOORE, MuId Standalone and MuId Combined.

track multiplicity greater than 1. According to this definition, the efficiency to trigger an event with more
than one muon is expected to be higher with respect to what is estimated here.
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The efficiencies are lower for 3< pT < 6 due to multiple scattering and energy loss fluctuation
effects. Moreover, in the case of MuId Combined, at very highpT the increasing probability of muon
showering is responsible for a small loss in efficiency. The efficiencies as a function ofη andφ show
a structure, especially at low momentum, explainable with some residual dependence inη andφ on the
Muon Spectrometer geometrical acceptance and on the magnetic field inhomogeneities which affect less
previous levels. It can be seen in Fig. 15 where the efficiencyis shown for 6 GeV muons. In Fig. 16
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Figure 15: Efficiency of MuId Combined as a function ofη (left) and ofφ (right) for 6 GeV muons.

the MuId combined efficiency with respect to L2 for differentthresholds is shown on the left, while the
overall trigger efficiency (L1 + L2 + EF) with respect to the generated muons is shown on the right. All
efficiency values are averaged over the whole|η |<2.4 range.
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Figure 16: MuId combined efficiencies for variouspT thresholds with respect to L2 (Left) and with
respect to generated truth muons (Right).

In Fig. 17, the 1/pT resolution is shown as a function of muonpT for all EF algorithms. For a muon
with pT below 50 GeV the Inner Detector dominates the reconstruction precision so the combination of
measurements greatly improves the resolutions. For a muon with pT above 100 GeV, the Muon System
dominates the measurement of the muon combined transverse momentum. 1/pt resolution as a function
of η is shown in Fig. 18 for 20 GeV muons. The worsening of the resolution in the region 1.0< |η |<
1.5 can be attributed to the highly inhomogeneous magnetic field in the transition regions of the Muon
Spectrometer. This effect is recovered by means of the combined reconstruction which exploits the Inner
Detector performance.
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Figure 17: 1/pT resolution as a function ofpT for MOORE, MuId Standalone and MuId Combined.
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Figure 18: 1/pT resolution for MuId Combined as a function ofη for muons withpT = 20 GeV.

7 Muon trigger rates

The trigger rates for single muon event originating from allthe physical processes expected in ATLAS
were obtained using the EF MuiD combined algorithm (the events must of course also pass the L1 and
L2 muon algorithms). Various luminosity scenarios expected during LHC operation (fromL = 1031

cm−2 s−1 to 1034 cm−2 s−1) were considered. Trigger rates were typically computed byconvolving,
over a givenpT range, the estimated efficiencies with the cross-sections of processes representing the
main muon sources at LHC. For the i-th process with cross-section σi , the rate is

Ri = L
∫

dσi

dpT
ε(pT)dpT (2)

whereL is the instantaneous luminosity andε(pT) is the muon trigger efficiency for a givenpT value.
In order to take into account theη dependence, separate estimates for differentη regions have been
considered. An 0.5 GeV step has been applied in the numericalintegration. The inclusive muon cross-
sections at the LHC forb→ µ andc→ µ decays have been parameterized by using PYTHIA 6.403 [3]
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L1 muon trigger rates

L = 1031 cm−2 s−1 L = 1033 cm−2 s−1 L = 1034 cm−2 s−1

Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz)
“Cosmic” 6 GeV 20 GeV

π/K 454 199 8600 5300 1100 5200
beauty 85 74 4400 5100 2500 3300
charm 124 104 6100 6900 2800 4400

top <0.1 <0.1 <0.1 <0.1 0.3 0.5
W <0.1 <0.1 3.0 4.4 26 41

TOTAL 663 377 19100 17300 6400 12900
5 GeV 8 GeV 40 GeV

π/K 162 81 2200 3800 470 1900
beauty 54 53 2900 4000 1100 1300
charm 76 73 3800 4700 1200 1400

top <0.1 <0.1 <0.1 <0.1 0.3 0.3
W <0.1 <0.1 4 4.5 23 33

TOTAL 292 207 8900 12500 2800 4600

Table 4: Single muon trigger rates at L1, for various low and high pT thresholds, atL = 1031 cm−2 s−1,
L = 1033 cm−2 s−1 andL = 1034 cm−2 s−1.

L2 muon standalone trigger rates

L = 1031 cm−2 s−1 L = 1033 cm−2 s−1 L = 1034 cm−2 s−1

Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz)
4 GeV 6 GeV 20 GeV

π/K 190 140 4300 3700 410 1800
beauty 50 67 3000 3900 540 1500
charm 70 94 4000 5200 520 1700

top <0.1 <0.1 <0.1 <0.1 0.2 0.4
W <0.1 <0.1 3 4 24 38

TOTAL 310 301 11300 12800 1494 5038
5 GeV 8 GeV 40 GeV

π/K 82 120 840 1500 200 690
beauty 37 59 1000 2200 87 280
charm 49 81 1300 2900 83 290

top <0.1 <0.1 <0.1 <0.1 0.1 0.2
W <0.1 <0.1 3 4 17 23

TOTAL 168 260 3143 6604 387 1283

Table 5: Single muon trigger rates at L2 muon standalone, forvarious low and highpT thresholds, at
L = 1031 cm−2 s−1, 1033 cm−2 s−1 and 1034 cm−2 s−1. The large expected rate in particularly in
the endcap, caused by the relatively low rejection of lowpT muons, can be reduced by improving the
selection algorithm.
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L2 muon combined trigger rates

L = 1031 cm−2 s−1 L = 1033 cm−2 s−1 L = 1034 cm−2 s−1

Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz)
4 GeV 6 GeV 20 GeV

π/K 130 124 3500 2600 68 890
beauty 48 66 2700 3400 320 830
charm 66 91 3800 4400 280 840

top <0.1 <0.1 <0.1 <0.1 0.2 0.4
W <0.1 <0.1 3 4 22 35

TOTAL 244 281 10000 11000 690 2590
5 GeV 8 GeV 40 GeV

π/K 44 55 400 530 6 310
beauty 31 45 660 1100 31 92
charm 41 61 780 1300 26 99

top <0.1 <0.1 <0.1 <0.1 0.1 0.1
W <0.1 <0.1 3 4 7 12

TOTAL 116 161 1840 2900 70 513

Table 6: Single muon trigger rates at L2 muon combined, for various low and highpT thresholds, at
L = 1031 cm−2 s−1, 1033 cm−2 s−1, and 1034 cm−2 s−1.

Event Filter muon trigger rates

L = 1031 cm−2 s−1 L = 1033 cm−2 s−1 L = 1034 cm−2 s−1

Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz) Barrel (Hz) Endcaps (Hz)
4 GeV 6 GeV 20 GeV

π/K 125 119 1890 1230 46 40
beauty 44 56 1870 2190 260 380
charm 60 76 2390 2780 220 330

top < 0.1 < 0.1 < 0.1 < 0.1 0.2 0.3
W < 0.1 < 0.1 2.9 3.9 21 31

TOTAL 229 251 6150 6200 550 780
5 GeV 8 GeV 40 GeV

π/K 36 25 290 260 0.14 0.2
beauty 27 33 550 800 10.5 16.3
charm 36 43 640 930 7.1 11.1

top < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
W < 0.1 < 0.1 2.8 3.8 3.9 6.1

TOTAL 99 101 1480 1990 21.7 33.7

Table 7: Single muon trigger rates at EF muon combined, for various low and highpT thresholds, at
L = 1031 cm−2 s−1, 1033 cm−2 s−1, and 1034 cm−2 s−1.
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Figure 19: Expected EF rates atL = 1031 cm−2 s−1 for single muon processes as a function of muon
pT threshold integrated over|η |< 2.4.

which produces conservative estimates since it predicts cross-sections about 2 to 3 times higher than
previous descriptions [4]. Top quark and W/Z decays were simulated using PYTHIA 5.7 [5]. Rates of
muon in-flight decays fromπ/K mesons have been computed using the DPMJET Monte Carlo program
[6].

To verify the results obtained with this method and to understand the systematics, an alternative
approach, relying on event counting, has been applied to theminimum bias events (counting method).
The convolution and counting methods give EF final rates which are in good agreement, within statistical
errors due to the limited size of the minimum bias sample, starting from pT threshold of 6 GeV. The
values obtained with the counting method for lowerpT thresholds (4 and 5 GeV) are a factor of two to
four less for muons fromπ/K decays with respect to the convolution (provided by DPMJET)of Eq. 2.

The rates obtained for some low and highpT thresholds in the barrel and in the endcaps after L1, L2
muFast, L2 muComb and EF selection are shown in Tables 4, 5, 6 and 7.

In Fig. 19 the total (barrel+endcaps) EF rates at L = 1031 cm−2 s−1 are shown as a function of thepT

threshold. In this figure, to keep uniformity among the rate results, mostly provided by PYTHIA 6.403,
it has been chosen to report for the 4 and 5 GeV thresholds the EF rates obtained with the counting
procedure.

7.1 Fake dimuon trigger rate

A single muon can be detected in multiple muon trigger sectors, causing such events to erroneously
satisfy dimuon triggers. Such fake triggers can be suppressed by the overlap handling implemented in
the MuCTPI . For the single muon samples used in the analysis,the fake dimuon trigger probability is
defined as

Pfake =
Number of events with more than one muon triggered

Number of events with a triggered muon
(3)

Four sources of fake double-counts have been considered :

• Barrel-Barrel double counts (BB): When a single muon is detected by two overlapping RPC sec-
tors.
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• Barrel-Endcap double counts (BE): When a single muon is detected by an overlapping RPC-TGC
sector pair.

• Endcap-Endcap double counts (EE): When a single muon is detected by two overlapping “Endcap”
TGC sectors.

• Forward-Forward double counts (FF): When a single muon is detected by two overlapping “For-
ward” TGC sectors.

The probabilities that a single muon would cause any of thesefake double counts have been calcu-
lated separately. The effect of the MuCTPI overlap handlingcan be seen in Fig. 20, where the left plot
shows the BE fake dimuon trigger probabilities for the 6pT thresholds in the 2 to 50 GeV range with-
out using the overlap handling, while the right plot shows the probabilities after applying the MuCTPI
overlap handling.
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Figure 20: Barrel-Endcap fake dimuon trigger probabilities without (a) and with (b) using the
overlap handling of the MuCTPI.

The probabilities for 6 and 20 GeV single muons to produce a fake dimuon trigger if they caused a
single-muon trigger, for all available L1 muon thresholds,can be seen in Table 8.

The fake probabilities can be used to calculate the single-muon trigger rates according to

Rfake = L

pin f
T∫

pcuto f f
T

σp(pT)ε(pT)Pfake(pT)dpT (4)

whereL is the instantaneous luminosity of the accelerator,σp is the inclusive muon production cross-
section at LHC andε is the L1 trigger efficiency. The fake dimuon trigger rates are presented in Table 9.

8 Rejection of muons fromπ /K decays

Despite the large theoretical uncertainties on the rates ofthe muon production processes at low transverse
momentum, it is clear that in flight decays of pions and kaons are a significant source of single muons
and, therefore, a strategy must be developed to reject theseevents in the trigger. Rejection of muons from
π andK decays at the EF is described below. A study describing rejection at L2 can be found in [7].
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Trigger item pT [̃GeV] BB prob. [%] BE prob. [%] EE prob. [%] FF prob. [%]

2mu4 6.0 1.56± 0.07 1.39± 0.08 1.00± 0.07 0.81± 0.06
20.0 1.43± 0.06 0.13± 0.02 0.49± 0.05 0.55± 0.05

2mu5 6.0 1.14± 0.06 1.17± 0.07 0.40± 0.05 0.56± 0.06
20.0 1.43± 0.06 0.13± 0.02 0.49± 0.05 0.55± 0.05

2mu6 6.0 1.11± 0.05 0.97± 0.06 0.39± 0.04 0.55± 0.05
20.0 1.43± 0.06 0.13± 0.02 0.49± 0.05 0.55± 0.05

2mu8 6.0 0.87± 0.05 0.38± 0.06 0.31± 0.05 0.58± 0.07
20.0 1.33± 0.06 0.10± 0.02 0.42± 0.05 0.45± 0.05

2mu10 6.0 0.68± 0.05 0.12± 0.08 0.21± 0.09 0.54± 0.13
20.0 1.26± 0.06 0.10± 0.02 0.36± 0.04 0.36± 0.04

2mu11 6.0 0.43± 0.21 0.00± 0.00 0.32± 0.15 0.42± 0.16
20.0 0.86± 0.05 0.00± 0.00 0.33± 0.04 0.32± 0.04

2mu20 6.0 0.28± 0.28 0.00± 0.00 0.48± 0.34 0.00± 0.00
20.0 0.75± 0.05 0.00± 0.00 0.24± 0.03 0.18± 0.03

2mu40 6.0 0.42± 0.42 0.00± 0.00 0.00± 0.00 0.00± 0.00
20.0 0.49± 0.04 0.00± 0.00 0.08± 0.03 0.08± 0.03

Table 8: Probabilities that single muons with transverse momenta 6 and 20 GeV which caused a single
muon trigger, to also passes a fake dimuon signature at the same threshold.

Trigger item BB rate [Hz] BE rate [Hz] EE rate [Hz] FF rate [Hz] Total fake rate [Hz]

2mu4 1846.6± 119.2 271.6± 14.1 136.2± 24.5 69.2± 12.3 2323.7± 123.1

2mu5 243.9± 13.0 203.1± 10.6 35.3± 10.5 33.3± 6.5 515.5± 20.8

2mu6 193.9± 12.4 82.6± 7.1 24.6± 6.0 24.7± 4.7 325.7± 16.2

2mu8 114.1± 9.8 16.1± 2.1 9.7± 3.0 12.4± 3.3 152.3± 11.0

2mu10 79.2± 8.0 4.9± 1.2 4.8± 2.2 5.5± 2.0 94.4± 8.6

2mu11 11.7± 1.8 0.1± 0.1 3.9± 2.0 4.5± 1.8 20.1± 3.2

2mu20 2.4± 0.4 0.1± 0.0 2.4± 1.9 0.7± 0.5 5.5± 2.0

2mu40 0.8± 0.1 0.0± 0.0 1.7± 1.7 0.1± 0.1 2.6± 1.7

Table 9: Rates of various fake dimuon triggers atL = 1033 cm−2 s−1.
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8.1 Data samples and their validation

Minimum bias samples would be the most suitable for studies involving pion and kaon decays. However,
the probability that pions or kaons produced in low or moderate pT QCD scattering would decay before
interacting hadronically in the calorimeters is low, between 0.1% and 1% depending on the mesonpT .
In order to enhance the number of charged pion and kaon decaysin the sample, the simulation of events
without any charged meson withpT above a given threshold is aborted and oneπ± or K± is forced to
decay in the Inner Detector cavity.

The samples produced are:

• 106 single pions withpT > 2.5 GeV and kinematics (pT ×η) generated according to a double
differential cross-section of primary pions in minimum bias events

• 105 minimum bias events, where one chargedπ or K with pT > 2 GeVper event is forced to decay;

In order to estimate cross-sections or trigger rates, the abundance of forced decays must be re-weighted
on an event by event basis according to meson decay probability. In addition to the above samples,
standard minimum bias events have been used as a reference tocross check the results obtained from
these dedicated productions.

The muonpT spectra observed in minimum bias events and single pions, forced to decay, were
found to be consistent, after appropriate re-weighting, with each other and in agreement with previous
predictions and unforced minimum bias events.

8.2 Rejection strategy at the event filter

The fraction of in flight decay muons retained at the EF, normalised to the L2 efficiency, for the mu6
trigger item, has been measured as a function of the muonpT . There is a very poor rejection capability
(. 90%) for muons coming from pion decays, which demonstrates that the standard muon identification
procedures are not very sensitive, as expected, to the smallkink between the pion and muon tracks. The
kinematics of charged kaon two-body decays, which are the dominating kaon contribution to the muon
rate, is much more favorable toward rejection due to the larger average value of the angle between the
kaon and the muon tracks. In order to improve the rejection capability, additional measured parameters
providing some discriminating power between background and primary muons have been identified:

• the impact parameter, d0, of the track reconstructed in the inner tracker;

• the number of hits associated to the Inner Detector track in the Pixel Detector (Nhits(Pixel)), in the
pixel B-layer (Nhits(Blayer)) and in the Silicon Tracker (Nhits(SCT));

• the ratio pTID/pTMS between the transversepT in the Inner Detector and in the Muon Spectrometer,
after back-extrapolation to the interaction point and correction for the measured energy loss in the
calorimeters;

• theχ2
matchingof the matching between the track parameters as reconstructed in the Muon Spectrom-

eter and in the Inner Detector.

The discrimination power of each variable has been studied by measuring the fraction of accepted events
as a function of the cut applied for both isolated muons and fake muons above a givenpT threshold.
The results, shown in Fig. 21, are based on the simulations ofsingle muons and single pions with forced
decays. For each variable, the fraction of events retained after the cut is normalised to the number
of events passing the EF reconstruction before the application of any hypothesis algorithms. From the
analysis of the exclusive rejection power of the individualvariables, the set of cuts listed below have been
defined. These cuts try to minimize the efficiency loss for prompt muons while reducing the background:
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Figure 21: Efficiency for prompt muons and muons from pion decays as a function of the cut on some
discriminating variables.

• |d0|< 0.15 mm, Nhits(Blayer)≥ 1, Nhits(Pixel)≥ 3, Nhits(SCT)≥ 6,

• pTID/pTMS < 1.25, χ2
matching≤ 26.

In particular, these values have been chosen by consideringefficiency and background rejection atpT =
4 GeV. It is assumed that cuts will be optimized for each muon item in the trigger menu.

From the application of these cuts on the reference sample ofevents accepted at the EF, the efficiency
for prompt muons and in flight decay muons shown in Fig. 22 havebeen obtained. A loss of efficiency
between 25% at the 4 GeV threshold and 10% at 20 GeV correspondto a reduction in background of
65% and 75%, respectively. The rejection achieved for kaon decays is slightly better than that achieved
for π decays, as expected from the different decay kinematics. These results are derived from nominal
detector performance and algorithm resolutions. However,they demonstrate that cuts can be adjusted to
obtain reasonable trigger rate at the very lowpT threshold of 4 GeV which is reached mostly by reducing
uninteresting events at the cost of some efficiency loss for prompt muons. An optimization of the cuts,
with specific tuning for each trigger element, will eventually further improve the signal to background
ratio.

9 Muon isolation

9.1 Optimization procedure

The L2 isolation algorithm is seeded by either muFast or muComb. The algorithm decodes LAr and Tile
Calorimeter quantities (i.e. transverse energy deposit orsums of calorimetric cells above a predefined
energy threshold) in cones centered around the muon direction. The geometrical definition of these
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Figure 22: EF efficiency as a function ofpT for different rejection cuts for prompt muons (a), muons
from single pion decays (b), minimum bias events (c and d). In(c) π/K contribution has been separated.
Each efficiency curve shows the data reduction obtained by the addition of the corresponding cut to the
overall selection procedure. The specific values of the cutsare discussed in the text.

cones is given by the condition∆R< ∆RMAX, where∆R=
√

(∆η2+∆φ2), and∆η , ∆φ are the distances
in pseudorapidity and azimuthal angle between the calorimetric cell and the cone axis. Because the
muon itself contributes to the energy deposit inside the cone, to improve the discriminating power of
the isolation algorithm, two different concentric cones are defined: an internal cone chosen to contain
the energy deposit released by the muon itself, and an external one, supposed to include contributions
only from detector noise, pile-up and jet particles if present. The optimization of the muon isolation
algorithm consists of determining the optimal size of the inner and outer cone radius, the values of the
cell energy thresholds, used to compute the transverse energy and number of cells sums, and the isolation
requirements.

Table 10 summarizes the samples that have been used to optimize the algorithms and to measure their
performance. Half of the events in the samples number 1 and 2 in the Table have been used as signal
and background, respectively, in the optimization of the algorithm parameters, the remaining events for
sample 1 and 2 and the other samples listed in the Table have instead been used to estimate the algorithm
performances.

Only the parameters relative at the muon trigger in the barrel region (|η |< 1.05) have been studied.
Simulation of the electronic readout noise for both LAr and Tile Calorimeters has been also included.

A muon track passing through the calorimetry will deposit energy in the cells which immediately
surround it. The deposited energy can be contained within some cone of radiusRInner, whereR =√

∆η2 + ∆φ2. If the muon is isolated, there will be little energy deposited in cells which lie in an outer
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Process Generator Number of events
1 Z→ µ+µ− Pythia 1 104

2 bb̄→ µ(15)X Pythia 1.5 104

3 bb̄→ µ(6)X Pythia 1 104

4 qq̄→ µX Pythia 2.1 104

5 Single-µ(pT=100 GeV) Single-Mu gun 2 105

6 Single-µ(pT=38 GeV) Single-Mu gun 2 105

7 Single-µ(pT=19 GeV) Single-Mu gun 2 105

Table 10: Data samples used in the muon isolation algorithm optimization.

annulus around this (R∈ [RInner,ROuter]). The radius of the inner cone (i.e. the cone fully containing the
muon) has been determined from the distribution of the summed transverse energy contained within a
cone of increasing radius around the muon direction fromZ → µµ , as shown in Figure 23. The value
of R corresponding to the inner cone radius is visible as a changein the slope of the curve. Once the
radius for which all the muon energy is contained in the cone is reached, for each further increase of the
cone radius only noise will be summed, resulting in a reduction of the slope of the energy sum curve.
The reduction in the slope depends on the level of electronicreadout noise per cell, as shown in Fig. 23,
where curves for several values of the threshold cut on the calorimetric cell energy is shown, ranging
from 40 to 90 MeV. The effect of the electronic noise is only relevant for the LAr calorimeter. From
the two figures it can be seen that a cone of radius 0.1 (one readout cell), is sufficient to contain the
muon energy deposition in the hadronic calorimeter, while aradius of about 0.07 (one to three readout
cells, depending on position), is sufficient for the electromagnetic calorimeter, due to the finer readout
granularity. The value of the outer cone radius is instead constrained by timing requirements. Increasing
the outer cone radius requires a larger fraction of the calorimeter to be read out and decoded. Because
the readout step of the algorithm dominates the execution time (> 90% of the overall algorithm time) the
requirement to keep the overall timing belowO(10) msconstrains the maximum outer cone radius to be
below about 0.4. We have verified that optimal background rejection is obtained by keeping the outer
cone radius at is maximum value.

An analysis has been performed over all the quantities used in the isolation hypothesis testing, with
a goal of minimizing the number of variable used in the optimization step. Each variable used in the
optimization is listed in Table 11, together with the respective separation power expressed in term of
minimum variance bound [8]. The optimal value of the cell energy cut thresholds, used to compute the
transverse energy and number of cell sums, has been obtainedby maximizing the background rejection
after applying a fixed cut on the isolation variables (var1 andvar2 in Table 11), giving a 95% efficiency
for theZ→ µµ signal. A common threshold value of 60 MeV has been obtained with this procedure for
both the LAr and Tile calorimeter. Algorithm performances are stable for threshold variations of±10
MeV around the optimal values. The distributions of some of the most powerful variables for signal
selection and background rejection are shown in Fig. 24.

Optimal cut values for the isolation variables described above have been obtained in a multivariate
optimization procedure by simultaneously varying all the cuts in sensible ranges and by minimizing the
bb̄→ µX background efficiency at fixedZ→ µµ signal efficiency. In the optimization procedure, both
background and signal efficiencies are calculated with respect to muons satisfying the L2 muFast mu20
requirement. In Fig. 25 the background rejection,defined as1/εBG whereεBG is the efficiency for the
bb̄ background sample, and (1− εBG) as a function of theZ → µµ signal efficiency, obtained after the
optimization procedure, are shown. The chosen working point for the isolation algorithm yields a factor
of 10 reduction for thebb̄ background at a 95% signal efficiency for muons withpT >20 GeV.
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Figure 23: The total transverse energy contained within a cone of increasing radius around the muon
candidate track fromZ→ µµ signal events in the LAr calorimeter (left) and Tile calorimeter (right). The
different curves on each figure correspond to different thresholds applied on the cell energy.

Label variable Separation
var1 IsoLAr = ∑E∆R<0.07

T /∑E∆R<0.4
T 0.21

var2 IsoTile = ∑E∆R<0.1
T /∑E∆R<0.4

T 0.29

var3 EO
LAr = ∑E∆R∈[0.07,0.4]

T 0.75

var4 EO
Tile = ∑E∆R∈[0.1,0.4]

T 0.40
var5 EI

LAr = ∑E∆R<0.07
T 0.23

var6 EI
Tile = ∑E∆R<0.1

T 0.06
var7 Number of LAr cells above threshold with∆R∈ [0.07,0.4] 0.72
var8 Number of Tile cells above threshold with∆R∈ [0.1,0.4] 0.34
var9 Number of LAr cells above threshold with∆R< 0.07 0.31
var10 Number of Tile cells above threshold with∆R< 0.1 0.07

Table 11: Variable used in the muon isolation optimization procedure. The separation is zero for identical
signal and background shapes, and it is one for shapes with nooverlap.
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Figure 24: Most powerful variables for calorimetry-based muon isolation.

9.2 Performance

The performance of the isolation algorithms in terms ofbb̄ and dijet background reduction, efficiency
of benchmark signal channels and timing is presented below.The performance of isolation algorithms
can be affected by the instantaneous luminosity since the pile-up requires higher thresholds for the same
nominal efficiency. This is particularly true for calorimetry-based isolation, while for track-based iso-
lation the effect can be reduced by requiring that the contributing tracks come from the same primary
vertex as the muon. For this reason, the results of this studyshould be taken as preliminary and valid
only in the framework of the approximations used in the simulated events production for these studies.
Possible changes and further development may occur as soon as real data is available.

The effect of isolation algorithms on various sources of non-isolated muons at L2 is shown in Ta-
ble 12. The quantity 1−εBG is shown for the isolation requirements corresponding to a working point for
the isolation algorithm with a nominalZ→ µµ signal efficiency of 95%. Results from dijet decays give
an estimate of the rejection power of the isolation algorithm for high-pT muons fromK andπ in flight
decays. The rejection power for low-pT muons frombb̄ decays selected by the level 2 mu6 requirement
has also been estimated. The reduction in rejection power, from a factor 10 to a factor of about 2, at the
low-pT limit is expected, given the low energy associated with the jets. As already mentioned, calorime-
try based isolation algorithms are not effective against these kind of muons, and the track-based isolation
is expected to be much more powerful in reducing this kind of background.
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Figure 25: Background rejection (1/εBG) (left), and 1− εBG (right), as a function of the signal efficiency
as obtained in the muon isolation algorithm optimization procedure.

Process Trigger item Average muonpT (GeV) 1− εBG (%)
bb̄→ µ(15)X mu20 25.0 89.4±0.7
bb̄→ µ(6)X mu6 9.0 54.6±0.9
qq̄→ µX mu20 40.0 99.6±0.1
qq̄→ µX mu6 20.0 97.3±0.2

Table 12: Muon isolation algorithm 1− εBG for muons from several background samples. Efficiencies
are calculated with respect to muons passing the level 2 mu20or mu6 requirements, as specified.

24

TRIGGER – PERFORMANCE OF THE MUON TRIGGER SLICE WITH SIMULATED DATA

122

670



The isolation algorithm has been tuned such that the efficiency is 95% at the chosen working point.
The efficiency of the isolation requirement has been studiedas a function ofpT using samples of single
muons with apT of 11, 39, and 100 GeV. No sizable change in the muon efficiencyare visible, indicating
that radiation effects are small forpT in this range. Evaluation of the effect of the muon radiationfor
very high pT muons (500 to 1000 GeV) is ongoing. The efficiencies for muonsfrom Z → µµ decays
and for single muons are reported in Table 13.

Process Trigger path ε (%)
Z→ µ+µ− mu20 95.5±0.4
Singleµ pT=100 GeV mu20 98.68±0.07
Singleµ pT=39 GeV mu20 98.97±0.07
Singleµ pT=6 GeV mu6 98.54±0.09

Table 13: Muon isolation algorithm efficiencies for muons from several processes and thresholds.

The time available for running L2 algorithms in the on-line trigger is limited to approximately 20 ms.
The CPU processing time is therefore a relevant parameter for the feasibility of algorithms to be included
in the trigger chain. The results obtained indicate a typical overall time of less than 10 ms. Further and
more detailed timing studies performed on the actual L2 processors are ongoing.

10 Muon identification using the tile calorimeter

The muon signatures in the three radial layers of the Tile Calorimeter are well measured quantities with
a typical pattern that can be used to identify the muons efficiently down to very lowpT. This information
can be used to confirm the Muon Spectrometer Triggers (i.e. provide redundancy in noisy/dead regions)
or to enhance the selection efficiency for very soft muons typically out of reach for the spectrometer.

The algorithm exploits the radial and transverse calorimeter segmentation. The search starts from
the outermost layer, which is the one with the cleanest signal, and once a cell is found with energy
compatible with a muon, the algorithm checks the energy deposition in the neighbor cells for the most
internal layers. These “candidate patterns” are considered as muons when cells compatible with the
typical muon energy deposition are found following aη-projective pattern in all the three TileCal layers.
More details can be found in Ref. [9].

10.1 Performance

The performance of the TileMuId algorithms has been studiedwith MonteCarlo single muons and semi-
inclusive muon production (bb̄→ µ(4)X) samples. The effect of minimum-bias pileup at low luminosity
(L = 1033cm−2s−1) has been investigated as well.

Two algorithms, implementing complementary strategies are described, one (TrigTileLookForMuAlg)
is fully executed on the LVL2 Processing Unit (PU) the second(TrigTileRODMuAlg) has a core part ex-
ecuted on the Read Out Driver Digital Signal Processor (ROD-DSP) in order to save time. This allows a
very fast processing of the entire detector (full scan) as opposed to the RoI based processing typical of the
trigger algorithm running on the LVL2 PUs. Since each ROD-DSP processes a small part of the detector
readout the TrigTileRODMuAlg acceptance is lower comparedwith that of TrigTileLookForMuAlg.
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10.1.1 Spatial resolution

The spatial resolution of the algorithms can be studied using the distributions of the residuals∆η =
η(µTile)−η(µTruth) and∆φ = φ(µTile)−φ(µTruth) in single muon events with 2≤ pT ≤ 15 GeV. The dis-
tributions are well described by a Gaussian and resolution can be defined asση = 0.05 for TrigTileROD-
MuAlg ( ση = 0.04 for TrigTileLookForMu) andσφ = 0.03 rad. To characterize the performance of the
algorithms with MC physics events a matching region with theMC truth will be used. For this analysis
a matching region of∆η×∆φ = 0.2×0.12 is used.

10.1.2 Efficiency

The muon-tagging efficiency is defined as the ratio of the number of tagged muons which match a truth
muon (Ntag) to the number of generated truth muons (Ngen). Figure 26 shows the efficiency as a function
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Figure 26: Efficiency as a function ofη (left), φ (center) andpT (right)for TrigTileLookForMu (filled
circles) and TrigTileRODMu (open squares) using single muon events.
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Figure 27: Efficiency as a function ofη (left) and pT (center) for TrigTileLookForMu (filled circles)
and TrigTileRODMu (open squares) inbb̄→ µ(6)X events. Right plot show for TrigTileLookforMu
the effect of pileup of Minimum Bias events at low luminosity(filled circles) compared with the case
without pileup (open squares).

of η , φ , and pT of the muon for the two algorithms as obtained using the single muon sample. The
efficiency of TileRODMu is lower than that of TileLookForMu.In the region 0.8≤ |η | ≤ 1.1 the towers
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are split between the barrel and the extended barrels, and the cells belonging to different partitions are
processed by different ROD DSPs. Similar effects are observed for the boundary atη ∼ 0. Except
for these two regions of low geometrical acceptance both algorithms show efficiency∼ 85% with good
agreement. Since TileCal is homogeneous inφ , the efficiency is uniform as a function ofφ , see Fig. 26
(center). The efficiency decreases with the muonpT for pT < 3 GeV and is about 42% atpT = 2 GeV.
Most of the muons withpT < 2 GeV stop in the Tile calorimeter. ForpT > 4 GeV the efficiency is flat
at about 60%. Figure 27 (left) and (center) show the efficiency curves for both algorithms as obtained
in bb̄→ µ(6)X events. These results are in good agreement with the performance obtained using single
muons, indicating that the algorithms are not too sensitiveto the additional hadronic activity inbb̄ events.

To evaluate the performance in a realistic LHC operation scenario a sample ofbb̄→ µ(6)X events
simulated with pileup of minimum-bias events at a luminosity L = 1033 cm−2s−1 was used. As shown
in Fig. 27 (right), the efficiencies as a function ofpT for two cases are similar forpT > 5 GeV. The
additional muons from minimum-bias events make the efficiency worse in the lowpT region. The average
efficiency in the sample with pileup (67.97±0.81)% is slightly lower than the one obtained without pileup
(74.25±0.79)%. It can be concluded that the efficiency is not substantially affected by minimum-bias
pileup.

10.1.3 Fraction of fakes
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Figure 28: Fraction of fakes as a function ofη (left) andφ (center) for TrigTileLookForMu (filled circles)
and for TrigTileRODMu (open squares) inbb̄→ µ(6)X events. The right plot compare performance of
TrigTileLookForMu in samples with (filled circles) and without pileup (open squares).

The muon tags which are not matched with truth muons are considered fake. The same∆η ×∆φ
matching cuts are used for the efficiency and fake computation. The fraction of fakes in a given data
sample is defined as the ratio of the number of misidentified muons to the total number of events.

The left and center plots of Fig. 28 show the fraction of fakesas a function ofη andφ obtained
by the two algorithms. Both algorithms show a very small fakerate in the central region (0.12% for
|η | < 0.7). The main contribution of fakes comes from the extended barrel and gap regions, where the
cell segmentation is coarse and the projectivity is the worst. The fraction of fakes in the whole range
|η | < 1.4 is 2.7± 0.1% for TrigTileRODMu and 4.1± 0.1% for TrigTileLookForMu. The fraction of
misidentified muons as a function ofφ is flat as expected.

Figure 28 (right) shows the performance of TrigTileLookForMu in bb̄→ µ(6)X events with and
without the pileup of minimum-bias events at low luminosity. The fraction of fakes increase from 3.7±
0.1% to 6.0± 0.1% when the minimum bias pileup atL = 1033 cm−2s−1 is taken into account. The
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fake rate increases at larger values ofη (gap and extended barrel), where the cell granularity is worse
and more minimum bias event are expected, compared to the central η region.

10.2 Combined performance with the inner detector

In order to measure thepT of the identified muon, the secondary RoI produced by the TileMuId algorithm
is used to seed the Inner Detector (ID) track reconstructionalgorithm. The size of the ID RoI that requires
processing is defined by the Tile algorithm resolution and bythe bending in the central solenoid. For
pT(µTruth) > 2 GeV,∆φ = φ(µTile)−φ(µTrack)≈ 0.2 is required. If at least one track is found within the
region∆η ×∆φ = 0.1×0.2 and withpT > 2 GeV, the calorimetric tag is confirmed to be a muon and
the trigger sequence is successful.
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Figure 29: The number of tracks within the given RoI forbb̄→ µ(4)X (left) and with the fixed RoI
size of∆η = 0.1 and∆φ = 0.2 for bb̄→ µ(6)X with/without pileup (center). The right plot shows the
efficiency as a function ofpT for the muons tagged by only TileCal (TileLookForMu) and themuons
combined with the associated track.

Figure 29 shows the multiplicity of track in the ID RoI; left plot shows that a region with∆φ = 0.1
misses the lowpT tracks and results in more events with zero track within the RoI. The RoI with∆η = 0.2
does not give any advantage. The RoI with a size∆η = 0.1 and∆φ = 0.2 is a good compromise; the
efficiency to reconstruct the muon track is good and the multiplicity of tracks (ambiguity) is acceptable.
In the case of reconstruction of multiple tracks, the closest is chosen as the best-matched for theµ tagged
by TileCal, and all tracks are saved since the ambiguity cannot be further resolved at this level. As shown
in Figure 29 (center), the multiplicity of tracks within theRoI is not significantly affected by the pileup.

Figure 29 (right) shows the overall combined (TileCal+ID) efficiency for ∆φ = 0.1 and∆φ = 0.2
as a function of muonpT . The combined efficiency obtained with∆φ = 0.2 is approximately equal to
that of the TileCal stand-alone except forpT < 3.5 GeV. The efficiency from the matched track shows
no dependence onη or φ . The efficiency, purity and acceptance using the different sizes of RoI are
summarized in Table 14. The efficiency and acceptance are significantly improved from∆φ = 0.1 to
∆φ = 0.2. For∆φ = 0.2, 97% of tagged muons by TileCal match the associated track.The purity and
acceptance of∆φ = 0.3 are similar to those of∆φ = 0.2. However, the size of∆η does not affect the
efficiency of the matched track withµ significantly. The differences due to the minimum-bias pileup are
observed to be about 2 to 3% due to the small number of events from pileup samples.
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TileLookForMu RoI size with (∆η , ∆φ ) for matching tracks
(0.1, 0.1) (0.1, 0.2) (0.1, 0.3)

Efficiency (%) 73.08± 0.17 42.02± 0.19 70.91± 0.18 72.06± 0.18
UnmatchedµTile (%) 42.50± 0.36 2.98± 0.08 1.40± 0.05
Efficiency (pT > 4 GeV) 44.09± 0.20 72.94± 0.18 73.06± 0.18
Purity (pT > 4 GeV ) 98.51± 0.88 98.79± 0.67 98.69± 0.67
Acceptance (pT > 4 GeV) 40.78± 0.31 71.93± 0.45 72.01± 0.45

Table 14: Performance with the matched track forbb̄→ µ(4)X.

11 Muon trigger performance for Z→ µ+µ−

11.1 The “tag and probe” method

The trigger efficiency is a fundamental parameter in physicsanalyses and therefore it is important to have
several independent methods for estimating it. The “Tag andProbe” method is a concrete application of
a data-driven technique for performance analysis. This method is based on the definition of a “probe-
like” object, used to make the performance measurement, within a properly “tagged” sample of events.
Physics processes suitable for this method are generally those characterized by a double-object final state
signature. The decay of the Z provides two high-pT muons that can lead to two trigger tracks in the Inner
Detector and Muon Spectrometer and to a combined object. These two measurements are in principle
independent, thought not necessarily uncorrelated.

“Tagged” events require one triggered track withpT > 20 GeV and “Probe” objects can be defined
asInner Detector offline reconstructed tracks (ID-Probe), where measurements are referred to the offline
Inner Detector reconstruction efficiency (∼100%), or asMuon Spectrometer offline reconstructed tracks
(MS-Probe), where values are normalized to the offline Muon Spectrometer reconstruction efficiency
(standalone or combined with the Inner Detector).

The trigger performance is measured by checking for L1, L2, and EF trigger tracks associated with
each probe object. A schematic illustration of the method isshown in Fig. 30. It must be verified that se-
lected tracks come from a Z decay. A background process with two isolated tracks in the Inner Detector,
of which only one is a real muon, would introduce a systematicerror in the efficiency evaluation. For
this reason, cuts have to be applied in order to select a cleansignal sample.
A significant background contribution is expected from QCD processes, which have large cross-sections.

of the two tracks
The invariant mass 

in the MS.
corresponding track
Test if there is

Z−Boson mass.
should be near the

Muon Spectrometer

Inner Tracker

Probe Muon

Z−Boson

Tag Muon

Process Generation cuts σ [pb]

Z→ µ+µ− Mµµ > 60 GeV/c2 1497
1µ: |η|< 2.8, pT > 5 GeV

W → µν 1µ: |η|< 2.8, pT > 5 GeV 11946

BB→ µµX 1µ: |η|< 2.5, pT > 15 GeV 4000
1µ: |η|< 2.5, pT > 5 GeV

tt̄ →W+bW−b only leptonic decay 461
Z→ τ+τ− ττ → ll ,Mµµ > 60 GeV/c2 77

1µ: |η|< 2.8, pT > 5 GeV

Figure 30: Illustration of the Tag and Probe method (left) and cross-sections with generation cuts for
signal and background processes (right).
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This background has been studied by considering the dominant contribution of muons from decays ofB-
meson pairs. Also the muonic W boson decay, which can give a higher energetic muon plus an additional
muon from a QCD jet and theZ→ τ+τ−→ µ+νµ ν̄τ µ−ν̄µντ process have been considered.

Moreover the top-pair production cross-section at LHC is ofthe same order of magnitude asZ boson
cross-section. Top quarks decay with a 99.9% probability into aWboson and ab quark. Therefore muons
originating fromW boson andb-quark decays can also give a signal-like signature. Cross-sections and
generation cuts of the processes considered are reported inFig. 30. PYTHIA [5] is used to generate the
processes.

Another possible source of background is muons from cosmic-rays. An estimation of cosmic rates
in the trigger system has been done in Ref. [10] and shows a negligible effect on trigger performance.

The isolation variables chosen for this analysis are the number of reconstructed tracks in the Inner
Detector (NID

cone), the sum ofpT of the Inner Detector tracks (∑ pID
T,cone), the energy of a jet candidate

(E jet
cone) and the sum of reconstructed energy in the cells of the Calorimeter (∑EEM

cone). Muons from QCD
processes tend to be produced within a large cascade of otherparticles and therefore should not appear
isolated in the detector. In the case of the decay of top pairs, one highly energetic and isolated muon
can come from oneW boson decay while the secondW boson can decay leptonically into a high-pT

electron which appears as an isolated track in the Inner Detector. In order to not count this as a false
probe, electrons are vetoed. The values of the selection cuts applied in this analysis have been defined
in [11]. The isolation cuts allow for background rejection of approximately 99% while retaining a signal
efficiency of about 76%. After applying the probe selection cuts the signal to background ratio is more
than 103. In addition, probe muons selected from background processes can be associated to trigger
tracks and hence have no negative impact on trigger efficiency measurements.

11.2 Determination of trigger efficiencies

Two measurement scenarios have been studied:

• Low luminosity(
∫

L dt ≃ 50 pb−1): in order to not rely on the combined reconstruction based on
Inner Detector and Muon Spectrometer matching, only the tracks from the Muon Spectrometer are
used. The isolation cuts are also based only on Inner Detector quantities;

• High luminosity(
∫

L dt≃ 1000pb−1): full combined information from Inner Detector and Muon
Spectrometer is used and also Calorimeter based cuts are applied to select isolated tracks.

In each scenario both the ID- and MS-Probe methods have been studied. The efficiency dependence on
φ andη is determined by the Muon Spectrometer layout. ApT cut of 20 GeV has been applied on the
probe tracks to test the system in its plateau region. The efficiency as a function of pT has been also
estimated from data in thehigh luminosityscenario.

11.2.1 Low luminosity measurements

The relative efficiency as a function ofη , measured at each trigger level, is shown in Fig. 31 using the
ID-probe. L1 acceptance losses are related to an incompletecoverage of the trigger detectors due to
the presence of support and access structures. The L2 efficiency, with respect to the L1 selection, is
about 96% in the barrel region with a small decrease in the endcap, an improvement is expected due to
optimization of the TGC cabling in next software releases. The EF shows anη efficiency distribution,
with respect to L2, close to 99% in the barrel region and a verysmall decrease from|η | > 2.0. In the
region 1.05< |η |< 1.3 the absence of the some MDT chambers in the ATLAS initial layout resulted in
an efficiency loss of about 10%.2

2The missing chambers are scheduled to be installed by the endof 2009.
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Figure 31: The muon trigger efficiency for each trigger level(left) and fractional efficiency difference
(right) as a function ofη in the low luminosityscenario using the ID-Probe. The efficiencies determined
with the Tag and Probe method are compared to those calculated in a Monte Carlo truth-based analysis.
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Figure 32: The muon trigger efficiency for each trigger level(left) and fractional efficiency difference
(right) as a function ofη in the low luminosityscenario using the MS-Probe. The efficiencies determined
with the Tag and Probe method are compared to those calculated in a Monte Carlo truth-based analysis.

The observed agreement with the Monte Carlo truth-based analysis is very good. In order to quantita-
tively estimate the bin-by-bin differences the “fractional efficiency difference”

εTag&Probe− εMC

εMC
(5)

has been computed. This quantity is shown for each trigger level in Fig. 31 as a function ofη .
The agreement between Tag and Probe method and Monte Carlo analysis is very high, more than 99%
over all the trigger coverage. The only observed deviations, at the level of 2%, are found in the central
crack atη = 0 and in the transitions from barrel to endcap at|η | = 1.05. The results obtained by the
application of the Tag and Probe method using the standaloneMS-Probe are reported in Fig. 32 as a
functions ofη . With respect to the values shown in Fig. 31 inefficiencies due to L1 acceptance cracks
are partially factorized in the offline muon reconstructionefficiency of the MS-Probe (e.g. theη = 0
region.). The same effect is clearly evident at the EF level for the efficiency loss at 1.05 < |η | < 1.3
visible in Fig. 31.

Table 15 shows the uncertainties on the overall trigger efficiency in each case, calculated also only
in barrel and endcap regions. The statistical uncertainty is reported together with expected systematic
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Detector region Barrel Endcap Overall
(|η < 1.05|) (1.05< |η|< 2.4) (0< |η|< 2.4)

Low luminosity - ID probe (
∫

L dt = 50 pb−1)
Trigger Efficiency 71.65 83.59 77.38

Statistical Uncertainty 0.42 0.36 0.28
|εTRUTH− εTP| 0.23 0.40 0.10

Expected Background Contribution 0.57 0.17 0.40
Overall Systematic Uncertainty 0.61 0.43 0.41

Low luminosity - MS probe (
∫

L dt = 50 pb−1)

Trigger Efficiency 76.94 87.83 82.13
Statistical Uncertainty 0.41 0.34 0.27
|εTRUTH− εTP| 0.17 0.64 0.33

Expected Background Contribution 0.01 0.00 0.01
Overall Systematic Uncertainty 0.17 0.64 0.33

Table 15: Estimated uncertainties of in-situ determined muon overall trigger efficiency for thelow lu-
minosityscenario, using an ID- and an MS-Probe track. Systematic uncertainties are reported for back-
ground contribution and absolute difference with Monte Carlo truth-based analysis.

Detector region Barrel Endcap Overall
(|η < 1.05|) (1.05< |η|< 2.4) (0< |η|< 2.4)

High luminosity - ID probe (
∫

L dt = 1000pb−1)

Trigger Efficiency 73.24 86.31 79.73
Statistical Uncertainty 0.10 0.08 0.06
|εTRUTH− εTP| 0.02 0.72 0.58

Expected Background Contribution 0.05 0.01 0.03
Overall Systematic Uncertainty 0.05 0.72 0.58

Table 16: Estimated uncertainties of in-situ determined muon overall trigger efficiency for thehigh lu-
minosityscenario using the ID-Probe. Systematic uncertainties arereported for background contribution
and absolute difference with Monte Carlo truth-based analysis.

errors. Two sources of systematic uncertainties are considered: the absolute difference with respect to
the value measured in a Monte Carlo truth-based analysis andthe background contribution, evaluated
by comparing the efficiency calculated with Tag and Probe method using only the signal sample and
using a cross-section weighted sum of all processes. Both systematics are less than 0.5%. A greater
background contribution is observed when using ID-Probe, since the isolation is based only on Inner
Detector quantities.

11.2.2 High luminosity measurements

After early data is collected and analyzed, a better understanding of the detector, in terms of calibration
and alignment, will allow to use all the available information such as Calorimeter quantities for track iso-
lation and combination of Inner Detector and Muon Spectrometer tracks. The trigger efficiency measure-
ments from data in this scenario are reported using thehigh luminositydataset of

∫
L dt = 1000pb−1.

As in thelow luminositycase the measured differences between the Tag and Probe and Monte Carlo
analysis are compatible with zero. Small deviations at the level of 1 to 2% are observed in the endcap
for the L2 trigger efficiency in the|η | > 1.5 region. These effects are expected to be reduced by the
L2 algorithm optimization. Results are shown in Table 16. With the addition of the calorimeter-based
isolation, the background systematic contribution is reduced by a factor of 10 with respect to the low
luminosity scenario. The dependence of the trigger efficiency on thepT shows the typical shape of a
turn-on curve. The sharpness of the curve is related to the finite pT resolution,∼ 30% at L1,∼ 5% at
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Figure 33: Muon trigger efficiency turn-on curve after each trigger level determined by the Tag and Probe
method and by the Monte Carlo truth-based analysis in thehigh luminosityscenario using the ID-Probe
(left). In the right plot the fractional efficiency difference is shown.

L2, and∼ 3% at the EF. Turn-on curves are shown in Fig. 33 using the ID-probe and similar results are
obtained with the MS-probe. The turn-on point and the plateau values are correctly reproduced from data.
The fractional efficiency difference is shown for each trigger level. The disagreement near the threshold
is within 5%, due mainly to resolution effects, while in the plateau region the observed difference is less
than 1%.

12 High pT Dimuon final states

In principle, the high mass dilepton/diphoton resonance search should have a fairly straightforward trig-
ger strategy as there are very high energy leptons in the event. However, there are several questions that
remain: what trigger requirements are optimal for the analysis? WhatpT thresholds and object quality
selection should be applied? How can one estimate the trigger efficiency from data for such rare (or
non-existent) events? Are the same object quality requirements that are appropriate for lowerpT objects
appropriate for very high energy objects?

This Section addresses these questions, evaluates the trigger efficiency for the signal samples of in-
terest, and discusses the trigger strategy for the earliestdata taking periods. It is expected that during both
low and high luminosity periods there will be an unprescaledsingle muon trigger without an isolation
requirement. The 20 or 40 GeV threshold are expected to be highly efficient for a high mass resonance
decaying into two muons.

12.1 Efficiency estimate

The muon trigger efficiency is estimated using several methods. The first method is to rely on simulation;
while this is the simplest and most direct method it is believed to be somewhat more optimistic (better
resolution, higher efficiency). Therefore, the trigger efficiency is also estimated using methods which
can be applied to real data.

The trigger efficiencies are calculated with respect to the offline event selection. Two combined

muons are required to satisfy the cuts:|η | < 2.7, pT > 30 GeV, track fit χ2

D.O.F < 10 and Inner Detector

and Muon Spectrometer track matchχ
2

D.O.F < 10. The trigger efficiencies for the dimuon heavy resonance
Monte Carlo samples are shown in Table 17. The efficiency as a function ofpT has been fit to
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Sample L1 % L2 % EF % Total Trigger Efficiency %
400 GeVρT/ωT 97.6± 0.10 98.8± 0.07 99.5± 0.05 96.0± 0.13
600 GeVρT/ωT 98.1± 0.08 98.5± 0.08 99.2± 0.06 95.9± 0.13
800 GeVρT/ωT 97.6± 0.10 98.7± 0.07 99.2± 0.05 95.6± 0.13
1 TeV ρT/ωT 97.6± 0.09 98.7± 0.07 99.2± 0.05 95.6± 0.12
1 TeV Z’ (E6) 97.8± 0.09 98.9± 0.06 99.5± 0.04 96.3± 0.1
2 TeV Z’ (SSM) 97.6± 0.14 98.7± 0.11 98.9± 0.10 95.3± 0.2

Table 17: Trigger efficiencies of dimuon resonance samples.For the meaning of E6 and SSM see [12].

Trigger Level A0 A1 A2

L1 12.5± 0.3 3.7± 0.4 0.845± 0.02
L2 19.6± 0.2 1.59± 0.19 0.976± 0.02
EF 19.5± 0.4 1.56± 0.3 0.931± 0.01

Table 18: Fitted parameter for the L1, L2, and EF of the trigger pT turn on curves
.

f (pT) = 0.5·A2 · (1.0+er f(
pT −A0√

2 ·A1
)) (6)

whereer f is the error function,A0, A1, andA2 are the fit parameters which represent thepT value at
which the efficiency reaches half its maximum value, the slope of the turn-on curve, and the maximum
efficiency in the plateau region, respectively.

There are several methods to evaluate the trigger efficiencyfrom the data itself. A possible one is
to look at the trigger efficiency for a known experimentally clean signature that is similar to the final
state of interest;Z→ µ+µ− is one of such signatures. Since the Z is light compared to thetotal center
of mass energy, it can be produced with a significantpT distribution. The trigger efficiency on the
Z can be measured and extrapolated to highpT . The advantage of this method is that it uses data to
measure the trigger efficiency which is the most accurate method of measuring the Z trigger efficiency.
A disadvantage is that the muon trigger efficiency is being extrapolated to apT by a factor of 10 higher
than the meanpT of the muons from the Z decay.

The strategy of evaluating the trigger efficiency from data is as follows. It is first necessary to use
one of several methods to estimate the muon trigger efficiency as a function of the muonpT and its
uncertainty. The single object trigger efficiency allow theconstruction of the probability for an event
with N objects to pass the trigger. This probability can be written as:

P = 1−
N

∏
i=1

(1−Pi) (7)

wherePi is the probability for thei-th object to pass the trigger.
Two common methods that have been used extensively at the Tevatron are the selection by orthogonal

triggers and the ’Tag and Probe’ method using Z→ µµ decay. The ’Tag and Probe’ requires two offline
muons to have an invariant mass within 12 GeV2 of 91.1 GeV2. The turn on curves as a function of the
offline muonpT , obtained using this method, is fit to equation 6. This procedure was repeated for all
three trigger levels and the results are summarized in Table18.

A second possible method of evaluating the trigger efficiency with data is by the method of orthog-
onal triggers. To obtain a sample of unbiased events we select events that pass one of the calorimeter
based triggers, the single 20 GeV jet trigger. We then perform the offline analysis and require that we
have a dimuon pair using identical event selection to the ’Tag and Probe’ analysis. From this sample we
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Sample L1Mu20 Efficiency % L2Mu20 Efficiency % EFMu20 Efficiency Total Efficiency

Z’ 1 TeV (SSM) 97.7± 0.11 99.0± 0.07 99.6± 0.04 96.3± 0.01
Z→ µ+µ− 97.83± 0.04 98.86± 0.03 99.52± 0.02 96.26± 0.05

Table 19: L1Mu20 trigger efficiencies at L1, L2, and Event Filter w.r.t offline reconstruction using
orthogonal trigger selection to record events

.

simply check the fraction of events that pass the L1, L2, and EF trigger conditions for the 20 GeV muon
trigger. The results are shown in Table 19 and are in good agreement with the ’Tag and Probe’ method
and direct emulation of the trigger on the Monte Carlo sample. Unfortunately, in the real experiment a
single jet trigger with a threshold of 20 GeV would be very highly prescaled and hence will suffer from
poor statistics. Events that passed any calorimeter trigger could be used for this study if biases in the
event topology were taken into account, however, such a study is beyond the scope of this note.

We have developed two methods that could be used to evaluate the trigger efficiency from data.
Extraction of the muon trigger efficiency as a function of thereconstructed muon kinematics via a tag
and probe method and an orthogonal trigger method agree wellwith the simulated trigger efficiency.
These methods will allow us to more accurately estimate the trigger efficiency for LHC data.

13 Summary

In this paper Muon trigger baseline performance and rates for initial and standard LHC operation have
been presented. Trigger efficiency has been studied in detail in a wide energy range using single muon
simulated samples. From efficiencies the muon rates have been evaluated. It should be noted that due
to the uncertainties of the inclusive muons cross-sections, rates could vary significantly and different
threshold cuts could be adopted. A further rate reduction should come from dedicated strategies to reject
muon from in-flight decays ofK andπ; in this paper a preliminary analysis is presented at Event Filter.
It is demonstrated that a good rejection can be achieved withcontained losses of prompt muons.

The possibility to select at the ATLAS second level trigger with high efficiency isolated muons
from W andZ decays reducing the ones from heavy quark decays has been studied in depth. Although
electronic readout and pileup noise have been simulated, nocavern background has been yet included. A
factor of ten reduction on high-pT muons from heavy-quark decays has been obtained while maintaining
a 95% efficiency onZ → µ+µ− final state. Next step will be to investigate how much the use of the
longitudinal granularity of the calorimeters and inner tracker detector will increase the muon isolation
rejection power.

The overall performance of the TileCal muon tagging algorithm has been presented, using MC sam-
ples of single muons and inclusive B-Physics processes, including minimum-bias pileup at low luminos-
ity.

We finally addressed the question of how the muon trigger efficiency can be measured withZ →
µ+µ− andZ′→ µµ using the tag and probe method. This technique shows a very good agreement with
results based on Monte Carlo studies.
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HLT b-Tagging Performance and Strategies
Abstract
The ability to trigger on b-jets improves the flexibility and physics performance
of the High Level Trigger (HLT), especially for topologies containing more
than one b-jet. It will be shown that the acceptance for b-jets can be increased
and background reduced by lowering jet transverse energy thresholds and ap-
plying b-tagging selections based on the impact parameter of tracks in jets.
This note reviews the b-jet selection in the HLT and discusses its integration
into the ATLAS trigger menu.

1 Introduction

Final states containing b-jets have been proposed as signatures with substantial discovery potential in
a variety of physics channels. The ability to separate b-jets from light-quark and gluon jets is thus an
important ingredient of the online selection strategy in ATLAS.
One of the most interesting physics cases addressed by such a b-jet trigger selection involves events
with final states containing four b-jets. This event class is relevant for Higgs bosons search in the low
mass range, mH < 130 GeV. The most promising channels are the H → bb̄ decay, where the Standard
Model Higgs boson is produced by way of the associated production channel tt̄H and, in supersymmetric
theories, the channels bb̄H, bb̄A with H/A→ bb̄ or H→ hh→ bb̄bb̄.

The selection of b-jets at the trigger level is mainly meant to improve the flexibility of the HLT,
extending its physics performance for the topologies described above. This is achieved by increasing the
acceptance for signal events, while concurrently reducing the background.

The b-jet selection relies on tracking information which is only available starting with the Second
Level Trigger (L2). Therefore, the acceptance for signal can only be increased by simultaneously low-
ering L1 jet thresholds and applying a more discriminating b-jet selection in the High Level Trigger (L2
and EF). High rejection power from the b-jet trigger is required to compensate for less rejection due to
lower L1 thresholds and thereby to comply with L2 and EF output rate limitations.

2 Monte Carlo samples

The b-tagging performance on single jets, presented in this note, is evaluated on b-jets from H → bb̄
decays, where the Higgs boson has a mass of 120 GeV and is produced in association with a W decaying
leptonically. The standard background for single-jet studies are the corresponding u-jets, obtained by
artificially replacing the b-quarks from the Higgs decay with u-quarks. While these events imprecisely
model the real background from light-flavour jets they can be seen as a worst case scenario since the
kinematical properties of signal and background are very similar.

Even in this very simple situation, the association between Regions of Interest (RoI), identified by
the L1 trigger, and jets is not uniquely defined: a generic x-quark in the final state of an interaction or a
decay can radiate gluons and, therefore, change its direction. An RoI from H→ bb̄ or H→ uū is labeled
as x-jet (x = b, u) if an x-quark from the original hard process points, after final state radiation, along the
RoI direction within an angular distance of ∆R =

√
∆η2 +∆φ 2 < 0.1.

In order to evaluate the rate of the b-jet trigger menu, the rejection power must be evaluated on a
more representative background sample. As for many of the trigger studies in ATLAS, dijet samples
are chosen for this purpose since they correctly include all contributions to the b-tagging background,
including c-quarks and taus.
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All data samples studied in this note have been generated without pile-up, leaving the influence
of pile-up for further studies. The activity due to underlying event is taken into account since it is
automatically included in the PYTHIA [1] event generation.

3 HLT b-jet selection

3.1 L1 configuration

The HLT reconstruction starts from the RoIs selected by the L1 trigger [2]. In particular, the b-jet trigger
starts from a L1 jet-RoI ∆η×∆φ = 0.8×0.8 and performs track and vertex reconstruction in a smaller
RoI ∆η×∆φ = 0.4×0.4 in order to reduce data access and consequently processing time.

3.2 b-jet trigger feature extraction algorithms

The first step in the b-jet trigger chain, both at L2 and EF, is the reconstruction of the relevant quantities
needed to perform the selection. The b-jet RoIs can be separated from light jet RoIs using the impact
parameters of the charged tracks, the properties of reconstructed secondary vertices, or soft leptons; all
these quantities are related to the b-quark lifetime and to its decay properties.

The present b-jet trigger implementation relies only on the impact parameters of charged tracks.
Primary vertex reconstruction is performed only in the z direction while its coordinates in the transverse
plane are assumed to be compatible with the origin.

Track reconstruction algorithms are described, together with their performance, in [3]. The two Inner
Detector tracking algorithms available at L2 show equivalent performance when operating on jet sam-
ples [3]. Thus to avoid unnecessary comparisons, the results obtained with the SiTrack algorithm are
presented. For EF track reconstruction, the algorithm corresponding to that used for offline reconstruc-
tion has been adopted (NewTracking).

3.2.1 Primary vertex reconstruction

Along the z direction no a priori knowledge of primary vertex zvtx is available; consequently, this has to
be reconstructed, starting from the tracks available in the RoI. This information is needed for the correct
evaluation of the longitudinal parameter of each track with respect to the primary interaction position.

The adopted algorithm, a simple histogramming method based on a sliding window, yields an effi-
ciency of 98(99)% and a resolution on zvtx of about 120(100)µm at L2(EF) as illustrated in Fig. 1.

3.3 Tagging variables

The HLT b-jet tagging methods are based on the transverse and longitudinal impact parameters of the
reconstructed tracks. Since the methods are the same for L2 and EF they will be described using L2
variables only.

3.3.1 Transverse impact parameter

The most natural choice is to build the b-tagging discriminant variable from the transverse impact pa-
rameter d0 of the reconstructed tracks. Since the hadrons containing b-quarks have a finite lifetime
(τ ∼ 1.6 ps), tracks from their decays are characterized by large d0 values, while tracks from u-jets come
dominantly from the primary vertex (dvtx = 0).

In particular, the significance of the transverse impact parameter S = d0/σ(d0) is used, where σ(d0)
is the error on the impact parameter. The error on the transverse impact parameter at L2 is parametrized

2
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Figure 1: The distribution of the difference between the true and the reconstructed z primary vertex
coordinates at L2 (full line) and EF (dashed line). The widths as determined by a fit to the distributions
are 120 µm and 100 µm, respectively.

as a function of reconstructed pT as:

σ(d0) =

√
p2

0 +
(

p1

pT

)p2

where p0 is the asymptotic term, p1 is the term due to multiple scattering, and p2 is the exponent of the
multiple scattering contribution (close to two). Although L2 tracking algorithms have recently reached a
good level of precision, the above error parametrization is still applicable at L2 during early data, while
for the EF the reconstructed error is used.

Figure 2 shows the distributions of the impact parameter significance d0/σ(d0) for b-jets and light
jets at L2. The significance has been rescaled according to the function f (x) = log(1 + |x|) in order
to have a reasonably uniform bin population along the x axis. From these plots it can be guessed that
the impact parameter significance is a promising choice for the discriminant variable, since the two
distribution are very well separated.

3.3.2 Longitudinal impact parameter

The longitudinal impact parameter (z0), i.e. the track’s z-intercept, can be adopted, as well as the trans-
verse impact parameter, to discriminate between b-jets and light jets. After the primary vertex position
has been reconstructed, the δ z0 = z0− zvtx variable can be used to form a discriminant which can then
be used for b-jet selection. Figure 3 shows the distributions of the longitudinal impact parameter signif-
icance (δ z0/σ(z0)) of b-jets and light jets at L2. The significance has been rescaled as described above
for the transverse impact parameter.

As for Fig. 2, the signal and background distributions are different although much less so than for
the transverse impact parameter significance. From this comparison, it is clear that most of the discrim-
ination will be provided by the measured transverse impact parameter significance. The resolution of
the longitudinal impact parameter significance is not as good due to the coarser resolution of the silicon

3
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Figure 3: Distribution of the rescaled function (de-
scribed in the text) of the longitudinal impact pa-
rameter significance for tracks coming from b-jets
(solid line) and light jets (dashed line) at L2.

tracking detectors along the z-direction, bigger extrapolation distance from innermost silicon layer hit to
primary vertex at high η , and to the resolution of the reconstructed primary vertex.

3.4 HLT b-jet tagging methods

In this Section, HLT b-tagging methods are described. The likelihood ratio method is quite general and
can be applied to different variables while the χ2 method is essentially designed to test the compatibility
of the tracks with respect to the primary vertex using the transverse impact parameter.

The likelihood ratio, using information on the signal and background shape that have to be estimated
on real data, is both more powerful and more difficult to tune than the χ2 method.

3.4.1 The likelihood-ratio method

The likelihood-ratio method is a statistical tool used to separate two or more event classes, and is based
on a set of characteristic variables. The likelihood-ratio variable W is evaluated, for a given event, as
the ratio between the probability distributions for two alternative hypotheses. In its application to b-jet
selection, the likelihood-ratio variable is defined as

W = S(s)/S(b),

where S(s) and S(b) are the probability densities for the signal, the b-jets, and the background, rep-
resented in this case by the u-jets. This variable is widely used to obtain the best possible separation
between signal and background, in terms of a single variable, in fits aimed at extracting the fraction of
signal events in a given sample. The same variable can be also directly used, as in the b-jet selection
case, to select signal events, for example by applying a cut on the likelihood-ratio variable itself.

The probability density distributions used in the b-tagging application can be functions of some
parameter of each track (e.g. the transverse impact parameter d0) or of some collective property of the
jet (e.g. its track multiplicity). In the first case, these distributions take the form

s(par1, par2, par3, . . . , parn),
b(par1, par2, par3, . . . , parn),

4
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where the 1, . . . ,n indices identify each track belonging to the jet. The corresponding likelihood-ratio
variable is thus defined as

W =
s(par1, par2, par3, . . . , parn)
b(par1, par2, par3, . . . , parn)

Exact evaluation of the s and b functions is very difficult, since it would require an almost infinite amount
of simulated data; for example, in order to reasonably populate an n-dimensional cube, about 100 entries
are needed for each dimension, corresponding to n100 tracks; even worse, the number of tracks in a jet is
not fixed. However, if we assume that the variables corresponding to different tracks are independent, the
ratio between the overall probability densities reduces to the product of the ratios of the single probability
densities:

W =
n

∏
i=1

s(pari)
b(pari)

,

which is much easier to evaluate. In the b-tagging case, track parameters have complex correlations
which depend on the proper time for the B hadron and on its decay kinematics. Nevertheless, it can be
proven that, neglecting these correlations does not invalidate this variable, but results only in a slight
reduction of its discriminating power.

The W variable, can take any value between 0 (for the background) and +∞ (for the signal). For
practical reasons, it is useful to handle a variable defined on a finite interval; to achieve this, W is usually
replaced by another variable

X =
W

1+W
,

which can only range between 0 and 1.

As an illustration of the method, Fig. 4 and Fig. 5 show the distributions of the discriminant variable
X which is based on the combination of the transverse and longitudinal impact parameter for b-jets and
light jets respectively at L2 and EF. It can be seen that signal events (b-jets) accumulate near X = 1, while
the background (light jets) tends to have X close to 0.
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Figure 4: Distribution of the discriminant variable
X based on the combination of the transverse and
longitudinal impact parameter significances for b-
jets and u-jets (dark area) at L2.
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Figure 5: Distribution of the discriminant variable
X based on the combination of the transverse and
longitudinal impact parameter significances for b-
jets and u-jets (dark area) at EF.

Contrary to the offline b-tagging methods based on likelihood ratio, the sign of the impact parameters
is currently not used at HLT since the RoI direction does not give a precise estimation of the b-jet
direction. Future studies will use the impact parameter sign determination respect to a track based cone
jet described in the next Section.

5

TRIGGER – HLT b-TAGGING PERFORMANCE AND STRATEGIES

139

687



3.4.2 χ2 method

The χ2 method offers an alternative tagging approach that is more robust since it is less dependent on
the details of the impact parameter distributions. This method has been studied and characterized only at
L2.

The χ2 method computes the probability for a jet to originate from the primary vertex, based on
the signed transverse impact parameter significance of tracks pointing to the jet. This technique was
originally developed by the ALEPH collaboration and extensively used at LEP and Tevatron experiments
[6] [7] [8]. One of the main advantages of this method is that it only relies on the transverse impact
parameter significance distribution of prompt tracks in multi-jet events, which can be easily derived
completely from real data. On the other hand the performance of this method is limited due to the fact
that tracks from beauty and charm particles produce significant tails with negative impact parameters.
These negative tails originate from the differences of the direction of the estimated jet and B-hadrons and
also in the differences of the direction of B-hadrons and charmed hadrons in the cascade decays.

The definition of the sign of the transverse impact parameter is based on the angle between the jet
axis and the line between the primary vertex and the point of closest approach of the track, such that it
is negative when the track appears to originate behind the primary vertex (i.e. when the angle is greater
than π/2) as illustrated in Fig. 6.

d0 = |δ |
d0 =−|δ |

Figure 6: Definition of the sign of the transverse impact parameter. When the angle between the jet axis
and the line between the primary vertex and the point of closest approach of the track is lower (greater)
than π/2 the sign is positive (negative).

Tracks from light-quark jets have equal probability to have positive or negative transverse impact
parameters, and the width of the signed transverse impact parameter distribution depends on the tracking
detector resolution and multiple-scattering effects. The signed transverse impact parameter distribution
of tracks from displaced b-jets, on the other hand, has a large positive asymmetry due to the fact all that
most of the long-lived particles from b-hadron decays are produced with positive impact parameters.

Good jet angular resolution is a key to achieving a good b/light-quark jet discrimination since the
direction of the jet axis enters into the calculation of the sign of the impact parameter. Poor jet angular
resolution results in frequent mis-assignment, particularly for tracks with small angle with respect to the
jet direction.

In order to improve the resolution of the azimuthal angle (φ ) of the jet, a track-based simple cone jet
reconstruction algorithm is used instead of the jet-RoI φ direction. Figure 7 shows that the φ resolution
improves by more than a factor of two when tracks are used to compute the jet direction. The effect of
jet φ resolution on b/light quark jet discrimination can be seen in Fig. 8, which shows the distribution
of signed transverse impact parameter significance for b-jet tracks when φ is computed using truth, RoI,
and track-jet φ directions.

The negative transverse impact parameter significance is computed using a parameterization for the

6
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jet multiplicity.

Signed IP significance
-20 -15 -10 -5 0 5 10 15 20

Ev
en

ts

1

10

210

310 Truth
TrackJet
RoI

ATLAS
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Negative IP significance
-14 -12 -10 -8 -6 -4 -2 0

Ev
en

ts

10

210

310 ATLAS
< 7 pixel hits
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significance and the resolution function R(S) for
tracks with less than 7 hits in the Silicon detectors.
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Figure 10: Negative transverse impact parameter
significance and the resolution function R(S) for
tracks with at least 7 hits in the Silicon detectors.

transverse impact parameter error as a function of pscat = psinθ 3/2 and the number of hits in the pixel
detector. A double-Gaussian fit to the distribution of negative transverse impact parameter significance
(R(S)) is used to define ptrk(S), the probability for a track to originate from a primary vertex:

ptrk(S) =
∫ −|S|
−15 R(S)dS
∫ 0
−15 R(S)dS

(1)

where only tracks with positive impact parameter are used in the calculation. The distribution of negative
transverse impact parameter significance and the resolution function R(S) is shown in Fig. 9 and Fig. 10
for tracks with less and more than 7 Silicon detectors hits.

The definition of ptrk ensures a uniform distribution between 0 and 1 for tracks originating from the
primary vertex. Tracks from displaced B decays result in ptrk ∼ 0.

A χ2 jet probability is defined by considering the probabilities of all tracks with positive transverse
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impact parameter in a jet [6]:

p jet = Π
N−1

∑
j=0

(− logΠ) j

j!
(2)

where Π = ∏N
1 ptrk(S).

Figure 11 shows the ptrk distribution for light and b-quark jets. The spike at small probability for
light quarks tracks is due to tracks from V 0 decays, which have positive transverse impact parameter.

Figure 12 shows the p jet distribution for light and b-quark jets. Jets are tagged as b, if the p jet is
below some value, typically between 0.5% and 5%.
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Figure 11: Track χ2 probability (ptrk) for b-jets
(full histogram) and light jets (shaded histogram).
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Figure 12: Jet χ2 probability (p jet) for b-jets (full
histogram) and light jets (shaded histogram).

4 HLT b-jet selection performance on single jet-RoIs

Every tagging method will be characterized by the curve showing the light-jet rejection versus the effi-
ciency to select b-jets (εb). The light-jet rejection is defined as the inverse of the efficiency of selecting
u-jets (Ru = 1/εu) where we have assumed that u-jets are representative of light jets in general.

4.1 Likelihood ratio method using impact parameters

Figures 13 and 14 show, respectively, the b-tagging performance for L2 and EF when the transverse
impact parameter significance is used in defining the discriminant variable X , while figures 15 and 16
show the b-tagging performance curves for L2 and EF, when the significance of the longitudinal impact
parameter with respect to the primary vertex is used instead.

Figures 17 and 18 show the b-tagging performance curves for L2 and EF when the likelihood ratio
method is built on the combination of the transverse and longitudinal impact parameter significances.

4.2 χ2 method

The performance of the χ2 b-tagging algorithm, evaluated as a function of the χ2 cut is shown in Fig. 19.
The limited efficiency of the method is due to the request of at least two reconstructed tracks to define
the track-jet. Clearly, an effort should be made to include RoIs having only a single track. Nonetheless,
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Figure 13: Performance of the b-jet selection
based on the d0 significance discriminant variable
at L2.
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Figure 14: Performance of the b-jet selection
based on the d0 significance discriminant variable
at EF.
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Figure 15: Performance of the b-jet selection
based on the δ z0 significance discriminant vari-
able at L2.

b-jet efficiency
0 0.2 0.4 0.6 0.8 1

lig
ht

 je
t r

ej
ec

tio
n

1

10

210

310
ATLAS

Figure 16: Performance of the b-jet selection
based on the δ z0 significance discriminant vari-
able at EF.
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Figure 17: Performance of the b-jet selection
based on the combination of the transverse and
longitudinal impact parameter significances at L2.
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Figure 18: Performance of the b-jet selection
based on the combination of the transverse and
longitudinal impact parameter significances.

we note that the strength of the method lies in its impact intrinsic robustness and this advantage must
also be considered when comparing its performance with that of the likelihood method.
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Figure 19: Performance of the b-tagging selection based on the jet χ2 probability variable.

4.3 Comparison with the offline selection

To tune the online working points so as to ensure the attainment of the overall (i.e. including offline cuts)
efficiency goal of 60% for b-jet tagging and avoid biases, it is crucial to evaluate the correlation between
the online and offline algorithms.

The performance of the L2 and EF trigger algorithms based on impact parameters in the transverse
plane has been compared to that obtained with the corresponding offline algorithm. This choice is mo-
tivated by the wish to perform a coherent comparison; more exhaustive comparison studies will be per-
formed on specific physics selections.

Figure 20 demonstrates that the L2, EF and Offline selections are well correlated. In particular it is
always possible to recover the full offline performance at a given b-jet efficiency if the L2 and EF working
points are set at an appropriate higher efficiency. In particular for the trigger menu studies shown in the
following, a working point of about 80% efficiency at L2 and about 70% at EF have been chosen in order
to ensure full acceptance for the standard offline working point (60%).

Future studies will address remaining differences between EF and offline algorithms.

4.4 Execution time at L2 and EF

The execution time needed to reconstruct relevant quantities described in this note and to perform b-jet
selection was evaluated both at L2 and EF. Results highlight that the timing performance fits design
requirements and that the overall time spent is dominated by data preparation and track reconstruction
algorithms. Further details are given in [3].

5 b-tagging trigger strategy

After having defined and characterized the b-jet selection algorithm on single b-jet RoIs the b-jet trigger
menu has to be built. Figure 21 illustrates the online b-jet selection algorithm’s performance as evaluated
using high statistics samples. The performance of the L2 algorithm is indicated along with the perfor-
mance of the EF algorithm on events which are selected by L2 (at the nominal working point of 80%
efficiency). Since the b-tagging cut is fixed, the b-tagging efficiencies vary with ET threshold. Typical
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Figure 20: The correlation between L2, EF and offline taggers

L2(EF) b-tagging efficiencies are εb = 76(67)% at ET = 18 GeV and εb = 80(73)% at ET = 70 GeV .
This variation of the working point as a function of ET compensates for the effect of the worsening of the
b-tagging performance at low ET , so the rate reduction does not change significantly with ET .

It is clear that b-jet selection can play an important role especially for events with multiple b-jets
because the selective filtering of b-jets can produce very high rejection and thereby allow a significant
decrease of the L1 thresholds while keeping the jet-RoI output rate of L2 and EF almost constant.

5.1 b-jet trigger menu

The possible b-jet signatures initiated by multi-jet L1 signatures with given ET thresholds can be repre-
sented in general as nbET mL1JET , where n indicates the number of b-tagged jets required out of m
L1 jets with transverse energy greater than ET . The HLT b-tagging working point is the one describe in
section 4.3. The rate reduction as a function of the available L1 thresholds is shown in Fig. 22. The EF
output rates of different multi b-jet signatures at the luminosity of 1031 cm−2s−1 are given in Table 1.
The rates and uncertainties of these rates have been computed for dijet samples using the relations

pi = Ni
EF/Ni

Total
R = L ∑ piσi

σ(R) = L

√
∑ pi(1−pi)

Ni
Total

σ2
i

(3)
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Figure 21: b-jet performance based on the combination of the transverse and longitudinal impact param-
eter (EF selection starts from the chosen L2 working point).
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Figure 22: Rate reduction achieved with HLT b-jet as a function of the L1 ET threshold.

where Ni
EF and Ni

Total are respectively the number of events selected at the end of the trigger chain and the
total number of events in the sample Ji, σi is the cross-section of the sample Ji and L is the luminosity.

The uncertainties in the tables indicate that at high transverse energy, the rate computation is not very
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precise. Nevertheless, with the requirement of keeping the EF output rate at a few Hz for each multi b-jet
signature, trigger menus for different luminosities can be chosen as:

• luminosity 1031 cm−2s−1: 3b23 3L1J23, 3b18 4L1J18

• luminosity 1032 cm−2s−1: 2b42 3L1J42, 3b35 3L1J35, 3b23 4L1J23, 4b18 4L1J18

• luminosity 1033 cm−2s−1: 2b70 3L1J70, 3b42 3L1J42, 3b35 4L1J35, 4b23 4L1J23

It can be noticed that as the luminosity increases, requiring more b-tagged jets is a viable alternative to
increasing ET thresholds.

Transverse energy Signature rate [Hz]
ET [GeV] 2bET 3L1JET 3bET 3L1JET 3bET 4L1JET 4bET 4L1JET

18 47±11 1.5±0.4 1.0±0.3 0.2±0.1
23 18±7 0.5±0.2 0.4±0.2 0.004±0.002
35 1.0±0.2 0.04±0.01 0.02±0.01 0.0007±0.00006
42 0.4±0.1 0.02±0.01 0.01±0.01 0.0007±0.00006
70 0.01±0.02 0.0008±0.0006 0.0007±0.0006 0.0007±0.00006

Table 1: EF output rates for the different multiple b-jet signatures at 1031 cm−2s−1.

The strategy behind the evolution of the b-jet signatures is to select more aggressively as luminosity
increases and HLT tracking becomes better understood. Before the b-jet trigger achieves full perfor-
mance, a good online resolution of track impact parameters must be achieved. In turn, this requires
adequate knowledge of the inner detector alignment and sufficient understanding of the overall detector
performance.

5.2 Prospects for measuring efficiency and correlation with offline on real data

The HLT b-tagging group is working closely with the offline b-tagging group to develop a method to
measure the b-jet efficiency with real data. For an explanation of the method and a discussion of its
performance we refer to the b-tagging note on dijets [5].

In addition to the “physics” triggers listed in the previous Section , the b-jet group has introduced
several “technical” triggers in order to study rate and correlation of the online and offline algorithms:

• single b-jet signatures: b18, b23, b35, b42, b70: prescaled to limit their contribution to the EF
output to few Hz;

• each multi jet item is duplicated with an identical signature which selects, independently of the
HLT b-jet result, one over n events (where n is presently set at 1000 but will be tuned according to
the rate allocated to b-jet triggers).

6 Summary and conclusions

The b-jet selection at the L2 and EF stages of the ATLAS High Level Trigger has been described and
characterized. An HLT b-tagging trigger menu has been implemented which demonstrates the feasibility
of increasing the acceptance of events with more than one b-jet by decreasing L1 jet ET thresholds while
controlling the output rate by introducing a b-jet selection at the HLT.
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Overview and Performance Studies of Jet Identification in the
Trigger System

Abstract
This note describes in detail the algorithms used to identify jets in the ATLAS
trigger system. Results from performance studies of these jet algorithms are
presented. An initial trigger menu using jets and proposed strategy to adapt to
increases in luminosity are also discussed.

1 Introduction

A critical component of the ATLAS trigger system is the ability to efficiently identify hadronic jets in an
event. The performance of the jet reconstruction depends on the trigger jet energy resolution and scale.
In this note we discuss the algorithms at the different trigger levels and evaluate their performance.

2 L1 jet trigger algorithm

A detailed description of the L1 jet trigger algorithm can be found in [1]; however, for completeness, a
summary of the relevant features of this algorithm is presented below.

The ATLAS electromagnetic and hadronic calorimeters are segmented into approximately 7200 trig-
ger towers, with granularity of approximately 0.1×0.1 in η×φ space. The granularity varies slightly in
different sub-detector systems, for further details see [1]. Analog signals from these trigger towers are
transmitted directly to the L1 system. The L1 hardware digitises the trigger tower signals, associates them
with a bunch crossing and performs pedestal subtraction. The L1 system also applies a noise suppression
threshold and transverse energy calibration. The electromagnetic tower ET response is calibrated at the
EM scale and the hadronic tower ET response is calibrated for jets.

The L1 trigger constructs “jet elements” made of the sum of 2× 2 trigger towers in the electro-
magnetic (EM) calorimeter added to 2× 2 trigger towers in the hadronic calorimeter which gives a
granularity of 0.2×0.2 in η×φ space. The jet reconstruction algorithm consists of a sliding window of
programmable size that could be either 2× 2, 3× 3 or 4× 4 jet elements. A jet is reconstructed if the
total transverse (EM+Hadronic) energy within the window is above a given threshold. The step size for
the sliding window is 0.2 in both η and φ which implies significant overlap of the window in neighbour-
ing positions. To prevent the L1 algorithm from identifying overlapping jets, the transverse energy of a
cluster, defined as a region spanned by 2×2 jet elements, is required to be a local maximum within±0.4
units in η and in φ . The L1 jet algorithm identifies jets within the region of |η |< 3.2. Figure 1 shows a
schematic diagram of the jet reconstruction algorithm at L1.

In contrast to the other calorimeters, the L1 forward calorimeter (FCAL) trigger towers have a granu-
larity of approximately 0.4×0.4 in η and φ . The forward jet trigger electronics was originally designed
to only be used for the calculation of missing ET at L1, and not to identify in addition jets in the forward
regions of the detector. As a consequence, limited granularity of the FCAL data is available at L1. A jet
element in the FCAL is formed by summing calorimeter towers in η . Therefore, the FCAL jet elements
have a φ granularity of 0.4 with only a single η bin at each end. This has an impact on how the HLT
forward jet reconstruction algorithm is implemented, as discussed in Section 5.

In the tentative menu proposed for early data taking, a sliding window size of 4×4 jet elements has
been chosen for almost all thresholds; the exception is the algorithm used to reconstruct b-jets which
has a proposed transverse energy threshold of 5 GeV and uses a window size of 2× 2 to minimise the
identification of fake jets associated with possible calorimeter noise.
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Figure 1: Schematic diagram of the L1 jet algorithm showing a window of 4×4 jet elements spanning
the electromagnetic and hadronic calorimeter in depth, and a local maximum transverse energy cluster
of 2×2 jet elements.

Table 1: Simulated dijet event samples used to study the performance of the jet trigger algorithms. The
last row gives a summary of the cuts applied on the hard scatter parton in the event.

Event Sample J0 J1 J2 J3 J4 J5 J6 J7 J8
Cross-section (mb) 17.6 1.4 9.3E-2 5.9E-3 3.14E-4 1.3E-5 3.6E-7 5.3E-9 2.22E-11
ET Range (GeV) 8-17 17-35 35-70 70-140 140-280 280-560 560-1120 1120-2240 > 2240

3 L1 performance

Dijet events were used to study the performance of the L1 jet trigger algorithm. Table 1 provides a
summary of the simulated data samples used along with their respective cuts on the hard scatter parton
and cross-section. These simulated dijet event samples, together, span the whole ET jet spectrum relevant
for jet identification in the trigger.

The transverse energy scale of L1 jets is defined as the ratio between the transverse energy measured
in L1 divided by the truth jet ET . Each jet identified by the L1 trigger was matched to a truth jet found
using the cone algorithm with R = 0.4. The matching criterion consists in searching for the closest truth
jet in the η−φ plane, where the distance is defined as ∆R =

√
(ηL1−ηReco)2 +(φL1−φReco)2. The L1 jet

transverse energy scale as function of truth jet ET is shown in Fig. 2(a). The transverse energy scale at
L1 varies from about 70% to 90%, increasing with the transverse energy of the jet. There are several
effects that contribute to this behaviour. The first one is the noise suppression mentioned in Section 2.
The lower the transverse energy of the jet, the larger is the number of trigger towers that do not satisfy this
noise suppression threshold leading to an underestimation of the jet transverse energy. In addition, each
L1 trigger tower signal must be associated with a particular Bunch Crossing Identification number. The
efficiency of this requirement is approximately 50% for 1 GeV trigger tower signals, reaching nearly
100% for 3 GeV trigger tower signals. Again, this inefficiency particularly affects lower transverse
energy jets that will tend to contain a larger fraction of trigger towers with low energy signals. The
most important reason for the lower jet transverse energy scale with respect to truth jets comes from the
different e/π response of EM and hadronic towers. For presentation purposes, a common conversion
factor is used to translate the number of counts measured in an EM or hadronic tower into units of
transverse energy. This results in an apparent lower jet transverse energy scale compared to truth jets. It
is important to note that thresholds in the L1 are applied in terms of the internal L1 quantity “counts”
and not in units of transverse energy. In Fig. 2(b), the L1 jet transverse energy scale is also shown as
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Figure 2: The L1 jet transverse energy scale as function of truth jet transverse energy (a) and pseudo-
rapidity (b).
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Figure 3: L1 jet transverse energy resolution as a function of truth jet transverse energy (a) and the L1 jet
trigger efficiency as function of the offline reconstructed jet ET for different L1 energy thresholds (b).

a function of the pseudo-rapidity (η) of the truth jet. The response of the different calorimeter sub-
detectors can be identified. Figure 3(a) shows the L1 transverse energy resolution as function of truth jet
ET . The transverse energy resolution is defined as the width of the EL1

T −E truth
T distribution in each E truth

T
bin, divided by the E truth

T of that bin.
Figure 3(b) shows the L1 jet trigger efficiency as function of offline reconstructed jet ET for different

L1 jet trigger thresholds. The limited jet transverse energy resolution of the L1 system particularly affects
the higher L1 energy thresholds.

The effect of pile-up on the performance of the L1 jet trigger reconstruction was also studied. At a
luminosity of 1033s−1cm−2, an average of approximately 2 inelastic collisions are expected per bunch
crossing. Simulated dijet events including this level of pile-up were generated. The effect of increased
occupancy in the calorimeters will have some impact on the reconstructed transverse energy of the jet.
Figure 4 shows the impact of this pile-up on the L1 jet transverse energy scale and jet trigger efficiency.
The transverse energy scale increases due to the additional energy deposited in the calorimeter from pile-
up events. The L1 transverse energy resolution also worsens as seen on Fig. 4(b). The effect is clearly
more important for low energy jets where the contribution of pile-up energy can be of the same order of
magnitude as the jet energy itself.
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Figure 4: The L1 jet transverse energy scale as function of truth jet transverse energy (a) for simulated
dijet events with pile-up. The L1 jet trigger efficiency as function of offline reconstructed jets (b) for a
35 GeV L1 trigger threshold, with and without taking into account pile-up.

4 HLT jet algorithms

The HLT object reconstruction is guided by the result of the L1 system. HLT algorithms typically only
access data from a limited region of the detector in the vicinity of an RoI provided by L1. The position
of this RoI is successively updated and refined by the HLT algorithms.

HLT algorithms are classified in two types:

• “Feature Extraction algorithms”: Algorithms that retrieve and unpack detector data and create
simple classes composed of useful physics observables. These algorithms consume most of the
available time.

• “Hypothesis algorithms”: Algorithms that retrieve the physics information produced in the preced-
ing Feature Extraction algorithms, and validate a specific hypothesis (e.g. ET threshold). These
algorithms have a very fast execution time.

This separation between Feature Extraction and Hypothesis algorithms optimises the overall execu-
tion time since the data retrieved by a single Feature Extraction algorithm can be used to provide input
to several fast Hypothesis algorithms to test various physics signatures, and hence avoids multiple data
access and unpacking.

Figure 5 shows a schematic diagram of the sequence of algorithms used to reconstruct jets in the HLT.
The Hypothesis algorithms for jets reconstructed at L2 and EF compare the energy of the jet candidates
to some predefined ET thresholds. The next few sections describe in detail each Feature Extraction
algorithm appearing in Fig. 5.

5 L2 jet algorithm

Standard L2 jets are defined within the |η |< 3.2 region and are reconstructed using the electromagnetic
and hadronic calorimeter data. Forward jets are defined within the range 3.2 < |η | < 5 and are recon-
structed using data from the forward calorimeters. As described below, the forward jet reconstruction is
different than the standard jet algorithm due to the limited η position resolution of L1 jets.

The output of the L2 Feature Extraction algorithm is a reconstructed jet with a given energy and
position in η and φ . The algorithm contains three distinct parts described below: data preparation, jet
finding and calibration.
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Figure 5: Schematic diagram of the sequence of algorithms used to reconstruct jets in the HLT. The ovals
and diamonds represent Feature Extraction algorithms and Hypothesis algorithms, respectively.

5.1 L2 jet data preparation

The data preparation for the L2 jet trigger is a critical part of the algorithm chain. It provides the col-
lection of data from the detector readout drivers (ROD) to the L2 processing units and the conversion
from the raw data into bytestream files readable by the HLT algorithms. The RODs receive data from
the calorimeters front-end boards (FEB) via optical fibres. The FEBs are installed on the detector and
contain the electronics for amplifying, shaping, sampling, pipelining, and digitising the signals [2, 3].

The ATLAS calorimeters consist of more than 105 individual readout channels; therefore, in order
to meet the L2 timing performance goals of 40 ms total processing time per event, the amount of data
unpacked must be kept to a minimum while simultaneously maximising the physics performance of the
algorithm.

The L2 jet trigger algorithm accesses calorimeter data that lies in a rectangular region centred around
the L1 jet RoI position with a width ∆η and ∆φ that can be defined to have any size. The widths ∆η and
∆φ are parameters that are specified at trigger configuration time. Figure 6 shows a schematic diagram
of the L2 jet reconstruction algorithm.

The position and transverse energy of each detector element that falls into the chosen (∆η , ∆φ )
window is read out by the algorithm. As a result the calorimeter read out region can be regarded as

5

TRIGGER – OVERVIEW AND PERFORMANCE STUDIES OF JET IDENTIFICATION IN THE . . .

153

701



η

φ

H
alf w

idth

Half width

Level−1 RoI

N iterations

φ

η

Level−2 Jet

Figure 6: Schematic diagram summarising the L2 jet algorithm. The data unpacking step reads in the
necessary calorimeter data within a predefined window size and defines a grid of calorimeter elements
each with an associated energy and position. The size of grid elements depends on the calorimeter data
unpacking method used. The dark (red) boxes in the diagram represent grid elements with substantial
energy deposition. The algorithm is seeded by the L1 position as shown on the left. The final jet is found
after a given number of iterations. The position of the jet is calculated as the energy weighted average of
the grid elements position within a given cone size. The energy of the jet is calculated as the sum of the
energy of each grid elements falling within the given cone size.

partitioned into a grid of elements with associated energies and (η ,φ)-coordinates as shown in Fig. 6.
Therefore, the amount of data accessed is equivalent to the number of grid elements.

Two different data unpacking approaches are implemented and described below. One of the methods,
the cell-based approach, has finer granularity and hence produces more accurate energy and transverse
energy reconstruction, but is more time consuming. The other method, the front-end board approach, is
faster but the coarser granularity produces a less precise reconstruction. Both methods are, as we will
see in section 6, reasonably within the L2 time budget limits. The final decision of what approach should
be used will be made depending on the final High Level Trigger setup.

5.1.1 The cell-based approach

This method uses the full granularity of the calorimeters [1]. Each grid element in Fig. 6 corresponds
to a calorimeter cell with a given transverse energy and (η ,φ)-coordinate provided by the ROD. In the
following discussions, jets reconstructed using this data unpacking approach are referred to as “cell-based
jets”.

5.1.2 The front-end board approach

This method uses a coarser granularity than the cell-based data unpacking. Instead of reading out ev-
ery cell over a specified region of the liquid argon (LAr) calorimeters, only information from the LAr
calorimeters front-end boards is used. There are 128 readout channels per FEB and two FEBs are con-
nected to one ROD. For the tile calorimeter, the full cell granularity is still used.

In the RODs, the sums of the Cartesian components of the cell energies are calculated for each FEB:

Ex =
128

∑
i=1

Ei
cosφi

coshηi
(1)
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Ey =
128

∑
i=1

Ei
sinφi

coshηi
(2)

Ez =
128

∑
i=1

Ei tanhηi (3)

where Ei is the energy and φi, ηi the position of each cell. This sum is computed per FEB and runs over
all channels with an energy Ei > 2 ·σnoise. The noise cut value, which is a configuration parameter, has
been determined from performance studies with QCD dijet events, such as to give the similar jet energy
scale as obtained with the cell-based approach, which will be presented in the next section. The total
energy of the cells connected to a FEB is then obtained from the quadratic sum of the three components,
Etot =

√
E2

x +E2
y +E2

z . The corresponding η and φ coordinates are calculated as

η = atanh(Ez/Etot),

φ = atan2(Ey/Ex),

where the function atan2 returns the angle φ ∈ [−π,π]. The resulting values for the energy and the (η ,
φ )-coordinate are then used to define the grid of elements in a region around the L1 RoI position, as
is illustrated in Fig. 6. In the following text, jets reconstructed using this data unpacking method are
referred to as “FEB-based jets”.

5.2 L2 jet finding algorithm

Jets are defined as a cone-shaped object in the (η ,φ )-space with a given radius ∆R =
√

∆η2 +∆φ 2. The
value ∆R is a parameter of the algorithm that is defined at trigger configuration time. The jet energy and
position are found through an iterative procedure with the following steps:

• The L1 jet RoI is used as a seed for the algorithm. A reference jet is created, labeled j0, defined
by the L1 jet RoI position with the pre-defined cone radius ∆R (see left-hand side of Fig. 6). Note
that the possible positions of the reference jet j0 are discreet due to the L1 granularity.

• Grid elements that fall within the (η , φ )-region encompassed by the reference jet j0 are used to
recalculate the jet energy and position according to:

ηj1 = ∑k
i=1 Eiηi

∑k
i=1 Ei

, (4)

φj1 = ∑k
i=1 Eiφi

∑k
i=1 Ei

. (5)

The sum runs over the k grid elements that are contained in the cone defined by the reference jet
j0. A grid element is included in the sum if its centre falls within the region spanned by the cone
radius ∆R. The total energy and coordinates (ηj1 , φj1), computed in Equations (4) and (5), are used
to define the new reference jet j1.

• The previous step is repeated with j0 replaced by j1 in Equations (4) and (5), which results in
updated coordinates ηj2 and φj2 to define the updated jet j2. This algorithm can be repeated N
times to create jet jN.
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• A predetermined fixed number of iterations are executed. The energy of the final jet is calculated
as the sum of the energy of all the grid elements falling within the cone radius. The position of
the jet is obtained as the energy weighted average of the position of each grid elements within the
cone, as shown in Fig. 6.

The outcome of this algorithm is a jet defined by its (η ,φ ) position and total energy. The calorimeter
energy scale, at this point, is set at the electromagnetic scale which does not provide an accurate measure
of the jet energy. The next Section describes the calibration weights applied to correct the total jet energy
for non-electromagnetic shower components.

5.3 L2 jet calibration

The ATLAS calorimeter response to the electromagnetic component of a hadron shower is not equal to
the response to the non-electromagnetic component. In general, the hadronic response (h) is smaller than
the electromagnetic response (e),

e/h > 1.

This effect is mainly due to the energy lost in the breakup of nuclei or in nuclear excitation. In order
to correct for it, a weight is applied to each element that makes up a jet. Depending on the calibration
method used, a jet can be regarded as composed, for example, of individual calorimeter cells or of energy
deposits in calorimeter samplings. The calibrated jet energy can then be written as:

Erec
jet =

n

∑
i=1

wiEi (6)

where the sum runs over the n constituents of the jet.
The weights wi in Equation (6) are extracted using simulated event samples by minimising the func-

tion:

S =
Njets

∑
m=1

[
(E truth

m −E rec
m )

σm

]2

(7)

The sum runs over all the jets in the events. The true energy of the m-th jet in the event is labeled
E truth

m and is obtained from the Monte Carlo (MC) truth information, running a cone jet algorithm with
radius ∆R = 0.4 over the MC truth particles and finding the truth jet that is closest to the m-th jet. A
truth jet is made up of all particles generated, excluding neutrinos and muons which have their own
observables, missing transverse energy for neutrinos and reconstructed tracks for muons. By minimising
S with respect to the true jet energy, an improvement of the jet energy scale and resolution is obtained.

Different calibration methods can be applied, which differ in the partitioning of the jet energy into
calorimeter components (e.g. cells, layers). The calibration method used here is the so-called sampling
technique [4]. In this method, individual weights can be applied to the energy deposited in each of the
electromagnetic (EM) and hadronic (HAD) calorimeter sampling layers. The energy dependence of the
weights is chosen to be:

wi = a+b log(E). (8)

In the implementation used for L2 jets, only two weights are calculated and applied to calibrate
the reconstructed jet energy; one weight for the total energy deposited in the EM calorimeter, and one
weight for the total energy deposited in the hadronic calorimeter. Furthermore, the η range is split in 32
bins with a size of 0.1 in the region 0 < |η | < 3.2. This procedure assumes an azimuthally symmetric
response. This assumption will need to be validated with real data. A fit to Equation (8) is performed
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Table 2: Parameters used in the L2 jets reconstruction. The value of the cone size radius is defined for
each iteration.

Parameter Standard Jets Forward Jets
Number of iterations 3 3
Cone radius 0.4/0.4/0.4 1/0.7/0.4
∆η window size 1.4 3 < |η |< 5
∆φ window size 1.4 1.4

using the MINUIT2 package [5]. It yields the values of the two parameters of Equation (8) for each
η-bin and for the electromagnetic and hadronic calorimeter sampling. The computed weights are then
stored in a configuration file, which serves as input to the L2 jet algorithm that applies the weights to
each identified jet.

5.4 L2 jet parameters

In the configuration of the L2 jet trigger algorithm, the values of the following parameters need to be set:

• the data unpacking method: cell-based or FEB-based,

• the calorimeter window size ∆η and ∆φ , where data need to be unpacked,

• the radius of the cone ∆R used in the jet finding algorithm,

• the number of iterations used in the jet finding algorithm,

• the calibration constants used.

A set of parameter values which yields the optimal balance between short execution times and ade-
quate physics performance must be chosen.

6 L2 performance

The performance of the L2 jet algorithm was studied using the simulated dijet event samples described
in Table 1.

The parameters used in the reconstruction of the L2 jets are summarised in Table 2. These parameters
were found to be a good compromise between the physics performance (e.g., energy resolution and scale)
and the algorithm execution time.

The first parameter studied was the number of iterations of the jet finding algorithm. The variation in
the jet (η ,φ ) coordinate and transverse energy after each iteration of the jet reconstruction algorithm is
shown in Fig. 7. The largest variation in ET ,η and φ happens after the first iteration and thus it has the
largest impact on the measurement precision. This suggests that the number of iterations could possibly
even be reduced to 2 without losing too much precision on this measurement.

In order to study the effect of the window size used to unpack calorimeter data, the total time spent
by the jet algorithm running with different sizes was studied. Windows with dimensions of 1.0×1.0 (in
η×φ ) and 1.4×1.4 were studied. A window size of 1.0×1.0 is only slightly larger than the diameter of
a jet with ∆R = 0.4. The maximum initial displacement of a jet with respect to a truth jet is approximately
0.2 in ∆η or ∆φ , as can be seen in Fig. 7. Therefore, a window size of 1.0×1.0 should be adequate for
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Figure 7: Variation in the (a) transverse energy, (b) φ position and (c) η position of jets as function
of number of iterations performed by the L2 jet reconstruction algorithm. The area of the boxes is
proportional to the number of entries in each bin.
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Figure 8: Time spent by the L2 jet reconstruction algorithm for two different window sizes: 1.4× 1.4
(dashed line) and 1.0×1.0 (solid line).

the jet reconstruction. The total time spent by the L2 jet algorithm for two different window size and
using three iterations is shown in Fig. 8. A reduction of the window size from 1.4× 1.4 to 1.0× 1.0
results in a considerable reduction (of order 30%) in the processing time. As shown in the next section,
the energy scale and resolution is not significantly affected by this reduction of the size of the window.

6.1 Performance for cell-based reconstruction

The calibration constants used to reconstruct cell-based jets in L2 were extracted using dijet events
simulated with PYTHIA [6] and following the approach described in Section 5.3. The L2 jet transverse
energy scale and resolution for cell-based jets after calibration are presented in Fig. 9. The transverse
energy scale is defined as the L2 jet transverse energy divided by the truth jet ET . Truth jets are identified
by applying the cone algorithm with Rcone = 0.4 on the collection of truth final state particles. The
transverse energy scale is close to unity for all the η coverage of the L2 jet trigger and all the transverse
energies studied, demonstrating that the transverse energy is correctly measured within 2%. The jet
transverse energy resolution decreases from 12% for the lowest transverse energies to 4% for transverse
energies above 1000 GeV. The resolution curves were fitted with the following expression that includes
a stochastic term convoluted with a constant term:

σ(E)
E

=
A√
E
⊕B (9)

Table 3 shows the result of the fits for all the η bins, before and after calibration. A few percent improve-
ment in the resolution is obtained with the current calibration method. A further improvement can be
achieved in the future by exploiting the correlation between the fraction of electromagnetic energy and
the calibration weights [7].

In another study, two different window sizes were used in order to study the effect on the jet energy
scale and resolution. L2 jets were reconstructed using a window size of 0.7×0.7 (in η×φ ) which was
chosen to be slightly smaller than the jet cone diameter (2×∆R = 2×0.4 = 0.8) such that some of the
energy of the jet may lie outside the window considered. Results were compared with the performance
obtained using the window size dimension of 1.4×1.4. The jet energy calibration constants were calcu-
lated independently in both cases and the resulting jet energy scale and resolutions were compared. In
both cases, the jet energy scale was found to be within 2% of unity. The resolution of the jets was also
found to be similar for both window sizes. This means that the calibration algorithm can adequately cor-
rect for a small fraction of the jet energy lost outside the window considered. Therefore, using a window
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Figure 9: Jet energy scale for the L2 jets as a function of the truth jet ET (a), for four different bins in η .
Jet energy resolution as a function of the truth energy of the jet (b), for four different bins in η . These
results are obtained after calibration.

Table 3: Results of the jet energy resolution fit as a function of the truth jet energy, before and after
applying the calibration. The fit was done using Equation (9).

η region Before calibration After calibration
A B A B

(0.0,0.7) 1.03 ± 0.03 0.059 ± 0.001 0.96 ± 0.02 0.039 ± 0.001
(0.7,1.5) 1.28 ± 0.03 0.064 ± 0.001 1.18 ± 0.03 0.041 ± 0.001
(1.5,2.5) 1.53 ± 0.04 0.046 ± 0.001 1.37 ± 0.03 0.025 ± 0.002
(2.5,3.2) 1.86 ± 0.13 0.063 ± 0.003 1.46 ± 0.08 0.040 ± 0.003
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Figure 10: Comparison of the L2 jet energy scale and resolution obtained for two different MC genera-
tors, PYTHIA ( blue circles) and HERWIG (red triangles), for jets in the region 0 < η < 0.7.

size of 1.0×1.0 will reduce processing time while keeping essentially the same physics performance as
the larger window (1.4×1.4).

The jet energy measured in the calorimeter may be sensitive to the shower development and the
hadronisation mechanism that was introduced in the MC simulation. In order to test the sensitivity of the
calibration procedure to the simulation, a set of dijet event samples generated with HERWIG [8] was used.
Calibration constants were extracted with the PYTHIA dijet samples and used in the reconstruction of the
HERWIG dijet events. The jet energy scale and resolution obtained in this way with the HERWIG data
sample was compared, in different η regions and ET values, with the one obtained for PYTHIA. Figure 10
shows, as an example, such a comparison in one particular η region. Differences between the two
generators were found to be smaller than 2%, for all regions of η and jet ET , suggesting that the L2 jet
energy scale is relatively insensitive to the hadronisation model used in MC generators.

Figure 11 shows the L2 trigger efficiency as function of offline jet ET after calibration has been
applied for four different L2 thresholds. The L1 threshold of 15 GeV was chosen to be significantly
smaller than that for L2 in order to avoid a mixture of resolution and jet energy scale effects from the two
different trigger levels. The limited sharpness of the curves shown on Figure 11 is, therefore, dominated
by the resolution of the L2 jet energy.

Initially, the detector simulation is not expected to provide an exact model of the real detector. The
energy measurement will be mainly affected by an incomplete knowledge of the dead material distribu-
tion in front of the calorimeters. To study the effect that the limited knowledge of the detector geometry
may have on the performance of the trigger and reconstruction algorithms, dedicated MC dijet event
samples were produced. They were reconstructed with a geometry where detectors were slightly dis-
placed from their nominal positions and extra dead material was added. This accounted for 7-10% of a
radiation length in the inner detector and a few percent of one radiation length in front of the calorimeter.
The knowledge of the dead material distribution is assumed to be worst at the interface between different
calorimeter subsystems.

The calibration constants obtained assuming a perfect geometry were used to identify L2 jets in
the misaligned samples. Hence, the resulting jet transverse energy scale and resolution can serve as
an estimation of how much the performance of the L2 jet reconstruction may be degraded due to the
limited knowledge of the detector geometry and dead material distribution at the beginning of the data
taking period. Figure 12 shows the jet transverse energy scale and resolution obtained for dijet events
reconstructed with this mismatch of calibration constants. For most of the pseudo-rapidity region, the
linearity with energy is within 3-4%, slightly worse than before. In the region (1.5 < |η | < 2.5) the jet
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Figure 11: Trigger efficiency as function of offline jet transverse energy for L2 jets after calibration, for
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Figure 12: Jet transverse energy scale for L2 jets as a function of the truth jet transverse energy (a),
for four different η regions. Jet transverse energy resolution as a function of the truth jet transverse
energy (b), for four different η regions. Both plots were obtained using dijet event samples reconstructed
assuming a limited knowledge of the detector’s dead material distribution.

energy scale drops to about 94% due to the extra dead material. The transverse energy resolution is also
degraded, as shown in Table 4. The performance of the calibration at the beginning of data taking can
be improved using in-situ calibration procedures used to extract the calibration constants directly from
the data or to correct the detector response in the MC. Several different procedures are currently under
study.

The reconstructed jet position is another parameter used to measure the algorithm performance. Cur-
rently no selection on jet position is made at the trigger level, but this may prove useful in the future
for some physics channels. The position resolution is shown in Fig. 13. This figure is also included for
completeness to compare with the FEB unpacking approach that uses a coarser granularity of data.

6.2 Performance for FEB-based reconstruction

Studies were done to evaluate the performance of the L2 jet reconstruction using the FEB-based method
of data unpacking. For comparison with results presented in Fig. 12, dijet event samples that assume
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Table 4: Results of the jet energy resolution fit as a function of the truth jet energy for the event samples
where a limited knowledge of the detector’s dead material is assumed. The fit was done assuming
Equation (9).

η region After calibration
A B

(0.0,0.7) 1.04 ± 0.02 0.038 ± 0.002
(0.7,1.5) 1.24 ± 0.03 0.055 ± 0.001
(1.5,2.5) 1.95 ± 0.04 0.018 ± 0.004
(2.5,3.2) 1.66 ± 0.09 0.039 ± 0.002
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Figure 13: The η-resolution (a) and φ -resolution (b) of L2 cell-based jets with respect to the truth jet
energy. The mean and standard deviation of a Gaussian fit of (a) is 0.0006 and 0.03, while the mean and
standard deviation of a Gaussian fit of (b) is 0.00005 and 0.01.
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Figure 14: (a) Jet energy scale for the L2 FEB-based jets as a function of the truth jet ET for four different
bins in η . (b) Jet energy resolution as a function of the truth energy of the jet for four different bins in η .
Both plots were obtained using dijet event samples reconstructed assuming a limited knowledge of the
detector’s dead material distribution.

a limited knowledge of the detector dead material were used to study the transverse energy scale and
resolution of FEB-based jets. The transverse energy of jets reconstructed using the FEB-based data
unpacking approach was weighted using the default L2 calibration constants obtained using the cell-
based method.

Figure 14 shows the jet transverse energy scale and resolution. The energy scale stays within 5% of
unity for most of the pseudorapidity range. The transverse energy resolution distribution was fitted using
Equation (9) and the results are presented in Table 5. The transverse energy resolution of FEB-based jets
is comparable to that of cell-based jets presented in Table 3. The transverse energy scale and resolution
of the FEB-based jets depend strongly on the energy cut-off introduced in Equation (3). It was found
that using a cut-off at 2 ·σnoise gave the best result in terms of transverse energy scale and resolution.

Figure 15 shows the η and φ resolution. These distributions were obtained from the difference
between a L2 FEB-based jet and its nearest MC truth jet. These results are comparable with those
obtained using the cell-based method as shown in Fig. 13.

The L2 trigger efficiency for different thresholds as function of reconstructed jet transverse energy
for FEB-based jets is presented in Fig. 16. The initial slope of these efficiency curves is similar to
the results obtained with the cell-based method shown in Fig. 11. This indicates that FEB-based jets
have a selection efficiency that is comparable to the cell-based one. The FEB-based jet reconstruction
significantly reduces the amount of data to be unpacked at L2 compared to the cell-based approach. The
impact of the unpacking choice on the processing time of the jet reconstruction algorithm is presented in
Section 6.4.

6.3 Forward jets

The implementation of L2 forward jet reconstruction must consider constraints on the precision of the
L1 forward jet RoI position. Since each L1 FCAL trigger tower spans the entire η range of the FCAL
detector, a dedicated optimisation of the jet reconstruction algorithm is required. In order to properly
account for the overlap region between the FCAL and endcap calorimeters, a window size of 3.0 <
|η | < 5 was chosen. The cone size (∆R) must also be modified in order to remove any bias from the
initial L1 RoI seed position. Similar to the standard jet reconstruction, three iterations of the jet finding
algorithm are performed. An initial cone size of ∆R = 1 is used to collect sufficient data to remove the
L1 bias. In the second and third iteration of the jet finding algorithm, the cone size is reduced to 0.7
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Figure 15: The η-resolution (a) and φ -resolution (b) of L2 FEB-based jets with respect to the truth jet
energy. The mean and standard deviation of a Gaussian fit of (a) is 0.002 and 0.03, while the mean and
standard deviation of a Gaussian fit of (b) is -0.00007 and 0.009.

Table 5: Results of the jet energy resolution fit as a function of the truth jet energy for FEB-based jets
after applying the default calibration constants obtained using the cell-based data unpacking method.
The fit was performed assuming Equation (9).

η region After calibration
A B

(0.0,0.7) 0.93 ± 0.05 0.02± 0.01
(0.7,1.5) 1.18 ± 0.05 0.03± 0.01
(1.5,2.5) 1.56 ± 0.04 0.05± 0.01
(2.5,3.2) 1.93 ± 0.01 0.01± 0.01
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Figure 16: L2 trigger efficiency as function of reconstructed jet transverse energy for FEB-based jets
after calibration, for four different thresholds (35 GeV, 42 GeV, 70 GeV and 100 GeV).
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Table 6: L2 trigger efficiency for L2 forward jets with respect to truth jets with ET > 25 GeV.

Tagged Objects
Data unpacking method

cell-based jets (%) FEB-based jets (%)
Highest ptruth

T forward jets 98±1 98±1
All forward jets 97±1 91±1

and subsequently to 0.4. Calibration constants for forward jets are derived using the method described
in Section 5.3.

The L2 forward jet trigger efficiency was determined with respect to truth jet. Reconstructed jets
were matched to truth particle jets using the requirement that ∆R =

√
∆η2 +∆φ 2 < 0.2. In addition,

truth jets were required to satisfy pT >25GeV. Results from this study are presented in Table 6.

6.4 L2 jet timing

The time budget of approximately 40 ms per event and the strong rejection power needed at the L2 trigger
impose strong constraints on the L2 algorithms speed and physics performance.

During the commissioning of the ATLAS Trigger/DAQ system, dedicated Technical Runs are per-
formed in order to test HLT algorithm performance. In these runs all the detector Read Out Systems
(ROS) and the full Trigger/DAQ infrastructure are dedicated to exercising the data acquisition system
and the trigger. Bytestream files1 containing a mixture of events close to that expected in LHC collisions
(mainly QCD jets, mixed with a few Z and W decays to leptons, tt̄ events, etc.) are preloaded into the
ROS. These events, which contain the RoIs obtained from the L1 simulation, are then processed by the
HLT system. The measurements presented here were made during the Technical Run that took place in
November 2007.

In order to compare the difference between the cell-based method and the FEB-based method, two
data-collection runs were recorded, one with L2 jets reconstructed using the cell-based approach, and
one with L2 jets reconstructed using the FEB-based method. The timing distributions obtained from the
cell and the FEB-based methods are shown in Fig. 17(a). Both distributions have a similar shape with
peaks corresponding to the number of RoIs per event. The FEB-based approach is however almost 50%
faster than the cell-based method.

The distribution of the total processing time shown in Fig. 17(a) includes the data unpacking, jet
finding algorithm and calibration, as well as the data collection time from the detector Read Out System
(ROS) to the L2 processors, which is shown in Fig. 17(b). The data collection time contributes sig-
nificantly to the total L2 processing time, about 30% for the cell-based method and about 50% for the
FEB-based approach. A detailed description of the data preparation methods and performance can be
found in [9].

The processing time distribution per RoI for the different steps involved in the L2 jet reconstruction
are shown in Fig. 18(a) and (b) for the cell-based and FEB-based method, respectively. These mea-
surements show that the algorithm execution time is dominated by the data unpacking step. The small
features observed in the unpacking time distributions outside the main peak come from RoIs that point
in regions where less data needs to be unpacked.

Timing measurements of the L2 forward jet algorithm were also performed. A comparison of the
reconstruction time between cell-based and FEB-based jets is presented in Table 7. Due to the limited
time available during dedicated Technical Runs, these measurements were obtained by running the L2 jet

1Files with the same format as the raw data that will come out of the ATLAS detector.
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Figure 17: The total processing time per event (a) for the L2 jet algorithm. The solid line is the processing
time measured using the FEB-based method (mean 13 ms). The dashed line is the processing time
measured using the cell-based method (mean 22 ms). The total data collection time per RoI (b) for both
the cell-based and FEB-based data unpacking methods.
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Figure 18: L2 jet algorithm processing time per jet RoI for the cell-based method (a) and FEB-based
method (b). The total processing time is shown together with the execution time of the individual steps
involved in the L2 jet reconstruction.
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Table 7: Comparison of the average L2 jet reconstruction time between the standard and forward jet
algorithms in units of ms. Different data unpacking methods are also compared.

Tagged Objects
Data unpacking method

cell-based jets FEB-based jets
Forward Jets 0.9 0.5
Standard Jets 6.1 2.1

algorithms on offline computing resources rather than making use of the full Trigger/DAQ infrastructure.
Although the absolute values of reconstruction time should only be taken as an approximate indication
of the performance to be expected on the online trigger system, the relative comparison of each measure-
ment is nevertheless informative. For example, although the L2 forward jet algorithm uses a larger η×φ
window than the standard L2 jet algorithm, it requires less than 25% of the total time used to reconstruct
standard L2 jets. This is due to the larger granularity of the forward calorimeter, as compared to the
liquid Argon barrel and endcap calorimeters, which results in a smaller amount of data being unpacked
on average.

7 The event filter jet algorithms

The jet reconstruction in the Event Filter (EF) can be divided into two tasks: the input data preparation
and the jet finding. These two tasks are carried out by algorithms used in the offline reconstruction
but adapted to run in the online trigger environment. Once an EF jet has been identified, it is passed
on to a Hypothesis algorithm which validates whether or not the reconstructed jet satisfies a predefined
transverse energy threshold.

7.1 Input data preparation

There are three calorimeter data preparation algorithms which, respectively, unpack the calorimeter cell
information, build trigger towers and construct calorimeter clusters. The implementation of these data
preparation algorithms in the EF has been adapted to allow the running of a subset of the algorithms
thereby reducing computing time.

The first data preparation algorithm unpacks calorimeter cell information in a predefined window
around the position of the jet found at L2. The size of the window where data needs to be unpacked is a
parameter that can be adjusted and is configured at trigger initialisation. The energy of each calorimeter
cell, at this point, is set at the EM scale [2, 3]. Although not currently used, this unpacking algorithm
provides the ability to apply calibration weights to the energy of individual calorimeter cells.

The second data preparation algorithm performs the calorimeter tower reconstruction. A calorimeter
tower is an array of calorimeter cells within an (∆η ,∆φ) = (0.1,0.1) region. The EF calorimeter trigger
towers granularity is four times finer than that of the L1. Calorimeter trigger towers are the inputs to the
jet finding algorithm described in the next Section.

A third data preparation algorithm, currently being studied, is also available in the EF. This algorithm
constructs three-dimensional calorimeter clusters instead of towers. These clusters can alternatively be
used as input to the jet finding algorithm instead of calorimeter towers.
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Parameter Value
Window size (η×φ ) 1.6×1.6
Input objects towers
Proto-jet ET cut ET > 2 GeV
Jet finding algorithm cone
Jet finding parameter Rcone = 0.7
Calibration scheme “Energy density”-based cell calibration
Final jet ET cut ET > 10 GeV

Table 8: Parameter values for the EF jet reconstruction.

7.2 Jet finding algorithm

The EF jet reconstruction uses the offline reconstruction algorithms [10] adapted for the EF. It takes as
input any ET ordered list of calorimeter objects (cells, towers or clusters). The jet reconstruction consists
of the following steps:

• Removal of negative energy towers (or clusters) by combining them with adjacent ones. A list of
proto-jets is also constructed using a simple pre-clustering algorithm.

• Removal of proto-jets with transverse energy smaller than a given threshold.

• Running of a jet finding algorithm (cone or fast KT algorithm [11]).

• Jet calibration

• Removal of reconstructed jets below a given transverse energy

Many different parameters can be modified as part of the jet reconstruction. The parameters used
for the configuration of the EF jet reconstruction are summarized in Table 8. Unless specified explicitly,
performance studies described subsequently use this configuration.

All calibration methods available for the offline jet reconstruction can be used by the EF jet algorithm.
The default method used in the EF is an “energy density”-based cell calibration described in details
in [12].

8 Event filter performance

The performance and parameter optimisation of the EF jet reconstruction algorithms were made using
the simulated dijet event samples summarised in Table 1.

The window size defining how much data is unpacked was chosen by studying the position differ-
ence between offline reconstructed jets and jets found by the L2 system. A distribution of the distance
∆R =

√
(ηL2−ηoffline)2 +(φL2−φoffline)2 is shown in Fig. 19. Most L2 jet RoI are well within ∆R < 0.2

of offline reconstructed jets using a cone algorithm with ∆R = 0.7. A window size of 1.6×1.6 in η×φ
was therefore chosen to ensure that data is unpacked at the EF in a calorimeter region of sufficient size to
reconstruct correctly a jet similar to an offline jet while ensuring complete overlap with the L1 RoI. Ad-
ditional studies could include the optimization of a variable window size as function of the jet transverse
energy as measured by L2.

The EF jet energy scale and resolution were assessed using the same technique as described in Sec-
tion 6.1. The results are shown in Fig. 20 as a function of the truth jet ET . In general, the energy scale
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Figure 19: Distance ∆R =
√

(ηL2−ηoffline)2 +(φL2−φoffline)2 between L2 and offline reconstructed jets
using a cone algorithm of Rcone = 0.7.

improves with increasing truth jet ET . For truth jet energies larger than 200 GeV, the EF jet energy scale
is within 2% of unity. The limited window size within which the jet reconstruction takes place in the EF
results in some energy leakage that is not corrected for by the offline calibration used in the EF. These
results nevertheless suggest that offline calibration are adequate for use in the EF jet reconstruction.
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Figure 20: The EF jet transverse energy scale (a) and resolution (b) as function of truth jet ET .

The effect of pile-up corresponding to a luminosity of 1033s−1cm−2 on the jet energy scale and
resolution was also studied. Figure 21 shows a comparison of (a) the EF jet transverse energy scale and
(b) the EF resolution for simulated dijet event samples with and without pile-up. The effect of pile-up
on the overall energy scale is observed to be insignificant, however, a noticeably worse resolution is
observed for events with pile-up. The effect is clearly more important for low jet energies where the
contribution of pile-up energy can be comparable to the total jet energy.

The EF jet trigger efficiency as function of offline jet energy is shown in Fig. 22 for two different
signatures. For an EF trigger threshold close to the L1 threshold, the trigger selection performance is
limited by the L1 energy resolution. For EF trigger thresholds significantly higher than the L1 threshold,
the excellent EF energy scale improves slightly the performance of the trigger selection as compared to
the current L2 capability. These plots emphasize the importance of correctly optimizing the jet trigger
thresholds used for each jet signature.
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Figure 21: The EF jet transverse (a) energy scale (b) and resolution as a function of truth jet ET for
simulated dijet event samples with and without pile-up.

 [GeV]
T

Offline jet E
0 10 20 30 40 50 60 70 80 90 100

Tr
ig

ge
r e

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

 | < 2.5η| 
L1
L2
EF

ATLAS

(a)

 [GeV]
T

Offline jet E
50 100 150 200 250 300 350

Tr
ig

ge
r e

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

 | < 2.5η| 
L1
L2
EF

ATLAS

(b)

Figure 22: EF trigger efficiency as function of offline jet transverse energy for two different signatures
consisting of a set of L1, L2 and EF trigger thresholds: (a) EL1

T > 10 GeV, EL2
T > 30 GeV, EEF

T > 50 GeV;
and (b) EL1

T > 70 GeV, EL2
T > 150 GeV, EEF

T > 255 GeV.

8.1 Event filter jet algorithm timing

The timing performance of the EF jet reconstruction algorithm has been measured in the November 2007
Technical run described in Section 6.4. Figure 23(a) shows the execution time per RoI for the two EF
data preparation steps: the unpacking of calorimeter cell data and the construction of calorimeter towers
used by the jet algorithm. Figure 23(b) shows the execution time of the different steps involved in the jet
reconstruction described in Section 7.2. The EF jet reconstruction total time per RoI is of order 100 ms.
Assuming approximately 4 to 5 jet RoI per event implies a total processing time of order half a second
per event which falls within the design budget of approximately one second per event.

9 Jet trigger menu

Jet triggers will be used to record many different types of events. Single and multi-jet signatures will
identify useful events for various Standard Model QCD measurements. This event sample will also be
valuable to study the properties of background events for other analyses and to measure the misidentifica-
tion efficiency of different offline reconstruction algorithms. Jet trigger requirements are also important
when combined with other trigger criteria to identify rare signal events with well-defined topologies.
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Figure 23: Execution time per RoI for different steps in the EF data preparation (a) and the jet recon-
struction (b).

Trigger threshold J5 J10 J18 J23 J35 J42 J70 J120 3J10 3J18 4J10 4J18 4J23
Prescale factor 300000 42000 6000 2000 500 100 15 1 150 1 30 1 1
Level 1 rate (Hz) 1 4 1 1 1 4 4 8 40 140 40 20 8

Table 9: Summary of the L1 single-jet and multi-jet triggers optimised for the initial data taking period.
The L1 prescale factors and expected rate at a luminosity of 1031cm−2s−1 for each threshold are also
presented.

The trigger strategy adopted is to define a set of single and multi-jet signatures that, together, will
select events with approximately uniform rates over the entire jet energy spectrum. Table 9 shows the
set of L1 single and multi-jet signatures and associated L1 prescale factors optimised for this purpose,
assuming an initial luminosity of 1031 cm−2s−1. The trigger rates were calculated using close to 7 mil-
lion simulated non-diffractive inelastic events, with an estimated cross-section of 70 mb. These large
simulated event samples result in a statistical uncertainty of approximately 0.1 Hz for the rates of un-
prescaled triggers. Note that a maximum of 8 different jet thresholds can be defined in the L1 system.
The L1 thresholds and prescale factors for the single-jet signatures were chosen to significantly limit the
L1 output event rate thereby initially avoiding the need to use the HLT at the beginning of data-taking.
The L1 jet trigger menu was also designed to be compatible with a luminosity of up to 1032 cm−2s−1

without any changes. Figure 24 shows the differential distribution for the number of events selected by
the L1 trigger menu as function of offline reconstructed jet transverse energy for 1 fb−1 of recorded data.

For commissioning purposes, it is foreseen that the L2 and EF jet algorithms will be initially run for
the single-jet signatures in so-called pass-through mode where the result of the HLT selection is recorded
with the event data but no events are rejected based on the result of the algorithm selection. The rate of
the multi-jet signatures listed in Table 9 will be reduced by using L2 and EF jet requirements. Table 10
summaries the expected rate out of the HLT for all jet signatures foreseen to be run at the beginning of
data-taking. In addition to the single and multi-jet signatures discussed above, forward jets signatures
are also foreseen. These are also shown in Table 10.

It should be noted that, due to the very large prescales used for the lower threshold jet triggers, the
overlap between individual triggers is greatly reduced. This implies that the cumulative rates will rapidly
grow, as can be observed in Table 10. The total rate of the entire jet menu has been approximated to be
37 Hz, which represents a little over 18% of the overall trigger output rate budget of 200 Hz.
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Figure 24: Differential number of events selected as function of the offline reconstructed transverse
energy of the leading jet in the event for 1 fb−1 of data. The dashed and solid lines show the expected
distributions before and after applying the L1 jet trigger menu criteria described in Table 9.

Overall Cumulative
Trigger Prescale Rate (Hz) Rate (Hz)
4j23 1 6.9 (± 0.8) 6.9 (± 0.8)
4j18 100 0.14 (± 0.01) 7.0 (± 0.6)
4j10 300 0.045 (± 0.004) 7.0 (± 0.6)
3j18 100 0.92 (± 0.03) 7.9 (± 0.3)
3j10 1500 0.061 (± 0.002) 7.9 (± 0.2)
Total Multi-Jets 7.9 (± 0.2)
j120 1 8.7 (± 0.9) 15.3 (± 0.5)
j70 15 4.2 (± 0.2) 18.7 (± 0.5)
j42 100 3.73 (± 0.06) 22.3 (± 0.3)
j35 500 1.37 (± 0.02) 23.6 (± 0.3)
j23 2000 1.37 (± 0.008) 24.9 (± 0.2)
j18 6000 1.02 (± 0.004) 26.0 (± 0.1)
j10 42000 3.9 (± 0.003) 29.9 (± 0.02)
j5 300000 0.9470 (± 0.0004) 30.8 (± 0.01)
Total Single-Jets 24.40 (± 0.01)
2fj70 1 0 30.8 (± 0.01)
2fj35 1 1.7 (± 0.4) 32.5 (± 0.01)
2fj18 100 0.94 (± 0.03) 33.4 (± 0.01)
Total Multi-Fjets 2.65 (± 0.09)
fj120 1 0.9 (± 0.3) 34.1 (± 0.01)
fj70 20 1.16 (± 0.08) 35.2 (± 0.01)
fj35 700 0.68 (± 0.01) 35.8 (± 0.01)
fj18 7000 1.04 (± 0.004) 36.9 (± 0.02)
Total Single-Fjets 3.74 (± 0.01)

Table 10: Estimated trigger rates for jet signatures foreseen at the beginning of data-taking with a lumi-
nosity of 1031 cm−2s−1.
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10 Summary

A detailed description of the algorithms used to reconstruct jets in the L1, L2 and Event Filter was
presented. The performance of each of these algorithms was shown. The physics performance and
algorithm timing has been shown to be within the design targets. Nevertheless, optimisation studies
to further improve the performance of these algorithms are ongoing. An example trigger menu for jet
signatures proposed for the beginning of data-taking was presented. The overall trigger strategy for
selecting events based on jet signatures was also described.
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A Study of Minimum Bias Events
Abstract
This note describes the methods developed for the measurement of the prop-
erties of minimum bias events during low luminosity running using the
ATLAS detector. These methods aim to reconstruct the inclusive pseudo-
rapidity and transverse momentum distributions of charged particles with
pT > 150 MeV produced from 14 TeV pp collisions. The triggers used
to record minimum bias events are described and their acceptances evalu-
ated. An analysis to measure the inclusive distributions is presented and the
systematic uncertainties discussed. Finally, there is an overview of future
physics studies with minimum bias samples.

1 Introduction

This note focuses on how the ATLAS detector [1] can be used to measure the central pseudorapidity
and transverse momentum distributions of charged particles produced in inelastic proton-proton (pp)
collisions during early running at the LHC. Measuring the characteristics of these collisions allows
an understanding of the physics behind these processes to be developed, particularly their energy de-
pendence. The minimum bias events allow the soft-part of the underlying event in high-pT collisions
to be characterised. Studies of inclusive particle distributions in minimum bias events in pp collisions
are important to provide the baseline for measurements in heavy-ion collisions, such as allowing dif-
ferences in the number of particles to be attributed to QCD effects rather than the simple scaling of
the number of nucleons. Finally these interactions will be a major background during low luminosity
running (1033 cm−2s−1) and high luminosity running (1034 cm−2s−1), where the average number of
such interactions per beam crossing is ∼ 2 and ∼ 18, respectively.

The total proton-proton cross-section can be divided into elastic and inelastic components, and
the inelastic component can be further divided into: non-diffractive, single diffractive and double
diffractive components [2]. The total cross-section (σtot) can then be written as:

σtot = σelas +σsd +σdd +σnd

where these cross-sections are elastic (σelas), single diffractive (σsd), double diffractive (σdd) and
non-diffractive (σnd), respectively. The cross-sections for the inelastic subprocesses determined using
PYTHIA [3], which was used to generate the event samples for this study, are given in Table 1. For
comparison, the cross-sections predicted by PHOJET [4] are also shown in Table 1. The PHOJET
predictions include central diffraction, however this hard proton-pomeron interaction only contributes
to the cross-section at the few per cent level. As this is not simulated in PYTHIA, it was not considered
further in this note.

The acceptance of inelastic events is defined by the trigger, which is usually known as a minimum
bias trigger. It is designed to avoid bias in the sample, such as selecting high-pT events by triggering
on high-pT objects. However, some bias is usually introduced due to effects such as the geometrical
acceptance of or minimum energy thresholds in the trigger detector. It is therefore not unusual to
find different definitions for minimum bias events in the literature. Historically, the minimum bias
triggering used in hadron collider experiments [5–11] often used triggers based on forward-backward
coincidences that favoured the detection of non-single diffractive inelastic events (NSD), i.e. σnsd =
σtot −σelas−σsd . Thus, NSD events have often been classified as ‘minimum bias events’. In this
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note, results from simulated events selected using the minimum bias triggers are presented. These
results have been corrected for detector reconstruction and acceptance effects. The results for the non-
single diffractive sample are also presented to allow comparison with previous results from hadron-
collider experiments. However, this requires correcting for the trigger acceptance for each of inelastic
processes, which depends on the physics model used to generate the different processes.

Minimum bias interactions have previously been studied at a range of different energies at the
CERN ISR [5], CERN SppS [6–8] and Fermilab’s Tevatron [9–11] and RHIC colliders. Based on
these results, Monte Carlo models have been tuned to generate predictions for LHC multiplicities [12].
Figure 1 shows a comparison of model predictions for the central charged particle density in NSD pp̄
events for a wide range of centre-of-mass energies (

√
s). The data points shown are corrected for

detector and trigger effects and efficiencies back to the particle level. Figure 1 compares predictions
generated with two different tunings of PYTHIA [3] (ATLAS and CDF tune-A [12]) with the central
charged particle density generated with PHOJET [4,13]. It is clear from this figure that there is a large
uncertainty in the predicted central particle density of non-single diffractive interactions at the LHC
energy even though the models have been tuned to agree with data at lower energies. This uncertainty
arises because the energy dependence in a variety of different models for low-pT hadronic processes
is not well understood. Measuring the central particle density at the LHC will thus be crucial to
determining the energy dependence of the central particle density and constraining models of inelastic
events.
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Figure 1: Central charged particle density for non-single diffractive inelastic events as a func-
tion of energy. The lines show predictions from PYTHIA using the ATLAS tune and CDF
tune-A, and from PHOJET. The data points are from UA5 and CDF pp̄ data.

This paper is organized as follows: In section 2 we briefly describe the experimental setup and
the trigger strategies that have been developed to accept inelastic collisions with minimum bias. The
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analysis procedure, corrections, as well as the systematic effects involved in this study are discussed
in section 3. Section 4 presents an overview of future work planned to be done with ATLAS minimum
bias measurements. Finally, in section 5 we present our conclusions.

Cross-section (mb)
Process PHOJET PYTHIA
non-diff. 69 55
single diff. 11 14
double diff. 4 10
central diff. 1 -

total inelastic 85 79
elastic 35 23
total 120 102

Table 1: Cross-section predictions for pp interactions at
√

s = 14 TeV from PYTHIA and PHOJET.

1.1 Characteristics of inelastic events

The pseudorapidity (η) and transverse momentum (pT ) distributions of charged particles generated
using PYTHIA [3], with the parameter set defined in Ref. [14] and PHOJET [4, 13] with default
parameters are shown in Figs. 2(a) and 2(b). These distributions correspond to non-diffractive, single-
and double-diffractive inelastic pp interactions at

√
s = 14 TeV, respectively. They clearly show large

uncertainties in model predictions for the LHC and that the events are dominated by low-pT particles
with the highest densities found in the central region |η |< 3.0. Much of this central region is covered
by the ATLAS inner detector. The charged particle distributions will be reconstructed from tracks
which are measured by the inner detector for |η |< 2.5, with pT greater than 150 MeV.

1.2 Backgrounds

The main backgrounds in minimum bias events, particularly during early running, will be beam-gas
collisions within the beampipe over the length of ATLAS, and beam-halo from interactions in the
tertiary collimators in the accelerator. These backgrounds can provide spurious triggers that must be
removed from the inelastic event sample to prevent distortion of its characteristics. During early low
luminosity running a large fraction of bunch crossings will have no pp interaction. Using a trigger
based only on bunch-crossings would result in a large number of empty events, which only contain
detector noise, being recorded. Therefore, the trigger must be able to reject such events in order
to optimise the use of the trigger bandwidth. In this paper we will present results which include
discussions on beam-gas events and empty events but not on beam-halo.

2 Simulation and experimental setup

The samples of single-, double-, and non-diffractive inelastic events used in this study were gener-
ated with PYTHIA version 6.403 [3]. The PYTHIA event generator was configured according to an
underlying event tuning fit [14] from previous experiments and is expected to provide a reasonable
description of the non-diffractive part of minimum bias events.
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Figure 2: Pseudorapidity (a) and transverse momentum distribution (b) of stable charged particles
from simulated 14 TeV pp inelastic collisions generated using PYTHIA and PHOJET event generators.
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2.1 The ATLAS inner detector

The pseudorapidity and transverse momentum distributions of charged particles are measured using
the ATLAS inner detector. The inner detector is described in detail elsewhere [1]. It consists of, in
order of increasing radius, a silicon pixel system, a silicon microstrip system (SCT) and a gas-based
transition radiation detector (TRT). The inner detector is mounted inside a solenoid magnet which
provides a 2 T magnetic field.

The inner detector sub-detectors are designed as independent but also complementary systems.
The pixels cover radii of 50.5 mm-149.6 mm, the SCT covers 299 mm-560 mm and the TRT covers
563 mm-1066 mm. The precision tracking detectors (pixel and microstrip) cover |η | < 2.5 and are
divided into barrel (|η |< 1.4) and endcaps (1.4 < |η |< 2.5).

The ATLAS inner detector will provide hermetic and robust pattern recognition, excellent mo-
mentum resolution and both primary and secondary vertex measurements for charged tracks above a
pT threshold, which is nominally 500 MeV but can be as low as 100 MeV within |η | < 2.5. The
nominal pT -cut of 500 MeV corresponds to tracks traversing the full inner detector, however as dis-
cussed in section 1.1 a measurement of the properties of minimum bias events requires a pT -cut of ≤
200 MeV. A pT -cut of 150 MeV, used in this paper, corresponds to tracks that traverse the precision
Si tracker (pixels and SCT) allowing low-pT tracks to be well reconstructed.

2.2 The minimum bias trigger scintillators

The Minimum Bias Trigger Scintillators (MBTS) [15] are mounted on the inner surface of the liq-
uid argon endcap cryostats and cover a pseudorapidity range of 2.12 < |η | < 3.85. The MBTS is
constructed from 2 cm polystyrene-based scintillator counters. Each side of the MBTS is made up
of 16 counters each of which is split into two regions of equal pseudorapidity (2.12 < |η | < 2.83,
2.83 < |η | < 3.85) and covering π

4 in azimuth. The MBTS is read out through the tile calorimeter
electronics providing a fast L1 signal, which is discriminated above a voltage threshold, relative to the
bunch-crossing signal.

3 Minimum bias trigger scenarios

A minimum bias trigger should select inelastic collisions with as little bias as possible, precluding the
use of the standard high-pT triggers. Ideally, the L1 random trigger [16] with beam pickup would
be used to accept events with zero bias, and inelastic collisions would be selected offline. However,
during early running when the luminosity is expected to be < 1030 cm−2s−1, the random trigger will
be very inefficient since the probability of an interaction during a bunch crossing is < 1%. Therefore,
validation of the L1 random trigger is required in the high-level-trigger (HLT). The use of tracking in
the HLT to validate the random trigger and a dedicated L1 trigger based on the minimum bias trigger
scintillators (MBTS) has been studied. A minimum bias trigger stream consisting of the random
trigger, track trigger and the MBTS is shown in Figure. 3. The random-based track trigger and the
MBTS triggers are discussed in sections 3.1 and 3.2, respectively. In addition, the L1 MBTS could be
used in conjunction with the pixel and SCT spacepoints reconstructed at L2 and the Event Filter (EF)
track trigger. However, this was not studied in this note.

As the luminosity increases from ∼ 1031 cm−2s−1 to 1032 cm−2s−1 and higher values, the mean
number of interactions per bunch crossing will be around 1. The random trigger will then record
interactions for each crossing without requiring further triggers at L2 or EF to reject empty bunch
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events. This will allow a zero bias sample to be efficiently accepted by ATLAS using the random
trigger.

For the purposes of this note, a luminosity of 1031 cm−2s−1 with a bunch spacing of 75 ns has
been assumed. The rate of inelastic events under those conditions is 792 kHz, and the mean number
of events per bunch crossing is 0.06. Trigger efficiencies were calculated using around 105 events of

Space Point

MBTS Lvl 1

Recon. Tracks

Random Level 1

Level 2

Event Filter

Figure 3: Minimum bias trigger slice.

simulated hydrogen beam-gas, single diffractive, double diffractive, non-diffractive and empty events.
Each of these simulated samples were reconstructed and passed through the trigger logic and the
trigger efficiency was then calculated from the number of events satisfying the trigger logic.

3.1 Random-based track trigger

The selection of minimum bias events by a track trigger is performed by the high-level trigger. The
aim is to reject empty bunch and beam-gas events. After the random event selection at L1, the L2
trigger rejects empty events by requiring a minimum number of spacepoints in the pixel and SCT
detector. The trigger efficiency curves for different types of events (ddiff: double diffractive, ndiff:
non-diffractive and sdiff: single diffractive) are shown in Figure 4. The efficiency of empty bunch
events as a function of spacepoints clearly shows that a modest constraint on either the number of
pixel or SCT spacepoints rejects events containing only random noise. The thresholds for the number
of pixel and SCT spacepoints were determined from the requirement to have a signal to background
for non-diffractive to empty bunch events of 100:1. Given that the beam conditions assumed in this
paper correspond to a probability of a pp non-diffractive inelastic interaction of 0.05, this corresponds
to constraining the efficiency of empty bunch events to be less than 5×10−4. This requires setting the
threshold on the number of spacepoints to be 12 and 3 in the pixel and SCT respectively.

While the spacepoint (SP) trigger reduces the number of beam-gas events accepted, the rate can
be further reduced by requiring the presence of reconstructed tracks within a small z-region around
the nominal interaction point. A full track reconstruction scan with a minimum pT of 200 MeV is
carried out in the EF on the events that pass the SP trigger. These tracks are then used to select events
using the cuts defined in Table 2. The trigger efficiency is plotted with respect to the number of
reconstructed tracks in Figure. 5. The empty events are rejected by the cut on the number of pixel and
SCT spacepoints resulting in an efficiency of zero.
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Figure 4: Trigger efficiency as a function of the number of pixel spacepoints (a) and the number of
SCT spacepoints (b).

Track parameter 2 Trigger cut
Number of tracks ≥ 2

Track z0 < 200 mm

Table 2: Track cuts for EF track trigger.
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Figure 5: Trigger efficiency as a function of the number of reconstructed tracks for events satisfying
the L2 spacepoint requirement.
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3.2 Minimum bias triggers using the MBTS

Two simple MBTS L1 trigger strategies were considered for minimum bias event selection: MBTS 1 1
and MBTS 2. MBTS 1 1 is defined as at least one MBTS counter above threshold on each side, where
the threshold of 40 mV was chosen from measurements of cosmic commissioning data. MBTS 2 is
defined as two or more MBTS counters above threshold anywhere in the MBTS system. The trigger
efficiencies as a function of MBTS counter threshold for inelastic non-diffractive, double-diffractive,
single-diffractive, beam-gas and empty bunch events are given in Fig. 6.
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Figure 6: MBTS L1 trigger threshold scans for the two trigger configurations: (a) MBTS 1 1 (b) and
MBTS 2.

3.3 Trigger efficiency

A summary of the trigger efficiencies for the track-based and MBTS triggers are given in Table 3. The
efficiency of diffractive events is around half of that of non-diffractive events. This is primarily due to
the low particle multiplicity in diffractive events and because the triggers cover the central region and
are therefore only sensitive to a fraction of the diffractive cross-section corresponding to high mass
diffractive states.

The acceptances for the different processes i.e. the efficiencies weighted by the fraction of the
inelastic cross-section are given in table 4. This shows that due to lower efficiencies and smaller
cross-sections the acceptance of diffractive events is significantly suppressed. The acceptance of
the proposed minimum bias triggers is around 85-92% and this will consist of around 80% of non-
diffractive events and roughly equal numbers of single and double diffractive events.

4 Analysis

The goal of the analysis is to reconstruct the number of primary charged particles per unit of pseudora-
pidity and per unit of transverse momentum for inelastic pp interactions taken with the minimum bias
trigger. Primary particles are defined as particles produced in the pp collision, but excluding secondary
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MBTS 1 1 MBTS 2 SP SP & EF Tracks
Non-diffractive 99% 100% 100% 100%
Double-diffractive 54% 83% 66% 65%
Single-diffractive 45% 69% 57% 57%
Beam-gas 40% 54% 47% 40%

Table 3: MBTS and random-track trigger efficiencies.

MBTS 1 1 MBTS 2 SP SP & EF Tracks
Non-diffractive 69% 70% 70% 70%
Double-diffractive 7% 10% 8% 8%
Single-diffractive 8% 12% 10% 10%

Table 4: MBTS and random-track trigger acceptances.

particles from weak decays of strange hadrons or from electromagnetic or hadronic interactions in the
detector material.

A sample of∼150,000 inelastic events, with ND, SD and DD events mixed in the proportion given
by the PYTHIA cross-sections, was reconstructed and used in this study (MB sample). A typical non-
diffractive event contains around 45 reconstructed tracks of which 37 are from primary particles and 8
are from secondary particles. The efficiencies and corrections were derived from half the sample and
used in the analysis of the other half of the sample.

4.1 Event selection

Two selection criteria are applied to the set of reconstructed events: the event must be triggered by the
minimum bias trigger and it must contain at least one reconstructed vertex. The sample of inelastic
events selected by the MBTS 2 trigger, described in Section 3.2, was used for this analysis. No beam-
gas or pileup events were included in the sample studied here. An additional criterion should be
added to exclude events with multiple pp interactions in a bunch-crossing but this was not included
in this analysis as the samples of simulated data used for this study contained events with a single pp
interaction in a bunch-crossing.

4.2 Track selection

Tracks were reconstructed using tracking with the minimum pT set to 100 MeV rather than the default
500 MeV. To avoid threshold effects, tracks with pT > 150 MeV were used in the analysis. The relative
pT -resolution, σ( 1

pT
)pT , was found to be around 1.5% for |η |< 0.8 and 4.3% for |η |> 1.6.

Cuts on the measured track parameters were used to select a set of well reconstructed tracks for
the analysis. These cuts are listed in Table 5. The requirement of a hit in the inner pixel layer,the
b-layer, removes a sizable portion of fake tracks and tracks associated to secondary particles since
they frequently do not leave a hit in the first layer of the pixel detector. The cut on the number of pixel
and SCT hits is a standard track scoring cut applied during reconstruction and is listed here only for
completeness. The values of the cuts were chosen by fitting each of the distributions with a gaussian
and cutting at ∼ 3σ .
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Quality cuts
No. of b-layer hits ≥ 1
No. of Silicon hits ≥ 5

Resolution cuts

|σd0 |< 1.6 mm
|σz0 |< 6.0 mm
|σφ |< 0.03
|σθ |< 0.015
|σq/pT |< 0.0003 ( GeV)−1

Track-to-vertex cut Nσ < 3

Table 5: Track selection cuts used in this analysis. The resolutions σ2
d0

, σ2
z0

, σ2
φ , σ2

θ and σ2
q/pT

are the five diagonal elements in the track parameter covariance matrix. For more information
on the tracking Event Data Model (EDM) see [17].

The track-to-vertex cut is the selection that most effectively cuts away tracks from secondary
particles while accepting tracks from primaries. It is made by cutting on the distance of closest
approach to the nearest reconstructed vertex, normalized by the error. The normalized distance to the
vertex is defined as

∆R ≡
√(

∆d0

σd0

)2

+
(

∆z0

σz0

)2

, (1)

where ∆d0/σd0 and ∆z0/σz0 are the normalized distances in the transverse and longitudinal directions,
respectively. The number of σ to the vertex as a function of ∆R (for a two-dimensional gaussian) is
given by

Nσ =
√

2erf−1(1− e−∆R2/2). (2)

Note that the above formula assumes no correlations between the resolutions in the transverse and
longitudinal direction.

To determine the effects of the cuts and evaluate efficiencies and acceptances, the reconstructed
tracks are matched to the generated primary and secondary particles. The track that has the highest
percentage of hits that overlap with the trajectory of a generated particle is matched to that generated
particle. A track is well matched to a particle if greater than 50% of its hits overlap with the generated
particle’s trajectory. A primary track is one matched to a primary particle and similarly a secondary
track is one matched to a secondary particle. If a track is not matched to any generated particle, it is
classified as a fake.

Table 6 shows the influence of the track cuts on the reconstructed sample. Each row shows the
percentage of tracks that did not pass each of the specified cuts. Note that a single track can fail several
cuts and therefore give counts in several rows. Three of the rows show the percentage of tracks that fail
any of the quality cuts (‘Quality’), any of the resolution cuts (‘Resolution’) and any of the quality or
resolution cuts (’Q || R’). The strongest and most effective cut is the track-to-vertex cut, which rejects
about 88% of the secondaries. The second last row shows the percentage of reconstructed tracks that
are outside the pseudorapidity and pT range used in the analysis (|η |> 2.5, pT < 150 MeV).
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Cut % Cut All % Cut Primary tracks % Cut Secondary tracks
b-layer hit 15.9 8.5 46.8

covd0 11.5 6.0 34.2
covz0 9.4 5.0 27.4
covφ 8.9 5.1 24.3
covθ 4.9 4.2 8.2

covq/pT 6.4 4.3 14.9
Quality 15.9 8.5 46.8

Resolution 16.7 10.9 40.4
Q || R 24.6 15.6 62.1

Track-to-Vtx 30.7 16.9 87.8
η || pT 1.2 1.3 0.9
Total 38.6 24.6 96.5

Table 6: Fraction of tracks cut away by the selection cuts.

4.3 Procedure & corrections

The dNch/dη and dNch/d pT distributions are obtained by starting with the measured number of se-
lected tracks in selected events and applying the following three corrections:

• Track-to-particle correction

• Vertex reconstruction correction

• Trigger bias correction

The first correction accounts for the difference between the number of measured tracks and the
number of primary charged particles. This is essentially a correction for the inner detector accep-
tance and efficiency of the tracking software [18]. The second correction takes into account the vertex
reconstruction efficiency and corrects for events that have no reconstructed vertex. These two correc-
tions account for detector dependent effects and produce the minimum bias sample, in which the data
have been corrected for detector reconstruction and acceptance but have not been corrected for the
trigger acceptance.

The trigger bias correction depends both on the detector simulation and on the physics model
used in the event generator to simulate inelastic pp interactions. Different corrections for the trigger
can be applied to correct the measured distributions back to different physics processes, i.e. inelastic,
non-single-diffractive or non-diffractive interactions.

The track-to-particle correction is applied only at the track level. The vertex correction and the
trigger bias correction are applied at the track and event level. The track-level vertex and trigger bias
corrections are needed to compensate for any bias on the measured track distribution due to vertex
and trigger requirements. All track-level corrections are determined as a function of pseudorapidity
(η), pT and the z-position of the collision vertex, vz. The event level corrections are determined as a
function of vz and the number of reconstructed tracks in the event.

The corrections are 3-D and 2-D histograms but the principal corrections shown in the figures
below are plotted as projections of pT η z-position or the number of reconstructed tracks as appropriate
for clarity.
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4.3.1 Track-to-particle correction

The number of selected reconstructed tracks differs slightly from the number of primary charged
particles due to a number of different effects: the acceptance of the detector, the detector and track
reconstruction efficiency, the contribution from secondaries and fakes, and the acceptance of the track
selection cuts. The track-to-particle correction takes all these effects into account and is calculated as

Ctrk(η ,vz, pT ) ≡ No. of primary charged particles
No. of selected reconstructed tracks

. (3)

The numerator and denominator are calculated for the same events taken through the full detector
simulation and reconstruction.

Figure 7 shows the projection of the 3-dimensional track-to-particle correction onto the η and
pT axes. The correction is significant and changes rapidly with pT below 200 MeV where the recon-
struction efficiency is lower due to a lower number of hits on a track and the effects of material and
multiple scattering. Above 200 MeV the correction is small and has a small dependence on pT .
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Figure 7: The track-to-particle correction Ctrk as a function of (a) η and (b) pT .

4.3.2 Vertex reconstruction correction

The vertex correction takes into account the bias introduced by events that are not counted because
their vertex was not found by the vertex reconstruction algorithm. The event-level correction is calcu-
lated as a function of vz and number of reconstructed tracks in the event:

C̃vtx(vz,N) ≡ No. of triggered events
No. of triggered events with ≥ 1 reconstructed vertex

. (4)

The track-level vertex correction is calculated as a function of η , vz and pT :

Cvtx(η ,vz, pT ) ≡ No. of tracks in all triggered events
No. of tracks in triggered events with ≥ 1 reconstructed vertex

. (5)
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Although the vertex correction is essentially a detector correction, some model dependence is
present since only triggered collisions are taken into account to compute the correction factors. How-
ever, the use of only triggered events has the advantage that the correction can be computed directly
from the data, without relying on any simulation. Once data are available it will also be possible
to compare the properties of the triggered events with no reconstructed vertex to the corresponding
events in the simulation. This may help minimize and better estimate any systematic uncertainties.

Figure 8 shows the event-level vertex reconstruction correction as a function of the number of re-
constructed tracks, N, and vertex z-position. A vertex can be defined using a single well reconstructed
track. As the number of tracks increases, the correction approaches unity. For events with N > 10, a
vertex is always found and the correction is no longer required.

Figure 9 shows projections of the 3-dimensional track-level vertex correction onto the vz and
pT axes. These corrections are found to be at the level of a few percent.
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Figure 8: The event-level vertex correction as a function of (a) vz and (b) the number of recon-
structed tracks (N).

4.3.3 Trigger bias correction

The trigger bias correction accounts for the difference between the MB sample selected by the mini-
mum bias trigger and the physics process of interest. This correction depends on the trigger detector
simulation and on the models of the pp interactions used in the event generator. Therefore, this cor-
rection is dependent on the relative cross-sections of the inelastic processes used and on the modelling
of particle production for the different inelastic processes.

After an initial model-independent measurement is made, the MB sample, the trigger bias correc-
tion can be used to obtain distributions for other samples of interest: non-diffractive (ND), non-single
diffractive (NSD) or inelastic (INEL) collisions. Each of these samples corresponds to a different
trigger correction and each correction can be applied to yield the final distributions for the different
collision samples. In general the correction from MB to NSD collisions is the smallest since these
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Figure 9: The track-level vertex correction as a function of (a) vz and (b) pT .

two event samples are almost identical, while the correction from MB to INEL is on the order of 1.2
(integrated over N and vz).

The trigger bias correction is determined on event level as a function of vz and multiplicity, defined
as in the vertex correction:

C̃trig(vz,N) ≡ No. of interactions in sample of interest
No. of triggered events

, (6)

and on track-level as a function of η , vz and pT :

Ctrig(η ,vz, pT ) ≡ No. of tracks in sample of interest
No. of tracks in triggered events

. (7)

In this analysis it is assumed that there is only one interaction per event since the events have been
simulated in this way. This will need to be verified in the real data for any events with more than one
reconstructed vertex by looking at the multiplicity of each of the vertices and the distance between
the vertices. As in the vertex correction, all tracks are counted since the track-to-vertex distance is
undefined for events with no reconstructed vertex.

Figure 10 shows the event-level trigger bias correction for the NSD sample as a function of multi-
plicity and vertex z-position. Using the MBTS 2 trigger, the correction is only important for N < 25;
for higher multiplicities the correction factor is not needed. It is largest for N < 5 which are prin-
cipally diffractive events that have a lower trigger efficiency relative to the non-diffractive events as
discussed in section 3.

Figure 11 shows projections of the 3-dimensional track-level trigger bias correction for the NSD
sample to two of the three 2-dimensional planes and to the vz and pT axes.

4.4 Corrected distributions

An η-vz-pT (3-D) histogram is filled for each track in each event and weighted with the values of
the track-level corrections described above. A vz-N (2-D) histogram is also filled for each event and
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Figure 10: The event-level trigger bias correction for the NSD sample as a function of (a) vz

and (b) number of reconstructed tracks (N).
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Figure 11: The track-level trigger bias correction for the NSD sample as a function of (a) vz

and (b) pT .
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weighted with the values of the event-level corrections. This histogram is needed to provide the proper
normalization factor for the analysis.

After filling the histograms, a vertex range is chosen and the vz variable is integrated out. In
the case of dNch/dη , the pT variable is integrated for pT > 150 MeV; in the case of dNch/d pT , the
η variable is integrated over−2.5 < η < 2.5. Each η-bin or pT -bin is then divided by the total number
of events, calculated by integrating the weighted event distribution histogram over N and vz. Finally,
the distribution is normalized by the inverse width of the bins. No correction was made for the effect
of the pT cutoff in the reconstruction. However, the stability of the results will be tested by varying
the pT cutoff in data.

The distributions are presented for the sample events accepted by the minimum bias trigger. For
this analysis MBTS 2 is used, and are labelled as MB. The MB distributions have only been corrected
for the acceptance and efficiencies associated with reconstructing tracks and vertices. To obtain the
NSD distributions to allow comparisons with other results, the MB distributions are corrected for the
trigger bias.

The correction procedure can be expressed mathematically for one bin, corresponding to a certain
region of phase space, in the following way. The number of particles P and number of interactions I
are calculated as:

P(η ,vz, pT ) = ∑
events

∑
tracks

(Ctrk(η ,vz, pT ) ·Cvtx(η ,vz, pT ) ·Ctrig(η ,vz, pT )), (8)

I(vz,N) = ∑
events

(C̃vtx(vz,N) ·C̃trig(vz,N)). (9)

Tracks are weighted by the track-to-particle correction Ctrk(η ,vz, pT ), by the track-level vertex cor-
rection Cvtx(η ,vz, pT ) and the track-level trigger bias correction Ctrig(η ,vz, pT ). Events are weighted
by the event-level vertex correction C̃vtx(vz,N) and the event-level trigger bias correction C̃trig(vz,N).

For a given vertex range [V1,V2] the dNch/dη and dNch/d pT are then calculated as:

dNch

dη

∣∣∣∣
η=η ′

=

∫ V2
V1

∫
P(η ′,vz, pT )d pT dvz

∫ V2
V1

∫
I(vz,N)dNdvz

, (10)

dNch

d pT

∣∣∣∣
pT =p′T

=

∫ V2
V1

∫
P(η ,vz, p′T )dηdvz

∫ V2
V1

∫
I(vz,N)dNdvz

. (11)

To exercise the analysis chain, the complete reconstructed sample was divided in half: one part
was used to calculate the corrections and the other used as ‘data’ input to the analysis.

Figures 12 and 13 show the corrected pseudorapidity distribution (pT > 150 MeV) and the cor-
rected transverse momentum spectrum (|η | < 2.5) for the MB and NSD event samples. Statistical
errors on the corrected distributions are shown. The aim was to achieve statistical errors on the cor-
rections of less than 2% per bin. The errors are mostly negligible since sufficient statistics were used
to determine the correction factor. Data in regions where small statistical errors could not be achieved
(i.e. near the edges of the acceptance) are not included in the analysis.

4.5 Systematic uncertainties

The systematic uncertainties have been estimated by changing the parameters in the generation, re-
construction or analysis and then re-evaluating the corrections and applying them to the analysis input
sample. Although many of the systematic uncertainties are correlated, the different effects are studied
here independently. The systematic uncertainties investigated include:
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Figure 12: Corrected normalised pseudorapidity and pT distributions, together with the input
Monte Carlo truth (full line) for the MB sample (blue triangles). (a) η distributions for pT >
150 MeV, where the lower part, the ratio of the analysis result over the Monte Carlo prediction
is shown. The corresponding scale is drawn on the right axis. (b) pT spectra for |η |< 2.5.
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Figure 13: Corrected normalised pseudorapidity and pT distributions, together with the input
Monte Carlo Truth (full line) for the NSD sample (blue triangles). (a) η distributions for pT >
150 MeV, where the lower part, the ratio of the analysis result over the Monte Carlo prediction
is shown. The corresponding scale is drawn on the right axis. (b) pT spectra for |η |< 2.5.
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• Track selection: Based on the estimated track resolutions (σ ) for their distance from the vertex
of the interaction, d0, tracks with d0 > 3σ are removed from the track sample. The error asso-
ciated with this cut was estimated by varying the cut value by ±0.5σ and observing the change
in the number of accepted tracks. A mis-estimate of ±0.5σ leads to a change in the number of
accepted tracks of less than 2%.

• Secondaries: Before track selection cuts are applied, the number of tracks originating from
secondaries is about 25% of the number of tracks originating from primaries. After the track
selection the total number of accepted secondary tracks is about 2.2% of the number of the
accepted tracks. The error on the number of secondaries was estimated by changing the number
of secondaries in the reconstructed sample by ±50%. The total number of accepted secondary
tracks was found to change by 1.1%. The effect is strongest in the low-pT region and vanishes
only for pT >5 GeV. The systematic uncertainty was therefore estimated to be 1.5%.

• Vertex reconstruction bias: Since the z-position of the reconstructed vertex is integrated out,
it is possible that a bias from the reconstruction of the vertex could introduce a systematic
effect on the measurement. Bias due to the vertex reconstructed was evaluated by repeating
the dNch/dη analysis using the generated vz instead of the reconstructed vz. The observed
difference was found to be 0.1%.

• Misalignment: The systematic effect from misalignment was estimated by re-running the re-
construction with a different geometry that corresponded to a misaligned and distorted detector,
and comparing the dNch/dη produced with that produced for a detector that is ideally aligned.
The misaligned geometry was misaligned both globally and locally. However, the local mis-
alignments had been corrected for using the alignment procedure. The two distributions agreed
at the level of 5-6% across the barrel and forward regions. This is the exepected level that
can achieved with cosmics and early data. A systematic uncertainty of 6% was attributed to
misalignment.

• Beam-gas interactions: The presence of background events coming from beam-gas would result
in additional systematics on the measurement.

The rate of beam-gas interactions is highly dependent on the particular beam conditions during
startup such as the number of protons per bunch and the beam current. Studies by the LHC
group have estimated the rate of beam-gas collisions within ATLAS to be 100 Hz [19]. As-
suming a pp collision rate during early running of 8×105 Hz this corresponds to approximately
1 beam-gas event per 8000 pp events. Preliminary studies with simulated beam-gas events
have also shown that only a very small fraction (<1%) of beam-gas events passed the vertex
reconstruction requirement. Therefore the effect of beam-gas events is expected to be small.

The systematic uncertainty due to beam-gas events was estimated to be ∼ 1%.

• Particle composition: The track-to-particle correction is calculated from events generated with
PYTHIA [14]. Although π±, K±, and p± compose over 98% of the charged particle multi-
plicity in these events, the efficiency for detecting each of these is considerably different for
pT < 500 MeV. This model dependent effect introduces an additional systematic error on the
measurement since relative abundances in PYTHIA could differ from reality.

Relative abundances of charged pions, kaons and protons and anti-protons were enhanced and
reduced by ±50% to estimate the systematic uncertainty due to variations in the particle com-
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position. The systematic uncertainty obtained by this method is estimated to be around 2%.
This is highly dependent on the low-pT cut used in track reconstruction.

• Relative process frequency: The trigger bias and vertex reconstruction corrections are calculated
from a sample of inelastic events where the relative cross-sections are as predicted by PYTHIA
[3]. Since the trigger and vertex reconstruction efficiencies are different for each of the inelastic
components (non-diffractive, single diffractive, and double-diffractive), these corrections are
dependent on the relative cross sections of the different components.

The relative cross sections between non-diffractive, single-diffractive and double-diffractive
components were enhanced and reduced to estimate the systematic due to the uncertainty from
the PYTHIA event generator. The corrections have been calculated by changing the diffractive
cross sections by±50% of the PYTHIA prediction, i.e. 7.1 mb < σSD < 21.4 mb and 5.1 mb <
σDD < 15.3 mb, which, as can be seen in Table 1, covers the difference in the predicted relative
cross sections between PYTHIA and PHOJET.

Changing the diffractive cross sections by±50% changes the result of the analysis by about 4%
on the final NSD sample. For the minimum bias sample in which no trigger bias correction is
applied, this systematic error is approximately zero.

Name Level Estimated Uncertainty
Track selection cuts Analysis 2%
Mis-estimate of secondaries Analysis 1.5%
Vertex reconstruction bias Reconstruction 0.1%
Misalignment Reconstruction 6%
Beam-gas and pileup Offline Trigger 1%
Particle composition Generation/Simulation 2%
Diffractive cross sections (NSD sample) Generation 4%
Total 8%

Table 7: Summary of the various systematic uncertainties and the level at which they are in-
troduced. The total systematic uncertainty assumes each of the individual uncertainties are
independent.

A summary of the systematic uncertainties is given in Table 7 along with the step in the full
chain at which they are introduced. The uncertainties in the track selection, vertex reconstruction bias
and mis-estimate of secondaries are dominated by the low-pT tracks (<500 MeV). Any uncertainties
at the generator level are due to uncertainties in predictions of physics models at LHC-energy and
are unavoidable in the final analysis. However, the principal error in the reconstruction arises from
alignment of the inner detector. The estimate of 6% is for initial running and is likely to improve.

5 Future work

5.1 Work required for first data

A number of issues have arisen during the work for this note that need to be studied further. Many of
these studies are already in progress and should be completed before the first pp collisions from the
LHC are recorded. The main topics currently under investigation are:
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• Studies with other Monte Carlo generators: The studies of pp interactions in this note have been
carried out using PYTHIA [3]. The biases introduced by the trigger will certainly depend on
the particular physics models employed by PYTHIA.

The generator PHOJET [4,13] is being used to simulate samples of LHC inelastic pp collisions
(non-diffractive, single- and double-diffractive). The physics studies discussed previously in
the analysis section are going to be repeated with PHOJET samples and the results compared
with those shown in this note. Comparing the results from analyses in different samples will
provide us indications on the systematic uncertainties due to different physics models.

• Vertexing: During initial running at low luminosities, there will still be periods where there will
be more than one event per bunch crossing. It is therefore important to be confident that an
event contains only one interaction by identifying events with a single vertex. Further work is
required to look at vertex reconstruction with low levels of additional events to evaluate how
well events with several vertices can be reconstructed.

• MBTS readout: The MBTS L1 trigger readout is currently being upgraded as part of the tile
calorimeter refurbishment. As a part of this refurbishment the 3-in-1 cards connected to the
MBTS readout are being switched from low gain to high gain. This modification means that
the signal to noise should be 5-6 times better than the values used in Section 3.2. In addition
to the L1 improvements, the MBTS will be readout at L2 to allow verification of the L1trigger
decision using the precision readout of the Tile Calorimeter electronics. Work is ongoing to
implement software to match these requirements. Once the software has been validated, the
MBTS L1and L2 trigger performance will be reevaluated.

• Beam-gas and beam halo estimate from commissioning runs: Recent efforts to produce more
accurate predictions for beam gas rates will allow a re-run of studies on how best to optimize the
MBTS and the track-trigger to reduce this background in the measured minimum bias sample.
For both cases, strategies on how to estimate the rates of beam-gas and halo events from data
during commissioning runs with a single proton beam are beginning to be discussed.

• ATLAS Beam Conditions Monitor The Beam Conditions Monitor [20] is designed to distin-
guish collisions from background through time-of-flight measurement and can improve our
understanding of beam-gas and halo rates.

5.2 Physics studies beyond first data

Following the first physics studies with minimum bias data a series of applications can be foreseen.
Among them we would highlight:

• Retuning Monte Carlo generators: LHC predictions for minimum bias events generated with
tuned MC generators PYTHIA and PHOJET indicate that although these tuned models give
comparable descriptions of lower energy data, they disagree typically by ∼ 30% for minimum
bias multiplicity distributions [12].

Measuring the global properties of minimum bias interactions as presented in this paper will
provide enough information to revisit the generator predictions and retune event generators
to describe interactions at the LHC energy. This will not only allow us to distinguish which
physics model and assumptions better agree with the data, but will also allow the reassessment
of systematic uncertainties in various channels.
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• Multiparton interactions: Charged particle multiplicity distributions [21] have been widely used
as important tools for studying multiple particle production in inelastic hadronic events [5, 6,
10, 11]. They are particularly useful when displayed in terms of multiplicity scaled variables
known as KNO variables [21]. Plotted as a function of KNO variables, the charged multiplicity
distributions provide a clearer display of fluctuations seen for both very low (less than half of the
average multiplicity) or very high multiplicity (more than the double the average) events. The
rise of the high multiplicity tail in these distributions has been interpreted as an effect caused by
multiparton interactions [10,11] and the LHC measurement of this effect will contribute greatly
to a better understanding of the underlying physics in inelastic collisions.

• Contribution to the measurement of the total cross section: A measurement of the total inelastic
rate by combining the NSD analysis with a measurement of single diffractive cross section by
the ALFA detector should be possible. Simultaneously measuring the elastic t-spectrum, which
can then be extrapolated to t → 0, will enable us to determine the total cross section (σtot) in
a luminosity-independent way or to calibrate the absolute luminosity in σtot-independent way,
using the optical theorem.

• Baseline for heavy-ion studies: A measurement of the particle yield from a single minimum
bias event can and will be used to cross-check components and assumptions made by models
for heavy-ion collisions which will then be tuned according to the LHC data. This procedure is
expected to help in generating more reliable predictions for the heavy-ion runs.

6 Conclusions

We have investigated methods for measuring the characteristics of inelastic collisions with the ATLAS
detector during early LHC running. The main goal of our study was to reconstruct the normalised
central pseudorapidity ( 1

Nev

dN
dη ) and transverse momentum ( 1

Nev

dN
d pT

) distributions of charged primaries
in pp interactions selected by a minimum bias trigger. Triggering strategies for minimum bias event
selection have been developed and an analysis to determine the charged particle distributions were
presented.

Aiming at selecting inelastic collisions with as little bias as possible, two scenarios were proposed
for triggering: a random-based track trigger and using the minimum bias trigger scintillators. The
random-based track trigger combines random event selection at L1 with the use of information from
the ID in the HLT; spacepoints from the pixel detector and the SCT at L2 and tracks reconstructed in
the EF. Minimum bias selection with the MBTS is performed by recording events that pass L1 MBTS
hit requirements. It has been shown that both triggers are highly efficient at selecting non-diffractive
inelastic samples. However, the acceptance of the diffractive component is highly suppressed relative
to the non-diffractive component, and the acceptance of the single-diffractive sample is similar to that
of the double-diffractive sample. This means that the ATLAS minimum bias triggers do not select a
NSD sample as previous experiments have and therefore model dependent corrections will be required
to compare ATLAS measurements to results from previous experiments.

Results were presented for two samples: the MB sample, which has only been corrected for
detector effects, and the NSD sample where the MB sample has been further corrected for the trigger
acceptance, which is model dependent. The analysis was performed on a sample of ∼ 75,000 events,
corresponding to a luminosity of 10−6 pb−1. The uncertainty on 1

Nev

dN
dη for both samples is dominated

by the systematic uncertainty from alignment and there is an additional uncertainty on the NSD sample
due to the model dependence of the relative cross-sections. The systematic uncertainty on 1

Nev

dN
dη for
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the MB sample was estimated to be 6% and 8% for the NSD sample. This will be sufficient to
distinguish between different models of minimum bias events.
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Electroweak Boson Cross-Section Measurements
Abstract
This report summarises the ATLAS prospects for the measurement of W
and Z production cross-section at the LHC. The electron and muon decay
channels are considered. Focusing on the early data taking phase, strategies
are presented that allow a fast and robust extraction of the signals. An over-
all uncertainty of about 5% can be achieved with 50 pb−1in the W channels,
where the background uncertainty dominates (the luminosity measurement
uncertainty is not discussed here). In the Z channels, the expected precision
is 3%, the main contribution coming from the lepton selection efficiency un-
certainty. Extrapolating to 1 fb−1, the uncertainties shrink to incompressible
values of 1-2%, depending on the final state. This irreducible uncertainty is
essentially driven by strong interaction effects, notably parton distribution
uncertainties and non-perturbative effects, affecting the W and Z rapidity
and transverse momentum distributions. These effects can be constrained
by measuring these distributions. Algorithms allowing the extraction of the
Z differential cross-section are presented accordingly.

1 W and Z cross-section measurements at the LHC

The study of the production of W and Z events at the LHC is fundamental in several respects. First,
the calculation of higher order corrections to these simple, colour singlet final states is very advanced,
with a residual theoretical uncertainty smaller than 1% [1]. Such precision makes W and Z production
a stringent test of QCD.

Secondly, more specifically for Z production, the clean and fully reconstructed leptonic final states
will allow a precise measurement of the transverse momentum and rapidity distributions, respectively
dσ/d pT and dσ/dy. The transverse momentum distribution will provide more constraints on QCD,
most significantly on non-perturbative aspects related to the resummation of initial parton emissions,
while the rapidity distribution is a direct probe of the parton density functions (PDFs) of the pro-
ton. The high expected counting rates will bring significant improvement on these aspects, and this
improvement translates to virtually all physics at the LHC, where strong interaction and PDF uncer-
tainties are a common factor.

From the experimental point of view, the precisely measured properties of the Z boson provide strong
constraints on the detector performance. Its mass, width and leptonic decays can be exploited to mea-
sure the detector energy and momentum scale, its resolution, and lepton identification efficiency very
precisely.

Finally, a number of fundamental electroweak parameters can be accessed through W and Z final
states (MW , through the W boson decay distributions; sin2θW , via the Z forward-backward asymme-
try; lepton universality, by comparing electron and muon cross-sections). These measurements are
long term applications where the understanding of the hadronic environment at the LHC is crucial,
and to which the above-mentioned measurements are necessary inputs.
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The present note summarises the ATLAS preparations for W and Z cross-section measurements, in
the context of the early running of ATLAS and the LHC. The electron and muon decay channels are
considered. A baseline integrated luminosity of L = 50 pb−1 is assumed for the total cross-section
analyses; based on these results, we estimate our prospects for L = 1 fb−1. Anticipating that the mea-
surement precision will soon be limited by the above-mentioned theoretical uncertainties, differential
cross-section analyses are presented in the second part of this work. We consider the Drell-Yan mass
spectrum below the Z peak, and the y and pT distributions on the Z resonance.

The note is organised as follows. Section 2 gives technical details about cross-section measurements,
lists the simulation samples used in the analyses, and reviews the main reconstruction aspects. Sec-
tions 3 and 4 describe the selections that allow extraction of the W and Z signals, give the expected
statistics, and discuss the uncertainties on the background rates, as these are specific to each channel.
Common systematic uncertainties affecting the cross-section determination are discussed in Section 5.
Section 6 then presents the expected performance for total cross-section measurement. Differential
cross-sections are discussed in Section 7, and Section 8 summarizes our results.

2 General discussion

This section describes the general procedure used to extract physical cross-sections, and the simulation
samples used to evaluate the expected performance.

2.1 Total cross-section measurements

The number of events N passing a given set of selections is expressed as follows:

N = L σ A ε +B (1)

where L is the integrated luminosity; σ the signal cross-section; A the acceptance of the signal,
defined as the fraction of the signal that passes the kinematic and angular cuts; ε is the reconstruction
efficiency of the signal within the fiducial acceptance; B is the number of background events. In the
above, ε is to be understood as averaged over the phase space accepted by the selections. Conversely,
the measured total cross-section is expressed as:

σ =
N−B
L A ε

(2)

and the overall measurement uncertainty gets contributions from the different terms as below:

δσ
σ

=
δN⊕δB

N−B
⊕ δL

L
⊕ δA

A
⊕ δε

ε
(3)

Above, δN ∼
√

N is of purely statistical origin, and the relative uncertainty decreases with increasing
luminosity following δN/N ∼ 1/

√
L . The terms δB, δA and δε are of both theoretical and experi-

mental origin. They are considered as systematic uncertainties in the cross-section measurements, but
can be constrained via auxiliary measurements. We thus expect these terms to improve over time, pro-
vided the auxiliary measurements have statistically dominated uncertainties. The machine luminosity
L will be measured with different methods. The uncertainty on this parameter, δL , is expected to
decrease through improved understanding of the LHC beam parameters and of the ATLAS luminosity
detector response [2].
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2.2 Signal and background samples. Benchmark cross-sections

Our main signals, W and Z events decaying into electrons and muons, are generated using PYTHIA [3].
The analysis described in Section 7, a measurement of the low-mass Drell-Yan cross-section, exploits
samples produced using HERWIG [4].

The W and Z samples are filtered at generation-level, requiring at least one lepton within the fiducial
acceptance. The electron channels require |ηe| < 2.7 and pe

T > 10 GeV; the muon channels require
|ηµ | < 2.8 and pµ

T > 5 GeV. These filters have an efficiency of about 85% for Z events, and about
65% for W events. In the case of the Z sample, the available energy for the hard process is limited
by
√

ŝ > 60 GeV. The low-mass Drell-Yan samples have the same fiducial cuts on both leptons, but
require 8 <

√
ŝ < 60 GeV. The W and Z cross-sections are normalised to the NNLO cross-sections as

provided by the FEWZ program [1].

The backgrounds considered in the analyses originate from W and Z events decaying to τ-leptons,
with subsequent leptonic τ decays; tt̄ events involving at least one semileptonic decay, and from in-
clusive jet events filtered to favour the presence of real leptons or hadrons misidentified as leptons.
Low-mass Drell-Yan events, analysed only in the electron channel (γ∗→ ee), also account for back-
grounds from boson pair production.

The W → τντ and Z → ττ events are produced as the signal samples (generators and filters). The
tt̄ samples are generated inclusively, using MC@NLO [5] to provide both the final states and the cross-
section. They are filtered for the presence of at least one electron or muon, without kinematic con-
straints. Diboson events, one of the main background in the low-mass Drell-Yan analysis, are gener-
ated using MC@NLO. For the WW process only W → eν decays are considered, while the ZZ and the
WZ are generated inclusively. No filters are applied.

The jet events are produced using PYTHIA. The transverse momentum defined in the rest frame of
the hard interaction is required to be above 15 GeV for jet samples used in W and Z analyses, whilst
no such pT cut is required for the sample used in low-mass Drell-Yan analysis. Jet backgrounds for
the muon channels are generated as inclusive jets, then requiring a final state with one (W analysis;
pT (µ) > 15 GeV) or two (Z analysis; pT (µ) > 5 and 15 GeV) muons from b-hadron decays with
|ηµ | < 2.5. Background events from hadron punch-through and from decays in flight of long lived
particle are found negligible. Background events from cosmic muons can be eliminated in a very
efficient way with timing cuts. Relying on the Tevatron results [6], this background is neglected. This
appears as a safe approximation for the ATLAS experiment, since the Tevatron experiments are built
close to the surface, while the ATLAS detector is∼ 100 m underground. In the electron channels, fake
electrons are an important issue. Therefore, rather than requiring a true electron in the final state, the
events are required to contain at least one narrow cluster of energetic final state particles. In practice,
there should exist a tower of size ∆η×∆φ = 0.12×0.12 containing a total transverse energy greater
than 17 GeV for use in W and Z analyses and 6 GeV for low-mass Drell-Yan analysis. Events passing
this filter are considered likely to produce fake electrons and passed through the simulation step.

All samples are interfaced to the CTEQ6L1 or CTEQ6M parton density sets [7] depending if the
generator uses a leading or next to leading order calculation, respectively. The events are processed
through full simulation using Geant 6.4 and a special misaligned geometry, as described in Ref. [8].
While summarised here, the cross-sections used are described and justified, together with their uncer-
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tainties, in Ref. [9]. Tables 1 and 2 summarise the signal and background samples and their properties.
The first column in these Tables indicates explicitely the cases in which a specific leptonic decay have
been required at the generation level. For this reason, the second column represents in some case (like
for the tt̄ dataset) the total production cross section and in other cases the total cross-section multi-
plied by the leptonic branching ratio(s). The third column indicates the efficiency of the filter which
is applied on the generated final states described in the first column.

Channel σ(× Br) ε f ilter Nevt (×103) L (pb−1)
W → eν 20510 pb 0.63 140 11

γ/Z→ ee,
√

ŝ > 60 GeV 2015 pb 0.86 399 230
γ/Z→ ee,

√
ŝ < 60 GeV 9220 pb 0.022 197 969

W → τντ 20510 pb 0.20 32 8
Z→ ττ 2015 pb 0.05 13 129

tt̄ 833 pb 0.54 382 850
Inclusive jets (pT >6 GeV) 70 mb 0.058 2480 0.0006

Inclusive jets (pT >17 GeV) 2333 µb 0.09 3725 0.02
WW→ (eν)(eν) 1.275 pb 1. 20 15608

ZZ 14.8 pb 1. 43 2922
WZ 29.4 pb 1. 50 1699

Table 1: Signals and background samples in the electron channels. W and Z cross-sections are nor-
malised to the NNLO prediction; the tt̄ cross-section is computed at NLO; the jet cross-section is the
LO result. The filters are described in the text. The number of simulated events and the corresponding
integrated luminosity are also indicated.

Channel σ(× Br) ε f ilter Nevt (×103) L (pb−1)
W → µν 20510 pb 0.69 190 13

γ/Z→ µµ,
√

ŝ > 60 GeV 2015 pb 0.89 446 249
W → τντ 20510 pb 0.20 32 8
Z→ ττ 2015 pb 0.05 13 129

tt̄ 833 pb 0.54 382 850
bb̄→ µ +X 766 µb 2.1×10−4 110 0.67

bb̄→ µµ +X 25 µb 1.6×10−4 140 35

Table 2: Signals and background samples in the muon channels. W and Z cross-sections are nor-
malised to the NNLO prediction; the tt̄ cross-section is computed at NLO; the bb̄ cross-section is the
LO result. The filters are described in the text. The number of simulated events and the corresponding
integrated luminosity are also indicated.

2.3 Common selection aspects

As already mentioned, W and Z boson final states are selected through their decays into electrons
and muons. The reconstruction of electrons is based on a cluster measured in the electromagnetic
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calorimeter, geometrically matching a track reconstructed in the Inner Detector. The identification of
isolated high-pT electrons is then based on the shapes of the electromagnetic showers, and on track
reconstruction information. Three sets of identification criteria have been defined. The Loose crite-
rion consists of simple shower-shape cuts; the Medium criterion adds further cuts on shower-shape
and on track quality; the Tight criterion tightens the track-matching requirement, adds a cut on the
energy-momentum ratio and further selections based on the vertexing-layer hits and on the Transition
Radiation Tracker. Electron reconstruction and its performance are described in Ref. [10].

The muon reconstruction is done with the Muon Spectrometer, possibly completed by the Inner De-
tector. Stand-alone muons are defined as consisting of a reconstructed track in the spectrometer only,
and combined muons are the subset of the above that include a matching track in the Inner Detector.
Muon reconstruction is documented in Ref. [11].

The measurement of missing energy in the transverse plane (/ET ) is an important requirement for W
boson cross-section measurements, as significant /ET reflects the presence of at least one neutrino in
the final state. The algorithm exploits the energy deposits in the calorimeter cells, the reconstructed
muon tracks, and an estimate of the energy lost in the cryostat. The calorimeter cells are calibrated
according to the physical object they represent (electrons or photons, taus, jets and muons). Cells
corresponding to electrons, photons and muons are calibrated at the electromagnetic scale, whereas
all other cells are calibrated at the hadronic scale. The /ET value is then computed as the vector sum
of the cell transverse energies. If muons are reconstructed in the event, their transverse momentum
is added to the calorimetric sum. A complete description of the /ET reconstruction can be found in
Ref. [12].

Jets are reconstructed from calorimeter cells. The Cone algorithm is used, where the jet size parame-
ter, ∆R =

√
(∆η)2 +(∆φ)2, is set to ∆R = 0.7.

At low luminosity, L = 1031 cm−2s−1, the relevant trigger items require at least one electron or muon
with pT > 10 GeV, at least two electrons with pT > 5 GeV, or two muons with pT > 4 GeV. No iso-
lation criteria are imposed on the leptons. As the LHC luminosity ramps up towards its design value,
tighter selections will be needed to control the rates. The thresholds are raised, and isolation criteria
are imposed on the electrons. The trigger items relevant for W boson selection require at least one
isolated electron with pT > 22 GeV, or one muon with pT > 20 GeV. For Z production, two isolated
electrons with pT > 12 GeV or two muons with pT > 10 GeV can be required in addition to the
above. The trigger items described above are summarised in Table 3. Many more trigger items exist;
a complete description can be found in Ref. [13, 14].

The reconstruction efficiency for electrons and muons, and the resolution of the /ET reconstruction al-
gorithm are illustrated in Fig. 1. For electrons the Medium identification efficiency is illustrated, and
for muons the combined reconstruction efficiency is shown. With looser criteria, higher efficiency and
weaker η dependence are obtained, at the cost of larger backgrounds. A complete description of the
ATLAS detector and its performance can be found in Ref. [15].
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Trigger item Description
e10, e20 One electron, pT > 10,20 GeV
mu10, mu20 One muon, pT > 10,20 GeV
2e5 Two electrons, pT > 5 GeV
2mu4 Two muons, pT > 4 GeV
e22i One isolated electron, pT > 22 GeV
mu20 One isolated muon, pT > 20 GeV
2e12i Two isolated electrons, pT > 12 GeV
2mu10 Two isolated muons, pT > 10 GeV

Table 3: Main trigger items relevant for the selection of W and Z boson final states. The first group of
trigger items is relevant to the L = 1031 cm−2s−1 trigger menu; the second group is relevant for the
L = 1033 cm−2s−1 trigger menu.
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Figure 1: From left to right : Medium identification efficiency for electrons vs. η ; muon combined
reconstruction efficiency vs. η ; /ET resolution. The efficiencies are obtained from Z boson events, and
integrated over pT > 20 GeV. The /ET resolution is obtained from W → eν events.
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Selection W → eν jets W → τν Z→ ee
Trigger 37.01± 0.09 835±18 1.73±0.02 6.07±0.01
ET > 25 GeV, |η |< 2.4 30.84±0.09 383±12 1.03±0.01 3.23±0.01
Electron ID 26.77±0.09 110±6 0.91±0.01 2.95±0.01
/ET > 25 GeV 22.06±0.09 4.6±0.7 0.55±0.01 0.06±0.01
MT > 40 GeV 21.71±0.08 1.5±0.4 0.43±0.01 0.04±0.01

Table 4: Number of expected signal and background events (×104) in the W → eν channel after
all selections, for an integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite
Monte-Carlo statistics only; systematic uncertainties are discussed in the text.

3 Electron final states

This section describes the event selections in the electron final states, the expected event rates, and
estimations of the uncertainties on the remaining backgrounds.

3.1 W → eν

Event selection. The selection of W → eν events proceeds as follows. First, the e20 trigger item of
the 1031 trigger menu should be passed. Then, exactly one electromagnetic (EM) cluster, matched with
a track and such that ET > 25 GeV, | η |< 1.37 or 1.52 <| η |< 2.4, should be present in the event.
This object should satisfy the Medium electron identification criterion. Finally, the reconstructed
missing transverse energy, reflecting the missing final state neutrino, should satisfy /ET > 25 GeV, and
the transverse mass of the (l,ν) system should satisfy MT > 40 GeV.

Due to the high di-jet cross-section and the high rejection power of the selections, the available Monte
Carlo statistics is not sufficient to evaluate this background directly. To overcome this difficulty, the
jet background has been estimated by applying the trigger and electron identification selections only,
and correcting the result with a factor obtained by computing the rejection power due to the /ET and
MT cuts only.

The number of signal and background events after the successive cuts are given in Table 4 for an
integrated luminosity of 50 pb−1. The statistical uncertainty on the expected number of events corre-
sponding to 50 pb−1is ∆NS = 0.04 ·104. The resulting transverse mass distribution is shown in Fig. 2.

Background estimation. As can be seen from Table 4, jet events constitute the largest background
component. In addition, the jet production cross-section and fragmentation properties at the LHC
are largely unknown and induce a significant uncertainty on the magnitude of this background; an
uncertainty of about a factor 3 is estimated. It is therefore important to develop methods allowing to
monitor the jet background using the data. An attempt is presented below.

The principle of the method is to measure the normalisation and shape of the jet background ahead
of the /ET cut, in a sufficiently pure jet sample. It is thus needed to find a jet sub-sample that is free
of signal events, but exhibits a transverse mass distribution and jet multiplicity close to that of the
jet background to W → eν at this level of the selection. This sub-sample is then used to evaluate the
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Figure 2: Transverse mass distribution in the W → eν channel, for signal and background after all
selections, for L = 50 pb−1 after all selections except MT cut.

rejection of /ET cut, allowing a realistic estimation of the jet background in the W → eν selection.

In this approach, the signal sample is obtained by applying the same trigger, kinematics and electron
identification selection as described before and removing in addition events with a second high-pT

electromagnetic cluster giving an invariant mass, together with first selected electron, close to the Z
boson mass (65 < Mll < 130 GeV).

The jet background control sample is selected using a single photon trigger with ET > 20 GeV, and
subsequent photon identification using the same calorimetric variables as the electron identification.
The photon cluster should also satisfy the same kinematics cuts of the electron candidate in the signal
sample. There should be no Inner Detector track matching the photon cluster, to reject events with
true electrons (e.g. W events) contaminating this photon sample. Simulation studies show that these
selections provide a sample essentially composed of jet events, even at high values of /ET , and that the
shape of the /ET distribution is identical, within the statistical precision, to that of the jet background in
the W → eν sample (see Fig. 3). Above /ET > 10 GeV, the slope can be described with the convolution
of an exponential and a second degree polynomial function.

After the subtraction of the estimated background to the signal sample, the analysis then proceeds
applying the /ET selection mentioned above. This data-driven estimation yields a jet background
fraction of (0+4−0)%. The uncertainty corresponds to a number of events, δB = 0.92×104 events.
Besides, a relative uncertainty of 3% is assumed on the W → τν background, as estimated from
the experimental uncertainties on the W and τ branching fractions. This process thus contributes
δB = 0.01×104 events.

3.2 Z→ ee

Event selection. This analysis relies on the e10 trigger. Events are further preselected by requiring
two EM clusters with ET > 15 GeV and |η |< 2.4. The presence of two electrons in the final state al-
lows application of the Loose electron identification criteria, which we briefly describe below. Three
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an integrated luminosity of 50 pb−1.
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Figure 4: The electron identification criteria described in the text: the cluster hadronic to EM energy
ratio (left); the cluster width in the first calorimeter sampling (right). The distributions are normalised
to the number of background entries.

discriminant variables are used to separate EM clusters, deposited by electrons, from the hadronic
background.

The first one is based on the longitudinal shower shape, and represents the ratio of the transverse en-
ergy deposited in the first compartment of the hadronic calorimeter divided by the transverse energy
of the EM cluster. This ratio is expected to be small for EM objects, and large for hadronic clusters.

The second and third one are based on the shower width measured in the EM calorimeter. In the
second compartment of the EM calorimeter, the width is computed from the ratio of the shower en-
ergy deposited in a region of size ∆η ×∆φ = 0.075×0.175, divided by the energy deposited within
∆η ×∆φ = 0.175×0.175 around the cluster barycenter. In the first compartment, the cluster spread
is used, computed as the root-mean-square (RMS) of the cluster energy distribution. These two vari-
ables discriminate the narrow EM clusters from the wider hadronic clusters. Distributions of the three
discriminators for electrons and hadrons are shown in Fig. 4 and in Fig. 5.
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Figure 5: The electron identification criteria described in the text: cluster width in the second
calorimeter sampling (left) and electron isolation variable (right). The distributions are normalised
to the number of background entries.

Selection Z→ ee jets
Trigger 6.70 ± 0.01 3110 ± 40
ET > 15 GeV, |η |< 2.4, 80 GeV < Mee < 100GeV 2.76 ± 0.01 11.1 ± 0.8
Electron ID 2.64 ± 0.01 0.8 ± 0.2
Isolation 2.48 ± 0.01 0.2 ± 0.1

Table 5: Number of expected signal and background events (×104) in the Z → ee channel after all
selections, for an integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite Monte-
Carlo statistics only; systematic uncertainties are discussed in the text.

Electrons identified as above are then required to be isolated. The isolation variable is computed from
the total measured energy in a cone of size ∆R = 0.45 around and excluding the electron, divided by
the electron energy. Electrons are isolated if this ratio is smaller than 0.2. Distributions of this variable
for the signal and the background are shown in Fig. 5.

The number of signal and background events after the successive cuts are given in Table 5 for an inte-
grated luminosity of 50 pb−1. The expected signal counting rate is N = (2.48±0.02)×104 events.The
uncertainty quoted here is obtained by scaling the statistics of the Monte-Carlo sample to 50 pb−1. The
resulting di-electron invariant mass distribution is shown in Fig. 6.

Background estimation. As in the W → eν analysis, the simulation-based jet background estimate
of Table 5 is replaced by a data-driven estimate. In this analysis, the signal and background fractions
are estimated simultaneously, via a fit to both contributions. The signal is described by the convolution
of a Breit-Wigner and a Gaussian resolution function, and the background, completely dominated by
jet events, by an exponential function.

At the preselection level (just ahead of the electron identification and without the Mee cut), the back-
ground largely dominates the signal and allows to determine the exponential slope. After the identifi-
cation and isolation cuts, the fit yields a background fraction of (8.5±1.5)%, or B = (0.23±0.04)×
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Figure 6: Di-electron invariant mass distribution in the Z → ee channel, for signal and background,
for 50 pb−1, after all selection cuts, except Mee cut.

104 events. The uncertainty on the background fraction derives from the modelling of the signal and
background shapes.

The relatively important background rate is explained by the rather loose identification cuts. The
present selections are chosen to illustrate the robustness of the signal extraction, and to exemplify the
background extraction method.

4 Muon final states

4.1 W → µν

Event selection. The W → µν signal is selected as follows. The events should contain exactly one
muon track candidate, passing the mu20 trigger item and satisfying |η | < 2.5 and pT > 25 GeV. The
energy deposited in the calorimeter around the muon track, within a cone of radius ∆R = 0.4, is re-
quired to be lower than 5 GeV. The event missing transverse energy should satisfy /ET > 25 GeV, and
MT > 40 GeV is required.

For the initial luminosity the pT cut of the trigger on the muon track is expected to be 20 GeV. Having
a higher pT threshold, however, can further reduce the backgrounds in particular from heavy flavour
hadron decays and from decays in flight of long lived particles. The isolation, /ET and MT cuts are
also effective to reduce those backgrounds.

After all selections, the overall efficiency for the signal is expected to be close to 80%, with very large
rejection factors for bb̄ and tt̄ events. The number of events that are expected to pass the selection
criteria for an initial integrated luminosity of 50 pb−1 are shown in table 6. The expected background
level corresponds to a fraction of ∼ 7%. Figure 7 shows the corresponding W transverse mass distri-
bution before the transverse mass cut (last cut of table 6).

Background estimation. In contrast to the electron channels, the jet background is less important
here and does not dominate the overall background. Muons from heavy flavour decays are rejected
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Selection W → µν W → τν Z→ µµ bb̄→ µX tt̄
Trigger 44.44 ± 0.07 1.53 ± 0.01 2.03 ± 0.01 83.34 ± 0.09 0.53±0.07

pT > 25GeV, |η |< 2.5 35.55 ± 0.06 1.22 ± 0.01 1.62 ± 0.01 68.27 ± 0.08 0.42±0.06
Isolation 34.80 ± 0.06 1.20 ± 0.01 1.59 ± 0.01 9.67 ± 0.03 0.35±0.06

/ET > 25 GeV 28.59 ± 0.05 0.72 ± 0.01 1.10 ± 0.01 1.00 ± 0.01 0.30±0.05
MT > 40 GeV 28.03 ± 0.05 0.57 ± 0.01 1.10 ± 0.01 0.10 ± 0.01 0.24 ±0.05

Table 6: Number of expected signal and background events (×104) in the W → µν channel, for an
integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite Monte-Carlo statistics.
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Figure 7: Transverse mass distribution in the W → µν channel, for signal and background, for
50 pb−1 after all selections except MT cut.

using the pT and the isolation cuts, and muons from decays in flight of long lived particles could be
further rejected using loose impact parameter cuts. The tt̄ background and its uncertainty are small.

As can be seen in Table 6, the dominant backgrounds are expected from W → τν and Z→ µµ events.
These processes are well understood theoretically, in particular with respect to the W → µν signal,
and can be safely estimated based on simulation. A relative uncertainty of 3% is assumed on the
W → τν background, as estimated from the experimental uncertainties on the W and τ branching
fractions. Exploiting the CTEQ6.5 eigenvector sets (cf. Section 5), an uncertainty of 2% is assumed
on the Z event rate passing the selections.

The jet background (mostly muons from b-hadron decays) is theoretically not well known. An uncer-
tainty of 100% is assumed on this background component.

A theoretical uncertainty of about 15% on the tt̄ cross-section is assumed. In addition, an uncertainty
of 10% is considered on the rejection obtained from the isolation cut. This leads to a total uncertainty
of about 20% on the tt̄ background rate.

4.2 Z→ µµ

Event selection. The Z → µµ analysis uses the 10 GeV single muon trigger. The triggered data
sample is further reduced by requiring at least two reconstructed muon tracks. The present analysis
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Figure 8: Distributions of the muon isolation variables for signal and backgrounds after all selection
cuts. Left : track multiplicity within ∆R = 0.5 around the muon. Right : total transverse momentum
of these tracks.

relies on the muon spectrometer only. The reconstructed muon tracks should satisfy |η | < 2.5 and
pT > 20 GeV. The reconstructed charges must be opposite, and the invariant mass of the muon pair is
required to fulfil |91.2 GeV-Mµµ |<20 GeV.

Muons in jet events tend to be produced within a decay cascade of further particles, and should there-
fore not appear isolated in the detector, in contrast to the leptonic decays of Z and W bosons. To
quantify the isolation of the muons, the number of Inner Detector tracks within a cone around the
candidate muon, as well as the total transverse momentum of these tracks are used. The cone size is
∆R = 0.5, and the muon track itself is excluded from the calculation.

The distributions of the isolation variables for signal and background processes normalised to their
cross sections is shown in Fig. 8, after the above-mentioned cuts.

The isolation and pT cuts are chosen to minimise the statistical uncertainty on the cross-section mea-
surement. The expected number of events after each cut are shown in Table 7. The chosen cuts select
about 70% of the Z → µµ events with muons in the detector acceptance. The residual background
fraction of this selection is 0.004± 0.001(stat). The corresponding invariant mass distribution is
shown in Fig. 9.

Background uncertainty. In this channel, the dominant background originates from tt̄ events. Be-
sides a theoretical uncertainty of about 15% on the cross-section, an uncertainty of 10% is assumed
on the rejection obtained from the isolation cuts. This leads to a total uncertainty of about 20% on the
tt̄ background rate.

The jet background (mostly muons from b-hadron decays) is expected to be smaller, but is theoreti-
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Selection Z→ µµ bb̄→ µµX W → µν Z→ ττ tt̄
Trigger 3.76±0.01 10.08±0.04 36.7±0.1 0.09±0.01 0.69±0.01
2 muons +
opp. charge 3.33±0.01 3.00±0.04 1.14±0.02 0.04±0.01 0.35±0.01
Mµµ cut 3.04±0.01 0.26±0.01 0.04±0.01 (14±4)×10−4 0.02±0.01
pT cut 2.76±0.01 0.125±0.001 0.004±0.001 (11±4)×10−4 (134±8)×10−4

Isolation 2.56±0.01 (18±5)×10−4 (9±5)×10−4 (11±4)×10−4 (66±4)×10−4

Table 7: Number of expected signal and background events (×104) in the Z → µµ channel, for an
integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite Monte-Carlo statistics.
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Figure 9: Di-muon invariant mass distribution in the Z→ µµ channel, for signal and background, for
50 pb−1, after all cuts, except the isolation and Mµµ cuts.
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cally not well known. An uncertainty of 100% is assumed on this background component.
The other backgrounds are smaller, theoretically well known in comparison to the above, and con-
tribute negligibly to the overall background uncertainty.

5 Common systematic uncertainties

5.1 Trigger and reconstruction efficiency

As has been seen in Sections 3 and 4, the selection of leptonic Z boson decays provides clean signals
with low backgrounds. This allows determination of the lepton trigger [13, 14] and reconstruction
efficiencies [10, 11] using the well-known tag-and-probe method, which is briefly outlined below.

Selecting Z → ee and Z → µµ events as in Sections 3 and 4, i.e. requiring a single lepton trigger
and two reconstructed leptons, the efficiency of a given trigger item is defined as the fraction of the
selected events where the second reconstructed lepton passes this trigger item.

The off-line reconstruction efficiency can be determined in a similar way. Requiring one reconstructed
lepton satisfying tight identification criteria, and requiring a second isolated, high-pT object such that
the invariant mass of the pair is close to the Z boson mass, provides a sufficiently pure Z→ ll sample;
the efficiency of a given identification criterion is then defined as the fraction of events where the
second object is indeed identified. Conversely, the efficiency of the isolation cuts can be determined
by requiring the second object to be identified, and counting the fraction of events where the isolation
cut is passed.

The above methods are exact in the limit where backgrounds vanish. For tight trigger and off-line
cuts, this is the case in practice : the background magnitude and uncertainty have a negligible im-
pact on the efficiency determination. Backgrounds are larger when assessing looser identification
and isolation cuts, and lower trigger thresholds. In this case, interpreting the observed dilepton mass
spectrum as a sum of signal and background contributions (described by the convolution of a Breit-
Wigner resonance and a Gaussian resolution function, and by an exponential or polynomial function,
respectively) allows to extract the background fraction and correct the computation accordingly. This
procedure was performed and shown to provide efficiency estimates that are unbiased within the sta-
tistical precision expected for L = 50 pb−1.

Figures 10 and 11 illustrate this discussion, on the examples of the e20 trigger item and Medium
electron identification cut, and of the mu20 trigger item and combined muon reconstruction. For the
selections used in the analyses of Section 3 and 4, the overall efficiency can be reconstructed with a
precision of δε/ε = 0.02 for electrons and muons.

The overall reconstruction efficiencies in Fig. 10, 11 reflect the performance of the reconstruction
software at the time of writing this note. Improved performance and results are presented in [10, 11,
13, 14].

5.2 Theoretical systematic uncertainties

This section presents comparisons on the acceptance for W → lν and Z→ ll events, as obtained from
the Pythia, Herwig and MC@NLO. The purpose of this study is to determine the contribution of the

15

STANDARD MODEL – ELECTROWEAK BOSON CROSS-SECTION MEASUREMENTS

39

761



η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Ef
fic

ie
nc

y

0.4
0.45

0.5
0.55

0.6
0.65

0.7
0.75

0.8
0.85

0.9

ATLAS

Tag & Probe
MC truth

Figure 10: Electron detection efficiency vs. η , as measured from the tag-and-probe method and
compared to the truth, for 50 pb−1. The product of the e20 trigger efficiency, and Medium electron
identification efficiency is represented.
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Figure 11: Muon detection efficiency vs. η , as measured from the tag-and-probe method and com-
pared to the truth, for 50 pb−1. The mu20 trigger efficiency, and the combined muon reconstruction
efficiency are represented.
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uncertainties on the acceptance to the overall systematic uncertainty on the cross-section.

The kinematic cuts described in Sections 3 and 4 are applied to the generator-level particles for each
of the above generators. For W events, the acceptance varies by 2.5% from one program to the other.
For Z events the observed variation is of order 3.2%. The sources which could explain the observed
differences are the Initial State Radiation (ISR), the intrinsic kT for the incoming partons, the Under-
lying Event (UE), final state photon radiation, Parton Density Functions (PDFs) and matrix element
corrections applied to the parton shower (ME).

To quantify the impact of the individual sources, samples are generated with ISR, kT , UE and ME all
switched off. The impact of each effect is then studied by switching on this effect individually. For
the sake of clarity, the discussion is given explicitly for W → eν production only; at the end of the
section results are given for both W and Z production.

The effects of electroweak corrections on the acceptance have been studied using PHOTOS. By running
alternatively with and without PHOTOS, one obtains an effect of 1.8% for W events.
Switching on ISR, or changing the intrinsic kT of the incoming partons has an important impact on the
lepton η and pT distributions. Specifically, ISR introduces a difference of 10.2% on the acceptance
for W events. Similarly, turning on and off the kT , ME and UE, the following differences on the W
acceptance are obtained: 1.9% for the intrinsic kT , 1.0% for the UE and no effect for the ME.

For these sources, the systematic uncertainty is estimated as 20% of the above numbers, which
amounts to assuming that the models describing the above are correct within 20%. One thus ob-
tains the following uncertainties for W → eν : 2.0% (ISR), 0.4% (kT) and 0.2% (UE). In the case of
PHOTOS, one has an uncertainty of 0.3%.

The PDFs are an important source of differences in the acceptances. The uncertainty is determined
using the CTEQ6.5 PDF uncertainty sets. An uncertainty of 0.9% is found.

To simplify the procedure, we assume no correlations between the different sources and calculate
the total uncertainty from the quadratic sum of all numbers, finding δA/A = 2.3% for W events.
Repeating the same exercise with Z events gives a very comparable systematic uncertainty. While
these uncertainties will be significantly reduced with the analysis of the LHC data, we assume these
figures hold for our initial cross-section measurements.

6 Total cross-section results

Cross-section results for L = 50 pb−1 are presented first. At the end of the section, the performance
is extrapolated to higher luminosity.

6.1 Results for L = 50 pb−1

We gather below the results of the analyses performed in Sections 3 and 4, and of the discussion of
systematic uncertainties of Section 5. Table 8 contains our estimations of statistical and systematic un-
certainties, the cross-section values and their uncertainties computed according to Equations 2 and 3.
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Process N(×104) B(×104) A× ε δA/A δε/ε σ (pb)
W → eν 22.67±0.04 0.61±0.92 0.215 0.023 0.02 20520±40±1060
W → µν 30.04±0.05 2.01±0.12 0.273 0.023 0.02 20530±40± 630
Z→ ee 2.71±0.02 0.23±0.04 0.246 0.023 0.03 2016±16± 83
Z→ µµ 2.57±0.02 0.010±0.002 0.254 0.023 0.03 2016±16± 76

Table 8: Measured cross-sections, their uncertainties and overall selection efficiency A× ε , for an
integrated luminosity of 50 pb−1. The uncertainty on N is statistical, the other sources are systematic.
The quoted cross-section uncertainties include the mentioned statistical and systematic contributions
but not an overall luminosity uncertainty.

As can be seen from Table 8, the results are dominated by the systematic error, even for L = 50 pb−1.
The luminosity uncertainty is common to all cross-sections, and vanishes in cross-section ratios, e.g
σW /σZ . In the W channels, the systematic uncertainty is dominated by the background uncertainty.
This can be expected given the important fraction of jet events. This background could be further
reduced, notably by requiring the absence of jets, but this would jeopardize the inclusive nature of
the cross-section measurement. The efficiency and acceptance uncertainties give a slightly smaller
contribution.

The Z channels benefit from smaller backgrounds, due to the presence of two decay leptons. For
the same reason, the efficiency uncertainty is also larger than in the W channels. Given the smaller
acceptance uncertainty, the efficiency uncertainty is the largest source of uncertainty.

6.2 Prospects for L = 1 fb−1

For higher integrated luminosity, the statistical uncertainty on the counting (N) becomes negligible,
and the efficiency uncertainty, which is determined from measurement and also of statistical nature,
strongly decreases.

With increased luminosity, a number of modifications will have to be applied to the analyses. Most
prominently, in the electron channels, the single electron trigger threshold will be increased to 22 GeV,
and the Tight electron identification is expected to be used. In Z→ µµ channel, spectrometer muons
are replaced by combined muons, and the muon isolation cuts are refined by exploiting calorimetric
information in addition to the track-based isolation used in the low-luminosity analysis. The W → µν
analysis is unchanged.

Table 9 summarizes the expected signal yields and the cross-section determination in this case. On
this timescale, L might be measured with improved precision, exploiting elastic proton scattering at
very small angles [2]. Compared to the low-luminosity analysis, the systematic uncertainties from
backgrounds and efficiency are expected to scale with statistics. Without further input, the acceptance
uncertainty does not decrease and dominates the result.
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Process N(×105) B(×105) A× ε δA/A δε/ε σ (pb)
W → eν 45.34±0.02 1.22±0.41 0.215 0.023 0.004 20520± 9±516
W → µν 60.08±0.02 4.02±0.05 0.273 0.023 0.004 20535± 7±480
Z→ ee 5.42±0.01 0.46±0.02 0.246 0.023 0.007 2016± 4± 49
Z→ µµ 5.14±0.01 0.02±0.001 0.254 0.023 0.007 2016± 4± 49

Table 9: Measured cross-sections, their uncertainties and overall selection efficiency A× ε , for an
integrated luminosity of 1 fb−1. The uncertainty on N is statistical, the other sources are systematic.
The quoted cross-section uncertainties include the mentioned statistical and systematic contributions
but not an overall luminosity uncertainty.

7 Differential cross-sections

As it is clear from the previous sections, total cross-section measurements are dominated by the sys-
tematic uncertainty even for modest integrated luminosity. The main cross-section uncertainty is
related to the acceptance uncertainty, which in turn comes from our limited knowledge of the under-
lying physics (notably non-perturbative mechanisms and PDFs). It is therefore important to measure
the distributions, which will help to constrain these uncertainties. Three examples are given below,
namely the measurement of the Drell-Yan invariant mass spectrum at low mass, and the rapidity and
transverse momentum distributions for Z events.

Compared to the inclusive analyses, the differential measurements require larger statistics. For this
reason the differential distributions shown in this section refer to an integrated luminosity of 200 pb−1,
which corresponds to the available statistics of the Monte Carlo signal samples.

7.1 Low-mass Drell-Yan production

Event selection. This study relies on a low threshold single electron trigger, e10, possible at low
luminosity. At the reconstruction level, exactly two oppositely charged electrons are required, each
satisfying the tight identification criteria, and with pT > 10 GeV. Offline electron reconstruction is
limited to |η | < 2.5. After these preselections, the reconstructed missing transverse energy in the
event, Emiss

T , should be smaller than 30 GeV. Finally, the di-electron invariant mass, mee, is required to
be in the range 20 < mee < 60 GeV. Table 10 shows the impact of these cuts on signal and background.
Only the main backgrounds except the one arising from QCD dijets are considered at this level; the
dijet background is discussed separately.

The kinematical acceptance, given by the final state requirement of two electrons satisfying pT >
10 GeV and |η | < 2.5, is 17% in the range 20 < mee < 60 GeV. For 40 < mee < 60 GeV, the accep-
tance reaches 34%. The e10 trigger channel provides an efficiency of about 89% for signal events
within the kinematical acceptance. The trigger efficiency is about 74% for di-electron pair masses of
mee = 20 GeV, and reaches 97% at mee = 60 GeV. The offline electron selection efficiency is 36% [10],
and the further kinematic selections have an efficiency of 83%.

Dijet background estimation. The background contributions listed in Table 10 are estimated from
simulation, by counting the events that pass the selection criteria described above. This method can
not be applied to the dijet background which, due to very high rejection factors, can not be simulated
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cut γ∗→ ee ττ tt̄ di-boson
Preselections 2632±12 48±3 218±3 342±3

Emiss
T < 30 GeV 2604±12 38±3 28±1 164±2

20 < mee < 60 GeV 2189±11 30±3 7±1 7±1

Table 10: Signal and background event rates, following the selections described in the text. For all
samples, the normalization corresponds to 50 pb−1. The γ∗/Z → ee signal with mee > 60 GeV is
excluded from these numbers, at all levels of the selection. The dominant dijet background is not
displayed here, and discussed separately below.

in sufficient amounts.

An alternative estimation, based on single electron rejection factors, is used. This method relies on the
probability for an event to display a single fake electron. On the inclusive jet sample, this probability
is found to be (1.5±0.1)×10−4. Assuming no correlations, the probability to find a fake di-electron
pair with opposite charge is then estimated as one-half of the square of the single fake probability.
The invariant mass distribution of fake electron pairs is estimated using Monte Carlo information.

The invariant mass distribution of the signal and backgrounds are displayed in Figure 12 (left). The
estimated background represents about one third of the selected sample. It is dominantly composed
of inclusive jets (96%), the other backgrounds being negligible.

Two thirds of the dijet events that contain one tight electron candidate are true electrons from heavy
quark decays, while the remainder are due to light hadrons mis-identified as electrons and to photon
conversions. It may be possible to reduce the jet background further by optimizing the selection crite-
ria for these low ET electrons. Additional event variables, like hadronic activity estimators, could also
be used to reduce or constrain the size of the dijet background. However, the large fraction of elec-
trons from heavy quark decays indicates that the uncertainty on the background composition related
to different rejection factors for heavy flavour and light jets under the the Drell-Yan signal is large and
requires further study.

Measurement of the cross-section. The raw measured differential cross-section may be corrected
bin by bin in di-electron mass, as follows:

(
dσ
dM

)

i
=

Ni−Bi

εiAi∆miL
(4)

where Ni is the number of signal events in mass bin i, Bi is the expected number of background events,
Ai is the kinematical and angular acceptance efficiency, εi is the overall efficiency accounting for trig-
ger, identification and further selections. ∆mi is the width of bin i and L represents the integrated
luminosity.

In practice, the corrections can be considered to be of two types: those correcting for experimental
effects (backgrounds and efficiencies), and those correcting for the kinematic acceptance of the elec-
tron pT and η requirements. Figure 12, right, illustrates the two corrections. The agreement between
the corrected distribution and the expected distribution from theory provides a technical consistency
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Figure 12: Left: Mass distributions of the measured raw events (solid line), Drell-Yan signal events
(dashed line) and background contributions arising from inclusive jets, ττ , tt̄, di-boson in decreasing
numerical importance. Right: invariant mass distributions of the selected sample before any correc-
tions (rectangles with error bars), the theoretical signal within the fiducial acceptance (dashed line),
the corrected Drell-Yan signal sample (unshaded rectangles with error bars) and the complete theoret-
ical distribution (solid line).

check of the method.

The integrated cross-section can be calculated by integrating the corrected histogram; the statistical
error on the cross-section is estimated by adding the error from each bin in quadrature. The total
Drell-Yan cross section in the electron channel, for 20 < mee < 60 GeV is σDY = 1.07 nb. The corre-
sponding statistical uncertainty is 4% for L = 50 pb−1and 1% for L = 1 fb−1. This can be compared
with the PDF contribution to the cross-section uncertainty, estimated to be 6.9% using CTEQ6.1M [7].

The statistical sensitivity provides a natural target for the different contributions to the systematic un-
certainty: the knowledge of the background level, and of the efficiency and acceptance corrections
should match the statistical sensitivity. The efficiency can be determined with sufficient precision
using the methods discussed in Section 5. The acceptance corrections are mostly affected by the
transverse momentum distribution of the Drell-Yan pairs in this mass range; this has large theoretical
uncertainties, and will have to be measured from data. The invariant mass resolution, about 1 GeV, is
found to have no significant effect on the Drell-Yan spectrum. As discussed above, the most serious
challenge is posed by the understanding of the jet background, where the current uncertainties are
much larger than the expected statistical precision. Further study is needed to assess the precision
of techniques to constrain this background directly from data; this is beyond the scope of the current
work.

7.2 Z differential cross-section : bin by bin correction method
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Category i Definition ni

1 All events 398 750
2 Fiducial and kinematics (generation) 172 544
3 Trigger and off-line (fiducial, kinematics and ID) 49 754
4 Intersection of categories 2 and 3 48 436

Table 11: Event categories used for the extraction of detector smearing corrections, geometric accep-
tance and event selection efficiency in the electron channel.

Electron channel. In the electron channel, only events that pass the 2e12i trigger condition are
considered. Furthermore, it is required that they contain exactly two, oppositely charged electrons,
each of them satisfying |η | < 2.5 and PT > 20 GeV. Both electrons are required to pass the Tight
electron identification criteria.

The background is dominated by hadrons misidentified as electrons in inclusive jet events. Taking
into account that with the Tight identification criteria the expected rate of hadrons misidentified as
electrons is very low (see [10]), the background to the di-electron signal is neglected in the following.

After all selections, the following event categories are defined. In the following, n1 denotes the total
sample size; n2 is the number of events having two generator-level electrons satisfying |η | < 2.5,
pT > 20 GeV, and 75 GeV < Mee < 105 GeV. The number of events satisfying these conditions at the
reconstruction level is noted n3; finally, n4 counts the events passing these criteria on both generation
and reconstruction levels. Table 11 summarises these definitions and contains values for the ni, di-
rectly counted from the simulated signal sample.

Muon channel. In the muon channel, only events that pass the mu20 trigger condition are consid-
ered. The events should further contain exactly two oppositely charged muons, each of them satisfying
|η |< 2.5. Both muons should be reconstructed in the Inner Detector and in the Muon Spectrometer.
The most energetic muon should satisfy pT > 20 GeV; the second one should have pT > 15 GeV. The
muon pair invariant mass should lie between 76 and 106 GeV.

Contamination from W → µν and tt̄ events effectively disappears after the selection process, but
bb̄→ µµ contamination is still about 3.5% of the signal. To minimise the bb̄ background, two isola-
tion quantities are studied. The first one is the number of tracks in a cone of size ∆R =0.45 around the
muon track ; the second one is the total calorimeter transverse energy in the same cone. The distribu-
tions of these two quantities for the four samples, corresponding to 40 pb−1of integrated luminosity,
are shown in Fig. 13. A muon track is accepted if the first isolation variable is less than six and the
second isolation variable is less than 20 GeV. These cuts are applied to both muons in the event.

The isolation cut efficiency for the signal sample is larger than 98%, and the residual contamination is
less than 0.5%. The sample is pure enough at this point that we can neglect the background contami-
nation in the differential cross-section plots.

As in the electron channel, four event categories are defined to allow the computation of the differen-
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Figure 13: Number of tracks (top) and calorimeter ET in a cone R = 0.45 (bottom). Distributions for
the muon with the higher value of the quantity is shown on the left, and distributions for the muon with
the lower value of the quantity on the right. Black line: Z→ µµ , red (or dark grey line): W → µν ,
dashed line: bb̄→ µµ , green (or light grey line): tt̄.
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Category i Definition ni

1 All events 445650
2 Fiducial and kinematics (generation) 234610
3 Trigger and off-line (fiducial, kinematics and ID) 181652
4 Intersection of categories 2 and 3 180260

Table 12: Event categories used for the extraction of detector smearing corrections, geometric accep-
tance and event selection efficiency in the muon channel.

tial cross-section. The categories and their sizes ni are given in Table 12.

Extraction of dσZ/d pT dy The Z boson phase space is sliced in rapidity and transverse momentum
regions, or bins. In each region, labeled α , the differential cross-section is obtained from the raw
event count using the usual expression:

σα =
Sα

L

dα −bα

εαAα
, (5)

where Sα , εα and Aα respectively represent the detector smearing correction (correcting for event
migration to and from bin α , due to resolution effects), overall event selection efficiency and geometric
acceptance in region α; dα is the observed event count and bα the estimated background in this region,
and L is the integrated luminosity. In terms of the definitions in Tables 11 and 12, we have:

Sα =
n3,α

n4,α
, εα =

n3,α

n2,α
, Aα = ε f ilter

n2,α

n1,α
, dα = n3,α , (6)

where the ni,α are computed in each bin α of the Z phase space. The acceptance values account for
the generator-level filtering efficiency, as described in Section 2.2.

Differential cross-section results In the electron channel, the Z boson phase space was divided in
50 pT bins and 9 rapidity bins. The pT bins have a width of 2 GeV, in the range 0 < pT < 100 GeV.
The rapidity bins have a width of 0.3, in the range 0 < |y|< 2.7. A good agreement is found between
the reconstructed cross-sections and the true distributions, obtained from a statistically independent
sample. Figure 14 shows the Z boson differential cross-section in the electron channel in rapidity and
transverse momentum bins.

In the muon channel, the Z boson phase space is divided as in the electron channel. A good agreement
is again found between the reconstructed cross-sections and the true distributions. Figure 15 shows
the Z boson differential cross-section in the dimuon channel in rapidity and transverse momentum
bins.

The plots have been normalised to the total NNLO cross-section of 2015 pb times a global accep-
tance factor of 0.73. Since the correction factors and measurement were both extracted from the same
dataset, the good agreement is a check of consistency of the method.
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Figure 14: Left: dσZ/dy, integrated over pT . Right: dσZ/d pT , integrated over −2.7 < y < 2.7.
Distributions obtained in the electron channel, with a precision corresponding to an integrated lumi-
nosity of 200 pb−1. The black line histograms correspond to the generated cross-section, the dashed
histograms to the measured cross-section before corrections are applied, while the crosses show the
measured cross-section after all corrections have been applied.
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Figure 15: Left: dσZ/dy, integrated over pT . Right: dσZ/d pT , integrated over −2.7 < y < 2.7.
Distributions obtained in the muon channel, with a precision corresponding to an integrated lumi-
nosity of 200 pb−1. The black line histograms correspond to the generated cross-section, the dashed
histograms to the measured cross-section before corrections are applied, while the crosses show the
measured cross-section after all corrections have been applied. .
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7.3 Z differential cross-section : alternative method

The method presented here attempts to fully exploit the phase space of the Z boson and its decay
products. Writing the cross-section in terms of the complete phase space allows to extract, in addition
to the Z boson distributions, possible pT , η or φ dependencies of the lepton selection efficiency.

Method The events are classified in bins both for the Z and for the decay leptons. We define NyZ

bins along yZ , and NptZ bins along pZ
T . As before, the Z boson phase space intervals are labelled α . In

addition, we define NEt intervals in the lepton transverse energy distribution, and Nη intervals for the
leptons pseudorapidity. The lepton phase space is labelled i, j (one index for each lepton).

For each α , we measure Nα
i j , which is the number of lepton pairs reconstructed with one lepton in

bin i and one lepton in bin j. The following relation holds, in the practical absence of background, as
justified in the previous sections:

Nα
i j = εiε jPα

i j L ∆σα , (7)

where Pα
i j is the probability, computed on Monte Carlo, that a Z boson produced in bin α decays into

two leptons in bins i and j; εi is the lepton reconstruction efficiency in bin i; L is the integrated
luminosity, and ∆σα is the Z production cross-section in bin α .

Resolution effects, primarily on the lepton ET , are accounted for as follows. When the Pα
i j histograms

are filled, the lepton ET is first smeared according to its expected, ET and η dependent resolution. The
smeared quantities are then used to compute the Z variables (pt , y). In this way the above equation is
unchanged and all detector effects can be incorporated in the Pα

i j factors. Writing the above for all α ,
i, j provides an over-constrained system whose unknowns are the efficiencies and cross-sections. We
can then compute the εi in each bin α , up to a factor related to L ∆σα .

The system can be solved analytically, using for example the singular value decomposition method,
or SVD. A drawback of this method is that it is based on least squares; it is thus not valid in the case
of low statistics. In particular, at low luminosity, the statistics are such that several bins contain only
a few events. To avoid bias in the efficiency determination, a likelihood using Poisson probabilities is
constructed and used to fit the efficiencies numerically. In order to help the fit to converge, we first
solve the system using the SVD method, and we use the results as initial parameters of the fit. Since
the εi are expected not to depend on α , we can compute their weighted average over the bins α .

In case of low statistics, the bin sizes should be large enough to integrate a sufficient statistics in each
bin. If the lepton reconstruction efficiency is not constant within each bin, the hypothesis that the
efficiency does not depend on the Z boson phase space might be violated. To avoid such effects, the
lepton binning is chosen such that the efficiency is a priori constant within each bin. This results in
bins with variable width, which does not affect the method.

In any given Z phase space interval α , we can write for each lepton bin (i, j) the following relation:

L ∆σα =
Nα

i j

< εi >< ε j > Pα
i j

, (8)

26

STANDARD MODEL – ELECTROWEAK BOSON CROSS-SECTION MEASUREMENTS

50

772



Z
y

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

σ∆L

0

2000

4000

6000

8000

10000

12000

14000

MC truth

pseudo dataATLAS

 [GeV]ZPt
0 10 20 30 40 50 60

σ∆L

0

5000

10000

15000

20000

25000 MC truth

pseudo data

ATLAS

Figure 16: Left: L ∆σ versus yZ , integrated over pZ
T . Right: L ∆σ versus pZ

T , integrated over yZ .

where < εi > and < ε j > are the average efficiencies computed at the previous step. Finally, L ∆σα

is computed by averaging over all (i, j).

“Classical limit” of the method. As discussed above, the method proposed here might need sig-
nificant integrated luminosity to be applied safely. The classical method is reached by simply setting
NEt = Nη = 1, and accordingly computing the acceptance and efficiencies from Monte-Carlo in each
Z boson phase space interval α .

Resolution effects are taken into account as before, by smearing the Monte Carlo input before deter-
mining the acceptance. Once the acceptance and efficiency are determined in each bin α , just counting
the number of events Nα in the bin and allows to deduce the differential cross-section using the usual
cross-section expression in the absence of background:

L ∆σα =
Nα

εαεαAα . (9)

Results. The complete method has been tested on the Z → µµ samples described in Section 2.2.
Due to the limited statistics, the Z phase space was mapped using NptZ =10 for 0 < pZ

T < 60 GeV, NyZ

=5 for −2.5 < yZ < 2.5. The muon reconstruction efficiency has no pT -dependence above 10 GeV;
this allows to set NEt =1. The definition of the muon η intervals is dictated by the detector geometry
which affects the efficiency as a function of η ; we set Nη =7, with the intervals [-2.7,-1.6], [-1.6,-1.4],
[-1.4,-0.1], [-0.1,0.1], [0.1,1.4], [1.4,1.6], [1.6,2.7].

The results are illustrated in Fig. 16. The Z boson rapidity and pT distributions are correctly recon-
structed. Measured and true distributions agree within the statistical precision, which varies from 3%
in regions where the differential cross-section is high, to about 20% in the tails of the Z boson phase
space (yZ > 1.5). In addition, the η dependence of the reconstruction efficiency can be measured
accurately. Given the interval definition above and the size of our sample, a precision of about 2% is
obtained for each point. This is competitive with the tag-and-probe determination described in Sec-
tion 5, and illustrated in Fig. 17.
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Figure 17: Muon reconstruction efficiency versus η , measured simultaneously with the differential
cross-section.

For cross-checks, the classical limit of the method has been tested using the Z→ ee samples. The inter-
vals are defined as before, except NyZ =10 and NptZ =20. The following selection criteria are applied:
two reconstructed electrons of opposite charge are required in the detector acceptance (|η | ≥ 2.5),
with 20 GeV ≤ pt ≤ 80 GeV . Both electrons should pass the Tight identification criterion. Z events
are selected around the mass peak (87 GeV ≤ MZ ≤ 95 GeV ), with pZ

T ≤ 60 GeV . The acceptance
cuts on the electrons imply yZ ≤ 2.5.

The results of the differential cross-section dσ/dyZ , integrated over pZ
T , and dσ/d pZ

T , integrated
over yZare shown in Fig. 18. The squares represent the raw distribution, the dots represent the mea-
surements, corrected by the acceptance and the efficiency factors. The shows the input value. The
measurements are consistent with the input, which proves the consistency of the method.

8 Summary and perspectives

This work presents the ATLAS prospects for the measurement of W and Z boson cross-sections at the
LHC. In the four considered channels (W → eν , Z→ ee, W → µν , Z→ µµ), the analyses confirm
the high purity of the samples after fairly usual selections (high-pT lepton identification, isolation, and
/ET in the W final states). The jet background is poorly predicted, and dedicated studies are needed to
monitor its magnitude using real data. Data-driven methods are presented that seem to have sufficient
sensitivity to keep the jet background at a level where it does not prevent a precise cross-section mea-
surement.

With 50 pb−1, the background and signal acceptance uncertainties contribute similarly to the mea-
sured cross-section uncertainty, at the level of 2-4% depending on the channel. The uncertainty on
the integrated luminosity is not included in the present discussion. Extrapolating to 1 fb−1, all un-
certainties are expected to scale with statistics, except the acceptance uncertainty. This leads to the
conclusion (see also, for example, [16, 17]) that the W and Z cross-sections can not be measured to a
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Figure 18: Left: L ∆σ versus yZ , integrated over pZ
T . Right: L ∆σ versus pZ

T , integrated over yZ .

precision better than about 2 %.

This argument however ignores the additional input from differential cross-section measurements.
In contrast to total cross-sections, the differential ones benefit from small acceptance uncertainties,
and have the potential to constrain the uncertainties that affect total cross-sections. The examples
of the dilepton mass spectrum below the Z peak, and of the Z boson rapidity and pT distributions
are studied here. The methods presented are shown to provide correct estimations of the differential
cross-sections. The natural next step of these analyses, i.e. quantify their physical implications, is
beyond the scope of this note and reserved for the real data.
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Production of Jets in Association withZ Bosons

Abstract
We simulate a measurement of the inclusiveZ(→e+e−/µ+µ−) + jets cross-
section with the ATLAS experiment in pp collisions at 14 TeV for an in-
tegrated luminosity of 1 fb−1 using fully-simulated signal and background
Monte Carlo data sets. The reconstruction of leptons and of missing trans-
verse energy becomes more complex in the presence of a multi-jet final
state. We quantify the reconstruction differences with respect to those ob-
served for inclusiveZ production. We derive statistical and systematic lim-
itations in terms of probing the perturbative QCD predictions and discrimi-
nating between predictions of different event generators.

1 Introduction

The production ofW/Z + jets in pp collisions at 14 TeV is an important part of the physics program at
ATLAS. The processes are interesting in their own right as tests of perturbative QCD at the LHC, as
well as forming important backgrounds for both Standard Model and Beyond Standard Model physics
processes. The results of the measurements can be compared directly with fixed-order predictions at
leading order (LO) and next-to-leading order (NLO) in QCD and the gauge boson mass provides a
large scale for the pertubative calculations. In addition,the measurements can be used to test the
performance of Monte Carlo event generators that will also be used to simulate the backgrounds for
other physics processes.

In this analysis we present a feasibility study of the cross-section measurements for data corre-
sponding to an integrated luminosity of 1 fb−1 performed with fully-simulated signal and background
Monte Carlo samples. The goal of the analysis is to test the performance of the lepton and jet trig-
gering and reconstruction algorithms in high jet multiplicity events, to develop the necessary analysis
techniques (unfolding, background subtraction) and to evaluate the statistical and systematic limita-
tions of the data, in terms of probing the fixed-order QCD predictions and of discriminating between
predictions of different Monte Carlo event generators. Theprimary end-result of the analysis with
real ATLAS data will be hadron-level cross-sections. In this note we will concentrate onZ + jets in
final states with electrons and muons, but with techniques applicable to the case ofW + jets as well.
Much of the effort on the triggering and reconstruction of leptons is in common with the inclusive
W/Z note [1]; thus, we do not reproduce all of the details from that note, but rather comment on the
impact of a multi-jet environment on these issues.

2 Reference Cross-Sections and Monte Carlo Datasets

Reference cross-sections are collected in [2], but we briefly discuss here the cross-sections relevant for
this note. NLO is the first order at which theZ + jets cross-sections have a realistic normalization (and
realistic shape for some kinematic distributions) [3]. Thecurrent state of the art for NLO calculations
is for Z + 2 jets, although there is ongoing work for the calculation of 3 jet final states. Cross-sections
for Z + 0,1 and 2 (3) jet final states can be conveniently calculatedat LO and NLO (LO only) using
the parton-level MCFM [4] program (version 5.1. interfacedwith LHAPDF 5.2.3 [5]), and it is from
this program that we determine our reference cross-sections. We use the CTEQ6.1 parton distribution
functions (PDFs) [6] and a dynamic renormalization/factorization scale ofm2

Z + p2
T,Z. We apply similar
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kinematic cuts on the leptons and jets and the same jet algorithm on the partons as will be described
in Section 3. The error on the cross-section stemming from the PDF uncertainty is calculated using
the complete set of error PDFs in the CTEQ6.1 set.

2.1 Monte Carlo Datasets

The most important Monte Carlo data sets for the signal processes (Z → e+e− andZ → µ+µ− ) used
in these studies are generated with ALPGEN [7] (v 2.05), interfaced with HERWIG [8] and using
the leading order PDF set CTEQ6LL [9]. (Hereafter, when we refer to ALPGEN it is understood
that it is interfaced with HERWIG.) The generation is done with a renormalization/factorization scale
of m2

Z + p2
T,Z and a MLM [10] matching cut atpT = 20 GeV (jets below this cut are generated by

the parton shower and not by the matrix element) and|η | < 6. A discussion of the uncertainty in
predictions forZ + jets final states using different matrix element + Monte Carlo calculations and
different matching cuts is beyond the scope of this study, but is given in Ref. [10].

The final Monte Carlo data sets are obtained following the standard prescription [10], by merging
the samples ofZ + n partons (where n=0-5), each sample weighted with the product of the respective
sample cross-section, the MLM matching efficiency and the efficiency of the generator-level filter.
All but the highest jet multiplicity sample are exclusive, i.e. events are only kept if all jets with
pT > 20 GeV and|η | < 6 are matched to a matrix element parton. The highest multiplicity sample,
Z +5 partons, is inclusive; events with additional jets softerthan the partons from the matrix element
are not discarded. Thus, there can be more than 5 jets in this sample. The di-lepton mass is required to
be larger then 40 GeV and lower than 200 GeV. A generator-level filter requires one seeded-cone jet,
with a radius ofR =

√
∆η2+ ∆φ2 = 0.4, with pT > 20 GeV and|η |< 5.0, and two electrons/muons

with pT > 10 GeV and|η |< 2.7 in the event.
For the comparison with the fixed-order theoretical predictions, the merged data sets are normal-

ized to the NLO inclusiveZ → e+e− andZ → µ+µ− cross-sections. Because of the jet filter used
in their generation, the fully-simulated data sets can not be used to derive the global normalization
factor. For this purpose, we use additionalZ → e+e− andZ → µ+µ− ALPGEN data sets which are
produced with the same conditions, but without the generator-level filter applied.

PYTHIA [11] signal and background samples are generated with version 6.323 (Z → e+e−,
Z → µ+µ−, Z → ττ , andW → eν) or 6.403 (tt̄, filtered QCD multi-jet) using the corresponding
ATLAS underlying-event tune [2]. PYTHIAZ → e+e− andW → eν events are preselected with
a generator-level filter requiring one electron withpT > 10 GeV and|η | < 2.7. The filter for the
corresponding processes with muon final states requires onemuon with pT > 5 GeV and|η | < 2.8.
PYTHIA Z → ττ events are generated with a filter requiring two electrons/muons withpT > 5 GeV
and|η |< 2.8. For each of theZ → ℓℓ samples, the di-electron (di-muon, di-tau) mass is required to
be larger than 60 GeV. The jet background for the electron channel is simulated with a PYTHIA QCD
multi-jet sample with a minimum hard-scattering transverse momentum of 15 GeV. A generator-level
filter requires a jet ofpT = 17 GeV clustered in a narrow region of∆η/∆φ = 0.06, a size similar to an
electron cluster. The QCD multi-jet background for the muonchannel is estimated with a PYTHIA
bb̄ sample. Two muons withpT > 4 GeV and 6 GeV, respectively, are required in the final state.

2.2 Corrections from Parton to Hadron Level

Comparisons of data cross-section measurements and LO/NLOpredictions are to be made at the
hadron level (particle level). Hence, the MCFM predictionsfor the observables have to be corrected
with respect to the non-perturbative effects resulting from jet fragmentation and from the underlying
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event. The impact of the underlying event correction is to add energy to the MCFM jets, while the jet
fragmentation correction subtracts energy. Both corrections are expected to decrease with increasing
jet pT . The non-perturbative corrections are determined from thecurrent ATLAS PYTHIA tune by
comparing the multiplicity and thepT distribution of jets with a cone radius of 0.4 clustered on the
final-state particles inZ → µ+µ− Monte Carlo samples generated with PYTHIA 6.403 (a) using
the standard ATLAS PYTHIA tune [2] and (b) with fragmentation and multiple-particle interactions
switched off. To the extent to which the two partons that can comprise a jet in MCFM mimic the effects
of the parton shower in PYTHIA, the corrections derived fromthe above procedure can be applied to
the MCFM output [3]. For jets with cone radius 0.4 withpT > 40 GeV, the effects of fragmentation
and underlying event cancel up to a residual correction at the percent level, which is then applied
to the MCFM predictions. These corrections are expected to be re-done with the underlying event
measurements determined from ATLAS data.

3 Particle Identification and Trigger

We adopt as much as possible definitions and cuts in common with the other analyses, and in particular
with the inclusiveW/Z study [1].

3.1 Particle Identification

The electron candidates are required to havepT > 25 GeV, and to lie in the range|η |< 2.4, excluding
the barrel-to-endcap calorimeter crack region (1.37< |η |<1.52). The electrons are required to fulfill
the medium electron-identification signature [12], which consists of requirements on the calorimeter
shower-shape and the matched track. TheZ selection requires two electron candidates with an invari-
ant mass of 81< mee < 101 GeV and∆R > 0.2 between the electrons. No calorimeter isolation cuts
are applied for this analysis, although they will be appliedfor actual data analysis. There is an implicit
isolation cut, however, present in the trigger [13].

A muon candidate requires the combined reconstruction of aninner detector track and a track
in the muon spectrometer [14]. Muons are required to havepT > 15 GeV and|η | < 2.4, with
the range 1.2 < |η | < 1.3 being excluded. Isolation is applied by requiring the energy deposition
in the calorimeter to be less than 15 GeV in a cone of∆R = 0.2 around the extrapolation of the
muon track. TheZ selection requires that there be two muon candidates with aninvariant mass of
81< mµµ < 101 GeV.

For the analyses in this study, we use jets clustered with thestandard ATLAS seeded-cone algo-
rithm with a radius ofR = 0.4, built from either calorimeter towers (Z→ e+e− analysis) or topological
clusters [15] (Z → µ+µ− analysis), and calibrated to the hadron level. The lepton and jet candidates
must be separated by∆Rl j > 0.4. It is required that the jet transverse momentum be larger than
40 GeV and that the jet be in the range|η |< 3.0.

3.2 Trigger Selection

The trigger selection used here is the same as that used in theinclusive analyses [1]. In the electron
channel,Z → e+e− + jets events are required to pass the isolated di-electron trigger or the isolated
single-electron trigger. In the muon channel,Z → µ+µ− + jets events are required to pass the isolated
di-muon trigger. The trigger efficiencies at the first, second and event filter levels are evaluated as
a function of the jet multiplicity. The trigger efficiency isalso studied as a function of the overall
hadronic activity, thepT of the leading jet and theZ transverse momentum. For this purpose, the
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generated Monte Carlo information and the data driven tag-and-probe method are compared. Good
agreement between the two methods is found. The efficiency for an electron to pass the isolated
single-electron trigger is found to decrease with increasing jet multiplicity, pT of the leading jet and
with decreasing distance to the closest jet.

4 Measurement ofZ + jets Cross-Sections

We study the comparison of theory and measurement for quantities suited to compare with a fixed-
order NLO calulation: the inclusive cross-section forZ → ℓℓ˙ with at least 1 jet, 2 jets and 3 jets and
the differential cross-sections with respect to thepT of the leading and the next-to-leading jets.

4.1 Lepton Reconstruction in a Multi-jet Environment

The presence of additional jets in the event has an impact on the kinematics of both the leptons and
jets: the leptons are more boosted (largerpT and lower∆φ between leptons) in events with jets and
the distance between leptons and jets becomes smaller in high-multiplicity events. The average jet
pT increases with the number of jets. Due to the combination of the single electron and di-electron
trigger channels used in this analysis and due to the boost ofthe electrons with large jet activity, the
efficiency loss of the isolated electron triggers for large jet multiplicities has only a negligible impact.
The totalZ reconstruction efficiency (offline+trigger) is stable withrespect to both the jet multiplicity
and the transverse momentum of the leading jet.

Muon reconstruction efficiencies and rejections for QCD multi-jet background are investigated
for different isolation requirements. The isolation requirement for this analysis (see Section 3.1) is
chosen such that it presents no significant bias for events with large jet multiplicities and large jetpT

while at the same time providing a sufficiently large rejection for the QCD multi-jet background.

4.2 Background Estimation

For the evaluation of backgrounds to theZ→ e+e−+ jets signal we consider processes with real elec-
trons (tt̄, W → eν , Z → τ+τ−) and QCD multi-jet production. Statistics of the multi-jetbackground
sample are increased by applying a very loose electron selection and then reweighting the events with
the rejection from the final electron identification cuts. For theZ → µ+µ− analysis the background
is dominated by processes with real muons (tt̄, W → µν , and QCD multi-jets). QCD multi-jet back-
grounds for isolated highly-energetic muons result mainlyfrom decays ofbb̄ mesons. We thus use a
bb̄(→ µ+µ−) sample to evaluate this background. For both analyses, allbackgrounds are estimated
from fully-simulated Monte Carlo samples, generated with PYTHIA. They are compared with the
signal distributions, derived from the respective ALPGENZ + jets data sets.

Table 1 provides an overview of the accepted cross-section and the corresponding signal and
background fractions within the selected event sample, forseveral jet multiplicities and for the electron
and the muon channel respectively. The uncertainties displayed in the table are of statistical nature
only. The total background is at the level of 5-15 % dependingon the jet multplicity. With increasing
jet multiplicity, tt̄ replaces QCD multi-jet production as the dominant background source in both
analysis channels. Due to the larger acceptance and the larger lepton reconstruction efficiency, we
obtain more than twice as many signal events in the muon channel. Since the dominant (tt̄) background
also contains two real leptons, the signal-to-background ratio is comparable in both analyses.

Figures 1(a+b) show the combined distribution of the di-muon mass and the jet multiplicity for
events with at least one jet for signal and background eventsin the Z → µ+µ−+ jets channel. Fig-
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Z → ℓℓ+≥ 1jet Z → ℓℓ+≥ 2jets Z → ℓℓ+≥ 3jets
Process σ (fb) fraction (%) σ (fb) fraction (%) σ (fb) fraction (%)

Z → e+e−+ jets analysis

Z → e+e− 23520±145 91.9±0.8 4894±45 87.9±1.3 900±15 80.0±2.4
QCD jets 1545±89 6.0±0.4 336±42 6.0±0.8 78±20 6.9±1.8

tt̄ 496±28 1.9±0.1 333±23 6.0±0.4 146±15 13.0±1.4
W → eν (28±13) (0.1±0.05) (5.9±2.6) (0.1±0.05) (1.1±0.5) (0.1±0.05)

Z → τ+τ− 3.2±1.2 0.01±0.01 (0.67±0.25) (0.01±0.01) (0.1±0.05) (0.01±0.01)

Z → µ+µ−+ jets analysis

Z → µ+µ− 59400±650 96.2±1.0 12600±300 90.1±1.9 2450±100 89.7±3.7
QCD(bb̄) 1230±550 2.0±0.9 600±300 4.3±2.2 0±110 0.0±4.0

tt̄ 1140±110 1.8±1.8 790±90 5.7±0.2 275±50 10.2±1.9
W → µν 0±180 0.0±0.3 0±30 0.0±0.2 0±5 0.0±0.2

Table 1: The accepted cross-sections (σ , in fb) and the corresponding fraction of the total sample
(in %) for signal and for the background channels in theZ → e+e−+ jets and theZ → µ+µ−+ jets
analyses, after applying the cuts outlined in Section 3. Thenumbers in brackets are extrapolated from
results obtained for a lower jet multiplicity. Errors shownare statistical only.

ures 1(c+d) show the distribution of signal and backgroundsfor the pT of the leading and the next-
to-leading jet in theZ → e+e−+ jets channel. The jets from the QCD multi-jet background have a
similar pT distribution as the jets from the signal events, while the jets from thett̄ background tend
to be harder.

4.2.1 Background Subtraction

The Z → τ+τ−, tt̄ andW → eν backgrounds are subtracted using the Monte Carlo estimates. The
systematic uncertainty from the limited background statistics is propagated into the systematic uncer-
tainty of the cross-section measurement. Special care willbe needed in validating against data the
differential cross-section for thett̄ process, since it is the dominant background for large jet multiplic-
ities. The QCD multi-jet background is expected to be determined with data-driven methods. From
the simulations we expect a multi-jet background fraction independent of the jetpT such that it can
be subtracted by applying a global factor. We assume in the following an uncertainty of 20% on the
measurement of the QCD multi-jet fraction. The error is propagated into the systematic error on the
measured cross-section.

4.3 Unfolding of Detector Effects

The reconstructed data have to be unfolded from the detectorlevel to the hadron level, correcting for
efficiency, resolution and non-linearities in electron andjet reconstruction. In this study, the individual
unfolding corrections are assumed to factorize in leading approximation, and the individual contribu-
tions are investigated and corrected for separately. The corrections are detailed in the following for
the case of theZ → e+e− channel. Unfolding of theZ → µ+µ− final state is done in a similar way.
All corrections are derived with fully-simulated ALPGEN Monte Carlo samples.

The dominant correction on the inclusive cross-section fortheZ → e+e− channel stems from the
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Figure 1: The distribution of the di-muon mass (a) and the inclusive jet multiplicity (b) for signal
and backgrounds in the muon channel. In order to provide higher statistics for the background deter-
mination, background events in an invariant mass window of 51−131 GeV, are scaled down for an
invariant mass window of 81−101 GeV. Also shown is the distribution ofpT of the leading (c) and
the next-to-leading (d) jet in the electron channel for

∫
Ldt = 1 fb−1. The vertical lines in (a), (c) and

(d) indicate the kinematic cuts applied in the analysis.

electron reconstruction. For each of the two electrons, thecross-section is corrected for the electron
reconstruction efficiency, given as a function of the electron pseudo-rapidity and transverse momen-
tum. The cross-section is also corrected for the trigger efficiency with respect to the offline selection.
Corrections from jet reconstruction have a comparably small impact on the overall cross-section but
bias the jetpT spectrum since, in general, the detector effects are greater for low pT jets. The recon-
structed jetpT is corrected for the non-linearity of the jet energy scale, and for each jet in the required
selection, the cross-section is corrected for the reconstruction efficiency and for the effect of the jet
energy resolution. The uncertainties on deriving these corrections, stemming from the limited Monte
Carlo statistics, are taken into account as systematic uncertainties on the cross-section measurement.

Figure 2 compares the distributions of thepT of the leading jet and the next-to-leading jet, in differ-
ent unfolding stages, with thepT distribution of the original (hadron-level) Monte Carlo jets. Within
the statistical and systematic errors, thepT distributions of the Monte Carlo jets and the corrected
reconstructed jets are in agreement, thus providing a consistency check for the unfolding corrections.
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Figure 2: Comparison of the distribution of thepT of the leading jet (a) and the next-to-leading jet
(b) for the generated (hadron-level) Monte Carlo and for thereconstructed quantities without any cor-
rection, after the corrections for electron triggering andreconstruction and after applying in addition
the jet-releated corrections.

4.4 Comparison of Event Generator and MCFM Predictions at the Hadron Level

One of the goals of our study is to evaluate the statistical and systematic precision of theZ + jets
cross-section measurement and to compare this precision with the size of the uncertainties that are
expected in the first inverse femotbarn of data. Since this study deals with the measurements from
the first data, we compare the precision of the measurement with the differences in the predictions of
our LO and NLO QCD calculations and with the predictions frommatrix element and parton-shower
generators.

4.4.1 Generator Comparisons

In this section we compare the prediction for the inclusive jet cross-section from the generators
PYTHIA and ALPGEN with those from the MCFM partonic level event generator. In order to sep-
arate the reconstruction from the generation effects we useonly Monte Carlo hadron-level generator
information.

Figures 3(a)-(c) show the comparison of the distribution ofthe jet multiplicities and thepT of
the leading and next-to leading jets for ALPGEN and PYTHIAZ → µ+µ−+ jets samples with the
NLO (LO) calculations from MCFM. The errors on the generatordistributions are purely Monte Carlo
statistics whereas the errors on the MCFM cross-section correspond to the PDF uncertainties and to
the error from the unfolding to the hadron level. MCFM predictions are corrected to the hadron level
as specified in section 2.2. The two Monte Carlo samples are normalized to the inclusive NLOZ
cross-section, as determined in MCFM.

The NLO MCFM predictions for theZ + 1 jet andZ + 2 jets cross-sections are, in general, greater
than the LO predictions by 20 to 30%. PYTHIA predicts a largerZ + 1 jet cross-section than ALP-
GEN, but also predicts a lower average jet multiplicity. Both Monte Carlo generators predict a lower
cross-section than the NLO MCFM calculation for final stateswith more then one jet. The differ-
ence between the predictions of PYTHIA and ALPGEN, and between both generators and MCFM,
amounts to 10-60% depending on the jet multiplicity. A comparison of the differential cross-section
as a function of the jetpT indicates that the inclusive cross-sections shown in Figure 3(a) depend very
much on the minimum jetpT required by the selection. PYTHIA predicts larger cross-sections than
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Figure 3: Comparison of the inclusive jet cross-section (a)and thepT of the leading jet (b) and of the
next-to-leading jet (c) for theZ → µ+µ−+ jets channel from PYTHIA and ALPGEN Monte Carlo
with NLO (LO) MCFM predictions. The MCFM predictions have been corrected to the hadron level.

even NLO MCFM for low jetpT . But, while the shape of the jetpT distribution predicted by ALP-
GEN agrees well with the NLO MCFM prediction, PYTHIA generates a clearly softerpT spectrum,
as expected.

4.4.2 Statistical and Systematic Errors

In order to determine the expected precision of the analysis, the cross-section measurement is per-
formed on the fully-simulated ALPGENZ + jets data sets, which are corrected to the hadron level,
following the prescription of Section 4.3. Systematic errors from the corrections are included. In the
next step we evaluate the impact of the uncertainties expected for real ATLAS data taking. ATLAS ex-
pects a limited precision of the jet energy scale in the first years, starting from uncertainties at the level
of 10% and converging eventually towards 1%. We obtain two benchmark scenarios by propagating
jet energy scale uncertainties of 5% and 10% into the measured cross-sections. Several backgrounds
will be estimated with data-driven methods, introducing additional systematic errors. We account for
that in a first approach by adding an error of 20% on the fraction of the multi-jet background for each
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jet multiplicity. The statistical uncertainties in the samples are scaled to the number of events expected
to be selected for an integrated luminosity of 1 fb−1.

Figure 4 compares, for theZ → e+e−+ jets channel, the inclusive jet multiplicity (a) and thepT

of the leading jet (b) for MCFM and the fully-simulated corrected ALPGEN sample. The errors on
the MCFM predictions result from the PDF uncertainty and from the errors from the correction for
the non-perturbative effects. The errors on the ALPGEN Monte Carlo data include all the statistical
and systematic uncertainties described in this section with the jet energy scale uncertainty set to 5%.

An additional systematic uncertainty is introduced on the unfolding correction for the jet resolu-
tion due to the uncertainty on the jet resolution measurement and to the uncertainty on the shape of
the pT distribution which we use to derive the corrections. Using corrections from different event
generators and varying the jet resolution within its uncertainty results in a systematic error on the
cross section at the percent level.
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Figure 4: The inclusive jet cross-section (a) and the distribution of thepT of the leading jet (b),
as predicted by NLO (LO) MCFM (corrected to the hadron-level) and by ALPGEN for theZ →
e+e−+ jets process.

The uncertainty on the theoretical predictions and on the measured cross section, as shown in
Figure 4, are propagated on the data/theory ratio. Figure 5 shows the resulting uncertainty on a ratio
of 1 for the inclusive cross-section and for thepT of the leading jet. The systematic uncertainty on the
inclusive cross-section from a jet energy scale uncertainty of 5% is twice as large as as the sum of all
the other statistical and systematic uncertainties. In this case, the overall precision on the data/theory
ratio expected with the first fb−1 of data is at the level of 8-15% for topologies with 1-3 jets. A
jet energy scale uncertainty of 10% results in the dominant error on the cross-section. In this case,
the total uncertainty on the cross section is at the level of 15-30%, which is at the same order as the
typical differences expected between LO and NLO predictions, or between predictions from PYTHIA,
ALPGEN and MCFM. Statistical limitations become sizable for large jetpT (≫ 200 GeV).

5 Conclusions

Final states containingZ + jets will serve as one of the Standard Model benchmarks for physics
analyses at the LHC. We have simulated cross-section measurements for theoretically well-defined
quantities such as the inclusiveZ + jets cross-section, and the jet transverse momentum for the leading
and next-to-leading jets. An unfolding technique from the detector to the hadron level has been
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Figure 5: Uncertainty on the ratio of measurement and theoryfor the inclusive jet cross-section (a)
and thepT of the leading jet (b) for theZ → e+e−+ jets process.

developed, and results are presented at the hadron level. Theoretical corrections from parton to hadron
level, necessary for comparisons of data to parton level predictions, are determined.

The main background sources are found to be QCD multi-jet processes for low jet multiplicities
andtt̄ for large jet multiplicities and amount to the level of 5-20%, depending on the jet multiplic-
ity. Predictions from the Monte Carlo generators PYTHIA andALPGEN have been compared with
MCFM NLO (LO) calculations. The inclusive cross-section predictions differ by 10-60%, with larger
discrepancies for the PYTHIA parton shower prediction (with respect to MCFM and ALPGEN) with
increasing jetpT . Statistical and systematic uncertainties on the ratio data/theory have been deter-
mined. A jet energy scale uncertainty of 5% would be the dominant systematic uncertainty on the
measured cross section, resulting in a total uncertainty of8-15% for final states with 1-3 jets. A
jet energy scale uncertainty of 10% results in an overall precision at the level of 15-30% which is
at the same order as the typical differences expected between LO and NLO predictions or between
predictions from PYTHIA, ALPGEN and MCFM.
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Measurement of theW Boson Mass with Early Data

Abstract
We present new methods for measuring theW mass at ATLAS, and show
their performance on simulated data. The experimental systematic uncer-
taintiess and their impact on themW measurement are evaluated, with sam-
ples downscaled to 15 pb−1. The electron transverse momentum analysis
yields a precision ofδmW = 120(stat)⊕ 117(syst) MeV. The systematic
uncertainty is dominated by the energy scale. In the muon channel, the
transverse mass analysis givesδmW = 57(stat)⊕ 231(syst) MeV, where
the dominant contribution comes from the recoil calibration. PDF uncer-
tainties contributesδmW = 25 MeV. Other theoretical uncertainties were
not explicitely considered, but expected to be small in comparison to exper-
imental uncertainties in earlymW measurements.

1 Introduction to the W mass measurement at the LHC

The mass of theW boson is currently measured to bemW = 80.399± 0.025 GeV [1]. Since theW
boson mass and the top quark mass are the largest sources of uncertainty in the indirect determination
of the Higgs boson mass, improved precision is desirable. The expected total inclusiveW cross sec-
tion at the LHC is about 20.5 nb for each lepton channel [2]. In10 fb−1 of data, around 30×106 W
events will be selected in each leptonic decay channel (W → eν ,µν), providing a combined statistical
sensitivity of about 2 MeV. Systematic errors will need to becontrolled to comparable precision.

The present note is however concerned with the early ATLAS data (L ∼ 10− 20 pb−1), with an
expected statistical precision of about 100 MeV. In this context, the main sources of systematic uncer-
tainty are of experimental origin (energy and momentum scales, resolution, efficiency). Other sources,
related to the theoretical description ofW production, play a less significant role.

The aim of the following is to establish an unbiasedW mass fit with templates, demonstrate that using
Z events for calibration is valid, and show that the experimental sources of systematic uncertainties
can be controlled to the level of the statistical sensitivity. In doing so, we test the readiness for theW
mass measurement in the first years of data taking.

This note is structured as follows. First a general discussion in Section 2 gives the outline of the
analysis, the ingredients involved in aW mass measurement, and the challenges in controlling them.
Template basedW mass fits are presented in Sections 3 to 5, exploiting the electron and muon chan-
nels. In a first step, all ingredients entering the templatesare supposed perfectly known. We then
evaluate the dependence of the fit results on each of them. Section 6 describes the calibration of the
absolute lepton energy scale and resolution usingZ decays. This section also discusses the effect of
the lepton reconstruction efficiencies. Background uncertainties are treated in Section 7. Section 8
quantifies residual systematic uncertainties afterin situ calibration. Finally, Section 9 summarizes the
analysis and concludes.
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2 Outline and strategy of the analysis

2.1 Simulation and data sets

The simulatedW andZ samples on which this note is based are generated using thePYTHIA event gen-
erator [3]. Photon radiation is carried out byPHOTOS[4], andτ decays are handled byTAUOLA [5].
Detector simulation is done usingGEANT4 version 4.0 [6], and reconstruction with Athena ver-
sion 12.0.6. These fully simulated events are reconstructed using the ATLAS software, and used
as real data (“pseudo-data”). For the production of templates, we use the generator-level information
only, together with estimated detector smearing corrections. Simulated statistics of our main signal
samples are shown in Table 1. OurW signal samples correspond to roughly 15 pb−1. In the following,
all results will be normalized to this luminosity, i.e. downscaling results from the largerZ samples.

Channel Nb. of events Cross section [pb]ε of filter CorrespondingL [pb−1]
W → eν 170143 20510 0.624 13.3
W → µν 189903 20510 0.686 13.5
Z → ee 377745 2015 0.857 218.7
Z → µµ 150650 2015 0.896 83.4

Table 1: Number of events, cross sections (at NNLO [2]), and corresponding luminosity of the simu-
latedW andZ signal samples used in the analysis.

2.2 Event selection

Since the dijet cross section at hadron colliders is severalorders of magnitude larger than theW bo-
son cross section, the hadronic decay modes ofW andZ bosons are not usable. Therefore, only the
leptonic decay modesW → ℓν andZ → ℓℓ (ℓ = e,µ) are considered. While theW andZ bosons are
produced with a small transverse momentum on average (see Figure 2(a)), their longitudinal boost can
be large. However, this boost leaves the lepton transverse momenta unchanged, which subsequently
is a good distribution to studyW boson decays.

W events are required to have one isolated lepton withpT above 20 GeV and missing transverse energy
(/ET ) in excess of 20 GeV.Z events are required to have two isolated leptons withpT above 20 GeV
of opposite charge (see Figure 1). The triggers providing these events are an isolated 15 GeV electron
trigger and a 20 GeV muon trigger. The electrons are requiredto pass tight identification criterion [7],
and only combined muons (with reconstructed tracks in both the inner detector and the muon spec-
trometer [8]) are used. Both electrons and muons are required to lie within the tracking range|η |< 2.5
(see Figure 2(b)). In addition, the calorimeter barrel-endcap transition range 1.3 < |η | < 1.6 is ex-
cluded for electrons.

In addition to this basic selection, some other requirements apply. To reject backgrounds from jet and
tt̄ events, the signal events are required not to have large hadronic transverse activity. A summary of
the requirements can be found in Table 2.

The expected numbers of events in 15 pb−1 from the above mentioned event selection are summarized
in Table 3. Though the expected number of reconstructedZ events is an order of magnitude smaller
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Figure 1: Transverse view of aW → ℓν (a) and aZ → ℓℓ (b) event. The combined transverse momen-
tum of the recoilu, which should match that of the boson, is used to estimate themomentum of the
undetected neutrino in theW → ℓν decay. The dotted ellipses represent the uncertainties.

Requirement W → eν W → µν
Reconstructed lepton pT > 20 GeV,|η |< 2.5 pT > 20 GeV,|η |< 2.5
Isolation Econe

T /ET < 0.2
Missing energy /ET > 20 GeV /ET > 20 GeV
Crack region Remove 1.30< |η |< 1.60
Recoil momentum pT < 50 GeV

Requirement Z → ee Z → µµ
Reconstructed leptons pT > 20 GeV,|η |< 2.5 pT > 20 GeV,|η |< 2.5
Isolation Econe

T /ET < 0.2
Crack region Remove 1.30< |η |< 1.60
Recoil momentum pT < 50 GeV

Table 2: Selection criteria for theW andZ decays. See text for details.
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Figure 2: (a) Reconstructed transverse momentum ofW andZ bosons. The larger resolution in the
W events causes the wider peak at lowpT , while at higherpT theZ spectrum slightly dominates. (b)
Distribution inη of reconstructed muons fromW andZ events.

than that ofW events, the fact thatZ events are fully reconstructed and thus have much better mass
resolution compensates for this deficit.

Channel W → eν W → µν Z → ee Z → µµ
Detector acceptance [%] 44.3 45.4 42.4 39.9
Reconstruction efficiency [%] 21.7 39.1 10.4 33.4
Nb. of events for 15 pb−1 [103 events] 66.7 120.2 3.2 10.1

Table 3: Acceptances, total reconstruction efficiencies, and resulting statistics for 15 pb−1 of data.
TheW cross sections are inclusive, while theZ cross sections are for invariant masses above 60 GeV.
Both are at NNLO and contain the relevant branching fractions. The acceptance is the fraction of
events which lies within the detector acceptance, while thetotal reconstruction efficiency is the overall
efficiency for an event to pass all selection criteria including the acceptance.

2.3 Input to W mass fit

While the Z decay can be fully reconstructed, and its mass calculated from the invariant mass of
the decay leptons, this is not the case forW decays, where the neutrino goes undetected. From the
momentum imbalance one can infer the missing energy, but with limited precision and only in the
transverse direction. This means that the invariant mass can not be determined, and one is forced to
consider other variables sensitive to theW mass. In principle there are three sensitive variables:

• The lepton transverse momentum,pℓ
T .

• The missing transverse momentum,pν
T ≡ /ET .

• TheW transverse mass, defined as:mW
T ≡

√
2pℓ

T pν
T (1−cos(φ ℓ−φν)).

The lepton transverse momentum is measured with an accuracyof about 2% for electrons and muons
[7,8] in the momentum range of interest (see Section 6.2). This is an order of magnitude better com-
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pared to the accuracy of the missing transverse energy determination, which has a resolution of about
20-30% [9]. Finally, theW transverse mass combines the two momenta along with the azimuthal
angle between them.

All of the above distributions have a Jacobian peak either atmW /2 (pℓ
T andpν

T ) or mW (mW
T ), which is

sensitive to theW mass. The sharpness of the peak is affected both by the resolution and the boson
pT . While the leptonpT has a very good resolution, thepT of the boson smears this Jacobian edge.
On the contrary,mW

T is to first order insensitive to thepT of the boson, but here the edge is smeared
by the poor resolution of the missing transverse energy (seeFigure 3). Finally,pν

T suffers from both
effects, and is therefore the poorest candidate for a fittingvariable. SincemW

T is formed frompℓ
T and

pν
T , it is of course statistically correlated withpℓ

T . However, the statistical correlation betweenmW
T and

pℓ
T is only about 30%, and since they have different systematic errors, combining the measurements

based on these observables could improve the sensitivity.
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Figure 3: Fitted distributions ofpℓ
T (a) andmW

T (b), showing the Jacobian peak, and the effects of
finite detector resolution (i.e. smearing) and recoil (i.e.pT of theW ). While pℓ

T is more sensitive to
the recoil than to the resolution, the converse is true for the mW

T distribution.

2.4 Fitting the W mass with templates

The lepton transverse momentum andW transverse mass distributions,pℓ
T and mW

T , shown in Fig-
ure 3, are the result of several non trivial effects. For thisreason no analytical expression describes
the distributions in detail, and one is forced to use numerical methods. One method for fitting these
distributions is template fitting [10, 11]. Templates of thepℓ

T andmW
T distributions are produced with

varying mW values, and compared to the corresponding distribution observed in data (see Figure 6).
The comparison is based on a binnedχ2 method.

To estimate the impact of a given effect on theW mass determination, templates unaware of the effect
under consideration are produced and subsequently fitted todata, which includes this effect. Assuming
an unbiased fit, when the effect is not included in the data (see Sections 3 and 4), the resulting shift
in fit value measures the systematic error on theW mass from not including the effect. By gradually
changing the size of an effect, the systematic error on theW mass as a function of this effect can be
determined. As most effects are small, the dependencies areapproximately linear. They are in general
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different for thepℓ
T andmW

T fits. If an effect can be characterized by one parametera, the systematic
errors (δmW ) can be calculated from the derivative∂mW/∂a times the size of the uncertaintyδa. If
more parameters are required, the systematic uncertainty is calculated from all parametersai and their
covariances Covi, j.

δmW =
∂mW

∂a
δa (Single parameter) δmW

2 = ∑
i, j

∂mW

∂ai

∂mW

∂a j
Covi, j (Multi parameter)

In the following, theδa are to be understood as relative uncertainties, and the derivatives are with
respect to these relative uncertainties. Our results for∂mW/∂a are normalized in MeV/%.

2.5 Calibration procedure

The calibration of the absolute energy/momentum1 lepton scale plays a central role, as it is the largest
systematic uncertainty and the starting point of all other calibrations.

2.5.1 Average calibration

To first order, a single average lepton scale factor, defined as αE = Erec/Etrue, independently ofη
andpT , can be obtained by demanding that the reconstructedZ peak matches its known mass. While
this assures the correct lepton scale and resolution forZ events, the energy scale obtained in this way
might not apply toW events. Because of non linearities and non uniformities, the differentpT andη
distributions inW andZ events can possibly introduce significant bias.

2.5.2 Differential calibration

If needed, an upgrade to a differential calibration can be performed, which contrary to the average
calibration includes variations of scale and resolution with energy/momentum,η , and/orφ . The three
key ingredients to such a calibration are the precise knowledge of theZ mass, width, and decay kine-
matics, the non zero transverse momentum of theZ bosons, and the very large sample ofZ bosons
produced at the LHC.

The calibration uses a large sample of reconstructedZ → ℓℓ events along with corresponding tem-
plates, representing our knowledge of theZ lineshape, which we assume known. Through a compar-
ison of the two in bins of the variables of interest (leptonpT , η , andφ ) one can extract the scale and
resolution in each of these bins [12].

Once the absolute scale is set for the leptons, the hadronic recoil scale can be determined by com-
paring it to the transverse momentum of the leptons from theZ. Again, this calibration can be done
differentially, measuring the missing momentum response as a function ofpT (Z), the recoil size, and
the hadronic transverse activity (∑Ehadrons

T ). While this calibration is naturally not as accurate as that
of the lepton scale, due to the poorer resolution of the hadronic recoil, it fortunately turns out that the
mass fit is less sensitive to the recoil scale (see Section 4.3).

1These two terms cover the same aspect, but will generally be used about electrons and muons, respectively. Angular
uncertainties are omitted throughout this note, as they play an insignificant role.
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2.5.3 Efficiency determination

The efficiency is determined using the “tag and probe” methods [13], again applied toZ → ℓℓ events.
The different spectra inW andZ events is accounted for by determining the efficiency as a function
of pT andη , which has been found to yield efficiencies compatible betweenW andZ [7,8].

The following sections attempts to quantify the above outline.

3 Fitting the W mass with templates - electron channel

3.1 Modelling templates forW mass fit

As no analytical expression matches the lepton transverse momentum andW transverse mass distri-
butionspℓ

T andmW
T , we fit theW mass using the template method (see Section 2.4). For the templates

of varyingW mass to match the measured distribution well, all effects influencing these distributions
must be included when producing the templates. The principle influences are scale, resolution, non
gaussian tails, efficiency and background effects, which are (with the exception of background) pri-
marily obtained from the similar but more constrainedZ → ℓℓ events, as discussed in Section 6.

Two assumptions have to be validated first, namely the lack ofbias of the fit in itself, and the porta-
bility of the calibration from theZ to theW . The lack of bias is tested by assuming perfectly known
physics and detector response. In practice, the detector response is determined at this stage from direct
comparisons of the lepton reconstruction to the generator level kinematics, using theW sample that
is used in the mass fits. Then the fit is repeated using templates with the detector response estimated
from theZ sample, still comparing reconstructed to simulated kinematics. An unbiased result vali-
dates the portability, i.e. that detector parameters can indeed be ported fromZ to W events, justifying
an in situ determination of these parameters usingZ events.

In addition it has to be tested that the template components can be included without biasing the fit,
and thus that a subsequent calibration, which matches the truth, will yield unbiased templates. This is
tested in the following. The statistical sensitivity of ourW → eν sample, corresponding to 15 pb−1 of
data, is about 120 MeV, and we provide an estimate of the required precision on the detector response
parameters to keep the systematic uncertainty within this limit.

3.2 Fits tomW using templates: Validation of the method

In this section, the detector parameters are determined from fits toErec/Etrue, the ratio of reconstructed
to true energy of the decay electrons. The fits are done using the so-called “Crystal Ball” PDF [14],
which aims at describing the result of calorimetric resolution together with upstream energy loss in
a single function. It has four parameters and displays a gaussian core, and a power-law tail at low
energy. Its expression is, up to normalization factors:

CB(x) =

{
e−( x−αE

σE
)2

, x > αE −nσE

(β/n−|n|− x)−β , x < αE −nσE
(1)

wherex = Erec/Etrue, αE is the position of the peak,σE the gaussian width;n gives, in units ofσE , the
point of transition between the gaussian and power-law descriptions, andβ is the exponent control-
ling the tails. The relative normalization of the two components preserves continuity atαE −nσE , up
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Figure 4: Examples of detector response functions fitted toErec/Etrue, for 30< pe
T < 40 GeV. From

upper left to lower right: 0.4 < |η |< 0.5 (a), 0.8 < |η |< 0.9 (b), 1.3 < |η |< 1.4 (c), and 1.9 < |η |<
2.0 (d).

to the first derivative. While not fully satisfactory from a theoretical point of view (the combination
of resolution effects and radiation should in principle be given by a proper convolution), it is very
effective in describing the observed response.

The fits are performed vs.η and pT . The angular range 0< |η | < 2.5 is divided in intervals of size
∆η = 0.1. In each interval, fits are done for 10< pT < 70 GeV, in intervals∆pT = 10 GeV. Figure 4
shows a number of examples, at different values ofη and pT . Theη dependence of the parameters,
for 30< pT < 40 GeV, are displayed in Figure 5, where the shaded regions correspond to the excluded
|η | region described in Section 2.2.

In our fits theβ parameter was constrained to the range 0< β < 5. As the examples in Figure 4
illustrate, theβ parameter appears to systematically choose values close toits upper bound, while sat-
isfactory fits are still obtained. Therefore, we fixβ = 5 in the remaining of the analysis, and treat the
response functions in terms ofαE , σE andn only. ThepT spectrum templates are produced from gen-
erator levelW → eν events, where the electrons are smeared using the above function and parameters
according to their kinematic variables. Three example template distributions are shown in Figure 6(a),
corresponding to three values ofmW . The number of events used to produce the templates is increased
by repeatedly smearing generator level particles. Although this limits the impact of statistical fluctu-
ations in the templates on the result, template fluctuationsare still visible. Distributions on Figures 6
are plotted on a wide range to assure that the entirepT spectrum is under control. The fitting range
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Figure 5: η dependence ofαE (a), σE (b) andn (c), for 30< pe
T < 40 GeV. The shaded regions

correspond to the excluded|η | region described in the event selection (Section 2.2).
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Figure 6: (a) Templates obtained at three example mass points, namelyαm = mW/mtrue
W = 0.98,1,1.02.

(b) Best fit template (histogram), compared to the pseudo-data (points).

is chosen to be between 30 and 60 GeV to avoid edge effects and to reject backgrounds (see Section 7).

The mass fit is performed using binnedχ2 comparisons between the pseudo-data and the template
histograms. Given that allpT bins contain at least several hundred events, theχ2 of a given compari-
son can be defined as:

χ2 =
N

∑
i=1

(ni,data−ni,template)2

σ2
i,data + σ2

i,template

, (2)

where the sum is over the histogram bins, andn and σ are the bin contents and their errors, re-
spectively. Computed as a function ofαm = mW/mtrue

W , the χ2 follows the parabola illustrated in
Figure 7, which can be used to determine them f it

W and its error. The obtained parabola is satisfactory
despite the fluctuations of theχ2 points with respect to the fitted curve, which are due to the finite
statistics of the templates. We obtainm f it

W = 80.468±0.117 GeV, to be compared to the input value
mtrue

W = 80.405 GeV. The best fit template is shown in Figure 6(b). The stability of this result is ver-
ified by repeating this exercise a number of times, with the detector smearing applied independently
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Figure 7:χ2 vs. αm = mW/mtrue
W , for the comparisons of pseudo-data and templates described in the

text.

in each exercise (i.e, producing independent sets of templates). The distribution ofm f it
W has a spread

well compatible with the estimated fit uncertainty.

We thus conclude that within the statistical sensitivity oftheW → eν sample, the current procedure
provides an unbiased estimate ofmW . We now proceed to relax our main assumptions and quantify
the dependence of the fit on the detector response parameters.

3.3 Sensitivity ofm f it
W to the template components

This section quantifies the stability ofm f it
W under variations of the assumptions used to produce the

templates. As stated earlier, we leave phenomenological considerations aside and concentrate on
experimental effects. We study explicitly the effect of nongaussian tails in the detector response
function, reconstruction and identification efficiency, and backgrounds. The dependence ofm f it

W on
the detector scale and resolution was studied in [15], and reviewed here. The biasδmW = m f it

W −mW

as a function of the fractional error on the lepton scale (αE ) and resolution (σE ) is found to be:

∂mW/∂αE = 800 MeV/%, ∂mW/∂σE = 0.8 MeV/%. (3)

The impact of non gaussian tails is studied as follows. Starting from the detector response parametriza-
tion decribed in Section 3.2, we suppress the tails of the distribution and assume a pure gaussian
response. The parameters describing scale and resolution are kept to their previous value. We then
produce templates and perform the fit as above. The procedureis illustrated in Figure 8. The response
distribution can be compared to Figure 4 to assess the impactof neglecting the non gaussian part of
the distribution. As can be seen, the corresponding templates are biased towards higherpT ; we thus
anticipate, as otherwise expected, that an underestimation of the tails should imply a negativeδmW .

We obtain a biasδmW = −555 MeV, corresponding to an underestimation of the non gaussian tails
by 100%. Denotingτ the non gaussian fraction of the response function, we thus estimate the bias as
a function of the relative error on the tails as:

∂mW/∂τ =−5.5 MeV/%. (4)
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Figure 8: (a) Response function at 0.2 < η < 0.3, 20< pT < 30 GeV, removing the non gaussian part
of the distribution. (b) Pseudo-data (points), compared totemplates produced assumingmW = mtrue

W ,
with non gaussian tails included (full line) or not (dashed line).
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Figure 9: Electron reconstruction efficiency as a function of pT , for different regions inη .

Distortions in thepT distribution can also be caused by the lepton reconstruction efficiency, as soon
at it has a non trivialpT dependence, i.e.εℓ = εℓ(pT ). This is the case in the electron channel, as
illustrated in Figure 9.

As above, we quantify the impact of thispT dependence by taking the pseudo-data as they are, but
assuming a flat efficiency in the templates. Sinceεℓ(pT ) is an increasing function ofpT , we expect
that the templates will be biased towards lowerpT values, inducing a positive shift inm f it

W . Perform-
ing the mass fit indeed yieldsδmW = 360 MeV (this bias corresponds to a perfectly flat efficiency
assumption). We estimate the bias per percent relative error on thepT dependence ofεℓ to be:

∂mW/∂εℓ = 3.6 MeV/%. (5)

Note that the present analysis only relies on thepT dependence ofεℓ and not on its absolute value.
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Figure 10: Ratio of the fitted values ofαE , σE and n, betweenW and Z events. Each histogram
represents theη dependence of the parameterαE (a),σE (b) andn (c), for 30< pe

T < 40 GeV.

3.4 Comparison ofW and Z events

Before explicitly calibrating detector parameters fromZ events and applying them in themW fit, we
verify that this procedure is indeed justified. To this end, we perform the detector response fits as
described in Section 3.2 on ourZ → ee sample, obtaining a map of the response parametersαE , σE

andn as a function ofη andpT of the electrons.

A first check is to compare the obtained values to those extracted from theW sample. This is illustrated
in Figure 10. For all parameters, agreement is found within the statistical sensitivity throughout the
analysed electron phase space, except for the resolution parameter in the shadedη region, excluded in
the study as explained in Section 2.2. We thus expect that templates produced using detector response
to Z events will provide an adequate description ofW events.

A mW fit is performed next. Templates are produced from generatorlevel W → eν events, smeared
according to detector performance found onZ events. The resulting distributions are shown in Fig-
ure 11(a) together with their ratio in Figure 11(b); good agreement is observed. Fitted with a straight
line, Figure 11(b) shows a slope of(3±2) 10−4, compatible with 0, but which yields a small bias to-
wards higher masses. Accordingly, the result of the fit ism f it

W = 80.567±0.118 GeV, to be compared
to m f it

W = 80.468±0.117 GeV obtained with detector performance found onW events. The result is
compatible with the input valuemtrue

W = 80.405 GeV.

4 Fitting the W mass with templates - muon channel

This section repeats the discussion of Section 3 for the muons channel. In addition, a template fit of
themW

T distribution is described.

4.1 Template fits to the muon transverse momentum

Repeating the analysis from Section 3 for the muon channel yieldsm f it
W = 80.538±0.106 GeV, ob-

tained with detector performance found onW events, andm f it
W = 80.508±0.106 GeV, with detector
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Figure 11: (a) Templates obtained forαm = mW/mtrue
W = 1, with detector performance obtained from

W events (full line) and fromZ events (dashes). (b) Ratio of the previous histograms, fitted with a
straight line.

performance found onZ events. The differences with the electron channel are described in the fol-
lowing.

The dependence of the template fit on the scale and resolutionis the same in the muon channel as in
the electron channel. The muon momentum resolution is generally slightly worse, and whereas the
electron resolution improves withpT , the converse is true for the muon resolution. Figure 12 shows
four examples of the momentum ratio distributionsprec

T /ptrue
T for muons – two fromW events and

two from Z events. As can be seen, the shapes can be modeled well with a core gaussian distribution
describing the general muon bias and resolution complemented by an outlier gaussian distribution
accounting for the muons, which are encountering parts of the detector with poor muon spectrometer
coverage and increased material, resulting in a slightly degraded resolution.

To check the portability, the fitted constants are again compared between theW and theZ events, as
can be seen in Figure 13. The correspondance between the fitted parameters is satisfactory. According
to Figures 13(b) and 13(d), the resolution parameters are systematically smaller inW events. The dif-
ference between the resolutions inW andZ events averaged overη is 3.6%, which combined to Eq. 3
leads to a bias of 3 MeV. As will be seen in Section 6, this bias can be neglected given the precision
of the in situ scale and resolution determination.

Unlike the electron case, the muon reconstruction efficiency does not vary significanly over the mo-
mentum range of interest. As can be seen from Figure 14, the efficiency is quite constant above
10 GeV, varying only slightly between barrel (ε = 95.8%) and endcap (ε = 94.3%) region, due to
increase in material. As the reconstructed muons are required to have a momentum above 20 GeV,
the efficiency is essentially constant.

The flatness of the efficiency is not expected to change until at several hundred GeV, where radiative
losses grow larger than those due to ionization [1]. Using the “tag-and-probe” method, the hypothesis
of a flat muon efficiency will be tested. The uncertainty in thelinear fit translates for 15 pb−1 into a
systematic error of 16 MeV, which is much less than in the electron channel, as expected.
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Figure 12: Distributions of transverse momentum ratiosprec
T /ptrue

T for muons fromW ((a) and (c)) and
Z ((b) and (d)) decays at|η |< 0.36 ((a) and (b)) and 1.79< |η |< 2.14 ((c) and (d)) in the momentum
range 35-40 GeV.
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Figure 13: Comparison of fitted mean (a), core resolution (b), outlier resolution (c), and out-
lier fraction (d) betweenW (circles) andZ (squares) events for muons in the momentum range
30 < pT < 35 GeV in seven bins of|η |. The markers have been artificially shifted, left (W ) and
right (Z), in |η | to increase readability.
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Figure 14: (a) Muon efficiency as a function ofpT for W (circles) andZ (squares) events. Insert shows
a zoomed view on the range of interest along with a constant fitto each of the graphs. The hypothesis
of a flat probability in the range 10-70 GeV has been tested to be valid. (b) Muon efficiency ratio
betweenW andZ events. NopT dependence is seen, and a linear fit yields a slope of(6.3±6.5)×
10−5, consistent with zero.
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4.2 Fitting the transverseW mass

Having tested the template fitting of thepℓ
T distribution, we now move to themW

T distribution. In ad-
dition to the lepton residuals, this fit requires residuals for the missing momentum. Since the missing
momentum is a transverse quantity, it does not depend on theη of the lepton(s) in the event. However,
the detector response depends on the total transverse hadronic activity ΣET and the recoil momentum
perpendicular to the direction of the leptons (cf. Figure 1).

To describe the response,ΣET is divided in 10 bins in the range [0,200] GeV and recoil momen-
tum into 10 bins in the range [0,40] GeV, each with an additional overflow bin. In each bin, the
distributions are well described by two gaussian distributions with a common mean, as the missing
momentum residuals are not expected to have any asymmetric tails.

To study the response, it is useful to project the/ET momentum components onto two axes, defined
event by event in the transverse plane. The parallel axis is defined such that the azimuthal angles
between the leptons (ℓ andν) and this axis are minimized and equal, and the perpendicular axis is de-
fined as perpendicular to the parallel axis. This reference system adapts better to the individual event
topology than fixed axes. Examples of the residual distributions projected on these axes are shown in
Figure 15.
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Figure 15: Distribution of/ET residuals/ET
rec− /ET

true for W decays. The/ET momentum compo-
nents along the parallel (a) and perpendicular (b) axes are shown, for a recoil mometum in the range
[8,12] GeV, andΣET in the range [20,30] GeV. The fitting function describes the distributions well.

Using the above modelling of the missing momentum response,we producemW
T templates and test

if the fit is unbiased or not. Unlike the lepton case, no additional efficiency curve has to be in-
cluded, as the missing momentum is calculated for every event. As can be seen from Figure 16, the
mW

T templates match the reconstructed distribution, and the fitis unbiased, giving a fitted value of
80.421±0.059 GeV compared to an input value of 80.405 GeV.
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Figure 16: (a) ReconstructedmW
T distribution (middle curve) along with templates producedwith

theW mass hypothesis 78.792 GeV (left curve) and 82.008 GeV (right curve), before any kinematic
selections. (b)χ2 value of fitting templates to the reconstructed distribution as a function of the
template’s (fraction of)W mass hypothesis (compared to the nominal mass). The fit yields 80.421±
0.059 GeV in agreement with the input value of 80.405 GeV.

4.3 Fitting the transverseW mass using theZ events for calibration

The dependence of them f it
W on the relative recoil scale and resolution uncertainty wasdetermined to

be [15]:
∂mW/∂αrecoil =−200 MeV/%, ∂mW/∂σrecoil =−25 MeV/%. (6)

These parameters can again be measured onZ events. To test the portability from theW to theZ of
themW

T fit, we model the missing momentum using theZ events and compare this to the one obtained
from theW events. However, unlike the lepton case, the detector response is not exactly the same for
W andZ events. The difference is caused by the/ET reconstruction algorithm, which in its current
state does not correctly subtract lepton calorimetric signals from the hadronic recoil. This results in a
difference betweenW events where only one lepton is present, andZ events containing two leptons.

To illustrate this point, consider again the parallel and perpendicular axes defined in the previous sec-
tion. The residuals of the recoil momentum components are projected on both axes, and the response
in W andZ events is compared, cf. Figure 17. Along the parallel axis, the average difference be-
tween the residuals is∆W−Z = 17± 35 MeV. Along the perpendicular axis, the difference is larger,
∆W−Z = 1964±35 MeV. Using a Z-based calibration in the W mass fit is thus expected to be biased;
performing this exercise indeed yieldsm f it

W = 79.752± 0.062 GeV compared to the input value of
80.405 GeV. The Z based recoil calibration is thus not exploitable at present.

Instead, we assume that the needed improvements to the/ET reconstruction algorithm will be done
in time for the measurement, providing equal response between W and Z events. The statistical
sensitivity based on the Z-based calibration is about 50 MeVfor 15 pb−1, serving as a lower bound.
Given the present uncertainties and the performance of similar analysis [16], we assume that thein situ
calibration can be performed with a precision of 1 % with an associated uncertaintyδmW = 200 MeV,
according to Equation 6. The effect of pile-up on the missingmomentum has not been studied.
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Figure 17: Distribution of/ET residuals/ET
rec− /ET

true parallel (a) and perpendicular (b) to the lepton
axis forW andZ decays.

5 Statistical uncertainty as a function of fitting range

As previously stated, the sensitivity to theW mass comes from the Jacobian edge in the fitting distri-
bution. Generally the Jacobian edge is slightly sharper forthemW

T distribution (see Figure 3), yielding
a smaller statistical uncertainty. To test the influence of the fitting range, three different fitting ranges
has been tested for thepℓ

T andmW
T distributions for theW → µν sample. Since the typicalmW

T values
are twice as large as thepℓ

T values, the range size has been chosen accordingly. The result can be seen
in Table 4.

Transverse lepton momentum,pℓ
T TransverseW mass,mW

T
Fitting range [GeV] σstat.[MeV] Fitting range [GeV] σstat.[MeV]

10-80 87 20-160 54
20-70 93 40-140 55
30-60 106 60-120 57

Table 4: Statistical uncertainty as a function of fitting range for pℓ
T andmW

T fits. The uncertainties in
the pℓ

T fit are larger, because the Jacobian edge is less sharp than inthemW
T fit (see Figure 3).

As can be seen from Table 4, thepℓ
T statistical uncertainty changes of about 30% with fitting range,

while themW
T statistical uncertainty is essentially insensitive to therange, and generally somewhat

lower as expected. Considering that most systematic effects (such as backgrounds, electron calibration
and efficiency, etc.) are largest at low momenta, a loss inpℓ

T statistical uncertainty will be countered
by a gain in systematic uncertainty. For themW

T fit a narrow range is surely preferable. However, it is
not possible to quantify this gain until all systematic uncertainties have been calculated.

6 Lepton performance determinationin situ

In this section we review algorithms to calibrate the leptonresponse usingZ events, and feed back the
results to themW fit.
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Figure 18: Fully simulatedZ pseudo-data (dots with error bars), compared to an exampleZ resonance
template withαE = 1, σE = 0.02, and to the best fit.

6.1 Average scale and resolution

We first perform a global scale analysis, to verify whether neglecting possible non linearities in the
response can be expected to induce a significant bias. We restrain ourselves to the electron channel.
Fixing the non gaussian tail parameters ton = 0.8 andβ = 5, as expected from the studies performed
in Section 3.3, we produce templates of theZ resonance by varying the electron scale and resolution.
These response parameters are applied to generator level electrons as before.

The templates are then fitted to the fully simulatedZ peak. A very good fit is obtained, as shown in
Figure 18. An average scaling factor ofαE = 0.9958±0.0003, and an average relative resolution of
σE = 0.0207± 0.0003 provide a statisfactory description of the resonance.The precision of the fit
corresponds to the completeZ event sample, i.e.L = 200 pb−1. Scaling to our default luminosity
L = 15 pb−1, the precision becomesδαE = 0.0013 andδσE = 0.0013.

6.2 Differential scale and resolution

The calibration uses a (large) sample of reconstructedZ → ℓℓ events and a corresponding simulated
sample (representing our knowledge of theZ lineshape). For each event the two leptons are assigned
to bins i and j (choosingi ≥ j) according to energy/momentum,η , and/orφ . Based on the lepton
bins, events are divided into categories(i, j), as shown in Figure 19.

For each category(i, j), the reconstructed sample is compared to the knownZ lineshape (obtained
from the corresponding simulated sample), and aZ mass resolution functionRi j is obtained from
requiring that its convolution with the theoretical lineshape matches the reconstructed distribution
(see Equation 7). Each of theseZ mass resolutionsRi j is the direct result of combining two lepton

19

STANDARD MODEL – MEASUREMENT OF THE W BOSON MASS WITH EARLY DATA

84

806



Mapping of leptons to bins:

pT bin (GeV)

η bin

60 –∞
55 – 60
50 – 55
45 – 50
40 – 45
35 – 40
30 – 35
25 – 30

Barrel Endcap

15
14
13
12
11
10
9
8

7
6
5
4
3
2
1
0

Mapping of events to catagories:

N lepton bins=⇒
N× (N +1)/2 classes

Data:
Event pT η φ Bin
1: ℓ1 44.1 2.21 -2.98 11

ℓ2 28.4 1.78 0.43 8

2: ℓ1 34.2 1.67 -0.93 9
ℓ2 38.7 -0.92 2.66 2

. . .
Simulation:
Event pT η φ Bin
1: ℓ1 41.9 -1.01 -1.58 3

ℓ2 37.6 -1.26 1.52 2

2: ℓ1 58.5 0.79 -2.31 6
ℓ2 27.8 0.45 1.44 0

. . .

}
HHHHHHHHHHHHHj

example of mapping

Bin of lepton 1

B
in

of
le

pt
on

2

BB BE

EE

Figure 19: Illustration of scheme to categorizeZ → ℓℓ events. Each lepton is assigned a bin according
to its pT and|η |, here eightpT bins and two|η | bins (barrel (B) and endcap (E)) thus 8×2= 16 bins
total, as demonstrated (left).Z → ℓℓ events from data/simulation (middle box) are then divided into
categories (squares right) according to the reconstructed/truth pT and|η | bin of both leptons.
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Figure 20: For each category aZ mass resolution function (middle) is determined from folding it
with the simulated distribution to match the reconstructedone (left). The lepton bias and resolution
parameters are determined for each of the 16 lepton bins, by globally fitting the 16×17/2 = 136 Z
mass resolutions, which each is a result of two individual lepton resolutions (right).

momentum resolutionsRi andR j:

f (mZ)Reco
i j = f (mZ)Truth

i j ⊗ Ri j, Ri j = Ri⊗R j (7)

The complicated lepton scale and resolution calibration can thus be split into two parts, which both
saves computing time and allows for intermediate checks andchanges.

GivenN lepton bins and thus lepton resolution functions to determine, there areN×(N +1)/2 Z mass
resolution functions, and thus the overconstrained systemcan be solved by a globalχ2 fit. This cali-
bration procedure is illustrated in Figure 20, and allows for a determination of the detector response
for all combinations ofpT andη .
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Figure 21: Lepton scale constants for electrons (a) and muons (b) as obtained from simplified cali-
bration to theZ peak (squares) and from truth (circles) using fullZ samples (see Table 1). The first
eight bins are scale constants for leptons of increasingpT reconstructed in the barrel, while the last
eight are for those in the endcap (see text). The result is in good agreement with average scale of
0.9958±0.0003 (indicated by the line in plot (a)) found in Section 6.1.

A simplified version of the above analysis has been performed, with the aim of obtaining only the
scales. In this simplified procedure, the resolution functions R in Equation 7 reduces to calibration
constants. The result of the calibration using the fullZ samples (see Table 1) is shown for both elec-
trons and muons in Figure 21, along with the scales obtained from the truth information.

As can be seen from the figure, the simplified calibration yields the correct behaviour of the scales in
general. Some fluctuations around the expected values are observed induced by the above simplifica-
tions. Scaled to 15 pb−1, the uncertainties are to be increased by a factor 3.8 and 2.4for electrons and
muons, respectively.

6.3 Lepton reconstruction efficiency

The pℓ
T andmW

T distributions ofW events are also influenced by anypT and η dependence of the
lepton reconstruction efficiency. Any difference between the data and the simulation used to produce
the templates will induce a difference in the distribution and cause a bias in theW mass fit.

Though the method to obtain the (differential) efficiency isconceptually the same for electrons and
muons, the two cases are different in that electron reconstruction is generally more dependent onpT

andη than the muon reconstruction. For this reason, we have chosen to consider the electron recon-
struction efficiency in the following. The electron reconstruction efficiency can be determined from
the data withZ events, using the so-called “tag and probe” method [10], which we briefly summarize
here. Events are selected with one well-identified electron, and an additional highpT object. The
invariant mass of these two objects is required to be within 10 GeV of the nominalZ boson mass.
Assuming that this selectsZ events with enough purity, the identification efficiency is then simply ob-
tained by computing the fraction of events where the second object is indeed identified as an electron.
The efficiency of the isolation criterion is obtained in a similar way.
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The studies reported in [17] indicate that for an integratedluminosity of 100 pb−1, the electron effi-
ciency can be reconstructed with a precision of 1.5% in the range 20< pe

T < 70 GeV. The uncertainty
is statistically dominated. Scaling this number down toL = 15 pb−1, we anticipate a precision of
3.9%.

7 Background uncertainties

The leptonicW channel does not suffer from large backgrounds, due to the high cross section and
the cleanness of the signal. The backgrounds are mostly fromsimilar vector boson decays, such
asW → τ(→ ℓνν)ν , Z → ℓℓ (missing one lepton), andZ → τ(→ ℓνν)τ . With the good particle
identification capabilities of the ATLAS detector [13], jetevents will despite their large cross section
not be dominant. The backgrounds fromtt̄ andW +W− events are negligible. The backgrounds and
the uncertainties in their sizes are estimated below.

W → τ(→ ℓνν)ν events: A large background (largest in the electron channel) is fromW → τν
events, where theτ decays into a lepton. This background is irreducible, as thefinal state is identical
to the signal; however, itspℓ

T andmW
T distributions are generally below the fitting range, as boththe

lepton and missing momentum are much reduced, leaving only atail into the fitting range. Though a
quite significant background, its uncertainty is small, as only theτ → ℓX branching ratio (1.0%) and
the acceptance relative to the signal (2.5%) enter.

Z → ℓℓ events: Another large background (largest in the muon channel) comes fromZ → ll events,
where one lepton is either undetected or not identified. A loose lepton identification for the second
lepton can reduce this background, and possibly further reduction can be obtained with aZ veto,
should the associated uncertainty still be significant. We do not apply this veto in the present analysis.
The Z → ℓℓ background extends significantly into thepℓ

T and mW
T distributions, except in themW

T
electron channel, where the missed electron cluster still reduces the missing momentum, effectively
lowering the apparentmW

T . The size of this background has uncertainties from theW to Z cross section
ratio RWZ (1.8%),Z veto efficiency (2.0%), and the acceptance (2.5%).

Z → τ(→ ℓνν)τ events: A small background origins fromZ → ττ events, where oneτ decays
leptonically, while the other is not identified. While the cross section for such a process is small, it
can fake missing momentum. The largest uncertainty in the size of this background comes from theτ
detector response (5.0%), along with cross section ratioRWZ (1.8%), and acceptance (2.5%).

Jet events: This background is not studied here, because it can not be evaluated reliably using
simulation only. Relying on Tevatron experience [16], we will assume it is small and it will not be
discussed in this note.

Impact of backgrounds: If the size and shape of the backgrounds were perfectly known, then they
would not affect theW mass measurement, as they could be included in the templates. It is thus the
uncertainty on the size and shape of the backgrounds, in the fitting range of thepℓ

T andmW
T spectra,

which gives rise to systematic errors. The uncertainties onthe size of backgrounds arise from uncer-
tainties relative to those of the signal events in cross sections, branching ratios and acceptances. These
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Electron channel Muon channel
Process Evts / 15pb−1 Fraction [%] Process Evts / 15pb−1 Fraction [%]
W → eν 45468 97.8 W → µν 83263 93.9
W → τν 666 1.4 W → τν 1238 1.4
Z → ee 305 0.7 Z → µµ 3483 3.9
Z → ττ 30 0.1 Z → ττ 153 0.2

Table 5: Signal and expected backgrounds in 15 pb−1 after the event selection described in Section 2.2
and in thepℓ

T range [30,60] GeV.

are obtained from PDG [1] and efficiency studies (see Section6.3).

The background shapes are determined from simulation. Theyare essentially unaffected by variations
in the production, decay and resolution model. For jet events background, which was ignored in the
present study, both normalisation and shape will have to be measured directly from the data.

We first assess the overall impact of the backgrounds. The backgrounds remaining after the selection
described in Section 2.2 are given in Table 5, and thepT spectrum of each process is shown in Fig-
ure 22.
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Figure 22:pT distribution for signal and backgrounds for electrons (a) and muons (b) after the selec-
tions described in Section 2.2. ThepT range used in the mass fit is 30< pT < 60 GeV.

Ignoring the background altogether in the templates leads to a biasδmW =−10 MeV. This is however
the result of a conspiracy : theW → τν background alone gives a bias of−80 MeV, while theZ→ ℓℓ
background gives a bias of+70 MeV; both sources of background can vary independently within the
uncertainties given above. The other backgrounds have negligible impact. We thus estimate the bias
per percent relative error on the background normalization(checked to scale linearly with the size of
the background) to be:

∂mW/∂Nτν−bkg = −0.8 MeV/%, (8)

∂mW/∂Nℓℓ−bkg = 0.7 MeV/%. (9)

23

STANDARD MODEL – MEASUREMENT OF THE W BOSON MASS WITH EARLY DATA

88

810



We remind that the above does not include the jet events study.

8 Summary of uncertainties forL = 15 pb−1

The response parameters determinedin situ usingZ events (cf. Section 6.1) are used to produce tem-
plates of thepℓ

T spectrum inW events, as shown in Figure 23, for the electron channel. The resulting
fit yields mW = 80.466±0.110 GeV, with no bias with respect to the true value. This results shows
that forL = 15 pb−1, propagating a global scale determined onZ events does not induce a significant
bias in the analysis. Given that the global scale calibration had a precision of 0.13% and Equation 3,
the scale-induced systematic uncertainty isδmW (αE) = 110 MeV. Likewise, the resolution uncer-
tainty contributesδmW (σE) = 5 MeV.
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Figure 23: (a)pℓ
T spectrum from fully simulatedW decays (dots with error bars), andpℓ

T template
obtained assuming theZ based scale and resolution and the true value ofmW . (b) Template fit tomW .

We did not attempt to control the non gaussian tailsin situ. We assume that this contribution can be
determined to 5% with 15 pb−1, yielding a contribution of 28 MeV to the systematic uncertainty. As
can be seen by comparing Figure 4 and Figure 12, the effect is smaller in the muon channel.

The expected precision of thein situ efficiency measurement (Section 6.3) and Equation 5 imply a
systematic uncertainty on the fit result of aboutδmW = 14 MeV. This result holds for the electron
channel. Given the flatness of the muon reconstruction efficiency, the systematic uncertainty in the
muon channel is expected to be much smaller.

It was not attempted to determine the recoil calibrationin situ. We assume that this calibration can be
performed to 1%, yielding a systematic contribution of 200 MeV from Equation 6. This contribution
affects the transverse mass analysis only.

The background uncertainty is discussed in the electron channel, and assumed identical in the muon
channel. TheZ → ττ background is negligible. Given the current knowledge of theW andτ branch-
ing ratios [1], a realistic estimate of theτ background uncertainty is 2.5%. Injecting the nominal
background in the templates, then varying them within this range, we find a systematic uncertainty
δmW (bkg) = 2 MeV. Similarly, the contribution from theZ → ee background is found to be 2 MeV.
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The total background contribution to the systematic uncertainty is thus expected to be 3 MeV.

A detailed discussion of theoretical uncertainties is provided in [15]. At the start-up of LHC, the
dominant theoretical contribution comes from the proton parton density functions, which contribute
25 MeV.

In summary, for an integrated luminosity of 15 pb−1, we found that the analysis of thepℓ
T spectrum

gives a statistical sensitivity of aboutδmW = 110 MeV per channel, while the transverse mass pro-
videsδmW = 60 MeV. These numbers have experimental systematic uncertainties of 114 MeV in the
pℓ

T analysis, and 230 MeV in the transverse mass analysis. The uncertainty on the lepton and recoil
scales dominate these numbers. Finally, the uncertainty from PDFs is about 25 MeV and compara-
tively small. Our numbers are summarized in Table 6.

Method pT (e) [MeV] pT (µ) [MeV] MT (e) [MeV] MT (µ) [MeV]

δmW (stat) 120 106 61 57
δmW (αE ) 110 110 110 110
δmW (σE ) 5 5 5 5
δmW (tails) 28 < 28 28 < 28
δmW (ε) 14 – 14 –
δmW (recoil) – – 200 200
δmW (bkg) 3 3 3 3
δmW (exp) 114 114 230 230
δmW (PDF) 25 25 25 25

Total 167 158 239 238

Table 6: Summary of contributions toδmW , for the different fitting methods described in the text.
From top to bottom: statistical uncertainty; systematic uncertainties related to the absolute scale,
resolution, non gaussian tails, reconstruction efficiency, recoil calibration, and backgrounds; total
experimental systematic uncertainty; uncertainty from PDF; total systematic uncertainty.

9 Conclusions

This note presents a first attempt towardsmW fits, confronting distributions obtained from fully simu-
latedW → eν ,µν events to templates produced using a simplified detector model.

The simplified detector model used here relies on empirical functions to describe the energy and mo-
mentum scale, resolution, and non-gaussian tails, as well as the lepton selection efficiency. These
functions are first determined, as a function ofpT andη , using simulatedW events, i.e. the signal
itself; the resulting fit, unbiased, provides a technical validation of the method.

In a second step, the model parameters are used as extractedin situ, from the analysis ofZ events.
TheZ peak provides the detector scale and resolution; the tag-and-probe method [10], applied to its
decay leptons, is used to estimate the efficiency. A fit of theZ-based templates to theW data again
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shows no significant bias.

Our current approach can thus be considered valid, within a statistical sensitivity of about 60 MeV,
for the transverse mass-based fit in the muon channel, and of 120 MeV for the transverse momentum-
based fit in the electron channel.

This note has focused on experimental issues. Phenomenological uncertainties, related to QED, QCD
and parton density functions are discussed in detail in [15].

References

[1] Particle Data Group, J. Phys.G33 (2006) 1–1232, including 2007 updates.

[2] K. Melnikov and F. Petriello, Phys. Rev. Lett.74 (2006) 114017.

[3] T. Sjostrand and S. Mrenna and P. Skands, JHEP05 (2006) 026.

[4] E. Barberio and Z. Was, Comp. Phys. Comm.79 (1994) 291–308.

[5] S. Jadach, Z. Was, R. Decker and J. H. Kuhn, Comp. Phys. Comm.76 (1993) 361–380.

[6] J. Allison et al, IEEE Trans. Nucl. Sci.53 (2006) 270.

[7] ATLAS Collaboration, “Reconstruction and Identification of Electrons”, this volume.

[8] ATLAS Collaboration, “Muon Reconstruction and Identification: Studies with Simulated Monte
Carlo Samples”, this volume.

[9] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, 2007.

[10] B. Abbott et al. [D0 Collaboration], Phys. Rev.D61 (2000) 032004.

[11] A. A. Affolder et al. [CDF Collaboration], Phys. Rev.D64 (2001) 052001.

[12] N. Besson and M. Boonekamp, Determination of the Absolute Lepton Scale Using Z Boson
Decays. Application to the Measurement of mW, ATL-PHYS-PUB-2006-007.

[13] ATLAS Collaboration, “ATLAS detector and physics performance : Technical Design Report,
1”, (Geneva: CERN, 1999).

[14] J. E. Gaiser et al. [Crystal Ball Collaboration], Charmonium Spectroscopy from Radiative De-
cays of the J/Psi and Psi-Prime, Ph.D. thesis, 1982, SLAC-R-255.

[15] N. Besson, M. Boonekamp, E. Klinkby, S. Mehlhase, T. Petersen, (2008), arXiv:0805.2093, to
be published in EPJC.

[16] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett.99 (2007) 151801.

[17] ATLAS Collaboration, “Electroweak Boson Cross-Section Measurements”, this volume.

26

STANDARD MODEL – MEASUREMENT OF THE W BOSON MASS WITH EARLY DATA

91

813



Forward-Backward Asymmetry in pp→ Z/γ∗X → e+e−X
Events

Abstract
This paper describes a study on the measurement of the forward-backward
asymmetry in pp→ Z/γ∗X → e+e−X events with the ATLAS detector for
an integrated luminosity of 100 fb−1. Such a measurement can be used to
determine the effective weak mixing angle, sin2 θ lept

e f f . We will demonstrate

that a very high accuracy on the weak mixing angle, δ sin2 θ lept

e f f = (1.5(stat)±
0.3(exp)±2.4(PDF))×10−4, can be reached. This is possible due to the large
cross-section for the production of Z bosons at the LHC and by using electron
reconstruction in the forward calorimeters of ATLAS (2.5 < |η |< 4.9).

1 Introduction

The forward-backward asymmetry, AFB, measurement is one of the important precision measurements
that can be done at the Large Hadron Collider (LHC). It will improve the knowledge of Standard Model
parameters and test the existence of physics beyond the Standard Model.

The Z boson events in pp collisions originate from the annihilation of valence quarks with sea anti-
quarks or from the annihilation of sea quarks with sea antiquarks. Since the valence quarks carry on
average a larger momentum fraction than the sea quarks, the boost direction of the dilepton system
can indicate the quark direction. However, dilepton events which originate from the annihilation of sea
quarks with sea antiquarks do not contribute to the observed asymmetry.

AFB measurements with quarks and leptons at the Z peak provide a precise determination of the weak
mixing angle sin2 θ lept

e f f . The weak mixing angle is an important parameter in the electroweak theory that
describes the mixing between weak and electromagnetic interactions. In the global fit of the Standard
Model, the weak mixing angle has an impact on indirect constraints on Higgs mass.

With the experimental capabilities of the ATLAS experiment at the LHC and an expected integrated
luminosity of up to 100 fb−1 it becomes interesting to perform a study on the measurement of the asym-
metry, AFB. In order to improve the measurement precision, it will be necessary to detect leptons in the
very forward pseudo-rapidity region, which favors electrons over muons at ATLAS. In 100 fb−1 data
around 1.5×108 Z events will be produced, of which ∼5×106 decay to an electron-positron pair, pro-
viding the measurement of AFB (and sin2 θ lept

e f f ) with a competitive precision to the current world average

value [1], δ sin2 θ lept

e f f =0.00016.

This paper is organized as follows. In section 2 we present a short introduction of the theoretical
aspects of the measurement. An overview of the ATLAS detector is given in section 3. In section
4 the electron measurement in ATLAS is presented, both in the central and forward regions the latter
being necessary for a precise measurement of the forward-backward asymmetry. We then present the
simulated data samples used in section 5 and the definition of the electron polar angle in section 6. The
event selection cuts are discussed in section 7. The charge misidentification is given in section 8. The
pile-up effect is discussed in section 9. The systematic uncertainties are summarized in section 10. The
expected precision on the asymmetry around the Z mass is shown in section 11.
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2 Forward-backward asymmetry

In proton-proton collisions, e+e− pairs are predominantly produced via the annihilation of a quark q and
an antiquark q̄. In the Standard Model, quark-antiquark annihilations proceed via an intermediate [2, 3]
γ∗ at low invariant mass M(e+e−) or via a γ∗/Z interference at M(e+e−) around the Z mass. The elec-
troweak neutral current in the Standard Model lagrangian violates parity (due to the presence of vector
and axial-vector couplings of the quarks and leptons to the Z-boson) and leads to an asymmetry in the
polar emission angle of the electron in the rest frame of the electron-positron pair. The asymmetry can
only be extracted with respect to the boost direction of the di-electron system since the quark direction
is not known (see Sec. 6).

The differential cross-section for the production of an electron-positron pair in qq̄ annihilation via
the s-channel can be written, in the electron-positron rest frame [4, 5], as:

dσ
d cosθ

= Nc[(1+ cos2 θ)F0(s)+2cosθF1(s)] (1)

where θ is the emission angle of the e− relative to the momentum vector of the quark in the e+e− rest
frame and s is the center-of-mass energy squared. F0(s), F1(s) are form factors and Nc (1/3) is the colour
factor:

F0(s) =
πα2

2s
(q2

qq2
l +2Reχ(s)qqqlC

q
VCl

V + |χ(s)|2((Cq
V )2 +(Cq

A)2)((Cl
V )2 +(Cl

A)2)) (2)

F1(s) =
πα2

2s
(2Reχ(s)qqqlC

q
ACl

A + |χ(s)|22Cq
VCl

V 2Cq
ACl

A), (3)

with
χ(s) =

s
s−M2

Z + isΓZ/MZ
(4)

where qq,l is the electric charge of the quark or lepton and CV , CA are the vector and axial-vector coupling
to the Z.

The angular dependence of the various terms is either cosθ or (1+cos2 θ ). Only the (1 + cos2 θ)
term contributes to the total cross-section, as the cosθ term integrates to zero. However, it induces a
forward-backward asymmetry. Thus, the differential cross-section can be written in a simple expression:

1
σ

dσ
d cosθ

= [
3
8
(1+ cos2 θ)+AFB(s)cosθ ] (5)

where σ = 8
3 F0(s)×Nc and

AFB(s) =
1
σ

[σ(cosθ > 0)−σ(cosθ < 0)] (6)

=
3
4

F1(s)
F0(s)

(7)

AFB(s = M2
Z) ∼ 3

4
2Cq

VCq
A

(Cq
V )2 +(Cq

A)2

2Cl
VCl

A

(Cl
V )2 +(Cl

A)2
(8)

The forward-backward asymmetry is commonly defined using the number of forward produced
(cosθ > 0) events (NF ) and backward-produced (cosθ < 0) events (NB)

AFB =
NF −NB

NF +NB
(9)
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Figure 1: SM prediction of the forward-backward charge asymmetry AFB in the electron pair channel
versus the di-electron invariant mass Me+e− for |ye+e− | >1 and for at least one electron in the central
region (|η |< 2.5).

where

F =
∫ 1

0

dσ
d cosθ

d cosθ , B =
∫ 0

−1

dσ
d cosθ

d cosθ (10)

2.1 Dependence of AFB on Me+e−

In Figure 1 we show the Standard Model prediction, using MRST PDF [6], of the forward-backward
charge asymmetry as function of the di-electron invariant mass. At the Z-pole we see a small asymmetry
(as expected) which is dominated by a small vector coupling in Z → e+e− with the dominant axial
coupling. Around the Z mass the asymmetry is linear with the weak mixing angle sin2 θ lept

e f f . It was
estimated that (in a good approximation) the weak mixing angle can be determined from the measurement
of the forward-backward asymmetry (this is the raw forward backward asymmetry measured at detector
level) when averaged over the rapidity of the electron pair as follow [7, 8, 9]:

AFB = b(a− sin2 θ lept
e f f ) (11)

the parameters a and b depend on the parton distribution functions (PDFs).
At large invariant mass, AFB is dominated by the properties of the interference between the propaga-

tors of the γ∗ and the Z and is almost constant at a large positive value, close to 0.6, independent of the
invariant mass.

3 Detector overview

The ATLAS detector has been described in detail in [10]. It consists of an inner tracking system, with
pseudo-rapidity coverage of |η |< 2.5, inside a 2 T solenoidal magnetic field, followed by the calorime-
ters, and an outer muon spectrometer, with pseudo-rapidity coverage of |η | < 2.7, installed in a large
toroidal magnet system. We briefly describe the parts of the detector relevant to this analysis.

Figure 2 shows a schematic transversal view of the ATLAS calorimeter system. It has been designed
to be hermetic to |η |< 4.9 with a fine lateral and longitudinal segmentation. A liquid argon (LAr) sam-
pling calorimeter in a barrel-endcap geometry provides the electromagnetic and hadronic calorimetry. At
|η |<1.2 the hadronic calorimetry is completed by a tile (Iron/scintillator) hadronic calorimeter.

3
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Figure 2: Schematic transversal view (r-z view) of the calorimeters in the ATLAS detector. The cylin-
drical coordinate system is used with the z axis along the proton-beam direction and r is the transverse
coordinate.

The electromagnetic barrel calorimeter, covering a pseudo-rapidity range of |η | < 1.475, shares its
cryostat with the superconducting solenoid, the calorimeter being behind the solenoid. Each electromag-
netic calorimeter end-cap (EMEC) covers the pseudo-rapidity range 1.4-3.2. To correct for the energy
lost in the material in front of the calorimeters, both end-caps and barrel are preceded with pre-sampler
detectors in the region |η | < 1.8. The performance expected gives for the energy resolution a sampling
term of 10%/

√
E(GeV) and a constant term better than 0.7%. The hadronic end-cap calorimeter (HEC)

and the forward calorimeter (FCal) share the same cryostat with the EMEC and cover the pseudo-rapidity
range 1.5-3.2 and 3.1-4.9 respectively. The design of the FCal was constrained by the high radiation level
in the very forward region. It consists of three consecutive modules along the beam line: one electro-
magnetic module (FCal1) and two hadronic modules (FCal2 and FCal3). To optimize the resolution,
copper was chosen as the absorber for FCal1, while tungsten was used in FCal2 and FCal3, to provide
containment and minimize the lateral spread of hadronic showers.

The electron energy can be measured either in the central electromagnetic calorimeter (|η | <2.5)
and/or in the forward calorimeters (2.5 < |η |< 4.9). The |η |< 2.5 region corresponds to the EM barrel
and the EMEC outer wheel.

4 Electron identification

4.1 Central electrons

An electron candidate is reconstructed in the central calorimeters if there is a cluster with energy E and
a charged track matched to the cluster with the condition of E/p < 7 and |∆η | < 0.05 and |∆φ | < 0.1.
∆η (∆φ ) is the difference between the η (φ ) position of the track and the position of the cluster. The
track is then extrapolated to the cluster. The energy of the electron is determined by the total energy
it deposits in the EM calorimeter. The transverse momentum (pT ) of the electron is determined by the
energy measured in the calorimeter and by the track angle at the nominal interaction point. The charge
of the electron (qe) is determined from the sign of the curvature of the track.

The development of electromagnetic and hadronic showers is quite different so that shower shape
information can be used to differentiate between electrons and hadrons. Electrons deposit almost all
their energy in the electromagnetic section of the calorimeter, while hadrons are typically much more

4
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Figure 3: Central Electron ID efficiency vs
electron pT for events with |η |< 1.3 and |η |>
1.6.
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Figure 4: Central Electron ID efficiency vs
electron η . The efficiency is integrated over
pT > 20 GeV.

penetrating. To obtain the best discrimination against hadrons, we use both longitudinal and transverse
shower shapes. For example, for electrons passing tight identification criteria, the hadronic leakage and
the lateral shower shape in the first and second sampling of the calorimeter are used. After the selections
based on calorimeter information, we also take into account the inner detector information. We ask for
a good track pointing to the calorimeter and fulfilling the consistency of the spatial and energy matching
between the calorimeter and the inner detector.

Figure 3 and Figure 4 show the electron identification efficiency, 62.0±1.0 % on average, as a func-
tion of the electron transverse momentum and pseudo-rapidity η using electrons (and positrons) from
Z → e+e− events (the samples used are described in section 5). Tight cuts have been applied to iden-
tify the central electrons. We observe an expected increase in the efficiency as function of pT . This
dependence (in particular at low pT ) is due to the lower performance for low pT electrons. The drop in
the efficiency versus η happens at the transition region between barrel and end-cap calorimeters, 1.37
< |η | <1.52. A more detailed description of the electron identification in the central calorimeters is
given elsewhere [11].

4.2 Forward electrons

In contrast to the central region, forward electron reconstruction can use only calorimeter information
as the tracking system is limited to the central region (|η | < 2.5). In this case we can not distinguish
between an electron, positron or photon. The electron candidate in the forward calorimeter1 is recon-
structed if there is a cluster with ET > 20 GeV. The direction of the electron is defined by the barycenter
of the cells belonging to the cluster in the calorimeter.

To discriminate between electron and hadron a multivariate analysis [12] is used. Variables are
defined using cluster moments or a combination of them.

The cluster moment of degree n for a variable x is defined as:

〈xn〉= 1
Enorm

×∑
i

Ei xn
i , (12)

where Enorm =∑i Ei, Ei is the cell energy and i is the cell index of the cluster.
1the EM forward calorimeters are the EMEC inner wheel (2.5 < |η | < 3.2) and the front compartment of the FCal. These

EM calorimeters are completed by the HEC and the last 2 compartments of the FCal (3.2 < |η |< 4.9).

5
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We use the following five discriminants in the electron ID:

• ri = | (~xi−~c)×~u |:
Electromagnetic and hadronic showers have different shapes in both the transverse and the lon-
gitudinal directions. To evaluate the shower shapes in the transverse direction we use the second
moment of the distance ri of each cell i (~xi) to the shower axis (~c). ~u is the shower axis.

• lat2/(lat2 + latmax):

A modified lateral moment is derived as above. It takes into account the two most energetic cells
(shower core). So, lat2 is the second moment of the variable ri for which we impose that the
distance r = 0 for the two most energetic cells. For latmax we impose that r = 4 cm for the two
most energetic cells and r = 0 for the remaining cells.

• long2/(long2 + longmax):

To evaluate the shower shapes in the longitudinal direction we use an equivalent variable to the
previous one where the distance of the each cell to the shower centre is used.

• 1
Enorm
×∑

i
Ei (Ei/Vi):

where Vi is the volume of the cell i. The electromagnetic shower is narrow and deposits energy
more locally than a hadronic shower.

• fmax

Fraction of the energy in the most energetic cell of the cluster. By measuring the energy fractions
deposited in the cells of a segmented calorimeter it is usually possible to distinguish incident
hadrons from electrons and photons.

In order to combine the electron identification information from the various discriminants into a
single quantity that provides optimal discrimination power, we calculate the likelihood for each discrim-
inant based on probability density functions. For each discriminant, the signal likelihood (ps) and the
background likelihood (pB) are separately calculated and combined using the likelihood ratio:

RL =
∏Nvar

j=1 ps( j)

∏Nvar
j=1 ps( j)+∏Nvar

j=1 pB( j)
(13)

where j runs over each discriminant. Figure 5 shows the distribution of RL using all the discriminants
described above. Both electrons (signal) and background are shown. As can be seen, good separation is
achieved with this variable. The electron identification efficiency determined using Z→ e+e− events as
function of the electron pT and η as shown in Figures 6 and 7. The drop in the efficiency plot versus η
happens at the transition region between inner wheel of the electromagnetic end-cap and the FCal.
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Figure 5: The likelihood ratio RL for the signal (yellow) and background (solid line). Due to the fact that
the likelihood ratio is strongly peaked at 0 and 1, in the plot, a transformation is applied that zooms into
the peaks.
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Figure 6: Forward Electron ID efficiency vs
electron pT for events with 2.5 < |η |< 4.9.
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Figure 7: Forward Electron ID efficiency vs
electron η for events with pT > 20 GeV.

5 Monte-Carlo samples

The Monte Carlo events are generated at a centre of mass of
√

s = 14 TeV using PYTHIA [13] (version
6.3) for the signal pp→ Z/γ∗ → e+e− and the background pp→ j j with the CTEQ6LL [14] parton
distribution functions. Table 1 shows the summary of the cross-sections, number of events and the
equivalent luminosity for the signal and background simulated events.

5.1 Signal

The pp→ Z/γ∗X → e+e−X events generated are filtered requiring at least one electron with |η | < 2.7
and with transverse momentum pT > 10 GeV and a dilepton mass, m̂, greater than 60 GeV. Figures 8 and
9 show the pT distribution of electrons and the invariant mass of the electron pairs in the signal events.

5.2 Background

The dominant sources of background to the signal process pp→ Z/γ∗X → e+e−X are:

7
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Figure 8: The electron ET distribution normal-
ized to unit for events with |η |< 1.3 and |η |>
1.6.
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Figure 9: Di-electron invariant mass distribu-
tion for events with |η |< 1.3 and |η |> 1.6.

• dijet production: this is the largest background when two jets fake an electron. The cross-section
of this process is greater by several orders of magnitude than the signal one, and dominates at low
transverse momentum.

• pp→ tt̄X → e+e−X : The top quark decays into the W boson and a b quark, followed by the W
decay into electron and neutrino (t→Wb, W → eν). It has the same signature as the signal one as
the two electrons of the final state can simulate the two electrons from Z.

• pp→W +X → eνe +X : where X is a photon or a jet misidentified as an electron

These events are passed through a detector simulation program to model detector response. Two
detector simulation tools are used: a full detector simulation tool, based on GEANT4 [15], and a fast
simulation program, ATLFAST [16] which simulates the detector response using efficiencies and smear-
ing parameters measured from detailed simulation data. ATLFAST was used due to the high di-jet
cross-section, the high rejection power of the selections and the available Monte Carlo statistics of fully
simulated events which is not sufficient to evaluate the background. The Monte Carlo samples processed
with the fast detector simulation were used only for estimation of the background contributions.

Physics process Cross section (nb) ε f ilter Number of events Equivalent luminosity (pb−1)
Z→ e+e− 2.015 0.126 5.105 248.14
Inclusive jets 21.104 0.09 3.107 0.15
tt̄ 0.833 6.105 720.3
W +X 38.2 1.106 26.2

Table 1: List of signal and background samples.

Ref. [17] discusses expectation for electron triggers at different luminosities. The Z/γ∗ events used
in this measurement are selected by high transverse momentum triggers on one or two electrons. This
selection requires at least one isolated electron with pT > 20 GeV or at least two isolated electrons with
pT > 12 GeV. At Level 1, electrons are selected by the presence of an energy deposition in an EM
calorimeter tower. The Level 2 decision, which is based on the result of the Level 1 trigger, can take into
account the information from all ATLAS subdetector systems in the regions of interest (ROIs) and the
event filter (EF) performs its task only after the complete event has been assembled in the event builder
(EB).
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6 Angular distribution

The Z production can be either from the annihilation of valence quarks with sea antiquarks or from the
annihilation of sea quarks with sea antiquarks. Since the original quark direction is unknown in proton-
proton collisions (it can originate with equal probability from either proton), the sign of cosθ is not
directly measurable.

As the valence quarks have, on average, a much larger momentum than the sea quarks, in valence-sea
quark collisions, the longitudinal motion of the dilepton system approximates the quark direction and the
angle between the lepton and the quark in the e+e− rest frame can be extracted with respect to the beam
axis. A lepton asymmetry can thus be expected with respect to the boost direction. For sea-sea quark
collisions no such asymmetry is expected, diluting the overall effect.

To minimize the effect of the unknown transverse momenta of the incoming quarks in the measure-
ment of the forward and backward cross-sections, we use the Collins-Soper reference frame [18]. This
reference frame reduces the uncertainty in electron polar angle due to the finite transverse momentum
of the incoming quarks. The particle four-vectors are transformed to the e+e− rest frame and the polar
angle θ ∗ is measured with respect to the axis, which bisects the two quark momentum vectors.

cosθ ∗ =
2

m(e+e−)
√

m2(e+e−)+ p2
T (e+e−)

[p+(e−)p−(e+)− p+(e+)p−(e−)] (14)

where p± = 1√
2
(E± pz), E is the energy and pz is the longitudinal component of the momentum. To

take into account our supposition that the Z boost and the quark direction are the same we add the sign
of the Z boost to the definition:

cosθ ∗ =
|pz(e+e−)|
pz(e+e−)

× cosθ ∗ (15)

Figure 10 shows the resulting distributions of events for which th e+e− invariant mass is close to the
Z mass. We should note that the detector itself doesn’t introduce false asymmetries with the geometry
used in the MC samples.
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Figure 10: Distribution in cosθ ∗ for reconstructed events in the Z pole region.
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7 Analysis method

7.1 Event selection

In this analysis we search for events with two electrons. An electron must fulfill certain quality and
kinematic requirements. It must first satisfy the tight electron criteria outlined in Section 4.1. In addition
the following cuts were applied:

• C1

We require an electron transverse momentum higher than 20 GeV (pT > 20 GeV) to emulate the
energy threshold of the electron trigger

• C2

We require the e+e− invariant mass, M(e+e−), to be within a window of 12 GeV around the Z mass,
85.2 GeV < M(e+e−) < 97.2 GeV (Z pole)

• C3 |ye+e− |> 1

In contrast to Tevatron pp̄ collisions, sea quark effects dominate at the LHC. At central rapidity,
ye+e− , the probability that the valence quark direction and the dielectron boost coincide is lower
due the smallness of the valence quark distribution. This reduces the forward backward asymme-
try. Since the valence quark dominates at high values of x, the events where one parton carries
a large fraction of the proton momentum are more sensitive and they give a large rapidity to the
dilepton system. In this region the most significant measurements can be performed, as shown in
Figure 11. A purer, though smaller, signal sample can thus be obtained by introducing a rapidity
cut. For the following studies we will impose a |ye+e− |> 1 cut.

• C4 Emiss
t < 20 GeV

We require the missing transverse momentum to be less than 20 GeV. This cut rejects efficiently
the background coming from pp→ ttX channel where both top quarks decay semileptonically.

7.2 Analysis cases

A study using fast simulated events [19] showed that the use of forward electrons improves the precision
of the forward-backward asymmetry measurement (and the weak mixing angle). As can be seen in Figure
12, a very high electron identification performance in the forward calorimeters is not needed, as already
with a rejection of 100 against jets the influence of the remaining QCD background is negligible. Figure
12 shows only the statistical uncertainty on AFB versus the jet rejection in the forward calorimeters (with
a fixed electron efficiency of 50%). Thus, it is required that one of the two electrons lies in the central
region (|η | < 2.5), while the other electron may be either in the central region or in the forward region
up to |η | = 4.9:

• |η |< 2.5 for both electrons (C-C), or

• |η |< 2.5 for one of the two electrons and |η |< 4.9 for the other (C-F).
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Figure 11: Di-electron rapidity distribution for
all events (upper line) and for the events with
correct quark direction (lower line).
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Figure 12: Forward-Backward asymmetry sta-
tistical accuracy versus the forward jet rejec-
tion in the events where at least one electron is
in the central region and keeping the efficiency
of the electron in the forward region at 50%.

In the region 2.5 < |η |< 3.2 the calorimeters used are the EMEC and the HEC and for |η |> 3.2 the
forward calorimeter (FCal) is used. Note that we can not reconstruct the electron track in the forward
region (2.5 < |η |< 4.9) as the tracking system of ATLAS is limited to the region |η |< 2.5. In addition,
the forward calorimeters have a coarser granularity than the central ones (a factor 2 in both eta and phi
directions). Figure 13 shows the the ET distribution of electron for events with at least one electron in
the central region.
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Figure 13: The electron ET distribution for the
central-forward events, normalized to unity.
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Figure 14: Di-electron pT distribution for the
central-central events (C-C) and the central-
forward events (C-F).

Using the forward electrons we gain about 30% in the statistics as shown in figure 14, where we
compare the di-electron pT distribution in the two analysis cases, C-C and C-F. Furthermore the value of
the asymmetry is higher in the C-F events. The expected numbers of the signal and background events
of each process are shown in table 2 in the two analysis regions, C-C and C-F.

Event statistics corresponding to a 100 fb−1 would be required for this analysis to reach a very
high precision on the determination of the weak mixing angle from the forward-backward asymmetry
measurement. Nevertheless the measurement can be also made at low luminosity in order to test the
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consistency with the Standard Model. This can be done as function of Me+e− to enhance sensitivity to
possible deviations at high mass scales.

7.3 AFB calculation

The forward-backward asymmetry is calculated according to Eqs 9 and 10.
If we assume that the distribution of NF and NB follows a binomial distribution, then the uncertainty

on the two quantities can be written as follows (which is valid only for small asymmetries): σNF = σNB =
√

NFNB/
√

NF +NB, and the AFB uncertainty is σAFB =
√

1−A2
FB

N .

Selection cut Signal dijet W+X tt̄
C-C

C1 2.39802×107 4741 73312 315178
C2 1.87808×107 404 6048 28204
C3 7.31282×106 144 2212 9937
C4 7.30496×106 142 205 741

C-F
C1 3.09742×107 447408 2764790 336714
C2 2.41535×107 35920 172321 29824
C3 1.26855×107 35340 168486 11556
C4 1.25967×107 35128 15868 864

Table 2: Summary of expected number of C-C and C-F signal and background events for 100 fb−1 of
integrated luminosity. Results are given after the application of cuts C1-C4.

8 Electron charge identification

Any misidentification of the electron charge dilutes the asymmetry. Where possible, the charge of both
electrons is measured and it is required that the signs differ. When both electrons are in the central re-
gion both charges can be measured and the condition that they have opposite charges removes the events
where the charge of one of the two electrons is misidentified. In this case the forward-backward asym-
metry is not significantly affected by charge misidentification.

The situation is different when one electron is forward and the other central. Only the charge of the
central electron can be measured. A misidentification of the charge of the electron changes the sign of
cosθ ∗ and a forward event may be taken as a backward one. This effect can be corrected for if the charge
misidentification fraction is known.

To measure the charge misidentification we use two methods:

• MC method

We use the two electrons coming from Z and we count the number of events where the generated
charge (qgen) and reconstructed charge (qreco) of the individual electrons differ. We define the
charge misidentification fraction as follow:

r =
N(qreco 6= qgen)

Ntot
. (16)
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• Tag and probe method

This method is used with the tag electron e1 having the tight electron requirements, pT >20 GeV
and |η |< 1.5. The tag and probe electron pair must have a dielectron mass within ±6 GeV of MZ .
The rate at which the second electron e2 has the same charge gives an estimation of the charge
misidentification fraction.

The true asymmetry can be deduced from the raw asymmetry using the relation:

AFBtrue =
AFB− r+ + r−

1− r+− r−
. (17)

where r− is the fraction of true e− misidentified as e+ and r+ is the fraction of true e+ misidentified as
e−.

Figure 15 shows the misidentification fraction as function of the electron pseudo-rapidity obtained
with these two methods. The misidentification fraction is small. The difference between the misidentifi-
cation fraction for e+ and e− is shown in figure 16.
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Figure 15: Electron charge misidentification
fraction versus the electron pseudo-rapidity:
Data method of tag-and-probe measuring the
charge misidentification fraction (open points),
and Monte Carlo driven charge misidentifica-
tion fraction (full points).
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Figure 16: The difference in charge misidenti-
fication fraction of positrons and electrons ver-
sus the electron pseudo-rapidity.

9 Effect of pile-up

Pile-up originates from the fact that several pp collisions can occur during the same bunch crossing. This
causes extra activity in the detector and therefore influences the event selection. The effect of pile-up is
assessed by superimposing additional events on top of the signal when events are simulated; hits from
several bunch crossings are overlaid. In this study, pile-up events corresponding to 1033 cm−2 s−1 were
investigated.

The pile-up affects the electron selection efficiency due to the presence of additional activity in the
events. Figure 17 displays the electron identification efficiency with and without pile-up. We can see
also in Table 3 the summary of the results for the C-C and C-F events, after all selection cuts. The results
show a loss of about 3% of signal events.

13

STANDARD MODEL – FORWARD-BACKWARD ASYMMETRY IN pp→ Z0/γ → e+e− EVENTS

104

826



C-C C-F
No pile-up 7,304,960 1.25967×107

With pile-up 7,026,653 1.217696×107

Table 3: Number of expected events, at 100 fb−1, after all cuts, for the signal, and for C-C and C-F events.
The numbers are shown for the two cases: with and without pile-up. The reference pile-up luminosity
used is 1033 cm−2 s−1.
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Figure 17: Effect of pile-up on the electron identification efficiency. The reference pile-up luminosity
used is 1033 cm−2 s−1.

10 Systematic Uncertainties

We have considered several sources of systematic uncertainties. There are PDF uncertainties and experi-
mental ones including the energy scale, energy resolution, reconstruction efficiency and the background
estimation.

10.1 Parton Distribution Functions

Since the vector and axial vector couplings of the u and d quarks to the Z boson are different, the forward-
backward asymmetry is expected to depend on the ratio of the u and d quark parton distribution function.
Thus, the choice of the parton distribution functions (PDFs) will affect the measured lepton forward-
backward asymmetry.

The MRST PDF parametrization [6] is used to assess the uncertainty arising from the PDFs. Thirty
eigenvectors are used in this parametrization to indicate the effect of ±1σ variations. Figure 18 shows
the e+e− asymmetry for each eigenvector. The deviation of AFB from the central value is of the same
order of magnitude as the statistical accuracy.

To study the effect of the PDFs on the asymmetry, a PDF reweighting technique is used to reduce the
need for Monte Carlo generations and simulation. Thus, we generate the events with the best fit central
value (PDF0) and then we reweight to PDFi of the set i by weighting each event via:

fPDFi(x1,Q2, f lav1). fPDFi(x2,Q2, f lav2)
fPDF1(x1,Q2, f lav1). fPDF1(x2,Q2, f lav2)

(18)

where x fPDF(x,Q2, f lav) is the parton momentum distribution for flavour, f lav, at scale, Q2, and mo-
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Figure 18: The forward-backward asymmetry for each MRST eigenvector; the red star is the central
value.

10.2 Background subtraction

The determination of AFB (with real data) requires knowledge of the number of background events and
the forward-backward charge asymmetry of the background events. Thus the central value of AFB we
showed above can be obtained from the data events by subtracting the background events in the forward
and backward regions separately from the raw forward-backward asymmetry. The number of back-
ground events estimated thus gives rise to a source of systematic uncertainties on AFB.

The systematic uncertainty is evaluated by varying the estimated numbers of background events by
30%. The uncertainty value is taken as the shift in AFB. The largest shift is less than 0.01%.

10.3 Detector performance

Various effects due to uncertainties on the knowledge of the detector performance have to be taken into
account:

Energy scale The electron energy scale uncertainty, which arises from calorimeter calibration uncer-
tainties, affects the forward-backward asymmetry by causing a shift in the e+e− invariant mass over
which we integrate AFB. The effect is significant in the Z-pole region as can be seen in Figure 1. To take
these effects into account, the central calorimeter scale is varied by 0.1% and the forward calorimeter
scale is varied by 0.5% to estimate the systematic uncertainties. The positive and negative variations are
considered separately and the largest shift is taken as the uncertainty.

Reconstruction efficiency The impact of the uncertainties on the electron reconstruction in the AFB

measurement can be estimated by removing 0.2% and 0.5% fraction of the reconstructed electrons in the
central region and forward region respectively. These values used here are based on our study on the
forward calorimeters reconstruction.
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Energy resolution The forward backward asymmetry is sensitive to the variations in the energy res-
olution. These variations are mainly due to the dead material distribution, known with an insufficient
accuracy. To evaluate the impact of this contribution the central electron energy is degraded by an extra-
term 0.01 ET and the forward calorimeter energy by 0.05 ET .

Charge identification A systematic variation in charge misidentification fraction would directly trans-
late into uncertainties of the forward-backward asymmetry. The systematic uncertainty is estimated by
comparing the measurement as performed as in the data (tag and probe method), to that using the true
Monte Carlo. As it is shown in figure 15 a difference of about 0.1% is observed.

Table 4 reports all the systematic uncertainties at 100 fb−1. As expected, the dominant contribution
to the overall uncertainty is from the PDF uncertainties.

Source δAFB (abs) δ sin2 θ lept

e f f (abs)
Energy scale 2.7×10−5 1.5×10−5

Reco. Eff. 3.4×10−5 1.9×10−5

Energy resol. 1.9×10−6 1.1×10−6

Charge ID 2.6×10−5 1.4×10−5

Background subtraction. < 10−5 < 10−5

PDFs - −2.4×10−4

+1.3×10−4

a and b parameters - 3×10−5

Statistical error 2.7×10−4 1.5×10−4

Table 4: Summary of the systematic and statistical uncertainties on AFB and sin2 θ lept

e f f for events with at

least one electron in the central region (C-F). The uncertainty on sin2 θ lept

e f f is determined using Eqs. 11
and a and b parameters from figure 21.

11 Results

Figure 19 shows the dielectron invariant mass spectrum expected in terms of the number of events per
GeV for an integrated luminosity of 100 fb−1 after the application of cuts C1, C3 and C4. The yellow
histogram corresponds to the signal contribution. The light blue displays the contributions from dijet
events. The green and violet histograms display the contribution of W + X and tt̄ backgrounds respec-
tively. The background contributions were obtained with MC samples with a fast detector simulation.
The signal contribution was obtained with a full detector simulation.

Table 2 shows the expected number of background and signal events for 100 fb−1 of integrated
luminosity after the application of cuts C1-C4. It indicates that the contribution from background events
is at the level of 0.2%.

In Figure 20 we display the variation of the charge asymmetry versus the rapidity of the two elec-
trons. It is observed that the asymmetry increases when allowing the second electron to be up to |η | =
4.9. Using |ye+e− |>1 and going from C-C to C-F events, the integrated asymmetry increases from 1.3%
to 2.7%. The precision on the forward-backward asymmetry improves from 3.7×10−4 to 2.7×10−4.

Using the parameters a = 0.23±0.03 and b = 1.832±0.255, of Eqs. 11, derived from the linear fit
of the figure 21, we can estimate the error expected for sin2 θ lept

e f f from a measurement of the forward-
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Figure 19: Dielectron invariant mass distribution for the signal and background events normalized to 100
fb−1, with the final selection except that the cut C2 is removed.
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Figure 20: Forward-backward asymmetry versus dielectron rapidity in the C-C events (open points) and
in the C-F events (full points).

backward asymmetry at the Z pole, for an integrated luminosity of 100 fb−1:

δ sin2 θ
lept

e f f = (1.5(stat)±0.3(exp)±2.4(PDF))×10−4 (19)

12 Conclusion

We report on a detailed study of the forward-backward charge asymmetry AFB, at LHC with the AT-
LAS detector, of electron pairs resulting from the process pp → Z/γ∗X → e+e−X . This measure-
ment provides a test of the Standard Model. In the vicinity of the Z-pole this measurement can be
used to determine the effective weak mixing angle sin2 θ lept

e f f . The precision on sin2 θ lept

e f f obtained is

δ sin2 θ lept

e f f = (1.5(stat)± 0.3(exp)± 2.4(PDF))× 10−4 for a 12 GeV mass window around the Z mass,
and 100 fb−1 of integrated luminosity. Electron identification in the forward region (2.5 < |η |< 4.9) of
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Figure 21: Forward backward asymmetry AFB versus the weak mixing angle sin2 θ lept
e f f at the Z pole. The

straight line is a χ2 fit to the points shown. Fast simulated events are used.

the ATLAS detector is very important for the measurement. In this region an electron ID efficiency of
80% is achieved with less than 3% QCD background.

The main systematic effects relevant for forward-backward asymmetry measurements with 100 fb−1

of data are addressed, including systematic uncertainties on detector effects and MRST PDF uncertainty.
An advanced technique was developed and used to estimate the error due to the PDF uncertainties. This
study showed that the uncertainty in the weak mixing angle determination due to PDF’s is of the same
order as the measurement statistical error, which means that the precision on the weak mixing angle
at LHC can be competitive to the current world average. In addition we expect that in the future the
knowledge of the PDF’s will improve from the constraints imposed by Tevatron, HERA and first LHC
measurements (e.g. using W asymmetry), and the systematic uncertainty due the uncertainty in the
PDF’s should decrease by the time ATLAS high luminosity data is available. If this is not the case, the
asymmetry measurements can be used, conversely, to constrain the parton distribution functions.
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Diboson Physics Studies
Abstract
This note presents studies of the sensitivity of the ATLAS experiment to Stan-
dard Model diboson (W+W−, W±Z, ZZ, W±γ , and Zγ) production in pp
collisions at

√
s = 14 TeV, using final states containing electrons, muons and

photons. The studies use ATLAS simulated data, which include trigger in-
formation and detector calibration and alignment corrections. The influence of
backgrounds on diboson detection is assessed using large samples of fully sim-
ulated background events. The cross-section measurement uncertainties (both
statistical and systematic) are estimated as a function of integrated luminos-
ity (from 0.1 to 30 fb−1). The studies show that the Standard Model W+W−,
W±Z, W±γ , and Zγ signals can be established with significance better than
5σ for the first 0.1 fb−1 of integrated luminosity, and the ZZ signal can be
established with 1 fb−1 of integrated luminosity. The ATLAS experiment’s
sensitivity to anomalous triple gauge boson couplings is also estimated. The
anomalous triple gauge boson coupling sensitivities can be significantly im-
proved, even with 0.1 fb−1 of data, over the results from the Tevatron that use
1 fb−1 of data.

1 Introduction

This paper presents studies of the ATLAS experiment’s sensitivity to diboson (W+W−, W±Z, ZZ, W±γ ,
Zγ) production using lepton and photon final states, and the corresponding ability to set limits on anoma-
lous triple gauge boson couplings (TGC). The analysis of diboson production at the LHC provides an
important test of the high energy behavior of electroweak interactions. Vector boson self-couplings
are fundamental predictions of the Standard Model [1], resulting from the non-Abelian nature of the
SU(2)L×U(1)Y gauge symmetry theory, which was demonstrated by precision measurements of W+W−

and ZZ pair production at LEP II [2].
Any theory predicting physics beyond the Standard Model while maintaining the Standard Model

as a low-energy limit may introduce deviations in the gauge couplings at some high energy scale. Pre-
cise measurements of the couplings will not only provide stringent tests of the Standard Model, but will
also probe for new physics in the bosonic sector. These tests will provide complementary information
to other direct searches for new physics at the LHC. Many models predict deviations of vector boson
self-couplings from the Standard Model at the 10−3− 10−4 level [3]. Experiments that can reach this
sensitivity could provide powerful constraints on these models. The signature for such anomalous cou-
plings is enhanced diboson production cross-sections, particularly at high transverse momentum (pT ) of
the bosons. Experimental limits on non-Standard Model TGC’s can be obtained by comparing the shape
of the measured pT or mass distributions (or transverse mass, MT , for final states involving W ) with
predictions, provided that the signal is not overwhelmed by background.

The analysis uses over 30 million fully simulated and reconstructed events, with a detector layout
and trigger system that reflects the ATLAS experiment as it will operate at LHC turn-on at 14 TeV
center of mass energy, thus providing a realistic understanding of the detection of these diboson final
states. A Boosted Decision Tree [4] technique is applied to selected channels, significantly enhancing
measurement sensitivities. These are among the ways this study improves on our understanding and the
results of the previous ATLAS diboson studies [5]- [10].
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1.1 Diboson production cross-sections

Tree-level Feynman diagrams for electroweak diboson production at hadron colliders are shown in Fig-
ure 1. The s-channel diagram contains the vector-boson self-interaction vertices of interest here. The
cross-sections are calculated to next-to-leading-order (NLO) in [11]- [13]. The Standard Model diboson
production cross-sections are listed in Table 1.

q̄

q

V1

V2

q̄

q

V2

V1

V

q̄

q

V1

V2

TGC vertex

t-channel u-channel s-channel

Figure 1: The generic Standard Model tree-level Feynman diagrams for diboson production at hadron
colliders; V,V1,V2 = {W,Z,γ}. The s-channel diagram contains the trilinear gauge boson vertex. In the
Standard Model, only WWγ and WWZ vertices are allowed.

Table 1: The Standard Model diboson production total cross-sections, calculated to the NLO, at the
Tevatron (

√
s = 1.96 TeV) and the LHC (

√
s = 14 TeV). The references in the first column indicate the

MC generators used for the calculations, with parton density function (PDF) CTEQ6M and the elec-
troweak parameters [14]. The theoretical uncertainty from the PDF and the QCD scale factor is typically
5%.

Diboson mode Conditions
√

s = 1.96 TeV
√

s = 14 TeV
σ [pb] σ [pb]

W+W− [15] W -boson width included 12.4 111.6
W±Z [15] Z and W on mass shell 3.7 47.8
ZZ [15] Z’s on mass shell 1.43 14.8
W±γ [16] Eγ

T > 7 GeV, ∆R(`,γ) > 0.7 19.3 451
Zγ [17] Eγ

T > 7 GeV, ∆R(`,γ) > 0.7 4.74 219

The LHC diboson production rates will exceed those of the Tevatron by at least a factor 100 (10
times higher in cross-sections and at least 10 times higher in luminosity). Furthermore, because the
energy reach at the LHC will be 7 times higher than at the Tevatron, the LHC sensitivity to anomalous
TGC’s is expected to be improved by orders of magnitude over that which can be reached at the Tevatron
or LEP.

1.2 Effective Lagrangian for charged TGC’s

The most general effective Lagrangian, that conserves C and P separately, for charged triple gauge boson
interactions is [19]:

L/gWWV = igV
1 (W ∗µνW µV ν −WµνW ∗µV ν)+ iκVW ∗µWνV µν +

λV

M2
W

W ∗ρµW µ
ν V νρ
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where V refers to the neutral vector-bosons, Z or γ , Xµν ≡ ∂µXν−∂νXµ and the overall coupling constants
gWWV are given by gWWγ =−e, gWWZ =−e cotθW , with e the positive electron charge and θW the weak
mixing angle. The Standard Model triple gauge boson vertices are recovered by letting gV

1 = κV = 1
and λV = 0. Experimentally, deviations from the Standard Model couplings is searched for; thus the
anomalous coupling parameters are defined as

∆gZ
1 ≡ gZ

1 −1, ∆κγ ≡ κγ −1, ∆κZ ≡ κZ−1, λγ , and λZ.

Note that electromagnetic gauge invariance requires gγ
1 = 1 or ∆gγ

1 = 0.
Studies of three different diboson final states, W+W−, W±Z and W±γ will provide complementary

sensitivities to the charged anomalous TGC’s [17]. For example, the ∆κV terms in W+W− production are
proportional to ŝ, defined as the square of invariant mass of the vector-boson pair, whereas these terms
are only proportional to

√
ŝ in W±Z and W±γ production. W+W− production is thus expected to be more

sensitive to ∆κV than W±Z and W±γ production. Conversely, W±Z production is expected to be more
sensitive to ∆gZ

1 than W+W− production because terms in ∆gZ
1 are proportional to ŝ in W±Z production.

The λ -type anomalous couplings have an ŝ dependence in all three cases, thus the sensitivities will be
enhanced at the high center-of-mass energy of the LHC.

With non-Standard Model coupling parameters, the amplitudes for gauge boson pair production grow
with energy, eventually violating tree-level unitarity. The unitarity violation is avoided by introducing an
effective cutoff scale, Λ [18]. The anomalous couplings take a form, for example,

∆κ(ŝ) =
∆κ

(1+ ŝ/Λ2)n ,

where ∆κ is the coupling value in the low energy limit. The scale Λ is physically interpreted as the mass
scale where the new phenomenon, which is responsible for the anomalous couplings, would be directly
observable. The value of n = 2 is used for charged anomalous TGC, and n = 3 for neutral anomalous
TGC.

1.3 Effective Lagrangian for neutral TGC’s

In the Standard Model, neutral boson pairs, ZZ and Zγ , are produced via the t-channel diagrams shown
in Figure 1. While the Standard Model ZZZ and ZZγ triple gauge boson couplings are zero at tree level,
anomalous couplings may contribute. This study considers the effect of anomalous couplings on the pro-
duction of pairs of on-shell Z bosons only. In this case, the most general form of the Zα(q1)Zβ (q2)V µ(P)
(V = Z, γ) vertex function which respects Lorentz invariance and electromagnetic gauge invariance may
be written as [20]

gZZV Γαβ µ
ZZV = e

P2−M2
V

M2
Z

[ i f V
4 (Pαgµβ +Pβ gµα)+ i f V

5 εµαβρ(q1−q2)ρ ]

where MZ is the Z-boson mass and e is the positive electron charge; q1,q2 and P are the 4-momenta of the
two on-shell Z bosons and the s-channel propagator, respectively. The effective Lagrangian generating
the gZZV vertex function is

L =− e
M2

Z
[ f V

4 (∂µV µβ )Zα(∂ αZβ )+ f V
5 (∂ σVσ µ)Z̃µβ Zβ ],

where Vµν = ∂µVν −∂νVµ and Z̃µβ = 1
2 εµνρσ Zρσ . The couplings f V

i (i = 4, 5) are dimensionless com-
plex functions of q2

1, q2
2 and P2 and are zero at tree level. All couplings are C odd; CP invariance forbids

f V
4 , while parity conservation requires that f V

5 vanishes. Because f Z
4 and f γ

4 are CP-odd, contributions
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to the helicity amplitudes proportional to these couplings will not interfere with the Standard Model
terms, and hence ZZ production is not sensitive to the sign of these couplings. The CP conserving cou-
plings f V

5 contribute to the Standard Model cross-section at the one-loop level, but this contribution is
O(10−4) [20].

1.4 Current Tevatron results on diboson physics

Diboson production measurements and studies of anomalous TGC’s have been performed at the Tevatron
with the CDF and D0 experiments, using up to 2 fb−1 of integrated pp̄ luminosity. Diboson cross-section
measurements using e/µ decay modes, and their event statistics, measurement precision, and background
events are summarized in Table 2. The measurments from Tevatron experiments are consistent with the
Standard Model predictions based upon NLO matrix element calculations.

Table 2: Summary of Tevatron pp̄ → diboson cross-sections. For the W+W−, W±Z, and ZZ channels
total production cross-sections are quoted.

Process Source L observed background σ (data) [pb] σ (theory)
fb−1 events events ± (stat)±(sys)±(lum) [pb]

W+W− CDF [21] 0.83 95 38±5 13.6±2.3±1.6 ± 1.2 12.4±0.8
(ee, µµ , eµ) D0 [22] 0.25 25 8.1±.5 13.8±4.1±1.1 ± 0.9 ”

W±Z CDF [23] 1.1 16 2.7±0.4 5.0+1.8
−1.4±0.4 3.7±0.3

(`±ν`+`−) D0 [24] 1.0 13 4.5±0.6 2.7 +1.7−1.3 (total) ”

Zγ CDF [25] 0.2 72 4.9±1.1 4.6 ±0.6 (sta+sys) ± 0.3 4.5±0.3
(`+`−γ) D0 [26] 1.0 968 117±12 4.96 ±0.3 (sta+sys) ± 0.3 4.7±0.2

W±γ CDF [25] 0.2 323 114±21 18.1 ±3.1 (sta+sys) ± 1.2 19.3±1.4
(`±νγ) D0 [27] 0.16 273 132±7 14.8 ±1.9 (sta+sys) ± 1.0 16.0±0.4

ZZ CDF [28] 1.9 2 0.014 1.4+0.7
−0.6±0.6 1.5±0.2

(`+`−`+`−) D0 [29] 1.0 1 0.13 < 4.4 ”

The Tevatron’s pp̄ collisions produce the charged states of W±Z and W±γ . These states can be used
to study the W+W−Z and the W+W−γ couplings independently, which is in contrast with the anomalous
TGC measurements made at LEP [32] from the W+W− final state, where certain assumptions relating the
W+W−Z and the W+W−γ couplings were made. The Tevatron limits for the WWγ and WWZ anomalous
TGC’s are summarized in Table 3. These limits will improve significantly by combining the constraints
from the W±γ , W±Z and W+W− channels, and by increasing the datasets using the expected integrated
luminosity of 6 fb−1 at the end of the Tevatron running.

2 Signal and background modeling and simulated data samples

2.1 MC generators used to produce fully simulated events

The diboson physics analyses focus on leptonic decay channels of the boson pairs (W+W−, W±Z, ZZ,
W±γ , and Zγ) produced in the proton-proton collisions at the LHC.

Diboson productions of the W+W−, W±Z, and ZZ final states, as well as the subsequent pure lep-
tonic decays, are modeled by the MC@NLO [15] Monte Carlo generator. The generator incorporates the
next-to-leading-order (NLO) QCD matrix elements into the parton shower by interfacing to the HER-
WIG/Jimmy [33] programs. A branching ratio of 0.0336 for Z→ `+`− and 0.108 for W+→ `+ν is used
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Table 3: Anomalous gauge coupling limits (95% C.L.) for WWγ and WWZ from the Tevatron experi-
ments, with Λ = 2 TeV.

Coupling Source L (fb−1) λZ ∆κZ ∆κγ λγ

WWγ from W±γ D0 [27] 0.16 [-0.88, 0.96] [-0.2, 0.2]

WWZ from W±Z D0 [24] 1.0 [-0.17, 0.21] [-0.12, 0.29]
WWZ from W±Z CDF 1.9 [-0.13, 0.14] [-0.82, 1.27]

WWZ = WWγ
from W+W− D0 [30] 0.25 [-0.31, 0.33] [-0.36, 0.33]

from W+W−, W±Z CDF [31] 0.35 [-0.18, 0.17] [-0.46, 0.39]

for each lepton flavor (e, µ, τ). The gauge-boson decays into tau leptons are included in the MC event
generator and these tau leptons decay to all the possible final states. Hard emission is treated as in NLO
computations and soft/collinear emission is treated as in a regular parton shower MC. The matching be-
tween these two regions is smooth (no double-counting). W -boson width and spin-spin correlations are
included in the generator. However, ‘zero-width’ approximations are used in W±Z and ZZ calculations,
and no Z/γ∗ interference terms are included. MC@NLO does not include anomalous triple gauge boson
couplings. The process of W+W− production via gluon-gluon fusion and the leptonic decays of the W ,
gg→W+W− → `ν`′ν , is modeled by the MC generator gg2ww [34]. The W±γ and the Zγ produc-
tion processes and subsequent leptonic decays of the W± and the Z are modeled by the PYTHIA MC
generator [35], which only incorporates the leading-order (LO) QCD matrix elements into the parton
shower. To include the off-shell Z and γ∗ into the ZZ analysis, we have also used PYTHIA to generate
the Z/γ∗+ Z/γ∗ → `+`−`′+`′− events. The Z/γ∗ mass threshold is set to 12 GeV in PYTHIA. Table 4
list all the diboson signal samples used in this paper.

Major physics backgrounds for diboson signal detection come from top pairs and hadronic jets as-
sociated with W or Z gauge bosons. We have used MC@NLO to model tt̄ → `+ X production (700k
events). The inclusive W + X and Z + X (X = jets, or γ) processes are modeled by the PYTHIA (30M
events) and ALPGEN [36] (1.1M events).

Whenever LO event generators are used, the cross-sections are corrected to NLO by using k-factors
from NLO matrix element calculations to normalize the expected signal and background events.

2.2 MC generators for TGC studies

Monte Carlo generators BosoMC [16] and BHO [17] are used for anomalous TGC studies. These MC
programs are numerical parton level generators. They are used to calculate both LO and NLO cross-
sections for all five diboson final states (W+W−, W±Z, ZZ, W±γ, Zγ) with anomalous coupling pa-
rameters. However, they do not include parton showers automatically. We use the BHO MC to model
the ZZ, W+W−, and Zγ production cross-sections and kinematics with Standard Model and anomalous
couplings. BosoMC is used for W±Z and W±γ diboson final-state TGC studies. The calculated dibo-
son production rates from these generators are accurate to NLO. The W+W−, W±Z and ZZ production
calculations with the Standard Model couplings are compared with the MC@NLO calculations using
PDF CTEQ6M. We found that both cross-sections and kinematic distributions are in good agreement, as
shown in Figure 2. The left plot shows the W±Z production differential cross-section as a function of
the transverse mass of the W±Z system. The right plot shows the W+W− production differential cross-
section as a function of the W transverse momentum. The discrepancies between MC@NLO and the
BHO MC are within 2%.
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Table 4: Diboson signal production processes, cross-sections including branching ratios of W /Z leptonic
decays and fully simulated number of MC events. The MC simulation ‘filter’ is the event selection at
the generator level. The corresponding filter efficiencies are given in the table. We also indicate the MC
generators used to produce the MC events and to calculate the cross-sections given in this table.

Process cross-section (fb) εfilter NMC Generator

qq̄′→W+W−→ `+ν`−ν 11718 1.0 180,000 MC@NLO
gg→W+W−→ `+ν`−ν 540.0 0.96 180,000 gg2ww
(` = e, µ, τ)

qq̄′→W+Z→ `+ν`+`− 441.7 1.0 50,000 MC@NLO
qq̄′→W−Z→ `−ν`+`− 276.4 1.0 50,000 MC@NLO
(` = e, µ; Z on mass shell)

qq̄′→ ZZ→ `+`−`+`− 66.8 1.0 49,250 MC@NLO
qq̄′→ ZZ→ `+`−νν̄ 397 1.0 118,000 MC@NLO
(` = e, µ; Z on mass shell)

qq̄′→ ZZ→ `+`−`+`− 159 0.219 43,000 PYTHIA

(` = e, µ, τ; MZ/γ∗ > 12 GeV )
(4 leptons (e, µ), p`

T > 5 GeV, |η`|< 2.7)

qq̄′→W+γ → `+νγ 10220 1.0 38,400 PYTHIA

qq̄′→W−γ → `−νγ 6820 1.0 25,600 PYTHIA

(` = e, µ; Eγ
T > 10 GeV )

qq̄′→ Zγ → `+`−γ 5280 1.0 66,000 PYTHIA

(` = e, µ; Eγ
T > 10 GeV )

A somewhat different procedure is used in the estimation of neutral triple gauge couplings from
ZZ events. In this case, the signal expectation with anomalous couplings was determined from the
leading order Monte Carlo calculation of BHO, corrected using a pT dependent k-factor derived from
MC@NLO.

3 Diboson event selection

This section discusses features of five diboson signals, (W±Z, W±γ , W+W−, Zγ , ZZ), the major back-
grounds and the analysis cuts required to discriminate between them. The varied event topolology of
each diboson signal precludes a common set of universal cuts. Two analysis approaches are employed.
The first is based on a sequence of straight cuts on kinematic quantities. The second is a refined, multi-
variate analysis based on Boosted Decision Tree (BDT) which is briefly described in Section 3.2 . Some
of the diboson analyses employ both techniques. The major results of these analyses are included here.

3.1 Physics objects

The ATLAS detector and its performance is described in detail elsewhere [37]. A brief description of the
physics objects used in diboson analysis is given below.

The major physics objects used in diboson physics analysis are electrons, photons, muons, missing
ET (/ET ), and hadronic jets. Electrons are identified by their distinctive pattern of energy deposition in
the calorimeter and by the presence of a track in the inner tracker that can be extrapolated from the
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Figure 2: Comparison of MC@NLO MC to BHO MC for W±Z and W+W− production. The histograms
are normalized to production cross-sections. Left plots: the W±Z MT distribution from W±Z production.
Right plots: the W+ pT distribution from W+W− production.

interaction vertex to a cluster of energy in the calorimeter. To ensure high trigger efficiency, for events
with a single electron, the transverse energy of an single electron must satisfy ET > 25 GeV. For events
with dielectrons, both electrons are required to have ET > 10 GeV. The electrons must be isolated from
other energy clusters. An electron is required to pass a set of cuts on shower shape, track quality and track
to calorimeter cluster matching. Photon identification is similar to an electron in the EM calorimeter,
but no charged tracks in the inner tracker should match the EM energy cluster. The average electron
identification efficiency in the barrel is about 75% and in the endcaps about 60%.

Muons are reconstructed using information from the outer muon spectrometer (MDT chambers and
trigger chambers), the inner tracking detectors and the calorimeters. Muons are identified with a tracking
algorithm that associates a track found in the muon spectrometer with the corresponding inner detector
track, after the former is corrected for energy loss in the calorimeter. The combined muon detection
rapidity coverage is |η | < 2.5. The minimum pT of reconstructed muon track is 5 GeV. The candidate
muons are required to be isolated in the calorimeter and inner tracker to minimize the contributions of
muons originating from hadronic jets. The average muon identification efficiency is about 95%.

The hadronic jets are reconstructed using the fixed-cone jet algorithm. The cone size used in this
analysis is 0.7. The jet seed threshold on the transverse energy in a tower is set to Es = 1 GeV, and the
final energy cut on a jet is ET > 7 GeV. With this cut the minimum measurable jet ET should be 20 GeV.

Missing transverse energy, /ET , is calculated from the energy deposited in all calorimeter cells and
from muons. A correction is applied for the energy lost in the cryostat. For diboson events with neutrinos
in final states, the /ET resolution we found to be 6.5 GeV based on our studies using Z→ `+`− MC events.

The ATLAS trigger consists of three levels of event selection: Level-1 (L1), Level-2 (L2) and the
event filter (EF). The L2 and EF together form the High-Level Trigger (HLT). According to the present
physics trigger menu for initial running, diboson candidate events with multi-lepton final states will be
recorded with single muon, single electron, dielectron and dimuon triggers. The trigger efficiencies
for diboson events, defined as the fraction of events accepted by the analysis cuts that have satisfied
the trigger requirements, are expected to be in a range of 95% - 100%, with the exception of a lower
efficiency (∼ 80%) for Wγ events. The events that are accepted by the trigger are used for the analysis
results.
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3.2 Boosted Decision Trees

A rather new multivariate analysis technique, Boosted Decision Tree, has been used in our analysis to
improve the detection sensitivity for diboson signals. BDTs have been used in HEP data analysis in
recent years [38], and details can be found in the Ref. [4]. A further development, allowing for weighted
events, is used in these diboson physics studies [39].

The BDT technique involves a fast ’training’ procedure for event pattern recognition. It works with
a set of data including both signal and background. Data are represented by a set of physics variable
distributions. A decision-tree splits data recursively based on cuts on the input variables until a stopping
criterion is reached. Every event ends up in a signal (score=1) or a background (score=-1) leaf of the
decision-tree. Misclassified events will be given larger weights in the next tree (boosting). This procedure
is repeated several hundreds to thousands of times until the performance is optimal. The discriminator
from the BDT training is the sum of the weighted scores from all the decision-trees. If the total score for
a given event is relatively high this event is most likely a signal event, and if the score is low it is likely a
background event.

3.3 W±Z→ `±ν`+`− selection

The W±Z production at hadron colliders uniquely probes the WWZ trilinear gauge boson coupling as
shown in Figure 1, the Standard Model tree-level Feynman diagrams.

W±Z candidate events have three charged lepton final states, referred to as trileptons, produced when
Z → `+`− and W± → `±ν , where `± are e± or µ±. Standard Model backgrounds can be highly sup-
pressed by requiring three isolated high pT leptons and large missing transverse energies (/ET ). However,
the pure leptonic decay mode of the W±Z events only has a 1.5% branching ratio [2]. The total cross-
sections times the branching ratio are 442 fb and 276 fb for W+Z and W−Z, respectively. Event selection
with high efficiency is important for early observations of this channel.

Major backgrounds to the W±Z trilepton final states come from ZZ → `+`−`+`− with one lepton
undetected; Z + X → `+`−+ X (X=jets, or photon) with a jet or a photon faking a lepton; and tt̄ →
W+W−bb̄→ `+ `+ `+X .

After a trigger, W±Z events are selected in two stages: (1) pre-selection with relatively loose cuts,
and (2) final selection with tightened cuts or with BDT multivariate discriminator. The overall trigger
efficiency for W±Z events with trileptons in the final state is (98.9± 1.0)% using a combination of single
lepton and dilepton triggers.

The pre-selection of the W±Z events is done by identifying three leptons (at least one lepton with
pT > 25 GeV) and requiring /ET > 15 GeV in an event with characteristics consistent with Z dilepton
decays (M`` = (91.18±20) GeV) and W leptonic decays (10 GeV < MT (`, /ET ) < 400 GeV). The overall
pre-selection efficiency for W+Z events is 26%, and for W−Z events is 29%. The acceptance difference
is due to the differing η distributions of the leptons decaying from W+ and W−. After the preselection,
the known background is about 70 times larger than the signal.

To bring the background level below the signal, a rejection power better than 100 in the second stage
of event selections is required. To achieve this, events with /ET < 25 GeV and with significant hadronic
jet activities are rejected. Events must contain no more than one hadronic jet with E jet

T > 30 GeV and
|η jet | < 3.0. The transverse recoil of the W±Z system, calculated using the vector sum of the pT of
the charged leptons and /ET , is required to be less than 120 GeV and the sum of the hadronic transverse
energy must be less than 200 GeV. These requirements effectively reject the tt̄ and hadronic jet events.
To reject the Z + X background, the third lepton (not from the Z boson decay) pT is required to be
greater than 20 GeV and 25 GeV for muons and electrons, respectively. Any pair of leptons must satisfy
∆R =

√
(∆η2 +∆φ 2) > 0.2. Leptons must be isolated from other energy clusters based on calorimeter

and inner tracker measurements. All three leptons must be associated with isolated tracks that originate
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Table 5: Number of expected W±Z signal (NWZ) and background (NB) for 1 fb−1 data with cut-based
analysis.

WZ ZZ tt̄ Z + jet Z + γ Drell-Yan Total bkg NWZ/NB

N events 53 2.7 .023 1.9 0.18 2.5 7.3 7.3
% of background - 37 .32 26 2.5 35 - -

from the same collision point. The dilepton invariant mass best matching the mass of Z must be within
the Z-mass window of |MZ −Mµµ | < 12 GeV or |MZ −Mee| < 9 GeV. These mass windows are set by
the mass resolutions. The MT determined by the third lepton and the /ET must be within the transverse
W -mass window: 40 GeV < MT < 120 GeV.

The total and selected number of the signal and the background events for each trilepton final state,
and for 1 fb−1 of integrated luminosity, are listed in Table 5. The overall signal efficiency is 8.7% and
7.1% for W−Z and W+Z, respectively. For 1 fb−1 of data, 53 W±Z signal events and 7 background events
are expected. The dominant background contributions are from ZZ, Z+jet and Drell-Yan processes, while
Zγ and tt̄ contribute a small fraction of the total background events.

Table 6: Number of expected W±Z signal (NWZ), and background (NB) for 1 fb−1 of data with BDT
analysis using the cut BDT > 200.

WZ ZZ tt̄ Z + jet Z + γ Other Total bkg NWZ/NB

N events 128 7.7 2.8 2.5 2.0 1.1 16 7.9
% of background 48 17 16 12 7.0 - -

For 0.1 fb−1 of integrated luminosity, only 5 signal events (NS) with 0.7 background event (NB)
contamination are expected. The W±Z detection significance, defined as the probability from Poisson
distribution with mean NB to observe equal or greater than NS + NB events, converted in equivalent
number of sigmas (standard deviations) of a Gaussian distribution, will be 3.6σ only. To improve the
detection sensitivity, the BDT analysis technique is employed. This BDT analysis is conducted with a
total of 1000 trees with 20 tree-split nodes. Based on the variables used in the cut-based analysis, and the
BDT training Gini-index (a measure of a variable effectiveness in separating signal from background),
a total of 22 kinematic and topology variables are selected for the BDT training. About 12000 pre-
selected signal events and 18000 pre-selected background events are used in this BDT-based analysis,
where 50% of the signal and background events are used for the training, and another 50% of statistically
independent events allocated to the BDT test sample sets. The BDT output discriminator from the testing
sample, used to separate the signals from the background, is shown in Figure 8 (right), see Section 4.1.
This spectrum will be used to determine (fit) the W±Z production cross-section.

Results of the W±Z event selection with the cut BDT > 200 are shown in Table 6. Expected numbers
of signal and background events are given for 1 fb−1 of integrated luminosity. The estimated background
uncertainties are 15-20% due to the limited number of simulated events available. The overall W±Z
event selection efficiency is about 13.7% for signal, resulting in 12.8 signal and 1.6 background events
for 0.1 fb−1. The W±Z detection significance is expected to be 5.9σ (including both statistical and 20%
systematic uncertainties) for 0.1 fb−1 of integrated luminosity.
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3.4 W±γ → `±νγ selection

The W±γ signal events are modeled with PYTHIA, which includes tree-level diagrams as shown in Figure
1 for W production with initial state radiation (ISR) (the t− and u−channels) and the s−channel pro-
duction depending on the triple-gauge-coupling WWγ vertex. The WWγ vertex introduces a destructive
interference of zero amplitude at cosθq̄,γ =±1/3 for W± production, where θq̄,γ is the photon scattering
angle to the incoming anti-quarks.

The W±γ diboson events are selected from pp collisions using pure W leptonic decays. The experi-
mental signature is a final states with one high pT lepton (electron or muon), one high pT photon and
large /ET . Major backgrounds are from the processes:

• Inclusive W +X production with W +X→ `γν +X , where the γ is from final state radiation (FSR)
from the lepton.

• Inclusive W +X → `ν +X productions, with X = jets and the jets faking a photon.

• Inclusive Z +X → ``+X productions, with one lepton escaping detection, and with X = γ or jets
faking a photon.

A photon isolation cut is effective in suppressing these backgrounds.
To study the W±γ detection sensitivity about 1.3 million inclusive W events and about 100,000 in-

clusive Z events were generated with the PYTHIA MC generator. In these datasets, the photon transverse
energy threshold is 10 GeV and the lepton and photon separation, ∆R(`,γ) was required to be greater
than 0.7.

The W±γ candidates are inclusive e±γ or µ±γ events having one electron or muon observed and the
absence of the oppositely charged lepton of the same flavor. The photon selected is the most energetic
one in the events. Efficiencies for three trigger types are investigated: isolated muon with pT > 20 GeV,
isolated electron with pT > 22 GeV and photon with ET (γ) > 55 GeV. The overall W±γ trigger efficiency
is about 80% based on our study.

Background to the W±γ signal is dominated by inclusive W± events with radiated jets faking a
photon. Contamination from inclusive Z events with an undetected lepton is also significant. Figure 3
shows the W±γ signal (first column) scatter plots compared to those for major backgrounds: the inclusive
W events with final state radiation (FSR) (the 2nd column), and with fake photon (the third column), and
the Z events with one lepton escaping detection and a photon of any type reconstructed (the 4th column).

The BDT method is used to select the W±γ signal events. Three trainings are done to separate: 1)
The `γν events with FSR photons from other sources, 2) The W±γ signal photons from fake photons,
and 3) The signal photons from the contamination of Z inclusive events. Nineteen variables are used in
the BDT analysis. Cuts are applied to the BDT output spectra for the three trainings. The cuts chosen
for signal selection correspond to a W±γ selection efficiency of 65% with a signal to background ratio of
0.95 (0.98) for electron (muon) final states, respectively. The numbers of events selected with the BDT
cuts are listed in Table 7. The selected events are further required to pass the trigger requirements as the
final accepted events, which are listed in the Table as well.

The BDT discriminates signal photons effectively from FSR and fake photons in the high ET (γ) re-
gion. This preserves a high detection efficiency in the region that is sensitive to discovery of phenomenon
beyond Standard Model predictions.

3.5 W+W−→ `+ν`−ν selection

The production of W pairs has been investigated extensively at LEP and at the Tevatron. The experi-
mental W+W− signature is two high transverse momentum leptons with opposite charge associated with
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Figure 3: Distributions of the W±(µ±ν)γ event variables, with a photon from the W±γ signal (ISR),
and from backgrounds, FSR, fake γ , and inclusive Z contamination.

large transverse missing energy. W+W− production involves both WWZ and WWγ triple gauge boson
couplings and is most sensitive to the ∆κV anomalous coupling parameters. Furthermore, the W pair pro-
duction provides an important background to Higgs boson searches in the pp→ H →WW (∗)→ `ν`ν
channel at the LHC. In dileptonic W -decays no Higgs mass peak can be reconstructed, so this back-
ground cannot be estimated from the measured data via sideband interpolation. An understanding of the
irreducible W -pair continuum background is therefore crucial.

At the LHC the major background processes (tt̄, inclusive W and Z, and Drell-Yan) have much higher
cross-sections than W+W−. It will be necessary to achieve very high background rejection power to
suppress the events with mis-identified leptons (from jet, photon and instrumentation effects) and leptonic
decays from heavy-flavor quark jets. In the Drell-Yan process the mis-measured /ET also contributes non-
negligible background.

Event selection consists of the trigger, pre-selection (two high pT leptons plus /ET ), and final selection
with a set of conventional cuts or with BDT selection cuts. The W+W− events are required to pass
one of two high-level trigger paths: a single, isolated electron with pt > 25 GeV or a single muon,
with pt > 20 GeV. The trigger efficiencies for WW → ee, WW → µµ and WW → eµ events with two
opposite sign isolated leptons (pT > 20 GeV, | η |< 2.5) are estimated as follows: 98.2 %, 95.9%; and
97.4% respectively.

The cut-based analysis rejects background events with tight lepton identification criteria and iso-
lation requirements as well as with event topology variables which clearly distinguish the signal and
significantly suppress the main background processes tt̄ and Z + X . The W+W− leptonic decay events
are selected by requiring two well identified isolated leptons with opposite charge, and with p`

T > 20
GeV and | η |< 2.5. A jet veto requirement rejects events with any jet (p jet

T > 20 GeV) in the rapid-

11
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Table 7: The number of W±γ signal and background events after pre-selection, BDT selection and
trigger requirement, for an integrated luminosity of 1 fb−1. The signal and total background are then
scaled to NLO cross-sections with the k-factors indicated. For the signal, the k-factor is obtained using
BosoMC. For background, the k-factors are obtained by comparing the cross-sections calculated with
MC@NLO and PYTHIA generators.

Signal Background
W±γ W+FSR γ W+fake γ Z(`/̀)γ Total

` = e Pre-selected 1710 11440 7890 32480
BDT selection 1145 242 791 101
Triggered 966 188 628 93
NLO scaled 1604 (k=1.66) 1183 (k=1.3)

` = µ Pre-selected 2680 28410 10250 3950
BDT selection 1793 413 961 409
Triggered 1305 177 595 260
NLO scaled 2166 (k=1.66) 1342 (k=1.3)

ity region | η |< 3. This cut is efficient in tt̄ suppression since tt̄ contains one or two energetic b jets
in addition to the W+W− signature. An event with /ET < 50 GeV is rejected to reduce the background
arising from the event pileup and from Z/γ∗ events in the Drell-Yan process. To reject the dilepton
events from inclusive Z production, a Z mass veto is applied. Finally, angular variable cuts are imposed.
For cross-section measurements, events must pass a cut: φ`` < 2 rad, where φ`` is the angle between
the transverse momentum of the two leptons. For anomalous TGC studies, this cut is replaced with:
Φ(p`+,`−

T ,pmiss
T ) > 175deg, where Φ is the angle between the transverse momenta of the lepton pair, and

the missing transverse momentum. The first angular cut (selection-A) results in high signal detection
efficiency, but it is not optimized for high pT (`) and pT (``) event detection and thus could decrease the
sensitivity to anomalous TGC’s. The second angular cut (selection-B) results in lower signal detection
efficiencies, but has higher efficiency for high pT (`) and pT (``) events. The yields of the W+W− se-
lection with the cut-based analysis are summarized in Table 8. Both signal and background events are
normalized to 1 fb−1 of data. Figure 4 shows the transverse momentum distributions of leptons (left)
and lepton pairs (right) after applying the kinematic cuts of Selection-B. The distributions are shown for
sum of signal and various backgrounds, and for individual backgrounds, for an integrated luminosity of
1 fb−1 of data.

The W+W− overall signal detection efficiency is 1.4-3%, depending on the selection cuts and the final
lepton states. The signal detection significance for 0.1 fb−1 of data is expected to be 4.7σ (for Selection
A), after taking into account a 20% background systematic uncertainty. The detection efficiencies can
be improved by using the multivariate BDT technique. In this W+W− analysis one thousand decision
trees, wherein one tree has 20 splitting-nodes, are used to separate signal from background based on the
input variables. The input data for the BDT analysis must first pass the pre-selection cuts (two leptons
with p`

T > 10 GeV and /ET > 15 GeV). The pre-selected simulated samples are divided into two equal
parts: one sample is used for BDT training and the other to test event selection performance. The BDT
output spectra for both signal and background are shown in Figure 8 (left). By varying the location of
the cut along the BDT scores (x-axis), the signal to background ratio can be optimized. Table 9 presents
the detection sensitivities with total integrated luminosity of 1 fb−1: the selected number of signal events
(NWW ), the corresponding signal efficiency (εWW ), the number of background (Nbkg.) events, and signal
to background ratio (NWW /Nbkg) are shown. The breakdown of background contributions are also given
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Table 8: Yield and total event detection efficiency of the WW selection for 1 fb−1 of data. The errors
shown are statistical only.

efficiency NWW Nbackground Nsig./Nbkg.
Selection-A gg→WW qq̄→WW gg→WW qq̄→WW

ee 2.1% 1.3% 1.3±0.05 17.4 ± 1.1 1.4 ±0.3 13.3±3.0
µµ 4.1% 2.8% 2.4±0.08 36.4 ± 2.2 10.7 ± 2.1 3.6± 0.8
eµ 2.8% 1.9% 3.3±0.13 50.6± 1.8 7.2 ± 1.2 7.5 ± 1.3
ll 3.0% 2.0% 7.0±0.16 104.4±2.4 19.3±2.4 5.8 ± 0.8

Selection-B

ee 0.94% 0.92% 0.6±0.04 12.0 ± 0.9 2.8± 1.2 4.5 ± 1.9
µµ 2.1% 2.0% 1.1±0.03 25.5 ± 1.8 4.8±1.0 5.5 ± 1.2
eµ 1.3% 1.4% 1.5±0.09 35.3 ± 1.5 7.4± 1.3 5.0 ± 0.9
ll 1.4% 1.4% 3.2±0.10 72.8 ± 2.5 15.0 ± 2.0 5.1 ± 0.8
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Figure 4: Transverse momentum distributions of leptons (left) and lepton pairs (right) after applying
kinematic cuts from Selection-B. The distributions are shown for sum of signal and various backgrounds,
and for separated backgrounds for L=1 fb−1.

in this table. For initial measurements using early LHC data based on 0.1 fb−1 of integrated luminosity,
the application of BDT is compelling. As inferred from Table 8, the initial data is expected to yield a total
for all decay channels of ∼ 10 signal events using conventional cuts, whereas the BDT-based analysis,
which gives a similar signal to background ratio as the conventional cuts is expect to yield total 47 signal
events. With an estimated background contribution of 9.2 events the W+W− detection significance is
about 10σ (including 20% background systematic uncertainties).

3.6 Zγ → `+`−γ selection

Zγ signals are produced through initial state radiation (ISR) of the photon from the quarks as illustrated
by the t- and u-channel diagrams shown in Figure 1. The s-channel Zγ production contains the ZγV (V =
Z,γ) vertex, which is forbidden at tree-level in the Standard Model. The cross-section measurement of the
Zγ production would provide a sensitive probe to anomalous ZγV couplings, which can be investigated
through this channel by measuring the ET (γ) distribution, expecially at large values.

The cleanest Zγ experimental signature is two high pT leptons from the decay of the Z boson and an
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Table 9: WW → leptons detection sensitivities of accepted signal and background events for 1 fb−1 of
integrated luminosity. Results from the BDT analysis are shown with cuts that give similar signal to
background ratio as the cut-based analysis. The quoted efficiencies in the table are the BDT selection
efficiencies including the trigger requirements based on pre-selected events.

Background fraction
Modes εWW (%) NWW Nbkg tt̄ W±Z Z +X NWW /Nbkg

eνµν 32.7 347± 3 64± 5 47.7% 27.8% 21.8% 5.4
µνµν 12.1 70± 2 17± 2 54.1% 34.6% 11.3% 4.1
eνeν 13.7 52± 1 11± 1 81.4% 7.2% 11.4% 4.7

isolated high pT photon (from ISR). The backgrounds to this Zγ signal are: 1) the Z boson production
with a FSR photon from the leptons decay from the Z, 2) the Z boson production with a fake photon from
jets, and 3) a small contamination from W +X production reconstructed as a `+`−γ final state. Some of
the event variables for different photon sources are shown in Figure 5.

Events are pre-selected with ET (γ) > 10 GeV, a value chosen to be above the PYTHIA generator
threshold and as low as is reasonably achievable by detector reconstruction. The FSR event rate is almost
an order of magnitude higher than the ISR rate in the inclusive Z production process. Backgrounds with
a Z boson and a fake photon are comparable to the Zγ signal photon rate.

The event selection is conducted with BDTs trained to separate Zγ events of different photon types.
The training is in two stages: first to identify the FSR photon background events and then to distinguish
the signal (ISR) photon from Z events with fake photons. Separate BDT training is done for the electron
and muon Z decay channels.

The BDTs are trained with 19 variables in total. As one example, FSR photons can be identified
from the opening angle from the nearest lepton. Fake photons originating from high pT neutral mesons
decaying to two photons can not be directly identified within the limits of the spatial resolution provided
by the ECAL segmentation. However, they are often accompanied by jet secondaries or underlying
remnant particles. By counting the charged tracks in a neighborhood (a cone of 0.45 rad in this case), or
summing their energies, parameters useful for differentiating background from isolated ISR photons can
be formed.

With the chosen BDT cuts the signal selection efficiency is 67%, and the signal to background ratio
is 2.0 and 1.8 for the electron and muon Z decay channels, respectively. The estimated numbers of
reconstructed Zγ candidates for an integrated luminosity of 1 fb−1 are listed in Table 10.

The FSR and fake photons contribute approximately equally to the total background but have impor-
tant distinctions. The fake photons populate the low ET (γ) region, and are differentiated from the signal
photon (ISR) in the ET (γ) > 20 GeV region. The shape of the ET distribution in the low energy region
is important for calibration and measurement of the production cross-section with ISR photons. On the
other hand, the FSR photons have an ET (γ) distribution similar to the ISR photons which carry signa-
tures of the coupling to the colliding quarks. Event rates in the high ET (γ) region, where the background
is primarily FSR, is an important probe of new physics phenomena.

3.7 ZZ→ `+`−`+`− selection

The cleanest experimental signature for ZZ detection is through the four lepton decay channels:

pp→ ZZ→ e+e−e+e−, µ+µ−µ+µ−, e+e−µ+µ−.

14
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Figure 5: Distributions of Z(ee)γ event variables for ISR (left column), FSR (middle column.) and fake
photons (right column).

The ZZ→ 4`′ (`′ = e, µ, τ) signal is modeled at LO by the PYTHIA event generator using the CTEQ6L
PDF. The Z/γ∗ interference terms are included in the generator. With the 12 GeV mass cut on the
dileptons decay from Z/γ∗, the cross-section times the dilepton decay branching ratio, σ ×BR is 159 fb.
A filter is applied to the simulated data to pre-select four lepton (e and µ only) events by requiring that
the lepton transverse momenta must be greater than 5 GeV, and the lepton rapidity, η`, must be in a range
| eta |< 2.7. The overall filter efficiency is 0.219. The τ lepton contribution to the four lepton channels
(4e, 4µ, 2e2µ) is less than 4% in the event sample after the filter. The fraction of the on-shell ZZ events
(both lepton pair masses are between 70 GeV to 110 GeV) in the sample is about 73%. Next-to-leading-
order calculations give higher production cross-sections. The k-factor is about 1.35 when both Z’s are on
mass shell. However, when the Z/γ∗ are off the Z mass shell, the k-factor varies from 1.15 to 1.52 for the
(Z/γ∗)(Z/γ∗) mass range from 115 GeV to 405 GeV, which is determined by using the MCFM Monte
Carlo calculations [11]. The k-factor is set constant at 1.35 to normalize the ZZ→ 4` signal events. The
four-lepton events have high trigger efficiencies close to 100%.

Major background processes for four lepton final states are tt̄→WWbb̄→ 4`+X and Zbb̄→ 4`+X .
The tt̄ background events, generated using MC@NLO, has a total production cross-section of 833 pb.
The Zbb̄ background events are generated using AcerMC, with cross-section scaled to NLO by a k-
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Table 10: The number of Zγ signal and background events after pre-selection and BDT selection is
listed, for an integrated luminosity of 1 fb−1. The signal and total background are then scaled to NLO
cross-sections with the k-factors indicated. For the signal, the k-factor is obtained using BHO.

Signal Background
Zγ Z+FSR γ Z+fake γ W (lν)γ Total

` = e Pre-selected 430 2760 490 44
BDT selection 288 70 74 0
Triggered 282 65 79 0
NLO scaled 367 (k=1.3) 187 (k=1.3)

` = µ Pre-selected 950 7500 790 930
BDT selection 636 173 186 0
Triggered 578 164 165 0
NLO scaled 751 (k=1.3) 429 (k=1.3)
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Figure 6: The four-lepton invariant mass distributions of ZZ signal, Zbb̄ and tt̄ background events with
tight (left) and loose (right) Z mass cut on the lepton pairs. The number of events correspond to an
integrated luminosity of 10 fb−1.

factor. Leptons from b quark decays in these processes are produced in association with hadrons. Their
contributions can be highly suppressed by lepton isolation requirements. For muons, the ratio between
the transverse energy deposited in a cone around the muon track of radius ∆R = 0.4 and the transverse
energy of the muon Eµ

T must be below 0.2. A similar isolation cut is applied to the electron selections.
To reject background with leptons not originating from the Z decays, the two opposite sign lepton pairs
must have at least one lepton with pT greater than 20 GeV, and at least one lepton pair must have the
invariant mass between 70 GeV- 110 GeV. This is referred to as the loose Z mass cut. A tight Z mass cut
requires the second lepton pair also to have invariant mass between 70 GeV- 110 GeV. The separation
between the two leptons must be ∆R(`+`−) > 0.2. Table 11 lists the signal selection cut efficiencies for
all the four lepton final states. Each cut efficiency value is relative to the previous selection. The quoted
uncertainties of the selected numbers of events are statistical only.

The total selection efficiencies for the Zbb̄ background using these same tight cuts are 0.13%±
0.06%, 0.61%± 0.14%, and 0.51%± 0.13% for the 4µ , 4e, and 2µ2e channels, respectively. For tt̄
these efficiencies are 0.07%± 0.07% for all three channels. The expected number of signal and back-
ground events for L = 1 fb−1 requiring tight Z mass cut are given in Table 12. The expected signal and

16

STANDARD MODEL – DIBOSON PHYSICS STUDIES

126

848



Table 11: ZZ→ `+`−`+`− signal selection cut efficiencies

4µ [%] 4e [%] 2µ2e [%]

Lepton Preselection 70.7 62.3 65.4
Pair formation, dR 99.3 88.0 93.4
Isolation, pmax

T 81.1 58.6 59.1

Z Mass tight loose tight loose tight loose
72.7 92.0 76.1 93.5 77.8 95.2

Total 41.4±0.6 52.4±0.7 24.4±0.5 30.0±0.6 28.1±0.4 34.3±0.4

Table 12: Expected number of ZZ → `+`−`+`− signal and background events at L = 1 fb−1 using the
tight Z mass cut.

4µ events 4e events 2µ2e events Total

Signal 4.5±0.05 2.6±0.04 6.2±0.06 13.3 ±0.09
Zbb̄ 0.01±0.003 0.04±0.01 0.04±0.01 0.08±0.01
tt̄ 0.04±0.04 0.04±0.04 0.04±0.04 0.12±0.07
Total background 0.05±0.04 0.08±0.04 0.08±0.04 0.20±0.07

background events with only one on-shell Z (Loose Z mass cut) are in Table 13. Uncertainties quoted
in these tables are statistical only. Figure 6 shows the four-lepton invariant mass distributions for the ZZ
signal, Zbb̄ and tt̄ background with tight and loose Z mass cut on the lepton pairs. Based on these results
the ATLAS experiment will establish the ZZ→ 4` signal with a significance of 6.8σ (after taking into
account 20% background systematic errors) with the first 1 fb−1 of integrated luminosity.

3.8 ZZ→ `+`−νν̄ selection

The ZZ→ `+`−νν̄ signature is two high-pT charged leptons with a large missing transverse energy (/ET )
due to the neutrino pair leaving the detector. The main backgrounds will either come from channels with
large cross sections, such as tt̄ and Z→ `+`−, or those with a similar signature to the signal, such as the
W±Z diboson channel. Both signal (ZZ→ `+`−νν̄) and background (tt̄, W±Z, W+W−, and Drell-Yan
dileptons) are modeled by the generator MC@NLO, except for high pT Z (pT (Z) > 100 GeV) events
which are modeled by PYTHIA.

To reduce the backgrounds, a set of simple cuts on discriminating parameters is invoked. In general,
each cut is used to suppress a particular background channel, as described below.

First, two oppositely charged good quality leptons with pT > 20 GeV are selected. This reduces much

Table 13: Expected ZZ→ `+`−`+`− signal and background events at L = 1 fb−1 using the loose Z mass
cut.

4µ events 4e events 2µ2e events Total

Signal 5.7±0.06 3.2±0.04 7.6±0.07 16.5±0.1
Zbb̄ 0.1±0.01 0.5±0.02 0.3±0.02 0.9±0.1
tt̄ 0.1±0.06 0.5±0.14 0.4±0.13 1.0±0.2
Total background 0.2±0.06 1.0±0.14 0.7±0.13 1.9±0.2
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of the tt̄ background which contains softer leptons than the signal. This cut also reduces the background
from Z→ τ+τ−→ `+`−ν`ν̄`ντ ν̄τ as the electrons and muons are produced with reduced pT . The leptons
must also lie within the inner detector pseudorapidity range, |η |< 2.5.

The charged lepton pairs are required to have an invariant mass close to the Z mass, specifically
|M``− 91.2 GeV| < 10 GeV. This is equivalent to ∼ 5σ of the signal width, and helps to reduce back-
ground combinatorics where the lepton pair does not come directly from a Z decay. A lepton veto is
imposed by combining the good quality and loose lepton selection to remove any events with more than
two leptons in total. This reduces background from the W±Z channel, whose Z has an almost identical
signature to the signal, and the neutrino from W decay also appears as /ET . The third-lepton veto sup-
presses the W±Z background by ∼ 30%. If the lepton from the W is not reconstructed, however, this
background channel becomes almost indistinguishable from the signal.

A main characteristic of the signal decay is a large missing transverse energy (/ET ) from the Z→ νν̄
decay. An important background, due to its large cross section, comes from the Z → `+`− Drell-Yan
process, where jets are produced in addition to the leptons. If these jets are aligned with cracks in
the detector, then they will fake /ET as they will not be fully accounted for in the calorimeters. This
background can be significantly reduced by applying a 50 GeV /ET cut. The background from ZZ→ 4`
is also reduced, but this is less significant as it has a much smaller cross-section. The W±Z channel is
suppressed by this cut as only one neutrino is produced, and hence the /ET distribution is slightly softer.
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Figure 7: The /ET − pT (Z) magnitude (left) and angle matching (right) distributions before cuts for
ZZ→ 4` (solid), Z→ `+`− (dash) and W±Z (dot). The plots are normalised to unit area for comparison
of distribution shapes.

The signal is expected to have missing pT equal and opposite to that of the reconstructed Z, when
the ZZ pair is produced with no initial pT and they decay back-to-back. Figure 7 (left and right) shows
a clear peak in the signal for both magnitude and angle matches. The W±Z background shows a worse
magnitude match as some of the W momentum is lost to either an electron or muon on decay. This
means that the missing pT will not quite match up with that of the recoiling Z. The angular distribution
shows a peak in both the W±Z and Z→ ll channels. In the case of W±Z, this is because the W and Z
are produced in approximately opposite directions. When the W decays, the neutrino will be deflected
and so the peak has a wider distribution. In a similar way, in Z→ ll, the Z is likely to be produced with
some quarks recoiling against it. These will manifest themselves as jets which can fake /ET . Cuts at
(|/ET − pT (Z)|)/pT (Z) < 0.35 and 145◦ < φ/ET

−φZ < 215◦, reduce the W±Z background.
A jet veto reduces backgrounds with large hadronic activity. For example, the predominant decay

channel for the top quark in tt̄ is the t→Wb final state, resulting in several high pT jets. Its contribution
can be reduced by applying a veto on events containing any jet with p jet

T > 30 GeV and |η jet |< 3.0.
The final cut to be applied is on the pT of the reconstructed Z boson. This reduces the background
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Table 14: Cut flow table for ZZ→ `+`−νν̄ signal and background after cuts for an integrated luminosity
of 1 fb−1. The values in brackets indicate the percentage of events passing each cut relative to the
previous cut. Note that this Z→ ll MC sample already requires pT (Z) > 100 GeV.

Cut ZZ→ ``νν ZZ→ 4l Z→ ll tt̄ W±Z W+W− Z→ ττ

Leptons 130.1 54.3 13100 4530 271.2 491.1 2170
Third-lepton veto 101.9 3.1 1900 428.9 52.9 375.6 1690

(78.3%) (5.7%) (14.5%) (9.5%) (19.5%) (76.5%) (77.9%)
Dilepton mass 100.2 2.7 1740 110.2 45.3 83.8 40.1

(98.3%) (87.1%) (91.6%) (25.7%) (85.6%) (22.3%) (3.4%)
Missing ET 38.0 0.34 3.8 17.9 9.4 18.3 0

(39.9%) (12.6%) (0.2%) (16.2%) (20.8%) (21.8%) (0.0%)
Jet veto 34.4 0.30 0.44 6.0 7.6 16.7 0

(90.5%) (88.2%) (11.6%) (33.5%) (80.9%) (91.3%) (0.0%)
pZ

T 10.2 0.08 0.4 3.0 1.7 0.02 0
(29.7%) (26.7%) (90.9%) (50.0%) (22.4%) (0.1%) (0.0%)

Stat. Error [90%CL] 0.2 0.01 0.2 2.1 0.1 0.22 [1.6]

Table 15: The expected ZZ → `+`−νν̄ signal yields and total signal selection efficiency for 1 fb−1 of
integrated luminosity. The errors shown are statistical only.

Nsignal Signal efficiency Nbackground NS/NB

10.2±0.2 2.6% 5.2±2.6 2.0±0.8

from the single Z channel, whose pT (Z) distribution drops much faster than the signal. A cut of pT (Z) >
100 GeV significantly reduces this background, and has a negligible effect on the sensitivity to anomalous
couplings, which predominantly manifest at high pT .

Using the single isolated electron trigger (effective ET > 22 GeV) and the single isolated muon trigger
(effective pT > 20 GeV), the trigger efficiency for selected ZZ→ `+`−νν̄ events is expected to be 97%.

Table 14 gives a summary of the cuts applied and presents the expected number of events passing the
cuts. The final row in each column gives the statistical error. If no events pass cuts, the figure given is
the number of expected events at the 90% confidence level. The dominant background is tt̄ . Table 15
summarizes the expected yield and sensitivity of the ZZ→ `+`−νν̄ channel.

4 Total cross section measurements

A binned likelihood method is used to determine the most likely cross-sections. This likelihood method
is also used to extract the sensitivities to the anomalous TGCs which will be described in Section 5. The
likelihood is based on Poisson statistics convoluted with Gaussian probabilities to model the signal and
background uncertainties. What follows is a more detailed description of the binned likelihood method
followed by a description of the statistical and systematic uncertainties for the diboson cross-section
measurements using the first 1.0 fb−1 of data.
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4.1 Binned likelihood

In the binned likehood method, expected events are determined from high statistics Monte Carlo sim-
ulation, and observed events are also determined from Monte Carlo simulation for this work, but with
appropriate statistical fluctuation according to the luminosity. The events are binned by one or more
observables. As an example, in the case of the cross-section measurement the BDT output spectrum, an
example of which is shown in Figure 8, could be used. In the TGC analysis described in Section 5 the
MT (VV ) and pT (V ) spectra are choosen.

For each bin expected signal and background are compared to the observed number of events (n
events in the bin) with a likelihood, which is based on Poisson statistics. We assume the systematic un-
certainties of the signal and background are Gaussian and uncorrelated for each bin. Thus, two Gaussian
distributions are convolved with the Poisson distribution to form the likelihood

L =
∫ 1+3σb

1−3σb

∫ 1+3σs

1−3σs

gs gb
( fsνs + fbνb)n e−( fsνs+ fbνb)

n!
d fs d fb with gi =

e(1− fi)2/2σ2
i

∫ ∞
0 e(1− fi)2/2σ2

i
(i = s,b),

here the total systematic uncertainty of signal and background appear as σs and σb, respectively.
From these likelihoods a total log-likelihood is formed from all the bin likelihoods. Some pro-

cesses may also be separated into multiple channels (such as the three decay combinations of WW →
ee,eµ,µµ). Also, a factor of -2 is included to make this test statistic comparable to a chi-squared distri-
bution. Thus, the negative log-likelihood is

−2lnL =−2 ∑
k=channels

∑
i=bins

log(Lk
i ).

In cross-section measurements, the likelihood is determined as a function of cross-section in each bin of
a measured spectrum for each channel (e.g. the BDT output spectrum for the W+W−→ eνµν channel as
shown on the left in Figure 8). The log-likelihoods are then combined and the minimum of the negative
log-likelihood determines the most likely cross-section (or anomalous TGC). The 68% C.L. limits (±1σ )
are taken from the minimum of the negative log-likelihood plus 1.0. To set the 95% confidence-level
interval of the anomalous TGC limits, likelihood minimum+1.92 is taken when fitting one parameter,
and the minimum+2.99 for a fit of two parameters (e.g. two independent anomalous couplings).

4.2 Statistical uncertainties

Based on the diboson event selections described in Section 3, the expected number of signal and back-
ground events for 1 fb−1, and the expected detection significance of observing the Standard Model sig-
nals, are summarized in Table 16, after taking into account the known background contributions and 20%
systematic uncertainties of the background estimate. The expected signal statistical uncertainties are also
given in the 5th column of the table. For 1 fb−1 they range from 2.1% to 31% depending on the channel.

For early LHC data with 0.1 fb−1 integrated luminosity, the statistical uncertainties are large. How-
ever, based on BDT analysis, with an assuption of a 20% systematic uncertainty, the signal detection
significances could reach 9.9σ and 5.9σ for W+W− and W±Z, respectively. The overall detection sig-
nificance is expected to be greater than 10σ for both W±γ and Zγ signals with 0.1 fb−1 of data.

4.3 Systematic uncertainties

The major theoretical uncertainties on the production cross-sections come from the PDF uncertainties
and the QCD factorization scaling uncertainties (for NLO calculations). By varying the PDF’s and scale
values for W+W−, W±Z, and ZZ cross-section calculations, the differences of the calculated cross-
sections are found to range from 3.4% to 6.2%.
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Figure 8: BDT-output spectra from a Monte Carlo experiment for W+W− (left) and W±Z (right) detec-
tion with 1 fb−1. The dots in the plots are Monte Carlo ‘mock data’. The dashed histograms represent
the signal and the dotted, background.

The major experimental systematic effects in the cross-section measurements arise from the un-
certainties of the luminosity determination, the lepton identification efficiencies and energy/momentum
resolutions, the jet energy scale and resolutions, and background model and estimate.

A promising possibility for the precise determination of the luminosity is to use the W and Z pro-
duction and leptonic decays. The estimates show that in this way the luminosity uncertainties could be
controlled to ∼5% [40]. It should be noted that a 6.5% luminosity uncertainty was quoted in Tevatron
Run II physics papers.

The lepton acceptance uncertainty is about 2-3% mainly due to the isolation requirement which
involves the hadronic jet energy uncertainties. The lepton trigger efficiency uncertainties also contribute.
With large Z samples, this uncertainty could be minimized. Z decays can typically be triggered and
identified using only one of the two decay leptons. This leaves the second lepton unbiased from the point
of view of trigger and offline identification. The rate at which the unbiased lepton passes the trigger and
ID requirements provides a measurement of the respective efficiencies.

In the studies using the ATLAS simulated events the background estimate dominates the systematics
with uncertainties of 15-25% for all the diboson channels except for the ZZ→ `+`−`+`− channel, where
the background uncertainty should be less than 2%. Even though more than 30 million fully simulated
events are used to estimate the background, the analyses are still largely limited by W + jets event
sample statistics in the diboson background estimate. Tevatron experiments have used data to estimate
the background, and typical uncertainties for diboson physics analyses are around 10% for 1 fb−1 of data.
With early LHC data (0.1 fb−1), the background estimate uncertainty would be comparable to current
Tevatron diboson background uncertainties, and with more data the uncertainties of the background
estimate should decrease.

The lepton and jet energy resolution uncertainties will contribute to additional background estimate
uncertainties which will further propagate to the cross-section measurement uncertainties. A study has
been performed in W±Z analysis to estimate the size of such uncertainties. In this study, the W±Z BDTs
are first trained with Monte Carlo signal and background events simulated with the ‘standard’ detector
energy resolutions and calibrated energy scale. For independent test samples, 10% and 3% are added
to the jet and lepton energy resolutions, respectively, and the reconstructed energy related quantities are
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Table 16: Summary of signal and background of all diboson final states (` denotes e and µ) for 1 fb−1

of integrated luminosity. The 4th column indicates the overall signal selection efficiency and the type
of analysis, The 5th column gives the signal statistical uncertainty. The last two columns indicate the
p-value and the significance (in Gaussian standard deviations) where p-value is the probability of the
background fluctating to the expected total observation assuming 20% systematic uncertainties.

Diboson mode Signal Background Signal eff. σ signal
stat p-value Sig.

W+W−→ e±νµ∓ν 347±3 64±5 12.6% (BDT) 5.4% 3.6×10−166 27.4
W+W−→ µ+νµ−ν 70±1 17±2 5.2% (BDT) 12.0% 8.8×10−30 11.3
W+W−→ e+νe−ν 52±1 11±2 4.9% (BDT) 13.9% 1.9×10−24 10.1
W+W−→ `+ν`−ν 103±3 17±2 2.0% (cuts) 9.9% 1.4×10−54 15.5

W±Z→ `±ν`+`− 128±2 16±3 15.2% (BDT) 8.8% 3.0×10−76 18.4
53±2 8±1 6.3% (cuts) 13.7% 3.1×10−30 11.4

ZZ→ 4` 17±0.5 2±0.2 7.7% (cuts) 24.6% 6.0×10−12 6.8
ZZ→ `+`−νν̄ 10±0.2 5±2 2.6% (cuts) 31.3% 7.7×10−4 3.2

Wγ → eνγ 1604±65 1180±120 5.7% (BDT) 2.5% significance > 30
Wγ → µνγ 2166±88 1340±130 7.6% (BDT) 2.1% significance > 30

Zγ → e+e−γ 367±12 187±19 5.4% (BDT) 5.2% 1.2×10−91 20.3
Zγ → µ+µ−γ 751±23 429±43 11% (BDT) 3.6% 5.9×10−171 27.8

Table 17: Change of background acceptance in a test of BDT (W±Z vs. ZZ) performed by smearing jet
energy, E jet , and missing ET , /ET , by an additional 10%; and the lepton energy E`

T by an additional 3%.

Signal Efficiency Background Eff. Background Eff. Background Eff.
No additional smearing 10% for E jet & /ET 10% for E jet& /ET , 3% for E`

T

40% 4.0% 4.2% (+5.7%) 4.2%(+6.7%)
50% 8.6% 8.9% (+3.7%) 9.0%(+4.8%)
60% 14.6% 14.9% (+2.2%) 15.1%(+3.7%)
70% 22.3% 22.7% (+2.0%) 23.0%(+3.4%)
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‘smeared’ to reflect the uncertainties of the diboson detection sensitivity (signal to background ratio). In
this study the signal efficiencies are fixed and changes to the background acceptance are gauged. The
results are summarized in Table 17. As an example, for a BDT signal selection efficiency of 60%, the
change of the signal to background ratio is 3.4%. For the W±Z cross-section measurement with 1 fb−1

of integrated luminosity, the 3.4-6.7% background contribution uncertainty would result in additional
cross-section measurement uncertainties of about 2-3%.

4.4 Measurement uncertainties vs. selection cuts and luminosities

The cross-section measurement uncertainties are estimated for various event selection cuts and integrated
luminosities in the W+W− and W±Z BDT based analysis. The BDT output spectra are used to build the
log-likelihood by using ‘mock data’, which is a sample of simulated events with appropriate statistics
according to the luminosity and the Standard Model. For example, the BDT-output spectra for a Monte
Carlo experiment with 1 fb−1 of data are shown in Figure 8 for W+W− → e±νµ∓ν detection (left)
and for W±Z→ `±ν`+`− detection (right). The Standard Model ‘mock data’ (points) are compared to
expected signal (dashed histogram) and background (dotted histogram).
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Figure 9: The total relative uncertainties for W+W− (left) and for W±Z (right) cross section measure-
ments as the BDT cut is varied for different luminosities. The optimal BDT cut is between 200 and 300.
An overall 9.2% systematic uncertainty was included in the fitting process.

To understand the optimal cut on the BDT spectra for cross-section measurements, the cuts on the
BDT spectra are varied and the cross-section measurements are repeated. A total 9.2% systematic un-
certainty is included in the fitting process. Figure 9 shows the cross-section measurement uncertainty as
a function of the BDT cut for different integrated luminosities from the W+W− and the W±Z analysis.

Figure 10 shows the relative cross-section uncertainties as a function of integrated luminosity (with
BDT spectrum cut at 200) for W+W− (left) and W±Z (right) cross-section measurements. From these
plots it should be noted that the systematic uncertainty starts to dominate after 5 fb−1 of integrated
luminosity for W+W− cross-section measurements, and after 10 fb−1 for W±Z.

5 Sensitivity to anomalous couplings

The signature of anomalous couplings in diboson production is an increase in the cross-section at high
values of gauge boson transverse momentum (pT ) and diboson transverse mass (MT ). The ATLAS
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Figure 10: The W+W− (left) and the W±Z (right) cross-section measurement uncertainties as a function
of integrated luminosity (with BDT spectrum cut at 200). An overall 9.2% systematical uncertainty was
included in the fitting process.

sensitivity to anomalous TGC’s is investigated by comparing the ’measured’ diboson production cross-
sections and the vector boson pT or diboson MT distributions to models with anomalous TGC’s. A
binned likelihood fitting procedure using the MT or pT spectrum for each channel is followed to extract
the 95% C.L. intervals of anomalous coupling parameters. The most dramatic effect is an increase
in the high MT or high pT cross-sections, so it is important for the binned likelihood calculation to
include events up to the highest values of the observables. Details of the binned likelihood method are
described in Section 4.1. One- and two-dimensional limits are set on the charged CP-conserving coupling
parameters from the W+W−, W±Z, and W±γ final states. The ZZ final state is used to probe the neutral
anomalous TGC sensitivity.

The values of the form factor scale Λ are chosen such that the extracted experimental anomalous
coupling limit from data for a certain diboson production process is less than the unitarity limit [41].
For this study, with 0.1-1.0 fb−1 of integrated luminosity at early LHC running, Λ values of 2-3 TeV are
used. The same Λ values of 2-3 TeV are also used to estimate the anomalous coupling sensitivities for
higher luminosities for simplicity. It should be noted that as the luminosity increases, the Λ value should
have increased accordingly.

5.1 Re-weighting the fully simulated events

To avoid producing an impractically large number of fully simulated events in non-Standard Model
anomalous coupling parameter space, a re-weighting method was invoked to study the ATLAS de-
tector sensitivities to anomalous coupling parameters. The BHO and the BosoMC calculations are
used with different anomalous coupling parameters to re-weight the fully simulated events generated
by MC@NLO. As an example, Figure 11 shows the W+W− production differential cross-section distri-
butions for Standard Model and some anomalous coupling parameters (left plot) and the corresponding
differential cross-section ratio, dσ(non-SM)/dMT

dσ(SM)/dMT
(right plot). These ratios have been used as weights to

re-weight the fully simulated events to probe the anomalous TGC sensitivities. The weights are generated
in one-dimensional and two-dimensional anomalous coupling space according to parton level kinematics
using the BHO and the BosoMC programs. To produce the weights the step size in coupling parameter
space ranges from 0.1× 10−3 to 1.0× 10−3. For each point in the coupling parameter space 5 million
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Figure 11: Left: WW transverse mass, MT , distributions. Events are generated with the Standard Model
coupling (black line) and anomalous couplings (colored symbols); Right: the corresponding differential
cross-section ratio.
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Figure 12: The expected signal+background of the Standard Model, superimposed with ‘mock data’
(points with error bars showing statistical uncertainty), and the non-Standard Model (anomalous cou-
plings) predicted signal+background histograms (dashed and dotted histograms). The left plot is for
1 fb−1 of data and the right plot is for 30 fb−1 of data.

events were generated to obtain the theoretical ’reference’ distributions. The fully simulated events with
the Standard Model couplings are required to pass the event selection cuts, and then reweighted accord-
ing to the parton level kinematics. The weighted events are equivalent to fully simulated events with the
corresponding anomalous couplings. The distributions of variables, sensitive to the anomalous coupling,
such as lepton pT , of the data events, can be compared to those of simulated events with anomalous cou-
plings included, to extract the limits on the anomalous couplings. In this study the Standard Model ‘mock
data’ are used to probe the ATLAS detector sensitivities to anomalous triple gauge boson couplings.

5.2 WWZ anomalous TGC sensitivity in W±Z analysis

The W±Z diboson production involves exclusively the WWZ coupling, in contrast to the W+W− diboson
final state which contains both WWZ and WWγ couplings. To extract the 95% C.L. sensitivity intervals of
the anomalous parameters, ∆κZ,∆gZ

1 , and λZ , from the W±Z diboson final state, both the transverse mass
of W±Z (MT (W±Z)) and the transverse momentum of Z (pT (Z)) spectra are used to fit the anomalous

25

STANDARD MODEL – DIBOSON PHYSICS STUDIES

135

857



Table 18: Summary of WWZ one-dimensional anomalous coupling parameter 95% CL sensitivities using
the MT (W±Z) fitting for Λ = 2 TeV and Λ = 3 TeV for integrated luminosities of 0.1, 1, 10 and 30 fb−1.

Int. Lumi Cutoff Λ ∆κZ λZ ∆gZ
1

(fb−1) (TeV)

0.1 2.0 [-0.440, 0.609] [-0.062, 0.056] [-0.063, 0.119]
1.0 2.0 [-0.203, 0.339] [-0.028, 0.024] [-0.021, 0.054]

10.0 2.0 [-0.095, 0.222] [-0.015, 0.013] [-0.011, 0.034]
30.0 2.0 [-0.080, 0.169] [-0.012, 0.008] [-0.005, 0.023]

0.1 3.0 [-0.399, 0.547] [-0.050, 0.046] [-0.054, 0.094]
1.0 3.0 [-0.178, 0.281] [-0.020, 0.018] [-0.017, 0.038]

10.0 3.0 [-0.135, 0.201] [-0.015, 0.013] [-0.013, 0.018]
30.0 3.0 [-0.069, 0.131] [-0.008, 0.005] [-0.003, 0.016]

couplings.
Monte Carlo experiments are performed with 0.1, 1, 10, and 30 fb−1 of integrated luminosities to

study the anomalous coupling sensitivities. Figure 12 shows the expected signal+background of the
Standard Model, superimposed with the ‘mock data’ (points with error bars), and the non-Standard
Model (anomalous couplings) predicted signal+background distributions. Table 18 shows the summary
of 1-dimensional 95% C.L. anomalous coupling parameter intervals based on the MT (W±Z) spectra
fitting. Results corresponding to 0.1, 1, 10 and 30 fb−1 of integrated luminosities for cutoff, Λ = 2 TeV
and Λ = 3 TeV are listed. It should be noted that even for 0.1 fb−1 of integrated luminosity, the ATLAS
sensitivity to WWZ anomalous couplings could be much better than the Tevatron limits based on 1 fb−1

of pp̄ collision data.
To understand the systematic uncertainty effects on the TGC sensitivity, three different systematic

uncertainty assumptions are considered: (1) ideal case with no systematic uncertainties: σS = 0, and
σB = 0; (2) expected uncertainty of 7.2% for signal, and 12% for background, based on estimate from
various contributions; and (3) worse than expected systematic uncertainty of 9.2% for signal, and 18.3%
for background. Unless otherwise stated, (3) was used to evaluate coupling limits.

The 95% C.L. 1-dimensional limits for the WWZ anomalous couplings, obtained from the fits to the
pT (Z) assuming Λ = 2 TeV are shown in Table 19, for different scenarios of systematic uncertainties.
From this table it is seen that only when reaching 30 fb−1 of integrated luminosity do the systematic
uncertainties become significant enough to affect the TGC sensitivities.

The studies on the WWZ anomalous couplings in two-dimensional space are also based on the pT (Z)
fits for different integrated luminosities (0.1, 1, 10 and 30 fb−1) and for two cutoff values, Λ = 2 TeV
and 3 TeV. The anomalous coupling limit contours are not very sensitive to these cutoff values. The
effects of different systematic uncertainties on the 2-dimensional TGC sensitivity contour are shown in
Figure 13. The left plot shows the 95% C.L. anomalous TGC limit contour of λZ vs. ∆κZ = ∆gZ

1 without
systematic uncertainties, and the right plot shows the 95% C.L. TGC limit contour with the systematic
uncertainties (σS = 9.2%, σB = 18.3%) included. Again, the systematic uncertainties become significant
when the integrated luminosity reaches 30 fb−1.

5.3 WWγ anomalous TGC sensitivity in W±γ analysis

The W±γ diboson production involves exclusively the WWγ triple gauge coupling. To extract the 95%
C.L. sensitivity intervals of the anomalous parameters, ∆κγ , and λγ , from the W±γ diboson final state,
the photon transverse energy ET (γ) distribution is used to fit the anomalous couplings, with Λ = 2 TeV.
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Figure 13: The left plot: 95% C.L. WWZ TGC limit contour of λZ vs. ∆κZ = ∆gZ
1 ; without the sys-

tematic uncertainties. The right plot: the 95% C.L. WWZ TGC limit contour of λZ vs. ∆κZ = ∆gZ
1 , with

systematic uncertainties (σS = 9.2%, σB = 18.3%) included. The anomalous coupling limit contours
from outer to inner corresponding integrated luminosities of 0.1, 1, 10 and 30 fb−1, respectively. The
systematic uncertainties become significant when the integrated luminosity reaches 30 fb−1.

Table 19: Comparison of WWZ one-dimensional anomalous coupling parameter 95% C.L. sensitivities
for different systematic uncertainties. Results obtained in this table are using the pT (Z) fit for Λ = 2 TeV
for integrated luminosities of 0.1, 1, 10 and 30 fb−1.

Systematic Int. Lumi ∆κZ λZ ∆gZ
1

uncertainties (fb−1)

σS = 0 0.1 [-0.942, 1.130] [-0.203, 0.193] [-0.227, 0.324]
σB = 0 1.0 [-0.561, 0.664] [-0.093, 0.082] [-0.106, 0.154]

10.0 [-0.233, 0.231] [-0.033, 0.024] [-0.025, 0.061]
30.0 [-0.128, 0.136] [-0.024, 0.013] [-0.009, 0.047]

σS = 7.2% 0.1 [-0.950, 1.140] [-0.204, 0.194] [-0.228, 0.325]
σB = 12.0% 1.0 [-0.574, 0.692] [-0.093, 0.083] [-0.106, 0.158]

10.0 [-0.228, 0.302] [-0.033, 0.027] [-0.022, 0.070]
30.0 [-0.164, 0.212] [-0.026, 0.018] [-0.009, 0.055]

σS = 9.2% 0.1 [-0.956, 1.150] [-0.204, 0.194] [-0.229, 0.326]
σB = 18.3% 1.0 [-0.583, 0.706] [-0.094, 0.084] [-0.106, 0.159]

10.0 [-0.241, 0.316] [-0.033, 0.028] [-0.024, 0.071]
30.0 [-0.184, 0.228] [-0.028, 0.020] [-0.011, 0.056]
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Table 20: 95% C.L. intervals for the anomalous WWγ coupling parameters obtained from fitting the
ET (γ) distribution to the NLO expectations using the combined sample of W (eν)γ and W (µν)γ events,
with Λ = 2 TeV.

W (`ν)γ

1 fb−1 10 fb−1 30 fb−1

λγ [-0.09, 0.04] [-0.05, 0.02] [-0.02,0.01]
∆κγ [-0.43, 0.20] [-0.26, 0.07] [-0.11,0.05]

The intervals are calculated for W±γ events by combining the electron and the muon decay channels.
Figure 14 shows an ET (γ) distribution from W±(`±ν)γ normalized to 1 fb−1 of data. The signal

expectations at LO and NLO are shown by the dashed and dotted lines on the left in Figure 14. On the
right in Figure 14 is shown the 95% confidence contour in the λγ -∆κγ parameter space for 1 fb−1 of data.
The 1-dimensional 95% C.L. intervals of λγ and ∆κγ are listed in Table 20.
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Figure 14: Left: the ET (γ) distributions of W (`ν)γ (` = e, µ) events for 1 fb−1 of data. Right: the
95 % confidence contour in the λγ -∆κγ parameter space (Λ = 2 TeV) for 1 fb−1 of W±γ data (with
W → eν , µν).

5.4 WWZ and WWγ anomalous TGC sensitivity in W+W− analysis

The MT spectrum of W+W− pair is fitted to obtain the WWZ and WWγ anomalous TGC sensitivity
intervals at 95% confidence level. A comparison of the MT (WW ) distribution of the ‘mock data’ to that
of models with anomalous coupling is shown in Figure 15. Five anomalous coupling parameters, (∆κZ ,
λZ , ∆gZ

1 , ∆κγ , λγ ), have been studied with only one parameter varied at the time; the remaining pa-
rameters are fixed to Standard Model values. One dimensional anomalous coupling sensitivity intervals
at 95% C.L. for different integrated luminosities are given in Table 21. The cutoff Λ = 2 TeV is used
in these calculations. The two-dimensional anomalous coupling limits from W+W− production with
different scenarios relating the anomalous coupling parameters have also been investigated in this study.
The two-dimensional contours of the TGC limits at 95% confidence level for 0.1, 1, 10 and 30 fb−1

integrated luminosities are shown in Figure 16. The left contours are the limits calculated with the HISZ
assumption [43]. The right contours are calculated by assuming λZ = λγ and ∆κZ = ∆κγ .
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Figure 15: W+W− transverse mass distributions for 1 (left) and 30 (right) fb−1 of integrated luminosities.
The last bins in the plots are ’overflow’-bins.

Table 21: One-dimensional 95% C.L. interval of the WWZ and WWγ anomalous coupling sensitivities
from the WW final state analysis for 0.1, 1, 10 and 30 fb−1 integrated luminosities, with Λ = 2 TeV.

Int. Lumi (fb−1) ∆κZ λZ ∆gZ
1 ∆κγ λγ

0.1 [-0.242, 0.356] [-0.206, 0.225] [-0.741, 1.177] [-0.476, 0.512] [-0.564, 0.775]
1.0 [-0.117, 0.187] [-0.108, 0.111] [-0.355, 0.616] [-0.240, 0.251] [-0.259, 0.421]

10.0 [-0.035, 0.072] [-0.040, 0.038] [-0.149, 0.309] [-0.088, 0.089] [-0.074, 0.165]
30.0 [-0.026, 0.048] [-0.028, 0.027] [-0.149, 0.251] [-0.056, 0.054] [-0.052, 0.100]
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Figure 16: The two-dimensional anomalous TGC limits at 95% C.L. for 0.1, 1, 10 and 30 fb−1 integrated
luminosities.
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Figure 17: Example of a fit to one ‘mock data’ sample in each channel. The points show the total number
of data events in each bin (not number per unit pT ). The histograms show the Standard Model prediction
(solid), the best fit (dashed) and the 95% C.L. limit on | f Z

4 | (dotted).

5.5 ZZZ and ZZγ anomalous TGC sensitivity in ZZ analysis

Measurements of the pp→ ZZ differential cross-section can be used to measure, or set limits on, ZZZ
and ZZγ couplings. These couplings are zero at tree level in the Standard Model. Measurements of
the couplings provide a sensitive test of the Standard Model, and non-zero values would indicate the
presence of new physics beyond the Standard Model.

In order to estimate limits on anomalous couplings which may be obtained from measurements of
ZZ production in early ATLAS data, the pT distribution of the Z boson is considered. In the ZZ→ ``νν
channel the visible Z boson reconstructed from the charged leptons is used. In the ZZ→ ```` channel one
of the two reconstructed Z bosons is chosen in each event at random. Simulated ‘mock data’ distributions
are fitted with the sum of expected signal and background distributions, where the signal distribution
depends on the anomalous couplings. A binned maximum likelihood fit is employed, with systematic
uncertainties included by convolution with the predictions. Fits are performed to each channel separately,
and a combined fit is performed by multiplying together the likelihoods from the two channels assuming
no correlated uncertainties.

An example fit for each channel is shown in Figure 17. The results presented here use four pT bins
for the ``νν channel and six pT bins for the 4-lepton channel, as shown in Figure 17. Reasonable
modifications to the number or position of pT bins change the expected limits by up to 15% (12%) in
the ``νν (````) channel. Removing the first two pT bins for the ```` channel, and fitting only the region
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Table 22: Expected 95% C.L. intervals on anomalous couplings from fits to the ZZ → ```` channel,
the ZZ → ``νν channel and both channels together for various values of integrated luminosity, with
Λ = 2 TeV. In each case, other anomalous couplings are assumed to be zero.

Int. Lumi / fb−1 f Z
4 f Z

5 f γ
4 f γ

5

ZZ→ ```` 1 [–0.023, 0.023] [–0.024, 0.024] [–0.028, 0.028] [–0.029, 0.028]
10 [–0.010, 0.010] [–0.010, 0.010] [–0.012, 0.012] [–0.013, 0.012]
30 [–0.008, 0.008] [–0.008, 0.008] [–0.009, 0.009] [–0.009, 0.009]

ZZ→ ``νν 1 [–0.024, 0.024] [–0.024, 0.025] [–0.029, 0.029] [–0.030, 0.029]
10 [–0.012, 0.012] [–0.012, 0.012] [–0.014, 0.014] [–0.015, 0.014]
30 [–0.009, 0.009] [–0.009, 0.009] [–0.011, 0.011] [–0.011, 0.011]

Combined 1 [–0.018, 0.018] [–0.018, 0.019] [–0.022, 0.022] [–0.022, 0.022]
10 [–0.009, 0.009] [–0.009, 0.009] [–0.010, 0.010] [–0.011, 0.010]
30 [–0.006, 0.006] [–0.006, 0.007] [–0.008, 0.008] [–0.008, 0.008]

pT > 100 GeV has a negligible effect on the limits.
Table 22 shows the mean expected limits from each channel separately, and from combining the

channels, for various values of integrated luminosity. With an integrated luminosity of 1 fb−1 the sensi-
tivities of the two channels are very similar. At higher luminosities, the ```` channel becomes somewhat
more sensitive, because it has lower background and hence a lower associated systematic uncertainty.
With as little as 1 fb−1 of data it should be possible to improve the LEP limits [32] on f Z

4 , f Z
5 and f γ

5
by an order of magnitude using a single channel, while a similar improvement on f γ

4 will require both
channels.

At an integrated luminosity of 10 fb−1, the expected limits have only a low sensitivity to the back-
ground level and to the systematic uncertainties. With the same signal efficiency but no background,
the limits from the ``νν channel improve by 10%, while those from the ```` channel change by only
∼0.2%; in the latter case, doubling the background has an effect of only∼0.4%. Reducing all systematic
uncertainties to zero improves the limits by 7% (6%) in the ``νν (````) channel. Thus, the background
level and systematic uncertainties are unlikely to be important factors in obtaining limits from early data.

As discussed above, the expected limits are affected by the choice of pT bins. The number of bins is
currently limited by the statistics of the fully simulated Monte Carlo events. Future studies would benefit
from increased signal Monte Carlo statistics, particularly in the high pT region. In addition, samples
of fully simulated events with anomalous couplings should be used to investigate the dependence of the
efficiency at a particular pT value on the production diagram.

6 Summary

This note presents studies of the production of W+W−, W±Z, ZZ,W±γ and Zγ dibosons from pp col-
lisions at the LHC, using leptonic decays of W± and Z bosons. The simulated measurements are done
using the ATLAS detector with full detector simulation and event reconstruction, and the statistics ex-
pected in the initial data taking periods. It focuses on the sensitivities that ATLAS can achieve in the
early running of LHC, rather than the ultimate sensitivites that ATLAS might reach after running at the
design luminosity. The advanced analysis technique BDT is used in analysis of most of the final states,
which improves the sensitivities significantly. Table 16 lists the expected numbers of signal and back-
ground events using 1 fb−1 of data, and the significance of the Standard Model signals after taking into
account the known background contributions with 20% systematic uncertainties. It concludes that with
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Table 23: 95% C.L. interval of the anomalous coupling sensitivities from W+W−, W±Z, W±γ final
states with 10.0 fb−1 of integrated luminosity and the cutoff Λ = 2TeV. The table also indicates the
variables used in the fit to set the AC sensitivity interval. For reference, some recently published limits
from Tevatron and LEP are also listed. These limits caculation assumptions are given in the table as well.

Diboson, λZ ∆κZ ∆gZ
1 ∆κγ λγ

(fit spectra)

WZ, (MT ) [-0.015, 0.013] [-0.095, 0.222] [-0.011, 0.034]
Wγ , (pγ

T ) [-0.26, 0.07] [-0.05, 0.02]
WW, (MT ) [-0.040, 0.038] [-0.035, 0.073] [-0.149, 0.309] [-0.088, 0.089] [-0.074, 0.165]

WZ, (D0)
(1.0 fb−1) [-0.17, 0.21] [-0.12, 0.29] (∆gZ

1 = ∆κZ)
W±γ (D0),
(0.16 fb−1) [-0.88,0.96] [-0.2,0.2]
WW , (LEP) [-0.051,0.034] [-0.105,0.069] [-0.059,0.026]
(λγ = λZ ,∆κZ = ∆gZ

1 −∆κγ tan2 θW )

Table 24: Expected 95% C.L. intervals on anomalous couplings from fits to the ZZ→ ```` channel, the
ZZ→ ``νν channel and both channels together for 10 fb−1 of integrated luminosity, with Λ = 2 TeV. In
each case, other anomalous couplings are assumed to be zero. The 95% C.L. limits on neutral TGC from
LEP ZZ detection are also listed.

f Z
4 f Z

5 f γ
4 f γ

5

ZZ→ ```` [–0.010, 0.010] [–0.010, 0.010] [–0.012, 0.012] [–0.013, 0.012]
ZZ→ ``νν [–0.012, 0.012] [–0.012, 0.012] [–0.014, 0.014] [–0.015, 0.014]
Combined [–0.009, 0.009] [–0.009, 0.009] [–0.010, 0.010] [–0.011, 0.010]

LEP Limit [–0.30, 0.30] [–0.34, 0.38] [–0.17, 0.19] [–0.32, 0.36]

0.1 fb−1 of integrated luminosity the Standard Model signals of W+W−, W±Z, W±γ and Zγ can be
established with significance better than 5σ assuming 20% systematic uncertainties. ZZ production can
be established with 1 fb−1 of data using the four-lepton decay channels.

Any significant deviation from the Standard Model prediction for these final states can lead to in-
dications of new physics phenomena. In Section 5, the sensitivities to anomalous TGC are presented.
The sensitivities are expressed in terms of constraints on the anomalous triple gauge boson couplings in
the effective Lagrangian. Table 23 compares the 95% confidence level sensitivity interval for charged
anomalous TGC’s using observables from different diboson final states with 10 fb−1 of integrated lumi-
nosity.

The neutral anomalous TGC’s can be explored with the Zγ and ZZ final states. In this note, only
ZZ pairs are used for constraining the anomalous coupling, with the study using Zγ still in progress.
Both the ZZ → `+`−`+`− and ZZ → `+`−νν̄ final states are used to constrain the neutral anomalous
TGC parameters ( f Z

4 , f Z
5 , f γ

4 , f γ
5 ). The 95% C.L. intervals on the anomalous couplings for 10 fb−1 of

integrated luminosity are listed in Table 24.
The current status of the Monte Carlo generators for diboson is less than satisfactory. MC@NLO

is integrated with a parton shower (Herwig), but it does not have matrix elements for the effective
Lagrangian beyond the Standard Model with anomalous couplings. The BHO program can generate
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parton-level LO and NLO diboson events with anomalous couplings, but can not be correctly integrated
with the parton shower programs. In the current analysis, MC@NLO is used to simulate the Standard
Model events. The BHO MC with anomalous TGCs is then used to re-weight the events so that the fully
simulated events can effectively have the anomalous TGC’s, and be used directly to compare with the
simulated ’mock data’.

Because of the higher center of mass energy at the LHC, the cross-sections for diboson production
are an order of magnitude higher than at the Tevatron. This will allow ATLAS to improve the Tevatron
measurements in the early running of the LHC. The large signal statistical significances and signal to
background ratios determined from these studies suggest that early observations of these channels will
take place at the LHC start up with 0.1 to 1 fb−1 of data. Systematic uncertainties will dominate the cross-
section measurement errors starting from 5-30 fb−1 of data. With increasing luminosity, the constraints
on the anomalous couplings will provide important probes of physics beyond the Standard Model.
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Top Quark Physics
Abstract
In the early days of data taking at the LHC, top quark physics will have a role of
primary importance for several reasons. At start-up, already with the first few
fb−1 of integrated luminosity, a top quark signal can be clearly separated from
the background even with an imperfectly calibrated detector and the top quark
pair production cross-section can be extracted at better than 20% accuracy and
with negligible statistical error. The first measurement of the top quark mass
will provide feedback on the detector performance and top quark events can be
used to understand and calibrate the light jet energy scale and the b-tagging.
Additionally in scenarios beyond the Standard Model, new particles may decay
into top quarks, therefore a detailed study of the top quark properties may
provide a hint of new physics. A good understanding of top quark physics
is also essential as top quark events are a background for many new physics
searches.

1 Introduction

The top quark, discovered at Fermilab in 1995 [1], completed the three generation structure of the Stan-
dard Model and opened up the new field of top quark physics. Produced predominantly, in hadron-hadron
collisions, through strong interactions, the top quark decays rapidly without forming hadrons, and almost
exclusively through the single mode t→Wb. The W-boson can then decay leptonically or hadronically.
The relevant CKM coupling is already determined by the (three-generation) unitarity of the CKM ma-
trix. Yet the top quark is distinguished by its large mass, about 35 times larger than the mass of the
next heavy quark, and close to the electroweak symmetry breaking scale. This unique property raises a
number of interesting questions. For example if the top quark mass is generated by the Higgs mechanism
as the Standard Model predicts and if its mass is related to the top-Higgs-Yukawa coupling, or if it does
play an even more fundamental role in the electroweak symmetry breaking mechanism. Non Standard
Model physics could first manifest itself in non-standard couplings of the top quark which show up as
anomalies in top quark production and decays. By studying the top quark, some of these questions may
be answered. Further insight in top quark properties will come from measurements done with the high
statistics sample of tt̄ pairs such as top quark and W polarization studies sensitive to anomalous Wtb cou-
plings, searches for rare top quark decays indicating the presence of new physics, or for new resonances
decaying to tt̄ pairs.
The LHC will be a top quark factory, producing millions of tt̄ pairs in a sample of 10 fb−1, which is
expected to be collected during the first years of LHC operation.
The understanding of the experimental signatures for top quark events involves most parts of the ATLAS
detector and is essential for claiming potential discoveries of new physics.
Since numerous single (anti-)top quark events are produced via electroweak interactions, the top quark
properties, such as the Wtb coupling, can be examined with high precision at the LHC during its first
years of running.

2 Top quark pair production

In proton-proton collisions top quark pairs are produced through both gluon-gluon and quark-antiquark
scattering (Figure 1). The relative importance of both amplitudes depends on the center of mass energy
of the collision and nature of the beams: at the LHC the gluon scattering process dominates (∼ 90% of
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the cases) while at the Tevatron, production of top quark pairs is kinematically restricted to the quark
dominated region. This difference appears also in the values of the cross-section: that is about 100 times
larger at the LHC than at the Tevatron. The large top quark mass (mt) ensures that top quark production
is a short-distance process, and that the perturbative expansion, given by a series in powers of the small
parameter αs(mt), converges rapidly. The cross-section used throughout this note for production at the
LHC has been calculated up to NLO order including NLL soft gluon resummation, and results in about
833±100 pb, where the uncertainty reflects the theoretical error obtained from varying the renormalisa-
tion scale by a factor of two [2]. The effect of PDF errors accounts for a few percent uncertainty, while
varying the top mass by a factor of two, an uncertainty of about 6% on the cross-section is obtained. A
calculation that includes NNLL soft-gluon corrections results in a central value for the tt cross-section of
872.8 pb [3]. This translates to about 83,000 top quark pairs in a sample of 100 pb−1 and of the order of
107 top quark pairs produced per year before any selection or detection criteria are applied.

Figure 1: Top production processes at lowest order: gluon-gluon scattering diagrams (a)
and b)) and quark-quark scattering diagram c).

2.1 Observables and phenomenology

In the Standard Model, the decay of top quarks takes place almost exclusively through the t→Wb decay
mode. A W-boson decays in about 1/3 of the cases into a charged lepton and a neutrino. All three lepton
flavors are produced at approximately equal rate. In the remaining 2/3 of the cases, the W-boson decays
into a quark-antiquark pair, and the abundance of a given pair is instead determined by the magnitude
of the relevant CKM matrix elements. Specifically, the CKM mechanism suppresses the production of
b-quarks as |Vcb|2 ' 1.7× 10−3. Thus, the quarks from W-boson decay can be considered as a clean
source of light quarks.

From an experimental point of view, one can characterise the top quark decay by the number of W-
bosons that decay leptonically. A value of 10.8% and 67.6% has been used for the leptonic and hadronic
branching ratio (BR) of the W-boson, respectively [4]. The following signatures can be identified:

• Fully leptonic: represents about 1/9 of the tt events. Both W-bosons decay into a lepton-neutrino
pair, resulting in an event with two charged leptons, two neutrinos and two b-jets. This mode is
identified by requiring two high pT leptons and the presence of missing transverse energy (/ET),
and allows a clean sample of top quark events to be obtained. However, this sample has limited
use in probing the top quark reconstruction capability of the ATLAS experiment, due to the two
neutrinos escaping detection.

• Fully hadronic: represents about 4/9 of the tt decays. Both W-bosons decay hadronically, which
gives at least six jets in the event: two b-jets from the top quark decay and four light jets from the
W-boson decay. In this case, there is no high pT lepton to trigger on, and the signal is not easily

2

TOP – TOP QUARK PHYSICS

2

871



distinguishable from the abundant Standard Model QCD multi-jets production, which is expected
to be orders of magnitude bigger than the signal. Another challenging point of this signature is the
presence of a high combinatorial background when reconstructing the top quark mass.

• Semi-leptonic: represents about 4/9 of the tt decays. The presence of a single high pT lepton
allows to suppress the Standard Model W+jets and QCD background. The pT of the neutrino can
be reconstructed as it is the only source of /ET for signal events.

In this document, top pair production is studied in the semi-leptonic and fully leptonic decay modes.

3 Single Top Quark Production

In the Standard Model single-top quark production is due to three different mechanisms: (a) W-boson and
gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel or Wg as a
whole (b) associated production of a top quark and a W-boson, denoted Wt, and (c) s-channel production.
The corresponding diagrams are shown in Fig. 2. We note however that these definitions are valid only
at leading order (LO): next to leading order (NLO) calculations may introduce diagrams which cannot
be categorised so unambiguously. The total NLO cross-section amounts to about 320 pb at the LHC.
Among those channels, the dominant contribution comes from the t-channel processes, which account
for about 250 pb; the Wt contribution amounts to about 60 pb while the s-channel mode is expected with
a cross-section of about 10 pb [5] [6].

Figure 2: Main graphs corresponding to the three production mechanisms of single-top
quark events: (a) t-channel (b) Wt associated production (c) s-channel.

In the following notes, when discussing the analysis strategy in the s- and t-channels, we will use only
the leptonic decay of the W-bosons (lνbb̄ and lνb(b̄)q final states, respectively)1. For the associated Wt
production, we will consider events where one of the W-bosons ( either the one produced together with
the top quark or the one appearing in the top quark decay) decays leptonically and the other hadronically.
The τ decay modes were included in all relevant simulated event samples, though signal selection is
aimed at electron and muon signatures.

We note that in pp collisions, the cross-section for single-top quark is not charge symmetric. The
s-channel tb̄ final state cross-section is predicted to be a factor 1.6 higher than the one corresponding
to the t̄b final state. This ratio is 1.7 if only the t-channel processes are included. This feature is of
special interest since it generates a charge asymmetry in the leptonic final state that can be exploited in
the analysis to reduce the contamination from the top quark pair production, which constitutes the main

1The hadronic decay modes have obvious disadvantages for triggering and the lack of a lepton signature increases the
background significantly
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background to our signal. On the other hand, the rates for the charge-conjugate processes W−+ t and
W+ + t̄ are identical.

Significant sources of uncertainties affect the theoretical predictions of the production cross-sections.
The s-channel is known with a precision of 9.1% at NLO [5,7], while the t-channel has an uncertainty of
4.8% [5,7]. An uncertainty of 3% is quoted for the Wt channel [6]. Those uncertainties come from three
main sources. The uncertainty in the parton luminosity, depending upon the choice of the parton density
functions, is particularly important (2 to 4% for the s- and t-channels), since the b parton or the gluons are
involved in the hard processes. The choice for the renormalization and factorization scales accounts for
about 2 and 3% uncertainty in s- and t-channel calculations respectively. Finally, a few GeV uncertainty
on the top quark mass mt results in percent level variation of the cross-sections. The uncertainty in αs
enters marginally in the total error at a value below the 1% level.

4 Monte Carlo samples

The Monte Carlo samples which have been used for the top quark analyses reported are described in this
section. The calculation of many processes benefit from methods such as resummation of next-to-leading
log terms and some are calculated at the full NLO accuracy. All the samples used have been normalized
using ”K-factors”, to the NLO theoretical cross-section calculations whenever available [8]. The value
of mt = 175 GeV has been used for the generation of all samples and all cross-sections correspond
to this value. Most samples were processed with the full GEANT4 ATLAS detector simulation and
reconstruction code. In some cases, the fast simulation package ATLFAST has been used.
The effect of pile-up in the cavern corresponding to a luminosity of 1033 cm−2s−1 has been simulated
both for tt and single top events.

4.1 Simulation of tt̄ signal events

Top quark pair production has been simulated using the Monte Carlo generator MC@NLO [9] version
3.1. The hard process of tt production is calculated at NLO, so that diagrams that produce one additional
parton in the final state are included at matrix element level. The parton density function CTEQ6M [10]
is used. Fragmentation and hadronisation is simulated using HERWIG [11] and the underlying event
by Jimmy [12]. The tt main samples for analysis are a sample of single and double leptonic events and
one of fully hadronic events. There are no cuts applied at generation level other than the lepton flavor
separation according to W-boson decay type that allowed subdividing the generated events into these
two samples. A number of other samples mainly aimed at systematic studies have been produced and
are listed in Table 1. Among these AcerMC [13] samples interfaced with PYTHIA for the hadronisation
and fragmentation and simulation of the underlying event, aimed at initial and final state radiation (ISR
and FSR) studies, that will be discussed later in the text. For the tt rare decays samples were produced
with TopRex [14] interfaced with PYTHIA for the hadronisation and fragmentation and simulation of
the underlying event.

4.2 Simulation of single top quark events

For the single top quark signal production, the AcerMC matrix element generator was used in conjunction
with PYTHIA, that was used for hadronisation, fragmentation and simulation of the underlying event.
The parton density functions CTEQ6M have been used. Compared to TopRex which was previously
used in ATLAS, its t-channel generation method is based on a more physically motivated method [15]
for combining LO and tree level NLO diagrams. The contribution from NLO diagrams is rather important
for the t-channel as the gluon splitting to bb̄ tends to be underestimated with the parton shower method.
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Table 1: tt and single top quark simulated samples used throughout the notes. (mt=175 GeV)
is used as default in the generation. Given are a short description of the simulated physics
process, the generator used, the production cross-section (σ ), and the K-factor that should
be applied to the quoted cross-section.

MC@NLO + HERWIG tt – fully simulated events – K-factor = 1.0 σ(pb)×BR
Fully leptonic and semi-leptonic tt 450
Fully hadronic tt (mt=175 GeV) 380
Fully leptonic and semi-leptonic tt (mt=160 GeV) 450
Fully leptonic and semi-leptonic tt (mt=170 GeV) 450
Fully leptonic and semi-leptonic tt (mt=180 GeV) 450
Fully leptonic and semi-leptonic tt (mt=190 GeV) 450
Fully leptonic and semi-leptonic tt no UE 450
Inclusive tt (pT(t)≥ 200 GeV) 100
AcerMC+PYTHIA – tt – fully simulated events – K-factor = 1.0 σ(pb)
Fully leptonic and semi-leptonic tt 450
Fully leptonic and semi-leptonic tt, different ISR/FSR (low top mass) 450
Fully leptonic and semi-leptonic tt, different ISR/FSR (high top mass) 450
AcerMC+PYTHIA single top quark Wt-channel – full sim. events K-factor = 1.14 σ(pb)
Single top quark associated Wt production, semi-leptonic decay 25.5
AcerMC+PYTHIA single top quark s-channel – full sim. events K-factor = 1.5
Single top quark s-channel leptonic decay 2.3
AcerMC+PYTHIA single top quark t-channel – full sim. events K-factor = 0.98
Single top quark t-channel leptonic decay 81.3
TopRex+PYTHIA – tt rare decays – fully simulated events
tt→bW(`ν)+qγ
tt→bW(`ν)+qZ(``); ` = e,µ
tt→bW(`ν)+qg

The s-channel and Wt-channel are generated at LO accuracy only. All three channels were generated
with W-bosons forced to decay leptonically (e or µ or τ). In the case of Wt, either the associated W-
bosons or the W-bosons from top quark decay is forced to decay leptonically and no dileptonic events
are included. The Monte Carlo samples that have been used in the analyses and the corresponding
normalisation cross-sections can be found in Table 1.

4.3 Simulation of background W + jet events

For the W + jets production, the ALPGEN [16] generator with HERWIG [11] clustering has been used.
HERWIG has been used for the simulation of the fragmentation and the hadronisation and Jimmy for the
underlying event. The MLM [17] algorithm has been used to match the parton shower and the matrix
element calculations. The matching parameters are the minimum pT of the partons and the minimum ∆R
among two partons, defined as the separation of two objects in the η-φ space, (∆R)2 = (∆η)2 +(∆φ)2.
Here, η is the pseudorapidity of an object, defined as η =− ln(tan(θ/2)) and φ and θ are the azimuthal
and polar angles, respectively. All cones are defined in η-φ space. The values of the matching parameters
that are used in this note are pT = 20 GeV and ∆R = 0.3.
A fraction of this background contains heavy quarks. This background is treated separately in ALPGEN
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by producing W+bb̄ and W+ cc̄ (plus light jets) samples. The W-boson background samples used
throughout the notes are described in Table 2 2.

4.4 Simulation of background Z→ ``+ jets events

The Z→ `` + n jets background events, where the lepton flavor can be any charged lepton, has been
generated with ALPGEN, while HERWIG has been used for the simulation of the fragmentation and
the hadronisation and Jimmy for the underlying event. The MLM algorithm has been used to match the
parton shower and the matrix element calculations. The matching parameters values are pT = 20 GeV
and ∆R = 0.3.
The contribution of those backgrounds to our analyses is non-negligible only when there is at least one
jet in addition to the Z. The samples have been generated with up to 5 additional jets. Samples generated
with PYTHIA have also been used: the complete list of the samples can be found in Table 33.

4.5 Simulation of di-boson background

Di-boson events produced with light jets can be a background for the tt and single top quark signal. WW,
WZ and ZZ processes with all decay modes have been generated with HERWIG: a filter was applied to
select those events with an electron or a muon with pT > 10 GeV. WW events with the W-boson decaying
leptonically into final states with two electrons, an electron (muon) and a τ-lepton and two τ-leptons have
been generated with MC@NLO interfaced with HERWIG for the hadronisation and fragmentation ( see
Table 4).

4.6 QCD background

QCD multi-jet events are a background for tt and single top quark analyses if at least one of the jets
in the event is misidentified as an isolated lepton. The level of QCD multi-jet background has large
uncertainties with the currently available generation tools, which are based on a leading order description:
ALPGEN has been used to generate these events with the same matching parameters as discussed in
section 4.3. Given the large cross-section for this process only fast simulated events (ATLFAST) have
been produced and used for the present studies. Events with 2 to 5 light jets and bb̄+0,1,2,3 light jets
have been generated requiring at least 3 jets in the final state with pT > 30 GeV. Di-jet fully simulated
PYTHIA events are available and have been used for comparison with the ATLFAST results (see Table 5).
In practice, the level of background will be derived directly from the data and will strongly depend on the
lepton fake rate, and can depend on the topology of the event. Different cuts can be applied to strongly
reduce this background. In fully hadronic tt decays, QCD multi-jet events are the main background and
a different strategy has to be developed. These decays are not studied in details in this document.

5 Reconstruction of physics objects

We use definitions of high level reconstructed objects (electrons, muons, jets, etc.) that are standard in
ATLAS. They are described in the following sections. In the definitions, we often use the distance ∆R
between objects.

2The difference in the cross section for the different leptons in the first set of events in Table 2 (fully simulated W boson
events with ALPGEN) is due to the truth jet filter. Electrons and τ leptons can also be reconstructed as a jet: it is more probable
for electrons than for τ leptons that are reconstructed via their visible decay products.

3In the truth jet filter applied to the fully simulated Z boson events with ALPGEN in Table 3 jets made from leptons are
removed at the filter level.
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Table 2: W-boson background samples used throughout the notes. Given are a short descrip-
tion of the simulated physics process, the generator used, the production cross-section (σ )
including filter, matching efficiency for ALPGEN and selection efficiency, and the K-factor
that should be applied to the quoted cross-section.

ALPGEN + Jimmy – W-boson – fully simulated events – K-factor = 1.15 σ(pb)
W→ eν + 2 partons; truth filter 3jets with pj

T ≥ 30 GeV 214
W→ eν + 3 partons 124
W→ eν + 4 partons 54
W→ eν + 5 partons 22
W→ µν + 2 partons; truth filter 3jets with pj

T ≥ 30 GeV 16
W→ µν + 3 partons 65
W→ µν + 4 partons 36
W→ µν + 5 partons 20
W→ τν + 2 partons; truth filter 3jets with pj

T ≥ 30 GeV 88
W→ τν + 3 partons 87
W→ τν + 4 partons 46
W→ τν+≥ 5 partons 21
ALPGEN + Jimmy – W boson – Atlfast sample – K-factor = 1.15 σ(pb)
W→ eν + 0 parton 13400
W→ eν + 1 parton 2610
W→ eν + 2 partons 826
W→ eν + 3 partons 239
W→ eν + 4 partons 67.4
W→ eν+≥ 5 partons 24.0
W→ µν + 0 parton 13400
W→ µν + 1 parton 2590
W→ µν + 2 partons 826
W→ µν + 3 partons 236
W→ µν + 4 partons 68.3
W→ µν+≥ 5 partons 24.3
W→ τν + 0 parton 13400
W→ τν + 1 parton 2620
W→ τν + 2 partons 828
W→ τν + 3 partons 239
W→ τν + 4 partons 67.7
W→ τν+≥ 5 partons 24.4
ALPGEN + Jimmy – W+bb – fully simulated events – K-factor = 2.57 σ(pb)

W +bb + 0 parton; no filter 6.26
W +bb + 1 parton 6.97
W +bb + 2 partons 3.92
W +bb + 3 partons 2.77
ALPGEN + Jimmy – W+ cc – fully simulated events – σ(pb)

W + cc + 0 parton; no filter 6.72
W + cc + 1 parton 7.49
W + cc + 2 partons 4.36
W + cc + 3 partons 2.45
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Table 3: Z boson background samples used throughout the note. Given are a short descrip-
tion of the simulated physics process, the generator used, the production cross-section (σ )
including filter, selection efficiency and matching efficiency for ALPGEN, and the K-factor
that should be applied to the quoted cross-section.

ALPGEN + Jimmy – Z boson – fully simulated events – K-factor = 1.24 σ(pb)

Z→ e+e−+ 1 parton; pe
T ≥ 10 GeV, one jet with pj

T ≥ 20 GeV 138
Z→ e+e−+ 2 partons 50.5
Z→ e+e−+ 3 partons 16.2
Z→ e+e−+ 4 partons 4.6
Z→ e+e−+≥ 5 partons 1.7
Z→ µ+µ−+ 1parton; pµ

T ≥ 10 GeV, one jet with pj
T ≥ 20 GeV 136

Z→ µ+µ−+ 2 partons 51.7
Z→ µ+µ−+ 3 partons 16.3
Z→ µ+µ−+ 4 partons 4.6
Z→ µ+µ−+≥ 5 partons 1.7
Z→ τ+τ−+ 1 parton; p`

T ≥ 10 GeV, one jet with pj
T ≥ 20 GeV 57

Z→ τ+τ−+ 2 partons 21.3
Z→ τ+τ−+ 3 partons 7.0
Z→ τ+τ−+ 4 partons 2.2
Z→ τ+τ−+≥ 5 partons 0.8
PYTHIA – Z boson – fully simulated events – K-factor = 1.22 σ(pb)

Z→ e+e−; pe
T ≥ 10 GeV, m`` ≥ 20 GeV 1432

Z→ µ+µ−; pµ
T ≥ 10 GeV, m`` ≥ 20 GeV 1497

Z→ τ+τ−; p`
T ≥ 5 GeV, m`` ≥ 20 GeV 77

5.1 Electron definition

Electron candidates are reconstructed and identified by the calorimeters and inner tracker of ATLAS and
are reconstructed in the pseudorapidity range |η | < 2.5. An electron candidate is defined as a medium
electron identified by the isEM algorithm [18].

If an electron is found in the calorimeter crack region 1.37 < |η | < 1.52, it is vetoed. The electron
has to be isolated based on calorimeter energy: the additional transverse energy ET in a cone with radius
∆R = 0.2 around the electron axis is required to be less than 6 GeV. The pT and |η | cuts depend on the
event signature and are detailed in the various relevant sections.

For electrons above 20 GeV and |η | < 2.5 and outside the crack region, the average identification
efficiency in tt events is about 67%, with a purity of about 97%.

5.2 Muon definition

Muons are reconstructed by the muon spectrometer and the inner detector. The muon reconstruction is
performed using the Staco algorithm [19], and muons are defined from the best match combination of
the muon chambers and the tracker information. Muons are reconstructed in the pseudorapidity range
|η | < 2.5 and have to be isolated based on calorimeter energy: the additional transverse energy ET in
a cone with radius ∆R = 0.2 around the muon is required to be less than 6 GeV. The pT and |η | cuts
applied to the muons are given in the selection cuts described in the various sections. For muons above
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Table 4: Diboson background samples used throughout the notes. Given are a short descrip-
tion of the simulated physics process, the generator used, the production cross-section (σ )
including filter, matching efficiency and selection efficiency for ALPGEN, and the K-factor
that should be applied to the quoted cross-section.

HERWIG + Jimmy – WW – fully simulated events – K-factor = 1.57 σ (pb)
1 e or µ p`

T ≥ 10 GeV 24.5
HERWIG + Jimmy – ZZ – fully simulated events – K-factor = 1.29
1 e or µ p`

T ≥ 10 GeV 2.1
HERWIG + Jimmy – WZ – fully simulated events – K-factor = 1.89
1 e or µ p`

T ≥ 10 GeV 7.8
MC@NLO + HERWIG – WW – fully simulated events – K-factor = 1.0 σ(pb)
W+W−→ e+ν e−ν ; no filter 1.1
W+W−→ e+ν τ−ν 1.1
W+W−→ τ+ν e−ν 1.1
W+W−→ µ+ν τ−ν 1.1
W+W−→ τ+ν µ−ν 1.1
W+W−→ τ+ν τ−ν 1.1

20 GeV, the average reconstruction efficiency in tt events is 88%. The fake rate, defined as the rate at
which an object that is not associated with a true muon is mis-identified as a muon, is 0.1±0.01 %.

5.3 Jet definition

Jets are reconstructed with the standard ATLAS cone algorithm in η−φ space, for |η |< 2.5 and a cone
radius of 0.4, operating on energy depositions in calorimeter towers [20]. In tt events, jets coinciding
within ∆R < 0.2 with electrons (as defined in section 5.1) are removed.
A jet is identified as originating from a b-quark by determining the probability that it contains a secondary
vertex. The three-dimensional impact parameter (IP3D) and the secondary vertex (SV1) [21] algorithms
are used and we require that the resulting output weight of the event is larger than 7.05. The requirement
on the weight is chosen such that an efficiency of about 60% for jets with pT > 30 GeV in tt semi-leptonic
events is reached, with a mistag rate of 100.

5.4 Missing transverse energy definition

For the missing transverse energy (/ET), we determine the sum of five components.

1. the contribution of cells in identified electron or photon clusters;

2. the contribution of cells inside jets;

3. the contribution of cells in topological clusters outside identified objects;

4. the contribution from muons;

5. the cryostat correction.

For the calculation of /ET we use the standard ATLAS variable [22]. The sum of the tranverse energy in
semi-leptonic top events is about 500 GeV, which gives a typical /ET resolution of the order of 10 GeV.
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Table 5: QCD background samples used throughout the notes. Given are a short descrip-
tion of the simulated physics process, the generator used, the production cross-section (σ )
including filter, matching efficiency and selection efficiency for ALPGEN.

PYTHIA – QCD Dijets – fully simulated events – σ(pb)
Dijets; e/γ filter pT ≥ 15 GeV 1.91 ·108

Alpgen + HERWIG – jets – Atlfast –
2 partons; one jet with pj

T ≥ 30 GeV 1.13 ·106

3 partons 2.03 ·106

4 partons 1.10 ·106

≥ 5 partons 0.32 ·106

Alpgen + HERWIG – bb+ jets – Atlfast – σ(pb)
bb + 0 parton; one jet with pj

T ≥ 30 GeV 5.3 ·103

bb + 1 parton 33.6 ·103

bb + 2 partons 29.5 ·103

bb+≥ 3 partons 18.9 ·103

5.5 Overlap removal

In some cases when there is ambiguity in the definition of an object, the overlaps are removed: if an
object is identified as an electron it is not counted in the category of photons or taus or jets.

6 Systematics

In this section, we list the sources of systematics common to all analysis and describe how they have
been consistently treated.

6.1 Estimate of the luminosity and its uncertainty

At the LHC start-up only a rough measurement of the machine parameters will be available. The expected
uncertainty on the luminosity during this phase will be of the order of 20-30%. A better determination
of the beam profiles using special runs of the machine will lead ultimately to a systematic uncertainty of
the order of 5%. The proposed ALFA detector will measure elastic scattering in the Coulomb-nuclear
interference region using special runs and beam optics, determining the absolute luminosity with an
expected uncertainty of the order of 3%. The optical theorem, in conjunction with a precise external
measurement of the total cross-section, can achieve a similar 3% precision [23].

6.2 Lepton identification efficiency

For the first 100 pb−1 of integrated luminosity, the lepton identification efficiency error is expected to be
of the order of 1% for electrons and muons, while the error on the fake rate is expected to be 50% and
20%, respectively [18, 19].

6.3 Lepton trigger efficiency

The lepton trigger efficiency is measured from data using Z events. We expect the uncertainty to be of
the order of 1% for an integrated luminosity of 100 pb−1 [24].
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6.4 Jet energy scale

In the difficult hadron-hadron collision environment, the determination of the jet energy scale is rather
challenging [25]. While several methods are proposed such as using γ+jet events to propagate the
electromagnetic scale to the hadronic scale, the jet energy scale depends on a variety of detector and
physics effects. This includes non-linearities in the calorimeter response due, for example, to energy
losses in “dead” material, and additional energy due to the underlying event. Energy lost outside the jet
cone can also affect the measured jet energy. Effects due to the initial and final state radiation (ISR/FSR)
modelling could also affect the jet energy scale but they are evaluated separately. The ultimate goal in
ATLAS is to arrive at a 1% uncertainty on jet energy scale though such performance is only reachable
after several years of study. The jet energy resolution used throughout the note is 60%/

√
E⊕5%.

To estimate the sensitivity of the analyses to the uncertainty on the jet energy scale in early data we
have repeated them while artificially rescaling the energies of the jets by±5%. The resulting variation in
the measurement from the analyses (e.g. cross-section, mass etc.) gives a good measure of the systematic
uncertainty due to the jet energy scale.

Since several analyses are using the missing transverse energy in the event to reduce the backgrounds,
the effect of the variation of the jet energy scale on the missing energy has been taken into account by
calculating the contribution to the transverse missing energy coming from unscaled jets and subtracting
it from the overall missing transverse energy in the event. Finally the contribution from the rescaled jets
is calculated and added to the missing transverse energy of the event.

6.5 b-tagging uncertainties

The use of b-tagging in tt and single top quark events is essential in order to reduce the backgrounds,
in particular that from W+jets, and the combinatorial background when reconstructing the top quark.
At the beginning of data taking the b-tagging performance will need to be understood and tt events will
be used as a calibration tool for the determination of the b-tagging efficiency. To avoid having a large
dependence on the b-tagging efficiency in the early days of data taking we have studied methods to
extract the tt cross-section and the top quark mass without applying b-tagging. The uncertainty on the
b-jet efficiency is currently estimated to be of the order of ±5% and the uncertainty on the mistag rate is
50% [21].

6.6 ISR and FSR systematics

More initial and final state QCD radiation (ISR and FSR) increases the number of jets and affects the
transverse momentum of particles in the event. Selection cuts for top quark events include these quan-
tities, therefore ISR and FSR will have some effect on the selection efficiency. In order to evaluate the
effect of the ISR and FSR systematics, several studies have been performed using the AcerMC [13]
generator interfaced with the PYTHIA parton showering.

Samples of tt and single top quark events with separate variations of the PYTHIA ISR and FSR
parameters have been generated. The study was limited to parameters which have been shown to have
the biggest impact on the reconstructed top mass at the generator level. The choices of the parameters
depend on the analysis and include ISR ΛQCD, the ISR cutoff, FSR ΛQCD, and the FSR cutoff. The effect
of the selection efficiency can be as large as 10%, depending on the analysis cuts.

6.7 Parton density uncertainties

The systematic error due to the parton density functions (PDF) uncertainties is evaluated on tt signal
samples. Both the PDF error sets CTEQ6M and MRST2002 [26] at NLO are used. Both sets have pos-
itive and negative error PDFs. In order to evaluate the systematic effect on an observable, the following
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formula [27] could be adopted:

∆X =
1
2

√
Σ(X+

i −X−i )2

where i varies over the set of PDF errors and X+ and X− is the observable evaluated with the positive
and negative error PDFs respectively.

The error PDFs do not guarantee that X+
i > X0 and X−i < X0 ∀i (here X0 is the value of the observable

as computed with the default PDF set). An alternative approach has thus been proposed in reference [28],
which entails the use of the following asymmetric formulas, that are used here:

∆X+
max =

√
Σ[max(X+

i −X0,X−i −X0,0)]2

∆X−max =
√

Σ[max(X0−X+
i ,X0−X−i ,0)]2.

In order to avoid generating a sample for each set of PDF errors, a re-weighting method has been
used. Once an event has been generated with a certain PDF, PDF1, it can be re-weighted as if it would
have been generated with a different PDF, PDF2, by using the following re-weight factor:

event(reweights) =
fPDF2(x1, f lav1,Q)
fPDF1(x1, f lav1,Q)

fPDF2(x2, f lav2,Q)
fPDF1(x2, f lav2,Q)

(1)

The variable f lavi is the flavor of parton i = 1,2, which initiates the hard scattering, xi its momentum
fraction, and Q is the mass scale used by the Monte Carlo in the computation of the PDFs.

Eq.1 is an approximation and should be checked by comparing samples obtained with the re-weighting
technique and generated ones. Using the re-weighting technique is not the same as generating the sam-
ples with the different sets of PDFs, the reason being that in the generator the Sudakov factors of the
initial state radiation depend on the PDFs and the dependence does not factorize, i.e. it is not a multi-
plicative factor. The effect is believed to be generally small, but has been checked for each process by
comparing ATLFAST subsamples of our signal events generated with the PDFs and re-weighted sam-
ples: the selection efficiencies for those samples have been compared for the tt and single top quark
analyses and the results agree within the statistical errors.

6.8 W+jets normalization

For final states with at least one top decaying leptonically, the ones studied in this document, one of the
most important backgrounds is W-boson production in association with jets where the W-boson decays
leptonically. The uncertainty on the normalization of this process is particularly relevant in analyses
where the background contribution is estimated on the basis of the Monte Carlo expectations rather than
fitted from the data.

To evaluate this background we used Monte Carlo samples of W+0,1,2,3,4 jets produced with the
ALPGEN Monte Carlo, and we evaluated the selection efficiencies for this background. For the nor-
malisation of the exclusive samples we used the leading order cross-section prediction of the ALPGEN
Monte Carlo, with standard settings for the renormalisation and factorisation scales. The inclusive cross-
section is then normalised to the NNLO value [8]. However, the normalisation of the exclusive samples
has a large theoretical uncertainty due to the matching: we therefore envisage to determine it from data
itself.

The exclusive cross-section for W-boson produced in association with jets (σ(W+nj)) can be ex-
tracted from the data by using the following relation:

σ(Wincl)
σ(W+nj)

=
σ(Zincl)

σ(Z+nj)
(2)
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where the inclusive W-boson and Z-boson cross-sections (σ(Wincl) and σ(Zincl)) and the exclusive cross-
section for Z produced in association with n jets (σ(Z+nj),n = 0−4) are extracted from the data.
Equation (2) is demonstrated to be valid to a few percent level in [29], depending on the selection cuts
applied (e.g. pT cut on jets).

When the data will be available the normalisation of the W+j background will be extracted from
relation (2) using Z+nj samples selected in Z→ ee events.

Obtaining the normalisation for this background from the data has shown to be essential, since the
uncertainty on the exclusive cross-section of the W+nj background obtained from ALPGEN can be as
large as 50% [30]. The largest uncertainties affect the topologies with higher number of jets that are
typical of tt events. We have verified that such large variations of the exclusive cross-sections are found
when selecting events with at least 4 jets with pT > 40 GeV in ALPGEN W+nj fast simulated samples
generated with different sets of matching parameters. While the normalisation has large uncertainties, the
shapes of the distributions are found to be basically independent of the choice of the matching parameters.
With data driven methods and about 1 fb−1 of luminosity, a 20% uncertainty on the W+nj normalisation
should be reachable.
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Triggering Top Quark Events
Abstract
Collisions at the LHC occur at a rate of up to 40 MHz, much larger than the
200 Hz storage capacity of the ATLAS experiment. The ATLAS trigger sys-
tem has the challenging task of rejecting 99.9995 % of the events produced in
collisions, while keeping those needed to achieve the physics goals of the ex-
periment. This note evaluates the expected performance of the trigger system
in top quark events by investigating the response of the trigger system to single
objects such as a muon, an electron or a jet originating from top quark decays.
In addition, the methodology needed to efficiently select top quark events in
the online trigger system is discussed including methods to determine trigger
efficiencies from data.

1 Introduction

Triggering at the Large Hadron Collider (LHC) is a challenging task. The selection system is required
to reduce the initial bunch-crossing rate of 40 MHz down to a manageable 100-200 Hz while retaining
and recording the five in one million most interesting physics events. ATLAS has designed a three-level
trigger which aims to select these events, with the highest possible efficiency and lowest possible bias.

The ATLAS trigger is largely based on signatures of high transverse-momentum particles and large
missing transverse energy. The first trigger level (L1) is implemented using custom electronics and
is based on coarse-resolution data from the calorimeters and dedicated fast muon detectors [1]. The
level-2 trigger (L2) and the Event Filter (EF), referred to together as the High Level Trigger (HLT), are
implemented in software and run on a commodity computing cluster [2]. The L2 design is based on the
concept of Regions of Interest (RoIs). Algorithms request full-resolution data only from the region of the
detector corresponding to the L1 candidate object and perform a more refined analysis of its features. The
EF works also in a seeded mode although it has access to the full-resolution data of the entire detector.
It runs more sophisticated offline reconstruction and selection algorithms.

At the LHC top quarks are mainly produced either in pairs or singly. A large set of different and
complex event signatures is expected. For tt̄ events, approximately 44% of the decays will be fully
hadronic, resulting in a final state with six jets1: four light jets from the W-boson decays and two b-jets.
Another 44% of the decays will be semi-leptonic, with a final state containing one lepton, one neutrino,
two b-jets and two light jets. Roughly 11% of the tt̄ decays will be purely leptonic, with two leptons,
two neutrinos, and two b-jets in the final state. In single-top events, the W-boson decays hadronically
two-thirds of the time and leptonically one-third. More details about the properties and decay modes of
top events are discussed in the introduction [3].

The trigger efficiencies for top events of the most relevant single object triggers are studied in Sec-
tion 2 of this note. The rich topologies of top events results in large overlap between trigger signatures.
This feature can be exploited to monitor trigger efficiencies as discussed in Section 3. Finally, in Sec-
tion 4, the electron trigger efficiency is extracted from Z→ee events and is compared to the true efficiency
in tt̄ events.

2 Single object trigger performance in top quark events

Results are presented for the basic trigger signatures using electron, muon and jet trigger objects, as well
as missing transverse energy (Emiss

T ). The main trigger criteria from the ATLAS trigger tables for the
1Neglecting for now initial or final state radiation.
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initial data taking phase are evaluated using simulated top quark signal samples. Two types of tt̄ signal
samples are used in this note. The first is the fully hadronic sample with only jets in the final state and
the second is a leptonic sample, consisting of a combination of semi-leptonic and di-leptonic events, and
will be referred to as leptonic sample in the following. For top quarks produced singly, the s, t, and Wt
channels are simulated and only those events which result in an electron or a muon from the W-boson
decay are considered here. More details about the data samples are given in [3].

Trigger items are described by a combination of letters and numbers. The trigger object is represented
by an abbreviation consisting of one or two letters. It is preceded by a number representing the object
multiplicity and followed by a number signifying the transverse momentum (pT) of the trigger threshold.
If an isolation requirement is applied, it is indicated by the letter ‘i’ after the pT threshold. For example,
the item name ‘2EM18I’ represents a trigger on two electromagnetic objects, with a threshold of 18 GeV
each, including isolation requirements. The L2 and EF item naming conventions are the same as L1
except that lower-case letters are used. A trigger chain consists of the L1, L2, and EF trigger items an
object must satisfy and is referred to using the HLT notation. A trigger menu is a list of triggers enabled
during a data taking run. For a more complete description, see [4].

The dependence of a trigger on the actual pT cut will be investigated here by means of turn-on
curves, which shows the fraction of objects passing a certain trigger as a function of the reconstructed or
true simulated pT of that object. Trigger candidate objects are matched to reconstructed or Monte Carlo
simulated objects by cutting on ∆R =

√
∆η2 +∆φ 2 between the two objects.

In the following sections, single object triggers are evaluated in detail first in tt̄ events, and then in
single-top events.

2.1 Electron triggers in tt̄ events

2.1.1 Introduction

Leptonic tt̄ decays will form a statistically large sample of events early on at the LHC. Figure 1 (a) shows
the simulated pT spectrum of the electron from a W-boson decay in leptonic tt̄ events. The plot gives an
idea of the expected fraction of events the trigger system is confronted with above certain pT values. The
single-electron trigger threshold is expected to be around 20 GeV, indicating that complex multi-object
triggers (with correspondingly lowered thresholds) may be unnecessary.

2.1.2 Single electron triggers

The L1 electron triggers operate on reduced granularity (0.1×0.1 in ∆η ×∆φ ) calorimeter trigger towers
which cover the range |η | < 2.5. A central cluster of four towers is formed in the electromagnetic and
hadronic calorimeters, along with a ring of 12 towers around this central cluster. The ring is used to
select candidates using isolation criteria by cutting on the amount of energy deposited around the central
cluster. At L2, electromagnetic clusters are formed, tracking is then performed for the first time, and,
finally, the reconstructed cluster is matched to a track. In the final stage, the EF, tracking and cluster
determination is performed with more accurate algorithms, further refining the trigger decision. More
details can be found in [4].

2.1.3 Single electron trigger efficiencies

The lowest unprescaled trigger threshold depends on the luminosity. For a luminosity of 1033 cm−2 s−1,
the e22i trigger is the unprescaled trigger with the lowest pT threshold. For the start-up luminosity of
1031 cm−2 s−1, an e12i trigger is available. The e12i chain has a lower threshold and hence a higher
efficiency in leptonic tt̄ events.
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Figure 1: (a): pT spectrum of electrons from the decay W→eν in leptonic tt̄ events. The number
of electrons is scaled to an integrated luminosity of 1 pb−1, and is shown as a function of the
true simulated electron pT. (b): Turn-on curves for the e22i trigger determined with leptonic tt̄
events. The efficiencies are shown with respect to an offline selection (excluding the cut on pT) as
a function of the offline reconstructed pT of the electron that fired the trigger.

Table 1: Efficiency of the e22i and e12i trigger for leptonic tt̄ events with a W→eν decay. The binomial
errors ∆ on the efficiencies for the different trigger levels are quoted for an integrated luminosity of
100 pb−1, and are calculated as ∆2 = ε(1− ε)/N, where ε is the efficiency. Note that no matching
constraint is imposed between the trigger and the reconstructed or true simulated electrons. Moreover,
the efficiencies are determined for |η |< 2.5 by cutting on the η of the trigger as well as the reconstructed
or simulated electrons.

Compared to Monte Carlo Compared to offline selection
Trigger

Eff. [%] Eff. [%]
e22i:
L1 EM18I 74.7 ± 0.5 96.0 ± 0.6
L2 e22i 59.6 ± 0.6 92.7 ± 0.9
EF e22i 52.9 ± 0.6 89.8 ± 1.0
e12i:
L1 EM7I 83.6 ± 0.4 98.6 ± 0.3
L2 e12i 66.7 ± 0.5 92.6 ± 0.8
EF e12i 63.5 ± 0.5 91.8 ± 0.8

Table 1 shows the fraction of events passing each trigger level in the e22i chain per 100 pb−1. The
e22i trigger chain consists of the L1 trigger L1 EM18I, and the e22i trigger at L2 and EF. The efficiency
has been calculated for each trigger level with respect to the total number of leptonic tt̄ events with a
W→eν decay and with respect to the number of events reconstructed and selected in the commissioning
analysis [5], requiring |η |< 2.5 for the trigger and reconstructed or simulated electrons. The cuts are:

• At least one reconstructed isolated electron with pT > 20 GeV;

• Emiss
T > 20 GeV;

• At least 3 reconstructed jets with pT > 40 GeV and at least 4 reconstructed jets with pT > 20 GeV.

Also shown in Table 1 are the percentage of events passing each trigger level in the e12i chain.
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Compared to e22i, a larger fraction of events passes this looser chain at each level, as expected. Note
that the large value of the trigger efficiency with respect to the selection, exceeding 90%, is partly due to
jets fulfilling the electron trigger. Eventually this effect has to be accounted for when determining trigger
efficiency corrections to be used in an analysis.

Figure 1 (b) shows the turn-on curves for each trigger level in the e22i chain, determined from
simulated leptonic tt̄ events. The turn-on behaviour of the trigger is sharp at all levels. From the L1 to the
HLT the pT dependence is very similar, the curves reveal a flat plateau once beyond the turn-on region.
Note that the slight decrease in efficiencies at large pT values are due to the isolation requirements of the
e22i trigger. This small loss can be recovered using a high-threshold non-isolated trigger, although it has
not been considered in this study.

In summary, the single electron trigger efficiency in tt̄ events is high for tt̄ events with a W→eν
decay in the current physics trigger menus. The electron trigger chain will be, together with the muon
chain discussed in the next section, the main trigger for selecting tt̄ events in the golden leptonic decay
channel. Simple and efficient high-pT isolated single electron triggers exist to select tt̄ events, avoiding
considerable complications in the determination of trigger efficiencies for complex combined trigger
signatures.

2.2 Muon triggers in tt̄ events

2.2.1 Introduction
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Figure 2: (a): pT spectrum of muons from W→ µν decays in leptonic tt̄ events. The muon pT is
the true simulated value. The distribution is scaled to correspond to an integrated luminosity of
1 pb−1. (b): Trigger efficiencies for the mu20 with respect to an offline selection (excluding the
cut on pT), given as a function of reconstructed muon pT.

The pT spectrum of truth muons from the W→ µν decay in tt̄ events is shown in Fig. 2 (a). As for
electrons, rather high-pT single muon triggers can be used to select tt̄ events with at least one W-boson
decaying to a µ and νµ without much loss of efficiency.

2.2.2 Single muon triggers in ATLAS

The L1 muon trigger consists of fast electronics establishing coincidences between hits of different detec-
tor layers of the muon system inside programmed geometrical windows. The size of the window defines
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the transverse momentum interval corresponding to the deflection of the muon in the toroidal magnetic
field. One of six programmable pT thresholds is assigned to the candidate. The L2 processing consists
of three reconstruction steps applied to full granularity data of the region defined by L1. First, the muon
candidate is reconstructed in the muon spectrometer. Then inner detector tracks are reconstructed around
the muon candidate. Both are combined to form the L2 muons upon which the trigger decision is based.
Currently only the pT of the muon candidate is checked. Isolation requirements or constraints on the
χ2 of the combined inner detector and muon spectrometer track are not imposed here (but might be in
future). The muon reconstruction in the Event Filter is done using offline algorithms. The EF muon
trigger decision at the moment is also based solely on the pT of the reconstructed muon candidate. A
more complete description of the muon trigger can be found in [4].

2.2.3 Single muon trigger efficiencies

Using the standard L1 muon thresholds, six different trigger items have been defined in the simulated
samples under study; L1 MU06, L1 MU08, L1 MU10, L1 MU11, L1 MU20 and L1 MU40. The effi-
ciencies for each trigger item are shown in Fig. 3 (a). Each efficiency is calculated with respect to the
number of simulated leptonic tt̄ events with a W→ µν decay. It can be seen that the high-pT L1 single
muon triggers provide a high efficiency for selecting the events. When running at an increased luminosity
of 1034 cm−2 s−1, the threshold could be raised to 40 GeV without an unacceptable loss in efficiency.

Trigger item
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Figure 3: Efficiencies of the single muon triggers for L1 (a), L2 (b), and EF (c), determined using
leptonic tt̄ events with a W→ µν decay. For the L1 items, the efficiencies are calculated for the
six available thresholds. The HLT efficiencies are plotted as a function of the pT cut applied. In
Fig. (b) the L2 chain is started by L1 RoIs passing the MU06 threshold and in Fig. (c) the EF
chain is started by muon candidates passing the mu06 signature at L2. Note that the efficiencies
are calculated with respect to the number of simulated muons within |η |< 2.4.

Figure 3 (b) shows the absolute efficiency of the L2 single muon trigger in the case of the HLT
chain being started by a MU06 RoI. The pT cut applied by the L2 algorithm is shown on the horizontal
axis. Similar efficiencies are shown in Fig. 3 (c) for the EF when the EF chain is started by a L2 muon
candidate fulfilling the mu06 signature. The absolute trigger efficiency for the HLT cannot in principle
be inferred directly from these plots, as for instance the L2 mu20 processing will only be initiated by L1
RoIs which fulfill the L1 MU20 requirements. On the other hand, the efficiencies for each trigger level,
normalized to the number of events with a true simulated muon from a W-boson decay within |η |< 2.4,
have been calculated for a few trigger signatures and are shown in Table 2. Comparing Table 2 with
Fig. 3, one can see that the differences are small. Hence these figures can be used to indicate the effects
of a change in trigger threshold cuts.

The efficiencies of the single muon trigger signatures have also been evaluated for the events selected
by the commissioning analysis [5]. The same cuts as described in the electron section 2.1.3 are applied.
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Table 2: Efficiencies of the mu06, and mu20 trigger chains for leptonic tt̄ events with at least one
W→ µν decay. The numbers are absolute trigger efficiencies, the reference offline selection is
given in [5]. The binomial errors ∆ are calculated as ∆2 = ε(1− ε)/N, where ε is the efficiency,
for an integrated luminosity of 946pb−1, which corresponds to the available Monte Carlo statistics.
Note that the efficiencies are determined for η < |2.4| by cutting on the η of the trigger as well as
the reconstructed or true simulated muons.

Compared to Monte Carlo Compared to offline selection
Trigger

Eff. [%] Eff. [%]
mu06:
L1 83.8 ± 0.3 91.9 ± 0.4
L2 80.2 ± 0.3 88.7 ± 0.4
EF 73.1 ± 0.2 83.1 ± 0.4
mu20:
L1 74.6 ± 0.2 86.4 ± 0.4
L2 66.3 ± 0.2 82.3 ± 0.4
EF 58.8 ± 0.2 76.6 ± 0.4

The results are given in Table 2 for the mu20 trigger chain, which consists of the L1 trigger L1 MU20,
and the mu20 trigger at L2 and EF. The table shows that the mu20 signature is effective in selecting
events for the commissioning analysis.

One can also determine the turn-on curve of the trigger efficiency for single muons in tt̄ events.
For that purpose a L1 muon is matched to a reconstructed muon by requiring ∆R < 0.15 while L2 and
EF trigger muons are matched by requiring ∆R < 0.12. Figure 2 (b) shows the mu20 trigger chain
efficiencies for reconstructed muons as a function of their reconstructed pT. The muons are required to
have |ηµ | < 2.4, as this is the reach of the muon trigger chambers. The L1 turn-on is less steep than
those for the higher trigger levels, due to the coarser pT threshold assignment at L1 than at the HLT.
The thresholds at the different levels are set such as to reach the plateau at the same value of the offline
reconstructed pT. At all trigger levels, once the plateau is reached, the efficiencies remain flat versus pT.

In summary, as for the electrons, the single muon trigger efficiency in tt̄ events is reasonably large.
The mu20 is the most relevant muon trigger for selecting tt̄ events with at least one W-boson decaying to
a muon.

2.3 Jet triggers in tt̄ events

Jet triggers are dominated by QCD multi-jet events, which have production cross-sections orders of
magnitudes larger than the top signal processes. Therefore it is not obvious that multi-jet triggers giving
acceptable rates will correspond to pT thresholds efficient for selecting top events. In order to character-
ize jet distributions in tt̄ events, Fig. 4 (a) shows the pT distribution of the six highest-pT jets (ordered
in pT and defined using a cone jet algorithm with radius 0.4) for hadronic tt̄ events as obtained after a
full event reconstruction. The characteristics of top events are a large number of high-pT jets. This is
expected to provide some discriminatory power against the background, which has a steeply falling pT
spectrum.

In Fig. 4 (b), turn-on curves are given for different pT thresholds at L1, for leptonic tt̄ events. The
plot is obtained by matching a jet triggered at L1 with a corresponding fully reconstructed jet within

2The ∆R cuts were chosen after studying the ∆R distributions for the different trigger levels.
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Figure 4: (a): Reconstructed pT distribution of the six leading jets for hadronic tt̄ events. (b):
Turn-on curves relative to the reconstructed jet pT for jets triggered at L1 at various threshold
values for leptonic tt̄ events. (c): L1 trigger efficiency versus trigger threshold for multi-jet triggers
for hadronic tt̄ events. The efficiency is calculated with respect to all events in the sample.

∆R < 0.2. The curves reveal, compared to the lepton triggers, a rather slow turn-on of the L1 jet triggers,
resulting from coarse resolution at L1 (cf. [6]).

Table 3: Jet trigger efficiencies for tt̄ signal and trigger rates, the latter also for the most important
background events (the background samples are described in [3]). The efficiencies are for the
whole trigger decision (after the EF), and are calculated with respect to the total number of events.
The order of magnitude of the trigger rates are given for a luminosity of 1031 cm−2 s−1.

Process j20 j160 4j50
Eff. [%] Rate Eff. [%] Rate Eff. [%] Rate

Leptonic tt̄ 99.8 O(10−3 Hz) 11.2 O(10−4 Hz) 9.9 O(10−4 Hz)
Hadronic tt̄ 100.0 O(10−3 Hz) 12.9 O(10−4 Hz) 21.0 O(10−4 Hz)

QCD - O(103 Hz) - O(Hz) - O(10−1 Hz)
W-boson+Jet - O(10−3 Hz) - O(10−4 Hz) - O(10−4 Hz)

Figure 4 (c) shows the L1 trigger efficiency for different jet multiplicities as a function of the trigger
pT threshold for hadronic tt̄ events. Single jet triggers will be more than 90% efficient for thresholds
up to about 60 GeV, and roughly 45% efficient at 100 GeV. Table 3 summarises trigger efficiencies for
signal and background rates for a selection of single and multi-jet triggers. Depending on how high the
jet trigger thresholds are set, the signal efficiency varies between 10 and 100%. Due to large QCD rates,
only high single-jet thresholds or carefully optimised multi-jet triggers are affordable. For example, for
the j160, a rate of O(Hz) is to be expected from QCD multi-jets already for an instantaneous luminosity
of 1031cm−2s−1.

2.3.1 Multi-jet triggers for the fully-hadronic tt̄ channel

The multi-jet trigger item 4J50 listed in the previous section is intended to be general purpose, appli-
cable to a wide range of physics channels. In order to optimize the signal efficiency of the jet triggers,
especially for the fully-hadronic tt̄ decays not accessible with lepton triggers, other trigger combina-
tions for multi-jet triggers are studied. The aim is to identify optimum trigger combinations that reduce
QCD background rates, while keeping a sizable signal acceptance in the fully-hadronic tt̄ decay channel.
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Table 4: Set of optimum multi-jet trigger combinations for fully-hadronic tt̄ events. The QCD
multi-jet background rates are given relative to the background rate of the 4j50 trigger (cf. Table 3).
Efficiencies and rates at the EF are calculated with respect to the total number of events. Note that
the names of the triggers are inclusive, “4j60 2j100 j170” means 4 jets have to pass the 60 GeV
trigger, 2 jets the 100 GeV, and another 1 jet has to pass the 170 GeV trigger.

Trigger Signal Efficiency [%] Relative Background Rate S/B

4j60 2j100 j170 6 0.13 2.8 ·10−3

5j45 2j60 j100 16 0.34 3.0 ·10−3

6j35 5j45 4j50 3j60 10 0.18 3.7 ·10−3

Therefore, trigger combinations requiring at least 4, 5 or 6 jets for a given set of jet thresholds, were
tested.

Table 4 summarizes signal efficiencies and increased background suppression for a set of trigger
combinations. As figure of merit, the ratio of the trigger efficiency for the signal and QCD events is
used. A strong suppression of QCD is observed when tightening the cuts on the jet energies, as expected.
The signal-to-background ratio of the 4J50 trigger (cf. Table 3) is improved by a factor of two in the
5J45 2J60 J100 trigger (cf. Table 4) for roughly the same signal efficiency. Overall, the three trigger
combinations given in Table 4 are optimal in terms of the figure of merit, and the 5 jet trigger combination
leads to the best signal efficiency with the lowest background rate for fully-hadronic tt̄ events. It is worth
pointing out, that the reliable determination of trigger efficiencies from data is another challenging aspect
of multi-jet triggers.

Large uncertainties are inherent in predictions for LHC energies, hence the QCD background trigger
rates given here and the jet trigger definitions are preliminary and subject to tuning as soon as data
taking starts. This is especially true for the effect of pile-up, which also impacts the signal trigger
efficiencies. It is shown nevertheless that it should be possible to trigger on fully-hadronic tt̄ decays
with reasonable efficiency by optimising the choice of thresholds and multiplicity. Further HLT studies
are underway to fully exploit also advanced methods for background suppression, such as multi-variate
analysis techniques.

2.4 Missing ET triggers in tt̄ events

The L1 Emiss
T trigger performance in tt̄ events is presented in this section. The HLT performance is not

discussed due to ongoing development effort at the time of this writing.
The L1 energy triggers calculate missing transverse energy (Emiss

T , trigger item name: XE) based on
reduced granularity calorimeter data (the trigger towers) without taking muons into account, across an η
range of |η |< 5.0 [4].

Figure 5 shows the Emiss
T spectra at L1 for tt̄ signal and background events normalized to an integrated

luminosity of 1 pb−1. Shown is the QCD background for which Emiss
T is mainly faked by jet response

fluctuations and losses in non-instrumented regions of the calorimeters. In the W-boson+jets background,
a neutrino from the W-boson decay is present and produces real Emiss

T . Single top quark events are also
shown, with a combined rate of about one third of tt̄. As can be seen from the figure, high QCD rates
will not permit inclusive Emiss

T triggers with low thresholds, hence L1 trigger efficiencies for tt̄ events
will be small at larger luminosities. While for example L1 XE30 has an efficiency of 81% for leptonic
events (applying no selection cuts in the efficiency calculation), the efficiency decreases to 19% for
L1 XE100. For comparison, the lowest un-prescaled Emiss

T threshold for the early running at a luminosity
of 1031 cm−2 s−1 is expected to be L1 XE70 [4].
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Figure 5: Emiss
T spectra as measured by the L1 trigger for leptonic and fully-hadronic tt̄ signals and

the most significant backgrounds to tt̄. The samples are normalized to an integrated luminosity of
1 pb−1. Note that the W + jets samples used here include W-boson decays to electrons, muons,
and taus, as described in Table 2 of [3].

2.5 Single-top trigger

The final state of leptonic single-top events in the s, t, and Wt channels are characterized by one high-pT
muon or electron, Emiss

T , and by one to three jets. Since these leptons are among the high-pT products
of a W-boson decay, a relatively large lepton pT threshold can be used to select the single-top events at
the trigger level. Therefore, the most important triggers for selecting single-top events are the high-pT
muon and electron triggers. Multi-jet and Emiss

T triggers can be used in combination with lower threshold
electron and muon triggers in order to enhance acceptance.

The turn-on curves for the mu20 and e22i trigger are shown in Fig. 6. The trigger efficiencies are
shown with respect to the single-top selection (the cut-based one listed in detail in [7]), and are very
similar to the ones found in tt̄ events shown in the previous sections. Both triggers exhibit a sharp turn-
on behaviour and a flat plateau up to 100 GeV.

The single-top event selection will include the trigger combination e22i OR e55 OR mu20. The
efficiency for this combination, as well as the total trigger efficiencies for the individual items in the
muon and electron channels, are shown in Table 5. The efficiencies are found to be high, above 80% in
the muon channel, and up to 90% in the electron channel.

3 Trigger redundancy in top quark events

Due to the rich event topologies, top quark events satisfy many trigger items simultaneously. This redun-
dancy may be exploited to enhance signal over background rates by forming combined trigger items and
to monitor the trigger by providing information on trigger efficiencies from data.

Combining suitable trigger items may reduce significantly the background rate. For example, in
a combined jet and Emiss

T trigger, the Emiss
T requirement will suppress the QCD background. For the

same allocated bandwidth, the jet pT threshold of the combined trigger can be lowered compared to the
inclusive single jet trigger. Overall this will increase the number of recorded leptonic tt̄ events which
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Figure 6: Turn-on curves are shown for the mu20 (a) and the e22i (b) trigger. In both plots,
the circles represent Wt-channel single-top, the squares represent s-channel single-top, and the
triangles represent t-channel single-top events.

have good acceptance for a moderate threshold on Emiss
T .

On the other hand, if there is sufficient overlap between two triggers, the efficiency for one of the
triggers can be measured by selecting offline a clean sample of tt̄ events which satisfied the other trigger.
For example, the lepton triggers used to select leptonic tt̄ events could be monitored in events that have
been triggered by the combined jet and Emiss

T trigger. Possible biases due to correlation should be checked
and eventually corrected for.

3.1 Trigger item overlap in tt̄ events

The correlation among different trigger items is given in Fig. 7, with plot (a) showing overlaps for fully-
hadronic tt̄ events and plot (b) showing overlaps for leptonic tt̄ events. The plots show the percentage of
events triggered by the item on the x-axis that were also triggered by the item on the y-axis. The trigger
items on the axes were representative of the ATLAS trigger menu at the time of this writing.

As expected, there is considerable overlap for the leptonic tt̄ events, and the event topology of these
events is clearly illustrated. The leptonic triggers have very low acceptance in the fully-hadronic tt̄
events. Only the very low-pT muon triggers, which will be prescaled [4], have considerable efficiency
due to muons from b-jets. Any combination of trigger items used to enhance the signal-to-background
ratio in the fully-hadronic sample will have to rely on the jet triggers (cf. Section 2.3.1) only. For the
leptonic channel, trigger combinations involving Emiss

T are potentially useful. Studies done at L1 have
shown that Emiss

T trigger items indeed overlap considerably with the leptonic and jet triggers in leptonic
tt̄ events.

4 Determination of trigger efficiencies from data and application to top
quark events

Trigger efficiencies should be determined from data in order to reduce systematic uncertainties, as the
shape as a function of pT and the absolute value of trigger efficiencies are hard to describe precisely in
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Table 5: Total trigger efficiencies for the three single-top channels. Efficiencies for the muon
(W→ µν) and electron (W→eν) channels are shown separately. The errors are calculated using
the full available Monte Carlo statistics. Note that the reference event selection [7] selects one and
only one isolated lepton for the electron and muon channel. Hence the trigger effciency in the Wt
channel does not increase when taking the OR of electron and muon triggers as compared to the
single electron or muon triggers.

Sample Muon Channel Electron Channel
Trigger Efficiency (%) Trigger Efficiency (%)
mu06 88.4 ± 0.6 e22i 87.1 ± 0.7

Wt mu20 82.5 ± 0.7 e22i OR e55 90.6 ± 0.6
e22i OR e55 OR mu20 82.5 ± 0.7 e22i OR e55 OR mu20 90.8 ± 0.6

mu06 88.0 ± 0.6 e22i 89.2 ± 0.7
s mu20 82.6 ± 0.7 e22i OR e55 90.7 ± 0.6

e22i OR e55 OR mu20 82.6 ± 0.7 e22i OR e55 OR mu20 91.0 ± 0.6
mu06 86.0 ± 0.7 e22i 89.5 ± 0.7

t mu20 79.6 ± 0.8 e22i OR e55 90.6 ± 0.7
e22i OR e55 OR mu20 79.6 ± 0.8 e22i OR e55 OR mu20 90.9 ± 0.7
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Figure 7: Trigger item overlap at the HLT for fully-hadronic (a) and leptonic (b) tt̄ events. The
numbers in the plots indicate the percentage of events triggered by the item on the x-axis also
triggered by the item on the y-axis. Note that, by definition, the values on the diagonal have full
acceptance. The bottom row in each plot gives the total efficiency of the corresponding item on
the x-axis.

simulations.
A methodology is tested to determine the electron trigger efficiency for top events in data. Events

with Z-boson decays are used to parameterize the electron trigger efficiency as a function of pT and η by
means of the tag and probe method [8]. These parametrized efficiencies yield correction factors which
can then be applied to top events.
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Figure 8: Plots of the reconstructed top mass, reconstructed electron pT, η and φ . The darker
histogram is the reconstructed value, the black points include the correction from Z→ee. The
lighter histogram is from simulation where no trigger selection is applied.

The Standard Model Z-boson decaying to two leptons is relatively free of backgrounds at the LHC,
and therefore provides a clean source of events for the tag and probe method. This method relies on the
ability to obtain a clean sample of Z-boson events using selection cuts after obtaining the initial sample
using a single electron trigger. From the di-electron final state one can tag the electron that fired the
trigger, and probe the other in order to measure the trigger efficiency. Once this efficiency is extracted
it can be applied to other processes which have been obtained using the same trigger, in this case top
events.

Having selected top events using the commissioning selection [5], a correction for the trigger effi-
ciency is applied to recover the number of events that would be measured by an ideal detector. For each
event, a weight is applied according to the pT and the position in η of the electron in the event. The
weight is taken as the inverse efficiency extracted from look-up tables, which have been obtained with
the tag-and-probe method.

Figure 8 shows the pT η , and φ distributions of the electron in the tt̄ event. The dark histogram rep-
resents events that have passed the trigger selection, the black points show the events after the correction
is applied. The lighter histogram is from a sample of events run with the trigger disabled. Also shown in
the figure is the top quark mass as measured using the above selection, after a correction for the trigger
efficiency. It can be seen from the figure that the efficiency correction works well, the effect of the trigger
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can be recovered to reproduce the simulated distributions. The effect of additional jet activity in tt̄ events
as compared to Z→ee events is thus indicated not to have a big effect at the current level of precision.

The final value of the trigger efficiency, used as a correction to the cross section measurement of the
leptonic tt̄ decay channel with one electron in the final state, is a value εtrigger of 92.6 ± 0.4 % for an
e12i trigger chain and 91.5 ± 0.4 % for an e22i trigger chain for 100pb−1 . These values are obtained
by taking the ratio of the number of events before and after the trigger correction, and the uncertainty is
statistical only. Note that to obtain these numbers, a matching between the trigger and the reconstruction
electron candidates has to be done (∆R < 0.2), in contrast to the numbers in Table 1.

In conclusion, it is shown that the tag-and-probe efficiency can be successfully applied to leptonic
top decays. The method appears robust, however, the issue of background events passing the Z→ee
selection and the possible bias introduced thereby needs to be investigated.

5 Conclusions and outlook

The first studies of the expected ATLAS trigger performance for top events have been shown. All levels
of the electron and muon triggers are found to be highly efficient for the golden leptonic tt̄ decays. The
jet triggers, especially important for hadronically decaying tops, are much more challenging to use due
to the high rate of QCD jets. High jet multiplicities of 5 or 6 jets with optimised pT thresholds may
provide the best acceptance.

Top quark events at the LHC will have especially rich event topologies and will result in many trigger
items being fulfilled simultaneously. The overlap of trigger items was investigated to identify combina-
tions of trigger items with improved signal efficiency and trigger rate, as well as potential monitoring
triggers. The use of the Emiss

T trigger should be further investigated.
The trigger efficiency should be determined from data with the least possible bias. This must be val-

idated with Monte-Carlo simulations, comparing the efficiencies derived with the data driven methods
to the true efficiencies. Such a study, albeit not yet complete, was shown for the electron trigger effi-
ciency using simulated Z→ ee samples. By using the trigger efficiency correction to the reconstructed
kinematical distributions, it was shown that the simulated top quark distributions are very well recovered.
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Jets from Light Quarks in tt̄ Events
Abstract
This note describes the properties of jets from light quarks (u, d, s and c) in
tt̄ events, with the goal of obtaining a good reconstruction of the hadronically
decaying W-boson, which will be used for an in-situ jet energy scale mea-
surement and will enter, together with jets from b quarks, into the top quark
reconstruction.

1 Introduction

The measurement of the top quark mass with a precision of 1 GeV is one of the goals of the LHC
experiments. In order to achieve such a precision, several complementary methods can be used [1]. The
most straightforward method, namely the measurement of the tri-jet invariant mass from the hadronically
decaying top quark in the tt̄ → lνb qqb channel, can in principle reach such a precision, provided that
the three jets are well reconstructed and calibrated.

This note describes some studies of the reconstruction and calibration of jets from light quarks (u, d, s
and c) in tt̄ events, with the goal of obtaining the best possible reconstruction of the hadronically decaying
W-boson. After a comparison of various jet algorithms, two methods of in-situ jet calibration using the
W-boson mass distribution will be presented. Finally, the stability of the W-boson reconstruction with
different gluon radiation settings in the Monte Carlo event generator will be shown.

Unless otherwise specified, the studies presented here have been performed using tt̄ events generated
with MC@NLO + Herwig, with the top quark mass equal to 175 GeV, at least one of the W-bosons
decaying leptonically, and a full GEANT simulation of the ATLAS detector. The simulation statistics
corresponds to a luminosity of about 0.9 fb−1. By default, no pile-up is included in the simulation, except
in a few dedicated studies. Triggering was not considered, as tt̄→ lνb qqb events will be triggered mainly
by the leptonic decay of the second top quark, without biasing the jets on the hadronic side.

2 A comparison of jet reconstruction algorithms

The current default jet algorithm used for tt̄ event reconstruction in ATLAS is the cone algorithm with a
size ∆R = 0.4. A small cone size was indeed found in previous studies to give the best mass resolution and
signal over background ratio. This section presents new studies of the optimal jet algorithm, performed
by looking at the jet energy, angular resolutions and at the W-boson mass reconstruction. For these
studies, the cone and kT algorithms, with various parameters, were tried. Details on jet algorithms can
be found in Ref. [2].

Cone algorithms define jets as the combination of input objects from generated stable particles or
calorimeter energy deposits within a cone of radius R around the jet directions η and φ . In an iterative
procedure, the jets are repeatedly reconstructed until a stable configuration is found. Two different
implementations exist: the first one, referred to as seeded cone jet finder, used in this paper, uses high
ET objects in the event as a starting point, whereas the second, seed-less implementation, is much slower
but theoretically more accurate. In both scenarios, the jets obtained undergo a split-merge procedure, to
define non-overlapping exclusive jets. The resulting jets then need to be calibrated as explained below.

The second class of jet algorithms consists of the kT algorithm, which reconstructs jets via a cluster-
ing procedure. Such jets do not necessarily have a cone-shape with a fixed radius. Instead, the algorithm
clusters “nearest” protojets together, depending on their relative transverse momentum. Thus, it also
ensures a unique association of input clusters to jets, without the need for split/merge procedures as in
cone algorithms.
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The kT algorithm introduces a distance measurement ∆R and a recombination scheme [3]. The
distance measurement decides which pair of protojets should be merged and when to stop merging a
protojet any further. Deciding whether to merge the two closest jets or flagging one of the protojets as
a final jet is executed recursively in the algorithm, until there are no more mergeable protojets left. The
recombination scheme determines how to combine two protojets into a new protojets. Here we use the E
recombination scheme.

There are two modes of operation for the kT algorithm, the inclusive and exclusive mode. The
inclusive kT algorithm is intended for defining inclusive jet cross sections, as they are typically used
in hadron-hadron interactions. It has a parameter R, which controls the decision to merge protojets or
declare them as final jets, and plays a role comparable to the cone size in cone jet algorithms.

The kT algorithm in its exclusive mode must account for the proton remnants and the underlying
event in the p-p interaction for the calculation of exclusive cross sections. Its parameter Dcut controls the
scale which separates “beam jets” from the “hard jets” during the clustering. Moreover, the value of Dcut
can also be determined dynamically if one fixes the desired number N of final jets.

The basic input objects for both cone and kT jet algorithms are either calorimeter towers, defined as a
group of cells in a fixed (∆η , ∆φ ) grid, or topological clusters, defined as a group of cells formed around
a seed cell [4]. These calorimeter towers or topological clusters are given at the electromagnetic scale.
The jets obtained are then calibrated to the hadronic scale using different weighting schemes such as the
H1-style [5], whose major drawback is that the set of corrections is specific for each type of jet finder
and each value of its parameters.

The comparisons of jet algorithms were performed on tt̄→ lνb j jb events. In order to consider only
jets relevant for the top quark mass measurement, an event selection was performed, requiring:

• a missing transverse energy > 20 GeV to account for the unmeasured neutrino.

• one isolated electron or muon, defined as described in [6], with pT > 20 GeV and |η |<2.5.

• at least 3 jets with pT > 40 GeV, a 4th jet with pT > 20 GeV, with |η |< 2.5.

2.1 Jet energy resolution and linearity

This section presents the energy and position measurement performance for various jet algorithms, cal-
ibrated with the H1 weighting scheme. Although we investigated, in this section, all the combinations
of cone / inclusive kT algorithm, 2 jets sizes, made from towers / topological clusters, with / without
pile-up, for the sake of clarity not all results are shown in the figures.

In the events passing the event selection cuts, the jets considered for the resolution studies are the
two jets closest to the two quarks from the W-boson decaying hadronically, when their distance ∆R to
the quark is less than 0.3. As the final goal is to improve the two jet invariant mass reconstruction, the
jet energies (and directions) are hereafter compared directly to the ones of the associated quarks.

Figure 1 shows, for four jet algorithms, the distributions of the energy difference between the matched
quark and jet, divided by the quark energy, for two different jet energy ranges. Larger jets lead, especially
at low energies, to a worse resolution and to larger tails because the jet energies are overestimated when
they overlap with other particles in the underlying event.

These energy distributions were fitted with a Gaussian distribution 1. The width of the distribution,
as a function of the energy, is shown on figure 2 and in Table 1. The resolutions obtained here are
significantly worse than the detector resolution itself, as shown in Ref. [5], mainly because they include
the fluctuations of the energy lost outside the jets, as relevant to determine the best algorithm for the

1To make the fit stable, a first Gaussian was fitted between the mean of the histogram ± 2 times the RMS. A second fit was
then performed in the same way using the mean and width of the first fit.
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Figure 1: Distributions of (Equark - E jet)/Equark for the jets from the W-boson decay, for two
different quark energy ranges (left figure: quark energy between 15 and 50 GeV, right figure:
quark energy above 350 GeV).

W-boson (and the top quark) mass reconstruction. To quantify this effect, Figure 3 compares these
resolutions to the ones obtained by using the jets made from the Monte Carlo hadrons (“Truthjets”). The
latter ones are typically 20% better, and comparable to the resolutions shown in [5].

Jet energy resolutions were also studied with events including the pile-up expected at a luminosity of
1033 cm−2s−1 (figure 4 and Table 1), showing that:

• When jets are made from towers, small sizes are preferable, especially for the cone algorithm. For
example, Figure 4 shows that the energy resolutions of cone 0.4 jets made from towers is degraded
by 30% to 50% in presence of pile-up.

• The algorithms using topological clusters seem to behave very well, even in the presence of pile-
up, as can also be seen on this figure.

For cone 0.4 algorithms, the reconstructed jet energy is on average 4% lower than the quark energy,
for quarks with transverse momenta above 40 GeV. This 4% miscalibration can a priori come from the
detector calibration itself, from the energy lost outside the jet, or from the underlying event. Figure 5
shows that, in the current simulation, the detector is very well calibrated, to a precision better than 3%
for all algorithms, and to better than 1% for the cone 0.4 algorithm.

On the other hand, Figure 6 shows that the out-of-cone energy is important, and accounts for the 4%
energy shift observed with cone 0.4.

The difference between the quark and the reconstructed jet energies, for quark energies between 15
and 50 GeV, is shown in Figure 7 with and without pileup, for the cone 0.4 from topological clusters
algorithm. For such a small jet size and a topological cluster noise suppression, the average energy is
shifted by 2.5 %.

2.2 Jet angular resolution

Figure 8 shows, for four jet algorithms, the distributions of the distance ∆R between the quark and
the matched jet, for the lowest and the highest energy bins. It can be seen that smaller jets have a
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Table 1: Energy resolution (in %) as a function of the quark energy, for various jet algorithms, with and
without pile-up.

Energy range [GeV]
algorithm 15 - 50 50 - 100 100 - 150 150 - 250 250 - 350 > 350

Cone ∆R = 0.4, Tower 18.3 14.7 13.0 11.2 9.4 8.2
Cone ∆R = 0.4, Topo 18.5 14.8 12.6 11.0 9.5 8.3
Cone ∆R = 0.7, Tower 25.2 16.3 13.5 11.6 10.3 8.7
Cone ∆R = 0.7, Topo 20.4 14.3 12.5 11.2 9.3 8.6

kT R = 0.4, Tower 21.4 16.7 14.4 11.7 9.6 8.0
kT R = 0.4, Topo 20.4 16.2 13.1 10.9 9.5 8.2
kT R = 0.6, Tower 22.1 16.1 13.4 11.2 10.3 8.9
kT R = 0.6, Topo 19.3 14.8 12.6 10.6 9.8 8.2

Cone ∆R = 0.4, Tower, pile-up 27.8 20.0 16.1 13.6 11.1 8.8
Cone ∆R = 0.4, Topo, pile-up 20.9 15.8 13.1 12.2 10.6 8.5
Cone ∆R = 0.7, Tower, pile-up 41.7 26.8 20.4 19.1 15.8 13.4
Cone ∆R = 0.7, Topo, pile-up 34.2 19.4 14.6 13.2 11.8 9.6

kT R = 0.4, Tower, pile-up 30.4 23.7 18.3 15.5 12.8 10.3
kT R = 0.4, Topo, pile-up 24.4 17.3 14.6 12.9 10.9 9.3
kT R = 0.6, Tower, pile-up 33.3 24.0 19.6 17.0 14.8 11.6
kT R = 0.6, Topo, pile-up 26.1 18.3 14.4 12.8 11.6 9.3

more precise direction determination. This can also be seen from Figure 9 where the full width at half
maximum (FWHM) of these distributions are plotted. It was checked that, as for the energy resolution,
the same conclusion remains when pile-up is added, and that jets made from topological clusters are less
sensitive to pile-up.

It is observed that, for large cone sizes and large transverse momenta, the distributions of the distance
between the quark and the matched jet have larger tails (larger fraction of jets with a distance to the
associated quark between 0.1 and 0.3), because of a higher overlap probability.

2.3 W-boson mass reconstruction

This section compares the W-boson mass reconstruction performances for the cone algorithms with sizes
0.4 and 0.7 and for the kT jet algorithms with different choices of parameters, both using topological
clusters.

The choice of the jet algorithm parameters is crucial for the performance of the W-boson reconstruc-
tion. Indeed, the probability, averaged over the W-bosons selected in this section, for the two quarks
from the W-boson decay to be at a distance ∆R smaller than 1.4 is 25%, leading to non-negligible over-
lap effects for jet sizes of the order of 0.7, as already seen in section 2.1, and eventually to the merging
of the two jets coming from the light quarks into a single one. On the contrary, the probability for the 2
quarks from the W-boson decay to be at a distance smaller than 0.8 is only 4%.

The same event selection as the one described in section 2.1 is performed, apart for the requirement
that the fourth jet satisfies pT > 40 GeV, which is needed to improve the W-boson purity. On the selected
events, the three jets whose four-momentum sum has the highest pT are chosen to belong to the hadronic
top quark. Among these three jets, the di-jet combination whose mass is closest to the known value of the
W-boson mass (80.4 GeV) is taken to represent the W-boson. The remaining third jet is assumed to be
the b quark; no further b-tagging information is used in this study. The distribution for the reconstructed
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Figure 2: Energy resolution for jets from light quarks (integrated over all η values), as a function
of the quark energy, for various jet algorithms (events simulated without pileup).

W-boson mass is shown in Figure 10.
To obtain mass values from the invariant mass spectra of Figure 10, the sum of a Gaussian and a

4th degree Chebychev polynomial is fitted to the distribution. The polynomial describes the background
from wrong jet combinations and from background events, whereas the mean value of the Gaussian and
its error are interpreted as the mass (mW) and its statistical error, σstat . The width of the Gaussian is
referred to as σGauss. Table 2 shows the obtained W-boson mass with the E recombination scheme for
various choices of the kT parameters.

The error resulting from 1% variation on the jet energy scale (JES) is obtained by varying the recon-
structed jet energies by ±1% followed by a linear fit across the three W-boson masses (-1%, nominal
value, +1%).

With increasing R and Dcut parameter values, the reconstructed W-boson (and also top quark) mass
rise monotonically. Higher parameter values lead to fewer but more energetic jets and thus their com-
bination has a higher invariant mass. Part of this effect could in principle be absorbed by the in-situ
calibration, but on the other hand, the event is more likely to be misreconstructed due to unwanted jet
merging, which makes the choice of the three jets maximizing the pT-sum unpredictable.

The efficiencies quoted in Table 2, defined as the number of events in the gaussian part of the mass
distribution divided by the initial number of events, which can be as high as 5.8%, drop to less than 4%
when the jets become too big.

Table 2 also shows the purity of the W-boson reconstruction, defined as the fraction of events in the
gaussian part of the distribution, in the range [−1σgaus, 1σgaus] from the mean value of the gaussian fit.
A purity around 64% can be obtained with some choices of the algorithms / parameters, for example
cone 0.4 or kT with R = 0.4, whereas other choices may lead to purities about 15% smaller.

This study indicates that, for the W-boson mass reconstruction in tt̄ events, the cone 0.4 algorithm
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Figure 3: Comparison of the jet energy resolutions with respect to the Monte Carlo hadrons
(“Monte Carlo jets”) and with respect to the initial quarks from the W-boson decay, for events
simulated without pileup.
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Figure 4: Comparison of the jet energy resolutions for events simulated with and without pile-up.
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Figure 5: Relative difference between the Monte Carlo jet energy and the reconstructed jet energy,
as a function of the Monte Carlo jet energy, for events simulated without pileup.
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Figure 6: Relative difference between the quark energy and the Monte Carlo jet energy, as a
function of the quark energy, for events simulated without pileup.
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quark energy above 350 GeV)
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Figure 9: Resolution (defined as the full width at half maximum) on the distance between the jet
and the quark, as a function of the quark energy, for various jet algorithms / parameters.

Table 2: Reconstructed hadronic W-boson mass for different kT-parameters with statistical uncer-
tainty, efficiency, purity and the systematic uncertainty from jet energy scale. (*) The cone jet
algorithms use uncalibrated topological clusters with H1-style cell weights.

W mass
kT parameter mW σGauss σstat efficiency purity 1% ∆JES

[GeV] [GeV] [GeV] [%] [%] [GeV]
R = 0.4 78.30 7.37 0.18 4.4 63 ±0.26
R = 0.6 79.75 7.09 0.18 4.4 63 ±0.28
R = 0.8 80.47 6.95 0.23 3.1 58 ±0.20

Dcut = (10 GeV)2 81.25 7.03 0.17 5.4 54 ±0.21
Dcut = (20 GeV)2 81.69 7.40 0.18 5.8 55 ±0.27
Dcut = (30 GeV)2 81.84 7.44 0.20 5.3 57 ±0.33
Dcut = (40 GeV)2 82.00 7.12 0.22 4.2 57 ±0.39

N = 5 82.02 7.35 0.21 4.5 54 ±0.34
* Cone R = 0.4 81.00 6.38 0.14 5.6 64 ±0.36
* Cone R = 0.7 85.15 8.03 0.26 3.9 53 ±0.55

leads to the best performance both in terms of resolution and in terms of efficiency / purity.
Finally, in addition to this study which uses jets calibrated with H1-style weights, a study of the W-

boson reconstruction using local hadron calibration, described in detail in [5] and in [7], has been started.
Although the local hadron calibration algorithm is still being improved, the W-boson mass reconstruction
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Figure 10: Invariant di-jet mass as an estimate of the hadronically decaying W-boson mass in the
selected events. The luminosity used corresponds to 1 fb−1 of signal and background events. The
inclusive kT algorithm in the E scheme with R=0.4 is used for jet reconstruction. The data points
for signal and background events are shown in black. The hatched histogram shows the distribution
for background events (fully hadronic tt̄ events, single top events and W + jets events).

capabilities are similar to the ones obtained with H1-weighted jets, both in terms of mass resolution and
purity.

2.4 Conclusion

The studies shown here indicate that a small jet size should be preferred for a proper reconstruction of
the jets in tt̄ events, to avoid overlap effects spoiling the energy and angular resolutions and, eventually,
leading to the merging of jets. Thus, the cone 0.4 jet algorithm from towers used in the following sections
and in most top physics studies is a good choice for looking for top events in the first LHC data, although
it could be complemented by an algorithm using topological clusters, which seem to be robust against
pileup. The effect of the pile-up on the W-boson mass reconstruction needs however to be assessed.

3 Measuring the light jet energy scale

3.1 Introduction

The miscalibration of jet energies is one of the main sources of systematic error in the measurement
of the top quark mass in the three-jet invariant mass method [1]. Indeed, a 1% error on the jet energy
translates into a 0.9 GeV error on the top quark mass, 0.2 GeV coming from the light jet energy scale
and 0.7 GeV from the b-jet energy scale. The goal of measuring the top quark mass with a precision of
1 GeV thus puts the limit on the miscalibration at 1% or better.
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Several physics processes will be used in ATLAS to achieve such a precision [8]: di-jet events will
help check the uniformity of the response as a function of rapidity; Z+jet and γ+jet events will be used
to measure the energy scale as a function of energy. However, these processes cannot be applied directly
to the jets in tt̄ events, for several reasons:

1. These processes contain a mixture of jets from light quarks, jets from b quarks and jets from
gluons, with calibration factors probably different by a few % due to their different fragmentation
and neutrino content

2. The underlying event may be different in tt̄ events

3. Jet selection performed to purify the tt̄ sample could lead to a different average jet energy scale in
this sample

The use of W → j j from the tt̄ events themselves (in-situ calibration) will thus be very important.
After having shown how to select a clean W → j j signal from tt̄ events, two possible methods for
extracting the light jet energy scale will be presented. All the studies presented in this section (apart
from the check of the stability with different top quark masses shown in section 3.6.3) use the default
MC@NLO + HERWIG simulated events (with a top quark mass of 175 GeV), without pileup. The
cone 0.4 jet algorithm from towers with the H1-style calibration is used for all studies in this section.

3.2 Event and j j pair selection

In order to measure the jet energy scale with a precision of about 1%, a clean W → j j sample must be
selected. In this section the following selection cuts, which are stricter than the ones used previously, are
thus used:

• One and only one isolated lepton (electron or muon) with PT > 20 GeV

• Missing ET > 20 GeV

• At least 4 jets with pT > pcut
T

• Among them, 2 and only 2 jets must be tagged as b-jets. The other jets are called “light jets” in
the following.

In order to increase the purity, the W-boson candidate j j pairs are selected among all light jet pairs
which lead to a reconstructed top quark mass between 150 and 200 GeV. In addition, one may want to
consider only events with only two light jets.

The estimated number of j j pairs selected for 1 fb−1 and the purity of the selection, defined as the
fraction of j j pairs with both jets within ∆R = 0.25 of the two W-boson quarks, are shown in table 3 as a
function of pcut

T , and whether or not one uses only events with two light jets.
Requiring two light jets only reduces the number of j j pairs by about a factor of almost two, but is

necessary if one aims to measure the jet energy scale down to 20 GeV, in order to minimize the bias due
to the combinatorial background.

Figure 11 shows the j j mass distribution for pcut
T = 40 GeV and exactly two light jets. The com-

binatorial background (shown in grey) is almost flat. The systematic error due to the knowledge of the
combinatorial background will be discussed later. Because of the requirement for 2 b-tagged jets, the
background from other processes is of the order of a few percent and is neglected here.
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Table 3: Number of selected W → j j pairs (for 1 fb−1) and purity of the selected pairs (the statistical
uncertainty on the purity is about 1%)

2 jets only 2 jets or more
pcut

T [GeV ] j j pairs purity [%] j j pairs purity [%]
20 3100 76.9 7100 64.3
30 2300 77.7 4100 71.5
40 1200 81.0 1900 79.1
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Figure 11: Invariant mass m j j of the selected jet-jet pairs when the two jets are at ∆R < 0.25 from
the two quarks from the W-boson decay (white histogram) and when at least one of the jets is not
from the W-boson decay (grey histogram).

3.3 The PT cut effect in the Jet Energy Scale measurement

When measuring the jet energy scale, one must be aware of a shift introduced by any cut on the transverse
momentum of the jets needed for the event selection. Indeed, when one selects jets with a reconstructed
pT greater than pcut

T , jets with a true pT lower than the cut but a reconstructed one above are selected,
whereas jets with a true pT above the cut but a reconstructed one below are lost. These two effects lead
to a ratio (reconstructed energy) / (true energy) higher than one near the cut, even if the calibration is
perfect.

This can easily be seen, and the size of the effect measured, with a simple Monte Carlo simulation
where the momenta of the quarks from the W boson decays in tt̄ are smeared according to the expected
jet resolution 2, and a pT cut on the smeared quark momenta is applied.

Figure 12 shows the apparent calibration as a function of the jet pT cut, using this simple simulation.

2The value σ(E) = 3.8 GeV+0.063×Eq was used.

12

TOP – JETS FROM LIGHT QUARKS IN tt̄ EVENTS

40

909



This apparent calibration is greater for jets whose energy is closer to the value of the pT cut. The size
of the effect is fully determined once the p, pT spectra and the detector resolution are known. With the
expected resolution of the ATLAS calorimeter, the global apparent calibration is 2% for a pT cut = 40
GeV.
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Figure 12: The apparent jet energy scale due to a cut on the transverse momenta of the recon-
structed jets. The error bars indicate how the shift varies when changing the jet resolution by ±
20%. This figure was obtained using the simple simulation described in the text.

The shift in the energy scale also leads to a shift on the reconstructed W boson and top quark masses,
which are shown in Figures 13 and 14. With a pcut

T at 40 GeV, the bias on the W boson mass is about
1.5 ± 0.6 GeV, whereas the bias on the top quark mass is about 2.0 ± 0.4 GeV.

The two jet energy scale determination methods described below handle this effect in a different way:

• The iterative method measures the effective jet energy scale above the pcut
T , which will not reflect

the bare jet energy scale, but will lead to W boson and top quark masses with the correct values.

• The template method aims at finding the bare jet energy scale (which was by definition 1 in the
simple Monte Carlo simulation). The reconstructed W boson and top quark masses will then be
shifted, and must be corrected.

3.4 Expected Jet Energy Scale

The energy scales fitted by the two methods described below will be compared with the true jet energy
scale, obtained by comparing the reconstructed jet energy and the quark energy.

In the simulation version used for this note, the mean value of the ratio of jet to quark energies,
when the two jets chosen to form the hadronic W-boson are at ∆R < 0.25 from the two quarks from the
W-boson, for quarks with PT > 40 GeV is 0.961±0.003, as can be seen in figure 15.

As shown in section 2.1, this 4% miscalibration is mainly due to the out-of-cone energy.
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Figure 13: Shift of the reconstructed W boson mass, < m j j >, due to the pcut
T on the jet energies.

The error bars indicate how the bias varies when changing the jet resolution by± 20%. This figure
was obtained using the simple simulation described in the text.
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Figure 14: Shift of the reconstructed top mass, < m j jb >, due to the pcut
T on the jet energies. The

error bars indicate how the bias varies when changing the jet resolution by ± 20%. This figure
was obtained using the simple simulation described in the text.
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Figure 15: E jet/Equark for jets originating from a W-boson and with pT (quark) > 40 GeV.

3.5 The iterative rescaling method

3.5.1 Method

This method uses the precisely known W-boson mass as a reference to extract the light jet energy scale.
The invariant mass of the two jets with energies E1 and E2 and an opening angle θ j j, originating from
the W-boson can be written as :

M j j =
√

2E1E2(1− cos(θ j j))

Figure 16 shows that the angle between the two jets is measured without any significant bias for most
jet-jet pairs. Any deviation of M j j therefore comes mainly from the energy miscalibration.

The peak value of this invariant mass matches the PDG W-boson mass value if the appropriate jet
energy scale factors K(E1) and K(E2) are used:

MPDG
W =

√
2(K(E1)E1)(K(E2)E2)× (1− cos(θ j j)) =

√
K(E1)K(E2)M j j

If the jet calibration is independent of the energy (K = K(E1) = K(E2)), the jet energy scale factor K
is simply K = MPDG

W /M j j. The simple rescaling gives the effective jet energy scale, taking into account
the pT cut effect from the jet selection.

With 1 fb−1 of luminosity, around 4000 jets originating from the W in the tt̄ sample are available
for calibration. Normalizing the sample to 1 fb−1, the truth calibration, for jets with PT > 40 GeV,
is Ktruth = (E jet/Eparton)

−1 = 1.014± 0.002. The value obtained by the simple rescaling of jet pairs
originating from a W boson (no background contribution) is K = MPDG

W /M j j = 1.014±0.003 . The 1%
goal on the precision on the global jet energy scale is therefore obtainable with 1 fb−1, provided the
luminosity dependence is small or can be corrected for.
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Figure 16: (1− cos(θ j jMC))/(1− cos(θ j j)) as function of the reconstructed cos(θ j j), where θ j j

is the reconstructed angle between the two jets and θ j jMC the angle between the two associated
quarks.
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Since the calibration is not constant over the energy and pseudorapidity, and since the two jets from
the W-boson decay have in general different energies, the rescaling method has to be adapted to get the
calibration K(var) (var=jet energy, jet pseudorapidity or any other jet variable). Instead of building one
jj mass distribution, the first step is to split the studied jet variable in N bins, and to build all associated jj
invariant mass distributions. In such a way, the distributions become correlated to the studied variable.

It can be shown that, if the rescaling method is iterated M times, extracting at each iteration j the
correction factor for the bin i (K j

i ) and recomputing the invariant mass by adding the new K j
i for the next

iteration, the exact correction Ki per bin i can be obtained (thus the function K(var)):

Ki = ∏
j=1,M

K j
i (1)

This method converges in 3-4 iterations, and is stopped when the maximum difference between K j

and K j−1 is less than 1%. The number of bins N depends on the available jet statistics.

3.5.2 Results

The simple rescaling method allows to determine a global jet energy scale factor. A W-boson mass
value MW = 79.12±0.25 GeV is obtained from a fit with a polynomial+gaussian function to the jet-jet
invariant mass spectrum. The resulting jet energy scale factor is thus K = MPDG

W /M j j = 1.016±0.003 3.
This value is very close to the one obtained previously by a fit on the same sample without combinatorial
background included.

Figures 17 and 18 show the effective calibration to be applied on the selected jets after the tt̄ selection
for 10 fb−1 of integrated luminosity 4. The observed discrepancy between the fit result and the truth K
factors is due to the (η , E) correlations existing on the jet energy scale factors. This is particularly true
for high jet η and high jet energy. The discrepancy at low energy is a threshold effect which could be
removed by lowering the pT cut on the jets to 30 GeV when measuring the jet energy scale above 40
GeV. Nevertheless the jet energy scale as a function of η and E can be extracted with a precision of the
order of 1%, without any a priori knowledge of the function shape before the fit. The treatment of the
correlation could be resolved by a fit on W mass distributions defined as a function of both jet η and E.

For 1 fb−1 of integrated luminosity, the number of available jets (≈ 4000) limits the number of bins
and therefore the accuracy of the extracted jet energy scale functions (K(η) and K(E) ). The resulting
plots for 1 fb−1 are shown in Figures 19 and 20. A precision better than 2% is obtained in each energy
or η bin.

3.5.3 Systematic uncertainties

The systematic uncertainties associated to each point are of three types:

• the first is related to the method itself. Performing the fit on a large sample shows up to 1%
deviation, due to the (η ,E) correlations on the jet energy scale which are not taken into account
yet.

• the second is related to the impact of the background on the mass peak measurements. It is rather
low since the W-boson sample has a purity above 80%. Further purification cuts can be applied
to increase the purity. The associated error depends on the available statistics and is higher for

3The W boson mass is set to MW = 80.4 GeV in the simulation.
4The calibration factors are large in the barrel-endcap transition region. In principle this dependence is corrected at the level

of jet reconstruction algorithm using a pT balance method in di-jet events. This correction has not been applied on the used
sample.
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Figure 17: Result of the iterative rescaling fit as a function of E jet , with 10 fb−1: the expected
effective calibration factors are shown as square points, in addition to the fitted calibration factors
with circles. The calibration factor obtained from Monte Carlo truth information Ktruth(E) =
(Eparton/E jet) are shown as square points while the calibration factor K(Ei) obtained in the iterative
rescaling procedure as described in section 3.5.1 are described with circles.

low jet energy where the background contribution is higher. It should be noticed that the jet
pairs contributing to the background are mainly composed of one jet originating from the W-
boson, the others being jets coming from the remaining part of the event or gluon radiation. An
event mixing technique, described in [1] paragraph 4.2, will be useful to assess the shape of the
background contribution on real data. To evaluate the systematics induced by the background
contribution, the background contribution was changed by +20%, separately for the FSR and non-
FSR contributions 5. The fitted MW values are all within 0.2 GeV, compatible with the statistical
uncertainty leading to an uncertainty of 0.003±0.003 for the global jet energy scale factor.

• the last comes from the correction factor to be applied on the fitted value to take into account the
pT bias discussed in section 3.3. This correction of the effect is fully determined once the jet p, pT

spectra and energy resolution are known. The size of this correction is −1% above 100 GeV and
up to 2% at 40 GeV. In order to assess the error on these values, the resolution has been rescaled
by ±10%, leading to variation less than one percent of the correction factors.

5The shapes of the background when a jet coming from the W-boson decay is associated with a FSR or a non FSR jet are
different. They are taken from a fast simulation Monte Carlo.
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Figure 18: Result of the iterative rescaling fit as a function of η jet , with 10 fb−1: the expected
effective calibration factors are shown as square points, in addition to the fitted calibration factors
with circles.

3.6 The template method

3.6.1 Method

The template method for the light jet energy scale determination is similar to the method described in [9]
for the electromagnetic energy scale determination using Z0→ e+e− events. It uses template histograms
with various energy scales α and relative (to the default jet energy resolution) energy resolutions β . The
χ2 between each template histogram and the “data” is then computed. The minimum of the χ2 is found
in the (α , β ) plane. With 1 fb−1, this method fits both the average jet energy scale and a relative jet
resolution. With enough data, it can be extended to measure these quantities as a function of the jet
energy or rapidity.

The template histograms were generated from W → qq decays in 1.2 million PYTHIA tt̄ events by
smearing the quark energies by a gaussian number with width equal to 3.8 GeV+0.063×Eq, determined
on reconstructed jets in an older simulation of tt̄ events. As will be shown later, the exact choice of the
default energy resolution in the templates is not very important, as it will lead at the end only to a change
in the fitted β and not in the fitted α . However, in order to obtain a β value close to 1, the jet angles
are also smeared, according to the expected resolution, in the templates and the observed correlation
between the two jet energies is added by using correlated gaussian numbers for the energy smearing.

After smearing the quark energies, the same pcut
T as used in the data is applied. This ensures that the

fitted energy scale is not affected by the bias described in section 3.3. Figure 21 shows the reconstructed
jet-jet mass (for events with two jets or more, with the combinatorial background included), the template
histogram for α = 1, β = 1 and the best fit histogram.
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Figure 19: Result of the iterative rescaling fit as a function of E jet , with 1 fb−1: the expected
effective calibration factors are shown as square points, in addition to the fitted calibration factors
with circles.

3.6.2 Results

Table 4 summarizes the results obtained for jets with PT > 40 GeV. The combinatorial background,
which is flat as shown in Figure 11, doesn’t affect the fitted jet energy scale (less than 0.6%), but degrades
the fitted relative resolution by 30 to 40%. The choice to use or not events with more than two jets is also
not changing the fitted jet energy scale.

Finally, these fitted energy scales are in good agreement with the expected value from the Monte-
Carlo (0.961±0.003), as obtained in section 3.4.

Table 4: Fitted jet energy scale and relative jet energy resolution using the template method, for jets
with transverse momentum greater than 40 GeV. Good combinations refers to the cases where the two
jets come from the W-boson decay, while the results with all combinations include the effect of the
combinatorial background.

α β
2 jets, good combinations 0.9693±0.0045 1.145±0.054
2 jets, all combinations 0.9638±0.0049 1.434±0.064

≥ 2 jets, good combinations 0.9696±0.0033 1.089±0.035
≥ 2 jets, all combinations 0.9660±0.0036 1.308±0.041
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Figure 20: Result of the iterative rescaling fit as a function of η jet , with 1 fb−1: the expected
effective calibration factors are shown as square points, in addition to the fitted calibration factors
with circles.

3.6.3 Systematic uncertainties

Several checks of the stability of the method have been performed:

• The influence of the combinatorial background, and the choice of using or not events with more
than two jets was already described in the previous section. All fitted energy scales are compatible
within ± 0.3 %.

• The stability with respect to the ingredients used in the templates was checked by generating
template histograms without the smearing of the angles, or without the correlation between the jet
energies, or with a default jet resolution degraded by 20%. The fitted jet energy scales were found
to be compatible within± 0.3%, and only the fitted relative resolutions were changing. This shows
that the method is not very sensitive to the simulation used for the templates.

• The jet energy scales were fitted on tt̄ events simulated with various top masses but the same
version of the simulation and reconstruction codes. The results are shown in Figure 22. All results
are compatible within ± 0.5%, even when including top masses in a very wide range.

3.6.4 Stability of the template method with smaller integrated luminosities

In order to check the stability of the template method at lower luminosities, the 770 pb−1 full dataset was
split into sixteen parts, each part thus corresponding to 48 pb−1. The fitted jet energy scales in the sixteen
pseudo-experiments are shown in Figure 23. The average of the sixteen measurements is 0.9534, in good
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Figure 21: Jet-jet invariant mass in fully simulated events (dots) superimposed on the template
histogram with α = 1, β = 1 and the best fit histogram.
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Figure 22: Fitted jet energy scale as a function of the top mass.
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agreement with the fit on the full sample (0.9562± 0.0039). The RMS of the sixteen measurements is
1.9%, only slightly worse than the value expected by a scaling with the square root of the luminosity
(1.6%). In addition, the average of the errors given by the fit is 1.5%, showing that this error is correctly
estimated by the fit even at low luminosities.
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Figure 23: Fitted jet energy scale for sixteen 48 pb−1 pseudo-experiments. The horizontal lines
show the result of the fit on the full sample with its error bar.

3.7 Conclusion on light jet energy scale

Two complementary methods for measuring the light jet energy scale from the W → j j mass distribution
in tt̄ events have been studied. The template method is well suited to measure the bare jet energy scale
(integrated over some transverse momenta), with a precision which could be around 2% with 50 pb−1.
Within the statistical precision of the available datasets, no systematic error larger than 0.5% has been
identified. The required precision of 1% on the light jet energy scale should thus be achievable. The
iterative method, on the other hand, is well suited to measure the jet energy scale of the selected jet
sample, possibly as a function of the energy or as a function of rapidity.

In this study. the invariant mass of selected jet pairs present a clear W-boson signal on top of a
flat background dominated by combinatorial from top events (Figure 11). This is possible because b
jets are tagged with a high efficiency and purity. In the early data-taking phase, b-tagging may be less
performant and the level of background will be much higher with contribution from QCD or W+jet
events. The performance of the methods for calibration of the light jet energy scale in these conditions
need to be evaluated.

The dependence of the jet energy scale with the level of pile-up has to still to be investigated, in order
to decide whether a specific correction is needed.
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4 W-boson mass reconstruction and gluon radiation

The stability of the W-boson reconstruction with different QCD-related jet activity, commonly referred
to as initial- and final-state radiation (ISR and FSR) has been evaluated by using the standard HERWIG +
MC@NLO simulation and the “low mass” and “high mass” ACERMC + PYTHIA event samples described
in [6].

4.1 Reconstructed W-boson masses

The same event selection (described in the previous section) and mass reconstructions is applied on the
3 samples, with jets being reconstructed with the ∆R = 0.4 cone algorithm from towers.

Figure 24 shows that the W-boson mass distributions for the 3 samples, normalized to the same
number of events after selection, are clearly not compatible before calibration. The results of the mass
peak fits are shown in Table 5. The difference between the high mass dataset and the low mass dataset is
1.7±0.2 GeV.
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Figure 24: Reconstructed W-boson mass distribution (before calibration) in datasets with different
gluon radiation settings. The distributions are normalized to the number of events after selection
in the standard simulation and fitted with a gaussian function.

Table 5: Fitted top and W masses for the three datasets with different gluon radiation settings.

maximum mass minimum mass MC@NLO + Herwig
W mass (GeV) 81.29±0.12 79.59±0.15 80.44±0.14

fitted energy scale 0.9779±0.0024 0.9489±0.0026 0.9636±0.0025
W mass after calibration (GeV) 82.46±0.12 82.38±0.14 82.63±0.14
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The jet energy scales obtained with the template method described in section 3.6 are also shown in the
table, together with the W-boson masses obtained after recalibrating the jet four-momenta. One observes
that the calibrated W-boson masses are above the true W-boson mass because of the bias explained in
section 3.3, but are all compatible within errors, showing that the calibration method is indeed working
well.

4.2 Light jet properties

Although the in-situ calibration leads to W-boson mass distributions which are independent of the gluon
radiation level, we looked for additional measurable quantities which could help to understand these
effects and tune the Monte Carlo simulations.

Figure 25 show the pT distributions for the light jets coming from the W-boson decay 6. Only a very
small difference, at low energies, is visible, which would probably be very difficult to measure in the
data.
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Figure 25: pT distribution of the jets from the hadronic W-boson decay for datasets with different
gluon radiation settings. The distributions are normalized to the number of events after selection
in the standard simulation. In order to look for a possible difference at low values, the cut on the
pT value of the jets has been reduced to 20 GeV for this figure.

On the contrary, a very large difference is visible in the number of jets, as can be seen for example
in the total number of jets with pT > 10 GeV reconstructed in the events, shown in Figure 26. If
the jet reconstruction efficiency is well understood, this distribution in the data could help to tune the
simulations, although the number of jets may also depend on the underlying event and may need to be
corrected for luminosity.

Finally, no large difference has been seen in the pT distributions for the jets not assigned to top quark
decays, as shown in Figure 27.

6A cut pT > 20 GeV is applied in these figures
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Figure 26: Total number of reconstructed jets with pT > 10 GeV for datasets with different gluon
radiation settings. The distributions are normalized to the number of events after selection in the
standard simulation.
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Figure 27: pT of the additional jets for datasets with different gluon radiation settings. The distri-
butions are normalized to the number of events after selection in the standard simulation.
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5 Conclusions

This note has presented several aspects of the W-boson reconstruction in tt̄ events.
First, it was shown in section 2 that small jet sizes should be prefered to avoid overlap effects. The

current default (cone algorithm with ∆R = 0.4) is well suited for the study of the first data, but could
be complemented by a reconstruction using topological clusters, which seems robust in the presence of
pileup.

Two methods for the in-situ calibration of the light jet energy scale have been studied (section 3).
The two methods should be able to provide a light jet energy scale to the 1% level with 1 fb−1, and
could perhaps be used to follow the jet energy scale with time and/or luminosity. The two methods use
complementary approaches and should be both applied in real data, up to the level of a top quark mass
measurement, to allow for cross-checks.

A study of simulations performed with different gluon radiation settings (section 4) has demonstrated
that, although the reconstructed W-boson mass can change by a large amount with different settings, the
in-situ calibration method is able to correct for it.

More generally, the clean and large W-boson sample which should be available in tt̄ events will be a
good laboratory to study the performance of jet reconstruction and calibration in real data, and compare
them with the performance in Monte Carlo simulated events.

Most studies presented in this note were performed without including pile-up effects. The depen-
dence of the results with luminosity should thus be checked. In addition, a scenario of not yet optimal
detector performance, which would lead to higher backgrounds, should also be studied in order to un-
derstand the potential of the method for the early phase of data-taking.

Finally, in order to reconstruct properly the top quarks, the knowledge of the b jets will be of partic-
ular importance. For instance, the b jet energy scale is, in our simulation, about 5% lower than the light
jet energy scale. This difference should be checked in the data to reach the ultimate precision for the top
quark mass measurement.
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Determination of Top Quark Pair Production Cross-Section
Abstract
An accurate determination of the top quark pair production cross-section at the
LHC provides a valuable check of the Standard Model. Given the high statis-
tics which will be available, corresponding to about one top-quark pair per
second, at a luminosity of 1033 cm−2s−1, the cross-section measurement can
be performed relatively fast after the turnon of the LHC. Prospects for measur-
ing the total top quark pair production cross-section with the ATLAS detector
during the initial period of LHC are presented in this note. The cross-section
is determined in the semi-leptonic channel, and in the dilepton channel. For
the semi-leptonic channel we perform the measurement both with and without
relying on the tagging of b-quark initiated jets.

1 Introduction

The determination of the top quark pair production cross section is one of the measurements that will
be carried out once the first data samples are available at the ATLAS experiment. It casts light on the
intrinsic properties of the top quark and its electroweak interactions. Cross section measurements are also
an important test of possible new production mechanism, as non Standard Model top quark production
can lead to a significant increase of the cross section. New physics may also modify the cross section
times branching ratio differently in various decay channels, as for example predicted by Supersymmetric
models [1] with charged Higgs particles, t→H−b̄, or with super-partners of the top quark, t→ t̃χ0. The
selection of top quark events is based on the identification of a jet from a b-quark, assuming a branching
ratio BR(t → Wb) = 1. The consistency of this assumption, performed with kinematic methods, is
another important check of the Standard Model prediction but falls outside the scope of this paper.

Last but not least, the top pair production process will be valuable for the in-situ calibration of
the ATLAS detector during the commissioning phase. The large cross section and the large signal to
background ratio for the semileptonic channel, allows to identify high purity samples with large statistics
in a short period of time. Understanding the experimental signatures of top events involves most parts of
the ATLAS detector and is essential for claiming discoveries of new physics.

The cross-section values and the Monte Carlo samples which have been used throughout this note,
are described in [9].

1.0.1 Cross section measurements at Tevatron

During Tevatron Run I (1992-1996) an integrated luminosity of about 100 pb−1at a centre of mass energy
of
√

s = 1.8 TeV allowed to measure top pair production cross sections of 6.5+1.7
−1.4 pb and 5.7± 1.6 pb

by the CDF and DØ collaborations respectively [2]. The Tevatron Run II started in 2001 and until
spring 2006 about 1 fb−1 of pp̄ collisions at

√
s = 1.96 TeV have been collected and analysed. At this

higher centre of mass energy an increase of about 30% in the cross section is expected. The most recent
calculations predict a cross section of 6.7+0.7

−0.9 pb [3] at NLO+NLL or 6.8±0.6 pb [4] at NLO+ threshold
resummation for a top mass, mt = 175 GeV. CDF and DØ measured a combined channels cross-section
equal to 7.3±0.5(stat) ±0.6(sys)±0.4(lum) [5] and 7.4±0.5(stat)±0.6(sys)±0.4(lum) [6] respectively.
All the measurements are in good agreement with the predictions. From a combination of all results, an
experimental error of the order of the theoretical error is expected.
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2 Single lepton channel

In this section the strategy for the determination of the tt̄ cross-section in the semi-leptonic decay mode
is described. This channel, which has a branching fraction of approximately 45%, has a clear signature,
is experimentally easily accessible and is expected not to suffer from large backgrounds.

A robust analysis is presented of the first 100 pb−1 ATLAS data, which are expected to be collected
during the first few months of the LHC data taking period. In particular it is studied whether a pure tt̄
sample can be identified without utilizing the full ATLAS b-tagging capabilities. This is brought about
by the fact that efficient tagging of jets originated from the hadronization of b-quarks, called b-tagging
from now on, is non trivial and implies a precise alignment of the inner detector, which will probably
require several months of data taking. This analysis solely relies on the measurement of jets, leptons and
Emiss

T (transverse missing energy), and requires a functioning lepton triggering system. Thanks to the
over-constrained kinematics of the tt̄ system, with the selected events it will be possible to measure the
b-tagging performance and the Emiss

T , as well as to calibrate the light jet energy scale.

2.1 Event selection

The identification of semi-leptonic tt̄ events starts by requiring a highest level (event filter) lepton trigger
to have fired. In this study we assume that either the single isolated electron trigger e22 or the muon
trigger mu20 (for the definition see [7]) has fired. A correct description of the trigger efficiencies is vital
for the cross-section determination. The strategy for determining the trigger efficiencies from the Monte
Carlo, as well as from the data without relying on Monte Carlo, is not pursued in this note, but included
in [7].

Further, we define a candidate tt̄ event as having one reconstructed high-pT isolated lepton (electron
or muon), a minimal amount of missing energy and at least four reconstructed jets. The definition of
electrons, muons and jets in our analysis has been discussed before.

For our default off-line selection the events are required to fulfil the following:

• One lepton (electron or muon) with pT > 20 GeV.

• Emiss
T > 20 GeV.

• At least four jets with pT > 20 GeV.

• Of which at least three jets with pT > 40 GeV.

The fraction of events passing the individual selection requirements and the overall selection effi-
ciency are shown in Table 1 for semi-leptonic events. In this table we split the efficiencies for semi-
leptonic tt̄ events according to the W decay in the Monte Carlo generator: tt̄ (electron) where it decayed
to an electron and a neutrino and tt̄ (muon) where it decayed to a muon and a neutrino.

We observe a combined efficiency for these requirements which is somewhat larger for the tt̄ (muon)
events compared to the tt̄ (electron) events.

2.1.1 Reconstructing tt̄ events

Before discussing additional requirements to improve the purity of the tt̄ event selection, we present
the second step in the event reconstruction. In this step we test the events for compatibility with a tt̄
hypothesis. In the tt̄ candidates, three of the reconstructed jets are expected to form the hadronic top-
quark. In the absence of b-tagging there is an additional ambiguity in choosing the correct three-jet
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Table 1: Fraction of events passing the various selection criteria and the combined ‘default’ selection
efficiency for semi-leptonic (electron and muon) analyses respectively. The statistical uncertainties on
these numbers are negligible.

Trigger Lepton Emiss
T Jet req. (I) Jet req. (II) Combined

eff (%) eff (%) eff (%) eff (%) eff (%) eff (%)
tt̄ (electron) 52.9 52.0 91.0 70.7 61.9 18.2
tt̄ (muon) 59.9 68.7 91.6 65.5 57.3 23.6
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Figure 1: (a): Three-jet invariant mass distribution for the electron analysis default selection, normalised
to 100 pb−1. The statistical errors in each bin are indicated. (b): The same distribution after the additional
W -boson mass constraint..

combination among the reconstructed jets. We define our top-quark decay candidate as the three-jet
combination of all jets that has the highest transverse momentum sum.

Fig. 1 (a) shows the reconstructed top mass for this selection (from now on referred as default selec-
tion) for the tt̄ sample. The top mass peak is clearly visible, and the tails of the distributions correspond
to the combinatorial background.

2.1.2 Selection variations: I

Apart from the default event selection as described above, a number of additional criteria are defined to
further increase the purity of the top sample. Here we improve on the simple tt̄ analysis by exploiting
additional information: every three-jet combination that originates from a top decay also contains a two-
jet combination that originates from a W -boson decay. To illustrate the presence of the W -boson we take
the three jets that constitute the top quark, and select from the three combinations of di-jets the one that
results in the highest value of the sum of the pT of the two jets. The W -boson mass is then the invariant
mass of the two jet system. In Fig. 2 (a) this mass distribution is shown for the electron analysis, and the
W -boson mass peak around 80 GeV is clearly visible.

However we prefer an unbiased W -boson mass distribution in the analysis, for which we choose not
to pick/define one particular W -boson di-jet pair out of the three combinations, but rather require that at
least one of the three di-jet invariant masses is within 10 GeV of the reconstructed mass of the W -boson
(taken as the peak value of the mass distribution of the W -boson candidates). This selection will be
referred to as the W -boson mass constraint selection. The distribution of all three di-jet combinations in
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Figure 2: (a): The di-jet combination with highest pT (left) for the electron analysis. (b): The three di-jet
combinations invariant masses among the top-quark candidates in a 100 pb−1 event sample for the muon
analysis.

the top candidate is shown in Fig. 2 (b). Note that each event enters three times in this distribution. In
this figure the background, as discussed in the next section, is already included.

The distribution of the three-jet invariant mass after the additional requirement that at least two jets
are compatible with the mass of the W -boson is shown in Fig. 1 (b). This requirement shows a substantial
reduction in the tt̄ combinatorial background compared to Fig. 1 (a). Notice that, compared to the default
selection, the top mass peak becomes narrower and the tail of the distribution is reduced. However, the
W -boson mass constraint also introduces a visible shoulder in the distribution which makes fitting to the
data more subtle.

In Table 2 we show the fraction of tt̄ events that pass these various selection requirements.

Table 2: Efficiencies at different stages of the electron and muon analyses for several event types: after
trigger and event selection (left column), after a cut on the di-jet masses (see text for details) in the top
candidate (middle column) and events with, in addition to the di-jet mass cut, a hadronic top mass 141 <
mt < 189 GeV (right column). The first three rows correspond to the single-lepton final states, the fourth
row to the di-lepton final state and the last row to the hadronic final state.

Electron analysis Muon analysis
Event type Trigger+Selection (%) Trigger+Selection (%)

W const. mt win + W const. mt win
tt̄ (elec) 18.2 9.2 4.5 0.1 0.0 0.0
tt̄ (muon) 0.0 0.0 0.0 23.6 12.0 5.8
tt̄ (tau) 1.4 0.7 0.3 2.0 1.0 0.5
tt̄ (di-lepton) 2.2 1.0 0.2 3.0 1.3 0.4
tt̄ (hadron) 0.0 0.0 0.0 0.1 0.1 0.0

2.1.3 Background evaluation

We consider a number of background processes. The dominant expected background is W -boson+jets,
but also single top production, Z-boson+jets and Wbb̄ are sizeable. Tables 3 and 4 summarise the ex-
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Table 3: Number of events which pass the various electron selection criteria for the tt̄ signal and for the
most relevant backgrounds normalised to 100 pb−1.

Electron analysis
Sample default W const. mt win W const. W const. W const.

+ |η |< 1 + 1 b-tag + 2 b-tag
tt̄ 2555 1262 561 303 329 208
hadronic tt̄ 11 4 0.0 0.8 0.6 0.0
W+jets 761 241 60 38 7 1
single top 183 67 23 12 18 7
Z→ ll +jets 115 35 8 5 2 0.4
W bb̄ 44 15 3 5 5 0.7
W cc̄ 19 6 1 1 0.4 0.0
WW 7 4 0.4 0.0 0.0 0.0
WZ 4 1 0.4 0.2 0.0 0.0
ZZ 0.5 0.2 0.1 0.0 0.0 0.0
Signal 2555 1262 561 303 329 208
Background 1144 374 96 63 33 10
S/B 2.2 3.4 5.8 4.8 10.0 20.8

pected numbers of signal and background events for the electron and muon analysis respectively. The
first column of the two tables shows the event numbers obtained by applying the default selection, whilst
the second column gives the corresponding numbers with the W -boson mass constraint. All numbers
are normalised to 100 pb−1. The evaluation of the QCD fake rate deserves a separate discussion. The
QCD production of pp→ bb̄ is characterised by a cross-section of about 100 µb, and can therefore be
an important background for our signal. Requiring the presence of a high pT lepton and missing energy
can reduce its contribution, but since the cross-section enhancement relative to the signal is so large,
there might be QCD events with a fake lepton and/or poor missing energy reconstruction that pass these
requirements as well.

The rate for extra (medium [8]) electrons is studied and found to be roughly 1.0 ×10−3 per jet. This
number is divided between semi-leptonic B(D) decays and true fakes, i.e. hadronic objects identified as
electrons. The origin of extra isolated muons is dominated by semi-leptonic B decays, i.e. by the presence
of hard b-quarks. The isolated muon rate per b-parton reaches a few times 10−3 for b-parton momenta
around 40 GeV, while the fake rate is only a few times 10−5. By studying their origin and dependence on
jet/parton kinematics like the pT , η , jet multiplicity and quark content of the jet, we can get an estimate
of the fraction of multi-jet events that will pass the lepton requirement in the event selection. The validity
of this approach has been checked using a large sample of di-jet events at various transverse momenta.
As a result, the QCD background has been evaluated to be smaller than the W -boson+jets background
and will not be discussed further.

The distribution of the invariant mass of the three-jet combination that forms the hadronic top-quark
candidate with the default selection and with the backgrounds added together, is shown in Fig. 3 (a). The
events where the correct jets were selected to reconstruct the hadronically decaying top quark candidate
are clearly visible as the mass peak (open histogram) on top of a smooth background distribution. This
background is partially composed of events from non-top processes (light shaded histogram), but is
dominated by the (combinatorial) background from semi-leptonic tt̄ events (dark shaded histogram). The
combinatorial background was determined using the matching of the top candidate with the generated
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Table 4: Number of events which survive the various muon analysis requirements for the tt̄ signal and
for the most relevant backgrounds normalised to 100 pb−1.

Muon analysis
Sample default W const. mt win W const. W const. W const.

+ |η |< 1 + 1 b-tag + 2 b-tag
tt̄ 3274 1606 755 386 403 280
hadronic tt̄ 35 17 7 6 5 2
W+jets 1052 319 98 47 11 0.0
single top 227 99 25 19 19 10
Z→ ll +jets 84 23 3 2 0.5 0.0
W bb̄ 64 19 4 4 5 2
W cc̄ 26 9 3 0.7 0.1 0.0
W W 7 3 0.7 0.7 0.0 0.0
W Z 7 3 0.8 0.5 0.0 0.0
Z Z 0.7 0.3 0.1 0.0 0.0 0.0
Signal 3274 1606 755 386 403 280
Background 1497 495 143 84 42 14
S/B 2.2 3.2 5.3 4.6 9.6 20.1

top-quark in a cone of size ∆R < 0.2.
In Fig. 3 (b) the reconstructed three-jet mass after the W -boson mass constraint is presented. The

background is also shown.
Table 3 and 4 show the number of signal and background events in a 100 pb−1 data sample. To give

an indication of the signal purity in the top mass peak region, in the third column of Tables 3 and 4 we
give the number of events in a hadronic top mass region: 141 < mt < 189 GeV. Although not all signal
events are correctly reconstructed, in both the electron and muon analyses the purity of the signal in the
top mass window is close to 80%.
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Figure 3: (a): Expected distribution of the three-jet invariant mass after the standard selection. The white
area represents the tt̄ signal in the muon channel. The dark shaded area is the combinatorial background
and the light shaded area represents the background contribution. (b): The same after the W -boson mass
constraint in a 100 pb−1event sample. Both plots are for the muon analysis.
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2.1.4 Selection variations: II

Additional ways to kinematically select top events other than the W -boson mass constraint, or to improve
the signal purity after having applied the W -boson mass cut itself, were explored. In the commissioning
phase, it can happen that the barrel calorimetry will be better calibrated than the forward one. Therefore,
it can be useful to apply the additional request that the three highest pT jets are all at |η | < 1. The
reconstructed top mass in this case is shown in Fig. 4.
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Figure 4: (a): Reconstructed top mass after W -boson mass constraint for the electron analysis. The
white area represents the tt̄ signal in the electron channel, while the three shaded areas corresponds,
going from the lighter to the darker, to the background from W -boson+jets, single top and all the other
background sources considered in the analysis. The distribution is normalised to 100 pb−1. (b): The
same distribution, but in addition requiring that the three highest pT jets are at |η |<1.

The centrality requirement applied after the default selection allows to reach the same signal-over-
background that one obtains after applying the W -boson constraint. Tables 3 and 4 show the signal-over-
background and signal efficiencies for the electron and muon analyses if the centrality requirement is
applied in addition to the W -boson constraint (fifth column).

Other variables were exploited as well, like the cosθ ∗ 1 and the total invariant mass of the event. In
the following no cuts on these variables are used in the analysis.

2.2 Determination of the cross-section

In this section two complementary methods to determine the tt̄ cross-section of the commissioning
analysis are presented. The first method estimates the tt̄ signal by performing a maximum likelihood
fit on the three-jet invariant mass distribution. The second is based solely on counting the number of
top candidate events that pass the selection, and subtracting all backgrounds in order to get the yield of
tt̄ events in the sample. The two methods are affected by different systematics. Whereas this counting
method needs all backgrounds to be properly addressed and normalised, it does not rely on a correct
reconstruction of the top quark. The peak-fit method is rather insensitive to background normalisation
and efficiencies, but requires a fairly well understood top mass peak.

1It is the angle that one jet forms with the direction of the incoming proton in the centre of mass of the event (it is expected
that the top decay products are emitted more centrally than the W -boson+jets and jets from QCD)
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2.2.1 Likelihood fit method

To extract the number of completely reconstructed tt̄ events (after having applied the default + W -boson
mass constraint selection) a maximum likelihood fit is performed to the three-jet mass distribution with a
Gaussian signal on top of the background described by a Chebychev polynomial, see Fig. 5. It has been
verified that the background model correctly describes the combined tt̄ combinatorial and background
distribution in the signal region by comparing the fitted background to the subset of events that are not
fully reconstructed signal as determined from truth matching information.
Using 10000 pseudo-experiments, based on the input from the full simulation Monte Carlo events, one
can extract the average fraction of signal events that pass all selection requirements and enter in the
peak (i.e., the fraction correctly reconstructed). The average number of events in the peak in the muon
analysis, i.e. correctly reconstructed semi-leptonic tt̄ (muon) events, in 100 pb−1 is 508 events as shown
in Fig. 5 (a). This corresponds to an efficiency of (4.23± 0.57)%. For the electron analysis this efficiency
is (2.73 ± 0.47)%.

The signal significance is defined using the likelihood ratio from two hypotheses: the presence of a
signal (a peak) and its absence (only the Chebychev polynomial). The amount of data needed to make
a statistically significant observation of the tt̄ signal depends on the amount of background. For low
luminosities, for example for 25 pb−1, the sampling fluctuations are too large and there is no typical
plot like the one of Fig. 3. To quantify the relation between signal significance, luminosity and the
amount of background, 10000 pseudo-experiments based on the full simulation distribution of the three-
jet mass as a function of the integrated luminosity, have been modelled and fitted. The expected statistical
significance is shown in Fig. 5 (b), where the yellow band is obtained by assuming the nominal level of
QCD W -boson+jets background, while the red one refers to the case when this background is multiplied
by two. .
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Figure 5: (a): Fit to the top signal. The Chebychev polynomial fit to the background is indicated by the
dotted line and the Gaussian fit of the signal events is indicated by the full line. (b): Distribution of the
expected statistical significance of the top signal in the peak as a function of the integrated luminosity
for two background scenarios. The yellow band is obtained by assuming the nominal level of QCD
W -boson+jets background, while the red one by assuming that this background is doubled.

To go from a fitted number of properly reconstructed hadronic top quarks to a cross-section, one
needs to correct for the event selection efficiency and the hadronic top reconstruction efficiency. The
statistical error is estimated from having simulated 100000 pseudo-experiments, applying the fluctuations
which are expected in 100 pb−1to both signal and background and fitting the peak in both the electron
and muon channels.

One of the biggest uncertainties is the correct modelling of the jet multiplicity distribution as it affects
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the fraction of tt̄ signal events that are correctly reconstructed using the algorithm described earlier. An
overview of the systematic uncertainties is given in [9].

2.2.2 Counting method

The tt̄ cross-section can be obtained by performing a counting experiment:

σ =
Nsig

L × ε
=

Nobs−Nbkg

L × ε
Nbkg, the number of background events estimated from Monte Carlo simulations and/or data samples,
is subtracted from Nobs, the number of observed events meeting the selection criteria of a top-event
signature. This difference is divided by the integrated luminosity L and the total efficiency ε . The
latter includes the geometrical acceptance, the trigger efficiency and the event selection efficiency, and is
slightly dependent on mt . The advantage of using event counts in the commissioning phase is that, early
on, the Monte Carlo simulations may not predict the shapes of distributions very well.

In order to perform the counting experiment the Monte Carlo samples were divided into two, statisti-
cally independent: one which represents real data, used to obtain Nobs and the other one used as a Monte
Carlo to obtain both ε and Nbkg.

2.2.3 Systematic uncertainties

The main sources of systematic uncertainties are described in [9]. Some relevant points for the analyses
presented here are discussed for the case of the default selection plus the W -boson mass constraint. The
systematic uncertainty on the cross-section due to the luminosity determination, is factorised and men-
tioned as a separate uncertainty on the overall results. The event selection efficiencies have a nearly linear
dependency for jet energy scale variations, which affects the counting method directly. The hadronic top
reconstruction efficiency has an inverse dependence on the jet energy scale, caused by the algorithm that
picks the three-jet combination that are considered to be the hadronic top. If the jet energy scale is low-
ered, the jet multiplicity (and therefore the number of three-jet combinations) increases. The probability
that the algorithm picks the right combination generally decreases with the number of combinations to
choose from.

The effect of ISR and FSR parameter variations (chosen in such a way to maximise the effect on
the cross-section measurement) has been evaluated. For the uncertainties related to the PDFs, both the
uncertainty coming from CTEQ and MRST, have been considered and the largest one (coming from
CTEQ) has been used for the final systematics evaluation.

The main systematics uncertainties for the two analysis are listed in Table 5. For the likelihood
method a 5% change in jet energy scale causes a 2.3% (0.9%) change in the combined reconstruction
efficiency for the electron (muon) channel. The different jet multiplicity distributions affect not only the
event selection efficiencies (jet requirements), but also the overall efficiency of the hadronic top recon-
struction algorithm. A comparison between the two generators MC@NLO and ALPGEN has been made to
study these systematic effects. ALPGEN predicts 7% and 4% larger selection efficiencies in the electron
and muon channels respectively. For the overall efficiencies the values are 10.5% and 4.7% larger in the
electron and muon channel. However, these numbers were not added in the final result since there is
overlap with the ISR/FSR systematics. Systematics effects on the shape of the fit as well as the normali-
sation of the peak fit w.r.t. background is estimated with toy Monte Carlo’s. Deviations of 14.0 (10.4)%
for the electron (muon) channel are found, while the effect of changing the fit-ranges is negligible.
For the counting analysis the uncertainty arising from the Monte Carlo used to generate the signal pro-
cess has been taken into account as well. This has been done by comparing the cross-section obtained
applying the same analysis to tt̄ events generated with MC@NLO and with the ACERMC Monte Carlo.
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Table 5: Systematic uncertainties on the commissioning likelihood and counting method cross-section
measurement, in percent.

Likelihood fit Counting method (elec)
Source Electron Muon Default W const.

(%) (%) (%) (%)
Statistical 10.5 8.0 2.7 3.5
Lepton ID efficiency 1.0 1.0 1.0 1.0
Lepton trigger efficiency 1.0 1.0 1.0 1.0
50% more W+jets 1.0 0.6 14.7 9.5
20% more W+jets 0.3 0.3 5.9 3.8
Jet Energy Scale (5%) 2.3 0.9 13.3 9.7
PDFs 2.5 2.2 2.3 2.5
ISR/FSR 8.9 8.9 10.6 8.9
Shape of fit function 14.0 10.4 - -

The W -boson+jets normalization uncertainty has been evaluated using the Z-boson+jets sample as dis-
cussed in the general introduction of systematic uncertainties, but also varying the level of the expected
W -boson+jets level by 20%, 50% and even by a factor of two. For the final selection (including the
W -boson mass constraint) this corresponds to an uncertainty of 4%, 10% and 19% respectively. As
reference value to calculate the overall systematic error, the 50% case will be used.

2.2.4 Contributions of new physics

Many models of physics beyond the Standard Model contain new particles which couple to top-quarks.
For example, in a supersymmetric estension of the Standard Model (SUSY) these new particles are top
squarks [10] and in warped extra dimensions they are Kaluza-Klein resonances [11]. Since the new
particles are expected around the TeV scale, the typical cross-sections are of order a few pico barns and
hence one can expect a few hundreds new physics events in the first 100 pb−1 of data. In principle, these
new physics events could represent a significant background to the cross-section measurement. For new
physics models with much lower masses, e.g. low mass supersymmetry models, there will be many more
events: this case will be considered later on. Here the existence of a new particle V which decays only
into tt̄ p̃airs, V → tt̄ it is assumed. It is further assumed that this particle has a production cross-section
of 5 pb, so that 25/9 pb is the cross-section for the non-fully hadronic decays of V . As a model for V a 1
TeV Z’ is used. The efficiency for these events with respect to the default selection + the W -boson mass
constraint is roughly twice the one obtained for Standard Model tt̄ events, and the number of events
passing the selection will be of the order of 1% or less of the tt̄ events. Hence the new particle V will
not affect the cross-section determination significantly.

The predictions at several mSUGRA benchmark points [12] have been studied as well. The results
are shown in Table 6 and demonstrate that the expected signals are small. At specific parameter points
however, like SU4 [12], the cross-section is sizeable and the event topology is similar to that from top
quark pairs which results in additional backgrounds as large as the total Standard Model background. In
Fig. 6 one can see that the shape of the SU4 supersymmetry signal in the top quark candidate three-jet
invariant mass distribution is very similar to that from the Standard Model background.

The separation of tt̄ events and these new physics signals is addressed in more detail in [12], dedi-
cated to searches for supersymmetry.
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Table 6: Expected number of events in a 100 pb−1 data sample at different stages of the analysis for
several event types: after trigger and event selection (left column), after a cut on the di-jet masses in the
top-quark candidate (middle column) and events with in addition to the di-jet mass cut a hadronic top
mass cut 141 < mt < 189 GeV(right column).

Electron analysis Muon analysis
Event type Trigger+Selection Trigger+Selection

W const. mt win W const. mt win
SU1 53 9 1 64 12 2
SU2 10 2 0.5 13 3 0.7
SU3 108 22 4 124 26 4
SU4 1677 541 155 2141 700 199
SU6 29 5 0.6 35 6 0.6
SU8 27 5 0.6 33 6 0.8
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Figure 6: (a): Expected distribution of the three-jet invariant masses among the top-quark candidates after
the requirement on the mass of the di-jet system in the electron channel in a 100 pb−1 event sample. (b):
Same distribution for the muon channel. The light histogram represents the Standard Model background.
i.e. the background from mSUGRA point SU4 is shown separately.

2.3 Implementation of b-tagging

The possibility to identify b-flavoured jets (b-tagging) will improve the signal to background ratio of the
selection. The b-tagging requirements are described in [9]. The number of “tagged” b-jets in the tt̄ ,
single top and W -boson+jet events which pass the default selection is shown in Fig. 7.

Tables 3 and 4 list the number of tt̄ and background events in the electron and muon channel which
survive the default selection plus the W -boson mass constraint, and the request of having one and only
one, or two and only two b-jets (column six and seven). For all these cases, the corresponding signal to
background ratios are given. Requiring one or two b-tagged jets improves the purity of the sample by
more than a factor of four, while the signal efficiency is only reduced by a factor of two.

In Fig. 8 the reconstructed three-jet mass is shown when one or two b-tagged jets are required for the
default selection (a) and for the default selection + the W -boson mass constraint (b). To reconstruct the
top mass, we find the three-jet combination with the highest possible pT , obtained by requiring that one
and only one of the three jets is a b-jet. The W -boson mass constraint can then be applied to the two jets
which are not b-tagged (among the three). If the three-jet combination chosen above is such that the two
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Figure 7: Number of jets tagged as coming from a b-quark in tt̄, single top and W -boson+jet events after
the default electron selection.

non-b-jets don’t combine to give a W -boson candidate, that event is rejected.
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Figure 8: (a): Reconstructed three-jet mass for tt̄ , single top and W -boson + jet events for the default
electron selection, requiring one or two jets tagged as coming from a b-quark. (b): Same distribution for
the default selection + the W -boson mass constraint and requiring one or two jets tagged as coming from
a b-quark.

The statistical error on the cross-section which is obtained by requiring one or two b-tagged jets is
4.5%. The systematic error due to the jet energy scale is in this case of 4.9%, while a wrong normalization
of the W -boson+jets background by a factor of 20%, 50% or even a factor two, brings a systematic error
on the cross-section of 3.4%, 4.7% and 6.9% respectively. A 5% relative error on the b-tagging efficiency
is expected from present studies for an efficiency of 50-60% and for a luminosity of 100 pb−1. The
resulting uncertainty on the cross-section turns out to be negligible. The undertainty on the mistag rate
is assumed to be of the order of 50%.

2.4 Results

With the first 100 pb−1of data, we can observe a tt̄ signal and determine its production cross-section.
This will be determined with a number of methods and we expect to reach the following accuracies (for
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the default selection with the W -boson mass constraint, using electron and muons):

Likelihood method: ∆σ/σ = (7(stat)±15(syst)±3(pdf)±5(lumi))% (1)

Counting method: ∆σ/σ = (3(stat)±16(syst)±3(pdf)±5(lumi))% (2)

2.5 Differential cross-sections

We studied several differential distributions for tt̄ production. First, we present the momentum and
rapidity distribution of the hadronically decaying top quarks, after having applied the default selection
and the W -boson mass constraint. The results are shown in Fig. 9 (a) and (b).
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Figure 9: (a): Momentum distribution of the reconstructed three-jet mass for tt̄ , single top and W -
boson+jet events for the electron analysis. Right plot: Rapidity distribution of the hadronically decaying
top quark.

A more detailed study has been performed for the differential cross-section as a function of the tt̄
system mass, and for several double differential distributions as shown in the following sections.

The differential cross-section for tt̄ production can be measured as a function of the invariant mass
of the tt̄ system in the semi-leptonic channel (with no tau leptons in the final state). Such a measure-
ment provides an important check of the Standard Model and, at the same time, deviations from the tt̄
continuum could indicate the presence of new physics, for example new heavy resonances decaying into
a tt̄ pair [14].

The standard commissioning selection is applied and the momenta of the four jets with highest pT ,
the lepton and the best estimate of the Emiss

T vector are used as inputs to a least squares fit with the con-
straints that, in each event, the masses of both the W -boson and top-quark are consistent with 80.4 GeV
and 175 GeV respectively. The fit procedure is documented in [15]. The goal is to improve the measure-
ment of the reconstructed final state particles’ four vectors by incorporating the precise knowledge of the
masses of the W -boson boson and the top-quark. No b-tagging is used in this analysis and hence there
are 12 possible combinations to assign jets to the (anti-) top. All combinations were investigated and and
one was chosen: the assignment which returned the smallest weighted sum of squared residuals obtained
from the kinematic fit. A simpler reconstruction scheme obtains the tt̄ mass by deriving the leptonic
W -boson momentum from the lepton and missing energy momenta with the W -boson mass constraint
and then combining it with the momenta of the four highest pT jets.

The reconstructed mass distributions for the two methods are compared to the true di-top mass distri-
butions in Fig. 10 (a) for the non-hadronic signal. The true di-top mass distribution is in better agreement
with the result obtained by making use of the full event fitting technique.

13

TOP – DETERMINATION OF THE TOP QUARK PAIR PRODUCTION CROSS-SECTION

68

937



In this case, the expected mass resolution ranges from 5% to 9% between 200 and 850 GeV. A
variable bin size of about twice the expected resolution is used to take such variation into account and
reduce bin-to-bin migrations. The di-top mass spectrum (dN/dmtt), reconstructed with the full event fit,
is shown in Fig. 10 (b) for the signal and the backgrounds studied. Backgrounds include: full hadronic
top, single top, W -boson+jets, Wbb̄ , Wcc̄ , inclusive Z-boson to leptons. The contribution from the
di-boson (WW ,WZ and ZZ) backgrounds is negligible.

[GeV]tM_t
0 200 400 600 800 1000 1200 1400 1600

 (1
/3

0.
0G

eV
)

t
1/

N 
dN

/d
M

_t

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004
True di-top mass

Reconstructed di-top mass

Full event fit

(a)

ATLAS

Mass[GeV]
500 1000 1500 2000 2500 3000

Ev
en

ts
/b

in

10

210

310

Mass[GeV]
500 1000 1500 2000 2500 3000

Ev
en

ts
/b

in

10

210

310
tNon Hadronic t

W + light jets 

Single top

Other backgrounds

(b)

ATLAS

Figure 10: (a): Normalised di-top mass distribution for the more complex (dashed line) and the simple
reconstruction (dotted line). The normalised true di-top mass is also shown for reference (solid line).
(b): Expected reconstructed di-top mass distribution after all cuts for signal and studied backgrounds,
normalised to 100 pb−1.

2.5.1 Double differential cross-section as function of pT and y

The double differential cross-section for tt̄ production is sensitive to possible new physics beyond the
Standard Model, e.g. extra dimensions based on studies of the top quark spin correlation [13], which
depends on the knowledge of the top quark’s momentum. A measurement investigates the decay products
of the top quark in its rest frame and therefore good knowledge of its pT and y as defined in (3), for a top
quark of energy E and longitudinal momentum pz, is needed.

y =
1
2

ln
(

E + pz

E− pz

)
(3)

Theoretical predictions can be found in [4]. Here we present a feasibility study which, since the
neutrino momentum cannot be directly measured, concentrates on the reconstruction of the hadronically
decaying top quark in semileptonic tt̄ events. Since in this case a high purity is needed, the default
event selection is tightened by requiring exactly two b-tagged jets. The reconstruction of the hadronic
top quark proceeds as follows: all possible combinations of two non-b-tagged jets with 60 GeV< m j j <
100 GeV are selected as W -boson candidates. The nearest b-tagged jet for every W -boson candidate is
found. The combination with the highest transverse vector sum momentum is then taken as the recon-
structed hadronic top quark. This results in a purity of well reconstructed top quarks of 45%. The main
background is due to combinatorics.

Figure 11 shows the reconstructed double-differential distribution of the hadronic top scaled to an
integrated luminosity of 1 fb−1. In (a) the truth distribution of the tt̄ signal is presented, while in (b)
the distribution of reconstructed hadronic top-quarks is shown. In this distribution the contribution of
background (from single top, W -boson + jet, Wbb̄ and Wcc̄), which is very small after the requirement
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Figure 11: (a): Distribution of pT and y of hadronically decaying top quarks calculated by MC@NLO.
(b): Reconstructed distribution of pT and y of hadronically decaying top quarks from fully simulated
samples scaled to an integrated luminosity of 1 fb−1.

of two b-tagged jets, has been added. After such a selection, the number of expected events limits the
region of interest to |y| < 2 and 50 GeV< pT < 280 GeV. 1 fb−1 is a reasonable statistic which allows
to fill a significant number of bins with an appropriate statistical error. A lower integrated luminosity
of 100 pb−1 would increase the statistical error of the bin contents at the edge of the interesting area
from 10% to approximately 30%, which would limit the measurement to a smaller phase-space. The
systematic uncertainties of this feasibility study are expected to be small and under control.

The potential to determine the double differential cross-section of tt̄ events decaying semileptonically
has been estimated. The phase space can be determined with an average efficiency of 3.98±0.04% and
a peak efficiency of 8% near the central rapidity region and for pT ≤ 140 GeV.

The main systematic uncertainties for this study will come from the jet energy scale and from the
initial and final state radiation: each source contributing with an uncertainty of the order of± 15% in the
central region.

3 Di-Lepton channel

In this section the determination of the tt̄ cross-section where both W -bosons decay leptonically is pre-
sented. This measurement depends crucially on the correct identification of leptons. We proceed by
investigating the channel with two electrons, one electron and a muon, and two muons in the final state.
Final states with tau leptons are not studied here. The determination of the cross-sections is performed
with a simple ‘cut and count’ method, a template method and a likelihood fit.

3.1 Event selection

The di-lepton sample is expected to be triggered with high efficiency using a combination of single-lepton
and di-lepton triggers [7]. The overall trigger efficiency for the electron-muon channel is (97±1)%, for
the two electron channel it is (98±1)% and for the two muon channel it is (96±1)%. Due to the trigger
OR condition between the channels and the high statistics available for efficiency measurements, the
uncertainty is small.

The offline selection of di-lepton events is based on the identification of leptons as described in the
introductory section. Two high-pT opposite signed leptons, i.e. two electrons, two muons, or one electron
and one muon, are required. These requirements define the preselection sample and additional selection
criteria are imposed depending upon the tt̄ cross-section extraction method. The expected number of
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events produced after the preselection cuts of two isolated opposite charged leptons is shown in Table 7.
None of the selections makes use of b-tagging.

Table 7: Simulated Monte Carlo samples and expected events produced for 100 pb−1of integrated lumi-
nosity. Cross-sections σ are at least Next-to-Leading Order total cross-sections, and σeff are the effective
Monte Carlo cross-sections including generator level filter efficiencies (reported in the ”Filter(%)” col-
umn). The last three columns show the number of preselected events after requiring two opposite signed
leptons.

Sample σ (pb) Filter(%) σeff(pb) eµ ee µµ
tt̄ (di-lepton) 833 7(2l) 55 699 312 381
tt̄ (semi-leptonic) 48(1l) 397 31 20 8
Z→ e+e− 2015 86 1733 5 37418 0
Z→ µ+µ− 2015 89 1793 153 0 51139
Z→ τ+τ− 2015 5 101 249 101 159
W → eν 20510 63 12920 42 69 0
W → µν 20510 69 14150 152 0 40
WW 117 35 41 76 32 44
WZ 48 29 14 6 41 52
ZZ 15 19 3 1 25 31
single top 324 31 99 5 3 2

3.1.1 Lepton identification and isolation

The inclusive di-lepton selection requires at least one of the electrons to be identified with the ‘tight-
electron’ algorithm2 to improve the fake lepton rejection.

One of the major backgrounds in this channel is given by semi-leptonic tt̄ events where the second
lepton candidate is faked by a jet. A requirement on the isolation of the electrons lowers this background
substantially. Fig. 12 (a) shows the distribution of the variable Σ∆R<0.2ET , defined to be the energy
deposited in a hollow cone with radius ∆R of 0.2 around the electron candidate. The figure shows this
variable for reconstructed electrons in the semi-leptonic tt̄ background sample which are close to a
monte carlo truth electron (∆R < 0.1 to a truth electron from the W -boson decay) and for reconstructed
electrons with ∆R > 0.1. With the requirement Σ∆R<0.2ET < 6 GeV, the signal is reduced by only ∼ 4%
whereas the semi-leptonic tt̄ background is reduced by a factor of two.

Two cuts are used to select muons from W -boson decays while simultaneously rejecting muons from
b-jets. The first cut selects the muon candidate with tracks in the muon spectrometer that match best with
tracks in the inner detector. Additionally it is required that the muon is not closer than ∆R < 0.2 to a jet,
otherwise the muon is removed.

Fig. 12 (b) shows the distance of muons to the closest jet in the event. Muons that are close (∆R < 0.2)
to a monte carlo truth b-quark are separated from muons that are close to a monte carlo truth muon
(∆R < 0.1). A ∆R cut of 0.2 removes the muons that do not originate from the W -boson decay. This
requirement reduces the semi-leptonic tt̄ background by ∼ 25%, whereas the signal is reduced by only
0.8%.

2The tight-electron algorithm makes full use of the TRT information as described in Ref. [16].
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Figure 12: (a) The Σ∆R<0.2ET variable for reconstructed electrons of the semi-leptonic tt̄ background, in
black are electrons matched to truth electrons, in white otherwise. (b) ∆R from a muon to the closest jet
in the semi-leptonic tt̄ sample. In white are muons matched to truth muons, in black are muons that are
close to a b-quark.

3.2 Backgrounds

The backgrounds to the tt̄ di-lepton signal can be classified into two main categories: prompt leptons
originating from an electroweak decay, or non-isolated non-prompt leptons and jets that are falsely iden-
tified as leptons mainly originating from QCD jets.

For the estimation of the electroweak backgrounds we use Monte Carlo samples, as shown in Ta-
ble 7. For the same-flavour Drell-Yan processes we made an exception, as the size of this contamination
depends on the determination of the Emiss

T which is difficult to model. As a default we use the shape
of the Emiss

T distribution for events with a di-lepton mass inside a window around the Z-boson mass, to
correct the shape of the Emiss

T distribution in the Monte Carlo. The same correction factor is used for
Drell-Yan processes with di-lepton invariant masses outside the Z-boson mass window.

The backgrounds from fake leptons are estimated from the QCD dijet samples. These estimations of
fake leptons are subsequently applied to all objects that can lead to fake leptons (e.g. jets) in the inclusive
single electron or muon samples.

3.3 Cross-section measurement

As mentioned, three methods to determine the cross-section for the di-lepton channel are presented. The
di-lepton channel profits from having smaller backgrounds and systematics and the methods are comple-
mentary to each other. The robust ’cut and count’ method can be replaced with the more sophisticated
template and likelihood method with increased accumulated data.

3.3.1 ‘Cut and count’ method

A ‘cut and count’ analysis is the most straightforward method to determine the cross-section. It can
be used as the basis and reference for the more elaborate likelihood methods and act as a cross check
between the different approaches.

The selection criteria are defined to maximise the efficiency ε and the purity p at the same time. The
figure of merit is the product

ε× p ∝
S√

S +B
= s

which is referred to as significance.
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Figure 13: (a) Di-lepton mass in signal, semi-leptonic tt̄ and Z→ `+`− events. (b) Distribution of the
Emiss

T for signal and various backgrounds, normalised to 100 pb−1

.

The variables that best characterise the signal events are the transverse momenta of the two leptons
and the two jets, as well as the missing transverse energy. The jet momenta are high since they originate
from the b-quarks, not present in the prominent background processes Z → `+`− or dibosons→ `+`−

(WW , WZ and ZZ). A large amount of missing transverse energy is expected in signal events due to the
two escaping neutrinos. In addition a veto on events with a di-lepton invariant mass around the Z-boson
mass is applied. Fig. 13 (a) shows the di-lepton mass distribution in Z→ `+`− events. Most of the events
are found to have an invariant mass between 85 and 95 GeV. In the case of the Z → τ+τ− events the
peak is shifted and broadened, since the visible leptons do not come directly from the Z-boson. Also
the neutrinos from the τ decay add to the missing transverse energy. It is therefore expected that this
background will be dominant, although the branching ratio for both τ’s decaying leptonically is only
∼ 9%. The optimal selection was found from a multidimensional scan of the significance s. Exactly two
leptons are required and at least two jets. The requirements on the lepton and jet transverse momenta and
on the Emiss

T is then varied from 20 to 60 GeV. Finally, the cuts with the maximum significance are used
to evaluate the cut and count performance.

As a result, the multidimensional scan indicates that the values of the preselection requirement of 20
GeV for the two leptons and for the two jets with the highest transverse momentum already maximise the
significance. One additional cut is imposed: the Emiss

T is required to be at least 30 GeV for a selection of
two leptons (all sub-channels together), at least 20 GeV for the eµ decay channel and at least 35 GeV for
the same flavour lepton channels. The distribution of the missing transverse momentum for the signal
and the background samples is presented in Fig. 13 (b). The efficiencies, signal over background ratios
and the significance for an integrated luminosity of 100 pb−1 are shown in Table 8.

The cross-section is derived from:

σ =
Nsig

L × ε
=

Nobs−Nbkg

L × ε

To evaluate the statistical uncertainty on σ , the error on Nobs is taken to be Gaussian assuming it will be
measured in the data. The error on Nbkg is calculated here from Monte Carlo and scaled to the desired
luminosity. The relative error on the efficiency ε (the product of geometrical acceptance and selection
efficiency) here is also calculated from the Monte Carlo. The expected statistical error on the cross-
section measurements for different integrated luminosities is given in Table 9. In data the efficiencies
regarding leptons will be estimated from Z data events using tag and probe. Also the rates of backgrounds
containing misidentified leptons can only be measured in data reliably.
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Table 8: Number of events which survive the optimised selection criteria for signal and background
samples, scaled to a luminosity of 100 pb−1.

dataset e µ ee µ µ all channels
tt̄ (di-lepton) 555 202 253 987
ε [%] 6.22 2.26 2.83 11.05
tt̄ (semi-leptonic) 24 11 4 39
Z→ e+e− 0.0 9 0.0 20
Z→ µ+µ− 5 0 51 79
Z→ τ+τ− 17 4 6 25
W W 6 2 2 10
Z Z 0 0.2 0.4 0.9
W Z 1 0.6 1 3
W → eνe 7 7 0.0 14
W → µνµ 25 0.0 7 33
single top Wt 0.7 0.5 0.0 1
single top s-chann. 0.0 0.0 0.0 0.1
single top t-chann. 2 0.8 1 4
Total bkg. 86 36 73 228
S/B 6.3 5.6 3.4 4.3

Table 9: Expected statistical error on the cross-section determination for the cut and count analysis for
different luminosities.

Luminosity [pb−1] 10 100 1000
∆σ/σ eµ 14.1 % 4.5 % 1.5 %

ee 23.7 % 7.6 % 2.6 %
µµ 22.5 % 7.6 % 3.6 %
All channels 11.0 % 3.6 % 1.5 %

3.3.2 Inclusive template method

The inclusive template method is based on the observation that the three dominant sources of isolated
leptons which can be selected in the eµ channel are tt̄, WW and Z→ ττ . However, these three processes
can be separated looking at the two-dimensional plane spanned by Emiss

T and number of jets, as shown in
Fig. 14. Table 7 shows that there might be instrumental effects that introduce non-prompt non-isolated
or falsely identified leptons, primarily in single W -boson and Drell-Yan decays to muons. These non-
prompt non-isolated or falsely identified leptons can weaken the separation of the templates if their
contribution is too large. To reduce this effect we add a ‘tight-electron’ requirement on one of the
electrons. Signal sensitivity and robustness against systematic uncertainties are improved by adding also
the ee and µµ channels. In the µµ channel we reject events where the Emiss

T is aligned along any of the
reconstructed muons. To further reduce the Drell-Yan background in the ee and µµ channels a Emiss

T > 35
GeV cut and a Z-veto are added in those channels. The estimated number of events remaining after these
additional background rejection cuts are shown in Table 10.

By constructing normalised 2D templates for each channel we determine the relative size of the tt̄,
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Figure 14: Monte Carlo eµ templates spanning the plane Emiss
T and number of jets for tt̄ (a), WW (b)

and Z→ ττ (c).

Table 10: Estimated number of events remaining after the background rejection cuts used in the inclusive
template analysis.

Sample eµ ee µµ
tt̄ (di-lepton) 516 213 178
tt̄ (semi-leptonic) 12 11 2
Z→ e+e− 3 9 0
Z→ µ+µ− 9 0 18
Z→ τ+τ− 151 10 2
W → eν 35 28 0
W → µν 11 0 11
WW 57 17 19
WZ 5 3 2
ZZ 1 1 1
single top 3 1 1

WW and Z→ ττ contribution by performing a binned log likelihood fit to pseudo-experiments. To en-
sure a fit with a pull distribution compatible with a Gaussian with zero mean and unit sigma we relax the
template likelihood using nuisance parameters constrained to their expected errors. The nuisance param-
eters are: common acceptance and common background normalization for each final state. Bias from
potential new physics is avoided by adding one free parameter with an associated orthogonal background
template. Orthogonal in this context means that an additional background template does not introduce a
bias when only SM events are present in the pseudo-experiments. The fit has in total ten free parameters
including the tt̄, WW and Z→ ττ cross-sections.

Many different configurations of background templates are scanned and the template with the highest
probability is selected. For robustness, the fit is first performed in the eµ channel, and then the fitted
parameters are fed as start values into the full fit which includes all channels: eµ , ee and µµ . The result
from the full fit applied to pseudo-experiments including all systematics is shown in Fig. 15.

Systematic uncertainties enter in two ways: in the acceptance of the two leptons, and in the shapes
of the 2D templates exemplified in Fig. 14. The impact of the systematic uncertainties is estimated using
pseudo-experiments where all uncertainties and correlations, as discussed in section 3.4, are included,
except the luminosity. Note that the acceptance is by definition not affected by the jet energy scale,
but has a 2% uncertainty from QCD showering. The shape has a 2% uncertainty from QCD initial
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state showering, and 2% from the jet energy scale. QCD final state showering only comes from tt̄ and
is found not to have any measurable effects on the fit when all channels are included. The projected
significance versus integrated luminosity including all systematic uncertainties, except luminosity, is
shown in Fig. 15.
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Figure 15: (a) Total composition of the inclusive di-lepton selection versus number of jets. (b) Pro-
jected significance from pseudo-experiments for the inclusive template fit versus integrated luminosity
including all channels and all systematic uncertainties.

3.3.3 Likelihood method

The likelihood method uses the following log-likelihood function to extract the parameters Nsig and Nbkg
given the fixed total number of events Ntot and the measurements (xi):

L =−
Ntot

∑
i=1

ln(G[xi|Nsig,Nbkg])+Ntot

with
G(x) = Nsig×S(x)+Nbkg×B(x)

The multidimensional function G(x) is the sum of the functions S(x) which describes the signal
distribution and of B(x) that describes the background distribution. The functions are determined by
fitting Chebychev polynomials to the signal and background Monte Carlo distributions after the cut and
count cuts were applied in the variables |∆ϕ(lepton0,Emiss

T )| (∆ϕ between the highest pT lepton and the
missing transverse energy vector) and |∆ϕ|(jet0,Emiss

T )| (∆ϕ between the highest pT jet and the Emiss
T

vector). Fig. 16 shows one of the distributions and the solid line shows the fits to the distribution that are
used as S(x) and B(x).

The sum of the semi-leptonic tt̄ , Z→ `+`− and WW events are considered as background and added
up according to their cross-section to produce one single background distribution.

To estimate the error on the cross-section, ensemble tests were performed for different integrated
luminosities ranging from 10 pb−1to 1 fb−1. The relative statistical errors are presented in Table 11.

3.4 Systematic uncertainties

The systematic uncertainties have been evaluated according to the standard prescription [9]. In particular,
the lepton ID efficiency will be measured from data using Z-boson events and the uncertainty is expected
to be of the order 1%. The lepton trigger efficiency will be measured from data using Z events with an
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Figure 16: Distribution of ∆ϕ between the highest pT lepton and the Emiss
T momentum vector for (a)

signal, (b) background and (c) signal/background composition according to the ratio obtained from the
cut analysis.

Table 11: Expected statistical error evaluated from ensemble tests on the cross-section measurement for
the likelihood method for different luminosities. For 10 pb−1 the fits in the subchannels do not converge
well enough to give results.

Luminosity [pb−1] 10 100 1000
∆σ/σ eµ - 9.1 % 2.7 %

ee - 16.0 % 4.6 %
µµ - 7.8 % 2.5 %
All channels 18.2 % 5.2 % 1.7 %

Table 12: Uncertainties on the cross-section measurement for the cut and count and the likelihood meth-
ods.

cut and count method likelihood method
∆σ/σ [%] eµ ee µµ all eµ ee µµ all
CTEQ6.1 set 2.4 2.9 2.0 2.4 0.3 0.4 0.2 0.2
MRST2001E set 0.9 1.1 0.7 0.9 0.2 0.2 0.1 0.2
JES-5% -2.0 0.0 -3.1 -2.1 -5.4 1.1 4.9 8.3
JES+5% 2.4 4.1 4.7 4.6 7.8 3.9 -4.6 -4.4
FSR 2.0 2.0 4.0 2.0 0.2 0.4 0.0 0.3
ISR 1.1 1.1 1.2 1.1 2.5 1.8 0.0 1.7
parameters-1σ -3.0 -0.2 -2.1 -1.8
parameters+1σ 3.2 0.8 2.0 2.0

uncertainty which should also be of the order 1%. The lepton fake rate uncertainty is estimated from
dijet events, and during the initial phase of data taking we expect this uncertainty to be of the order of
50%. The systematic effect due to the uncertainty of the jet energy scale is investigated by scaling the
reconstructed jet energies by ±5%. The value of the Emiss

T is rescaled accordingly. The initial and final
state radiation was investigated and the results are summarised in Table 12 as well.

For the likelihood, the fit parameters of the Chebychev polynomials were varied by 1 σ at the same
time in the same direction. The results can be seen in Table 12.
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The reweighting technique, to assess the systematic uncertainties from parton densities is also de-
scribed in Section [9]. To cross-check the technique ATLFAST samples with different PDFs were used.
For the cut and count method the efficiency using MRST PDFs is larger than the efficiency using CTEQ
PDFs. Table 12 summarises the changes in the selection efficiency. For the cut and count analysis this
directly translates into an uncertainty on the cross-section determination. For the likelihood method the
reweighted events were used to fit the Nsig and Nbkg to the templates which were generated with the
unmodified fully simulated events.

3.5 Contribution of new physics

Many models of physics beyond the Standard Model can have a significant branching ratio to the di-
lepton final state. In particular the ’cut and count’ method is sensitive to these potential contributions. In
some SUSY scenarios the contribution can be as large as one-third of the total tt̄ signal. This indicates
how crucial it is to include all final states in order to verify the global consistency of the tt̄ cross-section.
The template/likelihood methods are able to consider more distinctive tt̄ event properties and can be
made much more robust against non-Standard Model sources.

Data-driven methods which consider the full kinematics of the di-lepton tt̄ system can further help
to disentangle new physics, as described in other notes [12] of this volume.

3.6 Results

The final results in percent for the combined di-lepton channels for an integrated luminosity of 100 pb−1

are summarised here

Cut and Count method: ∆σ/σ = (4(stat)+5
−2(syst)±2(pdf)±5(lumi))% (4)

Template method: ∆σ/σ = (4(stat)±4(syst)±2.(pdf)±5(lumi))% (5)

Likelihood method method: ∆σ/σ = (5(stat)+8
−5(syst)±0.2(pdf)±5(lumi))% (6)

4 Discussion and outlook

In this note we have demonstrated that ATLAS will be able to reliably determine the tt̄ production
cross-section already from the startup period of LHC. We have determined this cross-section for the tt̄
system decaying both into a single electron or muon with associated jets, or two electrons or muons with
jets. For the single-lepton mode, we have investigated robust selection criteria that do not depend on the
b-quark tagging. For the di-lepton channel various complementary channels have been investigated.

With only 100 pb−1 of accumulated data, we have shown that we can observe the top-quark signal
and measure its production cross-section. Various methods have been presented and the corresponding
uncertainties studied. Apart from the luminosity uncertainty, the overall uncertainties are of the order of
(5-10)% and are dominated by systematics. Consistency between the methods constrain contributions of
new physics as they affect the various methods differently.
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Prospect for Single Top Quark Cross-Section Measurements
Abstract
At the LHC, the single top quarks will be produced at a third of the rate of
top quark pairs. With more than two million single top quark events produced
every year during the low luminosity run, a precise determination of all con-
tributions to the total single top quark cross section seems achievable. Com-
parison between the measured cross section and the theoretical prediction will
provide a crucial test of the Standard Model. These measurements will lead to
direct measurement of V tb at the few percent level of precision, and constitute a
powerful probe for new physics, via the search for evidence of anomalous cou-
plings to the top quark or the measurements of additional boson contributions
to single top quark production.

The single top quark production mechanism proceeds through three different
sub-processes resulting in distinct final states, topologies and backgrounds.
Given the level of backgrounds affecting the individual selections and the im-
portance of the systematic uncertainties, the use of sophisticated methods ap-
pears mandatory to unambigiously observe each process and determine pre-
cisely the corresponding cross sections. This report presents the methods de-
veloped to optimize the selection of single top quark events in the three chan-
nels and establishes the ATLAS potential for the cross section measurements
for the early data period and for a 30 fb−1 low luminosity run.

1 Introduction

The top quark is one of the key particles in the quest for the origin of particle mass. In particular the
electroweak interaction of the top quark is sensitive to many types of new physics. The electroweak
production of top quark leads to a final state of a single top quark plus other particles. The production
cross section is sensitive to contributions from new particles such as new heavy bosons W′ or charged
Higgs bosons H±. Other processes such as flavor-changing neutral currents also result in a single top
quark final state [1]. Furthermore, single top quark production is an important background to many
searches for new physics.

The D0 [2] and CDF [3] collaborations at the Fermilab Tevatron reported evidence for single top
quark production and a first direct measurement of the CKM matrix element Vtb. This involved advanced
analysis methods to extract the small single top quark signal out of the large backgrounds. The Tevatron
experiments will collect several fb−1 of data, and expect to not only observe single top quark production
at the 5 sigma level but also separate two different production modes: the s-channel and the t-channel.
However, the single top quark production cross section is small at Tevatron energies and single top quark
measurements will be limited by statistics.

At the LHC, the number of signal events is not a problem anymore. The LHC will not only be a
strong interaction top quark factory but will also produce several million single top quark events. The
cross section for all three modes of single top quark production as well as the CKM matrix element
Vtb can be measured with high precision [4]. Once the single top quark signal has been established,
detailed measurements of the process will follow, for example of the top quark polarization, ratios of
cross sections, and charge asymmetries. Searches in each of the single top quark channels are sensitive
to new physics even before the Standard Model single top quark signal is found. The D0 collaboration
has published limits on W′ boson production and flavor changing neutral currents [5, 6].
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This paper describes the cross section measurements for the three single top quark production modes
and is organized as follows: the single top quark phenomenology is introduced in Section 2. All studies
are based on a common event preselection, presented in Section 3. The prospects for the cross section
measurements for the t-channel, s-channel and Wt-channel are then presented in Sections 4, 5, and 6.
Finally, we summarize our conclusions in Section 7.

2 Phenomenology and strategy for single top quark analyses in ATLAS

In the Standard Model single-top quark production is due to three different mechanisms: (a) W-boson
and gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel as a
whole (b) associated production of a top quark and a W-boson, indicated as Wt-channel, and (c) s-
channel production coming from the quark anti-quark annihilation. Among those channels, the dominant
contribution comes from the t-channel processes which account for 246+12

−12 pb [7, 8]. The Wt-channel
contribution amounts to 66± 2 pb [9] while the s-channel mode is expected to have a cross section of
11± 1 pb [7, 8]. The cross sections are calculated at the next-to-leading Order (NLO) with an input
top quark mass of 175 GeV. A 4.3 GeV uncertainty on the top quark mass is included in t-channel
and s-channel cross section uncertainties, while the Wt-channel uncertainty includes strong energy scale
variations only.

In the Standard Model, the top quark is assumed to decay almost exclusively into a W-boson and a b
quark. The W-boson can then decay leptonically or hadronically. In the following, when discussing the
analysis strategy in the s- and t-channels, only the leptonic decays of the W-boson are considered (lνbb̄
and lνbb̄q final states, respectively)1. For the associated production (Wt-channel), only the modes where
a lepton originating either directly from the W-boson produced together with the top quark or from the
top quark decay are used. The τ decay modes are included in all relevant samples and treated as a signal
for leptonic τ decays, since the signal selection is aimed at electron and muon signatures.

Top quark pair production constitutes a dominant background to single-top quark events. The LHC
total production cross section computed at NLO with next-to-leading logarithmic resummations is σ(tt̄)=
833± 100 pb [10] [11], about 3 times larger than the single top quark cross section, and more than 80
times that of the s-channel. Given the fact that single top quark final state topology is characterized
by one high pT lepton, missing energy and jets, tt̄ production represents a significant background in
its lepton+jets decay mode, i.e. when one of the W’s decays leptonically and the other hadronically
(tt̄→ lνbjjb), with a final state containing two jets from the hadronization of b quarks and two jets from
light quarks, a high pT lepton and missing energy. The “dilepton” channel (tt̄→ lνblνb) where a lepton
is lost in acceptance also constitutes a major background. Finally, top quark pairs with one or both W-
boson(s) decaying into a τ lepton where the τ decays into an electron or a muon, may also survive the
selection.

W+jets events constitute another major source of background because of a cross section several
orders of magnitude above the one of the single top quark production. The Leading Order (LO) Alpgen
[12] generator with the HERWIG [13] parton shower algorithm was used for the generation of W+jets
and Wbb̄+jets events in this analysis. The corresponding LO cross-sections have also been used. A
20% uncertainty on the W+jets and Wbb̄+jets cross-sections is considered in the following. WW and
WZ diboson processes were also studied using samples generated with the HERWIG generator. The
corresponding cross-sections are reported in [10].

While QCD dijet and multijet processes do not have features of the signal, they contribute to the
background due to their overwhelming cross section and small but finite rate of object misidentification.

1The hadronic decay modes have obvious disadvantages for triggering and the lack of lepton signature increases the back-
ground significantly.
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The estimation of this background needs to be done using data-driven methods and has been studied
using full simulated dijet events generated with PYTHIA [14].

3 Single top quark event preselection

The three production modes of single top quark events are characterized by similar features that motivate
a common set of preselection criteria. This preselection, which classifies the events according to exclu-
sive electron and muon selections, is also aimed at reducing the level of three types of processes which
constitute the main backgrounds to single top quark analyses: the top quark pair production, the W+jets
and the QCD events.

3.1 Triggering and event preselection

The triggers for single top quark events rest upon the use of the inclusive isolated electron and muon
triggers. Their design and performance for the three levels of trigger are presented extensively else-
where [15]. Triggering efficiency is 84±1% overall for top pair quark events. Only mariginal differences
are seen in single top events. Note that for fast simulation samples like W+jets datasets, where no trigger
information is available, a trigger weight derived from turn on curves established on tt̄ events is applied
to every event.

Selected events must have at least one offline high pT isolated lepton in the central region with
|η | ≤ 2.5. The isolation criterion requires that the energy in a cone of ∆R= 0.2 around the lepton direction
be less than 6 GeV and is important for the rejection of QCD background in which a jet can fake an
electron or a muon [10]. Muons and electrons are required to have a transverse momentum greater
than 30 GeV ensuring that the trigger efficiency is on the plateau and hence less sensitive to trigger
uncertainties. Finally, the sign of the highest pT lepton gives the flavor of the decaying top quark.

The event must then pass a second isolated lepton veto cut, applied to any lepton with a pT above
10 GeV and in the pseudo-rapidity region |η | ≤ 2.5 in order to reduce contamination from dilepton
backgrounds. The rejection of tt̄ events in the dilepton channel is increased by a factor 2.5 as this
requirement is applied. The impact on the signal efficiency is limited, with a loss of 3.6% in both the s-
and t-channel and 2.7% in the Wt-channel.

Events are preselected if at least two jets are reconstructed with a pT above 30 GeV in the pseudo-
rapidity region |η | ≤ 5.0. The tt̄ production being the dominant background to single top quark analyses,
the use of a jet veto appears mandatory. The event jet multiplicity is thus further required to be lower or
equal to four, where the extra jets must be reconstructed with pT above 15 GeV. It is important to keep
this threshold as low as possible, since lowering the veto pT threshold from 30 to 15 GeV results in a
rejection of tt̄ events increased from 5 to almost 10. Among those events, the l+jets decay modes are
the most sensitive to such a requirement with a rejection rate that is doubled compared to the 30 GeV
threshold. Dilepton events are less affected with a rejection rate going from 5 to 6.6. This requirement
results in a relative loss of 20 to 25% of the single top quark in the t- and Wt-channel channels and of
7% in the s-channel.

Among the highest pT jets, one at least must be b-tagged, have a pT above 30 GeV and be in the
central pseudo-rapidity region |η | ≤ 2.5. The b-tagging algorithms are described elsewhere [10]. A cut
on the b-tag weight corresponding to a 60% efficiency and a mistag rate of light jets of 100 [16] is used.
The mistag rates being small, we use an additional method to estimate backgrounds which do not contain
b partons in the final states but are present in the selected sample because of a cross section several orders
of magnitude above that of the signal. This is the case for the W+jets production. In those events, each
jet is assigned a tag weight based on the parametrization of the mistag rate as function of the jet pseudo-
rapidity and transverse momentum. The combination of all jets results in a weight assigned to the event
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to be considered as a “1 b-tag inclusive”, “2 b-tags” etc... event. Known as the “tagging rate function”,
this method, which applies on Monte Carlo events, improves the statistics in the distributions of such
events, while keeping a global normalization corresponding to the actual mistag rates [17].

Finally the transverse missing energy is required to be larger than 20 GeV. This criterion is consistent
with the leptonic decays of a W-boson while reducing the contamination from QCD events.

3.2 Preselection efficiency

Preselection efficiencies as well as event yield for an integrated luminosity of 1 fb−1 are reported in
Table 1. The single top quark efficiency ranges between 5 and 6% in the electron channel and between
5.5 and 7.5% in the muon channel respectively. These numbers translate into a total of approximately
5,000 and 4,200 single top quark events in the muon and electron channel respectively including τ decays.

The production of tt̄ events constitutes the dominant source of background to single top quark analy-
ses. The tt̄ events in the l+ jets (l = e,µ) modes are selected with an efficiency lower than 5%, resulting
in a total of 22,580 events. The τ + l (and ττ) modes also contribute significantly with about 6,000 ex-
pected events. Despite the use of a second lepton veto dilepton events, where a lepton escapes detection,
also contribute to the preselected sample significantly with about 4,000 events surviving the selection.
The production of W+jets events is also an important source of background, with about 13,000 events
in the preselected sample. However these events populate mostly the lower jet multiplicity bin and their
selection depends crucially on the mistag rates. The selection of Wbb̄+jets events results in about 1,000
events.

QCD events may also contribute to the selected sample of events. However, the requirements of the
presence of at least one isolated identified lepton and one jet tagged as a b-jet reduce very significantly
their level as discussed in [11]. Typically QCD background is expected to be smaller than the W+jets
background. Further rejection may be achieved by applying more restrictive requirements on the lepton
identification, or on the missing transverse energy and its correlation in φ with reconstructed objects like
leptons and jets [18]. The uncertainty on the remaining level of QCD background may be large. The
QCD background contamination in selected samples should preferably be monitored, for example by the
reconstruction of the transverse W-boson or top quark reconstructed masses [19].

3.3 Cross-section determination and systematic uncertainties

Specific selections have been defined for the t-, s- and Wt- channels analyses. A general procedure to
determine the cross-section on the selected samples and assess the errors associated to the measurement
has been defined and is common to all three single top quark analyses. The following expression is used
to calculate the cross section, σ :

σ =
Nsig

a×L
=

Ntot −B
a×L

, (1)

where Nsig and Ntot are the number of signal and all selected events respectively, B is the number of back-
ground events, a is the signal acceptance and L is the luminosity of the data sample. In the following
studies, these numbers are estimated using Monte Carlo samples only. Data driven methods are expected
be used to estimate specific backgrounds in the forthcoming data analyses.

The propagation of the errors into the cross-section has been done in a consistent way among the
three channels. They are combined and propagated to the measured cross section using a Monte Carlo
method, which randomly generates Ntot according to a Poisson distribution, and varies randomly B and
a for every systematic source by an amount chosen around its central value, according to a gaussian
distribution. This procedure is performed a few thousand times and the RMS of the resulting distribution
is interpreted as the total uncertainty.
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Table 1: Preselection efficiency, including trigger, for signal and background events. The
uncertainties come from Monte Carlo statistics only. The convention l = e,µ is used.

Process Muon channel Electron channel
ε(%) N(1fb−1) ε(%) N(1fb−1)

s-channel→ l 7.1±0.1% 166±3 5.8 ±0.% 136±3
s-channel→ τ 0.7±0.1% 8±1 0.5±0.1% 6±1
t-channel→ l 5.9±0.2% 3143±80 5.2±0.1% 2787±76
t-channel→ τ 0.6±0.1% 169±19 0.3±0.05% 92±14
Wt-channel→ l 6.8±0.1% 1314±27 5.6±0.1% 1091±24
Wt-channel→ τ 1.0±0.1% 93±7 0.8±0.1% 77±7

tt̄→ l+ jets 4.9±0.05% 11846±130 4.4±0.05% 10734±124
tt̄→ τ + jets 0.6±0.05% 757±34 0.5±0.02% 625±31
tt̄→ ll 5.8±0.1% 2257±58 4.6±0.1% 1762±51
tt̄→ l+ τ 7.9±0.2% 3055±66 6.7±0.2% 2595±61
tt̄→ ττ 1.6±0.2% 158±16 1.6±0.2% 151±15

Wbb̄+jets→ l or τ 2.6±0.05% 514±21 2.1±0.05% 424±19
W+jets→ l or τ 0.014±0.001% 7437±105 0.011±0.002% 5449±90
WW 0.3±0.04% 78±11 0.3±0.04% 65±10
WZ 0.6±0.04% 50±3 0.5±0.04% 39±3
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The total uncertainty is calculated using a common procedure as described in Section 4.2.3 in the
three individual analyses. The main sources of experimental systematic errors taken into account are
the b-tagging efficiency, jet energy scale, luminosity, for which central values are provided in the corre-
sponding sections. Theoretical uncertainties that have been considered are the errors on the background
cross-sections, as well as the impact of the uncertainties in the parton distribution functions and the
b-quark fragmentation in the selection efficiency. Note that we consider the errors as fully correlated
between signal and background for jet energy scale, b-tagging, and luminosity.

4 Measurement of the t-channel cross section

The t-channel is the most promising channel for single top quark observation at the LHC. It has the
largest theoretical cross section of the three channels and its event features give us reasonable visibility
of the signal according to the studies done so far [20]. In addition to the cross section measurement,
the t-channel single top quark is one of very few candidate channels for the Vtb and the top quark po-
larization measurements. It is hoped that these measurements will shed light on our understanding of
the electroweak symmetry breaking since these quantities have not been studied with high precision in
past experiments. Compared to tt̄ , the t-channel single top quark analysis suffers from a higher level
of background due to its lower jet multiplicity, which makes the selection sensitive to QCD and W+jets
backgrounds whose cross sections are several orders of magnitude higher than that of the signal. Thus,
while the signal production rate is not statistically limited at the LHC, a good strategy for signal extrac-
tion is required and a careful estimation of the background rate is necessary.
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Figure 1: Signal and background distributions of the b-tagged jet pT and multiplicity of jets with pT >
30 GeV after the t-channel selection.

4.1 Cut based event selection

After the common preselection, the contribution from the background is still high mainly due to W+jets
at the lower end of the kinematic distributions (such as in the jet pT spectrum) and tt̄ at the higher end.
The b-tagged jets coming from tt̄ and the t-channel single top quark tend to have high pT and to be located
more centrally since they mainly originate from top quark decays. On the other hand, b-tagged jets from
W-boson events are much softer as they primarily come from mistagged jets originating from extra gluon
radiation. Furthermore, the recoiling forward quark in the t-channel single top quark produces a high pT
light jet in the forward direction. This was found to be one of few features useful to reject tt̄ background
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events because light jets from the tt̄ events are typically initiated from hadronic W-boson decays and are
therefore more central. A cut on b-tagged jet pT > 50 GeV reduces the W+jets significantly, while a cut
on the hardest light jet |η |> 2.5 can reject tt̄ . Figure 1 shows the pT distribution of the hardest b-tagged
jet and the composition of the sample in terms of the jet multiplicity after the additional event selection.

Table 2 lists the number of preselected events, the number of events selected after the cut on b-tagged
jet pT and the number after the light jet η cut for the signal and the background processes. The signal
efficiency is 1.81% and the signal to background ratio after all selection is 37%. Note that the single top
quark τ decays are included in the signal count. By far the largest background contribution comes from
the tt̄ process; the l+jets top quark pair events contribute the most, although dilepton events have a higher
survival probability of 1.36% compared to 0.64% of the l+jets. W+jets is the second largest background
while the Wbb̄ contribution is relatively small. The s-channel single top quark contribution is almost
negligible and the diboson background is even smaller and therefore is not included in the table.

Table 2: Number of events selected after each cut in the t-channel analysis. The last column shows
the number of remaining events in the cut-based analysis at the integrated luminosity of 1 fb−1.
Note that the convention l = e,µ is used.

Process Preselected b Jet pT light jet η
ε(%) N(1fb−1) ε(%) N(1fb−1) ε(%) N(1fb−1)

t-channel 7.7% 6191±112 5.5% 4412±95 1.8% 1460±56
µ channel 4.1% 3312±83 2.9% 2352±71 0.9% 728±40
e channel 3.6% 2879±78 2.6% 2060±66 0.9% 732±40

s-channel 9.0% 316±5 7.0% 245±4 0.8% 26±1
Wt-channel 8.9% 2575±37 6.4% 1854±32 0.4% 122±9
tt̄ l+jets 9.3% 22580±176 7.3% 17775±158 0.6% 1556±48
tt̄ → l+ τ/τ + τ/τ+jets 4.3% 7342±104 3.4% 5776±93 0.4% 740±34
tt̄ → ll 10.4% 4018±75 8.1% 3143±67 1.3% 520±28
W+jets 0.025% 12886±138 0.012% 6082±95 0.0017% 873±36
Wbb̄ 4.7% 939±27 3.0% 597±22 0.4% 69±8
S/B 0.12 0.12 0.37
S/
√

B (σ ) 27.5 23.4 23.4√
S +B/S 3.9% 4.5% 5.0%

As seen in Table 2, a precision (
√

S +B/S) of 5% can be obtained after the final selection. Note,
however, that the selection cut does not optimize the precision nor the significance of the signal obser-
vation. From purely statistical arguments, the t-channel cross section can be measured to a few percent
accuracy with a few fb−1 of data.

In comparison to the previous study in the ATLAS physics TDR [20], which reported S/B a ratio of 3,
there is a significant apparent reduction in the event selection performance. The cut-based selection used
here is similar to that used in the TDR and we would have expected a similar result. Further investigation
revealed several issues with the TDR analysis. Firstly, Monte Carlo (MC) generators changed drastically
in recent years. PYTHIA introduced a new parton shower algorithm, which is much more radiative.
The matrix-element generator for the signal has also changed to AcerMC, which combines the NLO
diagram contribution to the LO ones as opposed to PYTHIA, which only uses LO. For the W+jets
background production, Alpgen is used because it is shown that it reproduces better the high pT tails of
jet distributions at the TeVatron [21], while Herwig was used in the TDR. In addition, the TDR analysis
did not include some of the crucial background processes, like dilepton tt̄ channels and τ decay modes
which are shown to contribute significantly in the present analysis. Therefore, the result of the TDR can
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now be seen as too optimistic.
Note that the presence of pile-up affects the reconstruction of the objects selected in the event. In

particular, the selection efficiency is directly affected by the presence of extra jets in the events. Specific
Monte Carlo samples of single top quark and tt̄ events have been produced with or without pile-up events
superimposed. The use of events with pile-up results in a decrease of about 25% for signal events, and
34% for tt̄ events. No systematic uncertainties will be associated with this value. The use of data will
be mandatory for the tuning of the pile-up modeling and the corresponding uncertainty is expected to be
brought down to a negligible value with respect to the other sources of error.

4.2 Systematic uncertainties

The systematic uncertainties have been evaluated following a procedure common to all three analyses.
This procedure is defined here and the results specific to all analyses are reported in the corresponding
sections.

4.2.1 Experimental systematic uncertainties

Various criteria need to be considered to assess the systematic effects as it depends on a number of
detector sub-components and theoretical assumptions. A general procedure has been defined to assess
all systematic errors in a consistent way for the three single top quark analyses. The estimate is shown
here for the t-channel analysis only.

The effect of the uncertainties on the measured cross section is summarized in Table 4. While the
statistical uncertainty is not a constraint for the t-channel cross section analysis even with the early data,
systematic uncertainties can only be reduced with detailed understanding of the detector performance
and theoretical uncertainties. The measurement in the t-channel is largely limited by such effects.

Table 3: Effect of b-tag and jet energy scale systematics. Numbers are
quoted from relative variation of selected event.

Process b-tag -5% b-tag +5% JES -5% JES +5%

t-channel -4.0% +4.8% -4.8% +5.0%

s-channel -5.2% +3.6% -6.6% +12.7%
Wt-channel -8.9% +8.9% -2.0% +6.9%
tt̄ -6.4% +6.8% -3.1% +5.9%
Wbb̄ -4.0% +8.9% -12.6% +12.7%
W+jets -1.6% +2.5% -9.9% +14.6%

Total bkgd. -4.6% +6.1% -4.8% +8.1%

The uncertainty in the b-tagging performance and jet energy scale can have crucial effects on the
measured cross section since we rely on jet kinematics to reduce the background. In particular, the
large background contribution from tt̄ can cause a large fluctuation on the total event rate with these
uncertainties, which leads to a large error on the cross section measured. The jet energy scale uncertainty
affects the pT distribution of jets strongly at the low end of the distribution. Cutting on pT in this region
can lead to a larger uncertainty on the signal acceptance. The effect of 5% variation of the b-tagging
performance has been considered together with the corresponding change in the mistag rate of non b-
tagged jets. The effect of a 5% change of the jet energy scale determination (JES) has also been evaluated
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on the efficiency. The impact of both effects on the selection is summarized in Table 3. It should be noted
that the Wbb̄ and W+jets backgrounds are more affected by the jet energy scale due to the fact that most
of the jets in these sample are in the low-pT region, which means that they are more likely to enter or
leave the acceptance as the scale is changed.

The uncertainty due to the trigger requirements has been estimated by computing the variation in
the signal and background rates resulting from a bias of 1% in the inclusive lepton trigger efficiency.
This corresponds to the expected level of precision derived from turn on curves determination with the
early data. Similarly, a 1% uncertainty in the lepton identification was considered and the corresponding
impact on the cross section measurement assessed. These two effects are expected to contribute to less
than 2% of the total uncertainty with 1fb−1.

Note that for all those results, the limited statistics of the Monte Carlo samples may result in fluctu-
ations in the variable distributions used to discriminate signal from background events. The uncertainty
associated to the low statistics is found to be 6-8% with W+jets being the largest cotrigger requirements.

4.2.2 Theoretical and Monte Carlo systematic uncertainties

Since the event selection relies heavily on the jet multiplicity, the number of additional jets from the
parton shower can affect the selection efficiency. To evaluate the effect of ISR/FSR uncertainty, two sets
of PYTHIA parameter variations were considered for comparison, which control the free parameters in
the underlying event, initial- and final-state radiation, showering, and multiple interactions. The varia-
tions were combined to maximize the variation in the number of selected events to give a conservative
estimate. The effect on the jet multiplicity is shown in Figure 2. It can be seen that the loose jet (pT
> 15 GeV ) distribution is affected more severely, which affects the selection efficiency due to the jet
veto cut. The parameter variation set that gave the largest uncertainty leads to an overall uncertainty in
the t-channel selection efficiency of −11% +7%, and is quoted as a systematic uncertainty.
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Figure 2: Variation in t-channel multiplicity for the loose (pT > 15 GeV, left) and the tight (pT > 30
GeV, right) jets due to ISR/FSR parameter variation. The distributions are shown without applying the
t-channel selection cuts. The jet veto cut (≤ 4 loose jets) and the requirement of b-tagged jet were also
removed for these plots to show the uncertainty over all multiplicities2. Black points are the nominal
entries while the mesh band shows variation from “3/4 jet parameter set” and the filled band shows
that of “2/3”, which are the two sets of parameter variations compared to study different jet multiplicity
events.

The uncertainty due to PDF was calculated using a re-weighting method together with error PDF
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sets provided by the PDF packages. While the event generation was done only for the central value PDF,
weights were calculated in each event according to:

w±i =
f1(x1,Q;S±i ) · f2(x2,Q;S±i )
f1(x1,Q;S0) · f2(x2,Q;S0)

, (2)

where, f1 and f2 are the PDF values for a given hard scattering process (characterized by flavors f
and momentum fractions x of the initial partons, and by Q, the event energy scale) evaluated for the ith

error PDF pair S±i . The variation in efficiency was calculated by applying an event selection similar to
the preselection cuts at the generator level. The variations in efficiency were added using the Hessian
formalism and the results from CTEQ and MRST PDF error sets [22] [23] were consistent. The effect of
the PDF uncertainty on the signal was evaluated to be +1.4% -1.1% and it is a minor contribution to the
final systematics. A larger effect of +6.2% -5.5% was seen on the tt̄ background. The PDF uncertainty
was estimated for the leading contribution from the tt̄ process only.

In addition to the above, the t-channel process has a fairly large uncertainty from MC generator pre-
dictions. Comparing various combinations of ME and PS generators, it was observed that the Pythia and
Herwig parton shower algorithms give significantly different jet multiplicities. While we assume that this
difference can be eliminated by tuning the parameters to the observed data3, the instability of theoretical
prediction from matrix element generators is an outstanding issue and a 4.2% variation in signal accep-
tance was seen by comparing AcerMC+Herwig and MC@NLO+Herwig. We quote this as an estimate
for systematic uncertainty from the theoretical prediction. In our present analysis, the background is es-

Table 4: Summary of all uncertainties that affect the measured cross section, shown for the cut-
based analysis and the BDT analysis. “Data statistics” represents the Poisson error one would
expect from real data

Source Analysis of 1 fb−1 Analysis of 10 fb−1

Variation Cut-based BDT Variation Cut-based BDT
Data Statistics 5.0% 5.7 % 1.6% 1.8 %

MC Statistics 6.5 % 7.9% 2.0 % 2.5%
Luminosity 5% 18.3 % 8.8% 3% 10.9 % 5.2%
b-tagging 5% 18.1 % 6.6% 3% 10.9% 3.9%
JES 5% 21.6% 9.9% 1% 4.4 % 2.0%
Lepton ID 0.4% 1.5 % 0.7% 0.2% 0.6 % 0.3%
Trigger 1.0% 1.7 % 1.7% 1.0% 3.6 % 1.7%
Bkg x-section 22.9% 8.2% 6.9 % 2.5%
ISR/FSR +7.2 -10.6% 9.8 % 9.4% +2.2 -3.2% 2.7 % 2.5%
PDF +1.38 -1.07% 12.3 % 3.2% +1.38 -1.07% 12.3 % 3.2%
MC Model 4.2% 4.2 % 4.2% 4.2% 4.2 % 4.2%

Total 45% 22% 22% 10%

timated from Monte Carlo and its normalization is currently estimated based on theoretical uncertainties.
When data will be available, the tt̄ and the W+jets backgrounds will be measured from data as well. It

3The current tunings of Pythia and Herwig parton shower weres obtained independently based on extrapolation from the
Tevatron data. [24]
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is beyond the scope of this paper to discuss methods for the data-driven background estimation and the
uncertainty from the background is currently estimated based on theoretical uncertainties.

4.2.3 Summary of uncertainties

A large part of the final uncertainty is due to the overwhelming amount of tt̄ background. For this
reason, the event selection optimized for statistical significance or statistical precision does not give the
smallest total uncertainty when systematics are included. Table 4 reports the uncertainties associated
the cross section determination. The total uncertainty is dominated by systematic effects related to the
background normalization. Reducing the background contamination to increase signal to background
ratio would help to minimize the systematic uncertainty. It is therefore desirable to further optimize the
selection beyond what can be achieved with simple cuts on the existing variables.

Note that for an analysis based on 10 fb−1, the table reports the expected performance assuming a
better understanding of the experimental aspects of the detection. Assuming a b-tagging efficiency known
with a precision of 3%, the jet energy scale determined at 1%, a luminosity known at 3% and a better
understanding of the background to the 3% level and the radiation modeling at 3%, a total systematic
uncertainty of 10% seems achievable for the BDT analysis.

4.3 Multivariate event selection

In the cut-based analysis no variable was found that was effective to reject the tt̄ background. One
commonly employed separation technique is a Multivariate Analysis (MVA), which effectively factorizes
the process of cut optimization using a set of rules for separating the signal from the background events.
In the present analysis, an attempt to eliminate the remaining background contribution from tt̄ makes use
of the Boosted Decision Tree (BDT) method [25] within the TMVA [26] framework. The sample used is
selected with the b-tagged jet pT cut selection, without applying the forward jet η cut. This cut is indeed
effective to reduce the tt̄ contribution but not very efficient. About 40 object/event level variables were
studied using a genetic algorithm, which scanned a large number of variable sets. Extensive studies of this
variable sets revealed that a small subset of the variables can achieve signal to background discrimination
close to what was achieved using all variables. This set was further refined so that the chosen variables
are not too sensitive to JES systematics:

• pT of the leading b-tagged jet and non-b-tagged jet;

• η of the leading non-b-tagged jet and cosθ of the leading jet;

• Centrality ( p jet0
T +p jet1

T
|p| jet0+|p| jet1 );

• Scalar sum of the pT of the two highest energy jets, the transverse missing energy /ET, and the
lepton pT;

• ∆R between the two jets with the highest transverse mometum

• ∆R between the leading jet and the lepton;

• ∆R between the leading non-b-tagged jet and the lepton;

• the lepton, and the W-boson transverse mass;

• η of the jet with largest |η |;

• the number of jets with pT > 30 GeV.
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Figure 3 (left) shows the BDT output discriminator constructed from the variables discussed above.
By cutting on a high value of the discriminator, the tt̄ background can be removed more effectively than
by cutting on individual input variables. Since the BDT was optimized for the tt̄ separation, as expected
the output is not effective against W+jets. It can be seen in the right figure that a high level of signal
purification is achieved using the BDT discriminator. We optimized the cut on the BDT output by min-
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Figure 3: Boosted decision tree output for signal and background after the b-tagged jet pT cut (left) and
leptonic top quark mass distribution using cut on BDT output at 0.6 (right).

imizing the final uncertainty on the measured cross section, including the systematic effects. For each
cut, the systematic uncertainties were calculated assuming that the relative systematic uncertainty stays
constant for each channel for each source of uncertainty. This is a fairly reasonable assumption consid-
ering that the relative uncertainty changes slowly with the cuts and the variables were chosen to avoid
larger systematics. For most cut values, the systematic effects are dominant and the total uncertainty is
reduced with increasing signal to background ratio. On the other hand, with very tight cuts the statistical
error becomes larger than systematics. The overall minimum was found to be at 0.6 where the signal to
background ratio is 1.3 and 542 signal events are left as shown in Table 5. The reconstructed top mass
distrubution after applying BDT selection is shown in figure 3 (right). The top mass was reconstructed
from the lepton, /ET and the highest pT b-tagged jet. The W-boson mass was constrained to be 80.4
GeV to obtain two solutions for neutrino kinematics and the one with the smaller pz was selected. The
statistical uncertainty is 5.7% while the total uncertainty is 22% as shown in Table 4.

Table 5: Final event yield after the cut on BDT discriminator at 1fb−1.

Process t-channel s-channel Wt-channel tt̄ W+jets Wbb̄ S/B
N(1fb−1) 542 3 15 184 201 10 1.31

4.4 Sensitivity at 1 fb−−−111 and the measurement of |||VVV tb|||
Although the estimated systematic uncertainty of the cut-based analysis is rather large (44.7%), it has
been shown that this can be reduced by rejecting the tt̄ background using boosted decision trees. The
total uncertainty decreases as the S/B ratio increases and the estimated uncertainty at 1 fb−1 is

∆σ
σ

=±5.7%stat ±22%sys =±23%. (3)
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The t-channel cross section is proportional to |fLV tb|2, where the parameter fL is the weak left-handed
coupling and fL = 1 in the Standard Model. In the theory predictions, the product |fLV tb|2 is always set
to unity. Thus, if one measures the cross section, and then divides by the theoretical cross section, one
obtains a measurement of |V tb|2, making the Standard Model assumption that fL = 1 [27].

The relative uncertainty on Vtb is the relative uncertainty on |V tb|2 divided by two since δ |V tb|/|V tb|=
δ |V tb|2/2|V tb|2. However, there are additional systematic uncertainties in the Vtb measurement due to the
presence of the theoretical cross section in the denominator. Here, we quote the uncertainty calculated
in [7], in which a theoretical uncertainty of +3.8 − 4.1% is reported including the contributions due
to the strong scale, PDF and top quark mass uncertainties. We use the average of the positive and the
negative uncertainties. Therefore, the estimated uncertainty on the measured value of Vtb is

∆|V tb|
|V tb|

=±11%stat+sys±4%theo =±12%. (4)

4.5 Summary

The cross section measurement of the single top quark t-channel was studied in this chapter. The charac-
teristics of the signal and background were investigated in detail and an analysis strategy was developed
first using simple cuts and then using boosted decision trees.

While a cut-based event selection can achieve a statistical precision of a few percent at an integrated
luminosity of 1 fb−1, the tt̄ background is difficult to reduce. This results in large systematic uncer-
tainties coming from both experimental and theoretical origins. Uncertainties in the jet energy scale,
b-tagging and luminosity all affect the measurement considerably. The uncertainty on the background
cross section is also rather large though we expect that it will be constrained at higher accuracy with
the data. This is also true for the QCD background, which is not included in our current analysis. The
results shown are obtained on samples without any pile-up and no systematic uncertainty was associated
to it. Data-driven background estimation methods should be developed once data is available. Among
the theoretical issues, the ISR/FSR uncertainty degrades the measurement more significantly than other
theoretical effects such as the PDF and the Monte Carlo generator model.

A multivariate background discrimination method is very effective in reducing the background and
thus reducing the total uncertainty to nearly a half of the cut-based analysis. We conclude that multivari-
ate analysis tools are highly effective for a t-channel cross section measurement and further studies of
these techniques will be very beneficial for the improvement of the analysis in the future. However, to
reach a precision at a few percent level, studies of systematic uncertainties and an excellent understanding
of the detector response will be necessary.

5 Measurement of the s-channel cross section

The measurement of the single top quark s-channel appears the most delicate of the three main single-
top quark processes. Suffering from a low cross section compared to the main backgrounds, the event
topology makes this channel very sensitive to the presence of both tt̄ and W+jets events. Because of
the low jet multiplicity of such events, the analysis is also expected to be sensitive to dijet production,
despite the tight requirements on the presence of at least two b jets. The s-channel is however one of the
most interesting because the production of tb final state events is directly sensitive to contributions from
extra W-bosons or charged Higgs bosons as predicted in two Higgs doublet model (2HDM) [28].

The event selection is presented in three steps. A first one makes use of a standard cut-based analy-
sis, and will serve as a reference with the early data. In a second step, likelihood functions designed to
improve the discrimination against specific backgrounds are presented together with the sets of discrim-
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inant variables that enter their definition. Finally, the selection criteria applied on those likelihoods are
defined so that the total uncertainty affecting the cross section determination is minimized.

5.1 Sequential cut analysis

After applying the common preselection described in Section 3, only two b-tagged jet events with pT
above 30 GeV are selected, and a jet veto is applied on any other jet with a transverse momentum above
15 GeV. This strong requirement is used to reject tt̄ events which represent the dominant background
to our signal at this stage. This set of requirements also reduces the W+jets and QCD multijet contam-
ination, since those events feature much softer b jets or no b jets at all. The selection also requires the
opening angle ∆R between the two jets to be between 0.5 and 4.0, the scalar sum of total jet transverse
momenta HT(jet) to be above 80 and below 220 GeV and finally the sum of the transverse missing energy
(/ET) and lepton transverse momentum (pT) to be in the range between 60 and 130 GeV.

Selected event yields are reported in Table 6 for the three single top quark processes, and all tt̄
and W+jets backgrounds. When adding all contributions, the overall signal efficiency is about 1.1% in
the electron channel and 1.6% in the muon channel. This corresponds to a total of about 25 selected
candidates for an integrated luminosity of 1 fb−1. The signal to background ratio is about 10%. The
dominant background is composed of the tt̄ events which account for about 60% of the total background
yield. Among those, the tt̄ in the lepton+jets mode, including τ decays, contribute about 40%. The
remaining backgrounds originate from the Wbb̄+jets production, which constitutes about 14% of the
background yield, and almost equally from the single top quark t-channel (11%) and W+jets (9%) events.
As expected, W+jets events are removed due to the requirement of b-tagged jets, with a final yield
depending upon the mistag rate. Diboson contributions (WW and WZ) are found to be negligible.

Table 6: Event yield for signal and background for the cut-based analysis in the 2-jet multi-
plicity bin for 1 fb−1. Uncertainties come from Monte Carlo statistics only. The convention
l = e,µ is used.

Events in 1fb−1 e channel µ channel e+ µ combined

s-channel 10.3 ± 0.8 14.5 ± 1 24.8 ± 1.3

t-channel 17.0 ± 5.7 13.6 ± 5.1 30.6 ± 7.9
Wt-channel 6.5 ± 1.9 2.4 ± 1.2 8.9 ± 2.3
tt̄→ l+ jets 18.8 ± 4.3 20.5 ± 5.3 39.3 ± 5.3
tt̄→ ll 29.0 ± 5.5 15.4 ± 5.0 44.4 ± 7.4
tt̄→ lτ 20.5 ± 5.6 40.9 ± 6.9 61.4 ± 8.9
Wbb̄+jets 18.9 ± 2.0 19.7 ± 2.0 40.6 ± 2.5
W+jets 14.8 ± 1.4 11.0 ± 2.2 25.8 ± 2.3

Total Bkg 125.5± 10.3 123.5 ± 10.6 251.0 ± 14.2

S/B 8.2% 11.7% 9.8%

S/
√

B 0.9 1.3 1.6√
S +B/S 1.1 0.8 0.7
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5.2 Likelihood selection

The cut based analysis shows that a simple approach to select single top quark s-channel events is ham-
pered by a high level of background. The use of a likelihood discriminator is aimed at improving the per-
formance of the discrimination against backgrounds in order to purify the selected signal samples. This
approach assumes that the distributions entering the definition of likelihood functions are well known
and validated on data itself. This result can be achieved by cross-checking at every step the agreement
between data and Monte Carlo distributions on selected sub-samples where a high level of tt̄ and W+jets
background is expected. In the following, only pre-selected events with exactly two jets, both of which
are b tagged are considered. A jet veto on any other jet is applied.

5.2.1 Definition of the likelihood functions

The main background processes to our signal show very distinct features in the final state and topology
that lead us to define several likelihood functions each devoted to the discrimination of a specific process:
three likelihood functions are devoted to tt̄ events in the dilepton, the l+τ and the l+jets decay modes and
two likelihood functions have been developed to discriminate against W+jets and t-channel events. Due
to the limited Monte Carlo statistics, these likelihood discriminators have been defined by combining
both muon and electron channels.

The list of variables entering a likelihood function is derived from a procedure of optimization that
selects only the variables that bring a significant discrimination between signal and the considered back-
ground. The discriminating power of a given variable is computed using the selection efficiencies for
both signal and background in the plane (εS,εB). When the discriminating power of a variable is low, the
variation of the background efficiency εB follows that of the signal εS. On the contrary, a high discrim-
inating variable results in a larger decrease of εB compared to the variation seen in εS. This variation,
computed for each εS and integrated over the full range of εS can thus be seen as an estimator of the
discriminating power of the variable. In this analysis, the variable is selected if the discriminating power
is about a few percent. The use of higher thresholds results in a degradation of the performance due to
the loss of discriminating power of the formed likelihoods. The set of discriminant variables is built from
16 relevant kinematical variables:

• the opening angles between the lepton and the jets ∆R(l,b1), ∆R(l,b2)

• the angles cos∆Φ(l,b1) and cos∆Φ(l,b2);

• the opening angle between the two b tagged jets ∆R(b1,b2);

• the pseudo-rapidity of the b tagged jets ηb1 and ηb2;

• the invariant mass formed by the systems of the two b tagged jets Minv(b1,b2)

• the invariant mass formed by the reconstructed W leptonic boson and the b tagged jets M(W lep,b1)
and M(W lep,b2);

• the transverse momentum of the reconstructed top quark candidates pT (top1) and pT (top2)

• the sum of the missing transverse energy and lepton transverse momentum /ET+ pT (l);

• the transverse mass of the leptonic W-boson candidate MT(Wlep);

• the scalar sum of the jet transverse momenta HT(jets);

• global event shape variables: sphericity, aplanarity and centrality.
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Figure 4: Distributions of the five likelihood functions for an integrated luminosity of 1fb−1. a) Like-
lihood against tt̄ in the l+jets channel; b) Likelihood against tt̄ in the dilepton channel; c) Likelihood
against tt̄ in the l + τ channel; d) Likelihood against W+jets events; e) Likelihood against t-channel
events 16
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5.2.2 Optimization of the likelihood selection

The likelihood function distributions corresponding to an integrated luminosity of 1 fb−1 are shown in
Figure 4. Thresholds have been applied on each of the 5 likelihood values. In the present analysis, the
thresholds on the likelihood values have been set so that the total uncertainty affecting the cross section
measurement is minimized. The total uncertainty was calculated as described in Section 4.2.3. The main
sources of systematic errors taken into account are the b-tagging efficiency, jet energy scale, luminosity
and uncertainties on the background level, for which central values are provided in Section 5.3. Note that
we consider the errors as fully correlated between signal and background for jet energy scale, b-tagging,
and luminosity.

The thresholds set on the five likelihood outputs resulting from the minimization of the total uncer-
tainty are listed below:

Ltt̄/lepton+jets > 0.34,
Ltt̄/dilepton > 0.56,
Ltt̄/τ+lepton > 0.80,
LW+jets > 0.32,
Lt−channel > 0.46

Table 7 reports the number of events expected for all signal and backgrounds for an integrated lu-
minosity of 1 fb−1. The overall signal to background ratio is improved significantly compared to the
sequential cuts analysis with a purity increased from 9.8% to 18.7%. This is an expected outcome of the
optimization procedure since the main source of errors comes from the uncertainties in the background.

Table 7: Numbers of expected events for an integrated luminosity of 1 fb−1 expected from
the likelihood analysis in the two jet final state events. The results are shown separately
for the electron and muon channels. Statistical uncertainties correspond to the Monte Carlo
statistics only. The convention l = e,µ is used.

Events in 1fb−1 e channel µ channel e+ µ combined

s-channel 6.3 ± 0.7 9.1 ± 0.8 15.4 ± 1.0

t-channel negl. 1.7 ± 1.7 1.7 ± 1.7
Wt-channel 1.8 ± 1.0 negl. 1.8 ± 1.0
tt̄→ l+ jets 7.6 ± 2.6 7.7 ± 3.5 15.3 ± 4.4
tt̄→ ll 6.0 ± 2.6 6.0 ± 2.6 12.0 ± 3.8
tt̄→ l+ τ 6.8 ± 3.4 14.5 ± 4.1 21.3 ± 5.3
Wbb̄+jets 10.0 ± 3.2 7.0 ± 2.6 17.0 ± 4.1
W+jets 6.2 ± 1.2 7.3 ± 2.1 13.5 ± 2.4
WZ+WW negl. negl. negl.

Total Bkg 36.8 ± 5.8 45.9 ± 6.6 82.7 ± 8.6

S/B 17.3% 19.8% 18.7%

S/
√

B 1.0 1.3 1.7√
S +B/S 1.0 0.8 0.6

17

TOP – PROSPECT FOR SINGLE TOP QUARK CROSS-SECTION MEASUREMENTS

96

965



The dominant background comes from tt̄ production, which contributes about 60% of the total event
yield. Among those events, the main contribution originates from the l+ τ decay modes (l=e,µ), which
corresponds to 45% of the tt̄ yield, followed by the dilepton and the l+jets channels. The production of
Wbb̄+jets represents about 20%, while the W+jets events still contribute 16% of the total background
yield. Finally, the contamination originating from the other single top quark channels is smaller than the
signal expected event yield with a contribution of 4% from the sum of t- and Wt- channels. The results
show a similar statistical sensitivity compared to the standard cut-based analysis, with an improved signal
to background ratio.

As described in Section 4.1 the presence of pile-up affects the reconstruction of the objects selected
in the event. The use of events with pile-up results in a decrease of about 9% for signal events, and 15%
for tt̄ events. No systematic uncertainty is associated to this difference, as tt̄ events completely dominate
the selected sample. Dedicated studies with data will be used to tune all Monte Carlo generators.

5.3 Systematic uncertainties

The systematic uncertainties have been evaluated on the likelihood analysis. We follow the procedures
defined in Section 4.2.

5.3.1 Experimental systematic uncertainties

The uncertainties on the b-tagging efficiency and the mistag rates have been estimated by varying the b
weight cut value corresponding to a change of ±5% in the b-tag efficiency with respect to the reference
value of 60%. Table 8 shows the impact of such effects on signal and background events. As the b-
tag efficiency is varied by +5% and -5%, the signal selection efficiency is shifted by 7.1% and -7.7%
respectively. For background events, the impact of such variations result in both cases in an increase
of the background level which reaches +15% and +5% respectively because of the change affecting the
mistag rates. Table 9 reports the impact on the total cross-section determination. The understanding of
the b-tagging performance completely drives the analysis strategy.

Table 8: Effect of the main systematic effects, b-tag efficiency and mistag rate variation and of the jet
energy scale variation on the number of expected events for an integrated luminosity of 1 fb−1 expected
from the likelihood analysis in the two jet final state events. Numbers in parentheses are the relative
variations.

Events in 1fb−1 b-tag -5% b-tag +5% JES -5% JES +5%

s-channel 14.2 (-7.7%) 16.5( +7.1%) 16.9 (+9.7%) 15.4 (negl.)

t and Wt-channel 6.9 (+97%) 3.5 (negl.) 5.1 (+45%) 5.1 (+45%)
tt̄ combined 47.8 (-1.6%) 58.1 (+19.5%) 49.5 (+1.8%) 46.9 (-3.5%)
Wbb̄+jets 15.5 (-8.8%) 16.4 (-3.5%) 17.0 (negl.) 17.0 (negl.)
W+jets 17.0 (+26%) 17.0 (+26%) 15.4 (+14%) 15.1 (+11.8%)

Total bkg 87.2 (+5.4%) 94.9 (+14.8%) 87.7 (+6%) 84.9 (+2.6%)

A variation of -5% and +5% of the jet energy scale has been propagated to the jet reconstruction
and the selection efficiencies were re-assessed. Backgrounds change by about 6% and 3% respectively,
while the signal acceptance is found to vary by about ±10%. Again, in both cases the background is
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increased with any change of the jet energy scale. Indeed, as the jet scale factor is decreased, top quark
pair events in the dilepton and l+jets modes tend to have a lower multiplicity, resulting in an increased
contamination. As the scale factor goes up, the low multiplicity events are favored while top quark pair
production is almost not affected. Table 8 shows the effects of the jet energy scale variation on the signal
and background event yield.

The impact of the trigger efficiency and lepton identification uncertainties has been estimated as
explained in the t-channel Section. This reflects as an uncertainty of 6% on the total cross-section mea-
surement. Table 9 reports the impact on the total cross-section determination.

Table 9: Summary of all uncertainties that affect the measured cross section. Data statistics
is the Poisson error one would expect from real data while MC Statistics is the uncertainty
on the estimated quantities due to MC statistics.

Source of Analysis for 1 fb−1 Analysis for 10 fb−1

uncertainty Variation ∆σ/σ Variation ∆σ/σ

Data Statistics 64% 20%

MC Statistics 29%
Luminosity 5% 31% 3% 18%
b-tagging 5% 44% 3% 25%
JES 5% 25% 1% 5%
Lepton ID 1% 6% 1% 6%
Bkg x-section 10.3% 47% 3% 16%
ISR/FSR 9% 52% 3% 17%
PDF 2% 16% 2% 16%
b-fragmentation 3.6% 19% 3.6% 19%

Total Systematics 95% 48%

5.3.2 Theoretical and Monte Carlo systematic uncertainties

In the present analysis, uncertainties on the background estimates come from the theoretical uncertainties
associated with their cross section. The main background contributions are tt̄ (60%), Wbb̄+jets (20%)
and W+jets (16%), so 10% uncertainties on the tt̄ cross-section prediction and 20% on the W+jets and
Wbb̄+jets events lead to a total of 10.3% uncertainty on the total background. The understanding of the
background level is thus a crucial point for a precise cross-section determination. Note that despite very
distinct topologies, the selections of the s-, t- and Wt- channels analyses are not orthogonal. However it
is believed that correlations can be properly addressed with dedicated study and enough statistics.

The selection of a 2-jet final state is very sensitive to the presence of extra jets originating from gluon
radiation. Any uncertainty in the ISR/FSR modeling is thus expected to have a significant impact on the
selection efficiencies, in particular for the s-channel and the tt̄ events. Specific Monte Carlo samples
have been generated with ISR/FSR settings leading to the largest cross section variations. Variations of
5% of the signal selection efficiencies are expected, and are due to the change in the jet multiplicity.
The uncertainties however reach large values for the tt̄ production, with variations of 17.8% between
the two extreme cases. Note that these variations have been assessed with non-calibrated jets, although
there is a high expected correlation between jet energy scale and ISR/FSR gluon modeling. An overall
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9% uncertainty corresponding to half the variation is quoted. Note that the s-channel being produced via
quark-antiquark annihilation, some constraints coming from the use of W-boson events should allow the
tuning of the showering interfaces.

Another uncertainty is related to the choice of the PDFs. The procedures used to assess the impact of
such choice is presented in Section 4.2.2. The expected bias on the signal is below 3% while this number
is below 2% for tt̄ events.

Finally the effect of the b-fragmentation parametrization has also been investigated using fast simu-
lation. The b quark fragmentation is performed according to the Peterson parametrization, with one free
parameter εb. Varying the default value from εb =−0.006 by ±0.0025 [29] and taking the difference as
a systematic uncertainty leads to a change of 3.6% in the tt̄ and signal selection efficiencies.

Table 9 lists all sources of uncertainties and reports their impact on the cross-section determination.
Two cases are considered: one defined by the level of uncertainty in the b-tagging, JES, luminosity
that will presumably characterize the early data taking period and a second one assuming a reasonable
improvement on those effects with an integrated luminosity of 10 fb−1. The assumptions made in the
latter case are the same as the ones listed in Section 4.2.3.

5.4 Summary

The determination of the s-channel cross section constitutes a challenging measurement, due to the pres-
ence of large backgrounds from the tt̄ production and from the W+jets channels. With an expected
signal to background ratio of 18% the measurement will be hampered not only by a significant statistical
uncertainty but also by the systematic effects affecting both signal and background. The measurement
with an integrated luminosity of 1 fb−1 is thus both statistically and systematically limited, with about
60% of statistical and 90% of systematic uncertainties.

Given the present limitation on the background knowledge, early measurements will have to be
devoted to the understanding of the background, in terms of shape and absolute normalization. For
this purpose, specific studies performed on enriched background samples can be used. In this area, the
knowledge of the effects of the ISR/FSR gluon radiation will need dedicated studies, in particular in
tt̄ events. The constraint from data itself will thus be very important, and a tuning à la CDF [30] will
be crucial for the understanding of these radiations. From the detector side, a reliable cross-section
measurement requires a good knowledge of the b-tagging tools performance, since double-tag events are
considered. A good determination of the jet energy scale is also mandatory for the selection, at the level
of better than 5%. PDF and b-fragmentation effects are expected to have a significant impact only at
higher luminosity.

In this context, the use of sophisticated statistical methods appears mandatory to discriminate the
signal from the background and to establish convincing evidence for a signal. Their use however requires
an a priori good understanding of the background normalization and shapes. With an improved situation
for the b-tagging and jet energy scale, with a background normalization determined from the data and a
better ISR/FSR knowledge, evidence at 3 σ should be achievable with 30 fb−1.

6 Measurement of the Wt-channel cross section

The Wt-channel is characterized by the associated production of a top quark and a W-boson. At the
LHC, this single top quark process is the second highest cross-section after t-channel production, with
an expected cross section of 66 pb. The final state features two W-bosons and a b jet, making this channel
experimentally very close to top quark pair production, from which it differs by the absence of a second
b jet in the final state. With a cross section 15 times larger than the Wt-channel processes, top quark pair
events will thus constitute the dominant source of backgrounds and drive the definition of the selection
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criteria in higher jet multiplicity events. On the other hand, low jet multiplicity events will suffer from
W+jets contamination. In this report, we consider only the case where one of the two bosons decays into
leptons while the other decays into jets. Two approaches have been used to estimate the sensitivity to the
Wt-channel cross section measurement: a sequential cut-based analysis, which will provide reference
numbers, and an analysis based on the use of Boosted Decision Trees.

6.1 Sequential cuts analysis

The common preselection defined for all three single top quark processes has been extended further to
account for the specific topology of Wt-channel events. Selected events must have exactly one high pT
b-tagged jet above 50 GeV. A veto on any other b tagged jet above 35 GeV is applied in order to reject
tt̄ events. This b-tag veto utilizes a looser b-tag weight cut which has been optimized according to the
signal over tt̄ background ratio: a ratio of 18% is reached in 2- and 3- jet final states events while 14%
is found in 4-jet events. The corresponding efficiency is about 30% on signal events and 10% on tt̄
events. For events containing more than three high pT jets, the selection requires that the invariant mass
of the two highest pT non b-tagged jets to be between 50 and 125 GeV. The number of selected events is
reported in Table 10 for signal and backgrounds.

Table 10: Number of expected events for an integrated luminosity of 1 fb−1 as function
of the jet multiplicity and for the electron and muon channel combined in the sequential
cut-based analysis. Errors shown are statistical only. The convention l = e,µ is used.

Events in 1fb−1 2 jets (1b1j) 3 jets (1b2j) 4 jets (1b3j)

Wt-channel 435 ± 16 164± 10 40± 5

t-channel 1218 ± 47 94 ± 13 58 ± 11
s-channel 42 ± 2 5 ± 0.6 0.6 ± 0.2
tt̄→ l+ jets 1260 ± 38 664 ± 27 240 ± 16
tt̄→ dilepton 291 ± 18 50 ± 7 17 ± 4
tt̄→ l+ τ 428 ± 22 55 ± 8 17 ± 5
W+jets 2983 ± 71 207 ± 19 38 ± 6
Wbb̄+jets 137 ± 33 13 ± 3 6 ± 2

TOTAL bkg 6359 ± 232 1088 ± 74 377 ± 42

S/B 6.8% 15.0% 10.6%

S/
√

B 5.4 5.0 2.1√
S +B/S 0.19 0.21 0.51

In two jet events (labeled as ‘1b1j’), the signal yield is about 430 signal events for an integrated lumi-
nosity of 1 fb−1, with a signal to background ratio of 6.8%, combining both electron and muon channels.
The W+jets production is the dominant background with more than 45% of the total background yield.
The tt̄ contamination in the l+jets channel constitutes about 20% of the background, while the other tt̄
modes combined contribute 11%. In this low jet multiplicity bin, the single top quark t-channel contam-
ination is significant and represents 19% of the total.

In the three jet final state events (labeled as ‘1b2j’), 160 signal events are expected in 1 fb−1, with
a signal to background ratio close to 15%. In this final state, the use of the hadronic W boson mass
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constraint helps improve the rejection of W+jets and the other single top quark events. The background
is made up of tt̄ events which represent 70% of the total background yield, and of about 20% of W+jets
events. Among the tt̄ events, the l+jets mode is dominant and constitutes about 85% of the total.

The four jet final state events (labeled as ‘1b3j’) only bring a marginal improvement to the analysis.
The number of expected Wt-channel single top quark events is small and expected to be 40 for 1 fb−1

with a signal to background ratio of 10.6%. In this high jet multiplicity bin, the main background comes
from the tt̄ events in the l+jets mode, which constitute 64% of the background. The rest originate mostly
from the single top quark t-channel and from W+jets events, each being of the same order as the signal.

6.2 Boosted decision tree analysis

As in the s-channel analysis, several multivariate discriminators have been defined to optimize the dis-
crimination against backgrounds. Two Boosted Decision Tree (BDT) functions are defined to separate
signal and tt̄ events, one devoted to the discrimination from the dominant l+jets channel Dtt̄/l+jets, and
the other against the dilepton channels Dtt̄/dilepton including τ’s. A function DW+jets has been formed to
separate signal from the W+jets sample, defined as the total contribution from light and heavy flavor jets.
Another BDT discriminator is devoted to the separation of the signal and the single top quark t-channel
events Dt−channel. The analysis being based upon events with jet multiplicity between two and four, spe-
cific BDTs have been defined in each jet multiplicity bin for each background. The electron and muon
channels are being treated in a combined way, thus leading to the definition of 3 (jet multiplicity) x 4
(background) ie: 12 BDT discriminators in total.

6.2.1 Definition of the discriminant variables

The set of discriminant variables is derived from the same procedure of optimization as the one explained
for the s-channel analysis. The final set of discriminant variables is built from 25 relevant kinematical
variables:

• the opening angles between the lepton and the jets ∆R(l,b), ∆R(l, j1), ∆R(l, j2) where j1, j2 and
j3 are the non b-tagged pT ordered jets

• the opening angle between the jets ∆R(b, j1), ∆R(b, j2), ∆R( j1, j2);

• the angles cos∆Φ( j1, j2) and the pseudo-rapidity of the non b-tagged jets ηj2 and ηj3;

• the invariant mass formed by the sum of all jets Minv( jets) and by the reconstructed W-boson and
top quark candidates M(W + t);

• the mass of the hadronic W-boson candidate M(Whad);

• the sum of the missing transverse energy and lepton transverse momentum /ET+ pT(l);

• the transverse mass of the leptonic W-boson candidate MT(Wlep)

• the transverse mass of the systems formed by the b jet and the reconstructed W-bosons M(b,Whad)
and M(b,W lep);

• the scalar sum of the jet transverse momenta HT(jets) and of all objects in the events HT(tot);

• the transverse jet momenta pT (b), pT(j1), pT(j2);

• the longitudinal momentum of the neutrino solution computed with the top quark mass;
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• the global event shape variables, sphericity, aplanarity and centrality.

The BDT output distributions associated to each of the four backgrounds are represented in Figure 5 for
the 3 jet final state analysis for the electron+muon channels for 1 fb−1.
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Figure 5: Distributions for the four BDT defined in the 3 jet (’1b2j’) final state analysis. a) BDT against
tt̄ in the ‘l+jets’ channel; b) BDT against W+jets events; c) BDT against tt̄ in the dilepton lepton (+tau)
channel; d) BDT against single top quark t-channel events.

6.2.2 Results with the Boosted Decision Trees

Several selections can be designed, allowing for different levels of signal purity. In this analysis as in
the s-channel, the cuts on the discriminant BDTs have been set so that the total uncertainty affecting the
cross section measurement is minimized.
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The thresholds set on the three BDT outputs are:

Dttlj > 0.6
Dttlτ >−0.36
DWjet > 0.30
Dt−chan > 0.18

The number of events for signal and the different backgrounds is reported in Table 11 for an integrated
luminosity of 1 fb−1. In two jet events (‘1b1j’), the signal yield is about 60 with a signal to background
ratio of 35%, combining electron and muon analyses. This result represents an improvement by a factor 6
compared to the cut-based analysis. This feature is important since one of the main sources of systematic
uncertainty originate from the imperfect knowledge of the background levels. Regarding the composition
of the background, the W+jets production constitutes the dominant background and contributes 58%
of the background yield. tt̄ production in the l+jets mode represents about 40% of the total. The
only remaining single top quark events originate from the t-channel which accounts for 6% of the total
background yield. The statistical significance for this final state analysis alone is 4.5σ .

Table 11: Number of expected events for an integrated luminosity of 1 fb−1 as function of
the jet multiplicity after the BDT analysis. The convention l = e,µ is used.

Events in 1fb−1 2 jet (1b1j) 3 jet (1b2j) 4 jet (1b3j)

Wt-channel 58.0 ± 5.8 20.9 ± 3.5 6.6 ± 2.0

t-channel 10.2 ± 4.2 negl. 1.7 ± 1.7
s-channel 1.4 ± 0.3 negl. negl.
tt̄→ all jet negl. negl. negl.
tt̄→ l + jet 56.3 ± 8.2 41.8 ± 6.3 13.7 ± 3.4
tt̄→ dilepton 1.7 ± 1.2 negl. negl.
tt̄→ l + τ negl. negl. negl.
W+jets 92.1 ± 8 3.2 ± 1.4 0.2 ± 0.1
Wbb̄+jets 3.9 ± 3.9 negl. negl.

Total bkg 165.6 ± 9.2 45.1 ± 6.3 15.6 ±3.4

S/B 35.0% 46% 36.2%

S/
√

B 4.5 3.1 1.7√
S +B/S 0.25 0.39 0.71

In three jet final state events (‘1b2j’), about 20 signal events are expected with 1 fb−1, with a signal
to background ratio of 46%. Again, one notices a gain of more than a factor 3 compared to the cut-based
analysis. The background events are made up almost exclusively (95%) of tt̄ events in the lepton+jets
events. The use of the jet-jet invariant mass reduces the W+jets background to a few percent. The
selection in this final state alone provides a signal statistical significance of 3.1 σ .

In the four jet final state channel (‘1b3j’), the number of expected Wt-channel single top quark events
is 7 with 1 fb−1. In this bin, the signal to background ratio is about 36%, which corresponds to a gain of a
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factor 4 compared to the sequential cut analysis. In this jet multiplicity bin, the only competing processes
is the tt̄ events in the l+jets. The signal significance remains small, around 1.7σ with a corresponding
statistical precision of 72%.

The effect of pile-up has been investigated with signal and tt̄ samples produced with a pile-up
corresponding to a 1032 cm2s−1 luminosity run. The results show decreases of 18%, 47% and 26% of the
signal event yield in the 2, 3 and 4 jet final states. For backgrounds, similar variations of 16%, 39% and
20% in the 2, 3 and 4 jet final states are seen. As expected the increase of the number of light jets seen
in the events directly impacts the tight selection of 2- and 3- jet final states. No systematic uncertainty is
associated to this effect, as for the two previous analyses, as only dedicated studies using data itself will
be used to tune all Monte Carlo signal and background generators.

6.3 Systematic uncertainties

The systematic uncertainties have been evaluated on the BDT analysis. We follow the procedures defined
in Section 4.2.

6.3.1 Experimental systematic uncertainties

The b-tagging uncertainties affect the Wt-channel selection because of the requirement of one b-tagged
jet on one side, and the use of a veto for any second b tagged jet on the other side. The variation by
5% of the b tagging efficiency and the corresponding mistag rate results in a 7% change of the signal
selection efficiency in the 2 jet final state. The sensitivity is higher in the higher multiplicity bins, with
effects of 10% seen in the 3 jet bin. Regarding backgrounds, the impact of this uncertainty increases with
the jet multiplicity, with tt̄ events being the dominant background. Variations of 3% and 5% are seen
respectively in 3 jet and 4 jet final states. Table 12 reports the relative changes in signal and background
events. Table 13 reports the impact on the total cross section determination, all final states combined.

Table 12: Effect of the b-tag efficiency and mistag rate variation and of the jet energy scale
variation on the number of expected events for an integrated luminosity of 1 fb−1 expected
from the BDT analysis.

Process Events in 1fb−1 b-tag ± 5% JES ± 5%

2-jet events
- signal 58.0 ± 7.0% ±0.5%
- total bkg 165.6 ± 3.0% ±3.1%

3 jet events
- signal 20.9 ±10.1% ±7.0%
- total bkg 45.1 ±3.2% ±3.0%

4 jet events
- signal 6.6 ±3.1% ±7.9%
- total bkg 15.6 ±5.1% ±4.0%

The precise knowledge of the jet energy scale is important for the Wt-channel analysis because of
the requirements made on the mass reconstruction and pT thresholds used to select jets. A 5% variation
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of the jet energy scale has been propagated to the jet reconstruction and the selection efficiencies are
re-assessed. Table 12 shows the impact of the jet energy scale variation on signal and background event
yields. In two jet events, the effects of the scale variation is about 1% on the signal events and 3% on the
sum of all backgrounds. In three jet events a variation of 7% of the signal event yield is observed, with
a change of 3% in the backgrounds. In four jet events, variations of 8% and 4% are seen in signal and
background respectively. Table 13 reports the impact on the total cross section determination.

An uncertainty of 1% in the lepton identification or in the trigger efficiency would impact the number
of selected events. Such an uncertainty would reflect in an uncertainty of 2.6% on the total cross section
measurement, which is negligible with respect to the others.

6.3.2 Theoretical and Monte Carlo uncertainties

Uncertainties on the background estimates come from the theoretical uncertainties associated to the cross
sections. An uncertainty of 10% is quoted for the tt̄ events while 20% is associated to the W+jets and
Wbb̄+jets events. This translates into a total of 12.5% in the 2 jet final state and 10% in the higher jet
multiplicity bins where tt̄ events completely dominate the background. Note that despite very distinct
topologies, the selections of the Wt- and the t- channels analyses are not orthogonal. However it is
believed that correlations can be properly addressed.

Table 13: Summary of all uncertainties that affect the measured cross section. Data statistics
is the Poisson error one would expect from real data while MC Statistics is the uncertainty
on the estimated quantities due to MC statistics. (*) background to 2j (12.5%) and 3j and 4j
final states (10%)

Source of Analysis for 1 fb−1 Analysis for 10 fb−1

uncertainty Variation ∆σ/σ Variation ∆σ/σ

Data Statistics 20.6% 6.6%

MC Statistics 15.6%
Luminosity 5% 20% 3% 7.9%
b-tagging 5% 16% 3% 6.6%
JES 5% 11% 1% 1.5%
Lepton ID 1% 2.6% 1% 2.6%
Bkg x-section 12.5/10%(*) 23.4% 3% 9.6%
ISR/FSR 9% 24.0% 3% 7.8%
PDF 2% 5.2% 2% 5.2%
b-fragmentation 3.6% 9.4% 3.6% 9.4%

Total Systematics 48% 19.4%

The selection of a low jet multiplicity final state is very sensitive to the presence of extra jets origi-
nating from gluon radiations. Any uncertainty in the ISR/FSR modelling is thus expected to have a sig-
nificant impact on the selection efficiencies, in particular for the Wt-channel and top quark pair events.
We quote an overall 9% uncertainty due to the modelling of gluon radiation in the tt̄ events.

The uncertainties in the PDF may affect the topologies as well as the momentum distributions of
the final state objects, hence impacting the determination of the selection efficiency for both signal and
backgrounds. The procedure to estimate the impact of the choice of the PDF to the selection efficiency is
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detailed in Section 4.2.2. Complete studies have been performed in each final state and a 2% uncertainty
is quoted for signal and tt̄ events.

Finally the effect of the b-fragmentation parametrization has also been investigated following a sim-
ilar procedure of that defined in Section 5.3.2 from fast simulation. The relative uncertainties of the
different channel and final state selection efficiencies due to the b-fragmentation uncertainty is found to
be 3.6%.

Table 13 lists all sources of uncertainties and reports their impact on the cross section determination.
Two cases are considered: one defined by the level of uncertainty in the b-tagging, jet energy scale and
luminosity that will presumably characterize the early data taking period; another assuming reasonable
improvements on those effects with an integrated luminosity of 10 fb−1. The assumptions made in the
latter case are listed in Section 4.2.3.

6.4 Summary

The determination of the Wt-channel cross section constitutes a challenging measurement with the early
data, due to the presence of important tt̄ and W+jets backgrounds. This measurement makes use of
the events with a jet multiplicity between two and four jets. With a signal to background ratio of about
30-40%, the analysis requires a good knowledge of the W+jets production in the lower multiplicity bins,
and of the tt̄ process in higher bins. The estimates of the shapes and normalization of those processes
will have to rely upon the use of data. Strategies exist for QCD and W+jets events, but the discrimination
against tt̄ events remains a challenge.

As for the t-channel single top quark analysis, the cross section determination will very early be
dominated by systematic uncertainties. The dominant effect is constituted by the background uncertain-
ties, followed by the modeling of the gluon radiation. From the detector side, the dominant source of
uncertainty is the b-tagging because of the imperfect knowledge of the b-tag and b-tag veto efficiencies
as well as of the mistag rates. Another source is the determination of the jet energy scale, which affects
the reconstruction of the W-boson mass and all the jet energies used in the analysis. Note that the de-
termination of the luminosity to better than 5% is required in order to ensure a good measurement, or
the use of ratio of different Wt-channel final states [31] can be used as well with higher luminosity. A
3 σ evidence can be reached with a few fb−1 of data taking and a precision of 20% on the cross section
measurement is achievable with about 10 fb−1 provided that improvements are made in both the experi-
mental aspects of the detection (backgrounds from data, b-tagging, jet energy scale and luminosity) and
from the theoretical side.

7 Conclusion

At the LHC the production of single top quark events accounts for about a third of the tt̄ production,
which leads to about 2.5 million events per year during a run at 1032cm2s−1. Similarly to the situation
at the Tevatron, the selection of single top quark events will suffer from the presence of both W+jets
and tt̄ backgrounds, which are produced at much higher rates. Thus, careful approaches devoted to
the understanding of these backgrounds in terms of shape and normalization performed directly from
data will have to be defined. Besides, except for the s-channel, single top quark analyses will be very
early dominated by the systematic uncertainties, and will require a good control of b-tagging tools and a
reliable determination of the jet energy scale.

In a context of low signal over background ratio, the use of sophisticated tools like genetic algorithms,
likelihoods and Boosted Decision Trees appears very useful if one wants to establish the signal or to
determine its cross section precisely. These techniques, which are now in common use at the Tevatron,
will require the use of reliable event samples for modeling signal and backgrounds, that will presumably
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be produced from the data. The analyses should also be optimized with respect to the total level of
systematic uncertainty, which will be the main limiting factor for 30 fb−1 measurements.

Finally, a precise determination of single top quark cross sections can be achieved for a few fb−1

in the t-channel and the Wt-channel , while for the s-channel, higher statistics will be required. Their
possible interpretation in terms of new physics should thus come at a later stage, once the systematic
effects are under control.
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Top Quark Mass Measurements
Abstract
This note summarizes studies performed in order to estimatethe potential
of ATLAS to measure the top quark mass from the first few hundred pb−1

of data. The analyses shown here, based on fully simulated events, have
been performed for the channel where the top quarks decay into one lepton
plus a number of jets, using various methods to extract the top quark mass.
The performance of the detector has been evaluated, including triggering,
particle identification, and jet reconstruction. For each method, the expected
background, statistical and systematic uncertainties, and linearity have been
studied. This work shows that the precision on the top quark mass depends
mainly on the jet energy scale uncertainty: a precision of the order of 1
to 3.5 GeV should be achievable with 1 fb−1, assuming a jet energy scale
uncertainty of 1 to 5%.

1 Introduction

At the LHC, top quarks will be produced mainly in pairs through the hard processesgg → tt̄ (90%)
andqq̄ → tt̄ (10%). The corresponding cross section, at next-to-leading order, is 833 pb [1]; therefore,
we expect roughly 800 000tt̄ pairs to be produced with an integrated luminosity of 1 fb−1, correspond-
ing to about two weeks at a luminosity equal to 1033 cm−2s−1. In contrast to earlier measurements
of the top quark mass [2], which concentrated on preserving as much of the signal as possible in or-
der to minimize the statistical uncertainty, the LHC will produce so many top quark pairs that rather
stringent requirements can be imposed, to restrict the measurement to regions in which the systematic
uncertainties can be well-controlled. With 1 fb−1 of data, the measurement will already be completely
dominated by systematic uncertainties of the order of 1 GeV.The dominant contribution to the sys-
tematic uncertainty is expected to be the jet energy scale. In-situ calibration methods will allow the
light jet energy scale to be known to the percent level precision after 1 fb−1 of collected data [3]. This
high precision can be, at least in part, translated to theb-jet energy scale, although differences are
expected. Detailed studies with the data will be necessary to reach the desired precision.

The top quark mass measurements described here are based on finding the peak in the invariant
mass distribution of the top quark’s decay products: aW boson and ab-quark jet. This closely
corresponds to the pole mass of the top quark. Because of fragmentation effects, it is believed that
the top quark mass determination in a hadronic environment is inherently ambiguous by an amount
proportional toΛQCD [4]: the intrisic amibiguity is of the order of 100 MeV.

This note describes several ways to measure the top quark mass in the semi-leptonic channel,
which corresponds to att̄ final state where oneW boson decays leptonically while the other one
decays into two jets. The primary results rely on a full reconstruction of the final state, with the mass
estimator taken as the invariant mass of the three jets from the hadronically-decaying top quark. This
has been studied for two cases. In the first case, bothb-jets are identified via displaced vertices, and
two different mass measurement methods are presented. In the second case, fewerb-jets are identified.
This latter case is expected to be important during early running, before the detector is fully calibrated.
An analysis which relies on a kinematic fit is also presented.Othertt̄ decay channels can also be used,
but have not been considered in this note.

Another possibility relies on the determination of the meandistance of travel of b-flavoured
hadrons from top quark decays [5]. The top quark mass can be inferred from the averaged lifetime

109

978



in the laboratory frame of the b-flavoured hadron, since the bottom quark’s boost directly impacts the
lifetime of the b-flavoured hadron. Rather than measuring the lifetime, the transverse decay length of
the b-flavoured hadron is used in this method. The mean of the transverse decay length distribution is
determined for different assumed top quark masses, providing an estimator for the experimental data
in the mean decay length as a function of the top quark mass. Since this analysis relies mainly on
tracking, the systematic uncertainties are mostly uncorrelated with those of other methods; in partic-
ular, the influence of the jet energy scale as a source of uncertainty is negligible. Work is ongoing on
this method, which is not shown here.

A last possibility is to estimate the top quark mass from the measuredtt̄ production cross section.
The errors on these quantities are related, in the Standard Model, via∆σtt/σtt ∼ 5∆mtop/mtop [6]. This
would allow a determination ofmtop independent of the kinematic reconstruction. In addition,it would
be clear that the top quark mass is the one used in the perturbative calculations (i.e. the pole mass).
However, even without considering experimental uncertainties, the achievable precision would already
be limited to 2 GeV due to the uncertainty of the theoretical calculations. The scale dependence,
which is the dominant source of uncertainty, might be reduced to the order of 6 % by performing the
computation at higher orders, including the resummation ofnext-to-leading logarithmic corrections
(NLL). This scale dependence can also be reduced by using a different mass definition such as the
running mass1. This method is not considered further in this note.

2 Motivations for a precise top quark mass measurement

Electroweak precision observables in the Standard Model and the Minimal Supersymmetric Standard
Model (MSSM) depend on the value of the top quark mass. Therefore, a precise measurement of
the top quark mass is important for consistency tests of the Standard Model, to constrain the Higgs
boson mass within the Standard Model, and to increase the sensitivity to physics beyond the Standard
Model.

The most important dependency of the electroweak observables on the top quark mass arises via
the one-loop radiative correction term∆r [9], which is related to theW boson mass through the relation
m2

W = πα√
2GF sin2

ΘW

(1 + ∆r) (ΘW being the weak mixing angle,α the fine structure constant andGF

the Fermi coupling constant). The top quark mass is present in ∆r as terms proportional tom2
top/m2

Z,
while the Higgs boson mass is present only in terms proportional to log(mH/mZ). Therefore, the
dependence on the Higgs boson mass is much weaker than the dependence on the top quark mass.

The precision of the indirect prediction of the Higgs boson mass depends mainly on the uncertainty
on the following quantities: the hadronic contribution to the electromagnetic coupling at the scalemZ

∆αhad , sin2
ΘW

, W boson mass and top quark mass. For the current value of the topquark mass (mtop

= 172.6± 1.4 GeV) [10],mH = 87+36
−27 GeV, implyingmH < 160 GeV at 95% C.L [11]. In order to

ensure a similar contribution to the indirect prediction ofthe Higgs mass, the precision onmW and
mtop must satisfy∆mW ≃ 0.07∆mtop. At the LHC, we expect to reach an accuracy of 15 MeV on
mW [12] and 1 GeV onmtop. With these precision measurements, the relative precision on a Higgs
boson mass of 115 GeV would be of the order of 18% [13].

1The dependency of the perturbative calculations convergence on the quark mass definition has been observed in other
observables in which the running mass has led to better results [7, 8]. This would allow as well a determination of the top
running mass.
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3 Top quark mass measurement in the semi-leptonic channel with the
standard ATLAS b-tagging

In this section we investigate the determination of the top quark mass using the standard ATLAS
b-tagging.

3.1 Physics background

The major sources of background, listed in Table 1, are single top events (Wt and t channels) and
W boson production (W boson withW → lν decay,W+bb̄ andW +cc̄). It has been shown that back-
grounds fromZ + jet events withZ → ll, WW , W Z, andZZ gauge boson pair production have much
smaller contributions [14]: therefore, their contribution has not been re-evaluated here. Backgrounds
from QCD multi-jets andbb̄ production have not been investigated with full simulation. Nevertheless,
studies performed on fast simulation have shown that these backgrounds are negligible after leptonic
cuts (leptonpT , /ET ) [14].

Another source of background comes fromtt̄ events themselves (fully leptonic or fully hadronic
channels). Moreover,tt̄ events in which theW boson decays intoτντ are classified in the following
way: τ decaying leptonically belong to signal events, whereasτ decaying hadronically belong to
background (fully hadronictt̄).

Before any selection requirements, the signal to background ratio is of the order of800pb
80mb , i.e.

10−8.

Table 1: Main backgrounds to the semi-leptonic (ℓ = e,µ) signal listing the number of events in 1 fb−1

before and after the selection cuts (samples used here have comparable weights).

Process Number 1 isolated lepton >= 4 jets 2 b-jets
of events pT > 20 GeV pT > 40 GeV pT > 40 GeV

and/ET > 20GeV

Signal 313200 132380 43370 15780

W boson backgrounds 9.5×105 154100 9450 200

all-jets (top pairs) 466480 1020 560 160
di-lepton (top pairs) 52500 16470 2050 720

single top, t channel 81500 24400 1230 330
single top,W t channel 9590 8430 770 170
single top, s channel 720 640 11 5

3.2 Combinatorial background

When att̄ semi-leptonic decay is reconstructed, one must choose which jets in the event to associate
with the hadronicW boson decay and also which jets correspond to each of the twob-jets. When at
least one of these choices is wrong, the event is classified ascombinatorial background.
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3.3 Jets

All particles (electrons, muons, jets) forming thett̄ final state are required to lie within|η | < 2.5,
sinceb-jets cannot be tagged and muons are not reconstructed for higher values of|η |. See Ref. [15]
for a description of the features of jet selection that are common to all top quark analyses; only the
points specific to the analyses in this note are discussed below.

3.3.1 Jet calibration

This analysis uses jets defined as in [15]. The jet calibration effects are removed by performing a jet
calibration to the parton level using the Monte Carlo information. This allows jet calibration to be
disentangled from other effects on the top quark mass measurement from the other effects (selection,
reconstruction, measurement methods). This is done by matching jets to partons before radiation
(requiring∆R(quark, jet) lower than 0.2) and deriving the difference between reconstructed jet energy
and the parton energy as a function of the parton energy. Thisis performed separately forb-quark jets
with and without muons and for light jets. This procedure leads to a perfect and unbiased jet energy
scale.

Uncertainties on the top quark mass measurement arising from the jet energy scale uncertainties
will be assesed here by applying miscalibration factors to the calibrated jets.

Jet scales on data will be obtained in a different way. The light jet energy scale determination is
explained in detail in a separate note [3]; theb-jet energy scale will be measured usingZ+jets samples.
TheZ + jets yield will be low at the start of LHC running; therefore,theb-jet scale will probably be
derived from the measured light jet scale, together with a Monte Carlo correction term modelling the
difference between the two jet energy scales.

3.3.2 Jet labelling

A jet is called purely electromagnetic if the distance∆R to the nearest electromagnetic cluster is lower
than 0.2 and the ratio between the cluster and jet energies isgreater than 0.8. Only 0.15% of jets
produced by hadronisation pass these cuts. Such objects areignored for the remainder of the analysis.

A jet is tagged as ab-jet if its b-weight is larger than 6 (the weight is defined by the three-
dimensional spaceb-tagging, described in the introduction of this chapter [15]). The b-tagging effi-
ciency for this weight intt̄ events is equal to 62% and the light (i.e. u, d and s flavoured) jet rejection
to 130 for isolated (∆R(jet, jet) > 0.8) jets withpT greater than 15 GeV (Fig. 1).

All remaining jets (i.e. non b-tagged jets nor purely electromagnetic jets) are called light jets.
Therefore, a b-jet which is not tagged by the b-tag algorithmis considered as a light jet.

3.3.3 Jet multiplicity

• The light jet multiplicity, for signal events, is illustrated in Fig. 2.(a), for all light jets, and for
light jets above thepT cut applied (40 GeV). The multiplicity is often higher than two (47% of
events, for jets above thepT cut), due to the presence of initial and final state radiation. This
has of course an impact on the combinatorial background sizeand shape.

• Theb-jet multiplicity, illustrated in Fig. 2.(b), reflects theb-tagging efficiency.

4

TOP – TOP QUARK MASS MEASUREMENTS

112

981



light jet rejection 
0 100 200 300 400 500 600 700

 e
ffi

ci
en

cy
 (

%
)

45

50

55

60

65

70

75

80
ATLAS

Figure 1:b-tagging efficiency as a function of light (i.e. u, d and s flavoured) jet rejection intt̄ events,
for isolated (∆R(jet, jet) > 0.8) jets withpT greater than 15 GeV.

3.4 Event selection

3.4.1 Trigger

The following Event Filter trigger [16] selections have been applied:

• At least one isolated electron withpT greater than 25 GeV (“e22i”). This trigger is satisfied by
53% oftt̄ e+ jets events, and 71% ofe+ jets with pT (e) greater than 25 GeV pass.

• At least one isolated muon withpT greater than 20 GeV (“mu20”). This trigger is satisfied by
59 % oftt̄ µ + jets events, and 74% ofµ + jets with pT (µ) greater than 20 GeV pass.

3.4.2 Standard cuts

A sequence of consecutive cuts is applied in order to reduce the contribution from physics background.

• Exactly one isolated lepton, withpT > 20 (25) GeV for muons (electrons) and|η | < 2.5. This
cut corresponds to the trigger selection. Moreover, the isolation criteria reject a large fraction
of the leptonicb-decays in the all-jets channel: 99.6% of thett̄ events with bothW bosons
decaying hadronically are rejected by this first selection step.

• Missing transverse energy cut:/ET > 20 GeV. Together with the lepton requirement, this cut
reduces QCD background.

• At least four jets withpT > 40 GeV. Below 40 GeV, jets are known to be less precisely cal-
ibrated; the jet energy scale will be discussed later on, as asource of systematic uncertainty.
Therefore, they are removed in order to improve the precision of the top quark mass measure-
ment [3]. Only 34% of hadronically-decayingW bosons have both jets passing this requirement.
If it is relaxed so that one jet can havepT down to 20 GeV, 88% of theseW bosons pass, but
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Figure 2: a) Light jet and b)b-jet multiplicity in semi-leptonictt̄ events before (solid line) and after
(dashed line) requiring that the jetpT be greater than 40 GeV(plots are normalised to unity).

the combinatorial and physical backgrounds increase. Moreover, due to initial and final state
radiation (ISR, FSR), 30% of the signal events have more thantwo light jets withpT > 40 GeV.
Therefore, no requirement is made on the number of light jets.

• Among these jets, exactly two must beb-tagged.

3.4.3 Purity definition

When att̄ semi-leptonic decay is reconstructed, one must choose which jets in the event to associate
with the hadronicW boson decay and also which jets correspond to each of the twob-jets. The success
of an algorithm for making such as choice is quantified as itspurity, the fraction of events in which
this choice is correct, based on looking at the Monte Carlo parentage information. For this purpose,
jets are matched to the closest Monte Carlo parton with∆R < 0.25. Purities are defined for identifying
the hadronically-decayingW boson (both light jets chosen are within 0.25 from the quark stemming
from theW boson), the hadronic b-quark, and the hadronically-decaying top quark. Note that the top
quark purity is not the product of the other two due to correlations.

3.5 HadronicW boson mass reconstruction

Several algorithms have been tried to choose the two light jets from the hadronically-decayingW bo-
son. Three have been identified that give the best compromisebetween efficiency and purity:

• theχ2 minimization method,

• the geometric method: this method consists in choosing the two closest jets,

• choosing the two light jets that give the mass closest to the known mass of theW boson [14].

The first and last methods are quite similar, but the first one contains in addition an event-by-event
rescaling. Therefore, the last method will not be describedhere.
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Figure 3: Invariant mass of light jet pairs for
events with only two light jets (the contribution
of physics background is shown in black, the one
from combinatorial background, in grey).
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Figure 4: HadronicW boson mass afterχ2

minimization (the contribution of physics back-
ground is shown in black, the one from combina-
torial background, in grey).

3.5.1 HadronicW boson mass reconstruction withχ2 minimization method

Events kept after the selection described above have at least two light jets above thepT threshold (50%
of the events have more than two). Figure 3 shows the distribution of the invariant mass of the light
jet pairs, in events with only two light jets. As a first step, we select the hadronicW boson candidates
in a mass window of (± 30 GeV) around the peak value of this distribution (82 GeV).

The energy scale of the jets may be shifted, due to effects that include the energy lost out of the
jet cone and initial and final state radiation effects, not taken into account in the default jet energy
calibration [17]. Moreover, the effects of the jetpT cut applied during event selection (explained
in [3], section 3.3) contribute to the jet energy scale shift. To reduce the effect of such shifts on the
final measured top quark mass, the jets are rescaled by constraining the pair to the knownW boson
mass using aχ2 minimization. The quantity to be minimized is shown in Eq. (1). The first term
constrains the jet pair massM j j to theW boson mass and width from the Particle Data Group [18]
(MPDG

W , ΓPDG
W ). The other two terms are the usualχ2 terms for scaling the jets with multiplicative

constantsαEj1, j2; σ1,2 are the light jet energy resolutions2.

χ2 =
(Mjj (αEj1 ,αEj2) − MPDG

W )2

(ΓPDG
W )2

+
(Ej1(1− αEj1))

2

σ2
1

+
(Ej2(1− αEj2))

2

σ2
2

. (1)

This χ2 is minimized, event by event, for each light jet pair. The pair with the smallestχ2 is kept
as the hadronicW boson candidate. This minimization procedure also gives the corresponding energy
correction factorsαEj1 andαEj2 , shown in Fig. 5. Given the jet energy resolution, the first term in Eq.
(1) dominates theχ2. Therefore, the hadronicW boson mass reconstructed with the light jets chosen

2The light jet energy resolution has been estimated from the gaussian fit of the difference between a light jet energy and
the corresponding quark energy. The expression thus obtained is the following:σE = E ∗

√
(a2/E)+b2, where a = 0.989

GeV1/2 and b = 0.075.
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by this χ2 minimization is very narrow, as shown in Fig. 4. Further on, only the hadronicW boson
candidates within a mass window of± 2 ΓMW (ΓPDG

MW
= 2.1 GeV) are kept; this cut is calledC0.

jet energy [GeV]
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(E
)
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Figure 5: Energy correction factors estimated by theχ2 minimization.

3.5.2 HadronicW boson mass reconstruction with geometric method

In this method, the light jet pair with the smallest∆R distance between the two jets is taken as the
hadronicW boson candidate. This method is simple and does not depend onthe accuracy of the jet
energy scale. The resultingW boson mass distribution is shown in Fig. 6. Only hadronicW boson
candidates within a mass window of± 2 σMW (σMW = 10.4 GeV) around the peak value of the invariant
mass distribution of all light jet pairs are kept; this cut iscalledC1.

3.6 LeptonicW boson mass reconstruction

The main difficulty in reconstructing the leptonicW boson comes from the kinematics of the neutrino.
The missing transverse momentum/ET is used as an estimate of the neutrino transverse momentum.
This is, however, only an approximation, illustrated in Fig.7, as there may be other, softer, neutrinos
in the event, such as from leptonicb-decay. With this hypothesis,pν

T is underestimated by more than
2% (miscalibration of/ET and fake missing/ET also contributes to this shift).

Using the knownW boson mass, four-momentum conservation for theW → ℓ+ ν decay gives a
quadratic equation for the longitudinal component of the neutrino momentumpν

z (ℓ stands for lepton
andν stands for neutrino):
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Figure 6: HadronicW boson mass with the geometric method (the contribution of physics background
is shown in black, the one from combinatorial background, ingrey).
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Figure 7: Ratio of/ET to the generated neutrino transverse momentum, after C0 cut. The neutrino
considered here is the one from the leptonicW boson decay.
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M2
W = m2

l −2(pl
x pν

x + pl
y pν

y )+2El

√
/ET

2 +(pν
z )2−2(pl

zpν
z ).

This equation has no solution if the measured/ET fluctuates such that the neutrino-lepton invariant
mass is above theW boson mass; this happens in 30% of the remaining events afterthe C0 cut. In
this case,pν

T is reduced until a solution is found, with the restriction that the transverseW boson
mass remain below 90 GeV (see Fig. 8). Only 11% of the events still have no solution after this
procedure. Otherwise, the equation has two solutions. The choice among the twopν

z is performed
together with the association of theb-jet to the correspondingW boson: the combination giving the
smaller difference between the hadronic and leptonic top quark masses is kept.
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Figure 8: TransverseW boson mass (distributions are normalized to unity). On the left, the Jacobian
peak is clearly seen at the generator level (solid line); events for which nopν

z solution is found (dashed
line) can be distinguished from events for which a solution is found (dotted line). On the right, the
effect of thepν

T modification for events for which nopν
z solution is found, before (dashed line) and

after (solid line) modification: a fraction of these events are recovered.

3.7 Top quark reconstruction

The two methods used for the hadronicW boson reconstruction lead to two methods for the top
quark mass reconstruction. Moreover, additional cuts are applied in order to increase the purity of the
selected sample; their relevance is illustrated below.

Once the hadronicW boson is reconstructed, the next step is to choose from the two b-jets the
one to associate with the hadronicW boson in order to reconstruct the hadronic top quark. Several
methods have been investigated:

• choose theb-jet that maximizes the hadronic top quarkpT .

• Choose theb-jet closest to the hadronicW boson.

• Choose theb-jet furthest from the leptonicW boson.

All three methods give similar results, but the second method has a slightly higher purity, so that
one has been chosen. The remainingb-jet and the leptonicW boson then define the leptonic top quark.

The performance of the analyses before any additional cuts is summarized in Tables 2 and 3, in a
full top quark mass window and within± 3 σmtop, whereσmtop = 10 GeV.
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Table 2: Efficiency of cuts applied and final purities (full top quark mass window and within± 3
σmtop, whereσmtop = 10 GeV), with respect tott̄ semi-leptonic sample (e,µ), for both methods.

Cuts applied Efficiency (%) W boson purity (%) b purity (%) top purity (%)

χ2 minimization method
Cut C0 2.22± 0.03 59.4± 0.8 61.6± 0.8 40.2± 0.8
Cut C0 1.40± 0.04 70.4± 0.8 77.3± 0.8 60.7± 0.8
within ± 3 σmtop

Cuts C0, C2 and C3 1.25± 0.04 59.3± 0.8 82.2± 0.8 56.5± 0.8
Cuts C0, C2 and C3 0.90±0.03 74.9±0.9 91.1± 0.9 73.6± 0.9
within ± 3 σmtop

Cuts C0, C2, C3, C4 and C5 0.91± 0.05 80.1± 0.8 92.8± 0.8 77.1±0.8

Geometric method
Cut C1 1.26± 0.03 68.8± 0.8 69.7± 0.8 53.8± 0.9
Cut C1 1.01± 0.04 77.6± 0.8 77.7± 0.8 65.9± 0.8
within ± 3 σmtop

Cuts C1, C2 and C3 0.85± 0.03 68.7±0.9 84.7±0.8 66.1±0.9
Cuts C1, C2 and C3 0.70± 0.03 79.4±0.9 90.7±0.7 78.1±0.9
within ± 3 σmtop

Cuts C2, C3, C4 and C5 0.57± 0.05 86.9± 0.9 94.0± 0.6 86.4± 0.9

Table 3: Number of events in 1 fb−1 (signal and background) after selection cuts (full top quark mass
window and within± 3 σmtop, whereσmtop = 10 GeV), for both methods.τ + jets events correspond
to: hadronicW boson→ τν andτ decays hadronically. Leptonicτ decays are counted together with
the signal.

Number of events for 1 fb−1 signal W + τ di-lepton all-jets single
jets →jets top

χ2 minimization method
Cut C0 6946 19 14 191 51 148
Cut C0 4382 12 3 62 20 71

within ± 3 σmtop

Cuts C0, C2 and C3 3918 7 10 104 28 67
Cuts C0, C2 and C3 2863 4 3 24 28 24

within ± 3 σmtop

Cuts C0, C2, C3, C4 and C5 2850 1 2 10 17 19

Geometric method
Cut C1 3949 9 10 19 39 89
Cut C1 3155 4 6 9 7 56

within ± 3 σmtop

Cuts C1, C2 and C3 2643 4 5 11 33 48
Cuts C1, C2 and C3 2198 4 3 5 0 27

within ± 3 σmtop

Cuts C2, C3, C4 and C5 1785 0 1 2 7 13
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3.7.1 Additional cuts

Additional cuts can be applied in order to increase the final top purity (combinatorial background
rejection).

• Cut C2: the invariant mass of the hadronicW boson and theb-jet associated to the leptonic
W boson must be greater than 200 GeV.

• Cut C3: the invariant mass of the lepton and theb-jet associated to the leptonicW boson must
be lower than 160 GeV.

These cuts are illustrated in Figs. 9 and 10. Their effects onefficiency and purity are shown in
Tables 2 and 3.
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Figure 9: Invariant mass of the hadronicW bo-
son and the leptonicb-jet for events satisfying
C1. The vertical line corresponds toM j jbl =
M(Whad,blep) > 200 GeV.
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Figure 10: Invariant mass of the lepton and
the leptonicb-jet for events satisfying C1 and
C2. The vertical line corresponds toMlbl =
M(l,blep) < 160 GeV.

The combinatorial background can be further suppressed with two more cuts [19]. These are
defined based on the following variables, whereE∗ denotes the energy of a particle in the top quark
rest frame:

X1 = E∗
W−E∗

b = E∗
j1 + E∗

j2−E∗
b =

M2
W−M2

b

Mtop
, (2)

X2 = 2E∗
b =

M2
top−M2

W + M2
b

Mtop
. (3)

We call the peak and width of theX1,2 distributionsµ1,2 andσ1,2, as is found from simulatedtt̄
events withmtop = 175 GeV that satisfy all previous requirements. Then the twofollowing cuts are
defined:

• CutC4: |X1−µ1| < 1.5σ1,

• CutC5: |X2−µ2| < 2σ2.

These cuts are illustrated in Figs. 11 and 12. With respect toC2 and C3, these cuts reduce the
efficiency by 30% but increase the purity to 85%, as shown in Tables 2 and 3. The numbers are
identical in the full top quark mass window and within± 3 σmtop, since C4 and C5 restrict the top
quark mass to a more stringent window than± 3 σmtop around the peak value.

Table 4 summarizes the cuts applied in these analyses.
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Figure 11: Distribution ofX1 ≡ E∗
W − E∗

b for
events passing C2 and C3. Vertical lines corre-
spond to the bounds of theC4 cut.
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Figure 12: Distribution ofX2 ≡ 2E∗
b for events

passing C2, C3, and C4. Vertical lines corre-
spond to the bounds of theC5 cut.

Table 4: Additional cuts applied, after the event selection, for both methods (Xi, µi andσi are defined
in the text of this section).

Cut label Description

Cut C0 (χ2 minimization) |Mrec
W − MPDG

W | < 2ΓPDG
MW

(Mrec
W is the reconstructed hadronic W andΓPDG

MW
= 2.1 GeV)

Cut C1 (geometric method) |Mrec
W − Mpeak

W | < 2σMW (σMW = 10.4 GeV)
Cut C2 (both methods) M(Whad,blep) > 200 GeV
Cut C3 (both methods) M(lepton,blep) < 160 GeV
Cut C4 (both methods) |X1−µ1| < 1.5σ1

Cut C5 (both methods) |X2−µ2| < 2σ2
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3.8 Top quark mass measurement

In Fig. 13, the hadronic top quark mass reconstructed with the χ2 minimization method is fit to the
sum of a Gaussian and a polynomial (third degree). For 1 fb−1, the fit Gaussian has its mean at
175.0±0.2 GeV and a width of 11.6±0.2 GeV (χ2/dof = 137/67). It is seen that C2 and C3 do not
significantly shift the top quark mass:mtop = 174.8± 0.3 GeV with a width equal to 11.7± 0.4 GeV
(χ2/dof = 82/67: C2 and C3 improve significantly this value).
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Figure 13: The hadronic top quark mass reconstructed with the χ2 minimization method, fit with a
sum of a Gaussian and a third order polynomial, scaled to 1 fb−1. Left, after C0:mtop = 175.0± 0.2
GeV, with a width equal to 11.6± 0.2 GeV. Right, after C2 and C3:mtop = 174.8± 0.3 GeV with a
width equal to 11.7± 0.4 GeV

Figure 14 shows the result of the hadronic top mass reconstruction using the geometric method,
fit to the sum of a Gaussian and a threshold function3(left, χ2/dof = 97/75) and to a pure Gaussian
(right, χ2/dof = 38/24). After all cuts, the Gaussian mean fits to 175.0± 0.4 GeV with a width of
14.3±0.3 GeV. The width is larger than with theχ2 minimization method since no attempt is made
to perform an event-by-event rescaling of the light jets. Nevertheless, the contribution of the light jets
to the top quark mass resolution can be removed to first order by computing the top quark mass as
mtop = Mjjb −Mjj + Mpeak

W . The results of this geometric method with rescaling are shown in Fig. 15.
The width decreases to 10.6 GeV, consistent with the results from theχ2 minimization method.

Table 5 summarizes the fit results from all the methods discussed here.
3The formula of the threshold function used is the following:

A · e−
1
2

(
x−Mtop

σtop

)2

+CstBd f · (x− threshold)b · e−c(x−threshold) (4)
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Figure 14: The hadronic top quark mass reconstructed with the geometric method, fit with a sum of a
Gaussian and a threshold function (left) and with a pure Gaussian (right), scaled to 1 fb−1. Left, after
C1, C2, and C3:mtop = 174.6± 0.5 GeV, with a width equal to 11.1± 0.5 GeV; right, after C2, C3,
C4, and C5:mtop = 175.0± 0.4 GeV, with a width equal to 14.3± 0.3 GeV.
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Figure 15: The hadronic top quark mass reconstructed with the geometric method with rescaling,
fit with a sum of a Gaussian and a threshold function, scaled to1fb−1. Left, after C1, C2, and C3:
mtop = 175.4± 0.4 GeV, with a width equal to 10.6± 0.4 GeV (χ2/dof = 109/73); right, after C2,
C3, C4, and C5:mtop = 175.3± 0.3 GeV, with a width equal to 10.6± 0.2 GeV (χ2/dof = 43/16).
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Figure 16: χ2 distribution (with combinatorial
background), with cutsC2 andC3 applied.
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Figure 17: Top quark mass as a function ofχ2.
The points are fitted by a linear function to ex-
tractmtop = mfit

top(χ2 = 0)
.

3.9 Kinematic fit

The top quark mass can be extracted from a kinematic fit using aχ2 based on the entire final state, as
defined in equation (5). The terms in the first line consist of the usualχ2 terms4, while the last four
constrain the object masses. The resolutions are extractedfrom Monte Carlo. Theχ2 is calculated
event by event and the resultingχ2 distribution, shown in Fig. 16, exhibits a higher purity forlower
χ2 values. The purity of the final sample could be improved by cutting on theχ2.

χ2 = ∑
jets

((
ηm

i −η f
i

σ i
η

)2 +(
φm

i −φ f
i

σ i
φ

)2)+ ∑
jets,lepton

(
Em

i −Ef
i

σ i
E

)2 + ∑
x,y,z

(
pm

iν −pf
iν

σiν
)2

+(
mjj −MPDG

W

σW
)2 +(

mlν −MPDG
W

σW
)2 +(

mjjbh−mfit
top

σt
)2 +(

mlνbl −mfit
top

σt
)2.

(5)

Theχ2 minimization provides a high constraint on the jets fromW boson. In an earlier study [14],
it has been shown that the accuracy of the determination of the top quark mass depends on theχ2.
For events in which the b-quark jets are well measured and extra final state effects are small, theχ2

of the fit is close to 0 and produces a top quark mass value reflecting the Monte Carlo generated top
quark mass. For largerχ2 value, this top quark mass value decreases while the fraction of b-quarks
with a large gluon radiation increases. This observation can be used by performing a linear fit to the
extracted top quark mass as a function of theχ2. The fit is shown on Fig. 17 where the top mass
distribution is fitted by a gaussian for eachχ2 slice. The most accurate estimate of the top quark mass
is obtained by extrapolating this linear fit toχ2 = 0. This procedure should lead to a lower sensitivity
to final state radiation effects of the extracted top quark mass, which is found to bemtop = 174.8±0.4
GeV, where the uncertainty is statistical.

This method is more computationally intensive than the others to assess the systematics, and is
not considered further in this note.

4Them index stands for measured quantities and thef index, for fitted quantities. E,η andφ are respectively the energy,
pseudo-rapidity and polar angle of the considered objects.
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Table 5: Fitted peaks for the hadronic top quark mass and corresponding widths for several methods.
From simulated events withmtop = 175 GeV, for 1 fb−1.

Method Cuts Top quark mass σ Pull Pull
[GeV] [GeV] bias width

χ2 minimization C0 175.0± 0.2 11.6± 0.2 −0.3 1.23
χ2 minimization C0, C2, andC3 174.8± 0.3 11.7± 0.4 −0.2 1.11
χ2 minimization C0, C2, C3, C4, andC5 174.8± 0.3 11.8± 0.4 −0.5 1.00
Geometric C1, C2, andC3 174.6± 0.5 14.1± 0.5 −0.39 1.03
Geometric C2, C3, C4 andC5 175.0± 0.4 14.3± 0.3 −0.37 1.11
Geometric and rescaling C1, C2, andC3 175.4± 0.4 10.6± 0.4 0.51 1.10
Geometric and rescaling C2, C3,C4, andC5 175.3± 0.3 10.6± 0.2 0.17 1.15
Kinematic fit 174.8± 0.4

3.10 Statistical uncertainties
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Figure 18: Pull distributions for the top quark mass measurement. Left,χ2 minimization method and
right, geometric method. Both plots after C2, C3, C4, and C5.

The statistical uncertainties quoted have been evaluated using a single simulated experiment with
statistics corresponding to 1fb−1. To evaluate the reliability of these estimates, a bootstrap resampling
technique has been used [20].

The pull distributions for the top quark mass measurement(Mi −Mgen)/σM i have been produced
for each method using 1200 pseudo-experiments. The biases and widths are reported in Table 5 for
all the analyses shown in this note. Fig. 18 shows the pull distributions for theχ2 minimization
method and for the geometric method, after cutsC2 throughC5. All pull mean values are of size 0.5
or less: this indicates that the biases induced by the methods of measuring the top quark mass are of
the order of 0.1 to 0.2 GeV depending on the cuts applied. The pull widths are slightly larger than 1;
this indicates that the statistical uncertainty of the fit isslightly underestimated.
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3.11 Systematic uncertainties

The statistical uncertainty on the top quark mass being negligible with a few fb−1 of collected data,
the total uncertainty will quickly be dominated by the systematic uncertainties. All the contributions
are listed below and summarized in Table 6.

Table 6: Systematic uncertainties on the top quark mass measured in the semi-leptonic channel.

Systematic uncertainty χ2 minimization method geometric method

Light jet energy scale 0.2 GeV/% 0.2 GeV/%
b jet energy scale 0.7 GeV/% 0.7 GeV/%
ISR/FSR ≃ 0.3 GeV ≃ 0.4 GeV
b quark fragmentation ≤ 0.1 GeV ≤ 0.1 GeV
Background negligible negligible
Method 0.1 to 0.2 GeV 0.1 to 0.2 GeV

3.11.1 Jet energy scale (JES)

The effect of the uncertainty of the jet energy scale on the top quark mass measurement has been
estimated by multiplying separately the light jet andb-jet momenta by several rescaling factors (20
factors, between−10% and+10%). Neither the event selection nor the/ET have been changed after
this jet energy rescaling.

The resulting top quark mass depends linearly on the rescaling factor. The related systematic
uncertainty on the top quark mass can therefore be expressedas a percentage of the light jet andb-jet
energy scale miscalibration.

• The uncertainty in theb-jet energy scale produces an uncertainty in the top quark mass of 0.7
GeV/%. Theb-jet scale will ultimately be determined with data fromZ + jets. However, at
the start of LHC running, theZ + jets statistics will be low, so theb-jet scale will be derived
from the measured light jet scale togheter with a Monte Carlocorrection term modelling the
difference between the two jet energy scales. The systematic uncertainty associated with these
methods has not been yet evaluated.

• The uncertainty in the light jet energy scale produces an uncertainty in the top quark mass of
0.2 GeV/%. The reduced dependence compared to that of theb-jet energy scale is due to the
W boson mass constraint used in the rescaling (χ2 minimization method or kinematical fit) or
the definition of the top quark mass estimator (geometric with rescaling method). It has been
shown that the light jet energy scale should be known with a precision of 1% in 1 fb−1 of
data [3]: the corresponding uncertainty on the top quark mass would therefore be 0.2 GeV.

3.11.2 Initial and final state radiation (ISR and FSR)

The study of the effect of initial and final state radiation onthe top quark mass measurement is still
preliminary. Several samples have been simulated for this study, corresponding to different sets of
parameters:
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Table 7: Top quark mass measured with several ISR/FSR parameters (χ2 minimization method, after
cut C0 and jet calibration).

Sample Top quark mass [GeV] σ [(GeV]

1 176.6± 0.4 13.4± 0.6
2 176.3± 0.7 13.7± 0.8
3 176.3± 0.5 12.7± 0.6

• Sample 1: AcerMCtt̄ events, with maximum reconstructed top quark mass (half thedefault
value ofΛ(QCD) for FSR; twice the default value ofΛ(QCD) for ISR).

• Sample 2: AcerMCtt̄ events, with default ISR and FSR parameters.

• Sample 3: AcerMCtt̄ events, with minimum reconstructed top quark mass (twice the default
value ofΛ(QCD) for FSR, half the default value ofΛ(QCD) for ISR

For each sample, a specific jet calibration has been applied (separately forb-jets and light jets).
The measured top quark masses are summarised in Table 7. A shift on the top quark mass is

observed. A first estimate of the systematic uncertainty dueto initial and final state radiation can be
estimated from the relative difference between these threetop quark mass values: it is approximately
equal to 0.3 GeV (more statistics would be necessary for a more precise estimate).

This preliminary study shows the impact on the top quark massmeasurement of a given change
of ISR/FSR parameters, but the estimate of the systematic uncertainty due to ISR or FSR will benefit
from a measurement of these effects with ATLAS data. Figure 19 shows, for example, that the jet
multiplicity could help to determine the size of the initialand final state radiation contribution. Initial
state radiation could be measured with Drell-Yan events, ashas been done at the Tevatron.

Number of light jets with Pt > 40 GeV by event
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Figure 19: Light andb-jet multiplicity for several values of the ISR/FSR parameters (pT (jet) > 40
GeV).

3.11.3 b-quark fragmentation

The effect of b-quark fragmentation has been estimated by varying the Peterson parameter within its
uncertainty (study performed on fast simulation [14]).
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Figure 20: Reconstructed top quark mass with 2b-tagged jets as a function of the generated top quark
mass (left:χ2 minimization method, after C0 cut; right: geometric methodafter C1 cut). The method
has good linearity.

The resulting uncertainty is lower than 0.1 GeV.

3.11.4 Background estimate

Variations in the size of the background have no noticeable effect on the extracted top quark mass.
Nevertheless, it is important to extract the shape of the background from data.

3.12 Linearity of the method

The analysis leading to the top quark mass measurement has been applied to samples corresponding
to several values of generated top quark mass. Figures 20 and21 show that both methods have good
linearity. The reconstructed top quark mass lies above the generated one by an average offset equal to
0.2% ofmtop. This comes from thepT jet spectrum which is different for each sample with a different
generated top quark mass [3]. The jet energy scale is then a little bit different in each sample due to
the pT cut applied on jets.

4 Top quark mass measurement in the semi-leptonic channel with re-
laxed requirements on theb-tagging

At the start of LHC running, the detector will not be optimized and will require a commissioning phase
with first data to calibrate its sub-components. This is particularly true for the pixel detector and its
capability to tagb-jets. Thus, it could be useful to have a top quark mass measurement analysis in
which the use ofb-tagging is reduced. This is addressed in this section by performing a first analysis in
which exactly oneb-jet isb-tagged (the assumedb-tagging efficiency is the same as before:εb ≃60%).
This sample has no events in common with the sample used in section 3. In a second analysis,b-
tagging is not used in the reconstruction of thett̄ events. Even if not used, this sample contains events
with 0, 1, or 2b-tagged jets and overlap with the other two samples.
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Figure 21: Difference between the reconstructed and generated top quark mass, as a function of the
latter (left: χ2 minimization method, after C0 cut; right: geometric methodafter C1 cut).

4.1 Displaced vertexb-tagging, 1b-tagged jet

The sample is here limited to events with no more than five jets. In this case, the best method to select
the two light jets from theW boson is the one which minimizesMjj −Mpeak

W . Theb-jet associated with
the hadronic top quark decay is then chosen among the remaining light jets and the taggedb-jet. The
best choice is the one which minimizes

√
(X1−µ1)2 +(X2−µ2)2 (see equations (2) and (3)).

A large fraction of the non-hadronicb-jets is removed by requiring theb-jet to be closer to the
reconstructedW boson than the lepton originating from the leptonic top quark decay:

• cut C6 : ∆R(lepton,bhad)−∆R(W,bhad) > 1

As in previous sections, the purification cutsC1 andC3 are applied. Harder purification cuts (C4
andC5) could also be applied. The top quark mass spectra derived after applying the two sets of
purification cuts are shown in Fig. 22.

Table 8 summarizes the reconstruction efficiency and purityrelated to this reconstruction method
for both sets of cuts.

Table 8: Singleb-tagged sample: efficiency of cuts applied and final purities(within ± 3 σmtop), with
respect to semi-leptonic events.

Cuts Efficiency (%) W boson purity (%) b purity (%) top purity (%) Number of events

C1+C3+C6 0.54±0.02 70±1 69±1 62±1 1063
C3+C4+C5+C6 0.52±0.02 71±1 70±1 63±1 1016

The systematic uncertainties on the top quark mass measurement, determined in the same way as
in the previous section, are summarized in Table 9.

The top quark mass values obtained are shown in Table 10 together with the pull distribution
results. The single-tag sample can be added to the double-tagged sample to perform a top quark mass
measurement with 50% more signal events.
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Figure 22: Events with only 1b-tagged jet:mtop = Mjjb −Mjj +Mpeak
W with the geometric method and

rescaling, after purification cuts (left,C1, C3, andC6 cuts: mtop = 176.0 ± 0.7 GeV, with a width
equal to 9.4± 0.8 GeV(χ2/dof = 58/52) ; right,C3, C4, C5, andC6 cuts: mtop = 174.0± 0.4 GeV,
with a width equal to 12.7± 0.4 GeV) (χ2/dof = 27/13).

Table 9: Systematic uncertainties on the top quark mass withrescaling measured in the semi-leptonic
channel, with 1b-tagged jet and nob-tagging, using the geometric method.

Systematic uncertainty 1 b-tagged jet No b-tagging

Light jet energy scale 0.3 GeV/% 0.4 GeV/%
b jet energy scale 0.7 GeV/% 0.7 GeV/%
ISR/FSR ≃ 0.4 GeV ≃ 0.4 GeV
b quark fragmentation ≤ 0.1 GeV ≤ 0.1 GeV
Background < 1 GeV 1 GeV

Table 10: Fitted top quark mass value and corresponding widths for 1b-tag and nob-tag samples, in
1 fb−1. Pull bias and width are also given.

Geometric method Cuts Top quark mass σ pull pull
with rescaling [GeV] [GeV] bias width

1 b-tagged jet C1, C3 andC6 cuts 176.0± 0.7 9.4± 0.8 −0.48 1.17
1 b-tagged jet C3, C4, C5 andC6 cuts 174.0± 0.4 12.7± 0.4 −0.05 1.07
No b-tagged jet C1 andC3 cuts 175.0± 0.4 11.7± 0.5 0.40 1.12
No b-tagged jet C3, C4 andC5 cuts 175.2± 0.5 12.4± 0.8 −0.15 0.94
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4.2 Top quark mass measurement in the semi-leptonic channelassuming nob-tagging

The same analysis is performed with no use ofb-tagging information. The main difference with
the twob-tagged analysis comes from the larger contribution of the combinatorial and physics back-
ground.

The corresponding top mass spectra are given in Fig. 23 for both sets of cuts. Table 11 summarizes
the efficiency and purity related to this method.
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Figure 23: Events withoutb-tagging: mtop = Mjjb −Mjj + Mpeak
W with the geometric method, after

purification cuts (left,C1 andC3 cuts: mtop = 175.0± 0.4 GeV, with a width equal to 11.7± 0.5
GeV(χ2/dof = 130/69) ; right,C3, C4 andC5 cuts: mtop = 175.2± 0.5 GeV, with a width equal to
12.4± 0.8 GeV(χ2/dof = 41/24)).

Table 11: Efficiency of cuts applied and final purities (within± 3 σmtop), with respect to semi-leptonic
(e,µ) events, assuming nob-tagging.

Cuts Efficiency (%) W boson purity (%) b purity (%) top purity (%) Number of events

C1+C3 1.59± 0.03 49.5± 0.9 46.8± 0.9 58.4± 0.9 3115
C3+C4+C5 1.48±0.03 51.1± 0.9 49.0± 0.9 58.9± 0.9 2916

The systematic uncertainties on the top quark mass measurement are summarized in Table 9. The
obtained top quark mass values together with the pull distribution results are shown in Table 10.

For the second set of cuts (right plot of Fig. 23), the background contribution (≃ 45 % of the
sample) is peaked exactly below the signal contribution, preventing a fit using a parametrization like
gaussian function (signal) + polynomial function (background). An event mixing technique has been
used to fix the background shape in the parametrization. The event mixing technique consists in
replacing one of the two jets momentum associated to the W with a simulated jet whose energy,φ and
η distribution is randomly selected according to the global energy,φ andη distributions observed for
the jets associated to the W. This technique looks very promising as shown in Fig. 24 comparing data
and event mixing samples for the two jet and three jet invariant masses after preselection.
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Figure 24: Events withoutb-tagging: comparison between background and event mixing samples for
two jets (left) and three jets (right) invariant mass.

5 Conclusion

Several methods have been investigated in order to perform an accurate top quark mass measurement
with 1 fb−1 of collected data, in thett̄ semi-leptonic channel. The best top quark mass determination
is achieved with twob-tagged events and a top mass estimator taken as the invariant mass of the
three jets from hadronically-decaying top quark; the uncertainty on the top quark mass measurement
with this analysis will be dominated by systematics, the statistical uncertainty being already small
(≤0.4 GeV). The precision on the top quark mass relies mainly onthe jet energy scale uncertainty: a
precision of the order of 1 to 3.5 GeV should be achievable with 1 fb−1, assuming a jet energy scale
uncertainty of 1 to 5%.W boson sample can be extracted from thett̄ sample in order to constrain the
light jet energy scale. The main uncertainty on the top quarkmass measurement will come from the
b-jet energy scale.

Events with one or nob-tagged jets lead also to an interesting measurement if the background
(physical and combinatorial) shape is constrained from data. The estimated precision on the top quark
mass value is below 2 GeV (assuming a jet energy scale uncertainty of the order of the percent), with
a very good signal over background ratio. These samples are thus very useful for jet energy scale or
b-tagging studies during the commissioning phase with earlydata.

References

[1] R. Bonciani et al., Nucl. Phys. B529(1998) 424.

[2] The Tevatron Electroweak Working Group, hep-ex/0703034.

[3] ATLAS Collaboration, Jets from Light Quarks in tt̄ Events, this volume.

[4] M. Smith and S. Willenbrock, Phys. Rev. L.79 (1997) 3825.

[5] C.S. Hill and J.R. Incandela and J.M. Lamb, Phys. Rev. D71 (2005) 054029.

[6] M. Beneke et al., Report of the 1999 CERN Workshop on Standard model physics (and more)
at the LHC (1999) 419–529.

[7] M. Bilenky et al., Phys. Rev. D60 (1999) 114006.

24

TOP – TOP QUARK MASS MEASUREMENTS

132

1001



[8] J. Abdallah et al., Eur. Phys. J.C46 (2006) 569.

[9] A. Sirlin, Phys. Rev. D22 (1980) 971.

[10] T. Aaltonen et al., arXiv:hep-ex/0708.3642.

[11] The LEP Electroweak Working Group, //lepewwg.web.cern.ch/LEPEWWG/.

[12] ATLAS Collaboration, Detector and Physics Performance Technical Design Report, 1999.

[13] Snowmass Working Group on Precision Electroweak measurements, Present and future Elec-
troweak precision measurements and the indirect determination of the mass of the Higgs boson.

[14] I. Borjanovic et al, Eur. Phys. JC39S2(2005) 63–90.

[15] ATLAS Collaboration, Top Quark Physics, this volume.

[16] ATLAS Collaboration, Triggering Top Quark Events, this volume.

[17] ATLAS Collaboration, Detector Level Jet Corrections,this volume.

[18] Particle Data Group, J. Phys.G33 (2006) 1–1232.

[19] E. Cogneras, Ph.D. thesis, 2007, Université Blaise Pascal.
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Top Quark Properties

Abstract
The ATLAS potential for the study of top quark properties andphysics beyond
the Standard Model in the top sector, is reviewed in this paper. Measurements
of the top quark charge, the spin and spin correlations, the Standard Model
decay (t→ bW), rare top quark decays associated to flavour changing neutral
currents (t→ qX,X = γ,Z,g) and t̄t resonances are discussed. The expected
sensitivity of the ATLAS experiment is estimated for an integrated luminosity
of 1 fb−1 at the LHC. For the Standard Model measurements the expectedpre-
cision is presented. For the tests of physics beyond the Standard Model , the
5σ discovery potential (in the presence of a signal) and the 95%confidence
level limit (in the absence of a signal) are given.

1 Introduction

Several properties of the top quark have already been explored by the Tevatron experiments, such as the
mass, charge and lifetime, the rare decays through flavour changing neutral currents (FCNC) and the
production cross-sections. The structure of the Wtb vertexand the main top quark decay mode (t→ bW)
within the Standard Model were also investigated together with the measurements of the W-boson he-
licity fractions. Many of these studies were performed by reconstructing t̄t pairs in the semileptonic,
dileptonic and fully hadronic decay modes. Given the current Tevatron luminosity, most of these studies
are limited by the statistics acquired.

The electric charge of the top quark is one of its fundamentalproperties and will be probed with high
statistics at the LHC. The measurement of the top quark charge can be performed either by identifying
the charge of its decay products in the main decay channel t→ bW or by studying radiative top quark
processes. At the Tevatron the D0 [1] and CDF [2] collaborations have already initiated the study of
the top quark charge and, with the available statistics, they showed that the data gives preference to the
Standard Model top quark hypothesis (with a charge of+2/3) over the scenario with an exotic quark
(XM) of charge−4/3 and mass≈ 170 GeV, fully consistent with the present precision electroweak data
[3,4]. The D0 and CDF exclude the exotic quark hypothesis with 92 and 87 % confidence, respectively.

As the top quark decays before it can form hadronic bound states, a consequence of its high mass,
the spin information of the top quark is propagated to its decay products. This unique behaviour among
quarks allows direct top quark spin studies, as spin properties are not washed out by hadronization.
Through the measurement of the angular distributions of thedecay products the information of the top
quark spin can be reconstructed. Top quark spin polarization and correlations in t̄t events produced at the
LHC are precisely predicted by the Standard Model and are sensitive to the fundamental interactions in-
volved in the top quark production and decay. By testing onlythe top quark decay, the W-boson polariza-
tion measurement complements top quark spin studies, helping to disentangle the origin of new physics,
if observed. The W-boson polarization states can be measured through the longitudinal (F0), left-handed
(FL) and right-handed (FR) helicity fractions. At the present, the most stringent limits on the W-boson he-
licity fractions were obtained at the Run-II of the Tevatron[5–13]. Analysing 1.9 fb−1 of data, the CDF
experiment measured [5]F0 = 0.62± 0.11 with FR fixed to zero andFR = −0.04± 0.05 with F0 fixed
to the Standard Model expectation formt = 175 GeV. For 2.7 fb−1, the D0 experiment measured [10]
F0 = 0.490±0.106(stat)±0.085(syst) with FR fixed to zero, andFR = 0.110±0.059(stat)±0.052(syst)
with F0 fixed to the Standard Model value.

Within the Standard Model, the Wtb coupling is purely left-handed (at the tree level), and its size is
given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vtb. In Standard Model extensions,
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Table 1: The values of the branching ratios of the FCNC top quark decays, predicted by the SM, the
quark-singlet model (QS), the two-higgs doublet model (2HDM), the minimal supersymmetric model
(MSSM) and SUSY with R-parity violation are shown [30–36].

Process SM QS 2HDM MSSM R6 SUSY
t→ uZ 8×10−17 1.1×10−4 − 2×10−6 3×10−5

t→ uγ 3.7×10−16 7.5×10−9 − 2×10−6 1×10−6

t→ ug 3.7×10−14 1.5×10−7 − 8×10−5 2×10−4

t→ cZ 1×10−14 1.1×10−4 ∼ 10−7 2×10−6 3×10−5

t→ cγ 4.6×10−14 7.5×10−9 ∼ 10−6 2×10−6 1×10−6

t→ cg 4.6×10−12 1.5×10−7 ∼ 10−4 8×10−5 2×10−4

departures from the Standard Model expectationVtb ≃ 0.999 1 are possible [14, 15], as well as new
radiative contributions to the Wtb vertex [16, 17]. These deviations might be observed in top quark
production and decay processes at LHC. The most general Wtb vertex for on mass shell W-boson, top
quark and b quark, containing terms up to dimension five can bewritten as

L = − g√
2

b̄γµ (VLPL +VRPR) t W−
µ − g√

2
b̄

iσµνqν

MW
(gLPL +gRPR) t W−

µ +h.c. , (1)

with q = pt− pb the W-boson momentum andPR(L) the chirality projectors. Additionalσµνkν andkµ

terms, wherek = pt + pb, can be absorbed into this Lagrangian using Gordon identities. If the W-boson
is on its mass shell or it couples to massless fermionsqµεµ = 0, and terms proportional toqµ can be
dropped from the effective vertex. The new constantsVR, gL andgR [18, 19], are vector like (VR) and
tensor like (gL andgR) anomalous couplings, can be related tof R

1 , f L
2 and f R

2 in Ref. [20] (and references
therein) asf R

1 = VR, f L
2 = −gL and f R

2 = −gR. If we assume CP is conserved, these couplings can be
taken to be real. Within the Standard ModelVL ≡Vtb≃ 0.999 and the other couplings (VR, gL , gR) vanish
at the tree level, while nonzero values are generated at higher orders [21,22]. Indirect limits on the Wtb
vertex anomalous couplings can be inferred from radiative B-meson decays and B̄B mixing [23]. Taking
into account the current world average [23], BR(B̄→ Xsγ) = (3.55±0.24+0.09

−0.10±0.03)×10−4, varying
one parameter at a time, the 95% C.L. bounds onVR, gL and gR are in the range[−0.0007,0.0025],
[−0.0015,0.0004] and[−0.15,0.57], respectively [22,24].

Flavour Changing Neutral Currents are strongly suppressedin the Standard Model due to the Glashow-
Iliopoulos-Maiani (GIM) mechanism [25]. Although absent at tree level, small FCNC contributions are
expected at one-loop level, determined by the CKM mixing matrix [26–29]. For the top quark within
the framework of the Standard Model, these contributions limit the FCNC decay branching ratios to
the gauge bosons, BR(t→ qX,X = Z,γ,g), to below 10−12. There are however extensions of the SM,
like supersymmetry (SUSY) [30], multi-Higgs doublet models [31] and models with exotic (vector-like)
quarks [32–34], which predict the presence of FCNC contributions already at tree level and significantly
enhance the FCNC decay branching ratios compared to the Standard Model predictions [35, 36]. The
branching ratio for the different models are shown in Table 1. FCNC processes associated with the pro-
duction and decay of top quarks have been studied at colliders and the observed upper limits on the
branching ratios at 95% C.L., from the direct searches, are shown in Table 2.

Since the top quark mass is much larger than the other quarks,the top quark may play a privileged
role in the electroweak symmetry breaking (EWSB) mechanism. Any new physics connected to the
EWSB could be preferentially coupled to the top quark sector. This would lead to deviations from the

1Three generations of quarks and unitarity of the CKM matrix are assumed.
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Table 2: Experimental observed upper limits on the branching ratios at 95%C.L. for the FCNC top quark
decays.

LEP HERA Tevatron
BR(t→ qZ) 7.8% [37–41] 49% [42] 3.7% [43]
BR(t→ qγ) 2.4% [37–41] 0.75% [42] 3.2% [44]
BR(t→ qg) 17% [45] 13% [42,46,47] 0.1−1 % (estimated from [46,48])

expected Standard Model tt̄ production rate and could distort the top quark kinematics. New resonances
and gauge bosons strongly coupled to the top quark are expected in a large variety of models, in particular
those with strong EWSB [49–51]. The tt̄ final states are also interesting for leptophobic Z′ bosons which
can appear in Grand Unification Models [52]. These new particles could reveal themselves in the tt̄
invariant mass distribution. At the Tevatron experimentalupper limits were set at 95 %C.L. for the
σ(p p̄→ Z′)×BR(Z′→ tt̄) with Z′ masses between 450 GeV and 900 GeV. A topcolor leptophobic Z′ is
ruled out below 720 GeV and the cross section of any narrow Z′ decaying to a t̄t is less than 0.64 pb at
95%C.L., for Z′ masses above 700 GeV [53].

In this note the ATLAS potential for the study of the top quarkproperties and tests of physics beyond
the Standard Model in the top quark sector are reviewed for anexpected luminosity of 1 fb−1 at the
LHC. The note is organized as follows: the basic event selection and the trigger used are reminded in
Section 2. In Sections 3, 4, 5 and 6 the studies of the top quarkcharge, the W-boson and top quark
polarisation studies and the Wtb anomalous couplings, the top quark FCNC decays and the production
of tt̄ resonances are discussed respectively. The summary and conclusions are presented in Section 7.
The top quark mass, one of the most important top quark properties, is not investigated here as a separate
note is devoted to this issue [54].

2 Basic event selection

As most of the studies performed in this paper are related to either the semileptonic (tt→WWbb→ lν j1j2bb
with l = e,µ) or the dileptonic (tt→WWbb→ lν l

′ν ′
bb with l, l

′
= e,µ) decays of t̄t events, basic criteria

for the event selection were defined for each one of these finalstate topologies. Changes to the criteria
are to be expected depending on the type of top quark propertyunder study. For the background studies
several sources were considered, tt̄, W+jets, Wb̄b+jets, Wc c̄+jets, Z+jets, WW, ZZ, WZ and single top
events (see the introduction of the Top Chapter for a full list of backgrounds). The backgrounds are also
described in more detail separatly for each section of the note. All signal and background events were
required to pass the single lepton trigger requirements forelectrons and muons. The triggers considered
were L1EM18I (L1 MU20,L1 MU40) for electrons (muons) at L1, e22i (mu20) for electrons(muons)
at L2 and e22i (mu20) for electrons (muons) at the Event Filter (EF) [55].

Different selection criteria are applied for the top quark FCNC analyses, as the final state topology is
different from those considered above. These criteria are explained in Section 5.

Semileptonic topology

In the semileptonic topology, signal events have a final state with one isolated lepton (electron or
muon), at least four jets (two of them from the hadronizationof b quarks and labelled b-jets) and large
transverse missing energy from the undetected neutrino. More information on the signal can be found
in the introduction of the Top Chapter. The basic selection criteria were defined by requiring that the
events should have:
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Table 3: Cumulative efficiencies of the standard top quark selection criteria for the semileptonic and
dileptonic type of events with electrons and muons for the pseudorapidity range|η | ≤ 2.

criterion ε(%) criterion ε(%)
Semileptonic events 100 Dileptonic events 100
1 isol.lept. (pT >25/20 GeV) 58.9 2 isol.lept. (pT >25/20 GeV) 35.5
≥ 4 jets (pT >30 GeV) 34.2 ≥ 2 jets (pT >30 GeV) 31.8
≥ 2 b-tagged 10.5 = 2 b-tagged 8.3
missingET > 20 GeV 8.5 missingET > 30 GeV 6.5

• exactly one isolated electron (muon) with|η |< 2.5 andpT > 25 GeV (pT > 20 GeV);

• at least 4 jets with|η |< 2.5 andpT > 30 GeV;

• at least 2 jets tagged as b-jets;

• missing transverse energy above 20 GeV.

Dileptonic topology

In the dileptonic topology, signal events have a final state with two isolated leptons (electrons and/or
muons), at least two jets (tagged as b-jets) and large transverse missing energy from the two undetected
neutrinos. The basic selection criteria were defined by requiring that the events should have:

• exactly two isolated electrons (muons) with|η |< 2.5 andpT > 25 GeV (pT > 20 GeV);

• at least 2 jets with|η |< 2.5 andpT > 30 GeV;

• 2 jets tagged as b-jets;

• missing transverse energy above 30 GeV.

Selection efficiency

The efficiency of the basic selection criteria was examined using ≈ 450 000 events from the
tt̄→ bWbW→ bqqbℓν ,bℓνbℓν signal sample. The results are presented in Table 3.

The effect of the trigger efficiency is investigated separately for the individual analysis.

3 Top quark charge reconstruction

There are several techniques to determine the electric charge of the top quark at hadron collider ex-
periments [56–58]. The top quark charge measurement presented here is based on the reconstruction
of the charges of the top quark decay products. As the dominant decay channel of the top quark is
t→W+b(t̄→W−b̄), the top quark charge determination requires the measurement of both the W boson
and the b quark charges. While the charge of the W boson can be determined through its leptonic decay,
the b quark charge is not directly measurable due to quark confinement in hadrons. In this note two
possible ways to determine the b quark charge were investigated:
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• The charge weighting technique: this approach is based on finding a correlation between the b
quark charge and the charges of the tracks belonging to the b-jet [59,60].

• The semileptonic b-decay approach: in this case the b quark charge is determined using the
semileptonic b-decays (b→ c,u+W−,W−→ ℓ−+ ν̄ℓ), where the sign of the soft lepton indicates
the sign of the b quark charge.

Two major issues have to be addressed. The first one is to find the selection criteria to perform the correct
pairing of the lepton and the b-jet originated in the same topquark decay. In the Standard Model a b-
jet, coming from a b quark, should be associated with a positive lepton (ℓ+), while in the exotic case it
should be associated with a negative one (ℓ−). The second issue is the assignment of a charge to the b-jet
selected by the pairing criterion. While the former issue iscommon for both the approaches, the latter
one is tackled in different ways.

3.1 Event generation and selection

The standard t̄t−→W+bW−b̄ samples were used as signal events in both the semileptonicand the dilep-
tonic channels (only electrons and muons are taken as signal). For the background studies, theW+jets
sample was used. The tt̄ all jets channels as well as the semileptonic and dileptonic channels ofτ leptons
were analysed as they can contribute to background (all jetschannel) and to signal (events with the lep-
tonic decays ofτ leptons). In the present analysis the common selection criteria were used, as defined in
Section 2. In addition, for each approach, specific criteriawere applied to the events.

3.2 The lepton and b-jet pairing algorithm

The lepton and b-jet pairing was done using the invariant mass distribution of the lepton and the b-tagged
jet, m(l,bjet). If the assignment is correct,m(l,bjet) is limited by the top quark mass, otherwise there is
no such restriction, as can been seen in Figure 1, where the signal sample with the standard cuts applied
was analysed. To find the connection between the b-quarks andreconstructed b-jets and the parton level
leptons and reconstructed leptons, the MC truth was used: the matching was treated as successful if the
cone difference,∆R between b-quark and b-jet was less than 0.4 (in the lepton case ∆R < 0.2). For
double b-tagged events, only the b-jets that satisfy

m(l,b(1,2)
jet ) < mcr and m(l,b(2,1)

jet ) > mcr (2)

were accepted. In the di-lepton case both leptons should fulfill the condition (2). The optimal value
for the pairing mass cut,mcr = 155 GeV, is a trade-off between the efficiency (ε) and purity (P) of the
pairing method. The factorε(2P− 1)2 was maximised to find the optimum working point. As this
criterion requires events with two b-tagged jets and one combination for the lepton and b-jet invariant
mass must be belowmcr and the other one abovemcr, the efficiency of the method is small. On the other
hand, this criterion gives a high purity sample as is shown inSection 3.5.1. In the analysis two variants
of b-tagged events treatment were considered. In the first one exactly two b-jets were required while in
the second one two and more b-jets were allowed (the two with the highestpT treated as true b-jets).
Slightly better results were obtained for the former variant and the results presented here correspond to
this case. To suppress the background some additional cuts were tried: W boson mass (MW) window,
top quark mass (mtop) window, etc. By using the combined W boson and top quark masswindow the
background can be reduced by factor more than 10 at the expense of a factor 2 loss in signal. TheMW

window requires that at least one pair of non b-tagged jets should have an invariant mass within 10 GeV
of the W boson mass. Themtop window requires that the reconstructed W boson can be combined with
a b-jet (not previously paired with a high-pT lepton) to give an invariant mass within 40 GeV of the top
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full
line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the
weighting approach.

3.3 The jet track charge weighting approach

The determination of the average b-jet charge was done usinga weighting technique in which the b-jet
charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
∑i qi |~j i ·~pi |κ
∑i |~j i ·~pi |κ

(3)

whereqi(pi) is the charge (momentum) of theith track inside the jet and~j is the b-jet axis unit vector.
The κ parameter was optimised for the best separation between b- and b̄-jets and the optimum value
was found to beκ = 0.5. In addition, for the charge weighting technique, it was further required, using
only tracks withpT > 1.5 GeV, that at least two tracks must be found within a cone with∆R< 0.4 with
respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highestpT

are used. The parameters of the weighting procedure are the result of a maximisation of the difference
between the mean values of the b- andb̄-jet charge distributions - these mean values were found for a
set of the parameters values (κ and trackpT) and compared. For the procedure optimisation the signal
tt̄-sample was used.

3.4 Semileptonic b-decay approach

In this approach the pairing procedure described in Section3.2 is also used. But in this case the b quark
charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the
lepton charge within the b-jet,

b→ c,u+ ℓ−+ ν̄ , b̄→ c̄, ū+ ℓ+ +ν .

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-
jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among
the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several
processes can lead to an incorrect b quark charge assignmentwith this approach. Semileptonic decays
of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To

6

TOP – TOP QUARK PROPERTIES

139

1008



suppress the contribution from D mesons, the non-isolated lepton transverse momentum with respect to
the b-jet axis,prel

T , can be used. The fact that the leptonprel
T from b-decays is, on average, higher than

from D meson decays can be used to diminish this contamination. Theprel
T cut was optimised using a

sample of≈ 555000 signal t̄t events and the value of 1 GeV has been found as the optimum cut. An
additional source of wrong b quark charge assignments is mistagging, i.e. light jets incorrectly tagged as
b-jets.

The main drawback of this approach is that, from all the selected lepton plus b-jet pairs, only those
with a b-jet containing a non-isolated lepton can be used in the analysis. In addition to that, due to
difficulties in selecting a pure sample of electrons from within jets, only muons were taken as the non-
isolated leptons.

3.5 Results

In both approaches, the Standard Model scenario of top quarkproduction and decay is assumed. The
corresponding results are discussed in the following sections.

3.5.1 Weighting technique approach results

As a first step, the efficiency and purity of the lepton b-jet pairing was investigated. Using the events
which passed the selection criteria, the obtained pairing efficiency is ε = 30.5% and the pairing purity
is P = 85.6%. The purity of pairing is defined asP = Ngood/Nall, whereNgood (Nall) is the number of
correctly paired lepton – b-jet pairs (all treated pairs) and the Monte Carlo truth is used to findNgood.

The b-jet charge spectra reconstructed using the Monte Carlo truth and invariant mass pairing pro-
cedure for the signal tt̄ events are presented in Figure 2, left and right respectively. From Figure 2, the
shift of the b-jet charges associated withℓ+, Q(+)

bjet, andℓ−, Q(−)
bjet, (or with b andb̄ quark in the Monte

Carlo case) is clearly seen. The obtained b-jet charge purity, defined as the percentage of b-jets with the
correct charge (Q(+)

bjet < 0 andQ(−)
bjet > 0), isP≈ 62%. In addition to that, theQcombb-jet charge spectrum,

defined asQ(ℓ)×Q(ℓ)
bjet, has been reconstructed. The influence of trigger was also investigated, namely

the lepton level 1 and level 2 triggers as well as the event filter (EF). The results with and without trigger
are summarised in Table 4. No significant impact of the trigger is observed. A small asymmetry in favour
of the positive b-jet charge, as was revealed by the analysis, is due to the dominance of positive charge
in the initial state (two colliding protons).

Note that the peaks at±1 in Fig. 2 correspond to the cases when all the tracks pointing to a b-jet
have the same charge sign - in this case the weighting procedure (2) givesQbjet =±1.

Table 4: The mean b-jet charge associated with positive (Q+) and negative (Q−) lepton and combined
b-jet charge (Qcomb) without (no) and with (yes) EF trigger; two b-tags required.

trigger Q+ Q− |Qcomb | Nevent efficiency
no -0.092± 0.006 0.103± 0.006 0.097± 0.004 7129 100.0
yes -0.095± 0.006 0.106± 0.006 0.101± 0.004 6130 86.0

The main background processes for the top quark charge measurement in the semileptonic mode are:
W+ jets production (the most important background in this mode), QCD multi-jets, di-boson and single
top quark production. The single top production is not a genuine background as it gives the same sign
of the b-jet charge asymmetry as the signal. For the selection criteria that were used, the ratio of the
accepted semileptonic tt̄ events to the accepted single lepton ones is more than 15:1.In the dileptonic
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Figure 2: The b-jet charge associated with positive (full line) and negative (dashed line) lepton using the
Monte Carlo truth (left) and invariant mass criteria (right) for theℓb-pairing.

mode, the background is composed of Drell-Yan pairs (the most significant background), multi-jet QCD
processes and di-boson production [2].

The background studies for this analysis require large Monte Carlo samples (in addition to the stan-
dard cuts the invariant mass criterion is highly restrictive) not available at present. The ideal way to
determine the basic background parameters, the S:B ratio and background charge asymmetry, is to use
the W+jets (dominant background) samples. However, after applying the selection criteria to the avail-
able W+jets samples, only a few events remained (20 lepton b-jet pairs). It is clear that due to poor
statistics the samples are not suitable for a valuable background analysis. Nonetheless, combining the
b-jet charge spectra, obtained for the individual W+jets channels (W+n×jets and Wb̄b, Wc c̄ + n×jets)
scaled according to their cross sections to 1 fb, a S:B ratio of ≈ 38± 8 was obtained. To fix the S:B
ratio we need to include other backgrounds and take a regard for the poor statistics. Taking into account
only the standard cuts with a looseMW window (±30 GeV) a value of 7:1 was obtained for the S:B ratio
which is compatible with that of the CDF background studies [2]. As a result, a nominal S:B ratio of
30:1 has been assumed, with 7:1 as a very conservative lower limit for studying systematic uncertainties
related to the background.

The poor statistics of the available W+jets samples does notenable the background b-jet charge
asymmetry to be determined precisely, the obtained value being≈−0.02±0.05. On the other hand, as it
was shown by CDF [2], no marked background asymmetry is expected. For this reason, as a background,
we use the signal events but without the pairing of leptons and b-jets. As a consequence the obtained
b-jet charge spectrum is not correlated with the highpT lepton charge and should not have any charge
asymmetry. Assuming the nominal S:B ratio, the spectrum is normalized to 1/30 of the signal statistics.
The analysis showed that this background exhibits practically no asymmetry. For the systematics studies,
a background corresponding to S:B=7:1 was also considered.

To find a realistic b-jet charge distribution, the signal andbackground distributions are combined. In
Figure 3 (left) the expected b-jet charge (Qcomb) distribution combining the signal with the background
(full line) and the background itself (dashed line) are shown. From the reconstructed b-jet charge spectra
using the two treated backgrounds, the expected mean b-jet charge (assuming the Standard Model) is:

Qcomb=−0.094±0.0042(stat).

The Qcomb value is obtained as the mean value of the signal plus background (S+B) distribution
combining signal with the background.

In conclusion,≈ 6000 ℓb combinations could be selected for the top quark b-jet charge analysis,
using the 1 fb−1 sample. The expected combined b-jet charge purity,N(Qbjet < 0)/Nall, is≈ 0.62±0.01
for the Standard Model case.
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcomb

t ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean b-jet charge (Qcomb) it can be
stated that the obtained value will differ from 0 by more than20σ . Using a simple statistical treatment
it is easy to show that for a reliable determination ofQcomb (≥ 5σ) a sample of≈ 0.1 fb−1 should
be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is more
influenced by the size of the S:B ratio than by the background asymmetry: going from the pure signal b-
jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge decreased
by 14%, while a replacement of the symmetric background by the asymmetric one with an asymmetry
1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.

The direct reconstruction of the top quark charge can be donerelying on the obtained value ofQcomb

(see above). Using the Standard Model value of the b quark charge (Qb =−1/3) and the mean re-
constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficientCb = Qb/Qcomb is
3.54±0.16 and the top quark charge then reads:

Qt = Q(ℓ+)+Q(+)
bjet×Cb , Qt̄ = Q(ℓ−)+Q(−)

bjet×Cb (4)

whereQ(ℓ±) =±1 is the lepton charge andQ(±)
bjet is as above.

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The
absolute value of top quark charge obtained by combiningQt andQt̄ for the above mentioned sample
is Qcomb

t = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error ofCb is
the same as that ofQcomb. The systematic error ofQcomb

t can be studied comprehensively only by using
experimental data2. In this case the main source of the systematic error is the weighting procedure that
influences the coefficientCb, that should be determined independently on the investigated b-jet charge,
as well as the mean b-jet charge. In our case only the systematics stemming from determination of the
mean b-jet charge were taken into account.

3.5.2 Semileptonic b-decay approach results

The charge of the non-isolated lepton found within the b-jetprovides discrimination between the Stan-
dard Model and the exotic hypotheses on a statistical basis.Figure 4 shows the number of b-jets, which
have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values

2The reconstructed b-jet charge or coefficientCb for an experimental sample, e.g. dijet bb̄ data, should be compared with
the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real
data.
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of the non-isolated lepton charge obtained from these figures are:

Q̄(+)
nonIs=

N(ℓ+)−N(ℓ−)
N(ℓ+)+N(ℓ−)

=−0.32±0.05, Q̄(−)
nonIs=

N(ℓ+)−N(ℓ−)
N(ℓ+)+N(ℓ−)

= 0.30±0.05,

whereQ̄(+)
nonIs (Q̄(−)

nonIs) is the mean charge of the non-isolated leptons in the b-jetspaired with the positive
(negative) highpT lepton. N(ℓ−) (N(ℓ+)) is the number of b-jets with a negative (positive) charged

lepton. The quantityQ(ℓ)×Q(ℓ)
nonIs, whereQ(ℓ) is the charge of the lepton paired with the b-jet containing

a non-isolated lepton, can be used to combine both histograms. The obtained mean combined charge in
the Standard Model is̄Q(comb)

nonIs =−0.31±0.04, showing a potential to distinguish between the Standard
model and exotic hypothesis even with 1 fb−1 of data, as in the case of the exotic scenario the opposite
value ofQ̄(comb)

nonIs is expected.
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Figure 4: Number of b-jets, containing a non-isolated lepton inside, associated with positive (left) and
negative (right) highpT lepton vs the charge of the non-isolated lepton. The contribution of different
sources of leptons are marked by different shading styles.

3.6 Systematic uncertainties

The systematic studies have been done following the prescription described in Section 6 of Chapter
1. The resulting systematic errors are summarised in Table 5. The systematic uncertainty caused by
the top quark mass was estimated from the absolute difference between theQcomb reconstructed at the
nominal value (175 GeV) andmt=160 and 190 GeV and rescaling to an effective 2 GeV uncertainty. The
systematic uncertainty connected with the signal to background ratio was found assuming that this ratio
is known with 30% uncertainty. The background asymmetry systematics was estimated assuming that
the background charge spectrum asymmetry is at a level of 10%of the signal one.

The systematic uncertainties due to Monte Carlo modeling oftt̄ signal were studied by comparing
samples with different fragmentation parameters: an AcerMC/Pythia sample and the standard signal
MC@NLO/Herwig one, giving values of 18± 13% and 16± 13% for the weighting and semileptonic
approaches, respectively. The large uncertainties are dueto a limited Monte Carlo statistics, so these
values cannot be considered as a reliable estimate of the corresponding systematic uncertainties and are
therefore not included in Table 5.

Pileup background affects the weighting technique procedure, as tracks from additional minimum-
bias interactions get included in the jet charges. The associated systematic uncertainty was evaluated by
comparing the standard sample to a dedicated tt̄ sample including pileup, leading to a shift of 20±18%.
Since the Monte Carlo statistical error is large, and it is expected that any pileup effect can be minimised
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(at least at moderate LHC luminosities) by applying track impact parameter cuts to eliminate tracks from
pileup vertices, this value is also not included Table 5.

Table 5: The systematic uncertainties (%) of the mean reconstructed charge,Qcomb, the weighting tech-
nique and b-decay approaches.

Source Weighting (%) b-decay (%)
jet scale 0.7 0.3
b-jet scale 1.9 6
∆mt 1.3 7
PDF 0.6 –
ISR 2.8 15
FSR 7.8 8
Pile-up – 1.8
Background asymmetry 1 –
S/B ratio 9 –

total 12.5 19.3

4 Polarization studies in tt̄ semileptonic events

The measurements of the W-boson and top quark polarizationsin tt̄ events provide a powerful test of
the top quark production and decay mechanisms and are a sensitive probe of new physics. W-boson
or top quark spin information can be inferred from the angular distributions of the daughter particles
in the W-boson or top quark rest frame, respectively. The W-boson can be produced with right, left or
longitudinal polarizations, with corresponding partial widthsΓR, ΓL , Γ0 that depend on new anomalous
couplings [61] (VR, VL , gL andgR) which can appear at the Wtb vertex (see Eq. 1).

4.1 W-boson polarization and tt̄ spin correlation measurements

The probability for the three helicity states of W-boson produced in top quark decay,F0 (longitudinal),
FL (left-handed) andFR (right-handed), can be extracted from theΨ angular distribution [61] :

1
N

dN
dcosΨ

=
3
2

[
F0

(
sinΨ√

2

)2

+FL

(
1−cosΨ

2

)2

+FR

(
1+cosΨ

2

)2
]

, (5)

whereΨ is the angle between the W-boson direction in the top quark rest frame and the charged lepton
direction in the W-boson rest frame obtained by a boost alongthe W-boson flying direction in the top
quark rest frame. The correlation between the parameter couples (F0,FL), (F0,FR) and (FL,FR) are -0.9,
-0.8 and 0.4, respectively.

Although, in the Standard Model, top quarks are produced unpolarised in t̄t events, their spins are
correlated [62]. The production asymmetryA in these events, measures the spin correlation and is defined
as

A =
σ(t↑t̄↑)+σ(t↓t̄↓)−σ(t↑t̄↓)−σ(t↓t̄↑)
σ(t↑t̄↑)+σ(t↓t̄↓)+σ(t↑t̄↓)+σ(t↓t̄↑)

, (6)
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whereσ(t↑/↓t̄↑/↓) denotes the production cross-section of a top quark pair with spins up or down with
respect to a selected quantisation axis. It can be extractedfrom theθ1 andθ2 angular distributions [62]:

1
N

d2N
dcosθ1dcosθ2

=
1
4
(1−A|α1α2|cosθ1 cosθ2), (7)

whereθ1 (θ2) is the angle between the t (t̄) direction, measured in the tt̄ rest frame, and the direction
of the t (̄t) decay product in the t (̄t) rest frame obtained by a boost along t (t̄) direction in the t̄t rest
frame,α i is the spin analysing power of the top quark decay producti, which ranges between−1 and 1
and measures the degree to which its direction is correlatedwith the spin of the parent top quark. The
parameterAD defined in [20], used to measure the production asymmetry in another basis, is extracted
from theΦ angular distribution [62] :

1
N

dN
dcosΦ

=
1
2
(1−AD|α1α2|cosΦ), (8)

whereΦ is the angle between the direction of flight of the two spin analysers, defined in the t and̄t rest
frames respectively.

Table 6: Standard Model values of W-boson polarization parameters(F0, FL , FR) at the next-to-leading
order and t̄t spin correlation parameters (A, AD) at leading order for a top quark mass of 175 GeV. ForA
andAD the asterisk superscript means thatmtt̄ < 550 GeV is applied.

F0 FL FR A* AD*
0.695 0.304 0.001 0.422 -0.290

The Standard Model predictions for the W-boson polarization (F0, FL, FR), at next-to-leading or-
der, and t̄t spin correlation (A, AD), at leading order, are given in Table 6. The ATLAS sensitivity to
these observables has been evaluated with an ATLFAST simulation [20] and a full simulation of a per-
fect detector [63]. A precision of 1% to 5% should be achievable with 10 fb−1 of data, dominated by
systematic uncertainties (in particular from the b-jet energy scale). This measurement requires a com-
plete reconstruction of the tt̄ system and a reliable Monte Carlo description to correct the distortion
induced by trigger, cuts and reconstruction. In this section the robustness of the analysis with a realis-
tic detector simulation including triggering is assessed.Only the semileptonic topology of the tt̄ events
(tt→WWbb→ ℓν j1j2bb with ℓ = e,µ) is used as signal (an analysis using tt̄ dilepton events as signal
can improve the results of this study, especially for the tt̄ spin correlation measurements). In this case the
most powerful spin analysers of the top quark are the chargedlepton (α1 = 1) and the least energetic non
b-jet in the top quark rest frame (α jet = 0.51) [64], which are chosen afterwards for the spin correlation
measurement.

4.1.1 Event simulation and selection

The largest statistics Monte Carlo sample was generated with MC@NLO which does not implement tt̄
spin corelations, so it can only be used to study W-boson polarisation. Spin correlations were studied
using the smaller AcerMC sample. In both cases, non-semileptonic t̄t, semileptonic t̄t which decay toτ ,
W-boson+jets and single top quark events were considered asbackground. Semileptonic signal events
are characterised by one (and only one) isolated lepton, at least 4 jets, of which at least 2 jets are tagged
as b-jets, and missing transverse energy. Following the common criteria for the semileptonic selection,
all kinematic cuts are summarised in Table 7 together with the corresponding signal efficiencies.

After kinematic cuts are applied, the event is fully reconstructed, as described below. The anglesΨ,
θ1, θ2 andΦ are computed and the polarization parameters are extracted.
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Table 7: Selection cuts used and corresponding efficienciesfor semileptonic t̄t MC@NLO events and t̄t
AcerMC events.

Variables Cuts Efficiency (%)
MC@NLO AcerMC

Lepton exactly 1 identified 57.8 58.7
Jets at least 4 selected jets 59.3 62.1

b-tagging at least 2 are tagged as b 32.0 31.0
Missing energy pmiss

T > 20 GeV 92.0 92.2
Cumulative efficiency 9.4 9.8

4.1.2 W-boson and top quark reconstruction

The energies of all jets are calibrated according to the comparison with the energies of corresponding
parton level quarks before selection and reconstruction. Then, in the event reconstruction, the light jet
pair with invariant massmjj closest to the known W-boson mass,mW, is selected to reconstruct the W-
boson which decays hadronically. This W-boson is then combined with one of the b-jets to reconstruct
the top quark. As there are several possible combinations, the one which gives the mass closest to the
top quark massmt is assumed to be the correct one. The b-jet which is closest tothe lepton in∆Ramong
the remaining b-jets, is reserved for reconstructing the other top quark whose daughter W-boson decays
leptonically. To reconstruct the W-boson which decays leptonically, the neutrinopT is taken as the
missing transverse energy. Its longitudinal componentpz is determined by constrainingmlν to mW [63].
When two solutions forpz are found, the one givingmℓνb closer tomt is kept.

Quality cuts|mjjb −mt| < 35 GeV,|mℓνb−mt| < 35 GeV and|mjj −mW| < 20 GeV are applied to
reject badly reconstructed events. At this stage, 2.8% of the signal events are kept for MC@NLO events
and 2.7% for AcerMC events, corresponding to 7000 signal events for 1 fb−1 of data (Table 8). After this
event selection, the main background comes from the tt̄→ τ +X events, where the tau decays to electron
or muon. The number of events from W-boson+jets and single top quark channels is less than 3% of the
selected number of signal events, so we neglect them in the following sections. Due to this cancellation of
the background, the S/B ratio can be affected as much as 20%, which is taken as a systematic uncertainty
(see Table 10).

After event reconstruction, the angleΨ (W-boson polarization) as well as the anglesθ1, θ2 andΦ
(tt̄ spin correlations) are computed using the prescription descibed at the beginning of Section 4. The
measured distributions of cosΨ, cosθ1×cosθ2 and cosΦ are distorted, compared with their distributions
at parton level. The detector resolution results in much smaller smearing effect on the final particles than
that coming from particle radiation, quark fragmentation-hadronization and final event reconstruction.
That is to say, the latter effects dominate the resolution ofthe reconstructed objects from top quark de-
cay [65]. A correction function, taken from the ATLFAST simulation, is used to recover the distributions
at parton level. With ATLFAST data, the correction functionis obtained from the ratio between the two
normalized distributions of the cosΨ (i.e. after reconstruction of the signal and main background events
and at parton level of the pure signal). To correct for the distortion, a weight derived from this function
is applied on all the reconstructed cosΨ of full simulation, on an event by event basis, allowing to re-
cover, as much as possible, the shape of the distribution of the cosΨ of the pure signal at parton level. A
detailed description of the method can be found in [20].
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Table 8: The number of signal (MC@NLO) and the most importantbackground events before (left) and
after (right) selection for 1 fb−1. ∗: in the single top quark decay W→ e/µ/τ +ν mode

Events for Selected events
1 fb−1(×103) full simulation

Signal (tt̄ semileptonic) 250 7000

tt̄→ τ +X 130 710

W(→ lν)+ jets 800 [10,55]
Single t (Wt channel) 25∗ 90
Single t (t channel) 80∗ 55

4.1.3 Impact of the trigger on the analysis

Semileptonic t̄t events are characterised by a single isolated lepton, which can be used to trigger the
events with high efficiency. Applying the trigger selectionto events passing the standard selection cuts,
15% of well reconstructed events are lost. The measurement results with and without trigger applied on
the data, while keeping all other aspects of the measurementunchanged, were compared. The effect of
the trigger on the measurements of the W-boson polarizationis almost zero But the effect on the tt̄ spin
correlations is not negligible, and is taken as a systematicerror, shown in Table 10.

4.1.4 Measurement of the W-boson polarization

Figure 5 shows the correction function (left) and the reconstructed cosΨ distribution (right) after applying
the correction function. This distribution is fitted to Eq. (5) varyingF0, FL andFR, but constrained by
F0 + FL + FR = 1. The fit is restricted to the region−0.9 < cosΨ < 0.8, which is the most extended
region where the correction is varying slowly. The results are shown in Table 9.
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Figure 5: Left: Correction function taken from ATLFAST simulation fitted with a third order polynomial
function. Right: Normalised reconstructed and corrected distribution of cosΨ, the full line corresponds
to the fit to Eq. (5). The sample has an integrated luminosity of 730 pb−1.

Two complementary methods to extract the W-boson helicity fractions, using the observed angular
distribution between the charged lepton direction in the W-boson rest frame and the W-boson direction in
the top quark rest frame, are currently under development atATLAS inspired on Tevatron methods [5,66].
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4.1.5 Measurement of tt̄ spin correlation

At parton level, before any phase space cut, the two estimators C = −9× cosθ1 cosθ2 andD = −3×
cosΦ are unbiased [20]. Figure 6 shows the reconstructed distributions of−9× cosθ1 cosθ2/0.51 and
−3× cosΦ/0.51 after correction. It should be stressed that, in the evaluation of the t̄t spin correlation
parameters, the theoretical value for the spin analyzing power for signal events (0.51) was assumed for
both cases. The means of the distributions are unbiased estimators ofA andAD, provided corrections for
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Figure 6: Left: Reconstructed and corrected distribution of −9× cosθ1 cosθ2/0.51. Right: Recon-
structed and corrected distribution of−3× cosΦ/0.51. The integrated luminosity of the sample is 220
pb−1 in each case.

physics effects and detector effects are fully carried out.
Due to the fact that the ATLFAST was used to extract the correction function, an additional system-

atic uncertainty of 0.25 was derived for theA spin correlation parameter. This uncertainty reflects the
different parametrizations of the Monte Carlo simulations. Preliminary studies suggest that this shift can
be removed by using high statistics full simulation samplesto derive the correction functions and for this
reason this uncertainty was not included in Table 10.

Table 9: W-boson polarization and top quark spin correlation parameters extracted after triggering. The
indicated errors are statistical and systematic, respectively.

W-boson polarization FL F0 FR

0.29±0.02±0.03 0.70±0.04±0.02 0.01±0.02±0.02

tt̄ spin correlation A AD

0.67±0.17±0.18±0.25 -0.40±0.11±0.09

4.1.6 Systematic uncertainties

The systematic uncertainties were estimated with ATLFAST simulation for the factorisation scale, struc-
ture function, ISR, FSR, b-fragmentation, top quark mass, hadronization scheme and pile-up effects, and
with full simulation for the b-tagging efficiency, b-jet energy scale, light jet energy scale and signal to
background ratio (S/B scale) as listed in Table 10, for the measurement of the W-boson helicity fractions
and top quark pair spin correlations respectively.

With data, t̄t events can be reconstructed without requiring b-jet tagging on the side of top quark
whose daughter W-boson decays leptonically. This can provide a pure sample of b-jets which can be
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Table 10: Systematics for W-boson polarization and top quark spin correlation measurement.

Source of uncertainty FL F0 FR A AD

Factorisation 0.000 0.001 0.001 0.029 0.006
Structure function 0.003 0.003 0.004 0.033 0.012

ISR 0.001 0.002 0.001 0.002 0.001
FSR 0.009 0.007 0.002 0.023 0.016

b-fragmentation 0.001 0.002 0.001 0.031 0.018
Hadronization scheme 0.010 0.016 0.006 0.006 0.008

Pile-up (2.3 events) 0.005 0.002 0.006 0.001 0.005
Input top quark mass (2 GeV) 0.015 0.011 0.004 0.028 0.013

b-tagging efficiency (5%) 0.007 0.002 0.005 0.027 0.07
b-jet energy scale (5%) 0.02 0.002 0.02 0.07 0.015

light-jet energy scale (5%) - - - 0.11 0.017
S/B scale (20%) 0.004 0.002 0.001 0.000 0.004

Trigger - - - 0.10 0.03

TOTAL 0.03 0.02 0.02 0.18 0.09

used to check the uncertainty on the b-tagging efficiency [67]. The b-jet energy miscalibration can also
be obtained from other control samples, such as Z+b-jet events [68].

4.2 Anomalous couplings at the Wtb vertex

The W-boson polarisation is sensitive to new anomalous couplings (VL , VR, gL andgR) associated with
the Wtb vertex. Although the W-boson helicity fractions (F0, FL andFR) depend on these couplings, the
helicity ratiosρR,L ≡ ΓR,L/Γ0 = FR,L/F0, were found to be more sensitive toVL , VR, gL andgR. The
ρR andρL observables are independent quantities and take the LO valuesρR = 5.1×10−4, ρL = 0.423
in the Standard Model. General expressions forρR,L in terms of the new anomalous couplings can
be found in Ref. [19]. As for the helicity fractions, the measurement of helicity ratios sets bounds on
VR, gL and gR. A third and simpler method to extract information about theWtb vertex is through
angular asymmetries involving the angle of the charged lepton in the W-boson rest frame and the W-
boson direction in the top quark rest frame (introduced in the previous section). For any fixedz in the
interval [−1,+1], one can define asymmetries as the difference between the number of events above and
belowz, normalised to the total number of events. The most obvious choice isz= 0, giving the forward-
backward asymmetryAFB [18,69]. The forward-backward asymmetry is related to the W-boson helicity
fractions byAFB = 3

4 [FR−FL]. Other convenient choices arez= ∓(22/3− 1). Definingβ = 21/3− 1,
we haveA+ = 3β [F0 +(1+ β)FR] andA− = −3β [F0 +(1+ β)FL ]. Thus,A+ (A−) only depend onF0

and FR (FL). The LO Standard Model values of these asymmetries areAFB = −0.223, A+ = 0.548,
A− =−0.840. They are sensitive to anomalous Wtb interactions, and their measurement allows to probe
this vertex without the need of a fit to the distribution of theangle between the charged lepton direction
in the W-boson rest frame and the W-boson direction in the topquark rest frame. In the present analysis
the ATLAS sensitivity to theρL , ρR, AFB, A+ andA− observables is studied.

4.2.1 Event selection

In this section an alternative two-level likelihood analysis is explored for the semileptonic channel, i.e.
tt̄→W+bW−b̄ where one of the W-bosons decays hadronicaly and the other one decays in the leptonic
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channel W→ ℓνℓ (with ℓ = e,µ). Any other process constitutes a background to this signal. In particular,
it should be noticed that the fully hadronic, dileptonic andsemileptonic (with one of the W-bosons
decaying intoτν ) tt̄ channels are considered backgrounds to the present analysis. Additionally, the
following Standard Model processes were considered as background: single top production, W+jets,
Wbb̄+jets, Wc c̄+jets, Z→ e+e−, Z→ µ+µ−, Z→ τ +τ−, WW, ZZ and WZ. The likelihood analysis
is based on the construction of a discriminant variable which uses distributions of some kinematical
properties of the events. In the first analysis level (calledthe pre-selection), the common selection criteria
for the semileptonic topology, with the exception of the b-tagging requirement on jets, was applied to the
event. The full event reconstruction was performed using aχ2, defined by

χ2 =
(mℓν ja−mt)2

σ2
t

+
(mjbjcjd −mt)2

σ2
t

+
(mℓν −mW)2

σ2
W

+
(mjcjd−mW)2

σ2
W

, (9)

wheremt = 175 GeV,mW = 80.4 GeV, σt = 14 GeV andσW = 10 GeV are the expected top quark
and W-boson mass resolutions3, ℓ represents the selected electron or muon,mℓν is the invariant mass
of the electron (muon) and the neutrino, andja,b,c,d corresponds to all the possible combinations among
the four jets with highestpT (with mℓν ja, mjbjcjd and mjcjd being the corresponding invariant masses).
The neutrino was reconstructed using the missing transverse energy and allowing thepν

z to vary in the
range[−500,+500] GeV. The solution corresponding to the minimumχ2 was chosen. The jets used
to reconstruct the hadronic W-boson will be labelled “non-b” jets and the remaining two are labelled
“b-jets”. It should be stressed that no b-tagging information was used so far. The pre-selection was
completed by requiringχ2 < 16. In the second level (the final selection), signal and background-like
probabilities were constructed for each event (Psignal

i andPback.
i , respectively) using probability density

functions (p.d.f.) built from relevant physical variables: the cosine of the angle between the leptonic top
quark and the leptonic “b-jet”, the transverse momentum of the hadronic W, the hadronic and leptonic
top quark masses, the transverse momentum of the two “b-jets”, the transverse momentum of the lepton
and the

√
χ2 distribution. It should be stressed that the objective is totest the sensitivity for new physics

exclusion, under the hypothesis that the Standard Model holds, and the simulation was done assuming
no anomalous couplings. Signal (LS = Πn

i=1P
signal
i ) and background (LB = Πn

i=1P
back.
i ) likelihoods

(with n = 8, the number of p.d.f.) are used to define a discriminant variableLR = log10(LS/LB). The
distribution of this variable is shown in Figure 7(a). The final event selection is done by applying the
cut LR > 0.1 on the discriminant variable. The number of signal and background events (normalised to
L = 1 fb−1) after the pre-selection and final selection are shown in Table 11. After the final selection
(including the trigger), the dominant backgrounds are W+jets and semileptonic tt̄ with taus in the final
state (corresponding to 49%, and 29% of the total background, respectively, as shown in Table 12).

The effect of the single lepton trigger on the event selection was studied. The results are summarised
in Table 11. In what follows, only events passing the triggerare considered.

Once b-tagging is well understood, additional informationcan be used. In this case only jets with
a positive b-tagging weight were considered as “b-jet” candidates for theχ2 minimisation method. In
addition, the b-tagging weights of these jets were considered as p.d.f.s for the discriminant variable
evaluation. In this case, the number of selected signal and background events forL = 1 fb−1 is expected
to be(6.6±0.1)×103 and(0.9±0.1)×103, respectively. The t̄t background is expected to be dominant
(72% of the total background, mainly due to the semileptonicchannel with taus in the final state) and the
W+jets and single top processes correspond to 15% and 13% of the total background, respectively. The
discriminant variables corresponding to the analysis withand without b-tagging are shown in Figure 7.

3These resolutions are taken from the top quark mass measurement analyses [70]. It should be noticed thatσt andσW can
be interpreted as weights for each term of theχ2 definition. By changing their values by a factor∼ 2, the obtained observables
(ρL , ρR,A+ andA−) are the same within the statistical error.
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Table 11: Number of signal tt̄→ ℓνbb̄q q̄′ and background events (and corresponding statistical error),
normalised toL = 1 fb−1, after the pre-selection and final selection for the analysis without b-tagging.
The effect of the trigger on the event selection is also shown.

e+ µ sample esample µ sample

Total background
presel. (15.8±0.4)×103 (7.2±0.3)×103 (8.6±0.3)×103

final sel. (5.2±0.2)×103 (2.5±0.2)×103 (2.8±0.2)×103

trigger (4.0±0.2)×103 (1.8±0.2)×103 (2.1±0.2)×103

Signal
presel. (27.4±0.2)×103 (12.0±0.1)×103 (15.5±0.1)×103

final sel. (15.2±0.1)×103 (6.5±0.1)×103 (8.8±0.1)×103

trigger (12.6±0.1)×103 (5.8±0.1)×103 (6.9±0.1)×103

Table 12: Background composition and corresponding statistical error, normalised toL = 1 fb−1, after
the final selection, including the effect of the trigger, forthe analysis without b-tagging.

e+ µ sample esample µ sample
W+jets, Wb̄b+jets, Wc c̄+jets (19.6±1.9)×102 (8.8±1.4)×102 (10.3±1.4)×102

Z+jets (1.6±0.4)×102 (1.2±0.4)×102 (0.5±0.3)×102

WZ, ZZ, WW (0.4±0.2)×102 (0.3±0.1)×102 (0.2±0.1)×102

tt̄ (except signal) (13.1±0.6)×102 (5.4±0.3)×102 (7.9±0.4)×102

single top (5.3±0.3)×102 (2.5±0.2)×102 (2.7±0.2)×102

4.2.2 Measurement of the angular distribution and asymmetries

The experimentally observed angular distribution, which includes the t̄t signal as well as the Standard
Model background, is affected by detector resolution, tt̄ reconstruction and selection criteria [71]. In
order to recover the Standard Model distribution, it is necessary to subtract the background and correct
for the effects of the detector, event selection and reconstruction. For this purpose, two different sets
of signal and background event samples were used: one “experimental” set, which simulates a possible
experimental result, and one “reference” set, which is usedto parametrise the effects mentioned, and cor-
rect the previous sample. The procedure is as follows. Aftersubtracting reference background samples,
the full “experimental” distribution is multiplied by a correction functionfc in order to recover the Stan-
dard Model one. This correction function is determined by assuming that the charged lepton distribution
corresponds to the Standard Model. In case that a deviation from Standard Model predictions (corre-
sponding to anomalous couplings) is found, the correction function must be modified accordingly, and
the expected distribution recalculated in an iterative process. These issues have been analysed in detail in
Ref. [20], where it was shown that this process quickly converges. The correction function is calculated,
for each bin of the angular distribution, by dividing the number of generated events by the number of
selected events, using the reference sample. In order to avoid non-physical fluctuations due to the limited
amount of Monte Carlo statistics, a smoothing procedure wasapplied to the obtained correction function.
The value offc is in the range [0.2,1.4]. Other methods of correcting the angular distribution are under
investigation.

The procedure of correcting for detector and reconstruction effects in the asymmetries is similar to
that used with the full angular distribution, but using onlytwo or three bins. This has the advantage
that the asymmetry measurements are less sensitive to the extreme values of the angular distributions,
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Figure 7: Discriminant variables for the Standard Model background (shaded region) and the tt̄ signal
(full line), normalised toL = 1 fb−1 corresponding to the (a) analysis without b-tagging and (b)analysis
using the b-tagging weights of the “b-jets” selected by theχ2 minimisation method.

where correction functions deviate from unity. Moreover, it should be noticed that the extreme bins of
the angular distribution have a very significant impact on the measurement of theρL andρR helicity
ratios. The values obtained from a fit to the corrected distribution, as well as the angular asymmetries
AFB, A±, are collected in Table 13, with their statistical uncertainties. Although the statistical errors of the
observables obtained for the analyses without and with b-tagging are similar, the use of this tool allows to
improve the signal to background ratio, leading to smaller systematic uncertainties, as discussed below.

Table 13: Expected values and corresponding statistical errors for the helicity ratios and angular asym-
metries. The results for an integrated luminosity of 1 fb−1 (analyses with and without b-tagging) are
shown.

ρL ρR AFB A+ A−
Analysis without b-tagging

e+ µ 0.402± 0.050 -0.008± 0.008 -0.220± 0.025 0.560± 0.024 -0.845± 0.012
Analysis with b-tagging

e+ µ 0.453± 0.048 -0.004± 0.007 -0.229± 0.026 0.542± 0.028 -0.830± 0.014

4.2.3 Systematic uncertainties

The study of the systematic uncertainties considered possible errors from different sources: jet energy
scale, luminosity, top quark mass, background level, ISR and FSR, Monte Carlo generator and pile-up.
The jet calibration used in the present analyses is described in Ref. [70]. As for the reference analyses,
full simulation Monte Carlo samples were used for the study of all the systematic sources of uncertainty.
Only the simulated sample used as the “experimental” set (which fakes the data) was changed for each
systematic source of uncertainty. The correction functionand the Monte Carlo sample used to perform
the background subtraction were kept unchanged. The impacton the measurements is summarised in
Tables 14 and 15. As the background subtraction is based on Monte Carlo simulation, the background
estimation required a luminosity value and therefore the corresponding systematic uncertainty was con-
sidered. Once the cross-sections for known backgrounds aremeasured with data, a data-driven normali-
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sation will be possible and the luminosity systematic errorshould be reduced. Moreover, with data it will
be possible to compare the discriminant variable distributions for selected events obtained from data and
Monte Carlo. This comparison will allow the correction of systematic uncertainties caused by inaccurate
description of data by the Monte Carlo simulation.

Table 14: Sources of systematic uncertainties in the determination of the helicity ratios and angular
asymmetries (analysis without b-tagging).

Source ρL ρR AFB A+ A−
Jet energy scale 0.02 0.003 0.004 0.006 0.002

Luminosity 0.02 0.002 0.006 0.005 0.001
Top quark mass 0.02 0.002 0.009 0.006 0.004

Background 0.01 0.002 0.005 0.003 0.002
ISR+FSR 0.13 0.009 0.044 0.046 0.011

MC generator 0.18 0.013 0.039 0.042 0.001
Pile-up 0.14 0.004 0.053 0.039 0.017
Total 0.27 0.017 0.080 0.074 0.021

Table 15: Sources of systematic uncertainties in the determination of the helicity ratios and angular
asymmetries (analysis with b-tagging).

Source ρL ρR AFB A+ A−
Jet energy scale 0.04 0.001 0.010 0.004 0.002

Luminosity 0.01 0.000 0.006 0.005 0.001
Top quark mass 0.03 0.003 0.013 0.008 0.006

Background 0.01 0.000 0.003 0.002 0.004
ISR+FSR 0.05 0.006 0.024 0.028 0.015

MC generator 0.01 0.008 0.009 0.011 0.000
Pile-up 0.15 0.006 0.012 0.041 0.022
Total 0.16 0.012 0.033 0.052 0.027

4.2.4 Constraints on the anomalous couplings

Using the parametric dependence of the observables onVR, gL andgR (and considering the correlations
between them, which are shown in Table 16), constraints can be set on the anomalous couplings. The
helicity ratiosρR,L and the asymmetriesA± were used as input for the programTopFit [19]. The
expected 68% CL allowed regions on the Wtb anomalous couplings forL = 1 fb−1 (analyses with and
without b-tagging) are shown in Figure 8. In addition to the allowed regions of Figure 8, additional
solutions can be found atgR ∼ 0.8. Such solutions are due to a large cancellation betweenO(gR) and
O(gR

2) terms and can be excluded by the measurement at the LHC of the single top cross-section [72].
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Table 16: Correlation matrix for theA±, ρR,L observables.
A+ A− ρL ρR

A+ 1 0.16 -0.73 -0.14
A− 0.16 1 -0.10 0.55
ρL -0.73 -0.10 1 0.42
ρR -0.14 0.55 0.42 1

Figure 8: Expected 68% CL allowed regions on the Wtb anomalous couplings for luminosities of 1 fb−1

(with and without b-tagging), obtained from theρR,L andA± observables usingTopFit.

5 Rare Top Quark Decays and FCNC

This section discusses the study of rare top quark decays viaFCNC (t→ qX,X = γ,Z,g) using t̄t events
produced at the LHC. These decays are strongly suppressed inthe Standard Model at tree level due to
the GIM mechanism. In the effective Lagrangian approach [73,74] the new top quark decay rates to the
gauge bosons can be expressed in terms of theκ g

tq, κ γ
tq, (|vZ

tq|2 + |aZ
tq|2) andκ Z

tq anomalous couplings to
the g,γ and Z bosons respectively, andΛ, the energy scale associated with the new physics.

5.1 Event samples

The signal event samples used in this analysis correspond tott̄→ bℓνqX, where X= γ,Z→ ℓℓ,g andℓ =
e,µ . The following common Standard Model samples were considered as background: fully hadronic,
fully leptonic and semi-leptonic tt̄, all from MC@NLO; Wt,s- andt- channels of single top production,
all from AcerMC; W+jets, Wb̄b+jets and Wc c̄+jets, all from ALPGEN; Z→ e+e−, Z → µ+µ− and
Z→ τ +τ−, all from PYTHIA; WW, ZZ and WZ, all from HERWIG.

5.2 Event selection

The t̄t final states corresponding to the different FCNC top quark decay modes lead to different topologies
according to the number of jets, leptons and photons. There is however a common characteristic of all
channels under study,i.e. in all of them one of the top quarks is assumed to decay throughthe dominant
Standard Model decay mode t→ bW and the other is forced to decay via one of the FCNC modes t→ qZ,
t→ qγ or t→ qg. The QCD backgrounds at hadron colliders make the search for the signal via the fully
hadronic channels (when the W and the Z bosons decay to quarks) difficult. For this reason only the
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Table 17: Selection cuts applied to the FCNC analyses. For the t→ qg channel, Evis, pTg and mqg

represent the total visible energy, the transverse momentum of the jet associated with the gluon and the
reconstructed mass of the top quark with FCNC decay, respectively (see text for details).

Channel t̄t→ bWqγ tt̄→ bWqg t̄t→ bWqZ
Pre-selection = 1ℓ (pT > 25 GeV) = 1ℓ (pT > 25 GeV) = 3ℓ (pT > 25,15,15 GeV)

≥ 2 j (pT > 20 GeV) = 3 j (pT > 40,20,20 GeV) ≥ 2 j (pT > 30,20 GeV)
= 1γ (pT > 25 GeV) = 0γ (pT > 15 GeV) = 0γ (pT > 15 GeV)
6 pT > 20 GeV 6 pT > 20 GeV 6 pT > 20 GeV

Final pTγ > 75 GeV Evis > 300 GeV 2ℓ same flavour,
selection pTg > 75 GeV oppos. charge

mqg > 125 GeV
mqg < 200 GeV

Trigger e22i, mu20 or g55 e22i or mu20 e22i or mu20

Table 18: The trigger efficiency, in percentage, for the background and signal events after all the other
cuts of the FCNC analyses.

t→ qγ t→ qZ t→ qg
Sig. Back. Sig. Back. Sig. Back.

Trigger 99.6 99.5 99.2 95.0 83.2 82.2

leptonic decays of both W and Z to e andµ were taken into account. Only isolated muons, electrons
and photons separated by∆R > 0.4 from other reconstructed objects, were considered. Specific pre-
selection and selection cuts were applied for each FCNC channel, as outlined in Table 17. For the
t → qγ channel, exactly one reconstructed lepton and one reconstructed photon where required in the
events. Additionally, at least two jets were required. For the t→ qg channel, the events had to have
exactly one reconstructed lepton, three jets and no reconstructed photon. Finally, for the t→ qZ channel,
only the events with at least two jets, exactly three reconstructed leptons and no reconstructed photons
were accepted. Therefore, the selection criteria for thesechannels are orthogonal. The expected number
of background events and signal efficiencies after the final selection are shown in Table 19. The effect of
the trigger on the background and signal events, after all the other cuts, is shown in Table 18. It should be
noticed that the events of the t→ qγ (t→ qZ) channel can be triggered by the lepton or the photon (one of
the three leptons), which results on higher trigger efficiencies, when compared with the t→ qg channel
with just one lepton. For the t→ qγ channel, the dominant backgrounds are tt̄, Z+jets and W+jets
events, which correspond to 38%, 30% and 29% of the total background. The total background for the
t → qZ channel is mainly composed of tt̄ and Z+jets events (59% and 28% of the total background,
respectively), while for the t→ qg it is mainly composed of W+jets and t̄t events (which correspond,
respectively, to 64% and 25% of the total background).

For all the channels, the top quark with Standard Model semileptonic decay (t→ bℓν ) cannot be
directly reconstructed due to the presence of an undetectedneutrino in the final state. The neutrino four-
momentum was estimated with a method similar to the one used in Section 4.2, by finding thepν

Z value
and the jet combination (and the lepton combination in the case of the qZ topology) which minimizes the
following expression:

χ2 =

(
mFCNC

t −mt
)2

σ2
t

+

(
mℓaν j −mt

)2

σ2
t

+
(mℓaν −mW)2

σ2
W

+
(mℓbℓc−mZ)2

σ2
Z

, (10)
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Table 19: The expected number of background events and signal efficiencies after the final selection level
(the trigger is included) of the analyses for each FCNC channel. The corresponding statistical errors are
also shown. The expected background numbers are normalisedto L = 1 fb−1.

e µ ℓ

tt̄→ bWqγ:
Total (4.4±0.6)×102 (2.2±0.6)×102 (6.5±0.7)×102

Signal % 3.6±0.2 4.1±0.2 7.6±0.2
tt̄→ bWqZ:
Total (0.3±0.6)×102 (0.1±0.6)×102 (1.3±0.6)×102

Signal % 1.4±0.1 2.5±0.1 7.6±0.2
tt̄→ bWqg:
Total (11.0±0.3)×103 (8.3±0.2)×103 (19.3±0.4)×103

Signal % 1.3±0.1 1.5±0.1 2.9±0.1

wheremFCNC
t , mℓaν j , mℓaν andmℓbℓc are, for each jet and lepton combination, the reconstructedmass of

the top quark decaying via FCNC, the top quark decaying through the Standard Model, the W-boson from
the top quark with Standard Model decay and the Z boson from the top quark FCNC decay, respectively.
The last term of Eq. 10 was only used in the t→ qZ channel. The following values are used for the
constraints:mt = 175 GeV,mW = 80.42 GeV,mZ = 91.19 GeV,σt = 14 GeV,σW = 10 GeV andσZ =
3 GeV4. No b-tag information was used to reconstruct the event kinematics. The jet chosen to reconstruct
the top quark with Standard Model decay is labeled as b quark.For the t→ qγ and the t→ qZ channels,
the other jet, which was used to reconstruct the top quark with FCNC decay, is denoted by q quark. For
the t→ qg channel, it is assumed that the jet created by the gluon is the most energetic from the two
which reconstruct the top quark with FCNC decay and the otheris created by the light quark.

Following the selection cuts, a likelihood-based type of analysis was applied, as described in sec-
tion 4.2. Due to the small statistics of the available full simulation samples, ATLFAST samples were
used to obtain the probability density functions (p.d.f.s). The p.d.f.s of the t→ qγ channel were built
based on the following variables: the mass of the top quark with FCNC decay (mFCNC

t ); the recon-
structed mass of the photon and the b quark (mbγ) and the transverse momentum of the leading photon
(pγ

T). For the t→ qZ channel, the p.d.f.s were based on the following physicaldistributions: the mass of
the top quark with FCNC decay (mFCNC

t ); the minimum invariant mass of the three possible combinations
of two leptons (mmin

ℓℓ ); the reconstructed mass of the Z and the b quark (mbZ); the reconstructed mass of
the two quarks (mqb); the transverse momentum of the third lepton (pℓ3

T ) and the transverse momentum
of the light quark (pq

T). The following variables were used to build the p.d.f.s of the t→ qg channel: the
mass of the top quark with FCNC decay (mFCNC

t ); the mass of the top quark with Standard Model decay
(mℓaν j ); the reconstructed mass of the light and the b quark (mqb); the transverse momentum of the b
quark (pb

T); the transverse momentum of the light quark (pq
T) and the angle between the lepton and the

gluon (αℓg). The distributions of the discriminant variables are presented in Figure 9. It can be seen that
ATLFAST describes the fully simulated distributions fairly well, when there are sufficient statistics to
tell.

4These resolutions are taken from the top quark mass measurement analyses [70]. The effect of changing their values was
considered as one of the systematic source of uncertainties. Its impact on the observables is below the statistical error.
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Figure 9: Distributions of the normalised discriminant variables for the expected background and signal
after the final selection level of the t→ qγ channel when the isolated lepton is identified as (a) an electron,
(b) a muon and (c) electron or muon; of the t→ qZ channel when the 3 isolated leptons are identified as
(d) electrons, (e) muons and (f) electrons or muons and of thet → qg channel, when the isolated lepton
is identified as (g) an electron, (h) a muon and (i) electron ormuon.
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Table 20: The expected 95% confidence level limits on the FCNCtop quark decay branching ratio, in the
absence of signal, are shown for a luminosity ofL = 1 fb−1. The central values are represented together
with the 1σ bands, which include the contribution from the statisticaland systematic uncertainties.

−1σ Expected +1σ
tt̄→ bWqγ:
e 4.3×10−4 1.1×10−3 1.9×10−3

µ 4.5×10−4 8.3×10−4 1.3×10−3

ℓ 3.8×10−4 6.8×10−4 1.0×10−3

tt̄→ bWqZ:
3e 5.5×10−3 9.4×10−3 1.4×10−2

3µ 2.4×10−3 4.2×10−3 6.4×10−3

3ℓ 1.9×10−3 2.8×10−3 4.2×10−3

tt̄→ bWqg:
e 1.3×10−2 2.1×10−2 3.0×10−2

µ 1.0×10−2 1.7×10−2 2.4×10−2

ℓ 7.2×10−3 1.2×10−2 1.8×10−2

5.3 Results and systematic uncertainties

In the absence of a FCNC top quark decay signal, expected limits at 95% CL were derived using the
modified frequentist likelihood method [75] and the discriminant variables obtained with the full simu-
lation samples. No cuts on the discriminant variables were used. Using the Standard Model tt̄ production
cross-section these limits were converted into limits on the branching ratios. The central values of these
limits are shown in Table 20. The branching ratio sensitivity for each FCNC channel, assuming a sig-
nal discovery with a 5σ significance, is on average 3.0 times larger than the centralvalues presented in
Table 20.

Several sources of systematic uncertainties were studied following the common criteria used for this
note and the results are shown in Table 21. The jet energy scale (the jet calibration used in the present
analyses is described in Ref. [70]), the luminosity, the influence of the cross-section values, ISR/FSR,
Monte Carlo generator and pile-up effects were studied. Forthe top quark mass, the full simulation
samples were analysed using the values of 170 and 180 GeV (i.e. p.d.f.s, Eq. 10 and limit computation).
The systematic error was taken from a linear fit of the values found, for a top quark mass error of
±2 GeV. To study the effect of the mass resolutions in Eq. 10, and since no cut is applied to theχ2

distribution, the ratioσt/σW was changed by a factor 2. The total systematic uncertainties, computed as
the quadratic sum of these individual contributions, are also shown in Table 21. The analysis stability was
also cross-checked by varying the kinematic cuts by about 10%, and the maximum relative change on the
expected 95% CL limits was 3%, 9% and 5% for the t→ qγ, t→ qZ and t→ qg channels, respectively.
Table 20 shows the obtained central values for the BR limits.The±1σ contributions from statistical and
systematic uncertainties (added in quadrature) are also shown. The contribution from the luminosity and
the absolute value of background level may be reduced with data, by normalising to measured processes.

Figure 10 shows the ATLAS 95% CL expected sensitivity for thefirst fb−1 in the absence of signal,
for the t→ qγ and t→ qZ channels taking into account the contributions from boththe statistical and
systematic uncertainties.
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Figure 10: The present 95% CL observed limits on theBR(t → qγ) vs. BR(t → qZ) plane are shown
as full lines for the LEP, ZEUS and CDF collaborations. The expected sensitivity at ZEUS, CDF and
ATLAS (together with the statistic plus systematic 1σ band) is also represented by the dotted and dashed
lines.

Table 21: Maximum changes (with respect to the central values of Table 20) of the expected 95% CL
limits for each FCNC top quark decay branching ratio for different systematic error sources.

t→ qγ t→ qZ t→ qg
Source e µ ℓ 3e 3µ 3ℓ e µ ℓ

Jet energy calibration 1% 2% 2% 3% 2% 5% 4% 4% 4%
Luminosity 9% 8% 10% 3% 2% 6% 10% 8% 10%
Top quark mass 7% 7% 6% 6% 4% 12% 7% 5% 5%
Backgroundsσ 6% 10% 7% 4% 7% 12% 17% 16% 15%
ISR/FSR 21% 18% 17% 6% 29% 7% 3% 7% 9%
Pile-up 37% 21% 22% 30% 14% 0% 8% 10% 13%
Generator 34% 18% 4% 4% 14% 14% 5% 0% 4%
χ2 5% 0% 4% 2% 5% 7% 3% 7% 9%
Total 56% 36% 32% 32% 36% 25% 24% 24% 27%
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6 tt̄ resonances

New resonances or gauge bosons strongly coupled to the top quark could manifest themselves in the tt̄
invariant mass distribution. Due to the large variety of models and their parameters, studies have been
done in a model-independent way searching for a “generic” narrow resonance decaying into tt̄ (semilep-
tonic channel) [51,76]. The ATLAS discovery potential is assessed using the latest available simulations
and detector description, performing the tt̄ event reconstruction along the same lines as done for the
high precision measurement of the top quark mass in the semileptonic decay channel [54]. Alternative
methods are currently under investigation to study the production of high mass resonances (m> 2 TeV),
where the decay products of the top quark are close together,so requiring a modified selection.

6.1 Event generation and selection

In this study, t̄t resonances were produced with PYTHIA . The Z′ → tt̄ channel without interference in
the Z′ production has been chosen [77]. Only the semileptonic decay (electrons and muons) of tt̄ pairs
is considered. Five samples of Z′ resonances with mass 700 GeV (the lower limit from CDF and D/0
measurements [78,79]), 1000 GeV, 1500 GeV, 2000 GeV and finally 3000 GeV have been produced.

The common t̄t semileptonic selection criteria were used to accept signal events. Once these criteria
are applied, the main source of physical background to be considered in the search for tt̄ resonances
comes from Standard Model tt̄ events. The other sources of background, dominated by W+jets events,
are negligible [54].

6.2 Data characteristics

6.2.1 tt̄ reconstruction

Several ways to reconstruct the W-bosons and the top quarks have been investigated [54]. The simplest of
them is used here. This method selects, among all jets from light quarks (u,d,c and s), the two jets which
are closest in∆R to build the hadronic W-boson. The hadronic top quark is reconstructed combining the
nearest b-jet to the hadronic W-boson. For the leptonic side, the constraint on the W-boson mass is used
to compute the longitudinal momentum of the neutrino, identifying the missing transverse energy as the
neutrino transverse momentum. Among the 2pzν solutions, the one providing the leptonic top quark
mass closest to the mean value of the hadronic top quark mass is chosen. To reduce both the physical
background and the combinatorial background (which dominates), cuts are applied on the hadronic W-
boson mass spectrum, and on both top quark mass spectra. The resulting t̄t mass distribution, given in
Figure 11, is used as a starting point for the discovery potential determination.

This method does not need a well understood jet energy scale and it is also one of the most efficient.
More sophisticated methods to select the top quarks, such asa kinematic fits of the t̄t-pairs (used by the
D/0 experiment [79]), or a matrix-element motivated method(used by CDF [78]), are not described here.
The method used could be considered as a baseline for the tt̄ resonance search.

6.2.2 Event yield

The reconstruction efficiency of Standard Model tt̄ pairs corresponding to the reconstruction scheme and
cuts described above is shown in Figure 13. The fact that the produced particles are closer together when
the generated tt̄ mass is higher explains the drop of efficiency observed as a function of the t̄t mass. Part
of the efficiency can be recovered if another jet finding algorithm, better at resolving nearby jets (such as
a cone jet algorithm with smaller cone radius), is used.

Figure 14 gives the reconstruction efficiency of Z′ resonances as a function of their mass. This
reconstruction efficiency is of the same order as for the Standard Model t̄t pairs. Nevertheless, some
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small differences arise due to the different production mechanism and spin. Thus, the final result is
not completely model-independent. The purity (fraction ofwell reconstructed events among all selected
events) in each Z′ sample is of the order of 80-85%.

6.3 Discovery potential

6.3.1 Method and results

The method used to extract the 5σ discovery sensitivity consists of counting the number of Standard
Model t̄t events in a sliding mass window over the invariant mass spectrum. The 5σ sensitivity means
that an effect is seen over the expected background with a deviation at least 5 times the background
fluctuation in the mass window. The width of the window is twice the detector resolution for a given
resonance mass. Then, the lowest cross section times branching ratio σ ×Br(Z′→ tt̄) is computed for
the discovery of a resonance at a given mass.

The produced resonances are expected to have a width smallerthan the resolution, leading to a
gaussian shape for the reconstructed invariant mass. The discovery potential is thus estimated here only
for narrow t̄t resonances.

This method, explained in detail in [76], requires as input the Z′ mass resolution (Figure 15), the
reconstruction efficiency of both Standard Model tt̄ events and resonance events, and the purity of the
final samples.

The resulting sensitivity is shown on Figure 16. For example, a 700 GeV Z′ resonance produced with
a σ×Br(Z′→ tt̄) of 11 pb should be discovered with a 5σ significance after 1 fb−1 of data taking. The
tt̄ mass spectrum associated with such a case is shown in Figure17.

6.3.2 Measurement uncertainties

Uncertainties on the sensitivity arise from:

• the reconstruction efficiency for the Z′ signal and t̄t background. The main contribution arises
from the expected error on the b-tag efficiency, which is set to±5%.

• the background contribution (Standard Model tt̄). The main contribution comes from the tt̄ cross
section uncertainty+6.2

−4.7 %.
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Figure 17: Expected tt̄ invariant mass spectrum for the discovery threshold of a 700 GeV Z′ resonance
σ×Br(Z′→ tt̄) = 11.07 pb with 1 fb−1 of data.

Table 22: Sources of uncertainties considered on the 5σ discovery potential computation.

Source of uncertainty Error (%) Effect on the discovery potential (%)
Reconstruction efficiency 16.6 8.3
Background contribution +6.2

−4.7 3.1
tt̄ mass resolution ±1σresolution 2 to 11
Luminosity 5 2.5
Jet energy scale 5 -

• the t̄t mass resolution (Figure 15). The effect on the discovery potential increases with the reso-
nance mass.

• the uncertainty on the integrated luminosity.

The 5σ discovery potential is given as a function of the tt̄ resonance mass. The position of the
resonance mass peak depends on the accuracy of the jet energyscale. This will be constrained by the
W-boson and top quark events themselves.

All these quantities have been varied within expected errors. The impact on the sensitivity is reported
in Table 22.

7 Summary and conclusions

The ATLAS sensitivity to the measurement of several top quark properties was reviewed in this paper
for an expected luminosity of 1 fb−1 at the LHC. The precision of several measurements was estimated,
using the full simulation of the ATLAS detector. For the tests of physics beyond the Standard Model
associated with the production of top quarks, the 95% CL limit (in the absence of a signal) was presented.
In Table 23 a summary of the expected sensitivity on these observables is shown, for a luminosity of
1 fb−1. Several sources of systematic errors were considered using an approach common to all studies
appearing in this note.
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Table 23: Expected ATLAS sensitivity for the top quark properties, for a luminosity of 1 fb−1. For the
Standard Model measurements the sensitivity is given as thetotal error divided by the expected Standard
Model value, for the searches the absolute value is presented.

Observables Expected Precision

Top quark charge (2/3 versus -4/3) ≥ 5σ
Spin Correlations:

A 50%
AD 34%

W-boson Polarisation:
F0 5%
FL 12%
FR 0.03

Angular Asymmetries:
AFB 19%
A+ 11%
A− 4%

Anomalous Couplings:
VR 0.15
gL 0.07
gR 0.15

Top quark FCNC decays (95% C.L.):
Br(t→ qγ) 10−3

Br(t→ qZ) 10−3

Br(t→ qg) 10−2

tt̄ Resonances (discovery):
σ×Br (mtt̄=700GeV) ≥ 11 pb

The sensitivity of the ATLAS experiment to the top quark charge measurement was evaluated. The
analysis shows that using the weighting technique, alreadywith 0.1 fb−1 it is possible to distinguish
with a 5σ significance, between the b-jet charges associated with leptons of opposite charges, which
allows to distinguish the Standard Model from an exotic scenario. For the semileptonic b-decay method
the required luminosity is≃ 1 fb−1. The top quark charge itself was reconstructed relying on a Monte
Carlo calibration of the b-jet charge. Although the reconstruction of the numeric value of the top quark
charge using the weighting technique seems possible with≃ 1 fb−1, it will be necessary to check the
performance of the method with real data e.g. di-jet bb̄ events, once available. A more realistic treatment
of the background processes will be required for a full understanding of the top quark charge issues.

A study of the W-boson polarisation fractions (F0, FL andFR) and t̄t spin correlation parameters (A
andAD) has been performed in the semileptonic tt̄ channel. Reconstructed angular distributions were
used to set the ATLAS sensitivity to the measurement of the W-boson polarisations and top quark spin
correlation parameters.

The W-boson polarisation ratios (ρR andρL) and the angular asymmetries (A+ andA−) dependence
on the anomalous couplings (VR, gL and gR) was used to find the sensitivity to the Wtb anomalous
couplings (for the analyses with and without b-tag).

Top quark rare decays through FCNC processes (t→ qZ,qγ,qg) were studied in this note using tt̄
events produced at the LHC. Expected limits on the branchingratios were set at 95% CL in the absence
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of signal.
The discovery potential of the ATLAS experiment for narrow tt̄ resonances decaying in the semilep-

tonic channel, was studied as a function of the resonance mass.
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Introduction to B-Physics

1 ATLAS B-physics programme

The ATLAS B-physics programme covers many aspects of beauty flavour physics. First, by mea-
suring production cross-sections of beauty and charm hadrons and of the heavy-flavour quarkonia,
J/ψ and ϒ, ATLAS will provide sensitive tests of QCD predictions of production in proton-proton
collisions at the LHC. Secondly, ATLAS will study the properties of the entire family of B mesons
(B0

d , B+, B0
s , Bc and their charge-conjugate states) and B baryons, thereby broadening our knowledge

of both the spectroscopic and dynamical aspects of B-physics. However, the main emphasis will be
on precise measurements of weak B hadron decays. In the Standard Model, all flavour phenomena of
weak hadronic decays are described in terms of quark masses and the four independent parameters
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]. Enormous quantities of data collected in the
past decade by the experiments BaBar, Belle, CDF and D0 allowed very precise measurements of
flavour and CP-violating phenomena. Whilst the analysis of the remaining data of these experiments
may still push the boundaries, no evidence of physics beyond the Standard Model, nor any evidence
for CP violation other than that originating from the CKM mechanism, has yet been found. At the
LHC, thanks to the large beauty production cross-section and the high luminosity of the machine, the
sensitivity of B decay measurements is expected to substantially improve. Whilst direct detection of
new particles in ATLAS will be the main avenue to establish the presence of new physics, indirect
constraints from B decays will provide complementary information. In particular, precise measure-
ments and computations in B-physics are expected to play a key role in constraining the unknown
parameters of any new physics model emerging from direct searches at the LHC.

In ATLAS, the main B-physics measurements will be made with an instantaneous luminosity
of around 1033 cm−2 s−1; however, the B-physics potential begins during early data taking at low
luminosity (1031 cm−2 s−1). With an integrated luminosity of 10 pb−1 ATLAS will already be able to
register about 1.3 ·105 events containing J/ψ → µ+µ− selected by the low luminosity trigger menu
[2]. Recorded events will contain J/ψ → µ+µ− produced both directly in proton-proton interactions
as well as indirectly from decays of B hadrons. With these statistics, beauty and quarkonia studies
will play an important role in the early data-taking period.

In this document we present studies for several periods of beauty measurements in ATLAS. First,
there will be a period of integrated luminosity of order of 10 - 100 pb−1 when B-physics and heavy-
flavour quarkonia signatures will serve in helping to understand detector properties and the muon
trigger, as well as measuring production cross-sections. The physics analyses in this period will deal
with prompt J/ψ and ϒ events, along with inclusive B hadron decays to muon pairs via J/ψ . Further
on, the exclusive decays of B+→ J/ψK+, B0

d → J/ψK0∗ and B0
s → J/ψφ will be studied.

During the next period, from about 200 pb−1 to 1 fb−1, we expect to collect the same or higher
statistics as are currently available at the Tevatron. During this period we will start to improve upon
current measurements of B hadron properties and set new decay rate limits or possibly give evidence
for rates above Standard Model predictions for rare decays (e.g. in the channel B0

s → µ+µ−).
In the most important period for ATLAS B-physics we expect to achieve about 10 - 30 fb−1 at

an instantaneous luminosity of mostly around 1033 cm−2 s−1. It is expected that ATLAS can achieve
this integrated luminosity in about three years. We are preparing to study a large variety of B-physics
topics covering both the production and decay properties of B hadrons. In this document we give
examples of performance studies for this period with polarization measurements of heavy-flavour
quarkonia and of the baryon Λb, by the oscillation phenomena of the B0

s −B0
s system, and the rare
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decay measurement B0
s → µ+µ−. We expect to achieve sensitivities allowing the confirmation of

possible contributions of physics beyond the Standard Model.

2 Trigger

All B-physics studies reported in the current document include trigger reconstruction. The ATLAS
trigger comprises three levels and the selection of B-physics events is initiated by a di-muon or a
single-muon trigger at the first level trigger (L1). At 1031 cm−2 s−1 the lowest possible threshold of
about pT> 4 GeV will be used, rising to 6 - 8 GeV at 1033 cm−2 s−1 for at least one of the L1 muons.
The muon is confirmed at the second trigger level (L2), first using muon-chamber information alone,
and then combining muon and inner-detector (ID) information. The use of the more precise muon
information available at L2 allows rejection of below-threshold muons that passed the L1 trigger.
Combining information from the muon chambers and ID track segments gives rejection of muons
from π and K decays.

Following the confirmation of the L1 muon(s), cuts on invariant mass and secondary vertex re-
construction of B decay products are used to select specific channels of interest. Channels such as
B+→ J/ψ(µ+µ−)K+ and B0

s → µ+µ− are triggered by requiring two muons fulfilling J/ψ or B0
s

mass cuts. At 1031 cm−2 s−1 a single muon is required at L1, with the second muon either originating
from an additional L1 trigger or found at L2 in an enlarged Region of Interest (RoI) around the trigger
muon. At luminosities above about 1033 cm−2 s−1, a L1 dimuon trigger is used, giving an acceptable
rate while keeping a low pT threshold for both of the two muons.

For hadronic final states such as B0
s → Dsπ , ID tracks are combined to reconstruct first the

φ→K+K−, then the Ds→φπ , and finally the B0
s . Two different strategies are used for finding the

tracks, depending on luminosity. Full reconstruction of the whole ID can be performed at 1031 cm−2 s−1.
At higher luminosities, reconstruction will be limited to regions of interest defined by the L1 calorime-
ter jets.

In all studies reported in the current document the trigger decision was used to accept or reject a
given event. The trigger menu used to produce the datasets contained low-pT L1 muon thresholds of
4, 5 and 6 GeV. These were used to initiate selections at L2 of decays containing J/ψ → µ+µ−, like
B+→ J/ψ(µ+µ−)K+, and B0

s → µ+µ−. The lowest thresholds for J/ψ or B0
s required two 4 GeV

muons. In addition there were selections for B0
s → Dsπ based either on full ID reconstruction or on

a RoI-based reconstruction in L1 Jet RoIs with a 4 GeV threshold. More detailed information on the
B-physics trigger is presented in three studies in this document. Specific questions on the L1 di-muon
trigger performance for B-physics are addressed in Section 1 of this chapter. L2 triggering on muons
and di-muons is presented in Section 2. Finally, triggers for B decays to purely hadronic final states
have been studied in the last part of this chapter, Section 8.

If not stated otherwise, the trigger efficiencies in di-muon events were calculated with respect to
Monte Carlo samples generated with cuts of pT > 6 GeV and pT > 4 GeV for the first and second
muon respectively and with pseudorapidity cuts of |η |< 2.4 on both muons.

3 Simulation of the events

Some 1 million B hadron events, along with around 400 000 prompt J/ψ and ϒ(1S) as well as cc̄
events, were produced using PYTHIA 6.4 [3]. The simulations were performed with the CTEQ6L set
of parton distribution functions. For quarkonium production, the NRQCD matrix element parameters

2
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in PYTHIA were tuned to fit Tevatron data [4]. In the production of non-resonant bb̄ and cc̄ flavour-
creation, PYTHIA models describing flavour-excitation and gluon-splitting were included. The frag-
mentation of b quarks and c quarks to hadrons was simulated according to the Peterson fragmentation
function with parameter 0.006 and 0.05 respectively. The choice of parameters was motivated by
Tevatron measurements [5]. Kinematic selections on final state particles from B decays were applied
so that most of the generated B events passed the trigger threshold at the reconstruction stage.

The total bb̄ or cc̄ cross-section is not well defined in PYTHIA when one includes processes other
than those of the lowest order for bb̄ (cc̄ ) production, since PYTHIA takes the partons to be massless
and therefore the cross-section diverges when the transverse momentum approaches zero. However,
only part of the cross section is relevant for our studies - in the phase space of events passing B
triggers.

Table 3 summarises the predicted single and di-muon cross-sections from charm, beauty and onia
production expected at ATLAS from PYTHIA with cuts on the transverse momenta of the muons of
6 or 4 GeV (as appropriate) and pseudorapidity cuts on both muons of |η | < 2.4. The cuts reflect
the trigger thresholds and were selected to allow most of the simulated events to be accepted by the
trigger.

Process (µ6 threshold) Cross-section Process (µ4 threshold) Cross-section
bb→ µ6X 6.1 µb bb→ µ4X 19.3 µb
cc→ µ6X 7.9 µb cc→ µ4X 26.3 µb
bb→ µ6µ4X 110.5 nb bb→ µ4µ4X 212.0 nb
cc→ µ6µ4X 248.0 nb cc→ µ4µ4X 386.0 nb
pp→ J/ψ(µ6µ4)X 23.0 nb pp→ J/ψ(µ4µ4)X 28.0 nb
pp→ ϒ(µ6µ4)X 4.6 nb pp→ ϒ(µ4µ4)X 43.0 nb
bb→ J/ψ(µ6µ4)X 11.1 nb bb→ J/ψ(µ4µ4)X 12.5 nb

Table 1: Predicted PYTHIA cross-sections for various muon and di-muon sources. The numbers fol-
lowing each symbol µ denote the pT thresholds that were used in generating the events with PYTHIA.

After PYTHIA simulation, the events were passed through detector simulation (based on GEANT4
[6]) which first modelled the behavior of the particles as they passed through the detector, and simu-
lated the response of the active detector components to the energy deposition by these particles. The
layout of the detector used by the simulation code was published in Ref. [7]. The output of the simu-
lation was then reconstructed as if it were real data. Following this, reconstructed muons and hadrons
were analysed using the dedicated B-physics analysis software.

4 Organization of the B-physics chapter

The following reports on B-physics present our best current understanding of the ATLAS B-physics
programme. As the B trigger plays a role in all the studies presented here, the chapter starts with
two reports, in Sections 1 and 2, dealing with L1 and L2 muon triggers respectively. There follow
three physics studies typical for the early data period: physics of heavy-flavour quarkonia (Section 3),
measurements of beauty cross-sections (Section 4) and early physics and performance measurements
with decays of B0

d and B0
s mesons in Section 5. Finally there are Sections 6, 7 and 8, which give typical

examples of ATLAS B measurements that can only be achieved during the more advanced data taking
period; they are measurements of the polarization of the baryon Λb, the rare decay B0

s → µ+µ− and

3
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finally the oscillation measurement of the B0
s −B0

s system.
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Performance Study of the Level-1 Di-Muon Trigger
Abstract
An event with two muons in the final state is a distinctive signal and can be
triggered efficiently with the use of the level-1 di-muon trigger. Nevertheless
triggering is still an issue if these muon tracks are fairly soft and fake di-muon
triggers originating from muons that traverse more than one region of the trig-
ger chambers increase the trigger rate. It is important to provide an acceptable
trigger rate, while keeping high trigger efficiency to study low-pT B-physics
such as rare B hadron decays or CP violation in the B-events, especially in a
multi-purpose experiment like ATLAS. In this note, the level-1 di-muon trigger
and its expected performance are described.

1 Introduction

ATLAS is a multi-purpose experiment and its main focus is the direct search for and study of physics
beyond Standard Model. However the indirect search for new physics will also play an important role in
revealing the (flavor) structure of a non-trivial Higgs sector, which cannot be obtained by direct searches.

The B 0
s,d → µ+µ− rare decay is one of the interesting signatures which are sensitive to new physics

at the TeV energy scale. The precise measurement of the forward-backward asymmetry [1] or branch-
ing ratio in the semi-muonic B decay B→ µ+µ−X requires good understanding of the possible biases
introduced by event selection. Also important are precise measurements of Standard Model parameters,
including CP-violation in B-events, such as B 0

s →J/ψφ and B 0
d →J/ψK0

s . The key to the detection
of these B signals in ATLAS is to achieve a high trigger efficiency for low-pT di-muon events, keep-
ing an acceptable trigger rate. It is also essential to understand the acceptance and efficiency using
pp→J/ψ(µ+µ−)X or pp→ ϒ(µ+µ−)X [2].

First, the level-1 muon trigger is briefly explained in Section 2, then trigger simulation and MC
samples used in this note are described in Section 3. The performance of the level-1 single- and di-muon
trigger as well as the effect of an algorithm to resolve muons traversing more than one trigger chambers
are described in Section 4. Finally, the performance and the impact of various level-1 muon trigger
configurations on some example B signal events are discussed in Section 5.

2 Level-1 muon trigger

The ATLAS trigger system architecture is organised in three levels; level-1, level-2 and event filter. The
level-2 and event filter triggers provide a software-based event selection after the level-1 trigger and
events accepted by this trigger chain are finally reconstructed and analyzed offline.

The ATLAS level-1 muon trigger is based on dedicated, fast and finely segmented muon cham-
bers (RPC and TGC) [3] and a trigger logic implemented in hardware. The muon trigger system provides
acceptance in pseudo-rapidity up to |η | ∼ 2.4 and in the full azimuthal angle (φ ) range. A muon track
is triggered by the coincidence of two or three detector stations (consists of chamber doublet or triplet)
within a certain road (coincidence window). The transverse momentum of a muon candidate is deter-
mined by its deviation from the trajectory of an infinite-momentum track (i.e. a straight line). A three
station coincidence is required for any pT threshold in the endcap and forward regions (|η | > 1.05) to
avoid high trigger rates caused by accidental coincidences due to background.1 As a result, the accep-
tance at large |η | becomes small for low-pT muons, as shown in Section 4.

1The number of stations used for coincidence is programmable giving the possibility of lowering a pT threshold at low
luminosity if background conditions allow it.
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The granularity of the level-1 muon trigger, the size of a Region of Interest (RoI), is ∆η ×∆φ =
0.1× 0.1 in the barrel region (|η | < 1.05) and∼ 0.03× 0.03 in the endcap regions (1.05 < |η | < 2.4).
In short, if two muons leave tracks in the same RoI, they are counted as a single muon candidate by the
trigger system. The level-1 muon trigger decisions from different regions are sent to the Muon Central
Trigger Processor Interface (MuCTPI) which combines the information and calculates the multiplicity
of muon candidates for each pT threshold over the whole detector. In forming the multiplicities, care
is taken to avoid double counting of single-muon tracks, reconstructed separately in adjacent trigger
sectors, while retaining a high efficiency for genuine di-muons. The overlap handling is carried out
using Lookup Tables (LUT) to give flexibility and programmability. The LUTs are generated based on
Monte Carlo simulations of single-muon events, selecting the regions of the level-1 muon system that
can be traversed by a single muon.

The overlap handling is mandatory to avoid unacceptably high trigger rates caused by doubly-counted
single muons, so called fake di-muon triggers. Most of the overlaps are resolved by the MuCTPI, which
takes the muon candidate with the higher pT into account when calculating the muon multiplicity and
finding overlapping muon candidates. The MuCTPI consists of independent 16 octant modules and
overlap resolving is performed in each module. Therefore, overlapped regions connected to two different
octant modules cannot be solved in MuCTPI and should be treated in each subdetector (RPC and TGC)
by masking channels or flagging a overlap bit. The parameters used in the overlap handling, such as the
combination of RoIs and masked channels are programmable. More details are described in Refs. [3, 4].

3 Monte Carlo samples and trigger configuration

Single-muon Monte Carlo samples with various, fixed pT values are used for performance tests of the
level-1 single muon trigger logic. Single-muon events are generated uniformly over the full azimuthal
angle range and |η | < 2.7 with a fixed pT value. The detector response is simulated using Geant4 [4] with
the ATLAS geometry in the Athena framework [5]. Trigger simulation is performed using the trigger
configuration for luminosity of 1031-1033cm−2s−1 running, with a set of pT thresholds of 4, 5, 6, 11,
20 and 40 GeV. The production vertex is smeared with a Gaussian distribution with σx = σy = 15 µm
and σz = 56 mm. The level-1 single- and di-muon trigger menu items are named as MUx (single-
muon trigger) and 2MUx (di-muon trigger with the same threshold for both muons) respectively, where
x represents the pT threshold. The exceptions are MU0 and 2MU0, which correspond to completely
opened coincidence windows. However, even in this case, the acceptance of the coincidence windows is
limited by connectivity as well as by the dimension of the coincidence matrix ASICs [6].

The trigger efficiencies of various level-1 trigger configurations are also studied using B-physics
Monte Carlo events. Event generation is done using PYTHIA [7]. Only interesting events associated
with at least two muons with pT > 6 GeV (the leading muon) and 4 GeV (the second muon) within
|η | < 2.5 are studied. The B-physics samples used in this note are B 0

s → µ+µ−φ (47,650 events),
B 0

s → µ+µ− (47,450 events) and B+ → J/ψ(µ+µ−)K+ (49,250 events). The last sample is chosen
partly as a control sample. The opening angle of the two muons is smaller in this sample than in the
other two samples.

In this note, only the level-1 muon trigger is simulated and events triggered by level-1 are studied.

4 Level-1 muon trigger efficiency in single-muon events

Detailed performance studies of the single muon trigger were performed in the barrel and endcap regions
separately and the results are described in Ref. [8]. The single muon trigger efficiencies as a function
of the transverse momentum of the simulated muon, over the whole muon trigger system are shown in
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Figure 1. The single muon trigger efficiency is defined by:

ε(MUx) =
# of events triggered

# of single muon events with |η | < 2.5
. (1)

The range of pseudo-rapidity applied in the efficiency calculation is |η | < 2.5 and not 2.4 as used in
Ref. [8], since |η | < 2.5 is applied for muons in the B-physics samples (Muons with |η | > 2.4 can be
triggered if their momentum is relatively low and the track is bent towards smaller |η |). The efficiency,
ε(MUx), includes all contributions from geometrical acceptance and coincidence window coverage. The
trigger efficiency of MU5 and MU6 is lower than MU0 even for high pT muon tracks. This is because all
regions don’t have full (100 %) acceptance except MU0 which accepts all muons within station coinci-
dence windows. Figures 2 (a) and (b) show the trigger efficiency as a function of the |η | of the simulated
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Figure 1: Trigger efficiency as a function of pT with each low-pT threshold; MU0 (filled circles),
MU5 (filled triangles) and MU6 (open squares) for muons with |η | < 2.5 at the interaction point.

muon with pT at threshold and with pT =19 GeV for MU0 and MU6 trigger selections, respectively. The
efficiency at the plateau is predominantly determined by geometrical acceptance. Efficiency losses at
|η | ∼ 0, 0.4 and 0.7 are caused by cracks and inactive material, like ribs, detector support structures and
the elevator hole. Around the transition region between the barrel and the endcap, |η | ∼ 1.05, some effi-
ciency is lost because the station coincidence cannot be satisfied. A small efficiency gap at the boundary
between the endcap and forward regions (|η | ∼ 2) is also due to the station coincidence, since the endcap
and forward systems are treated separately. However, this effect is smaller than in the transition region
between the barrel and the endcap. Poor MU0 efficiency at pT = 4 GeV is seen in the endcap region
due to the requirement of three station coincidence, not two as required in the barrel. The trigger was
originally designed for pT > 6 GeV as the lowest threshold, but can be applied below this threshold at
very low luminosity.

Figures 3 (a) and (b) show the trigger efficiency as a function of φ (φ=0 and ±π denote directions
perpendicular to the beam axis in the horizontal plane) of the simulated muon with pT at threshold and
with pT =19 GeV for MU0 and MU6 trigger selections, respectively. The efficiency loss can be clearly
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Figure 2: The |η | dependency of the trigger efficiency for MU0 (a) and MU6 (b) trigger selections.
Solid lines correspond to the simulated muons with pT =19 GeV, dotted lines are for muons with
pT at threshold (in the case of MU0 this threshold is set to 4 GeV).

seen around φ ∼ −1.2 and −2 at the magnet’s feet, especially for high pT muons. The geometrical
structure is in general more visible in efficiency using higher pT muons, as they produce straighter
tracks.
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Figure 3: The φ dependency of the trigger efficiency for MU0 (a) and MU6 (b) trigger selections.
Solid lines correspond to the simulated muons with pT =19 GeV, dotted lines are for muons with
pT at threshold (in the case of MU0 this threshold is set to 4 GeV).

5 Level-1 muon trigger performance in B-physics events

A detailed level-1 trigger simulation is mandatory to find effective trigger menus and thresholds for
certain physics processes and to determine the trigger efficiency and rate as well as to study the trigger
bias. In this section, di-muon and single-muon trigger efficiencies with different pT thresholds and the
dependency of di-muon trigger efficiencies as a function of the opening angle between simulated muons
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are discussed using B-physics Monte Carlo samples.

5.1 Efficiency with various trigger configurations

The efficiency of the level-1 muon trigger for three different B-physics processes, B 0
s → µ+µ−, B 0

s →
µ+µ−φ and B+ → J/ψ(µ+µ−)K+ is studied with various trigger configurations. The efficiencies of
the single muon triggers (MU0 and MU6) and the di-muon triggers (2MU0 and 2MU6) are summarized
in Table 1. The efficiency of the single muon trigger is high, about 95 %, since multiple muons have
a higher probability to be triggered by a single muon trigger. The 2MU0 trigger gives better efficiency
than 2MU6 by ∼ 16 % for di-muon events with pT above 6 GeV (4 GeV) for the fastest (second fastest)
muon. The efficiency loss due to the MuCTPI overlap handling is seen in all physics processes, although
the relative efficiency loss is small, ∼ 0.5 %.

Efficiency [%]

Trigger Menu / Process B 0
s → µ+µ− B+ → J/ψ(µ+µ−)K+ B 0

s → µ+µ−φ

MU0 97.0±0.1 96.8±0.1 97.0±0.1
MU6 93.0±0.1 92.9±0.1 93.1±0.1
2MU0 67.9±0.2 68.8±0.2 69.0±0.2
2MU6 51.6±0.2 52.9±0.2 53.2±0.2

2MU0 (w/o MuCTPI overlap handling) 68.2±0.2 69.1±0.2 69.4±0.2
2MU6 (w/o MuCTPI overlap handling) 52.0±0.2 53.4±0.2 53.7±0.2

Table 1: The level-1 trigger efficiency of various configurations. The efficiency is calculated with
respect to the number of generated events (not to the number of muons) of three different physics
processes. The errors are statistical only.

5.2 Opening-angle dependency

In case of measuring some quantity as a function of a certain parameter, one must ensure that the trigger
efficiency is independent of that parameter, or correct the measurement to avoid a bias from the trigger.
Figure 4 shows the 2MU0 and 2MU6 trigger efficiencies as a function of ∆R (=

√
∆η2 +∆φ 2) between

the two leading muons in B 0
s → µ+µ−φ events. The η and φ are true parameters of muon flight direction

at the production vertex. No offline selection is applied in order to see see the bias from the level-1
trigger. The trigger efficiency clearly depends on the opening angle of the two leading muons. The
efficiency is lower at large opening angles because in this case the Bs system is not boosted i.e. momenta
of the muons are lower. Since overlap removal between the muon candidates doesn’t play a role at large
opening angles, this effect is purely due to kinematics. Figure 5 (a) shows the pT distribution of the
leading muons for three different ∆R ranges: ∆R < 0.1, 0.2 < ∆R < 0.4 and ∆R > 0.5. The muons at
large opening angles clearly have a softer pT spectrum. The effect is even more clearly visible for higher
threshold di-muon trigger items, as the probability of having muons at large ∆R with transverse momenta
high enough to trigger a high threshold di-muon trigger item is very small, but non-negligible at small
opening angles.

The small efficiency loss at very small opening angles (∆R < 0.1) is however due to the trigger
system. In the case that the muons both leave hits in the same RoI, only one muon can be triggered by
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Figure 4: (a) Trigger efficiency as a function of ∆R in the semi-leptonic rare B decay B 0
s → µ+µ−φ

using the 2MU0 (filled circles) and 2MU6 (open squares) with MuCTPI. (b) Effect of MuCTPI as
a function of the opening angle, ε(without MuCTPI)/ε(with MuCTPI) for 2MU0 (filled circles)
and 2MU6 (open squares).
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Figure 5: (a) The truth pT distribution of the two leading muons is different opening angles range
in B 0

s → µ+µ−φ events: ∆R< 0.1 (filled circles), 0.2<∆R< 0.4 (filled triangles) and ∆R> 0.5
(filled squares). (b) The efficiency of 2MU0 as a function of opening angles for two cases: the ∆R
separation of the two muons is either larger (filled circles) or smaller (open circles) at the muon
trigger system compared to that at the primary vertex.

6

B-PHYSICS – PERFORMANCE STUDY OF THE LEVEL-1 DI-MUON TRIGGER

11

1049



the system. Figure 5(b) shows the 2MU0 efficiency as a function of the opening angle, but events are
divided into two classes: In one case we select the muon pairs whose separation is expected to shrink
when reaching the muon spectrometer (filled circles), while in the other case (open squares) we select
the muon pairs whose separation is expected to grow.
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Figure 6: (a) Scaled di-muon invariant mass-squared distribution in B 0
s → µ+µ−φ events: no

level-1 selection (open histogram), triggered by 2MU0 (hatched histogram) and by 2MU6(cross
hatched histogram). (b) Efficiencies of 2MU0 (filled circles) and 2MU6 (open squares) as a func-
tion of di-muon invariant mass-squared. The two lines show the relative efficiency with respect to
the corresponding average value for 2MU0 (solid line) and 2MU6 (dotted line).

One example B-physics study is to look at the differential decay rate dBr(B → µ+µ−φ ) / dŝ or
forward-backward asymmetry AFB as a function of di-muon invariant mass to discriminate between
Standard Model and new physics contributions. The ŝ is m2

µµ/m2
B and the AFB(ŝ) is defined as

(∫ 1

0

dΓ
dŝẑ

dẑ−
∫ 0

−1

dΓ
dŝẑ

dẑ
)
/
∫ 1

−1

dΓ
dŝẑ

dẑ, (2)

where ẑ = cosθ (θ is the angle between the µ+ and φ in the µ+µ− rest frame) and dΓ/dẑ is the differ-
ential event rate of B0

s → µ+µ−φ .
Figure 6 (a) shows the µ+µ− invariant mass distribution with and without level-1 triggers in B 0

s →
µ+µ−φ events. Trigger efficiency with 2MU0 and 2MU6 are shown as a function of µ+µ− invariant
mass in Figure 6 (b). The relative trigger efficiency, normalized to the efficiency averaged over a whole
m2

µµ/m2
B range, is also shown to illustrate the trigger bias. The invariant mass dependency of the level-1

di-muon trigger efficiency is weak compared to the opening angle dependency and almost independent
of the trigger threshold. A efficiency drop can be seen at small mµµ , which is also because the two muons
are triggered as a single muon by the muon trigger system.

Similarly, the forward-backward asymmetry AFB is shown as a function of ŝ in Figure7(a). The dif-
ference (AFB[2MUx] - AFB[no selection]) is also shown in Figure 7(b). It should be noted that significant
differences between forward and backward samples in terms of momentum, pseudo-rapidity and µ+µ−
opening angle distributions are observed. Nevertheless, as illustrated in Figure 7, the forward-backward
asymmetry is more robust to the effects of level-1 di-muon triggering than di-muon mass distributions
(see Figure 6).
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Figure 7: (a) Forward-Backward asymmetry in B 0
s → µ+µ−φ events: no level-1 selection (filled

triangles), triggered by 2MU0 (filled circles) and by 2MU6(open squares). (b) deviation between
AFB’s with and without triggers (AFB[2MUx] - AFB[no selection]: 2MU0 (filled circles) and
2MU6 (open squares).

6 Summary

The level-1 di-muon trigger is essential for selecting rare B decays that have low-pT muons in the final
state. The rate for a single-muon trigger at the relevant thresholds would be unacceptably high. A detailed
level-1 muon trigger simulation is implemented and used for the study of the trigger efficiency and its
bias for B-physics events. The level-1 di-muon trigger efficiencies of 2MU0 and 2MU6 are high enough
(about 70 % and 50 %, respectively) in the interesting B-physics events. The fake level-1 di-muon trigger
rate is 2.3 kHz [8] while the genuine di-muon event rate is ∼ 600 Hz (muons with pT > 4 GeV from cc̄
and bb̄) at L = 1033cm−2s−1. The efficiency loss from the MuCTPI overlap handling is found to be
negligible.

The trigger bias in regard to the opening angle and invariant mass of two muons was also studied.
An opening angle dependence is clearly seen, of the order of ±10 % and ±15 % for 2MU0 and 2MU6,
respectively. It is explained by the single-muon efficiency curves and muon kinematics in signal events.
This dependency is stronger for higher pT thresholds. No clear bias is seen due to the presence of the
MuCTPI overlap handling. The trigger efficiency is rather flat over the invariant mass and less dependent
on the trigger threshold since the invariant mass is not as strongly correlated to muon momenta as the
opening angle is.
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Triggering on Low-pT Muons and Di-Muons for B-Physics
Abstract
Muon pairs from J/ψ decay are a clear signature of b hadrons. As a large
fraction of b hadrons are produced at low-pT , a low rate, efficient di-muon
trigger for low-pT muons and a good understanding of the trigger efficiency
are essential. Di-muon final states will also play a key role in calibration,
alignment and determination of the trigger efficiencies. The performance of
the level-2 dimuon trigger algorithms is discussed, together with a method
for reducing backgrounds from decays-in-flight. A strategy for calculating
the single muon and di-muon trigger efficiencies at level-1 and level-2 using
J/ψ from the data themselves is presented.

1 Introduction

B-physics is one of the areas of the physics programme of the ATLAS experiment. It includes the
study of production cross sections, searches for rare b decays and measurements of CP violation
effects. These studies make use of the large bb̄ production cross section at the LHC where bb̄ pairs are
abundant in the low transverse momentum (pT ) region. On the other hand, one must extract signals
from amongst the large QCD background, mostly composed of light quarks. For this purpose, one of
the main channels for B physics study involves decay channels with one or more muons in the final
state, especially the channel J/ψ → µ+µ−.

The output rate of the first level trigger at a luminosity of 1033cm−2s−1 is expected to contain
20 kHz of events where one muon passed the pT threshold of 6 GeV. Early running is envisioned to
include even lower pT thresholds, down to the lowest threshold achievable in the hardware.

At the second level trigger this rate of events must be reduced to 1-2 kHz, of which 5-10% are
available for channels of interest only to B-physics. Currently this goal is achieved for level-1 muon
triggers by first confirming that a muon over the nominal threshold is reconstructed in the muon
spectrometer (MS), and then confirming that there is a matching track in the inner detector (ID).
This selection criterion removes many muons from K and π decays, but does not by itself produce
the required rate reduction. To achieve the required rate pT thresholds need to be raised and many
interesting b events are likely to be filtered out. We therefore focus also on di-muon final states.

We developed an algorithm, TrigDiMuon, which achieves high efficiency at level-2 for the golden
CP channels (J/ψ), using the identification of relatively low-pT muons from J/ψ decay. TrigDiMuon
searches for di-muon pairs from J/ψ or other resonant sources, when only one of the muons passed
the level-1 or level-2 single muon selection. The use of TrigDiMuon can enhance J/ψ efficiency at
low-pT compared to the trigger based on two muons found at level-1, with an acceptable increase in
the fake rate.

In this note, we present the performance of the TrigDiMuon algorithm, that looks for a second
low-pT muon partner to a single muon triggered at level-1. We compare it to the performance of an
algorithm that requires a di-muon level-1 trigger. The comparison is based on a sample of J/ψ which
decayed into muons with low-pT , such that the second muon of each decay may be below the level-1
threshold.

In addition to the foreseen specialised trigger strategies for di-muon signatures, it is important
to optimize the rejection of muons from K and π decays for the standard single muon selection in
order to have the lowest possible threshold on the inclusive single muon trigger. This is achieved
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by extrapolating the muon track from the MS back to the interaction vertex and requiring a good
match between this track and the associated track from the ID. Muons from light hadron decays do
not match accurately the ID track, which in this case is the track produced by the parent hadron (or
from a mixture of hits from the parent and the daughter muon) and not by the muon track. This
note presents a method implemented at the level-2 trigger for rejecting muons from K and π decays.
We summarize the rejection power of this method, show that the efficiency loss is minimal for direct
muons and estimate the efficiency loss for low-pT muons from J/ψ decay.

Cross section measurements or searches for rare decays require a good understanding of the ef-
ficiency of the event selection. As we are interested in events with rather low-pT , the understanding
of the trigger efficiency is crucial and we must have a strategy for measuring it from data with high
precision. The tag-and-probe method for measuring the single muon trigger efficiency using J/ψ
events is presented, and we demonstrate that the obtained trigger efficiency can be applied to calcu-
late the di-muon trigger efficiency. A calibration trigger is proposed to collect an unbiased sample of
single muons with an enhanced J/ψ fraction, and the expected performance of the trigger efficiency
measurement in the early days of the data-taking is discussed.

Particles from additional collisions in the same bunch-crossing (pile-up) are not simulated in the
samples used for this paper, and therefore this additional background is not taken into account in the
analysis.

2 Simulated datasets used and production tools

Since the subject of this note is low-pT muons, we use simulated samples that were produced with
especially low-pT cuts at the event generation level. Samples were generated using the PYTHIA
event generator [1]. Except for the minimum bias events, a generator level filter was applied to
pre-select efficiently the events in the sample. The di-muons sample passed a filter which required
the existence of at least two muons with the appropriate pT and η cuts. For the inclusive muon
samples the filter required the existence of a single muon passing the corresponding selection. Events
were processed with the full simulation of the ATLAS detector based on the GEANT package [2].
The level-1 simulation, High Level Trigger (HLT) selection and offline event reconstruction were
performed.

The following di-muon samples were used:

• An 8000 event sample of the channel Λb→ J/ψΛ with J/ψ→ µ+µ−, where one of the muons
is required at the event generation level to have pT > 4 GeV and the second muon is required to
have pT > 2.5 GeV.

• Simulated samples of direct J/ψ production and bb̄→ J/ψ production, with the generator
level filter requiring the existence of at least two muons with pT > 6 GeV for the highest pT

muon and pT > 4 GeV for the second highest pT muon. For both processes, 150000 events
were generated.

• Two samples of inclusive muon from b decays were used. A 200000 event sample of bb̄→ µX
with a generator level filter requiring one muon with pT > 4 GeV, and a sample of 250000 bb̄
events with at least one muon with pT > 6 GeV in the final state.

• Since this note deals specifically with methods of rejecting muons from K and π decays, a large
sample of such decays was required. A minimum bias sample where pions and kaons were
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forced to decay inside the inner tracker volume was produced for this purpose. The method
developed for producing this “forced-decay” sample is described in detail below.

• Events containing a single muon each were used to study the effect on prompt muons of the
method for rejecting muons from K and π decays. Some of the single muon samples were
simulated with a perfectly aligned detector geometry, while some other samples were simulated
with a misaligned detector description.

The trigger and reconstruction software used for some of the samples are of a later version than
that used in other notes, because the level-2 and reconstruction software used here have improved
significantly in recent version. The software modification will be explained where each package is
described. Table 1 summarizes the simulated Monte Carlo samples used in this note.

Samples Generator level filter Statistics

Signal
samples

Direct J/ψ → µ+µ− pµ1,2
T > 6,4 GeV 150 k

bb̄→ J/ψ → µ+µ− pµ1,2
T > 6,4 GeV 150 k

Λb→ J/ψΛ (J/ψ → µ+µ−) pµ1,2
T > 4,2.5 GeV 7.6 k

Background
samples

bb̄→ µ +X pµ
T > 6 GeV 250 k

bb̄→ µ +X pµ
T > 4 GeV 185 k

Minimum bias (forced K /π) 114 k
Minimum bias (standard) 500 k

Table 1: Summary of MC samples.

2.1 Production tools and samples employed for K and π decays

Minimum bias events are the most copious source of pions and kaons. These particles are produced
mainly with very low-pT , and typically the muons coming from their in flight decays do not escape the
ATLAS hadronic calorimeter. On the other hand pions and kaons with high-pT have a low probability
to decay before the calorimeter because of their high energy. As a consequence it is not efficient to
use minimum bias events as a source of decays in flight to muons. Estimates made for this analysis
indicated that the simulation of 5000 minimum bias events would be needed to provide one muon
from K or π decay capable of passing the 6 GeV threshold of the ATLAS level-1 muon trigger.

To increase the statistics of events with charged pions and kaons decaying in flight, a special
simulation tool is applied. Since we are interested in decays which happen inside the detector, the
decays cannot be made on generator level but must happen in the GEANT simulation. The program
to force the K /π to decay in the detector is an extension to GEANT which runs before the simulation
itself.

In each event a list of all charged pions and kaons with pT > 2 GeV is compiled, and one of the
particles in the list is randomly selected. Events with no charged pions or kaons with pT > 2 GeV are
dropped at this stage, such that the events are not further simulated and nothing is written to output.

The point of decay is selected by first computing the trajectory length from the production vertex
to where the particle would exit the ID (neglecting curvature in the magnetic field). The decay position
is then determined by taking a random fraction of this maximum track length. Since particles assigned
a late decay have a larger probability to be stopped through hadronic interactions, this procedure may
introduce a weak bias towards shorter decay lengths.

3

B-PHYSICS – TRIGGERING ON LOW-pT MUONS AND DI-MUONS FOR B-PHYSICS

17

1055



For this study a minimum bias sample of 114 k events was simulated with forced decays. The
transverse momentum cut of 2 GeV applied to the light hadrons reduces the cross section of the
sample to (43.41± 0.07)% of the minimum bias cross section. In addition to this a minimum bias
sample of 500 k events, simulated with the standard GEANT simulator, was also employed to provide
a cross-check from a single source for both the muons from K /π decay and the prompt muons.

3 The muon trigger

The ATLAS trigger system [3] reduces the event rate from the 40 MHz beam crossing rate to∼200 Hz
for mass storage, keeping the events that are potentially the most interesting for physics. The first
level trigger [4] selection is performed by custom hardware and identifies a detector region for which a
trigger element was found. The second level trigger [5] is performed by dedicated software, making its
decision based on data acquired from the Region of Interest (RoI) identified at level-1. Eventually, the
event filter [5] uses the complete event data, and algorithms adapted from the offline reconstruction,
to refine the selection of level-2 and further reduce the trigger rate by about a factor 10. An event must
pass all trigger levels to be kept for analysis.

A detailed description of the ATLAS muon trigger and the estimated trigger rates are presented
in [6]. Here we give a very brief summary of the principles of the level-1 and level-2 muon triggers.

3.1 The level-1 muon trigger

The level-1 muon trigger is based on dedicated fast detectors: the Resistive Plate Chambers (RPC) in
the barrel and the Thin Gap Chambers (TGC) in the end-caps [7]. The basic principle of the algorithm
is to require a coincidence of hits in the different trigger stations within a predefined angular region,
called a ”road”, from the interaction point through the detector. The width of the road is related to the
bending of the muon in the magnetic field and thus to the pT threshold to be applied.

The trigger in both the barrel and the end-cap regions is based on three trigger stations at different
distances from the interaction point [4]. The low-pT triggers (4 to 10 GeV) are derived from a coin-
cidence in two stations, while the high-pT triggers (over 10 GeV) require an additional coincidence
with the third station. In the end-cap, there is an option to use all three stations also for the low-pT

trigger. This option is the one used in the trigger performance studies in Reference [6].
The level-1 trigger provides for each muon candidate the region where it was found, called the

region of interest (RoI). For the muon trigger, the size of the level-1 RoI is ∆η×∆φ = 0.1×0.1 in the
barrel and ∆η×∆φ = 0.03×0.03 in the end-cap region, respectively.

3.2 The level-2 single-muon trigger

The level-2 trigger is a software-based trigger and uses the information of the Region of Interest
provided by the level-1 trigger. Level-2 algorithms only process data around the RoI, using the full
granularity of the detector readout within the RoI.

The HLT trigger selection proceeds in “trigger chains”. A chain consists of a series of reconstruc-
tion and decision (hypothesis) algorithms that process the data in a RoI identified by level-1. The role
of the level-2 muon trigger is to confirm muon candidates flagged by the level-1 and to give more
precise track parameters for the muon candidate.

The level-2 muon selection is performed in two stages. The first stage is performed by the muFast
algorithm [8], which starts from a level-1 muon RoI and reconstructs the muon in the spectrometer,
using the more precise Monitored Drift Tubes (MDT) to perform a new pT estimate for the muon
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candidate and creating a new trigger element. The hypothesis algorithm cuts on the estimated pT and
passes the validated trigger elements to the next algorithm.

Track finding in the inner detector is based on the region of the candidate found by muFast. The
muFast candidate and ID tracks are passed to the next algorithm, muComb, which matches an ID
track with the trigger element from the muon spectrometer and refines the pT estimate [5].

3.2.1 muFast

For level-1 RoI’s flagged by the RPC (barrel region) and the TGC (end-cap region), muFast performs
global pattern recognition, a local segment fit in each muon station and a fast pT estimation. The
global pattern recognition is designed to select clusters in MDT tubes belonging to a muon track
without using the drift time measurements. It is divided into two steps, firstly the pattern recognition
in the trigger chambers seeded by the level-1 RoI, and the subsequent MDT pattern recognition seeded
by the result of the previous step. In the MDT pattern recognition muon roads are opened in selected
MDT chambers, and the loactions of hit tubes are collected. A contiguity algorithm is applied on the
selected hits to remove the background.

The track reconstruction approximates a muon track as a series of segments built separately in each
MDT chamber. Segments are reconstructed using the drift time measurements and an approximate
calibration to obtain hit radii from them. The fitted segments provide a precision measurement of the
point where the fitted line crosses the middle of the MDT chamber, called the super-point.

The track bending is measured in a different way in the barrel and the end-cap. In the barrel, the
sagitta is computed from the three super-points found in the three stations. In the end-cap, the track
bending is measured by the angle α between the track direction measured by the muon chambers in
the middle and outer stations of the muon spectrometer, and the direction obtained by connecting the
nominal interaction vertex with the mean hit position in the middle station.

The muon transverse momentum is estimated using an inverse linear relationship between the
measured sagitta (in the barrel) or α (in the end-cap) and pT . The detector region is divided into bins
in η and φ and the parameters of this inverse linear function are estimated in each bin.

3.2.2 muComb

The muComb algorithm matches the muon track found by muFast to ID tracks reconstructed at level-
2 citeID-CSC. In reconstructing the level-2 ID tracks, only hits from the pixel and SCT detectors were
used, for speed.

The matching between muFast and ID track segments proceeds as follows. First, a preselection of
ID tracks is made based on the difference in η and φ between muFast and ID track segments. In the
barrel, this preselection also makes use of the difference in the Z of the extrapolated track segments at
the radius of the barrel calorimeter. A weighted combined pT , and a matching χ2, are calculated for
each ID track passing the preselection in combination with the muon track information, and the ID
track giving the lowest χ2 is selected as the best match to the muFast track.

The version of the algorithm used in this study is improved with respect to that used in [6]. The
resolution of muFast tracks assumed in combining with the ID tracks have been retuned, using the
correct pT resolutions for the different end-cap regions, and for the misaligned detector geometry. A
specific tuning of the matching windows is used to improve the resolution for very low pT muons.
This algorithm will be referred to as “the baseline muComb selection” in Section 5, where a modified
algorithm with better rejection for muons from K and π decays is also described, and the performance
of the two algorithms is compared.
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3.2.3 Level-2 muon hypotheses

The pT cuts corresponding to each nominal threshold are set so that 90% of the muons at the nominal
threshold would pass the selection. The actual cuts used depend on the resolution of the pT estimation.
Therefore the cuts are different for different regions of the detector as well as different between muFast
and muComb. Thus for a nominal threshold of 6 GeV the muFast hypothesis cuts at estimated pT

values between 4.5 and 5.4 GeV in the different η regions, while the muComb hypothesis cuts at
estimated pT of 5.8 GeV in the barrel and end-cap and 5.6 GeV in the forward region. Since the pT

resolution of muComb is better than that of muFast, the cuts are closer to the nominal thresholds, and
reject more muons with pT below the threshold. A special case is the 4 GeV nominal threshold which
is meant to accept lower pT muons and the cuts are set at 3 GeV in the barrel and 2.5 GeV in the
end-cap for both muFast and muComb.

3.3 The level-2 di-muon triggers

There are two approaches at level-2 for selecting di-muon events from a resonance such as J/ψ and
ϒ. The first approach is to start from a di-muon trigger at level-1 which produces two muon regions of
interest. In this approach, reconstruction of a muon is confirmed separately in each RoI as described
above and the two muons are subsequently combined to form a resonance and to apply a mass cut.
We will refer to this trigger as the “topological di-muon trigger”.

An alternative approach is to start with a level-1 single muon trigger and search for two muons
in a wider η and φ region. This approach starts from reconstructing tracks in the inner detector and
extrapolating the track to the muon spectrometer to tag muon tracks. Since this method does not
explicitly require the second muon at level-1, it has an advantage for reconstructing J/ψ at low-pT .
This is implemented in the TrigDiMuon algorithm. The two approaches using either two or one muon
RoI are illustrated in Figure 1.

Figure 1: A schematic picture of RoI based di-muon trigger, using two RoI’s (left) and seeded by a
single muon RoI (right).
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3.3.1 The TrigDiMuon algorithm

TrigDiMuon is a level-2 trigger algorithm based on associations established between ID tracks and MS
hits. Each time a pair of oppositely charged ID tracks, above a minimal invariant mass, is successfully
associated with the MS hits, a muon pair object is created with the parameters of these ID tracks.
Later, in the hypothesis step, an additional invariant mass selection can be applied, thus selecting
interesting physics objects such as J/ψ or B.

The motivation for developing this algorithm comes from the fact that while di-muon final states
exist in many interesting B-physics channels, the cross sections for di-muon final states are orders
of magnitude smaller than those for single muons of the same pT . An additional advantage is that
resonant final states can also be used to calibrate trigger efficiencies as will be shown in Section 5.

First, the initial muon RoI is extended in order to search for a second muon, which was not
triggered by level-1. The input muon may be from a region of interest identified at level-1, but the
input rate to the algorithm can be reduced if, prior to the RoI extension, the level-1 RoI would be
confirmed in the level-2 trigger by the muFast and (possibly also) the muComb algorithms. The
performance of these options is studied in Section 4. The size of the extended RoI is based on the
distribution of angular distance in η and φ between two muons from J/ψ decay. Figure 2 shows
the probability of including the second muon from J/ψ decays RoI as a function of the extended RoI
size for different samples. The current default region size in TrigDiMuon is ∆η×∆φ = 0.75×0.75.

 square regionη∆ × φ ∆Side length of 
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Figure 2: Probability of including the second muon from J/ψ decays RoI as a function of the extended
RoI size for different samples. Open squares are from J/ψ decays where one muon has pT > 6 GeV
and the other pT > 3 GeV. Full squares are from J/ψ decays where one muon has pT > 4 GeV and
the other pT > 2.5 GeV.

The ID tracks in the search region are found using the trigger-tracking program IdScan or SiTrack [9],
and are selected if they form a pair of oppositely charged tracks with invariant mass M > 2.8 GeV.
Each selected track is extrapolated to the different stations of the MS using a formula parameterizing
the expected track bending in the magnetic field. The bending parameterization is calculated sep-
arately for different regions of the muon spectrometer to account correctly for the inhomogeneous
toroidal field in the end-cap region. Figure 3 shows the difference, ∆η , between η measured in the
inner detector and that measured in the middle station of the muon spectrometer. The lines indicate
the choice of η regions for the parameterization. The parameterization was also subdivided in φ .

The algorithm then searches for muon hits within a road around the extrapolated track. The road
size also differs for different η regions. If a sufficient number of muon hits are found in the MS, the
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Figure 3: The η direction of muons at the intercation point vs. the difference in η position between
the inner detector and the middle station of the muon spectrometer, for muons with pT = 6 GeV. The
lines indicate the choice of η regions for the parameterization.

track is identified as a muon. If both tracks from the pair are identified as muons, a muon pair object
is created. The two tracks are fit to a common vertex, and the vertex χ2 is calculated to allow a later
selection of only the pairs with a good quality vertex.

4 Performance of the level-2 di-muon triggers for J/ψ

In this Section the efficiency and fake rates resulting from the two approaches to selecting di-muons
at level-2 will be presented and compared. For the TrigDiMuon algorithm we calculate the efficiency
and fake rates in three different trigger chains.

In the first configuration, TrigDiMuon runs directly after the level-1 trigger based on the RoI
produced by level-1. The performance of this trigger is compared to the efficiency and fake rate of the
level-1 di-muon trigger.

The other two trigger chains confirm a single level-2 muon before calling TrigDiMuon. The
purpose of these chains is not to reduce the fake di-muon trigger rate, but rather to reduce processing
time by reducing the input rate to TrigDiMuon. Since TrigDiMuon starts from ID track reconstruction
in an extended region around the muon region of interest, the tracking in the inner detector requires
three times longer than if only reconstructing ID tracks in the narrow road used by muComb. Thus, this
time consuming process can be avoided for candidates for which the level-1 trigger is not confirmed
at level-2.

In the second chain TrigDiMuon runs after muFast. The input to TrigDiMuon in this case is a
muon confirmed in the MS, with a cut on the pT estimated at this stage. The efficiency of this trigger
is compared with that of a topological di-muon trigger based on a level-1 di-muon with two oppositely
charged muons confirmed in the MS at level-2.

In the third chain TrigDiMuon runs after muComb. The input to TrigDiMuon in this case is a
muon confirmed in the MS and the ID, with a cut on the pT estimated at this stage. The efficiency
of this trigger is compared with that of the topological di-muon trigger with two oppositely charged
level-2 combined muons, within the same invariant mass window. The invariant mass window can be
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applied in this chain, and not the second chain, because only after muComb the momentum resolution
is sufficient for a reasonable selection on invariant mass.

The efficiency and fake rates of these trigger sequences were studied for two different trigger
thresholds, a 4 GeV threshold that is envisioned to run at initial luminosity, and a 6 GeV threshold that
will be the lowest threshold for running at a luminosity of 1033cm−2s−1.

A selection requiring the two muons to be oppositely charged, and the pair to have invariant mass
between 2.8 GeV and 3.4 GeV was applied to both TrigDiMuon and the topological di-muon trigger.
For the topological algorithm the invariant mass selection was only applied after muComb. The fake
rates were calculated as follows: the probability of each of the level-2 strategies to find a di-muon
pair in events which contain only a single muon was estimated separately for the b events and the
minimum-bias events. This probability was multiplied by rates which were estimated independently
from [6], but are consistent with it. The fake probability in b events was taken to be representative
of that in all events with prompt muons. For the topological di-muon trigger, the probability was
calculated relative to the number of di-muon level-1 triggers, and multiplied by the level-1 fake di-
muon trigger rate from [6].

4.1 Efficiency relative to events accepted at level-1

Table 2 gives the efficiency, relative to level-1, for the two di-muon trigger algorithms for a trigger
threshold of 4 GeV. Table 3 gives the efficiencies, relative to level-1, for a trigger threshold of 6 GeV.
The efficiencies in these tables are calculated with respect to the J/ψ events accepted by the corre-
sponding level-1 single muon trigger. In parenthesis we give the efficiency relative to J/ψ events at
the starting point of the di-muon algorithm.

One can see that the TrigDiMuon efficiency is significantly higher than the topological di-muon
trigger in all cases. As a matter of fact, the topological di-muon trigger, which applies pT cuts on both
muons, can have only a limited acceptance for J/ψ events passing a single muon trigger because the
second muon is very frequently below the trigger threshold. To pass the topological di-muon trigger
the second, lower pT muon also has to pass the level-2 selections.

Because TrigDiMuon can reconstruct muons below the level-1 thresholds, the TrigDiMuon ef-
ficiency, shown in brackets, remains nearly the same with the different chains. However, the total
efficiency is reduced when starting from the single muons accepted by muFast or muComb, because
of the pT cut imposed by those algorithms. In particular, in Table 3 muFast and muComb reject suc-
cessively more of the muons below the nominal threshold and this explains the big drop from row to
row for TrigDimuon and even bigger drop for the topological trigger.

The loss of efficiency in the single muon triggers is smaller for the 4 GeV threshold, because the
level-2 cuts for the 4 GeV threshold are quite loose, as mentioned above. When calculating the 4
GeV trigger efficiency using only muons from J/ψ with generated pT above the 4 GeV threshold,
TrigDiMuon has an efficiency of 90% and the topological trigger has an efficiency of 64%.

As discussed earlier, in spite of some loss of efficiency, the trigger chains with TrigDiMuon run-
ning after a level-2 confirmed muon might be more suitable to an overall planning of the ATLAS
trigger menu due to the reduced input rate they have to sustain.

4.2 Fake rates

Table 4 gives the expected fake rates for TrigDiMuon with the different chains described above, for
a trigger threshold of 4 GeV at a luminosity of 1031cm−2s−1. Table 5 gives the rates for a trigger
threshold of 6 GeV at a luminosity of 1033cm−2s−1.
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Chain
starting from

TrigDiMuon
(%)

Topological
trigger

(%)
level-1 73 (73) 51
muFast 71 (73) 43

muComb 70 (74) 33

Table 2: Efficiency, relative to level-1, of the two di-muon trigger algorithms for a trigger threshold
of 4 GeV. In parenthesis is the efficiency calculated relative to J/ψ events that passed the single
muon trigger that selects the input to TrigDiMuon. To estimate the efficiency we used a sample of
Λb→ J/ψΛ, where J/ψ → µ(pT > 2.5 GeV)µ(pT > 4 GeV).

Chain
starting from

TrigDiMuon
(%)

Topological
trigger

(%)
level−1 75 (75) 56
muFast 67 (77) 25

muComb 60 (78) 15

Table 3: Efficiency, relative to level-1, of the two di-muon trigger algorithms for a trigger threshold
of 6 GeV. In parenthesis is the efficiency calculated relative to J/ψ events that passed the single
muon trigger that selects the input to TrigDiMuon. To estimate the efficiency we used a sample of
Λb→ J/ψΛ, where J/ψ → µ(pT > 2.5 GeV)µ(pT > 4 GeV).

Source
Chain

starting from
Input rate

(Hz)

Fake
acceptance

(%)

Fake rate
(Hz)

b + c
level−1 460 0.42 1.9
muFast 380 0.42 1.6

muComb 340 0.43 1.5

K /π
level−1 620 0.07 0.43
muFast 270 0.11 0.29

muComb 170 0.09 0.15

Total
level−1 1080 0.22 2.3
muFast 650 0.29 1.9

muComb 510 0.32 1.6

Table 4: Fake rate of the TrigDiMuon algorithm for muons from different sources and total fake rate
using a trigger threshold of 4 GeV, at a luminosity of 1031cm−2s−1. The b and c components were
estimated from a sample of bb̄→ µ +X with pµ

T > 4 GeV and the K /π component from the minimum
bias sample with forced decays

Fake rates can be further reduced by reconstructing the J/ψ decay vertex from the two muon
tracks. Selecting J/ψ with a good quality vertex fit will reduce fake rates from unrelated track
combinations. Figure 4 shows the distribution of the vertex χ2 for true J/ψ decays and for fake
di-muon triggers. A cut of χ2 < 30 reduces the fake rate by 20-30% and only reduces the trigger
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Source
Chain

starting from
Input rate

(Hz)

Fake
acceptance

(%)

Fake rate
(Hz)

b + c
level-1 21500 0.48 103
muFast 12500 0.60 76

muComb 10300 0.75 76

K/π
level-1 15800 0.22 34
muFast 5000 0.30 15

muComb 3500 0.41 14

Total
level-1 37400 0.37 137
muFast 17500 0.51 91

muComb 13700 0.66 90

Table 5: Fake rate of the TrigDiMuon algorithm for muons from different sources and total fake rate
using a trigger threshold of 6 GeV, at a luminosity of 1033cm−2s−1. The b and c components were
estimated from a sample of bb̄→ µ +X with pµ

T > 4 GeV and the K /π component from the minimum
bias sample with forced decays

efficiency by 1-2%. The vertex position can also be used to reject J/ψ produced at the primary
interaction and accept only J/ψ from b hadron decays, but a study of this is outside the scope of this
note.

2χ
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Figure 4: Distribution of the vertex χ2 for true J/ψ decays (shaded) and for fake di-muon triggers
(open histogram).

Finally Table 6 compares the total rates and efficiencies of the two level-2 di-muon algorithms.
When TrigDiMuon runs after muComb, the signal to background ratio is worse than when it runs after
muFast. Using the input rates from Table 4 and 5, one can calculate that the time needed to reconstruct
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the ID tracks is also the smallest when TrigDiMuon runs after muFast, reduced by 1/3 for the 4 GeV
threshold and by 1/2 for the 6 GeV threshold with respect to running after L1.

It can be seen from this table that the fake rate for the topological di-muon trigger is small. The
fake rate from the TrigDiMuon algorithm is much higher but these output rates from level-2 should
be acceptable for the gain in efficiency, at the initial low luminosity.

Threshold
(Luminosity)

Chain
starting

from

TrigDiMuon Topological

Efficiency
(%)

J/ψ
rate
(Hz)

Total
rate
(Hz)

Efficiency
(%)

J/ψ
rate
(Hz)

Total
rate
(Hz)

4 GeV
(1031cm−2s−1)

level−1 71 1.17 3.1 51 0.8 24
muFast 70 1.15 2.7 43 0.7 -

muComb 69 1.14 2.4 33 0.5 0.6
6 GeV

(1033cm−2s−1)
level−1 74 43 151 56 32.5 357.5
muFast 66 38 114 25 14.5 -

muComb 59 34 109 15 8.7 9.3

Table 6: Total rate and efficiency relative to level-1 of the TrigDiMuon algorithm including the vertex
cut χ2 < 30, and of the topological di-muon trigger. The efficiency is estimated from a sample of
Λb→ J/ψΛ, where J/ψ → µ(pT > 2.5 GeV)µ(pT > 4 GeV).

The b-physics trigger rate from TrigDiMuon requires further reduction for L = 1033. This can be
achieved by introducing an additional trigger with a cut on the J/ψ decay length. Then the trigger
without decay length cut will be prescaled to an acceptable rate for calibration and alignment purposes,
as for example in Section 6. An event filter algorithm will further reduce the rates for a luminosity of
1033cm−2s−1.

4.3 Efficiency relative to reconstructed events

Our goal is to maximize trigger efficiency at the level-2 trigger for the muons that can later be identi-
fied offline. The efficiencies for the two algorithms and thresholds were re-estimated with respect to
the J/ψ events reconstructed with the muon identification program MuGirl [10], which is efficient
for low-pT muons. The resulting efficiencies are given in Table 7 for a trigger thresholds of 4 GeV
and 6 GeV respectively. Figure 5 shows the efficiency of TrigDiMuon relative to muons identified by
MuGirl for the higher pT muon (left) and the second muon (right).

Threshold
(Luminosity)

Chain
starting

from

TrigDiMuon
Efficiency (%)

Topological Trigger
Efficiency (%)

4 GeV
(1031cm−2s−1)

level−1 84 58
muComb 81 42

6 GeV
(1033cm−2s−1)

level−1 81 45
muComb 66 17

Table 7: Efficiency of the TrigDiMuon and Topological di-muon algorithms for J/ψ reconstructed
by MuGirl. To estimate the efficiency we used a sample of Λb → J/ψΛ, where J/ψ → µ(pT >
2.5 GeV)µ(pT > 4 GeV).
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Figure 5: Efficiency of TrigDiMuon relative to muons identified by MuGirl for the higher pT muon
(left) and the second muon (right).

5 Rejection of muons from K and π decays

The lowest single muon pT threshold in the original ATLAS HLT design [5] was chosen to be 6 GeV.
This is because below this pT value the rate of muons from K and π decays becomes higher than that
from b and c decays. Nevertheless, during the low luminosity phase, it is desirable to collect muons
with lower pT , both for detector and trigger calibration and for initial physics studies. If thresholds are
lowered, K and π decays become the dominant source of single muon triggers. These decay muons
must be rejected as early as possible so as not to dominate the single muon trigger rate, thus ensuring
we can achieve the physics and calibration studies with prompt muons.

5.1 Description of the method

The method we describe rejects K and π decays based not on their pT but on the topology of the
decay. The track position of a prompt muon, extrapolated from the MS to the interaction vertex, is
a gaussian distributed around the ID track position. The corresponding distribution of a decay muon
around the light hadron from which it decayed is broader because of the contribution of the decay
kink in addition to the multiple scattering effect. Thus if the track seen in the inner detector is that of
the K or π , this discrepancy with prompt muons can be used to reject some of the muons from light
hadron decays.

With this method, we can reject the muons from K and π decays by using a matching window
tuned for prompt muons, with the window width varying according to the track pT . Due to time
constraints, a precise propagation of tracks in the magnetic field can not be done at level-2, so instead
the muon track from the MS is extrapolated back to the interaction vertex using a parameterization
that is a function of measured η , φ and pT (exploiting the linear relationship between the bending and
1/pT ). Multiple scattering effects can be parameterized in the same way to estimate the corresponding
errors of the back extrapolation, which determine the window size.

Three main regions are identified for the field parameterization used to propagate the muon tracks,
one in the barrel and two in the end-cap. To account for the relative inhomogeneity of the magnetic
field inside each region, the parameters of the back extrapolation are computed as a function of η , φ ,
muon charge and spectrometer side (z or −z). A different tuning is used for high and low-pT tracks,
to take into account the fluctuations of the energy loss in the calorimeter which are important for the
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propagation of the latter. In the end-cap, the innermost station of the MS does not provide a complete
geometric coverage, thus for the muons with no hits in the innermost station, a seed from the middle
station is used to extrapolate the track back. This is the most difficult case since an extrapolation
through the toroids must be performed and the resulting precision is spoiled by a factor of two with
respect to the other cases. Therefore the back extrapolation in the end-cap is treated separately for
regions with inner station coverage and region without inner station coverage.

The strategy for the level-2 combined muon reconstruction described in [5] is to use only the pixel
and the SCT data. With this setup, the decays in flight happening near or after the last SCT layer are
reconstructed using mainly the hits of the decaying K or π . Some rejection of these events can be
achieved by checking the η and φ position of the extrapolated MS track relative to the ID track with
a matching window whose size is based on the position spread coming out from the muon multiple
scattering. Some of the decays between the pixel and the SCT can be rejected by applying a cut on
the χ2 of the Inner Detector fit.

The cuts studied, ordered in terms of increasing rejection are:

• A loose-window cut, using the muon track position from muFast, and the track position from
the ID reconsrtruction. The window size was tuned to recover almost 100% of the multiple
scattering for a muon pT equal to the threshold value (4 GeV and 6 GeV);

• A tight-window cut, refining the muon back-extrapolation by exploiting the measurement of
the interaction vertex from the ID reconstruction. The window size was tuned to 2.7 σ of the
multiple scattering spread for that muon pT ; the combined pT estimation is used to tune the
window width;

• The normalized χ2 of the ID track fit is required to be less than 3.2.

5.2 Performance of the method

5.2.1 Rejection results for K and π decays

The 6 GeV threshold is used as a benchmark to estimate the K and π rejection achieved by the various
cuts. The forced-decay minimum bias sample has been used to study and tune the cuts to reject muons
from K and π decays. The results shown in Table 8 are expressed in terms of trigger rate, computed
using the cross section of these events.

Cut π/K rate (Hz)
Baseline muComb 3470±380
Loose window cut 2920±430 (-16%)
Tight window cut 2800±440 (-20%)
Tight window + χ2 cut 2550±440 (-26%)

Table 8: Expected rate with a 6 GeV single muon threshold from the muComb algorithm for the π
and K decays. The rejection with respect to the baseline muComb algorithm is shown in parenthesis.
These rates were estimated from the forced-decay minimum bias sample

Figure 6 shows the trigger efficiency for muons from K and π decays as a function of pT for the
baseline muComb selection, compared to the tight window selection described above.

14
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Figure 6: Efficiency for muons from K and π decays as a function of pT for the baseline muComb se-
lection, compared to the optimized muComb selection described in Section 5.1 for the 4 GeV threshold
(left) and the 6 GeV threshold (right).
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Figure 7: Efficiency of the tight window match on single muons simulated with the aligned detector
setup. The efficiency drop for the 6 GeV threshold is shown according to different σ cuts.

5.2.2 Efficiency loss for prompt muons

The efficiency loss for prompt muons due to the matching window cuts has been estimated with a
single muon sample. Figure 7 shows the relative efficiency obtained for the aligned detector setup.
The relative efficiency is seen to be almost constant in the pT range of 4-40 GeV and its value for
the cut at 2.7 σ is about 98%. The detector misalignment reduces the efficiency plateau to 95% as
shown in Figure 8, but the relative efficiency can be recovered by 1% with a specific tuning of the
back extrapolator.

The rate reduction for b decays is calculated reliably from the b→ µ(4)+X sample. The results
are shown in Table 9. A good agreement between b events and single muons is found for the efficiency
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Figure 8: Efficiency of the tight window match at 2.7 σ on single muons simulated with the misaligned
detector setup. The relative efficiency is shown for the 6 GeV threshold.

loss due to the tight window match.

Cut
b→ µ(4)+X

rate (Hz)
Baseline muComb 4850±20
Loose window cut 4780±20 (-1.5%)
Tight window cut 4710±20 (-3%)
Tight window + χ2 cut 4560±20 (-6%)

Table 9: Expected rate with a 6 GeV single muon threshold from the muComb algorithm for the b
component. In parenthesis is the percentage rejection with respect to the baseline muComb.

5.2.3 Resulting muon trigger rates

A coherent description of the full trigger rate after the muComb algorithm is obtained using the stan-
dard minimum bias sample and is shown in Table 10 and in Table 11. All the cuts mentioned were
applied. A very good agreement is found with both the forced sample for the K /π component, and
the b→ µ +X sample for the b component.

The optimized version of muComb improves the rejection of muons from decays in flight by about
30% at the 4 GeV threshold and of about 20% at the 6 GeV threshold with respect to the baseline
muComb algorithm. The rejection of muons from b events is 20% at the 4 GeV threshold and 7% at
the 6 GeV threshold. Thus while the total trigger rate is reduced the purity of the sample increases.
Given the uncertainties on the estimation of the production cross section for K and π this optimization
is crucial for the low-pT single muon trigger.
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Sample muFast rate (Hz) muComb rate (Hz) muComb + π/K cuts rate (Hz)
π/K 224±15 210±9 145±9
b 145±7 140±6 114±6
c 234±8 200±8 168±8

Table 10: Expected output rate of muFast and muComb for a 4 GeV threshold at the 1031cm−2s−1

Luminosity.

Sample muFast rate (Hz) muComb rate (Hz) muComb + π/K cuts rate (Hz)
π/K 5050±760 3530±380 2860±410
b 5550±600 4900±400 4550±430
c 6900±700 5390±420 5050±450

Table 11: Expected output rate of muFast and muComb for a 6 GeV threshold at the 1033cm−2s−1

Luminosity.

Checking the effect of this method to reject muons from K and π decays on the two level-2 di-
muon strategies showed that both efficiency and trigger rates are reduced. There is no significant gain
in purity from this method for the di-muon selections, because the rejection is achieved by using the
J/ψ reconstruction and mass cuts, and most of the fake rate comes from b and c decays.

6 Measuring trigger efficiency for low-pT muons from ATLAS data

6.1 Method description

Cross section measurements require a good understanding of the efficiency of the event selections. A
precise understanding of the trigger efficiency is crucial and we must have a strategy for measuring
it from data with high precision. We study the performance of measuring the trigger efficiency from
data with the tag-and-probe method which uses di-muon final states for measuring the single muon
trigger efficiency. In this method, a single triggered muon from a reconstructed di-muon decay of a
specific particle identified by mass cuts provides the tag that allows us to probe the trigger efficiency
of the second muon.

For B physics we are interested in events with rather low-pT muons, so the tag-and-probe method
for measuring the single muon trigger efficiency using J/ψ events is presented. We demonstrate
that the obtained trigger efficiency can be applied to calculate the di-muon trigger efficiency. This
principle can also be applied to Z decays to calibrate the high-pT trigger efficiency [11].

6.1.1 Measuring single muon efficiency

We use the tag-and-probe method to measure the muon trigger efficiency, using as the calibration
sample events collected by a single muon trigger where the J/ψ is found in the offline reconstruction.
In this sample, one of the muons forming the J/ψ is triggered, while the other one may or may not
be triggered, thus providing an unbiased sample of muons to study the single muon trigger efficiency.

First, the triggered muon is matched to one of the reconstructed muons from an identified J/ψ .
This muon is called the tagged-muon. Once the tagged-muon is identified, the other muon, the probe-
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muon is used to check whether it is also triggered or not. A matching between the reconstructed muon
and the one found at the trigger level is needed here too.

At the high level trigger, the position of the muon found at the trigger level is stored, and can be
compared precisely to the reconstructed muon. However, at level-1 the position granularity is that of
the RoI. Due to the limited precision of the location of the RoI, care must be taken when matching a
muon RoI to the reconstructed muon. The bending of the muon tracks in the magnetic field and the
fact that high-pT decay muons have small opening angles between them also introduces an ambiguity
in the matching.

The single muon trigger efficiency, ε1µ , is calculated as the ratio between the number of probe
muons which were triggered (Nprobe&triggered) to the total number of probe muons (Nprobe),

ε1µ =
Nprobe&triggered

Nprobe
. (1)

The single muon efficiency can be obtained in detail as a function of kinematic variables (pT , η ,
φ ) of the muons using as fine a binning as the statistics allows. A fine binning is, in fact, necessary
since the efficiency depends on these variables, especially at level-1 where there are sharp changes in
the efficiency due to structural features such as the experiment’s support structures. Because of this
the overall efficiency depends on the distribution of the muons produced. We call the detailed map of
efficiencies in each region of the phase space a trigger efficiency map.

Our primary goal is to demonstrate that it is possible to obtain the trigger efficiency map from
data alone. The di-muon trigger efficiency can then be calculated from it, given the distribution of the
parent particles and the decay angular distribution.

6.1.2 Calculating di-muon trigger efficiency

The di-muon trigger efficiency can be calculated using the obtained single muon efficiencies, taking
into account the dependence on kinematic variables of the muons. For example, the efficiency of J/ψ
particles are different depending on the kinematic distribution of the two decay muons. The J/ψ
efficiency, εJ/ψ can be calculated using the single muon trigger efficiency map as

εJ/ψ(pJ/ψ
T ,ηJ/ψ ,φ J/ψ) =

1
2π

∫∫
ε1µ(pµ1

T ,η
µ1 ,φ µ1)ε1µ(pµ2

T ,η
µ2 ,φ µ2) f (cosθ ∗)d cosθ ∗dφ ∗. (2)

Here, f (cosθ ∗) is the angular distribution of the decay muon from the J/ψ where θ ∗ represents the
decay angle of the muon in the J/ψ rest frame with the z-axis taken as the direction of the J/ψ
in the laboratory frame. The variable φ ∗ is the azimuthal angle of the decay muon in the J/ψ rest
frame, normalized as

∫
f (cosθ ∗)d cosθ ∗ = 1. Kinematic variables of the decay muons (pµ1

T , pµ2
T ,ηµ1 ,

ηµ2 , φ µ1 , φ µ2) are functions of the J/ψ variables, cosθ ∗ and φ ∗. To get the overall efficiency of J/ψ
events, the integration of J/ψ variables must be performed in the kinematic region of the cross-section
definition.

Note that this formula is universal and can be applied to other resonances such as Bs,d → µµX
using the same single muon efficiency map. The cosθ ∗ distribution depends on the polarization state
of the J/ψ which reflects the J/ψ production mechanism. For the unpolarized case, this distribution
is flat. In certain analysis, the production mechanism of the parent particle could be of interest, so
we cannot assume the distribution to be flat. In such cases, it is necessary to be able to calculate the
efficiency as a function of cosθ ∗ as well. In these cases, Equation 2 would become,

εJ/ψ(pJ/ψ
T ,ηJ/ψ ,φ J/ψ ,cosθ ∗) =

1
2π

∫
ε1µ(pµ1

T ,η
µ1 ,φ µ1)ε1µ(pµ2

T ,η
µ2 ,φ µ2)dφ ∗ (3)
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without the cosθ ∗ integration. Equation 3 is simply expressing the efficiency of events where J/ψ is
produced with a fixed momentum and the decay angle is also fixed, so the decay muon momenta are
also fixed. Some variables could be integrated out, but the important thing is that the efficiency with
respect to cosθ ∗ can also be obtained from the single muon efficiency map, ε1µ(pµ

T ,η
µ ,φ µ).

6.2 Performance studies

In order to emulate the efficiency measurement from data, we use J/ψ events with two muons in
the offline reconstruction passing the single muon threshold of 6 GeV and a di-muon invariant mass
between 2.88 GeV and 3.3 GeV.

6.2.1 Matching of muons at trigger and reconstruction

The first step of the tag-and-probe method is to find out which of the two offline muons was triggered.
This is done by finding the best match using ∆R =

√
∆η2 +∆φ 2, where ∆η and ∆φ are the difference

of η and φ between the offline muon and the triggered muon. For the matching with level-2 muons,
track parameters at the perigee are used. On the other hand, for level-1, the position of the triggered
muon is taken as the center of the RoI. In this case, the matching must be done carefully as the opening
angle of the two muons from the J/ψ is small and the bending, of the rather low-pT muons, in the
magnetic field is non-negligible. The offline muon tracks are extrapolated to the plane of the RPC or
TGC chamber which defines the RoI.

Figure 9 shows the ∆R distrbution between the level-1 RoI and offline track with and without
using the extrapolation. The improvement obtained by the extrapolation is significant and as a result
a good matching is established by requiring ∆R < 0.15. To further reduce the possibility of having
a wrong match, in this study we only use events where the opening angle between the two muons is
∆R> 0.4.

Figure 10 shows the ∆R distribution between the level-2 muon and the offline track. The resolution
of ∆R becomes an order of magnitude better than at level-1 since the level-2 muon tracks use the
measurements from the ID. The condition ∆R < 0.005 is used for the matching between the offline
track and the level-2 track.
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Figure 9: The distribution of ∆R between the level-1 RoI and the offline muon track, (a) using the
offline track parameters at the perigee and (b) by extrapolating the offline track to the RoI position.
The dashed line shows the value where the cut was applied for the matching.
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Figure 10: The distribution of ∆R between the level-2 muon and the offline muon track. The dashed
line shows the value where the cut was applied for the matching.

6.2.2 Level-1 efficiency

Using the method described in Section 6.1 and the matching criteria, we obtain the single muon
efficiency as a function of the pT of the muon. Figure 11 shows the single muon efficiency as a
function of pT by evaluating how often the probe-muon was triggered. The points are fitted with the
function

ε(pT ) =
A

1+ exp(−a× (pT −b)))
. (4)

Also shown in Figure 11 is the efficiency measured directly in the single muon Monte Carlo sample
which provides an unbiased value of the efficiency. The agreement of the efficiencies obtained by the
two methods is around 5% in the turn-on region (4 GeV < pT < 8 GeV) and becomes smaller as the
pT increases, becoming within a few percent at pT > 10 GeV.

To calculate the di-muon trigger efficiency using Equation 2, the efficiency curve must be mea-
sured in each η and φ region. For this, we divided the detector into 10× 10 regions for the barrel
(−1.05 < η < 1.05). For the end-cap region (1.05 < |η |< 2.4), we assumed that there is a complete
symmetry between octants and divided one octant into 8×6 regions. Efficiency curves as a function
of pT are obtained in each of the regions. Figure 12 shows the three fit parameters, A, a and b in
Equation 4 as a function of η and φ . The figure shows that the efficiency curve behaves differently
for different regions but in a smooth way, except for a small region around η = 0.725 and φ =−1.6.
In this region the efficiency is very low due to the MS layout and as a result the fit is unreliable. These
results are used to calculate the di-muon efficiency.

Distributions of offline J/ψ variables, pJ/ψ
T , ηJ/ψ and cosθ ∗ are shown in Figure 13 after ap-

plying the selection criteria of muons (pµ
T > 6 GeV and |ηµ | < 2.4). The open histograms are for all

J/ψ in the MC sample and the filled histograms are for events where the level-1 di-muon trigger,
requiring at least two muons with pT > 6 GeV, has fired. The generator level filter with the pT cut for
the highest (second highest) pT muon of pT > 6(4) GeV was applied for the MC sample.

The cosθ ∗ distribution reflects the polarization state of the J/ψ and is flat for the non-polarized
case. Since the cosθ ∗ distribution is an interesting quantity to measure in its own right, we do not
make any assumptions about this distribution but instead try to measure the efficiency as a function
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Figure 11: The overall efficiency of the level-1 single muon trigger with respect to the offline selection
obtained by the tag-and-probe method (filled circles) and the efficiency estimated from a single muon
Monte Carlo sample (open circles). The curve is a fit to the efficiency obtained by the tag-and-probe
method from Equation 4.

of cosθ ∗. Although the generated cosθ ∗ distributions were flat, reconstructed distributions will be
biased by the pµ

T cuts applied at the generator level. At |cosθ ∗| = 1, one of the decay muons flies
in the opposite direction to the J/ψ and has low transverse momentum, therefore these events are
more likely to be rejected by the pT cut for the highest (second highest) pT muon of pT > 6(4) GeV
requirement.

Figure 14 shows the di-muon trigger efficiencies calculated in two methods. The open circles
are obtained by checking the decision of the level-1 di-muon trigger for each event. The efficiencies
calculated using the parameterization in Figure 12 are shown by the filled circles. They are calculated
by assigning an efficiency for each event according to the kinematics of the two muons in the final
state using Equation 3. The same technique may be used once data are collected by the experiment.
The effect of the systematic uncertainty of the method has been estimated by changing the procedure
to obtain the trigger efficiency map, namely by using 16×16 bins in η–φ in the barrel and 15×10 in
the endcap. In addition, the fitting function has been changed by adding a linear function c(pT −d) to
the original function for pT > d. This was done to better describe a drop of efficiency for higher pT .
c and d are additional fit parameters. Both statistical and systematic errors are a few % in most of the
region, but the systematic uncertainty increases where the change of efficiency is rapid. In Figure 14,
the statistical and systematic errors are added in quadrature.

Results of the two methods agree within a few % in most regions. Efficiency losses at ηJ/ψ

around -1, 0 and +1 are due to the layout of the muon trigger chambers. These plots confirm that the
requirement of pµ

T > 6 GeV on two muons introduces an effective cut of pT > 12 GeV for the J/ψ
and the efficiency with respect to cosθ ∗ is flat across the region between −0.8 < cosθ ∗ < 0.8. The
overall efficiencies calculated in the kinematic region of pJ/ψ

T > 12 GeV and |ηJ/ψ |< 2 are 76.1% and
77.0% using the trigger decision and the trigger efficiency map, respectively, which is in agreement
within the statistical and systematic errors. The size of the systematic errors may be improved by
creating the efficiency map with finer granularity, which requires more statistics.
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Figure 12: Fit parameters (A, a and b in Equation 4) of the efficiency curve in different η and φ
regions.

22

B-PHYSICS – TRIGGERING ON LOW-pT MUONS AND DI-MUONS FOR B-PHYSICS

36

1074



Figure 13: Distributions of J/ψ variables, pT , η and cosθ ∗. The open histograms are for all
reconstructed J/ψ s with the generator level cut of pµ1

T > 6 GeV and pµ2
T > 4 GeV. Filled histograms

are distributions of events passing the level-1 di-muon trigger.
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Figure 14: Di-muon trigger efficiency with pµ
T > 6 GeV. Open circles are the result obtained from

decision of the level-1 di-muon trigger and filled circles are the efficiency obtained using the parame-
terization shown in Figure 12.
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6.2.3 Level-2 efficiency

The single muon level-2 efficiency can be defined in two ways: level-2 efficiency with respect to
offline reconstruction (L2/rec) and level-2 efficiency with respect to level-1 (L2/L1). The L2/rec ef-
ficiency is obtained in the same way as the efficiency with respect to level-1. The only difference is
that the probe muon must have both level-1 and level-2 trigger objects associated to be considered as
triggered.

For the calculation of the L2/L1 efficiency the set of probe muons is restricted to only those that
have an associated level-1 RoI. This way the efficiency with respect to level-1 is obtained. Overall
efficiencies as a function of pT are shown in Figure 15. The points were fitted with the functional
form of Equation 4. Efficiency curves calculated using all offline muons matched to generated muons
are plotted in the same figure to check that the selection of probe muons is unbiased. It is clear that
there is a good agreement between the measured efficiency and the direct Monte Carlo efficiency.
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Figure 15: The overall efficiency of the level-2 single muon trigger, (a) with respect to offline recon-
struction, (b) with respect to level-1.

To calculate level-2 di-muon efficiency the trigger efficiency map was created in the same way as
for level-1. The η–φ plane was divided into regions as described in Section 6.2.2 and in each region
an efficiency curve was constructed and fitted with Equation 4. This was done for L2/rec as well as
for L2/L1 efficiencies.

Using the trigger efficiency map for the L2/rec efficiency, we can calculate the level-2 trigger
efficiency. To check that the map was created correctly, the single-muon efficiency curves were con-
structed using level-2 muons associated to the offline muons with the ∆R matching criteria explained
in Section 6.2.2. To get an agreement between the two methods one must use the same data sample. In
Figure 16, open triangles represent a straightforward calculation of the efficiency using matched trig-
ger objects while the solid circles are the efficiencies calculated using the map. To each offline muon
from the sample the probability that it would be triggered was assigned using the map. In each pT

bin the efficiency was calculated as an average of these probabilities. Systematic uncertainties were
estimated in the same way as the level-1 efficiency by changing the procedure to calculate the trigger
efficiency map. The same method was used for other two variables η and φ . The two methods give
an agreement within 6% in most regions while the difference gets as large as 15% at some regions
(φ ' −1,−2) where the efficiency is low and therefore the precision of the fit to create the trigger
efficiency map was poor. Also, since the average efficiency is calculated in each bin of the map this
causes discrepancies in the regions where efficiency changes rapidly.
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Figure 16: The overall L2/rec single-muon trigger efficiency as a function of pT , η and φ . Efficiency
is calculated using the trigger efficiency map (black circles) and it is compared to the one calculated
using matched level-1 and level-2 trigger objects (open triangles).
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The efficiency of the level-2 di-muon trigger for J/ψ was calculated in the same way as for level-
1. Again two methods were used: firstly direct calculation using the trigger decision for the di-muon
trigger and secondly using the efficiency map. Since a simple di-muon trigger without any cut on
invariant mass was used, all the muons in the sample must be used in calculation of the efficiency (not
just those from J/ψ ). To each offline muon in the event the probability εi that it would be triggered
was assigned. The probability that the whole event will be triggered by the di-muon trigger is then

ε2µ = 1−∏
i

(1− εi)−∑
i

εi ∏
j 6=i

(1− ε j) (5)

where the products and sums run over all decay muons used in the measurement.
The di-muon efficiency is calculated in the same way as the single-muon efficiency, as an average

of probabilities ε2µ in each bin of a given variable. In our case it is either the pT , η , φ or the cosθ ∗
of the J/ψ reconstructed in the event. Figure 17 shows a comparison of the J/ψ efficiency curves.
Like the single muon efficiency results, the agreement between the two methods is within 6% in most
regions except for some regions where the available statistics was low. The overall J/ψ efficiency
(L2/rec) in the kinematic region, pJ/ψ

T > 15 GeV, |ηJ/ψ |< 2 with the cuts on the muons (pµ
T > 6 GeV,

|ηµ |< 2.4) is 69.2% and 69.4% using the trigger decision and the trigger efficiency map, respectively.
We have a good agreement on the overall efficiency integrated in the above phase space.
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Figure 17: The overall di-muon J/ψ trigger efficiency as a function of pT , η , φ and cosθ ∗. Efficien-
cies from the trigger decision bit (open triangles) and the ones calculated from the trigger efficiency
map (black circles) are shown.

In Figure 18 the efficiency as a function of the distance, ∆R, in the η–φ plane between the two
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J/ψ muons is shown.
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Figure 18: The overall di-muon J/ψ trigger efficiency as a function of ∆R. Efficiencies from the trigger
decision bit (open triangles) and the ones calculated from the trigger efficiency map (black circles) are
shown.

6.3 Requirements on the trigger menu

In order to use the method developed here for real data, we need a large sample of J/ψ events with at
least one muon unbiased by the trigger selection. The following selection criteria at each trigger level
will satisfy this requirement:

Level-1 Single muon trigger above a certain threshold;

Level-2 J/ψ reconstruction within one RoI using the TrigDiMuon algorithm to enhance J/ψ events;

Event Filter (EF) No further selection is imposed so as to avoid biasing the sample;

In this Section, we give some estimates of the statistics of the J/ψ sample using this trigger
selection and show the precision on the trigger efficiency with a certain luminosity. Taking into
account the limit on the EF output rate of 200 Hz it is plausible to use a few Hz of the bandwidth for
this calibration trigger. The parameters to optimize are the prescale factor, to reduce the rate when it
is too high, and the threshold value.

The level-1 single muon trigger rate has been studied in detail taking into account contributions
from different sources. At low-pT , the main contribution is from K /π in-flight decay and muons
from b and c quarks. The rejection of these non-J/ψ events by the topological di-muon trigger at
level-2 has been studied using a genererated sample of bb̄→ µ +X , where the efficiency of non-J/ψ
events to be selected was found to be 0.8%. This factor is used to estimate the rate reduction by the
level-2 selection.

Table 12 shows the expected rate of the level-1 single muon trigger and the contribution of the
J/ψ → µ+µ− to the rate assuming a luminosity of 1031 cm−2s−1. The rate of J/ψ events is the sum
of J/ψ direct production and from bb̄ production. If we could allocate a bandwidth of 1 Hz to this
trigger chain with 6 GeV level-1 threshold, we must apply a prescale factor of 3 to reduce the rate
down to around 1 Hz. Given the fraction of J/ψ→ µ+µ− events among this rate is 6%, we get a rate
of 0.06 Hz for collecting the calibration sample.
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rate (Hz) J/ψ fraction
level-1 380 (0.21) 0.05%
level-2 3 (0.19) 6%

Table 12: The rates after level-1 and level-2 using the proposed calibration trigger for a luminosity of
1031 cm−2s−1 with the threshold of pT > 6 GeV. The contribution of J/ψ → µ+µ− process to the
rate is also shown in parentheses.

With one year of data, we expect to collect about 300 k J/ψ events according to this triggering
strategy, which is comparable to the statistics used in this study (150 k direct J/ψ and 150 k bb̄→
J/ψ). Therefore, we expect a similar performance (for ' 1 Hz calibration trigger rate) to that shown
in Section 6.2 after the first year of data-taking. The number of events may increase if we allocate
more than 1 Hz for the calibration trigger.

7 Conclusions

In this note we presented methods to efficiently select J/ψ events at the second level trigger, reject
muons from K and π decays and measure the trigger efficiencies from the ATLAS data.

TrigDiMuon is a second-level trigger algorithm that selects efficiently at level-2 events which
include J/ψ or other di-muon states, starting from a single level-1 muon trigger. The efficiency of
TrigDiMuon for events accepted by level-1 and the level-2 single muon trigger is between 73% for the
4 GeV trigger threshold and 60% for the 6 GeV threshold. This may be compared with the topological
di-muon trigger efficiencies of 33% for the 4 GeV threshold and 15% for the 6 GeV threshold. The fake
trigger rates of TrigDiMuon are estimated to be 2 Hz for a trigger threshold of 4 GeV at a luminosity
of 1031cm−2s−1, and 90 Hz for a trigger threshold of 6 GeV at a luminosity of 1033cm−2s−1. For the
B-physics trigger at L = 1033cm−2s−1 the rate will have to be further reduced by means of a decay
length cut on the J/ψ decay vertex.

Extrapolating the muon track from MS back to the interaction vertex improves the single muon
trigger selection at the level-2 stage and allows increased rejection of muons from K and π decays
without a significant loss of efficiency for b events. The back extrapolator provides a further reduction
factor of about 20% at the trigger threshold of 4 GeV and of about 10% at the trigger threshold
of 6 GeV with respect to the output trigger rate of the baseline muComb selection. Despite this
good performance, its use for triggering on low pT di-muon objects is not recommended, since the
background to TrigDiMuon is dominated by muons from b and c rather than by muon from K and π
decays. However, because the rate of muons from K and π decays may be even higher than in our
simulation, it is important to have it available for the single muon triggers.

The J/ψ trigger efficiency can be measured from ATLAS data using the tag-and-probe method.
As the efficiency of the single muon trigger depends on the η and φ regions, it is necessary to measure
the efficiency as a function of these variables. With 300k J/ψ events, it is possible to measure the
efficiency at level-1 and level-2 with better than 5 % precision for each region. The uncertainty comes
mainly from the lack of statistics to measure the efficiencies for each region of η and φ and will
improve as more J/ψ events become available. To collect an unbiased J/ψ sample which can be
used for the trigger efficiency measurement, we plan to use a level-1 single muon trigger with a J/ψ
reconstruction using the inner detector at level-2. With this trigger we can collect around 300k events
for an integrated luminosity of 100 pb−1 while keeping the rate of this calibration trigger around 1 Hz.
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With the methods provided it is possible to collect a large number of J/ψ events at luminosities
of around 1031cm−2s−1, without an overly high rate from K and π decays. Furthermore, these low-pT

J/ψ events can also be used to calibrate trigger efficiencies from the actual ATLAS data, and provide
the trigger efficiencies for analyses that use low-pT muons.
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Heavy Quarkonium Physics with Early Data

Abstract
Results are reported on an analysis on simulated data samples for production
of heavy quarkonium statesJ/ψ→ µµ andϒ→ µµ , corresponding to an inte-
grated luminosity of 10 pb−1. It is shown that thepT dependence of the cross-
section for bothJ/ψ andϒ should be measured reasonably well in a wide
range of transverse momenta,pT ≃ 10−50 GeV. The precision ofJ/ψ polari-
sation measurement is expected to reach 0.02−0.06, while the projected error
on ϒ polarisation is around 0.2. Observation of radiative decays of χc states,
and the feasibility of observingχb → J/ψJ/ψ decays are also discussed.

1 Introduction and theoretical motivation

The number ofJ/ψ → µ+µ− andϒ→ µ+µ− decays produced at the LHC is expected to be quite large.
Their importance for ATLAS is threefold: first, being narrowresonances, they can be used as tools for
alignment and calibration of the trigger, tracking and muonsystems. Secondly, understanding the details
of the prompt onia production is a challenging task and a goodtestbed for various QCD calculations,
spanning both perturbative and non-perturbative regimes.Last, but not the least, heavy quarkonium
states are among the decay products of heavier states, serving as good signatures for many processes of
interest, some of which are quite rare. These processes haveprompt quarkonia as a background and, as
such, a good description of the underlying quarkonium production process is crucial to the success of
these studies.

This note mainly concentrates on the capabilities of the ATLAS detector to study various aspects of
prompt quarkonium production at the LHC. The methods of separating promptly producedJ/ψ andϒ
mesons from various backgrounds are discussed, and strategies for various measurements are outlined.

1.1 Theory overview

Quarkonium production was originally described in a model where the quark pair was assumed to be
produced endowed with the quantum numbers of the quarkoniumstate that it eventually evolved into [1].
This approach, subsequently labelled as the Colour SingletModel (CSM), enjoyed some success before
CDF measured an excess of directJ/ψ production [2], more than an order of magnitude greater than
predicted (see Figure 1(a)).

The Colour Octet Model (COM) [5] was proposed as a solution tothis quarkonium deficit. COM
suggests that the heavy quark pairs produced in the hard process do not necessarily need to be produced
with the quantum numbers of physical quarkonium, but could evolve into a particular quarkonium state
through radiation of soft gluons later on, during hadronisation. This approach isolates the perturbative
hard process from the non-perturbative long-distance matrix elements, which are considered as free pa-
rameters of the theory. However, their universality means that their values can be extracted independently
from a number of different processes, such as deep inelasticscattering, hadro- and photoproduction.

Hence the good description of the Tevatron data by the ColourOctet Model shown in Figure 1(a)
is, at least in part, due to the fact that the values of some parameters were determined from the same
data. Tests of other COM predictions have not been so successful: Figure 1(b) shows the polarisation
coefficient inϒ → µµ decay as a function of its transverse momentum, where the COMprediction
disagrees with the data.

A model based onkT factorisation in QCD showers [6] claims to be able to describe both the lack
of transverse polarisation inJ/ψ decays [4, 7] and the high cross-section ofJ/ψ production. Another

45

1083



10
-3

10
-2

10
-1

1

10

5 10 15 20

BR(J/ψ→µ+µ-) dσ(pp
_
→J/ψ+X)/dpT (nb/GeV)

√s =1.8 TeV; |η| < 0.6

pT (GeV)

total
colour-octet 1S0 + 3PJ
colour-octet 3S1
LO colour-singlet
colour-singlet frag.

(a)

D , Run 2 Preliminary, 1.3 fb
—1

(b)

Figure 1: (a) Differential cross-section ofJ/ψ production at CDF, with predictions from CSM
and COM mechanisms (from [3]). (b)ϒ polarisation measured as a function ofpT at DØ (black
dots) and CDF (green triangles), compared to the limits of the kT factorisation model (dashed and
dotted curves [6]) and COM predictions [5], depicted by a shadowed band (from [4]).

model [8] argues that the deficit in the cross-section as predicted by CSM can be largely explained by
the production of a quarkonium state in association with an additional heavy quark, and also predicts
lower levels of polarisation.

In the following, we show that ATLAS is capable of detailed checks of the predictions of various
models by measuring not onlypT andη distributions of onium states in a wide range of these variables,
but also the degree of polarisation and the production ofC-even states. In the absence of a comprehensive
Monte Carlo generator capable of simulating all aspects of all theoretical models, we used the PYTHIA

6.403 generator [9] incorporating the Colour Octet Mechanism, with model parameters fixed through
a combination of theoretical and experimental constraints[10]. Inevitably, this simulation is unable to
reproduce adequately some features of the data, notably thepolarisation angle distributions and hadronic
accompaniment of the quarkonium states. However, the simulated samples allowed us to study the
acceptance and efficiency of ATLAS to detect all required particles and measure their parameters, across
the whole range of the accessible phase space.

1.2 Classification of production mechanisms in the simulation

In the following, we will use a simple classification of the quarkonium production mechanisms based on
the model implemented in the PYTHIA generator.

A sample diagram describing the leading colour-singlet subprocessg + g → J/ψ + g is shown in
Figure 2(a). In the accessible range of transverse momenta of J/ψ its contribution is expected to be
small. The dominant contribution at the lowerpT comes from the subprocess shown in Figure 2(b),
where both singlet and octetcc̄ states with various quantum numbers contribute toJ/ψ production,
throughχcJ → J/ψ+γ decays and/or soft gluon emission.

At high pT , the gluon fragmentation subprocess shown in Figure 2(c) becomes increasingly domi-
nant. According to COM, this is unlikely to produce anythingother than3S1 quarkonium states. Hence,
the fraction ofJ/ψ mesons produced fromχcJ decays should decrease with increasingpT . The pro-
duction mechanisms for the radially excitedψ ′(3686) meson follows the same pattern, except for the
absence of respectiveχ ′

cJ contributions, thus one should expect differentpT distributions forJ/ψ and
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Figure 2: Some example diagrams for the singlet and octetJ/ψ production mechanisms imple-
mented in PYTHIA .

ψ ′.
The overall picture is expected to be similar for bottomonium production, except the number of

radial excitations below the open beauty threshold is now three, and many more radiative transitions are
possible between the variousn3PJ andn3S1 state. However, compared toJ/ψ , the accessible range of
pT for ϒ is significantly extended towards smaller transverse momenta. This opens up the range ofpT

dominated by the colour singlet contribution, which may make it directly observable forϒ.

1.3 χb → J/ψJ/ψ decay

Despite much higher production cross-sections,C-even states of quarkonia are far more difficult to ob-
serve than their vector counterparts. The usual way of studying χc,b (andηc,b) states has been so far
through radiative decays of or into respective vector states. However, in the high energy hadronic colli-
sion environment, observation of the photon inχb →ϒ+γ may be problematic (see Section 5.1).

We have performed a feasibility study to assess the capability of ATLAS to observeχb → J/ψJ/ψ→
µ+µ−µ+µ− decay with the standard di-muon trigger. The results are presented in Section 5.2. The
observation and measurement of these final states will give avaluable insight into the heavy quark bound
state dynamics from several separate viewpoints.

2 Trigger considerations

Details of the triggers to be used in ATLASB physics programme can be found in [11]. This section
discusses the trigger signatures relevant for quarkonium production at ATLAS, the implications they
have on the measured cross-section, and the expected effects they have on our ability to make various
physics measurements.

Two specific types of di-muon triggers dedicated to quarkonium are: the topological di-muon trig-
gers, which require two level-1 regions of interest (RoIs) corresponding to two muon candidates withpT

thresholds of 6 and 4 GeV, and di-muon triggers that only require a single level-1 RoI above a threshold
of 4 GeV and searches for the second muon of opposite charge ina wide RoI at level-2. They are dis-
cussed in Section 2.1. An additional trigger scenario is based on a single muon trigger with a higherpT

threshold of 10 GeV, discussed in Section 2.2.

2.1 Di-muon triggers

Being able to determine the trigger efficiency of measuredJ/ψ andϒ is crucial to correctly infer the
production cross-section of quarkonium at the LHC. Indeed,usingJ/ψ andϒ (as well as theZ boson)
to construct a trigger efficiency map is a necessary step in order to perform cross-section measurements
in ATLAS.
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Studies are being conducted in ATLAS into developing a calibration method to obtain the low-pT

single muon trigger efficiency, and henceforth the di-muon trigger efficiency of events using real data by
virtue of the so-called tag-and-probe method (see Ref. [11]for details). In the absence of data, we have
performed our own studies of trigger efficiencies, based on Monte Carlo simulation.

If not stated otherwise, the quoted trigger efficiencies have been calculated with respect to the Monte
Carlo samples, generated with the cutspT (µ1) > 6 GeV, pT (µ2) > 4 GeV, whereµ1 (µ2) is the muon
with the largest (second largest) transverse momentum in the event.

The level-1 trigger is a hardware trigger that uses coarse calorimeter and muon spectrometer infor-
mation to identify interesting signatures to pass to the level-2 and Event Filter stage. Figure 3 shows the
various individual level-1 trigger efficiencies as a function of thepT of the di-muon system. The total
trigger efficiency at level-1, running over directJ/ψ events, is 87%.
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Figure 3: Efficiency of various level-1 triggers for promptJ/ψ events versuspT of the di-muon
system. Only the triggers with efficiencies greater than 2% in some region ofpT are displayed.
The relevant triggers are the single muonpT threshold triggers labelledL1 MUXX (whereXX indi-
cates thepT threshold in GeV) and the di-muon triggerL1 2MU06. EachpT range of these triggers
is exclusive. The efficiency curve labelledLVL1 Muon is the sum of all level-1 single muon effi-
ciencies (excluding the di-muon triggerL1 2MU06).

The level-2 trigger is software-based and is designed to reduce the output rate of the data, passed to
it from level-1, by two orders of magnitude. Within regions of interest defined by the level-1 trigger, full
granularity of the detector is accessible. The efficiency ofthe level-2 triggers for promptJ/ψ events is
plotted in Figure 4 as a function of di-muonpT . The total level-2 trigger efficiency in the reconstructed
promptJ/ψ events (relative to level-1) is 97%. The di-muon trigger scenario µ6µ4, considered in the
majority of this note, uses all the above trigger signatures.

2.1.1 Effect of di-muon trigger cuts on quarkonium rates

Figures 5(a) and 5(b) illustrate the distribution of cross-sections across the values of thepT of the harder
and softer muon from the quarkonium decay without any muon cuts applied at generator level. The lines
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Figure 4: Efficiency of various level-2 triggers for promptJ/ψ events versuspT of the di-muon
system. Only the triggers with efficiencies greater than 2% in some region ofpT are displayed.
The level-2 trigger signatures of interest include single muon pT threshold triggersL2 MUXX and
‘TrigDiMuon’ triggers L2 BJpsimuXmuY which are specialised for searching forJ/ψ [11]. The
efficiency curve labelledLVL2 Pass in (b) is the sum of all level-2 efficiencies.

overlaid on the plots represent various nominal muonpT thresholds: (6 GeV, 4 GeV) and (4 GeV, 4 GeV),
as well as the nominal thresholds (10 GeV, 0.5 GeV) corresponding to the single muon triggerµ10 (see
below).

ForJ/ψ the bulk of the cross-section lies near the (4 GeV, 1 GeV) region, far from the low-pT muon
trigger thresholds proposed for ATLAS, and we see only a small increase in accessible cross-section
by lowering the cut on the harder muon from 6 GeV to 4 GeV (although this reduction in the effective
J/ψ pT threshold is useful from a physics standpoint). The situation for ϒ is significantly different
however, as the relatively large mass of theϒ shifts the bulk of the production to the region near muon
pT thresholds of (5 GeV, 4 GeV). This means that by lowering the di-muon trigger cuts from (6 GeV,
4 GeV), which sits just above the highest density area ofϒ production, to (4 GeV, 4 GeV), a much
higher fraction of the producedϒ can be recorded, leading to a predicted order-of-magnitudeincrease
in the accessible cross-section. The predicted cross-sections for the processespp → J/ψ(µ+µ−)X and
pp → ϒ(µ+µ−)X (before incorporating trigger and reconstruction efficiencies) for a number of trigger
scenarios are presented in Table 1. Although no higherψ and ϒ states have been simulated for this
analysis, their expected cross-sections are also shown in Table 1, as estimated using Tevatron results on
their relative yields [12]. Numbers include feed-down fromχ states and higher radial excitations to
lower ones. Due to the expected ATLAS mass resolution for theϒ states, however, it is unlikely that
the higher state resonances will be separable. These predictions have been obtained by extrapolating the
Colour Octet Model, tuned to describe the Tevatron results,to the LHC energy. Although every care have
been taken to ensure stability of this extrapolation, inevitably there is an uncertainty in the overall scale
of the predicted cross-sections (linked to the uncertainties in the parton distribution functions at smallx),
which we estimate at the level of±50%.
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Figure 5: Densities ofJ/ψ→ µµ (a) andϒ→ µµ (b) production cross-section as a function of
the two muon transverse momenta. No cut was placed on the generated sample. The overlaid lines
represent the nominal thresholds of observed events with various trigger cuts applied:µ6µ4 (solid
line), µ4µ4 (dashed line) andµ10+track (dash-dotted line).

It is likely that the cross-section accessible by ATLAS willbe higher than the values quoted in
Table 1, as during early running the lowpT muon trigger will run with an open coincidence window
in η at level-1 and no requirement of an additional level-2 di-muon trigger. This trigger item has a
turn-on threshold at around 4 GeV, giving the (4 GeV, 4 GeV) trigger scenario described above, but in
practice there is a non-zero trigger efficiency below 4 GeV, which, combined with the large rate of low
pT onia, may add a significant extra contribution to the overallobserved cross-section. Even including
this contribution, the overall rate of signal events from all quarkonium states is likely to remain below the
rate of 1 Hz at a luminosity of 1031 cm−2s−1, which is a small fraction of the available trigger bandwidth.

Quarkonium
Cross-section, nb

µ4µ4 µ6µ4 µ10 µ6µ4∩µ10
J/ψ 28 23 23 5
ψ′ 1.0 0.8 0.8 0.2

ϒ(1S) 48 5.2 2.8 0.8
ϒ(2S) 16 1.7 0.9 0.3
ϒ(3S) 9.0 1.0 0.6 0.2

Table 1: Predicted cross-sections for various prompt vector quarkonium state production and de-
cay into muons, with di-muon trigger thresholdsµ4µ4 andµ6µ4 and the single muon trigger
thresholdµ10 (before trigger and reconstruction efficiencies). The last column shows the overlap
between the di-muon and single muon samples.
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2.1.2 Effect of trigger cuts on analysis of octet states

As discussed above, the quarkonium cross-section is composed of three main classes of processes: direct
colour singlet production, colour octet production and singlet/octet production ofχ states. Figure 6
illustrates the contributions of these three classes to theoverall production rate forϒ, once thepT trigger
cuts of 6 and 4 GeV are applied to the muons. LowerpT trigger cuts will strongly enhance theϒ rate and
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Figure 6: ExpectedpT -distribution forϒ production, with contributions from direct colour singlet,
singletχ production and octet production overlaid.

allow for analysis of colour singlet production, which is expected to dominate forϒ with pT < 10 GeV.
Lower trigger cuts available during early running, such as theµ4µ4 trigger described above, will allow
the opportunity to extend the low-pT region down topT ≃ 0 in the case ofϒ and help separate octet and
singlet contributions.

2.1.3 Acceptance ofcosθ∗ with di-muon triggers

An important consideration for calculating the di-muon trigger efficiencies ofJ/ψ andϒ is the angular
distribution of the decay angleθ∗, the angle between the direction of the positive muon (by convention)
from quarkonium decay in the quarkonium rest frame and the flight direction of the quarkonium itself in
the laboratory frame (Figure 7).

θ∗
P

P ∗
+

P ∗
−

Figure 7: Graphical representation of theθ∗ angle used in the spin alignment analysis. The angle is
defined by the direction of the positive muon in the quarkonium decay frame and the quarkonium
momentum direction in the laboratory frame.

The distribution in cosθ∗ may depend on the relative contributions of the various production mech-
anisms, and is as of yet not fully understood. Crucially, Monte Carlo studies have shown that different
production mechanisms (and thus different angular distributions) can have significantly different trigger
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acceptances, and without the measurement of the spin-alignment of quarkonium it will be difficult to be
sure that the full trigger efficiency has been calculated correctly.

It is clear that cosθ∗ ≃ 0 corresponds to events with both muons having roughly equaltransverse
momenta, while in order to have cosθ∗ close to±1 one muon’spT needs to be very high while the
other’s pT is very low. In the case of a di-muon trigger, both muons from theJ/ψ andϒ decays must
have relatively large transverse momenta. Whilst this condition allows both muons to be identified, it
also severely restricts acceptance in the polarisation angle cosθ∗, meaning that for a givenpT of J/ψ or
ϒ a significant fraction of the total cross-section is lost.

Examples of the polarisation angle distributions for theµ6µ4 trigger are shown by solid lines in
Figure 8. Here, the samples for bothJ/ψ andϒ were generated with zero polarisation, so with full
acceptance the corresponding distribution in cosθ∗ should be flat, spanning from−1 to +1. Clearly,
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Figure 8: Reconstructed polarisation angle distribution for µ6µ4 di-muon triggers (solid line) and
a µ10 single muon trigger (dashed line), forJ/ψ (a) andϒ (b). The distributions are normalised
to unit area. The generated angular distribution is flat in both cases.

narrow acceptance in|cosθ∗| would make polarisation measurements difficult.

2.2 Single muon trigger

Another possibility for quarkonium reconstruction is to trigger on a single identified muon. The non-
prescaled level-1 single muon triggerL1 MU10 with a 10 GeVpT threshold is expected to produce man-
ageable event rates at low luminosities [11]. Once this muontriggers the event, offline analysis can
reconstruct the quarkonium by combining the identified muonwith an oppositely-charged track in the
event. In Figure 5 this trigger corresponds to the dash-dotted lines, with the predicted cross-sections
also shown in Table 1. With this trigger (referred to asµ10 in the following) one removes the need for
the other muon to have a largepT , i.e. one has a fast muon, which triggered the event, and one track,
whose transverse momentum is only limited by the track reconstruction capabilities of ATLAS, with the
threshold around 0.5 GeV.

Thus, the onium events with a single muon trigger typically have much higher values of|cosθ∗|, as
illustrated by the dotted lines in Figure 8, complementing the di-muon trigger sample. So, the single-
and di-muon samples may be used together to provide excellent coverage across almost the entire range
of cosθ∗ in the samepT range of onia.

It’s worth noting that the di-muon and single muon samples have comparable cross-sections and
similar pT dependence. They are not entirely independent: at high transverse momenta the two samples
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have significant event overlap (see Table 1 for more details), which could be useful for independent
calibration of muon trigger and reconstruction efficiencies.

3 Reconstruction and background suppression

3.1 Quarkonium reconstruction with two muon candidates

In each event which passes the di-muon trigger, all reconstructed muon candidates are combined into
oppositely charged pairs, and each of these pairs is analysed in turn. The invariant mass is calculated
and, if the mass is above 1 GeV, the two tracks are refitted to a common vertex. If a good vertex fit is
achieved, the pair is accepted for further analysis. If the invariant mass of the refitted tracks is within
300 MeV of the nominal mass in the case ofJ/ψ , or 1 GeV in the case ofϒ, the pair is considered as a
quarkonium candidate. The values quoted by the Particle Data Group [13], 3097 MeV and 9460 MeV for
J/ψ andϒ respectively, are used throughout this paper, and the widths of the mass windows are chosen
to be about six times the expected average mass resolution (see Table 2).

For those pairs for which the vertex fit is successful (more than 99% for bothJ/ψ and ϒ ), the
invariant mass is recalculated. The invariant mass resolution depends on the pseudorapidities of the two
muon tracks. To illustrate this effect, all accepted onia candidates are divided into three classes depending
on η of the muons, and Gaussian fits are performed to determine theresolutions and mass shifts. The
results are presented in Table 2. It is found that the mass resolution is the highest when both tracks are

Quarkonium Mrec−MPDG, MeV
Resolutionσ , MeV

Average Barrel Mixed Endcap

J/ψ +4±1 53 42 54 75
ϒ +15±1 161 129 170 225

Table 2: Mass shifts and resolutions for di-muon invariant mass distributions after the vertex fit,
for J/ψ andϒ candidates.

reconstructed in the barrel area,|η | < 1.05, degrades somewhat if both tracks are reconstructed in the
endcap regions,|η |> 1.05, and is close to its average value for the mixedη events, with one muon in the
barrel and the other in the endcap. It should be noted that no significant non-gaussian tails are observed
in either of these mass distributions, and the fit quality is good. Also shown in the table are the shifts of
the mean reconstructed invariant mass from the respective nominal values. The observed mass shifts are
due to a problem with simulation of material effects in the endcap, which has since been understood and
corrected.

The reconstructed muon pairs that remain after vertexing cuts are considered to be good quarkonium
candidates, and further analysis is done using these pairs only. The transverse momentum distributions
of these candidates are shown in Figure 9.

As can be seen from the Figure 9(a), promptJ/ψ are mainly selected withpT above around 10 GeV,
due to the di-muon trigger cuts applied to the events. The decay kinematics ofϒ is somewhat different
due to its larger mass, thus allowingϒ to be selected withpT as low as 4 GeV. Even at these, relatively
low, statistics one expects to see significant numbers of both types of quarkonia at largepT , which will
allow statistically significant high-pT analyses beyond the reach of the Tevatron.

Figure 10(a) presents theJ/ψ acceptance as a function of theJ/ψ transverse momentum, relative
to the Monte Carlo generated dataset, which requires the twomuons to be within|η | < 2.5 and have
transverse momenta greater than 6 and 4 GeV, respectively. Geometric acceptance of the detector and
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Figure 9: Transverse momentum distribution of triggered reconstructed quarkonium candidates,
also shown separately for quarkonia found in the barrel and endcap regions of the detector. Statis-
tics shown in the figures correspond to integrated luminosities of about 6 pb−1 and 10 pb−1 for
J/ψ andϒ, respectively.
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Figure 10: Acceptance of reconstructed promptJ/ψ as a function ofJ/ψ transverse momentum
and pseudorapidity (relative to the MC generated dataset with µ6µ4 cuts).

reconstruction efficiency losses due to vertexing, as well as trigger efficiencies have been taken into
account. WhenJ/ψ are produced with a transverse momentum above 10 GeV, we see asharp rise in the
acceptance asJ/ψ above this threshold are able to satisfy the muon trigger requirements within a certain
kinematic configuration.

The structure in the plot of theη -dependence ofJ/ψ reconstruction efficiency, shown in Fig-
ure 10(b), highlights the configuration necessary in order for muons from theJ/ψ to be able to pass
the di-muon trigger, described below. The distribution of reconstructed quarkonium candidates with the
angular separation of the two muons, described by the variable ∆R =

√
∆φ2 +∆η 2, is shown in Fig-

ure 11. On average, muons from reconstructedJ/ψ (µ6µ4) candidates are separated by∆R≃ 0.47, and
are restricted from being detected with separations largerthan around 0.7.

10

B-PHYSICS – HEAVY QUARKONIUM PHYSICS WITH EARLY DATA

54

1092



R∆
0 0.5 1 1.5 2 2.5 3

F
ra

ct
io

n

0

0.02

0.04

0.06

0.08

0.1

0.12

ψJ/

Υ

ATLAS

(a) ∆R with µ6µ4 cuts

R∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

F
ra

ct
io

n

0

10

20

30

40

50

60

-310×

ψJ/

Υ

ATLAS

(b) ∆R with µ10 cuts

Figure 11: Distribution of∆R separation of the two muons fromJ/ψ and ϒ candidates with
di-muonµ6µ4 generator-level cuts (left) and single muonµ10 cuts (right) applied.

In comparison, the higher mass ofϒ requires the muons in theµ6µ4 case to have a much larger
opening angle, with a broad distribution in∆R peaking at around 1.8 and spanning up to 2.6. One can
see that for the singleµ10 case in Figure 11(b) the distributions are much broader, and generally with
smaller separation in∆R, reflecting the lowerpT constraint on the second muon.

The small separation of muons in∆R for theJ/ψ (µ6µ4) case has consequences for theJ/ψ recon-
struction efficiency as a function of pseudorapidity, shownin Figure 10(b). Significant dips in efficiency
are seen nearη ± 1.2 andη = 0, due to the muon spectrometer layout [14]. As the muons fromJ/ψ
are on average separated by only∆R = 0.47, they are subject to similar material and detector effects,
and so these effects are carried over into theJ/ψ reconstruction with very little smearing. Hence, this
distribution has a similar shape to the individual muon reconstruction efficiency distribution in ATLAS.
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Figure 12: Acceptance of reconstructed promptϒ as a function of transverse momentum and
pseudorapidity of the quarkonium state (relative to the Monte Carlo generated dataset withµ6µ4
cuts).

This contrasts with theϒ reconstruction efficiency dependence on pseudorapidity, shown in Fig-
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ure 12(b), which is much smoother than inJ/ψ case: the two muons have large angular separation and
the detector layout effects are smeared over a broader rangeof η values. Figure 12(a) shows the variation
of acceptance with theϒ transverse momentum, and reflects the fact that with theµ6µ4 triggerϒ can be
reconstructed with a lowerpT threshold. In the absence of a dedicated topological trigger for ϒ, trigger
efficiency at lowpT suffers due to the differing decay kinematics betweenJ/ψ andϒ as only specialised
J/ψ triggers exist in reconstruction software used in this analysis. At largerpT both acceptances reach
a plateau at around 80–85%.

3.2 Offline monitoring using quarkonium

The di-muon decays ofJ/ψ andϒ will be used in both online and offline monitoring at ATLAS. Mass
shifts for the reconstructed quarkonium states, plotted versus a number of different variables, have been
proposed to monitor detector alignment, material effects,magnetic field scale and its stability, as well as
to provide checks of muon reconstruction algorithm performance. The CDF collaboration extensively
and successfully used this method, although it took many years at the Tevatron to collect sufficient
statistics to allow for the disentanglement of various detector effects [15].

The expected rate of quarkonium production at ATLAS is such that we can expect to be able to
perform meaningful monitoring and corrections online. There are many examples of where monitoring of
quarkonium mass shifts can be useful in data-taking. Mass shifts in quarkonia as a function of transverse
momentum can reveal problems with energy loss corrections and the muon momentum scale. As a
function of pseudorapidity this can be a good probe of over- or under-correction of material effects in
the simulated detector geometry and of magnetic field uniformity. J/ψ mass shifts in Monte Carlo
simulations have already helped to improve muon reconstruction algorithms in ATLAS.

An example of a reconstructedJ/ψ mass shift measurement at ATLAS with the statistics correspond-
ing to 6 pb−1 is presented in Figure 13. This is the dependence of∆M on the difference in curvatures

)-1) (TeV-µ(
T

)-1/p+µ(
T

1/p
-150 -100 -50 0 50 100 150

 m
as

s 
(G

eV
)

ψ
J/

3.08

3.085

3.09

3.095

3.1

3.105

3.11

ATLAS

Figure 13: J/ψ mass shift plotted versus the difference of curvature between the positive and
negative muons. Statistics corresponds to the integrated luminosity of about 6 pb−1.

of positive and negative muons, which allows for checks of a potentially important effect seen at CDF:
horizontal misalignments in some detector elements may result in a constant curvature offset that can
lead to significant charge-dependent tracking effects. A misalignment may be such that a negative track
has a higher assigned curvature (and hence lower momentum) than is truly the case, whilst a positive
track would be affected in the opposite way. The sample shownin the figure is simulated with ideal
geometry and does not show any significant effects of this kind.
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For detector alignment and data monitoring purposes, quarkonium provides a lowpT point for cali-
bration, complementary to theZ boson sample, and allows for the possibility to identify anysystematic
variations that may develop at higherpT .

In order to be able to analyse mass shifts due to two-variablecorrelations and disentangle various
detector effects, significant statistics ofJ/ψ andϒ di-muon decays have to be accumulated. A dedicated
study is being performed in ATLAS to optimise the strategy ofreal time and offline monitoring using
this method, but these results lie beyond the scope of this note.

3.3 Background suppression in di-muon case

The expected sources of background for prompt quarkonium with a di-muonµ6µ4 trigger are:

• indirectJ/ψ production frombb̄ events;

• continuum of muon pairs frombb̄ events;

• continuum of muon pairs from charm decays;

• di-muon production via the Drell-Yan process;

• decays in flight ofπ± andK± mesons.

The most important background contributions are expected to come from the decaysb → J/ψ+ X ,
and the continuum of di-muons frombb̄ events. Both of these have been simulated and analysed. The
estimated total contribution from charm decays is higher than that frombb̄ events. However, this back-
ground has not been simulated, as it is not expected to cause problems for prompt quarkonium recon-
struction because the transverse momentum spectrum of the muons falls very steeply and the probability
of producing a di-muon with an invariant mass within the range of interest is well below the level ex-
pected frombb̄ events. Only a small fraction of the Drell-Yan pairs survivethe di-muon trigger cuts of
µ6µ4 in theJ/ψ−ϒmass range, which makes this background essentially negligible, as estimated from
generator-level simulation. Muons from decays in flight also have a steeply falling muon momentum
spectrum, and in addition require random coincidences withmuons from other sources in the quarko-
nium invariant mass range. This is estimated to be at the level of a few percent of the signal rate, spread
over a continuum of invariant masses.

All background di-muon sources mentioned above, apart fromDrell-Yan pairs, contain muons which
originate from secondary vertices, which makes it possibleto suppress these backgrounds by remov-
ing such di-muons whenever a secondary vertex has been resolved, based on the pseudo-proper time
measurement. The pseudo-proper time is defined as

Pseudo-proper time=
Lxy ·MJ/ψ

pT (J/ψ) · c , (1)

whereMJ/ψ and pT (J/ψ) represent the mass and the transverse momentum of theJ/ψ candidate,c is
the speed of light in vacuum, andLxy is the measured radial displacement of the two-track vertexfrom
the beamline. Once the two muons forming aJ/ψ candidate are reconstructed, the pseudo-proper time is
used to distinguish between the promptJ/ψ , which have a pseudo-proper time of zero, andJ/ψ coming
from B-hadron decays and hence having an exponentially decaying pseudo-proper time distribution, due
to the non-zero lifetime of the parent B-hadrons.

The dependence of the resolution in radial decay lengthLxy on di-muon pseudorapidityη is shown
in Figure 14, while the variation of the expected resolutionin the pseudo-proper time with di-muon
pT is shown in Table 3. An improvement in the resolution is seen with increasingpT of the J/ψ and
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Figure 14: Radial position resolution of secondary vertex for J/ψ decays as a function of theJ/ψ
pseudorapidity.

J/ψ transverse mo-
mentum (GeV)

9−12 12−13 13−15 15−17 17−21 > 21

Pseudo-proper time
resolution (ps)

0.107 0.103 0.100 0.093 0.087 0.068

Table 3: Pseudo-proper time resolution of directJ/ψ events as a function ofJ/ψ pT .

decreasing|η |. Here a perfect detector alignment is assumed, with the resulting average resolution
estimated at around 0.1 ps.

Figure 15(a) illustrates the pseudo-proper time distribution for both the prompt and indirectJ/ψ
samples. By making a cut on the pseudo-proper time, one can efficiently separate most of the indirect
J/ψ from a promptJ/ψ sample (or vice-versa). The efficiency and purity of the pseudo-proper time
cuts for promptJ/ψ are presented in Figure 15(b). A pseudo-proper time cut of less than 0.2 ps allows to
retain promptJ/ψ with the efficiency of 93% and the purity of 92%. Note that the distribution shown in
Figure 15(a) is, in a sense, self-calibrating: the part to the left of the maximum can be used to determine
the resolutionσ , and an appropriate cut of 2σ can be applied to remove the ‘tail’ of secondaryJ/ψ
candidates on the right hand side.

The background levels of beauty and Drell-Yan production under theϒ peak are similar to those
for the J/ψ , except that here one does not have to contend with sources ofnon-prompt quarkonia
from B-decays. However, thebb → µ6µ4 background continuum under theϒ is more problematic:
higher invariant masses around theϒ mean that the two triggered muons will necessarily come fromtwo
separate decays, meaning that the pseudo-proper time cut isfar less effective.

Fortunately, flags associated to individual reconstructedmuon tracks provide further vertexing infor-
mation, which could be used for suppressing of thebb → µ6µ4 continuum background. Reconstructed
tracks are assigned to either come from the primary vertex, asecondary vertex, or are left undetermined.
By requiring that both of the muons combined to make aJ/ψ or aϒ candidate are determined to have
come from the primary vertex, background from thebb → µ6µ4 continuum can be reduced by a factor
of three or more, whilst reducing the number of signal eventsby around 5% in both cases.

Figure 16 illustrates the quarkonium signal and main background invariant mass distributions in the
mass range 2−12 GeV, for those events which satisfy theµ6µ4 trigger requirements, with reconstruction
efficiencies and background suppression cuts taken into account. Peaks from theJ/ψ andϒ(1S) clearly
dominate the background. As no higherψ andϒstates were simulated for this analysis, their peaks are
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Figure 15: (a) Pseudo-proper time distribution for reconstructed promptJ/ψ (dark shading) and
the sum of prompt and indirectJ/ψ candidates (lighter shading). (b) Efficiency (solid line) and
purity (dotted line) for promptJ/ψ candidates as a function of the pseudo-proper time cut. Statis-
tics correspond to the integrated luminosity of 6 pb−1.

not shown. The dotted line indicates the level of the background continuum before the vertexing cuts.
In conclusion, we find that the level of the backgrounds considered for bothJ/ψ and ϒ do not

represent any serious problem for reconstruction and analysis of direct quarkonia with the di-muonµ6µ4
trigger.

3.4 Reconstruction and background suppression with a single muon candidate

By using theµ10 trigger, one selects events with at least one identified muon candidate withpT above
10 GeV. In this part of the analysis, each reconstructed single muon candidate is combined with oppositely-
charged tracks reconstructed in the same event. For bothJ/ψ andϒ reconstruction, we insist that any
other reconstructed track to be combined with the identifiedtrigger muon has an opposite electric charge
and is within a cone of∆R = 3.0 around the muon direction, so as to retain over 99% (91%) of the signal
events in theJ/ψ (ϒ) case. As in the di-muon analysis, we require that both the identified muon and the
track are flagged as having come from the primary vertex. In addition, we impose a cut on the transverse
impact parameterd0, |d0| < 0.04 mm on the muon and|d0| < 0.10 mm on the track, in order to further
suppress the number of background pairs fromB-decays.

The invariant mass distribution for the remaining pairingsof a muon and a track is shown in Fig-
ure 17(a) forJ/ψ with pT larger than 9 GeV and in Figure 17(b) forJ/ψ with pT larger than 17 GeV.
The distributions are fitted using a single gaussian for the signal and a straight line for the background.
ClearJ/ψ peaks can be seen, with statistically insignificant mass shifts and the resolution close to that in
the di-muon sample. It’s worth noting that the signal-to-background ratio around theJ/ψ peak improves
slightly with increasing transverse momentum ofJ/ψ. At higher pT the cosθ∗ acceptance also becomes
broader, which should help independent polarisation measurements.

For ϒ the situation is less favourable, due to the combination of alower signal cross-section and
a higher background. Although theϒ peak can be seen above the smooth background, its statistical
significance is rather low. Hence, with this statistics, theuse of the single muon sample forϒ cannot be
justified, and in the following we will only rely on the di-muon sample.

In conclusion, we expect that the single muon trigger with a 10 GeV threshold can be successfully
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Figure 16: The cumulative plot of the invariant mass of di-muons from various sources, recon-
structed with aµ6µ4 trigger, with the requirement that both muons are identified as coming from
the primary vertex and with a pseudo-proper time cut of 0.2 ps. The dotted line shows the cumu-
lative distribution without vertex and pseudo-proper timecuts.

used to select promptJ/ψ events. The expected background here, although much largerthan in di-
muon case, is well under control. Forϒ however, the single muon sample is only likely to be useful at
significantly higher statistics and higher transverse momenta.

3.5 Summary of cuts and efficiencies

Table 4 summarises the efficiencies of all the selection and background suppression cuts described above,
for both the di-muon and single muon trigger samples. Not allcuts are applicable to all samples; those
which are not are labelled accordingly. Numbers in italics are estimates in cases where no adequate
fully simulated sample was available. The efficiencies forµ6µ4 samples are calculated relative to the
Monte Carlo sample with generator-level cuts on the two highest muon transverse momenta of 6 and 4
GeV. For theµ10 samples, the generator-level cut of 10 GeV was applied to the pT of the highest-pT

muon. Expected yieldsNS of quarkonia for 10 pb−1 are given at the bottom of the table, along with
background yieldsNB within the invariant mass window of±300 MeV forJ/ψ and±1 GeV forϒ, and
the signal-to-background ratios at respectiveJ/ψ andϒ peaks for each sample.

For higher, excited quarkonium states with vector quantum numbers the efficiencies are expected to
be similar, but not necessarily identical. The biggest differences are expected forψ′, where the produc-
tion mechanisms as well as decay kinematics are significantly different.

4 Polarisation and cross-section measurement

The Colour Octet Model predicts that prompt quarkonia produced in pp collisions are transversely po-
larised, with the degree of polarisation increasing as a function of the transverse momentum. Other
production models predict differentpT dependencies of the polarisation and so this quantity serves as an
important measurement for discrimination of these models (see Figure 1(b)).

Quarkonium polarisation can be assessed by measuring the angular distribution of the muons pro-
duced in the decay. The relevant decay angleθ∗ is defined in Figure 7. The spin alignment of the parent
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Figure 17: Prompt quarkonium signal andbb → µX background events selected with theµ10
trigger, in the mass range aroundJ/ψ with (a) pT above 9 GeV, and (b)pT above 17 GeV,
corresponding to 10 pb−1 of data. The background fromB decays is shown in light grey. Cuts
described in the text have been applied. The distributions were fitted using the sum of a linear
background and a gaussian peak centered atM = 3097 MeV+∆M with resolutionσ .

vector quarkonium state can be determined by measuring the polarisation parameterα in the distribution

dN
d cosθ∗

= C
3

2α +6

(
1+α cos2θ∗

)
. (2)

The choice of parameters in Equation 2 is such that the distribution is normalised toC. The parameter
α , defined asα = (σT −2σL)/(σT +2σL), is equal to+1 for transversely polarised production (helicity
=±1). For a longitudinal polarisation (helicity= 0), α is equal to−1. Unpolarised production consists
of equal fractions of helicity states+1, 0 and−1, and corresponds toα = 0.

The difficulty of quarkonium polarisation measurements is evidenced by the discrepancies between
DØ and CDF results shown in Figure 1(b). The problem can be traced to the limited acceptance at high
|cosθ∗|, and hence difficulties in separating acceptance corrections from spin alignment effects (see,
e.g., [7]).

Note that the feed-down fromχ state andb-hadron decays may lead to a different spin alignment
and hence to a possible effective depolarisation which is hard to estimate. In addition, due to the lim-
ited statistics, the polarisation measurements at the Tevatron cannot reach the region of highpT , where
theoretical uncertainties are expected to be smaller.

At ATLAS we aim to measure the polarisation of prompt vector quarkonium states, in the transverse
momentum range up to∼ 50 GeV and beyond, with extended coverage in cosθ∗ which will allow for
improved understanding of efficiency measurements and thusreduced systematics. The promptly pro-
ducedJ/ψ mesons and those that originated fromB-hadron decays can be separated using the displaced
decay vertices, as explained above. With a high production rate of quarkonia at LHC, it will be possible
to achieve a higher degree of purity of promptJ/ψ in the analysed sample and reduce the depolarising
effect fromB-decays, whilst retaining high statistics.

As explained in Section 2.1.3, with the di-muon trigger signature such asµ6µ4, the acceptance
at large values of|cosθ∗| (where the difference between various polarisation statesis the biggest)

17

B-PHYSICS – HEAVY QUARKONIUM PHYSICS WITH EARLY DATA

61

1099



Quarkonium J/ψ J/ψ ϒ ϒ
Trigger type µ6µ4 µ10 µ6µ4 µ10

MC cross-section 23 nb 23 nb 5.2 nb 2.8 nb

εL1 Level-1 trigger 87% 96% 84% 96%
εL2 Level-2 trigger 97% >99% 66% >99%
εRec Reconstruction 89% 96% 93% 96%
εVtx Vertex fit 99% 99% 99% 99%
ε1 εL1 · εL2 · εRec · εVtx 75% 90% 51% 90%
εt0 Pseudo-proper time cut 93% 93% n/a n/a
εFlg Only primary vertex tracks 96% 92% 95% 92%
ε∆R Second track inside cone n/a 99% n/a 91%
εd0 Impact parameter cut n/a 90% n/a 90%
ε2 εt0 · εFlg · ε∆R · εd0 90% 76% 95% 75%

ε Overall efficiencyε1 · ε2 67% 69% 49% 68%

Observed signal cross-section 15 nb 16 nb 2.5 nb 2.0 nb
NS for 10 pb−1 150 000 160 000 25 000 20 000

NB in mass window for 10 pb−1 7000 700 000 16 000 2 000 000
Signal/Background at peak 60 1.2 10 0.05

Table 4: Predicted and observed cross-sections for prompt vector quarkonia, and efficiencies of
various selection and background suppression cuts described in Section 3.

is strongly reduced, especially at low transverse momenta of quarkonium. The kinematic acceptance
A (pT ,cosθ∗) of theµ6µ4 cuts applied at generator level, with respect to the full generator-level sample
with no cuts on muon transverse momenta, is shown by the solidlines in Figure 18 for variouspT slices
of J/ψ . The acceptance is seen to be quite low atJ/ψ pT below 12 GeV, but in higherpT slices there
is an area in the middle of cosθ∗ range with essentially 100% acceptance, which becomes broader with
increasingpT of theJ/ψ , but does not go beyond|cosθ∗| ≃ 0.5.

The acceptance for the single muon trigger sample, shown with the dashed lines in Figure 18, is
different: here the areas of 100% acceptance are at high|cosθ∗|, and the dip in the middle gradually fills
up with increasingpT . This sample essentially has a full acceptance atpT > 20 GeV, apart from the drop
at |cosθ∗|> 0.95 due to the cut of 0.5 GeV on thepT of the track of the second muon.

The plots in Figure 18 were obtained using a dedicated generator-level Monte Carlo sample. The er-
ror bars shown in the figure reflect both statistical errors and the uncertainties due to possible dependence
onη coverage.

The simulated ‘raw’ measured distributionsdNraw/d cosθ∗, for the same slices ofJ/ψ transverse
momenta, are shown in Figure 19. Again, solid and dashed lines represent the events selected by the
di-muon µ6µ4 and the single muonµ10 triggers, respectively. The sample was generated with zero
polarisation. The raw numbers of measured events in theµ10 sample were obtained by fitting the invari-
ant mass distributions with a gaussian peak and a linear background, for each bin of cosθ∗ in eachpT

slice. With the estimated signal-to-background ratios shown in Figure 17(a), this causes an increase in
the statistical errors, typically by a factor of 2.

The corrected distributionsdNcor/d cosθ∗ are calculated according to the following formula:

dNcor

d cosθ∗
=

1
A (pT ,cosθ∗) · ε1 · ε2

· dNraw

d cosθ∗
(3)
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Figure 18: Generator-level kinematic acceptances of theµ6µ4 (solid lines) andµ10µ0.5 (dashed
lines) cuts, calculated with respect to the sample with no muon pT cuts, in slices ofJ/ψ transverse
momentum: left to right, top to bottom 9− 12 GeV, 12− 13 GeV, 13− 15 GeV, 15− 17 GeV,
17−21 GeV, above 21 GeV.

Hereε1 stands for the trigger and reconstruction efficiency, whileε2 denotes the efficiency of background
suppression cuts for each sample, as defined in Table 4. Theirvalues have been averaged over the
accessible phase space within the relevantpT slice. Studies have shown that whileε1 depend onpT (cf.
Figure 10(a)),ε2 remain essentially constant over the phase space of interest. The efficienciesε1 andε2

for both samples are listed in Table 5, while the acceptancesA (pT ,cosθ∗) are shown in Figure 18.

pT , GeV 9−12 12−13 13−15 15−17 17−21 > 21

ε1(µ6µ4), % 67±1 75±1 77±1 78±1 79±1 80±1
ε2(µ6µ4), % 90±1 90±1 90±1 90±1 90±1 90±1
ε1(µ10), % 86±1 89±1 90±1 90±1 90±1 90±1
ε2(µ10), % 76±1 76±1 76±1 76±1 76±1 76±1

Table 5: Efficiencies for theµ6µ4 andµ10 samples, averaged over each of the sixpT slices.

At high pT the two samples increasingly overlap, thus allowing for a cross-check of acceptance and
efficiency corrections. However, for measurement purposesthe µ6µ4 samples are used whenever pos-
sible, complemented byµ10 samples at high cosθ∗. In order to achieve this, the distributions shown
in Figure 19 were appropriately masked and combined. The combined distributionsdNcor/d cosθ∗,
corrected according to Equation 3, are shown in Figure 20. The errors shown in the plots include the sta-
tistical errors on the raw data, as well as the uncertaintieson the acceptance and efficiencies. These cosθ∗
distributions are fitted using the Equation 2, withα andC as free parameters for eachpT slice. The fit
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Figure 19: Measured distributions forµ6µ4- (solid lines) andµ10- (dashed lines) triggered events,
in the samepT slices of theJ/ψ candidate as in Figure 18. The simulated data sample is unpo-
larised. Statistics correspond to 10 pb−1.

results are presented in Table 6, with constantC rescaled to the measured cross-sectionσ , corresponding
to the integrated luminosity of 10 pb−1.

To further check our ability to measure the spin alignment ofJ/ψ , the raw distributions shown in
Figure 19 were reweighted to emulate transversely polarised (αgen = +1) and longitudinally polarised
(αgen = −1) J/ψ samples, and the analysis described above was repeated. Theresults are shown in
Figure 21 and in the middle two sections of Table 6.

A similar analysis can be done for measuring the polarisation and cross-section ofϒ , but at the
integrated luminosity of 10 pb−1 these measurements are expected to be far less precise than in J/ψ
case. The main reasons are lowerϒ cross-sections at high transverse momenta, and higher backgrounds
for the µ10 sample. The latter reason, as explained in Section 3.4, means that with these statistics the
µ10 sample is essentially unusable, and the limited acceptance of theµ6µ4 sample at high|cosθ∗|
makes a precise measurement difficult.

The corrected|cosθ∗| distributions for unpolarisedϒ from the µ6µ4 sample are shown in Fig-
ure 22. The results of the fit using Equation 2, with normalisation matched to the integrated luminosity
of 10 pb−1, are shown in the last section of Table 6. With the integratedluminosity increased by an
order of magnitude, theµ10 sample should become useful and the estimated errors onϒ polarisation
measurement could be reduced by a factor of 5.

The errors shown in Figures 20 —22 and Table 6 include the statistical uncertainties on the measured
numbers of events as well as various systematic errors stemming from the uncertainties on acceptances
and efficiencies described above.

The overall uncertainty on the integrated luminosity needsto be added to all measured cross-sections,
and is expected to be rather large during the initial LHC runs. This uncertainty will not, however, affect
the relative magnitudes of the cross-sections measured in separatepT slices, or the measured values of
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Figure 20: Combined and corrected distributions inJ/ψ polarisation angle cosθ∗, for the same
pT slices as in Figure 18. The data sample is unpolarised (αgen= 0). The lines show the results of
the fit using Equation 2, where the fitted values ofα are given in Table 6. Statistics correspond to
10 pb−1.

Sample pT , GeV 9−12 12−13 13−15 15−17 17−21 > 21

J/ψ , αgen= 0

α 0.156 −0.006 0.004 −0.003 −0.039 0.019
±0.166 ±0.032 ±0.029 ±0.037 ±0.038 ±0.057

σ , nb 87.45 9.85 11.02 5.29 4.15 2.52
±4.35 ±0.09 ±0.09 ±0.05 ±0.04 ±0.04

J/ψ , αgen= +1

α 1.268 0.998 1.008 0.9964 0.9320 1.0217
±0.290 ±0.049 ±0.044 ±0.054 ±0.056 ±0.088

σ , nb 117.96 13.14 14.71 7.06 5.52 3.36
±6.51 ±0.12 ±0.12 ±0.07 ±0.05 ±0.05

J/ψ , αgen=−1

α −0.978 −1.003 −1.000 −1.001 −1.007 −0.996
±0.027 ±0.010 ±0.010 ±0.013 ±0.014 ±0.018

σ , nb 56.74 6.58 7.34 3.53 2.78 1.68
±2.58 ±0.06 ±0.06 ±0.04 ±0.03 ±0.02

ϒ, αgen= 0

α −0.42 −0.38 −0.20 0.08 −0.15 0.47
±0.17 ±0.22 ±0.20 ±0.22 ±0.18 ±0.22

σ , nb 2.523 0.444 0.584 0.330 0.329 0.284
±0.127 ±0.027 ±0.029 ±0.016 ±0.015 ±0.012

Table 6:J/ψ andϒ polarisation and cross-sections measured in slices ofpT , for 10 pb−1.
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Figure 21: Combined and corrected distributions in polarisation angle cosθ∗, for longitudinally
(αgen= −1, dotted lines) and transversely (αgen= 1, dashed lines) polarisedJ/ψ mesons, in the
samepT slices as in Figure 18. The lines show the results of the fit using Equation 2, where the
fitted values ofα are given in Table 6. Statistics correspond to 10 pb−1.

the polarisation coefficientα . Additional systematic effects have also been studied, such as the influence
of finite resolution inpT and cosθ∗, changes in binning, details of the functions used for fitting the
invariant mass distributions, and variations of cuts used for background suppression. Their respective
uncertainties on the measured values ofα andσ have been found not to exceed a small fraction of the
quoted errors, and have thus been deemed negligible.

In conclusion, with the integrated luminosity of 10 pb−1 it should be possible to measure the polari-
sation ofJ/ψ with the precision of order 0.02−0.06, depending on the level of polarisation itself, in a
wide range of transverse momenta,pT ≃ 10−20 GeV and beyond. In case ofϒ, the expected precision
is somewhat lower, of order 0.20. In both cases, however, thepT dependence of the cross-section should
be measured reasonably well.

5 Analysis ofχ production

Quarkonium states with even C parity, such asηc,b andχc,b, have a strong coupling to the colour-singlet
two-gluon state, and hence a significantly higher production cross-section than vector quarkonia. Their
dominant production mechanism for the phase space area accessible in ATLAS is via the subprocess
shown in Figure 2(b) in Section 1. Their detection, however,is rather more difficult due to the absence
of purely leptonic decays.

About 30 to 40% ofJ/ψ andϒare expected to come from decaysχc → J/ψγ andχb → ϒγ. Un-
fortunately, the energies of the radiated photons tend to bequite small. The ability of ATLAS to detect
these photons and resolve variousχ states is analysed in Section 5.1. Another possibility of observingχb

and possiblyηb states is considered in Section 5.2, where the reconstruction of these states is attempted
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Figure 22: Corrected distributions in polarisation angle cosθ∗, for unpolarisedϒ mesons, in
the same slices ofϒ transverse momentum as in Figure 18. Onlyµ6µ4 sample has been used.
Statistics correspond to 10 pb−1.

through their decay into a pair ofJ/ψ , both of which subsequently decay intoµ+µ−.

5.1 Radiative decays ofχc,χb states

Reconstructingχc candidates requires associating a reconstructedJ/ψ with the photon emitted from the
χc decay. The transverse momentum distribution for all identified photon candidates in events with a
promptJ/ψ , as measured by the ATLAS electromagnetic calorimeter, is shown in Figure 23(a) (light
grey histogram).

For χc reconstruction, each selected quarkonium candidate is combined with every reconstructed
and identified photon candidate in the event, and the invariant mass of theµµγ system is calculated. No
explicit cut is applied to thepT of the photon. Theµµγ system is considered to be aχ candidate, if the
difference∆M between the invariant masses of theµµγ andµµ systems lies between 200 and 700 MeV,
and the cosine of the opening angleα between theJ/ψ andγ momenta is larger than 0.97. The last
requirement comes from the observation that for the correctµµγ combinations, the angleα is usually
very small (see reconstructed distribution in Figure 23(b)). By analysing Monte Carlo information, it was
found that all photons from generatedχ decays were found in the peak near cosα = +1, with the long
tail in the reconstructed distribution representing the combinatorial background. The transverse energy
distribution for those photon candidates which satisfy theabove requirements is presented in Figure 23(a)
by the dark histogram. With these cuts, the combinatorial background is strongly reduced.

Figure 24 shows the distribution in∆M for the selectedχc decay candidates. The expected mean
positions of the peaks corresponding toχ0, χ1 andχ2 signals (318, 412 and 460 MeV, respectively) are
indicated by arrows. The grey histogram shows the contribution from the background process ofJ/ψ
production fromB-hadron decays, some of which survive the pseudo-proper time cut.
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Figure 23: (a) Transverse momentum distribution of photonsreconstructed in promptJ/ψ events.
(b) Distribution of cosα for each reconstructedγ in an event. On both plots, the light grey (dark
grey) histograms show the distributions before (after) thecut on the opening angleα between the
photon and theJ/ψ momentum direction. All photons fromχ → J/ψγ decays have cosα > 0.97,
while the vast majority of background combinations fall outside the range shown in plot (b). The
sample corresponds to the integrated luminosity of 6 pb−1.

The solid line in Figure 24 is the result of a simultaneous fit to the measured distribution, with the
three peak positions fixed at their expected values, and the common resolution functionσ(∆M). The
resolution inσ(∆M) is expected to increase with increasing∆M, and was empirically parameterised
asσ(∆M) = a ·∆M + b. The dashed lines show the shapes of individual peaks and of the background
continuum. The fit parameters are the heights of the three gaussian peaksh0,h1,h2, the constantsa
andb, and the three parameters describing the smooth polynomialbackground. The systematic studies
include the variation of the background parameterisation and the introduction of a mass shift common
for the three resonances. The true amplitudes of the peaks (15, 123 and 87, respectively) are reproduced
reasonably well:

h0 = 15±3(stat.)±10(syst.),
h1 = 101±4(stat.)±12(syst.), (4)

h2 = 103±4(stat.)±9(syst.),

with a strong negative correlation between the last two. Theresolution is found to increase from about
35 MeV atχ0 to about 48 MeV atχ2, while the overall reconstruction efficiency ofχc states is estimated
to be about 4%. It may be possible to significantly improve theresolution by using photon conversions,
but this is unlikely to yield a big increase in efficiency.

The procedure of reconstructingχb decays intoϒ+γ is the same as in the charmonium case, except
the di-muon pair is required to be anϒ candidate. However, the higher di-muon mass and hence smaller
expected boost makes the photon much softer and hence more difficult to detect. With the available
simulated statistics (50 000 events corresponding to 10 pb−1), only 20χb candidates have been found in
the appropriate mass window, which gives an efficiency estimate of 0.03%. In order to reliably observe
χb →ϒ+γ decays, an integrated luminosity of at least 1 fb−1 will be needed.
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Figure 24: Difference in invariant masses ofµµγ andµµ systems in promptJ/ψ events (light
grey) with bb → µ6µ4X background surviving cuts (dark grey). The arrows represent the true
signal peak positions, and the lines show the results of the fit described in the text. Event yields
correspond to an integrated luminosity of 10 pb−1.

5.2 Analysis ofχb → J/ψJ/ψ

Another possibility for measuringχb production is through the decayχb → J/ψJ/ψ→ µµµµ. The use
of this decay forχb detection was proposed in [16], while in [17] the corresponding branching fraction
was calculated to beBr(χb0 → J/ψ J/ψ) = 2×10−4.

The predicted total inclusive cross-section ofχb0 production at LHC is estimated at around 1.5µb
[17], yielding the following theoretical estimate (without any momentum cuts on muons):

σ(pp → χb0 + X)Br(χb0 → J/ψ J/ψ) = 330pb (5)

We use this cross-section in our study. It should, however, be considered as a lower bound, with higher
order QCD corrections expected to increase it significantly, especially within the COM approach. This
cross-section also does not include otherC-even states (ηb,χb2 and radial excitations), meaning that the
overall combined cross-section of resonantJ/ψ J/ψ production in theϒ mass region can be at least an
order of magnitude higher.

The PYTHIA Monte Carlo generator, used to simulate this process, was modified to include this
particular decay. Events for this study are triggered with adi-muon triggerµ6µ4, as for theJ/ψ and
ϒ di-muon analysis. Out of 50 000 generatedχb → J/ψ(µµ)J/ψ(µµ) events 815, or 1.6%, passed
the µ6µ4 trigger cuts. Taking into account di-muon branching fractions of the twoJ/ψ mesons, this
corresponds to the cross-sectionσ = 20 fb after trigger.

The two triggered muons have the highestpT of the four. The two remaining muons, in many cases,
have transverse momenta too low to be identified as muons (i.e. below 2.5 GeV), and sometimes too low
to be even reconstructed (below 0.5 GeV).

Two classes of events, remaining after the trigger cuts, have been considered to be useful:

a) events where the two trigger muons came from the sameJ/ψ . Then, the third muon has to be
identified by the muon system, while the fourth must at least be reconstructed as a track (124
events);
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b) events where each trigger muon came from a differentJ/ψ . The remaining two muons may or
may not be identified, but their tracks still need to be reconstructed (330 events).

Thus, taking the trigger, muon identification and track reconstruction efficiencies into account, one ex-
pects about 50% of triggeredχb → J/ψ(µµ)J/ψ(µµ) decays to be observed, which amounts to 0.8%
of the generated sample, corresponding to the cross-section of 10 fb. Hence, the observed statistics is
expected to be around 100 events for the integrated luminosity 10 fb−1.

Once the twoJ/ψ candidates in the event have been reconstructed, a simultaneous fit of the four
muon tracks to the common vertex is performed, withJ/ψ mass constraints applied to the respective di-
muon invariant masses. The resulting distribution is presented in Figure 25(a). The resolution on theχb
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Figure 25: (a) Reconstructedχb invariant mass, withJ/ψ mass constraints applied on the respec-
tive di-muon pair masses. (b) Higher di-muon invariant massplotted versus the lower di-muon
invariant mass inχb → J/ψ(µµ)J/ψ(µµ) events.

mass is estimated to be as good as 40 MeV. Similar resolution should be expected for the reconstructed
invariant mass in the decays of otherχbJ states, while the resolution forηb → J/ψ(µµ)J/ψ(µµ) should
be slightly better.

With two pairs of muons in each signal event, there are two possible pairings of oppositely charged
muons. The plot of the invariant mass of one di-muon pair versus the invariant mass of the other is shown
in Figure 25(b), using generator-level information. All correct pairings, and none of the incorrect pairings
of di-muons fall within the circle of radius 200 MeV (about 3-4 σ) from the point with coordinates
MJ/ψ ,MJ/ψ . The incorrect pairings are scattered over the whole area, so by selecting the pairings from
the circle defined above, the combinatorial background can be strongly reduced.

The main expected sources of background toχb → J/ψ(µµ)J/ψ(µµ) decays are the processes of
bottom quark production,pp → bbX , with eachb either decaying intoJ/ψ + X , or into a muon with
additional charged tracks. These backgrounds have been analysed with the same Monte Carlo samples
used in our study of backgrounds for singleJ/ψ andϒ production. Within the available statistics, very
few background events have survived the signal selection cuts described above, and the background sup-
pression cuts on pseudo-proper time on secondary vertices.Extrapolating these results to the integrated
luminosity of 10 fb−1 shows that the statistically significantχb → J/ψ(µµ)J/ψ(µµ) signal peak (or
peaks) should be visible on top of the combinatorial continuum, with the expected signal-to-background
ratio of 10-20% or above.

In short, so far we have seen no major obstacles in an attempt to search for narrow resonances in the
J/ψ(µµ)J/ψ(µµ) invariant mass distributions. However, dedicated high statistics Monte Carlo samples
are needed to draw more reliable conclusions.
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6 Physics reach with early data

During the initial run of the LHC, the integrated luminosityof 1 pb−1 with theµ6µ4 trigger would mean
about 15 000J/ψ→ µµ and 2 500ϒ→ µµ recorded events. If theµ4µ4 trigger is used, these numbers
would increase up to 17 000 and 20 000 respectively, with these additional events mainly concentrated at
the lower end of the quarkonium transverse momenta.

Additional, largely independent statistics will be provided by theµ10 trigger: 16 000J/ψ and
2 000 ϒ with transverse momenta above about 10 GeV, with distributions similar to those from the
µ6µ4 samples. Quite separate from these, another 7 000 ofJ/ψ → µµ events are expected fromb-
decay events. All these events should be perfectly usable for detector alignment, acceptance and trigger
efficiency studies, as well as for understanding tracking and muon system performances.

At the integrated luminosity of about 10 pb−1 recorded numbers ofJ/ψ→ µµ andϒ→ µµ will be
roughly equal to the statistics used in this note. With thesestatistics, thepT dependence of the cross-
section for bothJ/ψ andϒ should be measured reasonably well, in a wide range of transverse momenta,
pT ≃ 10−50 GeV. The precision ofJ/ψ polarisation measurement can reach 0.02−0.06 (depending
on the level of polarisation itself), while the expected error onϒ polarisation is unlikely to be better than
about 0.2. At this stage, first attempts may be made to understand the performance of the electromagnetic
calorimetry at low photon energies, and to try and reconstruct χc states from their radiative decays.

With an integrated luminosity of 100 pb−1, the transverse momentum spectra are expected to reach
about 100 GeV and possibly beyond, for bothJ/ψ andϒ. With several millionJ/ψ→ µµ and more
than 500 000 ofϒ→ µµ decays, and a good understanding of the detector, high precision polarisation
measurements, at the level of few percent, should become possible for bothJ/ψ andϒ. χb →ϒγ decays
could become observable, while other measurements mentioned above will become increasingly precise.

Further increase of the integrated luminosity should make it possible to observe the resonant produc-
tion of J/ψ meson pairs in the mass range of theϒ system. During the future high luminosity running,
the need to keep event rates manageable will mean an increaseof thresholds of relevant single- and di-
muon triggers, and the prescaling of lower threshold triggers. The higher luminosity will further expand
the range of reachable transverse momenta and allow furthertests of the production mechanisms, as well
as makeχb reconstruction easier.
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Production Cross-Section Measurements and Study of the
Properties of the ExclusiveB+ → J/ψK+ Channel

Abstract
In the initial phase of the LHC operation at low luminosity several Standard
Model physics analyses will be performed in order to validate the ATLAS
detector and trigger system. TheB+→J/ψK+ channel can be observed with
the first ATLAS data at LHC and can be used for detector performance studies.
This channel will provide a reference in the search for rareB decays. It will
also be used to estimate the systematic uncertainties and efficiencies of flavor
tagging algorithms, needed forCP violation measurements. The prospects to
measure theB+ mass, its total and differential production cross sectionsand
lifetime with the first ATLAS data, are described in this note.

1 Introduction

The expected large hadronic cross-section forb-quark production and the high luminosity at the LHC
leads to copiousb-quark production, with the presence of abb̄ pair in about one percent of the collisions.
Quantitatively, the expected inclusive production cross-section forpp → bb̄ + X at LHC is estimated
to be σbb̄ ≈ 500 µb leading to more than 105 bb̄ pairs per second at the LHC design luminosity of
L ≈ 1033 cm−2s−1. However, the extrapolation of thebb̄ cross-section measurement from the Tevatron
energy of 1.8–1.96 TeV [1, 2] to the LHC energy of 14 TeV suffers from large uncertainties. The theo-
retical predictions are based on NLO QCD calculations with uncertainties smaller than 20 % [3] in the
kinematical region of the LHC, originating mainly from scale uncertainties [4], as well as uncertainties
due to the parton density functions and theb-fragmentation.

A precise measurement of thebb̄ inclusive cross-section at the LHC can be used to constrain these
theoretical uncertainties. In addition, the large production rate allows for exclusive cross-section mea-
surements shortly after the LHC start up, which have different systematic uncertainties and model de-
pendencies (fragmentation models) from the inclusive ones. Furthermore, thebb̄ represents the largest
physics background for many processes, therefore its measurement is a prerequisite to any discovery.

In this note the exclusive channelB+ → J/ψK+ is studied extensively and the procedure to measure
the differential and total cross-sections with the first 10 pb−1 is presented, with event selection based on
the identification of theJ/ψ decay to two muons.

The exclusiveB+ → J/ψK+ decay can be measured during the initial luminosity phase ofthe LHC,
because of the clear event topology and rather large branching ratio. It can serve as a reference channel
for rare B decay searches, whose total and differential cross-sections will be measured relative to its
cross-section, thus allowing the cancelation of common systematic uncertainties. Furthermore, it can be
used to estimate the systematic uncertainties and efficiencies of flavour tagging algorithms, which are
needed for CP violation measurements. Finally, the relatively large statistics for this decay allow for
initial detector performance studies. In particular, the precise measurement of the well-known mass and
lifetime [5] can be used for inner detector calibration and alignment studies.

In Section 2 of the note the Monte Carlo data sets used for thisstudy are described. In Section 3 the
J/ψ selection procedure is presented. TheB+→J/ψK+ mass, cross-section and lifetime measurements
can be found in Section 4. The expected statistics during theearly LHC luminosity phase are discussed
in Section 5 together with estimates of the systematic uncertainties.

All the following studies have been done for luminosity ofL = 1032 cm−2s−1. However, since pile-
up does not play any role at this luminosity, it is straightforward to rescale the results of these studies to
L = 1031 cm2s−1, in case this will be the luminosity at startup.
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2 Monte Carlo Samples

All Monte Carlo (MC) data sets used for the studies presentedin this note have been produced using
PYTHIA -6.4 [6] without overlaying pileup events.

Process Ngen L [pb−1] Ngen(B+ → J/ψK+)
bb̄→ J/ψ(µ6µ4)+ X 145 500 13.2 7 072

Table 1: Monte Carlo data set used for theB+ study. TheNgen(B+ → J/ψK+) events are the ones
contained in the whole generated sample.

At the generator level, the ATLAS specific PYTHIA implementation forB-physics which provides an
interface to PYTHIA -6 [7] was used. The study of theB+ → J/ψK+ channel is done using the inclusive
production cross-section ofσ(bb̄ → J/ψ(µ6µ4)X), where the numbers in the bracket denote the cuts
applied on the muons from theJ/ψ decay in order for the generated event to be accepted (one muon
with pT > 6 GeV and the other withpT > 4 GeV). The cross-section at the generation level, after
implementing these cuts to the muons from theJ/ψ decay is 11.1 nb. The total number of generated
events and the number of theB+ → J/ψK+ decays found in the sample are given in Table 1. All
efficiencies presented in this note, are calculated relative to the generated number of events.

3 J/ψ Identification Procedure

A reliable identification of theJ/ψ meson in the decay channelJ/ψ → µ+µ− , as well as the recon-
struction of the primary and secondary vertices, are the prerequisites for theB+ → J/ψK+cross-section
measurement. For the selection of theB+ candidates a further requirement of a positively charged track
(K+ ) originating from theJ/ψ secondary vertex is imposed.

The distance~x between thepp interaction vertex and the secondary vertex of theB-decay in the
transverse plane is used for theJ/ψ identification. In the ATLAS Inner Detector TDR [8], the deter-
mination of the position of the primary vertex on an event-by-event basis was demonstrated, and for the
B+ → J/ψK+ decay, a vertex resolution ofσx = 29 µm andσy = 27 µm was estimated. For up-to-date
information on the average primary vertex resolution with the staged ATLAS detector see [9].

The vector~x =~xprim−~xB from the primary vertex~xprim to the secondaryB-decay vertex~xB in the
plane normal to the incoming proton beam [10] is used to definethe transverse decay lengthLxy, which
is actually the projection of~x onto the direction of the transverse momentum of theB meson:

Lxy =
~x · ~pT

|pT |
. (1)

The transverse decay lengthLxy is a signed variable, which is negative if the particle appears to decay
before the secondary vertex of its production and positive otherwise. For a zero lifetime sample, a
Gaussian distribution peaked atLxy = 0 is expected. For exclusive decays, the proper decay lengthis
given by:

λ = Lxy ·
mB

pB
T

. (2)

For the uncertainty of the transverse decay lengthLxy, only the contribution arising from the uncertainties
on the primary and secondary vertex coordinates are taken into account:

σ2
Lxy

=
1

(pB
T )2

·
(

σ2
x (pB

x )2 +2σ2
xy pB

x pB
y + σ2

y (pB
y )2 + σ2

x1(pB
x )2 + σ2

y1(pB
y )2

)
, (3)
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whereσx, σxy, andσy are the covariance matrix elements of the secondary vertex fit, σx1 is the resolution
of the primary vertex inx, σy1 is the resolution of the primary vertex iny, pB

T is the transverse momentum
of theB+ meson and finallypx andpy are thex andy components ofB+ momentum.

Since theJ/ψ reconstruction relies on its decay into two muons:J/ψ → µ+µ− , the first step in the
event selection procedure is the identification of the decaymuons, which in general have lowpT .

If a muon track reconstructed by the muon spectrometer has aninner detector track associated to
it, it is considered to be a muon and is used to form theJ/ψ candidate. An inner detector track may
also be declared a muon candidate and used in theJ/ψ mass reconstruction, if it is has hits or track
segments in the innermost stations of the muon spectrometer. In either case theJ/ψ mass is calculated
using the momentum of the muon candidate provided by the inner detector, in order to exploit the better
momentum resolution of the inner detector in thispT region. The mainJ/ψ selection cuts are as
follows:

• All possible di-muons withpT,1 ≥ 3.0 GeV andpT,2 ≥ 6.0 GeV are formed;

• The tracks of each muon pair are then fitted to a common vertex;

• From the vertices found, only the ones withχ2/ndf < 10 are retained;

• To selectJ/ψ mesons originating from the decay of aB+, a cut on the proper decay length,
λ > 0.1 mm, is imposed to reduce combinatorial background from prompt J/ψ . If this cut is
not imposed, the algorithm identifies all possible combinations consistent withJ/ψ decaying to
muons in the event;

• J/ψ candidates inside a mass window of 120 MeV aroundmJ/ψ are retained.

The efficiency for all previously mentioned cuts is presented in Table 2, where the efficiency after each
cut is computed with respect to the previous.

Given that the sample used does not contain any promptJ/ψ , the effect of the cut on the proper
decay lengthλ in the table indicates the loss in signal events. As it is explained in the following section,
this cut is not applied for the lifetime measurement. TheJ/ψ reconstruction efficiency is also given for
the case of no cut on theJ/ψ proper decay lengthλ .

The J/ψ invariant mass distribution without a cut onλ is shown in Figure 1. The shape can be
described by a Gaussian with exponential tails. TheJ/ψ mass and its resolution, obtained from a
Gaussian fit, is 3098 MeV and 57.4 MeV respectively.

cut with λ cut no λ cut
J/ψ cut NJ/ψ εJ/ψ [%] NJ/ψ εJ/ψ [%]
after vertexing 123 489 84.8 123 489 84.8
after vtxχ2 cut 115 156 93.3 115 156 93.3
afterλ cut 84 829 73.6 - -
after mass cut 81 293 95.8 105 827 91.9

Total eff 55.8 72.7

Table 2:J/ψ reconstruction efficiencies with and withoutλ cut.

In order to study the effect of misalignment, displaced magnetic field and incorrect material map on
the J/ψ observed mass position and resolution, a systematic study using different ATLAS geometry
configurations was performed, with different combinationsof possible misalignments of the calorimeter
and the muon spectrometer, as well as a displaced magnetic field map and distorted material in the inner

3
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Figure 1:J/ψ invariant mass distribution with a Gaussian fit superimposed.

detector and the calorimeter. These studies were performedusing a dedicatedB0
s → J/ψφ dataset. It

was found that the width of theJ/ψ mass fitσ(mJ/ψ) is rather stable, varying between 51 and 59 MeV.
The trigger efficiency is about 99 % and was computed from theJ/ψ candidates that have at least

one muon withpT > 6 GeV in the trigger. This is expected, since at the generation level it is required
that both muons from theJ/ψ havepT > 6 GeV andpT > 4 GeV.

4 Analysis of theB+ → J/ψK+ Channel

The analysis that follows for the selection ofB+ events can equally well be applied for the charge con-
jugate state. Negligible directCP violation is expected in theB± → J/ψK± because forb → c + c̄s
transitions the standard model predicts that the leading and higher order diagrams are characterized by
the same weak phase. A measurement of the asymmetry is given in [11]. The main source of asymmetry
is the different interaction probabilities forK+ and K− with the detector material. Other non-CP-
violating sources of asymmetry are expected to lead to a lepton energy asymmetry and estimated to be
negligible [12].

4.1 Event selection

TheB+ mesons are reconstructed from aJ/ψ and aK+ candidate. TheJ/ψ selection is described in
Section 3 and theK+ candidates are identified using information from the inner detector. Specifically,
the procedure comprises the following steps:

• The original collection of tracks is scanned once again (excluding those already denoted as muons)
and those withpT > 1.5 GeV and|η |< 2.7 are retained;

• From this collection, the tracks with positive charge and inconsistent with coming from the primary
vertex at one standard deviation level (|d0|/σd0 > 1, whered0 is the impact parameter of the track)
are considered to beK+ candidates;

• Theµ+µ− pair considered to be originating from theJ/ψ → µ+µ− decay and theK+ candidate
are fitted to a common vertex. The vector defined by the sum of the J/ψ andK+ momentum
vectors is required to point to the primary vertex, and the two muon tracks are constrained tomJ/ψ ;

4
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• Only combinations with vertexχ2/ndf < 6 , pT (µ) > 5 GeV andλ > 0.1 mm are retained;

• In case that more than twoB+ candidates were found in the same event, the one with the smallest
vertexχ2/ndf is accepted.
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Figure 2: Invariant massM(K+µ+µ−) distribution with theB+ mass peak for signal (red) and combina-
torial bb̄ -background (blue).

4.2 Mass fit

The B+ mass determination has been performed using the sample ofbb̄ → J/ψX decays. TheB+ in-
variant mass distributionm(K+µ+µ−) of the candidates fulfilling all cuts is presented in Fig. 2. In the
same figure the signal and background events can be seen separately, where the distinction between them
is made using the Monte Carlo truth information. The fit to themass distribution is done by using the
maximum-likelihood method, where the probability densityfunction is a Gaussian for the signal region
and a linear function for the background:

L = α fsig+(1−α) fbkg

fsig =
1√
2πσ

e−
1
2( mi−m

σ )2
, (4)

fbkg = b(mi−
w
2

)+
1
w

,

whereα is the fraction of signal events in the fitted region,m the B+ mass,b is the slope of the back-
ground distribution andw defines the range of the fit. The mass range of the fit is taken from 5.15 GeV
to 5.8 GeV. This is done in order to reduce contributions from partially reconstructedB meson de-
cays that populate the left side of Fig. 2. The background at the right of the mass peak originates from
misidentifiedπ+ from B+ → J/ψπ+ decays.

The result of theB+ mass fit is:M(B+) = (5279.3± 1.1) MeV with a width of σ(B+) = (42.2±
1.3) MeV. The relative errors scaled properly for an integrated luminosity of 10 pb−1 are about 0.02%
and 3.5% respectively. The corresponding fit is presented in Fig. 3. The slight shoulder to the left of the
mass distribution is due to the background shape.
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Figure 3:B+ mass fit with the both signal (red) and background (blue) contributions shown separately.

4.3 Differential and total production cross-section

The feasibility of the measurement of theB+ → J/ψK+ total and differential production cross-sections
at LHC, with the first 10 pb−1, is explored in this section. The dataset used is thebb̄ → J/ψX and
the reconstructedB+ → J/ψK+ candidates were selected based on the event selection described in Sec-
tion 4.1. TheB+ mass fit method described previously was then used to extractthe efficiencies in bins of
pT as well as the total efficiency.

The differential cross-section dσ/dpT can be obtained from:

dσ(B+)
dpT

=
Nsig

∆pT ·L ·A ·BR
(5)

whereNsig is the number of reconstructedB+ mesons obtained from the mass fit. The size of thepT

bin is denoted with∆pT . Furthermore,L is the total luminosity andA the overall efficiency. The
branching ratio BR is the product of the world average [5] branching ratios of BR(B+ → J/ψK+) =
(10.0±1.0)×10−4 and BR(J/ψ → µ+µ−) = (5.88±0.10)×10−2. The invariant mass spectra of the
B+ candidates are fitted in eachpT range using an extended unbinned maximum likelihood fit. The
probability density function is a Gaussian for the signal and a linear function for the background region:

L =
Nsig

Ntotal
· fsig+

Ntotal−Nsig

Ntotal
· fbkg (6)

where fsig and fbkg are the fit functions as described in Equation 4. For this fit, the B+ mass has been
fixed to the value obtained from the mass fit in the previous Section 4.2,m = 5279.3 MeV. The results
for the overall efficiencies and the mass widths of the fits, for the individualpT bins, are summarized in
Table 3. The mass fits in the variouspT regions are presented in Figure 4 whereas the fit over the full
pT range is shown in Fig. 3.

To measure theB+ total cross-section a similar procedure to the one used for the calculation of the
differential cross-section is followed, but in this case all B+ with pT > 10 GeV are used to calculate the
total efficiencyA . TheB+ mass distribution is shown in Fig. 3. The results of the totalefficiency and
the mass width from the fit, for theB+ total cross-section measurement, are presented in Table 4.
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pT range [GeV] pT ∈ [10,18] pT ∈ [18,26] pT ∈ [26,34] pT ∈ [34,42]
A [%] 20.1±1.0 37.3±1.7 45.0±3.1 51.6±4.7

σ(B+) [ MeV] 38.5±2.0 42.3±2.1 46.1±3.2 46.6±4.0

Table 3: EfficiencyA andB+ mass widthσ(B+) for the variouspT bins.
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B+ mass (MeV)
5200 5300 5400 5500 5600 5700 5800

E
ve

nt
s 

/ (
 6

.5
 M

eV
 )

0

2

4

6

8

10

12

14

16 nbkg =  27.2 +/- 9.8

nsig =  165 +/- 15

sigma =  46.6 +/- 4.0 Mev

B+ mass (MeV)
5200 5300 5400 5500 5600 5700 5800

E
ve

nt
s 

/ (
 6

.5
 M

eV
 )

0

2

4

6

8

10

12

14

16

(d) 34≤ pT < 42 GeV

Figure 4: Fit of theB+ mass in variouspT ranges: pT ∈ [10,18] GeV (a), pT ∈ [18,26] GeV (b),
pT ∈ [26,34] GeV (c), pT ∈ [34,42] GeV (d).

total cross-section

A [%] 29.8±0.8
σ(B+) [ MeV] 42.2±1.3

Table 4: Overall efficiency andB+ mass width for allB+ with pT > 10 GeV.

4.4 Lifetime measurement

The measurement of the lifetimeτ of the selectedB+ candidates is a sensitive tool to confirm the beauty
contents in a sample, in particular the number of the reconstructedB+ → J/ψK+ decays obtained in the
bb̄→ J/ψX dataset. The proper decay time is defined ast = λ/c. For this analysis, no cut on the proper
decay lengthλ (Equation 2) of theJ/ψ candidate or theB+ candidate should be applied.

The proper decay time distribution in the signal regionB+→ J/ψK+ can be parametrised as a convo-
lution of an exponential function with a Gaussian resolution function, while the background distribution

7
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parametrisation consists of two different exponential functions, where each is convoluted with a Gaus-
sian resolution function. In thebb̄→ J/ψX no additional zero lifetime events are expected because there
are no promptJ/ψ produced. In the realistic case, where zero lifetime eventswill be present, an extra
Gaussian centered at zero is needed in order to properly describe those events. With the model used here,
the Gaussian resolution functions depend on the reconstructed uncertainties on an event-by-event basis.
In addition, it is assumed, that the distribution of the uncertainties per event are different for the signal
and the corresponding background probability density functions (pdf) [13]. The use of conditional pdfs
was required in order to take into account the proper decay time error per event. The exponential part of
the lifetime distribution has the usual form:

Ft(t) = e
−t
τ , (7)

wheret is the proper decay time andτ is the lifetime. Accordingly, the convoluted function is then

Fc(t) = e
−t
τ ⊗G(t,µ ,s ·σi), (8)

whereµ is the mean value of the Gaussian resolution function which parametrises the average bias in
each proper decay time measurement. The scale factor of the error is s andσi is the per event proper
decay time error. The conditional pdf on the per event uncertainty is then:

Ft(t) = Fc(t|σi) ·P(σi), (9)

whereP(σi) is the distribution of the proper decay time error. The distribution of the proper decay time
uncertainty is approximated by a superposition of Gaussianfunctions. In order to separate between the
signal and the background, the proper decay time pdf is multiplied with theB+ mass pdf, described in
Section 4.2. A two-dimensional fit to theB+ proper decay time andB+ mass is then performed.

The results of the lifetime fit are presented in Table 5 and shown in Figure 5. The background can
be best described with the two lifetime components (τ1 andτ2) which are also shown in Table 5. For
the events in the mass region of the signal withinM(B+) ∈ [5.15,5.8] GeV the proper decay time found
from the decay length is compared to the generatedB+ lifetime. The result of the comparison is shown
in Fig. 5. The differences are well centered at zero with a Gaussian distribution and sigma 0.088 ps. It
should be noted that the resolution as well as itsσ in η bins of 0.25 is found to be independent ofη .
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Figure 5:B+ lifetime fit (left) with the signal (dashed red) and the background (dashed black) contribu-
tions shown separately andB+ lifetime resolution (right).
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Signal lifetimeτ [ps] 1.637±0.036

BG lifetime τ1 [ps] 1.320±0.24
BG lifetime τ2 [ps] 0.370±0.067

Table 5: Results for the lifetime fit.

5 Statistical and Systematic Uncertainties

From the analysis presented above, the expected number of reconstructedB+ candidates amounts to 160
per pb−1 . This implies that sufficient statistics can be collected for a reliable cross-section measurement,
after just a few months of data taking at the initial low luminosity phase of the LHC. This scenario is valid
for a luminosity less thanL = 1032 cm−2s−1, since the analysis was performed without pileup events
and contains no special trigger requirements or prescalingother than a single muon withpµ

T > 6 GeV at
level-1.

For the measurements presented in this note the main sourcesof systematic uncertainties are the
same. The uncertainty from the luminosity in the initial phase is estimated to be 10 % and will be
reduced to about 6.5 % after 0.3 fb−1 of data. The uncertainty from the PDF’s is estimated to be 3 %,
while the scale uncertainty of the NLO calculations is about5 %. Finally, the uncertainty originating
from the muon identification is about 3 %. Assuming Gaussian distributions for the above mentioned
uncertainties, the total systematic uncertainty of the signal varies from 9.2 % to 12 % and is dominated
by the uncertainty in the luminosity.

Given that a statistical precision ofO(1 %) will be reached with an integrated luminosity of 0.1 fb−1,
the contribution of the systematics will dominate the uncertainties of the first measurements. This is
the case even for the differential cross-section measurement. Although the statistics in eachpT bin
is limited, the total uncertainty is dominated by the systematic uncertainties in the branching ratio of
the B+ → J/ψK+ and in the luminosity, which are of the same order. For the exclusive cross-section
measurement in theB+→J/ψK+ channel, the relative uncertainties of the differential and total cross-
sections are given in Table 6. Therein, the first row of the table contains the quadratic sum of the
statistical uncertainty corresponding to an integrated luminosity of 0.01 fb−1 and the uncertainty in the
efficiency. The latter is based on the statistics of the MonteCarlo dataset used. The second row is
calculated by adding in quadrature the above uncertainty tothe systematic uncertainty of the luminosity
and the branching ratio for everypT bin.

For the high statisticspT bins as well as for the total cross-section, the total relative uncertainty
is dominated by systematic errors, originating mainly fromthe uncertainty in the luminosity, which is
assumed to be 10 % for the initial phase, and the 10 % uncertainty in the branching ratio ofB+→ J/ψK+.
The effect of the assumed background shape on the measurements is estimated to be less than 1 %.
Finally, the precision of the lifetime measurement, for thesame integrated luminosity is 2.5 %, where no
systematic effects are taken into account.

pT range [GeV] pT ∈ [10,18] pT ∈ [18,26] pT ∈ [26,34] pT ∈ [34,42] pT ∈ [10, inf)
stat.+A [%] 7.7 6.9 10.5 13.9 4.3

total [%] 16.1 15.8 17.6 19.8 14.8

Table 6: Statistical and total uncertainties for theB+ → J/ψK+ differential and total cross-section mea-
surements for an integrated luminosity of 0.01 fb−1. Total uncertainties include luminosity and BR
systematic uncertainties.
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6 Summary and Conclusions

In this note, theB+→J/ψK+ channel using an inclusivebb̄→J/ψ(µ6µ4)X dataset has been studied by
developing theJ/ψ selection methods and understanding their efficiencies. A method for measuring
the B+ mass using a likelihood fit, in order to separate signal and background, is established. TheB+

selection efficiencyA , both in pT bins and in the wholepT region, needed for the calculation of the
differential and total cross-sections from real data, is extracted with fit methods similar to those used in
theB+ mass measurement case. Finally a likelihood fit, which takesinto account the per-event primary
vertex error, is performed for the measurement of theB+ lifetime.

The totalB+→J/ψK+ production cross-section can be measured with a statistical precision better
than 5% with the first 10pb−1 of data. The differential cross-section with precision of the order of 10%.
With the same statistics, adequate detector performance studies can be realised using theB+ mass and
lifetime measurements.
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Physics and Detector Performance Measurements with the
DecaysB0

s → J/ψφ and B0
d → J/ψK0∗ with Early Data

Abstract
The decay processesB0

d → J/ψK0∗ andB0
s → J/ψφ are expected to be ob-

served in large numbers with the ATLAS experiment. During the early data
taking period, with an integrated luminosity of around∼ 10−150 pb−1, it will
be possible to measure the masses and proper lifetimes for these decays with
sufficient precision to allow them to be used for detector performance checks.
Methods for the determination of the mass and lifetime when the performance
of the detector and reconstruction software will not be fully understood are
presented. A powerful simultaneous fitting technique is used. Understanding
the potential for flavour tagging methods will be one of the important goals
for B-physics with early data. The performance of the jet charge tagger for the
self-calibrating decay,B0

d → J/ψK0∗, is presented. The implications for the
jet charge tag in theB0

s → J/ψφ decay are also discussed.

1 Introduction

The decayB0
s → J/ψφ is one of the most promising channels at the LHC due to its richphysics potential.

This will begin with the earliest data taken by ATLAS. Due to the highbb̄ cross-section [1] and dedicated
J/ψ trigger in ATLAS [2], large statistics data will be quickly accumulated. This will allow the channel
to be used for basic measurements of theB mass and lifetime, which will provide a sensitive test of the
understanding of the tracking system after only 150 pb−1 of data. After collecting only 1 fb−1 of data,
ATLAS will begin to improve world precisions for these measurements. A similar analysis will also be
performed for the channelB0

d → J/ψK0∗, where the expected statistics are higher by about a factor of
15.

The analysis methods to be used will evolve with increasing statistics and understanding of the detec-
tor and backgrounds. This paper concentrates on the early phase of data taking. More advanced studies
of the angular dependence of the decays and CP violation are not covered. In the very early data tak-
ing period, the low statistics will not allow an investigation of the full list of theoretical parameters, but
rather will concentrate on the mass and lifetime. As the backgrounds will not be well understood either,
no hard cuts will be made to reject them, but rather backgrounds topologically similar to the signal will
be admitted. This will also reduce the dependence on reconstruction algorithms and trigger behaviour,
neither of which will be thoroughly tested when ATLAS startsto take data. In particular, no secondary
vertex displacement cuts will be applied, and the dominant background admitted will be from directJ/ψ
production.

The simulation of the decays and their backgrounds is described in Section 2, and the reconstruction
of the events in Section 3. The methods developed to extract theB hadron mass and lifetime as well as the
precision expected to be reached with early data are described in Section 4. A study of the possibilities
for flavour-tagging with early data, an important initial step for the CP violation measurements to be
done later, is presented in Section 5.

2 Monte Carlo production

Table 1 lists the Monte Carlo data samples used in this study.The beauty events were generated by
PYTHIA 6.4 [3] using a method described in [4]. For the directJ/ψ decays a special tuning of the

83

1121



Colour Octet Model was prepared within PYTHIA [5]. In order to make the simulation studies more
efficient the initial cuts on the transverse momentum,pT , and the pseudorapidity,η , were applied at the
generator level. To ensure that most of the generated eventspassed the trigger at the reconstruction stage,
only events containing decays ofJ/ψ into dimuons, withpT larger than 6 GeV and 4 GeV, both detected
within |η |< 2.4, were retained for detector simulations.

Table 1: Monte Carlo samples used in this study. Cross sections are given by PYTHIA after applying
cuts|η |< 2.4 andpT larger than 6 GeV and 4 GeV for the first and second muons fromJ/ψ .

Process MC Statistics Cross section

bb̄→ J/ψX 150 000 11.1 nb
pp→ J/ψX 150 000 21.7 nb
B0

s → J/ψφ 50 000 0.02 nb
B0

d → J/ψK0∗ 30 000 0.24 nb

3 Analysis of the decaysB0
s → J/ψφ and B0

d → J/ψK0∗

3.1 Strategy for analysis of early data

The strategies deployed during the early period of the experiment will differ from those used later. In
particular, the low statistics available will not allow a determination of the complete list of physics
variables that can in principle be determined from theB0

s → J/ψφ andB0
d → J/ψK0∗ decays [6]. During

the early phase, the compositions of the backgrounds will not be well understood. Furthermore, at
this time, the detector and reconstruction software performance will also not be fully understood, and
restrictive selection cuts to remove backgrounds may bias the signal in an uncontrolled way. The strategy
in these early stages will therefore be to use loose cuts, which will admit more of the background decays.
In particular, omitting vertex selections allows a statistically meaningful contribution from promptJ/ψ
events. Most of these events fall outside the signal region of the study, and allow a better determination
of the vertex resolution, which in turn allows a better overall B lifetime determination. This approach
is consistent with theB trigger strategy for early data where no cut on secondary vertex displacement is
required.

3.2 Reconstruction

Monte Carlo events of signal and background processes, as described in Table 1, were passed through
full detector simulation and reconstruction. Trigger algorithms were applied during the reconstruction.
Only events accepted by theJ/ψ → µ+µ− trigger [2] (with thresholds ofpT > 6 GeV andpT > 4 GeV
for the fastest and second fastest muon) were retained for offline analysis. The reconstructed data objects
were then processed as follows.

J/ψ → µ+µ− candidates were sought by forming all possible pairs of oppositely charged muon
tracks passing the cutspT > 4 GeV and|η | < 2.4. Pairs containing at least one muon track withpT >
6 GeV were fitted to a common vertex. Pairs were assumed to be muons fromJ/ψ decays if the vertex
fit resulted in a fitχ2/n.d. f < 6 and the invariant mass of the muon pair fell within a 3σ window around
the nominalJ/ψ mass, withσ = 58 MeV. This window was chosen by fitting a Gaussian distribution
to the invariant mass of the muon pairs in the eventspp→ J/ψX andbb→ µ+µ−X, see Figure 1. The
background from non resonantµ+µ− pairs in the 3σ window is 10%.
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Figure 1: Reconstructed invariant mass distributions ofJ/ψ → µ+µ− (left), φ → K+K− (middle) and
K0∗→ K±π∓ (right) candidates.

Theφ → K+K− candidates were reconstructed from all pairs of oppositelycharged tracks, not iden-
tified as muons, withpT > 0.5 GeV and|η |< 2.5, which were fitted to a common vertex. These tracks
were assumed to be kaons fromφ decays if the vertex fit resulted in aχ2/n.d. f < 6, and the invari-
ant mass of the track pairs (under the assumption that they were left by kaons) fell within the interval
1009.2−1029.6 MeV. This interval is based on a fit to the invariant mass distribution of the reconstructed
φ →K+K− decay candidates shown in Figure 1. The signal fit used a Breit-Wigner correctly accounting
for phase space convoluted with a Gaussian to represent the detector resolution. The background was
approximated by a linear function. (Additional terms up to quadratic have no significant influence on the
fit.)

TheK0∗→ K±π∓ candidates were reconstructed by selecting all tracks thathadpT > 0.5 GeV and
|η |< 2.5 that had not been previously identified as muons, forming them into oppositely charged pairs
and fitting them to a common vertex. These pairs were assumed to beK±π∓ from K0∗ decays if the fit
resulted in aχ2/n.d. f < 6, the transverse momentum of theK0∗ candidate was greater than 3 GeV, and
the invariant mass of the track pair fell within the interval790-990 MeV, under the assumption that they
were left byK±π∓ hadrons. In Figure 1, the signal has been fitted to a Breit-Wigner function convoluted
with a Gaussian and the background has been fitted to a second degree polynomial function.

To find theB0
d → J/ψK0∗ candidates, the tracks from each combination ofJ/ψ → µ+µ− andK0∗→

K±π∓ candidates were fitted to a common point. The two muon tracks were constrained to the PDG
J/ψ mass. These quadruplets of tracks were assumed to be fromB0

d → J/ψK0∗ decays if the transverse
momentum of theB0

d candidate was greater than 10 GeV and the fit resulted in aχ2/n.d. f < 6. In the
case of more than one candidate per event, the candidate withthe lowestχ2/n.d. f was retained.

B0
s → J/ψφ candidates were sought by fitting the tracks from each combination of J/ψ → µ+µ−

andφ →K+K− candidates fitted to a common vertex. The two muon tracks wereconstrained to the PDG
J/ψ mass. These quadruplets of tracks were assumed to be fromB0

s → J/ψφ decays if the transverse
momentum of theB0

s candidate was greater than 10 GeV and the fit resulted in aχ2/n.d. f < 6. If there
was more than one candidate per event then the candidate withthe lowestχ2/n.d. f was chosen.

AcceptedB0
s andB0

d candidates contain a negligible background from non-resonant µ+µ− pairs,
0.1% and 0.2% respectively, and therefore the background from non-resonant bb→ µ+µ−X events are
not considered in this analysis.

Events were accepted in a wide invariant mass window of±12·σ aroundB hadron mass, where
the mass resolutionσ was determined from recontruction of theB0

d andB0
s masses for the two signal

channels. The mass resolutions were obtained from fitting a single Gaussian to the Monte Carlo signal.
Table 2 shows the number of events that can be expected using the above procedure for an integrated
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Table 2: Signal and background statistics ofB0
s andB0

d candidates expected with 10 pb−1.

Selected candidates
expected with 10 pb−1

SignalB0
d → J/ψK0∗ 1024

pp→ J/ψX background 1419
bb̄→ J/ψX background 3970

SignalB0
s → J/ψφ 76

pp→ J/ψX background 2449
bb̄→ J/ψX background 1660

All events satifyingB0
d or B0

s selections 10323

luminosity of 10 pb−1.
By the time the LHC reaches a luminosity of 1033 cm−2 s−1 and the detector is better understood,

it will be safe to apply displaced secondary vertex cuts, which will remove most of the backgrounds.
In the studies of exclusive channels ofB decays, vertex displacement selections are replaced by cuts on
theB hadron decay time. This method avoids any bias on the proper decay time measurements. Table
3 shows the reconstruction efficiences with and without decay time cuts. In particular, by requiring that
the proper decay time of theB0

s candidate is greater than 0.5 ps, additional rejection by a factor of 260
for the pp→ J/ψX can be achieved while losing 25% of the signal.

Table 3:B0
d → J/ψK0∗ (B0

s → J/ψφ ) signal and background reconstruction efficiencies beforeand after
the cut onB0

d (B0
s) decay timet. The applied cut wast > 0.5 ps.

efficiency [%]
before time cut after time cut

SignalB0
d → J/ψK0∗ 42.0 30.4

pp→ J/ψX background 0.67 0.0064
bb̄→ J/ψX background 3.05 1.52

SignalB0
s → J/ψφ 40.5 30.0

pp→ J/ψX background 1.5 0.0058
bb̄→ J/ψX background 1.1 0.8

4 Simultaneous fit of mass and lifetime ofB0
d and B0

s with early data

We now turn to methods for extracting physically interesting parameters from the decays of theB0
s and

B0
d mesons. The first measurements with early data will comprisethe mean lifetimes and masses of these

mesons.
We perform a simultaneous maximum likelihood fit for eachB0

s andB0
d mass and proper decay time

distributions. The likelihood functionL is defined by:

L =
N

∏
i=1

[
nsig

N
× psig(ti ,mi)+

nbck1

N
×pbkg1(ti ,mi)+

N−nsig−nbck1

N
×pbkg2(ti ,mi)

]
(1)
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where the indexi runs over the events,N = nsig+nbck1+nbck2 is the total number of reconstructed events
in the fit andnsig, nbck1 andnbck2 are the numbers of signal and background events. The termspsig, pbkg1

andpbkg2 are products of two probability density functions that model the massmand proper decay time
t of the signal and the prompt and non-prompt backgrounds respectively (see Section 2). The number of
expected events for the prompt background isnbck1 and the corresponding probability density function
in formula 1 ispbkg1. The probability density function for the non-prompt background ispbkg2.

For the signal, the mass distribution is modeled by a Gaussian distribution, whose mean value is the
B hadron mass m(B) and its widthσm is given by the detector mass resolution. Both m(B) andσm are
determined from the fit. The reconstructed proper decay timedistribution for the signal is parameterised
by the function:

psig(ti) =
∫ ∞

0 e−Γtρ(t− ti)dt∫ ∞
−∞ (

∫ ∞
0 e−Γtρ(t− t′)dt)dt′

(2)

where the decay time resolution functionρ(t− ti) was approximated by a Gaussian of widthσ which is
a free parameter of the fit.

For the background, the mass distribution of the prompt component is assumed to follow a flat dis-
tribution as observed in simulated data (see Figure 2). The non-prompt component is modeled with a
second order polynomial function where the coefficient of the linear (quadratic) terms, denoted asc1 (c2)
in Table 4, are determined from the fit.

The decay time distribution of the prompt background component is parametrised by a Gaussian of
width σ . The non-prompt component was modeled by the sum of two exponential functions, convoluted
with the decay time resolution functionρ . The two exponential functions are denoted asΓ1 andΓ2, the
constant coefficient between them isb1.

pbck2(ti) =
∫ ∞

0

(
Γ1e−Γ1t +b1×Γ2e−Γ2t

)
ρ(t− ti)dt∫ ∞

−∞ (
∫ ∞

0 (Γ1e−Γ1t +b1×Γ2e−Γ2t)ρ(t− t′)dt)dt′
(3)

4.1 B0
d → J/ψK0∗ decay

The likelihood function,−2lnL is minimised to extract theB0
d lifetime τ = 1/Γ and mass m(B) from the

reconstructed events containing aB0
d → J/ψK0∗ candidates and backgrounds. This fit corresponds to an

integrated luminosity of 10 pb−1. The distributions of the reconstructed masses and lifetimes are shown
in Figure 2. Table 4 summarises the results of the likelihoodfit. The values obtained from the fit agree
with the input values used in the simulation (given in the first column) within the statistical errors of the
fit. The average lifetime of theB0

d can be measured with an uncertainty of 10% for 10pb−1.

4.2 B0
s → J/ψφ decay

The B0
s B0

s system exhibits two mass eigenstates with two lifetimes; the lifetime difference∆Γs/Γs is
expected to beO(10−1). However, with early data (a few hundred pb−1), the statistics are insufficient to
determine both lifetimes. For the initial period of LHC running, it is assumed that∆Γs = 0. The method
for theB0

s fit is the same as for theB0
d case, the main difference being the smaller fraction of signal events,

as shown in the mass and lifetime distributions for the reconstructed events after cuts selecting theB0
s

signal (Figure 3).
Statistics of reconstructed events corresponding to an integrated luminosity of 150 pb−1 enables

measurements to be made with relative precisions on theB0
s lifetime of 10% (Table 5). In the fit the

background events are weighted by factor of 15, since Monte Carlo statistics were limited to the equiva-
lent of 10 pb−1 for the current study.

5
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Table 4: Results of the fit to reconstructedB0
d candidates corresponding to 10 pb−1. The first column

shows input values used in simulation.

Parameter Simulated value Fit result with statitical error

Γ, ps−1 0.651 0.73± 0.07
m(B), GeV 5.279 5.284± 0.006

σ , ps 0.132± 0.004
σm, GeV 0.054± 0.006
nsig/N 0.16 0.155± 0.015
nbck1/N 0.062 0.595± 0.017

b1 1.08± 0.27
Γ1, ps−1 0.67± 0.05
Γ2, ps−1 2.4± 0.3

c1 -2.75± 0.28
c2 4.7± 1.4
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Figure 2: Distributions of the reconstructedB0
d mass and decay time expected with integrated luminosity

of 10 pb−1.

5 The performance of the jet charge tagger with early data

Most studies of CP-violation and mixing require the identification of the flavour of the neutralB mesons;
this is known asflavour tagging. Understanding the potential for flavour tagging methods will be one of
the important goals with early data. In studies of CP-violation and mixing of neutralB mesons, one must
know the flavour of aB meson both at the time of production (t = 0) and at the time of decay.

In a small number of cases, the flavour at production can be inferred from the charge of the highest
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Table 5: Results from the fit to reconstructedB0
s candidates corresponding to 150 pb−1.

Input Fit result with statistical error
Γs, ps−1 0.683 0.743± 0.051

m(B), GeV 5.343 5.359± 0.006
σ , ps 0.152± 0.001

σm, GeV 0.061± 0.006
nsig/N 0.018 0.031± 0.005
nbck1/N 0.397 0.379± 0.006

b1 0.023± 0.01
Γ1, ps−1 1.35± 0.02
Γ2, ps−1 0.44± 0.08

c1 -1.44± 0.07
c2 2.14± 0.49

 Mass (MeV)
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Figure 3: Plots to show the distributions of the reconstructed B0
s mass and decay time expected with

150 pb−1. Background distributions constructed from simulated events corresponding to 10 pb−1 were
scaled by a factor of 15.

pT lepton unassociated with the signal decay, with the assumption that this tagging lepton originates
from a semi-leptonic decay of the otherB hadron in the event. For the majority of the events, one must
use the jet charge tagging method. According to fragmentation models, the particles are ordered in the
momentum component parrallel to the original quark direction, while charge conservation also imposes
charge ordering [7]. These two facts may be used to form a jet charge, which is related to theb-quark
charge at production. The jet used in this method consists ofall tracks that are unassociated with the
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signal decay withpT > 500 MeV,|η |< 2.5, inside a cone of opening angle∆R around theB meson in
the laboratory frame. The opening angle of the jet cone,∆R, is defined:

∆R=
√

∆η2 + ∆ϕ2 (4)

where∆η and∆ϕ are the differences in pseudorapidity and azimuthal angle between the cone wall and
theB meson. The jet charge,Qjet, tends to be positive for̄b-jets and negative forb-jets, thus allowing the
B0 meson flavour at production to be inferred. The jet charge is defined as:

Qjet =
∑i qi pκ

i

∑i |pi |κ
(5)

where theqi is the charge of theith track in the jet andpi is a measure of the tracks momentum that can
be, for example, the transverse momentum of the track or a projection of the track’s momentum along the
axis of theB meson’s direction. These are referred to as thepT method and thepL method respectively.
The parameterκ controls the relative contribution of the hard and soft tracks in the jet charge. One
possible improvement in the algorithm is to remove ambiguous cases such as events withQjet close to
zero; the smallest allowed value of|Q jet| is called the “exclusion cut”. The opening angle of the jet
cone, the exclusion cut andκ are free parameters and must be tuned to get the best performance from the
tagger.

5.1 Quantifying the performance of a flavour tagger

The effectiveness of the discrimination betweenB0 andB0 mesons at production time is characterized by
two quantities: itsefficiency, εtag, and thedilution, Dtag. The efficiency is the fraction ofB mesons that
were tagged either correctly or incorrectly and is described by:

εtag =
Nr +Nw

Nt
(6)

whereNr andNw are the numbers of correctly and incorrectly taggedB mesons respectively, andNt is
the total number of reconstructedB mesons. Thedilution, also known as thepurity, is given by:

Dtag =
Nr −Nw

Nr +Nw
= 1−2wtag (7)

wherewtag is the wrong tag fraction:

wtag =
Nw

Nr +Nw
(8)

In a typical CP violation study, where the aim is to identify adifference in some property between a
particle and its anti-particle, the relationship between the true asymmetry of this property,Atrue, and the
asymmetry as measured in the data,Ameas, will be

Atrue =
1

Dtag
Ameas (9)

which is derived in, for instance, [8]. For the small asymmetries expected in theB decays, the statistical
uncertainty onAtrue is, to a good approximation:

σA ≈
1√

εtagD2
tagNt

(10)

The tag algorithm effectiveness is indicated by thequality factoror tagging power, Qtag:

Qtag = εtagD
2
tag (11)

The quality factor is used as a measure of success when optimising the flavour tagger.

8
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5.2 Understanding the jet charge tagger usingB0
d → J/ψK0∗ decays

During the early data taking phase, there will be too fewB0
s → J/ψφ decays reconstructed to allow a

detailed comparison between the jet charge distribution obtained from the data and that predicted by the
Monte Carlo. However, there will be a sufficient number of theanalogousB0

d → J/ψK0∗ decays to allow
such a comparison to be made. Additionally, the final state oftheB0

d → J/ψK0∗, with a subsequent decay
of K0∗ to charged mesons, allows the initial flavour to be determined in a statistical way, and therefore
the decay mode is considered as self-calibrating. The jet charge tagger thus produced will be important
for the CP violation studies withB0

d → J/ψKS, and the study ofB0
d → J/ψK0∗ will allow us to gain

confidence in the tagging performance forB0
s → J/ψφ .

For this study, the signal decays were reconstructed as described in the Section 3 for bothB0
d →

J/ψK0∗ andB0
s → J/ψφ decays. A reconstructed sample of 15000 decays was used for each channel,

corresponding to 150 pb−1for B0
d → J/ψK0∗ and 1.5 fb−1for B0

s → J/ψφ ; this defines our working point
for the two channels in this study. The quality factor was then maximised by systematically varying the
jet charge tagger input parameters∆R, κ and exclusion cut. It was found that optimal results for both
B0

s andB0
d mesons were obtained using the projection of the track momentum in the direction of theB

meson (thepL method) as the measure of momentum in Equation 5. The other optimal parameters are
shown in Table 6. Using these optimised parameters, the jet charge distribution for bothB0

d → J/ψK0∗

andB0
s → J/ψφ are shown in Figure 4.

Table 6: The optimised parameters of the flavour tagging algorithm for bothB0
d → J/ψK0∗ andB0

s →
J/ψφ .

Parameter B0
d → J/ψK0∗ B0

s → J/ψφ
κ 0.9 0.8
∆Rcut 0.7 0.6
Exclusion cut 0.05 0.2

Jet Charge
-1 -0.5 0 0.5 1

1

10

210

310

0* Kψ J/→ dB

Jet Charge
-1 -0.5 0 0.5 1

1

10
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0* Kψ J/→ dB

Jet Charge
-1 -0.5 0 0.5 1
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310

φ ψ J/→ sB

Jet Charge
-1 -0.5 0 0.5 1

10

210

310

Correctly Tagged

Incorrectly Tagged

Not Tagged

φ ψ J/→ sB

Figure 4: Plots ofQjet for B0
d → J/ψK0∗ (left) andB0

s → J/ψφ (right) using their optimised parameters
of Table 6 and the equivalent luminosity of Table 7.

One might expect that the different flavour content in the formation of theB mesons will result in a
different jet charge behavior forB0

d → J/ψK0∗ andB0
s → J/ψφ . This is indeed what is observed, both

9
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in the optimisation of these jet charges and their distributions. However, one should also note that both
the shapes and the optimised parameters, except the exclusion cut, are similar.

The numbers in Table 7 characterise the expected performance of the jet charge tagger. With an
integrated luminosty of 150 pb−1, it will be possible to calibrate the jet charge tagger for the B0

d, from
the data, with an efficiency of 87.0± 0.3% and a wrong tag fraction of 38.0± 0.4%. Calibrating with
real data for theB0

s is more challenging as there is no readily availible and clean self-tagging mode. In
this case, the Monte Carlo dependent calibration will be used, but the agreement of the Monte Carlo with
real data will be tested indirectly though theB0

d → J/ψK0∗ channel.

Table 7: Performance of the flavour tagging algorithm for theoptimised values given in Table 6. The
errors given in the table are statistical.

Parameter B0
d → J/ψK0∗ B0

s → J/ψφ
Equivalent luminosity 150 pb−1 1.5 fb−1

Number of Reconstructed Events 13948 15784

Efficiency,εtag 0.870±0.003 0.625±0.005
Wrong Tag Fraction,wtag 0.380±0.004 0.374±0.005
Dilution, Dtag 0.240±0.009 0.251±0.010
Quality,Qtag 0.050±0.004 0.039±0.003

6 Summary and conclusion

With the early data, the decaysB0
d → J/ψK0∗ andB0

s → J/ψφ can be used to measureB hadron masses
and lifetimes with sufficient precision to permit sensitivetests of the detector performance. In particular,
theB0

d lifetime can be determined with a relative statistical error of 10%, with an integrated luminosity of
10 pb−1, and the same precision will be achieved for theB0

s lifetime with 150 pb−1. The proposed method
of a simultaneous fit of background and signal events allows asensitive determination of the masses and
decay times ofB mesons. With early data, the optimal overall precision willbe obtained with no cuts
on the secondary vertex displacement. This is appropriate for the early data when the performance of
the detector and reconstruction algorithms may not be well understood. This strategy is consistent with
that of the earlyB-physics triggers, where no displacement cuts on theJ/ψ will be applied at the trigger
level.

In the early data taking phase, the self-tagging decayB0
d → J/ψK0∗ will be used to calibrate the

jet charge tag for jets containing aB0
d. This will be of use for physics studies involvingB0

d decays, but
also this good understanding for the tagging performance for B0

d → J/ψK0∗ will allow the fragmentation
modelling forB0

s → J/ψφ decays to be improved.
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Plans for the Study of the Spin Properties of the Λb Baryon
Using the Decay Channel Λb → J/ψ(µ+µ−)Λ(pπ−)

Abstract
This note summarizes the results of a study of the feasibility of measuring
certain spin properties ofΛb baryon in the ATLAS experiment. We present an
assessment of approaches for extracting the inclusiveΛb polarization and the
parity violatingαΛb parameter for the decayΛb → J/ψ(µ+µ−)Λ(pπ−) from
the reconstructed four final state charged particles. As a key test, we generated
Monte Carlo samples ofΛb events of fixed polarization in the ATLAS detector
and evaluated our ability to precisely extract the input polarization from the
reconstructed events. The physics motivation for the planned measurements
in ATLAS include the search for an explanation of the anomalous spin effects
in hyperon inclusive production observed at lower energies, tests of various
decay models based on HQET, tests of CP in an area not yet directly explored,
and the development ofΛb polarimetry as a possible tool for spin analysis in
future SUSY and other studies.

1 Introduction

We report here plans for the measurement of spin parameters of the Λb hyperon. We utilize the decay
modeΛb → J/ψ(µ+µ−)Λ(pπ−) to extract theΛb signal from what is expected to be a low background
environment, given that the final state has four charged particles and a displaced secondary vertex. The
polarization and parity violatingαΛb parameter will be determined from the relevant angular correla-
tions between the final state particles. We expect to accumulate approximately 13000Λb events (and a
similar number ofΛb) with an integrated luminosity of 30 fb−1 . This estimation is based on the latest
reconstruction software and trigger simulation for the ATLAS experiment.

TheΛb is the lightest baryon containing ab quark, and since its discovery in 1991 by the UA1 Col-
laboration [1] it has created a great deal of interest. Besides the so−calledΛb lifetime puzzle [2], the
Λb has been the subject of various theoretical studies rangingfrom proposed tests of CP violation [3],
T violation tests and new physics studies [4], measurement of top quark spin correlation functions [5]
and the extraction of the weak phaseγ of the CKM matrix [6]. Specific physics interest in theΛb parity
violating αΛb parameter studies derives from its ability to serve as a testfor various heavy quark factor-
ization models and perturbative QCD (PQCD).Λb studies are also of interest because of the continuing
mystery of why hyperons have consistently displayed large polarizations when produced at energies even
up to several hundred GeV and at largepT where most models predict zero polarization. It is not known
if these effects can be explained by some not yet understood effect of existing physics or if they point
to new physics altogether.Λb polarization holds the possibility of illuminating just how polarizedb
quarks are produced and, indeed, it may have relevance to howfermions are produced in allpp induced
processes.

Interest in the studies of theΛb lifetime parameter derives from the current controversy from Tevatron
experiments concerning the question of how much longer theb quark lives in a meson vs. in a hyperon.
With an expected increase of a factor of 100 in the statisticsat the LHC, we expect to make a definitive
statement on this puzzle. Again, this will further constrain the theoretical models which have as their
basis PQCD and the Heavy Quark Model. Lifetime measurementswill not be examined in this article,
since it is not the focus of the current study, though many of the event selection issues, discussed here,
might be applicable in theΛb lifetime studies.
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We have examined the primary technical challenges in the measurement ofΛb polarization in ATLAS
by generating large samples ofΛb baryons with various known polarizations, allowing them todecay in
the detector using model−predicted amplitudes, and then reconstructing these events using standard
ATLAS packages. These samples have permitted us to test our ability to reconstruct events and to
confirm that we can recover the input polarization and the decay amplitudes. They also have allowed us
to compare various polarization extraction methods and to assess the impact of detector corrections and
detector resolution effects. We provide here a report on theresults of these studies, and on the work we
undertook to adapt the EVTGEN [7] decay package to produce polarizedΛb within the ATLAS software
framework.

2 Theoretical overview

In the quark model theΛb is a fermion consisting of ab quark accompanied by a di−quark (ud) of
total spin zero. In this model the polarization of theΛb is thus expected to be totally due to theb quark
polarization. QCD calculations suggest that theb quark polarization would be small. However, there
are models of quark scattering [8], in which spin effects areexpected to scale with the mass of the
heavy quark, and where the possibility exists forΛb polarizations to be quite large. We further note that
QCD has not been able to predict the very large polarizationsthat have been observed in the inclusive
production ofΛ hyperons at energies of several hundred GeV. It is hoped thatthe huge mass difference
in theb ands quarks will help elucidate the origin of these unexplained spin effects.

Interest in theαΛb parameter for theΛb stems from the fact that HQET models [9] purport to calculate
this quantity from rather basic principles of PQCD and factorization. We have an interest in comparing
our ultimate measurements of this quantity with these predictions and assessing what constraints they can
provide for these models. We provide below a brief overview of the theoretical basis for the polarization
andαΛb measurements.

2.1 Heavy quark polarization in QCD

In the Standard Model heavy quark production is dominated bygluon−gluon fusion andqq̄ annihilation
processes. A non−zero polarization requires an interference between non−flip and spin−flip helicity
amplitudes for theΛb production, with the latter containing an imaginary part. In QCD this complex part
can only be generated through loop corrections, so that the relevant diagrams for polarized quarks are
O(α4

s ). The polarization expected from all QCD sub−processes (g−g fusion,qq̄ annihilation andq−
q , q−g scattering) have been calculated [10]. The formulae for thepolarization for each one of the four
processes is directly proportional toαs, and it depends just on the ratioxQ = mQ/pQ and the scattering
angleθQ, (all defined in the center of mass frame), and are thus valid for any final−state quarkQ. The
expected polarization in singleb quark production by gluon−gluon fusion andqq̄ annihilation has been
found to be a maximum of 5% for gluon−gluon fusion, and a maximum 10% forqq̄ annihilation. When
these predictions are compared to the observedΛ polarization (due to the s quark polarization) [11], they
are found to be an order of magnitude too small. One might not be surprised if theΛb polarization is, as
well, greater than predicted in QCD.

An important result in [10] is the dependence of the polarization on the quark mass. The heaviest
quark produced is the most polarized, and the maximum polarization is reached aroundxQ ≃ 0.3. Theb
quark polarization is predicted to be an order of magnitude greater than thes quark polarization, which
from Λ polarization measurements has been found to reach values over 20% at 400 GeV [12].

The measurement of theΛb polarization in ATLAS in the exclusive channelΛb → J/ψΛ proposed
here would coverpT (Λb) > 8000 MeV (because of trigger and reconstruction constraints on the trans-
verse momentum of the final−state particles, see Table 2) andxF(Λb) < 0.1. It could make a significant
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contribution to testing different models of production of polarized baryons in this new kinematic region.
An idea that the heavy quark pre−exists in the incoming proton before scattering and becomespo-

larized through a direct scattering from an incoming quark provides another pathway for theΛb to be
polarized. This possibility has been discussed by Neal and Burelo [13]. If polarizations are observed in
inclusiveΛb production that exceed a few percent, such a mechanism should be given careful attention,
since no other existing models can account for such large values.

2.2 Λb → J/ψ(µ+µ−)Λ(pπ−) decay and angular distributions

The proposed study ofΛb polarization would probe not only the production process but also explore the
decay ofΛb. Decay models predict values for various quantities that can be experimentally observed,
thus providing a test of specific HQET/Factorization model [14] assumptions.

Figure 1: The weak decay ofΛb: Λb → J/ψΛ .

The fact thatΛb has a significant lifetime suggests that it decays weakly. The dominant decay process
would involve the emission of aW− boson, as illustrated in Figure 1. The spin and parity of the particles
involved in theΛb → J/ψ(µ+µ−)Λ(pπ−) decay are well known. TheΛb with JP = 1

2
+

decays toΛ with

JP = 1
2
+

andJ/ψ with JP = 1−. The general amplitudes for the decay ofΛb(1
2
+)→ Λ(1

2
+)J/ψ(1−) is

given by:

M = Λ(pΛ) ε∗µ(pJ/ψ )

[
A1γµγ5 + A2

pµ
Λb

mΛb

γ5 + B1γµ + B2

pµ
Λb

mΛb

]
Λb(pΛb

), (1)

which is parameterized by the four complex decay amplitudesA1, A2, B1, B2 and whereεµ is the polar-
ization vector of theJ/ψ .

Given the general amplitude, we may compute the helicity amplitudes. We use helicity amplitudes,
because they have a direct physical relationship to the spinparameters we wish to study. Four helicity
amplitudes are required to describe the decay completely. We will use the notationHλΛ,λJ/ψ

for the
helicity amplitudes of the decayΛb → J/ψ(µ+µ−)Λ(pπ−) , whereλΛ =±1/2 is the helicity ofΛ and
λJ/ψ = +1, 0, -1 is the helicity ofJ/ψ . These four helicity amplitudes:a+ = H1/2,0, a− = H−1/2,0,
b+ = H−1/2,1, b− = H1/2,−1 are normalized to unity:

|a+|2 + |a−|2 + |b+|2 + |b−|2 = 1. (2)

In this notation, theΛb decay asymmetry parameterαΛb is given by [15]:

αΛb =
|a+|2−|a−|2 + |b+|2−|b−|2
|a+|2 + |a−|2 + |b+|2 + |b−|2

. (3)

3
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The helicity amplitudesa+ , a− , b+ , b− are computed directly from the decay amplitudesA1, A2,
B1, B2 according to the following equations:

a+ = 1
mJ/ψ

{√
Q+

[
(mΛb

−mΛ)A1−
Q−

2mΛb

A2

]
+

√
Q−

[
(mΛb

+ mΛ)B1 + Q+
2mΛb

B2

]}
,

a− = 1
mJ/ψ

{
−

√
Q+

[
(mΛb

−mΛ)A1−
Q−

2mΛb

A2

]
+

√
Q−

[
(mΛb

+ mΛ)B1 + Q+
2mΛb

B2

]}
,

b+ =
√

2

(√
Q+ A1∓

√
Q− B1

)
,

b− =−
√

2

(√
Q+ A1∓

√
Q− B1

)
,

(4)

whereQ± = (mΛb ±mΛ)2−m2
J/ψ andmΛb andmΛ are theΛb andΛ masses respectively [16, 17].

The polarization of theΛb can be determined from the angular correlations between theΛb → J/ψΛ
final decay products. TheΛb polarization reveals itself in the asymmetry of the distribution of the angle
θ . This angle is defined as the angle between the normal to the beauty baryon production plane and the
momentum vector of theΛ decay daughter, as seen in theΛb rest frame. The decay angular distribution
can be expressed as:

w∼ 1+ αΛbPcos(θ), (5)

whereαΛb is the decay asymmetry parameter ofΛb andP is theΛb polarization [18].
Using the method described in [17], it can be shown that the full decay angular distribution is:

w(~θ ,~A,P) =
1

(4π)3

i=19

∑
i=0

f1i(~A) f2i(P,αΛ) Fi(~θ ) (6)

where thef1i(~A) are bilinear combinations of the helicity amplitudes and~A = (a+,a−,b+,b−). f2i stands
for PαΛ, P, αΛ, or 1, whereαΛ is Λ decay asymmetry parameter.Fi are orthogonal angular functions
defined in Table 1. TheΛb decay asymmetry parameterαΛb is related to the helicity amplitudes as
defined in Equation 3. The five angles~θ = (θ ,θ1,θ2,ϕ1,ϕ2) (see Figure 2) in this probability density
function (p.d.f.) have the following meanings:

• θ is the angle between the normal to the production plane and the direction of theΛ in the rest
frame of theΛb particle;

• θ1 andφ1 are the polar and azimuthal angles that define the direction of the proton in theΛ rest
frame with respect to the direction of theΛ in theΛb rest frame;

• θ2 andφ2, define the direction ofµ+ in the J/ψ rest frame with respect to the direction of the
J/ψ in theΛb rest frame.

There are nine unknown parameters in Equation 6. They are thepolarizationP and four complex
helicity amplitudes:a+ = |a+|eiα+ , a− = |a−|eiα− , b+ = |b+|eiβ+ , b− = |b−|eiβ− . Using the normalization
condition (see Equation 2) and using the fact that the overall global phase is arbitrary, we can reduce the
number of unknown independent parameters to seven.

3 Monte Carlo samples

In order to determine if it is feasible to detect polarizedΛb’s in the ATLAS experiment and to mea-
sure their polarization, Monte Carlo samples of polarizedΛb particles were generated using the standard
ATLAS software packages. The generation of polarizedΛb particles and the propagation of their polar-
ization in the decay process required a special treatment, and EVTGEN was adapted for this purpose.
The next sections describe how this was implemented in the framework of the ATLAS experiment.
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i f1i f2i Fi
0 a+a∗+ + a−a∗−+ b+b∗+ + b−b∗− 1 1
1 a+a∗+−a−a∗−+ b+b∗+−b−b∗− P cosθ
2 a+a∗+−a−a∗−−b+b∗+ + b−b∗− αΛ cosθ1
3 a+a∗+ + a−a∗−−b+b∗+−b−b∗− PαΛ cosθ cosθ1
4 −a+a∗+−a−a∗−+ 1

2b+b∗+ + 1
2b−b∗− 1 1/2(3cos2θ2−1)

5 −a+a∗+ + a−a∗−+ 1
2b+b∗+− 1

2b−b∗− P 1/2(3cos2 θ2−1) cosθ
6 −a+a∗+ + a−a∗−− 1

2b+b∗+ + 1
2b−b∗− αΛ 1/2(3cos2θ2−1) cosθ1

7 −a+a∗+−a−a∗−− 1
2b+b∗+− 1

2b−b∗− P,αΛ 1/2(3cos2 θ2−1) cosθ cosθ1
8 −3Re(a+a∗−) P,αΛ sinθ sinθ1 sin2θ2 cosϕ1
9 3Im(a+a∗−) PαΛ sinθ sinθ1 sin2 θ2 sinϕ1
10 −3

2Re(b−b∗+) PαΛ sinθ sinθ1 sin2θ2 cos(ϕ1 +2ϕ2)
11 3

2Im(b−b∗+) PαΛ sinθ sinθ1 sin2 θ2 sin(ϕ1 +2ϕ2)
12 − 3√

2
Re(b−a∗+ + a−b∗+) PαΛ sinθ cosθ1 sinθ2 cosθ2 cosϕ2

13 3√
2
Im(b−a∗+ + a−b∗+) PαΛ sinθ cosθ1 sinθ2 cosθ2 sinϕ2

14 − 3√
2
Re(b−a∗−+ a+b∗+) PαΛ cosθ sinθ1 sinθ2 cosθ2 cos(ϕ1 + ϕ2)

15 3√
2
Im(b−a∗−+ a+b∗+) PαΛ cosθ sinθ1 sinθ2 cosθ2 sin(ϕ1 + ϕ2)

16 3√
2
Re(a−b∗+−b−a∗+) P sinθ sinθ2 cosθ2 cosϕ2

17 − 3√
2
Im(a−b∗+−b−a∗+) P sinθ sinθ2 cosθ2 sinϕ2

18 3√
2
Re(b−a∗−−a+b∗+) αΛ sinθ1 sinθ2 cosθ2 cos(ϕ1 + ϕ2)

19 − 3√
2
Im(b−a∗−−a+b∗+) αΛ sinθ1 sinθ2 cosθ2 sin(ϕ1 + ϕ2)

Table 1: The coefficientsf1i, f2i andFi of the probability density function in Equation 6.

Figure 2: Angles describing theΛb → J/ψ(µ+µ−)Λ(pπ−) decay.

3.1 The generation of polarized Λb particles

To generateΛb particles, the PYTHIA 6.4 generator [19] is used. Since PYTHIA does not incorporate
polarization information from the decay ofΛb particles, EVTGEN was used to generate theΛb decay.
EVTGEN provides a general framework for implementation of Bhadron decays using spinor algebra
and decay amplitudes. This framework permits the proper management of spin correlations of very
complicated decay processes. EVTGEN is a Monte Carlo generation package itself, but in this case it is
used only to decay theΛb particles produced by PYTHIA.
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3.1.1 Re−hadronization process and cuts at PYTHIA level

PYTHIA provides mechanisms to produceb quarks, referred to as gluon−gluon fusion,q-q annihilation,
flavor excitation, and gluon splitting. If all these processes are taken into account, beauty quark events
would constitute only 1% of the total number of generated events. In addition, the fraction ofb quarks
hadronizing toΛb is less than 10%. These make the process ofΛb generation computationally slow. To
optimize the generation process, a re−hadronization step of the same event in thebb̄ pairs production is
used. In order to avoid repetition ofΛb events due to the re-hadronization process, aΛb pre−selection
is implemented at this stage to filter on average only one of the re−hadronized copies of the same event.
An additional reason that theΛb generation process is slow is that around 95% of final state particles
(two muons, a proton, and a pion) of the generatedΛb events are outside of theη limits (|η | < 2.5)
of the ATLAS detector. In addition, all events must pass the level−1 trigger of the ATLAS trigger
system and some pre−reconstruction requirements, such as having a minimum reconstructable transverse
momentum. We could not apply these cuts in the PYTHIA step since the kinematics information of
theΛb children is available only at a later stage, when EVTGEN decays theΛb particles. However, by
analyzing thepT andη distributions ofΛb particles before and after cuts (emulating level−1 and level−2
triggers, and requiring|η |< 2.5) on the final state particles, we estimatedpT andη limits, below which
theΛb can not be selected and then applied these cuts in the PYTHIA selection. Figure 3 shows thepT

andη distributions from which thepT (Λb) > 6000 MeV and|η(Λb)|< 3 cuts were selected to filterΛb

particles in PYTHIA.
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Figure 3: Distributions ofpT (left) andη (right) for Λb particles generated using PYTHIA, without
cuts (hollow circle), applyingη cuts only (cross) and applying all cuts (solid circle) from Table 2.

3.1.2 Setting Λb polarization in EVTGEN

To set the polarization ofΛb particles we used the spin density matrix description of EVTGEN. For the
case of spin−1/2 particles likeΛb the density matrix is defined as:

ρ =
1
2
(I +~P ·~σ) (7)

where~P is the polarization vector, and~σ = (σ1,σ2,σ3), whereσi is i-th Pauli matrix. In our case~P is
defined as:

~P = P

(
ẑ×~plab(Λb)
|ẑ×~plab(Λb)|

)
(8)

whereP is the magnitude of the polarization,~plab is the momentum of theΛb in the laboratory frame,
andẑ is thez - axis (along the beam direction) in the ATLAS reference system.
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To decay polarizedΛb we use the HELAMP model of EVTGEN. This model is capable of simu-
lating a generic two body decay with arbitrary spin configuration, taking as input the helicity amplitudes
describing the process. In the case of the decayΛb → J/ψ(µ+µ−)Λ(pπ−) , as it has been shown in the
previous section, there are four complex helicity amplitudes:a+, a−, b+, andb−.

The Λ decay into a proton and a pion has been simulated with the samemodel, using as input
parameters the two helicity amplitudesHλΛ,λp

defined in terms of theΛ helicity λΛ and the protonλp
helicity as

h− = H− 1
2 ,− 1

2
, h+ = H+ 1

2 ,+ 1
2
. (9)

The choice ofh± is constrained by the experimentally well knownΛ→ pπ− asymmetry parameter [20]

αΛ = |h+ |2−|h− |2 = 0.642±0.013. (10)

Finally, the decayJ/ψ → µ+µ− has been described with the EVTGEN VLL (Vector into Lepton Lep-
ton) model [7].

3.1.3 Filtering of Λb → J/ψ(µ+µ−)Λ(pπ−) events

As a last step in the generation process, we apply kinematic cuts on muons, pion and proton to emulate the
fiducial acceptance, level−1 trigger, and pre−reconstruction requirements. These cuts are summarized
in Table 2.

Particles MinimumpT [MeV ] Maximum |η |
Protons andπ ’s 500 2.7
Most energetic muon 4000 2.7
Other muon 2500 2.7

Table 2: Cuts applied at the particle level.

3.2 Monte Carlo samples and input model for Λb decays

As input to the HELAMP class of EVTGEN, the result obtained within the framework of PQCD for-
malism and the factorization theorem [9] has been used to model the Λb decay. From the complex
amplitudes calculated in this model,A1, A2, B1, B2 in Equation 1, the helicity amplitudesa+ , a− , b+ ,
b− are calculated by using Equation 4. This is summarized in Table 3. In this model, theΛb decay
asymmetry parameter, defined in Equation 3, isαΛb = -0.4571.

A1 =−18.676−185.036i a+ =−0.0176−0.4229i
A2 = −7.461−351.242i a− = 0.0867+0.2425i
B1 = 15.818−162.663i b+ =−0.0810−0.2837i
B2 = −4.252+266.653i b− = 0.0296+0.8124i

Table 3: PQCD model amplitudesAi andBi, are given in units of 10−10 and helicity amplitudesa± and
b± are normalized to unity.

By using this decay model as input, two Monte Carlo samples were generated with polarizations
of -25% and -75%. These Monte Carlo samples were generated, simulated, and fully reconstructed by
using the Athena framework [21].

1There is an ERRATA in [9] in the reported value ofαΛb
[14].
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To show how the angular distributions behave, fast Monte Carlo samples (see section 3.3) were
generated using an accepted−rejected method based on the p.d.f. defined in Equation 6. Figure 4 shows
the distributions of the five angles for helicity amplitudesfrom Table 3 and polarizations of 40%, 0%,
-40%.
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Figure 4: Distributions of the five angles characterizing the decayΛb → J/ψ(µ+µ−)Λ(pπ−) for differ-
ent polarization values. Forcos(θ1), cos(θ2), andφ2, all three distributions for the different polarization
values look similar, thus only one polarization case is presented.

3.3 Fast Monte Carlo generation

In order to do fast tests of differentΛb decay models and different polarization values, we need to generate
large Monte Carlo samples. This represents a problem due to the computer time required to produce a
full chain simulated Monte Carlo data. In order to address this problem a fast Monte Carlo generator was
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developed. This generator uses Equation 6 to generate angular distributions for the daughters of theΛb

in theΛb rest frame, and then uses a(p,η) distribution derived from phase space of generated events in
PYTHIA to compute the kinematic variables of the daughter particles in the laboratory frame. Detector
effects are incorporated by usingpT andη cuts on final state particles to mimic di-muon triggers and
pre−reconstruction requirements. Figure 5 illustrates the strong agreement between angular distributions
produced by using PYTHIA and EVTGEN Monte Carlo events and fast Monte Carlo events.
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Figure 5: Comparison of Monte Carlo events (PYTHIA + EVTGEN)with fast Monte Carlo generated
events. Solid dots represent the Monte Carlo events.

4 Λb reconstruction

The reconstruction ofΛb candidates begins with a search for events withJ/ψ candidates. Among these
events we search forΛ→ pπ− candidates, which are then combined with theJ/ψ to reconstruct theΛb.
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4.1 Selection of J/ψ → µ+µ− candidates

We search forJ/ψ candidates which satisfy the following selection criteria:

• The µ+µ− candidates must originate at the same reconstructed vertexand theχ2 of the vertex
must be lower than 20;

• The invariant mass ofµ+µ− candidates M(µ+µ− ) should be within 2800 MeV and 3400 MeV.

The invariant mass distribution ofµ+µ− candidates before applying the invariant mass cuts to select Λb

is shown in Figure 6.
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Figure 6: Invariant mass ofµ+µ− candidates. The dark color represents allJ/ψ candidates after
reconstruction and vertexing requirement. The circles representsJ/ψ candidates when level−1 and
level−2 trigger signature are required.

4.2 Selection of Λ → pπ− candidates

From the previously selected events containing aJ/ψ , Λ candidates are selected by applying the follow-
ing requirements:

• Two opposite charged tracks originating from the same reconstructed vertex.

• The invariant mass of two tracks M(pπ−) should be within 1105 MeV and 1128 MeV range, where
for computing M(pπ−), the track with the highest transverse momentum was assumed to be the
proton, as observed in 100% of the times in Monte Carlo generations, while the other track was
assumed to be a pion.

Many of theΛ particles decay outside of the high−precision part of the Inner Detector, which covers
a radius of about 40 cm from the beam line, and thus are lost in reconstruction. The decay vertex position
of Λ’s in the RZ plane is presented in Figure 8. If theΛ decays outside the 40 cm radius, the number
of reconstructed space points (hits in the pixel or silicon layers) is not sufficient for a successful track
reconstruction. This effect reduces the fraction of reconstructible Λ to around 60%. Figure 7 presents
the invariant mass distribution of thepπ− candidates before the invariant mass cuts have been applied.
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Figure 7: Invariant mass ofpπ− candidates.
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Figure 8: Decay vertex position ofΛ’s in theRZ plane at the generation level (left) and after reconstruc-
tion (right)

.

4.3 Selection of Λb → J/ψ(µ+µ−)Λ(pπ−) candidates

A previous study [22] based on early ATLAS simulation software estimated that the number ofΛb and
Λb events which we expect to collect for the integrated luminosity of 30 fb−1 is 75000. Using the new
fully reconstructed sample we made a new estimation. We usedthe following expression to calculate the
number of events:

N = L σ(Λb)E , (11)

where L is the integrated luminosity,σ(Λb) = 7.4 pb is the cross section ofΛb → J/ψ(µ(pT >
4000 MeV)µ(pT > 2500 MeV))Λ(p(pT > 500 MeV)π(pT > 500 MeV)) , see details of the calculation
in Table 4, andE is an overallΛb acceptance, which includes the level−1 and level−2 acceptance for
Λb → J/ψ(µ+µ−)Λ(pπ−) .

For selecting events withb hadrons at a luminosity below about 1033cm−2s−1, the first level trigger
will require the presence of a muon withpT > 6000 MeV within the trigger geometric acceptance of
|η | < 2.4. The effect of the level−1 trigger threshold on muonpT is not a sharp cut and a fraction of
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σ(pp→ ΛbX) 0.00828113 mb
BR ( Λb → J/ψΛ ) (4.7±2.8)×10−4 [20]
BR ( Λ→ pπ− ) (63.9±0.5)×10−2 [20]
BR ( J/ψ → µ+µ− ) (5.93±0.06)×10−2 [20]
Including cuts 0.05
Overall cross-section 7.4 pb

Table 4: The cross-section calculation ofΛb → J/ψ(µ+µ−)Λ(pπ−) decay.

muons withpT lower than 6000 MeV will be collected. Figure 9 shows the efficiency of the level−1
simulation with nominalpT threshold of 6000 MeV as function ofpT . Around 69% of events with
J/ψ → µ+µ− , where one muon haspT > 4000 MeV and the second muon haspT > 2500 MeV,
passed the level−1 trigger simulation. Therefore a signal dataset withpT less than 6000 MeV has been
chosen to study all possible triggered events with lowpT muons instead of a usual sharp 6000 MeV cut.
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Figure 9: The level−1 trigger simulation efficiency as a function of muonpT , obtained from theΛb

signal sample over the whole detector volume.

Further selections in the high level trigger are based on theRegion of Interest (RoI) identified at
level−1, as follows: a search for a second muon close to the trigger muon is used to select channels
containing two final state muons, for example fromJ/ψ . It is based on expanding the level−1 muon RoI
to find a second muon which was not triggered by level−1. This increases the efficiency of the di−muon
trigger by extending thepT acceptance for the second muon down below 6000 MeV. The size of the
increased RoI is based on the distribution of angular distance in η andφ between two muons decayed
from J/ψ . The Inner Detector tracks which are reconstructed within these RoI, are then extrapolated to
the muon system to find the corresponding hits within the window. The Inner Detector tracks associated
with the muon spectrometer hits can be identified as muons. The level−2 trigger efficiency is found
to be around 78% forΛb → J/ψ(µ(pT > 4000 MeV)µ(pT > 2500 MeV))Λ(p(pT > 500 MeV)π(pT >
500 MeV)) .

We reconstruct theΛb by performing a constrained fit to a common vertex for the two muon tracks
andΛ , with the two muon tracks constrained to theJ/ψ mass of 3097 MeV [20]. The reconstruction ef-
ficiency depends on the cuts which will be applied on all InnerDetector tracks in the reconstruction stage
to reduce the fake rate. The overall efficiency is found to be around 6.1% if thepT threshold is 500 MeV,
see Table 5. Figure 10 shows the invariant mass distributionof Λb candidates. Simulation of the level−1
trigger with level−1 pT thresholds of 6000 MeV and 4000 MeV and level−2 trigger, explained above,
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included in the analysis. We expect to collect around 13500 (13100)Λb → J/ψ(µ+µ−)Λ(pπ−) events
using 4000 MeV (6000 MeV) level−1 muon threshold for the integrated luminosity of about 30 fb−1 .

level−1 trigger: one muon two muons
with pT threshold 4 GeV 6 GeV 4GeV 6GeV
level−2 trigger: TrigDiMuon Topological trigger
J/ψ reconstruction efficiency
including level-1 and 42% 39% 27.5% 10%
level-2 triggers
Λ reconstruction efficiency 15%
Λb overall efficiency 6.1% 5.9% 5.4% 3.5%

Table 5: The overallΛb efficiency depending on the trigger strategy.
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Figure 10: µ+µ− Λ invariant mass distribution. The dark color represents allΛb candidates after
reconstruction and vertexing requirement, and the light color represents the case when a level−1 and
level−2 trigger signature is required in addition. Filled circlesrepresents data after all selection cuts.
The fit is the result of using double Gaussian and Polynomial functions.

We need to acknowledge that there are other inefficiencies that will appear when we analyze the real
data. For example, even if the individual track reconstruction efficiency is as high as 98%, we will have
an overall reduction in event rate of about 10%. Even if such reductions occur, we still expect the final
sample to be sufficient for a meaningful measurement of theΛb polarization.

4.4 Angular distributions and angular resolutions

The reconstruction efficiency modifies the angular distributions used in the polarization determination.
Figure 11 shows how the angular distributions change due to detector acceptance for a Monte Carlo
sample with polarization of -75%.

The angular resolution of the five angles is presented in Figure 12. We used this angular resolution
in the statistical uncertainty study.
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Figure 11: Comparison of fast Monte Carlo events without kinematics and detector acceptance cuts
(open circles) and Monte Carlo events after full detector simulation and reconstruction (solid circles).

4.5 Background

Due to its production rate the main background source for ourΛb reconstruction will be the prompt pro-
duction and decay ofJ/ψ → µ+µ− which are then combined withΛ candidates in the event. However,
the long lifetime of theΛb allows us to reduce significantly this kind of background by applying a life-
time cut. After aΛb lifetime cut (a cut of 200µm on the proper transverse decay length), this background
was found to be negligible and it is not considered in this study.

In order to investigate the different contributions of long−lived background particles not removed by
the lifetime cut mentioned above, we used a inclusiveJ/ψ Monte Carlo sample ofbb̄→ J/ψX requiring
in addition to aJ/ψ , aΛ in each event (bb̄ → J/ψΛX ). This Λ could be produced along with theJ/ψ
from a B hadron decay or just be part of the event, and the invariant mass of theJ/ψ + Λ combination
should be within 5100 - 6100 MeV. Figure 13 shows the invariant mass distributions ofΛb candidates
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Figure 12: Angular resolution from fully simulated Monte Carlo data. The fit is the result of using double
Gaussian distributions.

reconstructed in this Monte Carlo sample. The observed level of background under theΛb signal is of
few percents, and it is considerably reduced after extra cuts like the lifetime cut mentioned above. In
Figure 13 another wider distribution due toΛb → J/ψΣ0(Λγ) is observed very close to ourΛb → J/ψΛ
signal. This is due to the branching ratios of both decays channels being the same as set by default in
PYTHIA. This behavior has not been observed at Tevatron experiments where hundreds ofΛb → J/ψΛ
events are reconstructed. Therefore we expect the branching ratio of theΛb → J/ψΣ0(Λγ) decay to be
considerably smaller than the branching ratio of theΛb → J/ψΛ, and that the resulting background will
be much smaller than shown.
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Figure 13: Invariant mass distribution fromΛb candidates identified inb→ J/ψΛX Monte Carlo sample.
Composition at generation level with smearing from reconstruction (left) and fit to the fully reconstructed
events (right) after vertexing requirement are shown.

5 Extracting Λb polarization and decay parameters

5.1 Fitting method

5.1.1 Likelihood function

To extract polarization and decay amplitudes we performed an un−binned maximum likelihood fit to the
angular distributions. The log−likelihood functionL is defined by:

L =−2
N

∑
j=1

log(wobs(~θ ′
,~A,P)), (12)

where

wobs(~θ ′ ,~A,P) =
∫

w(~θ ′ ,~A,P)T (~θ , ~θ ′)d~θ
∫ ∫

w(~θ ′
,~A,P)T (~θ , ~θ ′)d~θd~θ ′

. (13)

w(~θ ′ ,~A,P) is the p.d.f defined in Equation 6,~θ ′ are the measured angles,~θ are angles without detector

effects, andT (~θ , ~θ ′) is defined as

T (~θ , ~θ ′) = ε(~θ)R(~θ , ~θ ′), (14)

whereε(~θ ) is the efficiency function andR(~θ , ~θ ′) is the resolution function.
In the ideal case the resolution function is:

R(~θ , ~θ ′) = δ (~θ − ~θ ′), (15)

then we have

wobs(~θ ′
,~A,P) =

w(~θ ′ ,~A,P)ε(~θ ′)

∑i=19
i=0 f1i(~A) f2i(PαΛ)Fi

, (16)

whereFi =
∫

Fi(~θ )ε(~θ)d~θ are the acceptance corrections values, which have to be calculated in advance
to perform the fit.

The final log−likelihood may be re−written as a sum of two terms:

L =−2
N

∑
j=1

[log(
w(~θ ′ ,~A,P)

∑i=19
i=0 f1i(~A) f2i(PαΛ)Fi

)+ log(ε(~θ ′))]. (17)
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Since the second term does not depend on the parameters we want to measure, the main challenge is to
find the acceptance function.

5.1.2 Detector acceptance corrections

The acceptance corrections integralFi =
∫

Fi(~θ )ε(~θ )d~θ can be approximated by the following form,
using the Monte Carlo integration techniques

Fi ≈
1

Ngen

j=Nacc

∑
j=0

Fi(~θ )

G(~θ )
, (18)

whereNgen is the number of generated events,Nacc is the number of accepted events after the simulation
of the fiducial acceptance andpT cut andG is the p.d.f which has been used to generate theθ .

If the generation of the events is done using certain p.d.f (w), the acceptance can be calculated by the
simple expression:

Fi ≈
1

Ngen

j=Nacc

∑
j=0

Fi(~θ )

w(~θ ,~A,P)
. (19)

We used this expression to calculate the acceptance in the case whenw is the p.d.f from Equation 6.
This method can be used under the assumption that the acceptance does not depend on the measured

parameters, and that the angular resolutions are close enough to the ideal resolutions. In order to check
the first assumption we plotted the ratio

∫
w(~θ ,~A,P)ε(~θ ,~A,P)d~θ

∫
w(~θ ,~A,P)ε(~θ ,~A,P = 0)d~θ

(20)

for the different polarization values (see Figure 14). No significant dependence of the acceptance on the
polarization is observed in this test.
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Figure 14: Ratio defined in Equation 20 as a function of polarization.

The angular resolutions are shown in Figure 12. To test the effect of these resolutions, Monte Carlo
fits were performed including a smearing of the data based on the Gaussian fits in Figure 12. Fit results
with and without smearing are consistent within the statistical uncertainty. Figure 15 shows, as an ex-
ample, a comparison of fit results for a sample of 2000 events with polarization of -75% when fits are
performed on the sample of generated Monte Carlo events.
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Figure 15: Comparison of fit outputs from generation level Monte Carlo with and without Gaussian
smearing due to finite angular resolution. Error bars are statistical uncertainties from the fit with Gaussian
smearing included.

5.2 Fits to fully simulated Monte Carlo data

In order to extract polarization and decay parameters from the Monte Carlo data samples, finalΛb se-
lection cuts were applied. A proper transverse decay lengthgreater than 200µm is required to remove
contamination from prompt producedJ/ψ events. The proper transverse decay length for theΛb candi-
date is given by:

λ =
Lxy

(βγ)Λb
T

= Lxy
cMΛb

pT
, (21)

where(βγ)Λb
T andMΛb are the transverse boost and the mass of theΛb, andLxy is a transverse decay

length. The transverse decay length is defined asLxy = LLLxy · pppT /pT whereLLLxy is the vector that points
from the primary vertex to theΛb decay vertex andpppT is the transverse momentum vector of theΛb. A
minimum pT of 500 MeV is required for any track used in theΛb reconstruction. In addition, apT >
4000 MeV is required for the muon with largerpT , andpT > 2500 MeV for the second muon. These
cuts reduce theΛb sample by 21%, mainly due to the lifetime cut.

Table 6 shows the results of performing a likelihood fit to ourfully simulated Monte Carlo data, for
a sample of 2000Λb events, corresponding to around 5 fb−1 of collected data. Figure 16 shows the
difference between the input values in Monte Carlo and the extracted values of polarization and decay
parameters by the likelihood fit. We used as fitting parameters: |a+|, |a−|, |b+|, α+ − β−, α−− β−,
β+−β−, and the polarizationP.

Detector acceptance corrections in Equation 19 were computed separately from the two Monte Carlo
samples with different polarizations which are used in thisstudy. Corrections computed in the Monte
Carlo sample of -75% polarization were used in the fit of the Monte Carlo sample of -25% polarization,
and vice versa. Due to the limited statistics in the Monte Carlo samples used to calculate the acceptance
corrections defined in Equation 19, a bagging (from bootstrap aggregating) technique [23] was used to
generate multiple samples in order to avoid the effect of statistical fluctuations. This technique consists
of generating replicates of a data set by selecting at randomevents from the original data set allowing
repetition of events. We generated 1000 bootstrap replicates of the fully simulated Monte Carlo data
sample. TheFi factors (Equation 19) were computed from each generated data sample and the average
was taken as the value for each of the twentyFi correction factors. Systematic uncertainty due to the
width of the correction factors distributions in these 1000generated data sets was estimated by repeating
the fit to fully simulated Monte Carlo using theFi values from the each of the generated samples, and
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Parameter Value± Uncertainty Value± Uncertainty Value
(Polarization = -25%) (Polarization = -75%) (Input at generation level)

Polarization -0.213± 0.069 -0.882± 0.064 -0.25/-0.75
|a+| 0.461± 0.051 0.413± 0.023 0.429
|a−| 0.289± 0.058 0.161± 0.035 0.260
|b+| 0.259± 0.071 0.370± 0.027 0.295

α+−β− -0.991± 0.640 -2.050± 0.134 -1.612
α−−β− 0.856± 0.364 0.681± 0.342 1.231
β+−β− -1.442± 0.666 -2.624± 0.187 -1.849

Table 6: Fit results from fully simulated and reconstructedMonte Carlo events with input polarization of
-25% and -75%.

assigning the width of the distribution of fitted parametersas a systematic uncertainty. This systematic
error (also shown in Figure 16) can be reduced with more MonteCarlo statistics for theFi calculation.
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Figure 16: Comparison of fit results for polarization of -25%(left) and -75% (right) with respect to input
values from Monte Carlo generation. The statistical and systematic uncertainties are included.

5.3 Estimate of statistical uncertainties

To estimate statistical uncertainties as a function of polarization, we used a fast Monte Carlo probabilistic
approach to generate polarizedΛb particles. The fast Monte Carlo includes angular resolution from the
fully reconstructed samples and detector acceptance simulation. We generated a large number of samples
with different values of polarization. A maximum likelihood fit was used to extract the decay parameters
and the polarization. Detector acceptance corrections were calculated from high statistics fast Monte
Carlo data simulated without polarization. Figure 17 presents the expected statistical uncertainty in the
polarizationP and inαΛb as a function of the polarization value for the integrated luminosity of 30 fb−1

. The study was done forαΛb = -0.457 with the same input model as used in fully simulated Monte
Carlo. In Figure 17 also the correlation betweenαΛb andP is shown as a function of polarization. The
correlation values were extracted from the Maximum Likelihood fit results.
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In our study we used specific set of decay amplitudes, presented in Table 3, to demonstrate our ability
to extract these parameters. To insure that the success of our analysis techniques did not depend on the
amplitudes chosen, we conducted a fast Monte Carlo study using a different model withαΛb = 0.1 [24]
to test our procedure in a case of smallerαΛb value. We found that it is possible to satisfactorily extract
αΛb and the polarization even with such a change in the amplitudevalues.
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Figure 17: Expected statistical uncertainty on polarization (top) and onαΛb (center) as a function of the
polarizationP. Bottom plot shows the expected correlation betweenαΛb and the polarizationP. All
plots show results from the fast Monte Carlo study, obtainedfor the expected number ofΛb events in
data sample of 30 fb−1 .

6 Results and conclusions

In this note we have presented the results from a series of studies to determine if polarizedΛb baryons
can be reconstructed in ATLAS and have their polarization and αΛb parameter measured. Our results
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indicate that the answer is affirmative.Λb events should be identifiable through the reconstruction of
their four charged final state particles, and the angles between these particles can be measured with suf-
ficient accuracy to determine the parent’s polarization. With trigger constraints and detector cuts fully
specified, our more complete analysis suggests that the number of events we should expect after 30 fb−1

of data will only be 13,000, compared to the 37,500 noted in the ATLAS-TDR [22]. Different additional
detector and background effects, which are difficult to model at the current level of detector description,
can further reduce the signal sensitivity. These effects could include the detector and trigger inefficiency,
misalignment, pile-up events and increased combinatorialbackground due to e.g. the fake tracks. Never-
theless, even with a reduction of 50%, a polarization measurement with a statistical uncertainty of several
percent should be possible in a regime where polarization islarger than 25% as experimentally measured
at lower energies. Efforts will continue to develop algorithms to improve the various reconstruction and
trigger efficiencies and in consequence providing an enhanced yield of reconstructed particles in data
samples.

We note that almost all models predict that theΛb polarization at the LHC at small Feynmanx should
be vanishingly small. Measurement of a significant polarization would have to be regarded as a signal of
an unexplained effect, either from the domain of existing physics, or of new physics altogether.

We further note that the development ofΛb polarimetry as a tool for studying spin effects at the LHC
could be important. For example, members for the SUSY community are quite interested in knowing
what fraction of theb quark polarization ends up in the polarization of aΛb, since this could provide a
way to test ifb quark SUSY partners have the correct handedness. Only a few hundredΛb decays would
be required to, for example, determine if its polarization were 100% or -100%. Challenges clearly exist,
however, in determining the polarization transfer fraction, which requires a source ofb’s such as from
Z → bb̄, and in dealing with the fact that only 10−5 of b’s generate decay into theΛb channel we have
described here. Our work on this topic will continue.

Other related studies that should continue include mechanisms for comparing theαΛb parameters
from Λb and its antiparticle as a test of CP. We will accumulate data on both. If CP is conserved, the two
parameters should be equal in magnitude but opposite in sign. While the precision of this test will not be
high, and while models predict that any CP violation would besmall in this sector, nevertheless, such a
test would be unique in this domain and should be made.

Finally, as noted in Section 1, the lifetime of theΛb remains a topic of significant interest. Such a
measurement will be a natural by-product of our efforts to extract theΛb spin parameters.
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Study of the Rare Decay B0
s → µ+µ−

Abstract
We investigate the feasibility of measuring of the rare decay B0

s → µ+µ− in
ATLAS. The contribution of inclusive and of the most important non–combinatorial
background is studied.

1 Introduction

The rare decays,B0
s → ℓ+ℓ− with ℓ± = e±,µ±, or τ±, are mediated by flavour-changing neutral currents

that are forbidden in the Standard Model at tree level. The lowest-order contributions in the Standard
Model involve weak penguin loops and weak box diagrams that are CKM suppressed. Examples of the
lowest-order diagrams are shown in Figure 1. Since theB0

s meson is a pseudoscalar that has positive C
parity and the transition proceeds in anℓ = 0 state, the electromagnetic penguin loop is forbidden. The
two leptons are either both right-handed or both left-handed leading to additional helicity suppression.
Thus, branching fractions expected in the Standard Model are tiny.

s
t

b̄

W−

W +
Z0 µ+

µ− s
t

b̄ W +

W−

µ+

ν
µ−

Figure 1: Lowest order Standard Model contributions toB0
s → µ+µ−.

The early searches for rareB meson decays started with radiative penguin decays, first observed by
CLEO in 1993, where they presented evidence for the exclusive decayB → K∗γ and for the inclusive
decayB→ Xsγ a year later [1,2].

TheB factory experiments, BaBar and Belle, have measured these decay modes with more precision.
The present world average for the inclusive mode isB(B → Xsγ) = (3.55± 0.26)× 10−4 [3]. BaBar
and Belle also observed the decaysB→ K(∗)ℓ+ℓ− and B→ Xsℓ

+ℓ− that are two orders of magnitude
smaller thanB→ Xsγ [4,5]. The decayB0

s → µ+µ− is expected to be further reduced by three orders of
magnitude.

In extensions of the Standard Model, theB0
s → µ+µ− branching fraction may be enhanced by

several orders of magnitude. Thus, several experiments have searched for these decays. The largestB0
s

samples have been collected by CDF and D0 corresponding to a luminosity of 2 fb−1 but no signal has
been observed. The lowest branching fraction upper limit was set recently by CDF yieldingB(B0

s →
µ+µ−) < 5.8×10−8@95% confidence level [6]. This is still about an order of magnitude higher than
the Standard Model prediction. As ATLAS has an elaborate muon system extended over a large region of
the solid angle, the dimuon final state is expected to be reconstructed with high efficiency and good mass
resolution. Thus, there are good prospects for observing this decay in the dimuon channel and measuring
its branching fraction with reasonable precision.

2 Theoretical description

The Standard Model amplitude for the processBs,d → ℓ+ℓ− is calculated from the effective Hamiltonian

Heff =−GF√
2

α
π sin2 θW

V ∗
tbVtq(C10(µ)O10(µ)+CS(µ)OS(µ)+CP(µ)OP(µ))+ h.c., (1)
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whereCi(µ) are Wilson coefficients that present the perturbatively calculable short-distance effects and
Oi(µ) are local operators that describe the non-perturbative long-distance effects of the transition. The
scale parameterµ is of the order of theb-quark mass (∼ 5 GeV), θW is the weak mixing angle,α is
the electromagnetic coupling constant andV ∗

tbVtq are CKM matrix elements fort → b andt → q = s,d
transitions, respectively.

The dominant contribution results from the axial-vector operatorO10, [7]:

O10 = (b̄LγµqL)(ℓ̄γµγ5ℓ). (2)

The Wilson coefficientC10 has been determined in the next-to-leading order (NLO) of QCD. The NLO
corrections are in the percent range and higher-order corrections are not relevant [8]. In NLO an excellent
approximation in terms of theMS mass of the top quark, ¯mt , is given by:

C10(m̄t) = 0.9636

[
80.4 GeV

MW

m̄t

164 GeV

]1.52

. (3)

The measurements of the top quark mass at the Tevatron,mpole
t = 171.4±2.1 GeV [9], yield anMS mass

of m̄t = 163.8±2.0 GeV and the world average of the W-boson mass ismW = 80.403±0.029 GeV. The
accuracy of this approximation is 5×10−4 for masses of 149 GeV< m̄t < 179 GeV.

The other two operators represent scalar and pseudoscalar couplings to the leptons:

OS = mb(b̄RqL)(ℓ̄ℓ),OP = mb(b̄RqL)(ℓ̄γ5ℓ). (4)

The Wilson coefficients,CS andCP, are determined from penguin diagrams that involve the Higgs boson
or the neutral Goldstone boson, respectively. Although they are not helicity suppressed, their contribu-
tions are tiny in the Standard Model and they may be safely neglected in Standard Model calculations.

TheBq → µ+µ− branching fractions including the scalar and pseudoscalarcontributions are given
by:

B(B0
q → µ+µ−) =

G2
Fα2

64π3 sin4θW
|V ∗

tbVtq|2τBqM3
Bq

f 2
Bq

√√√√1−
4m2

µ

M2
Bq

×
[(

1−
4m2

µ

M2
Bq

)
M2

Bq
C2

S +
(

MBqCP−
2mµ

MBq

C10

)2
]

,

(5)

whereMBq, τBq, and fBq respectively are mass, lifetime and decay constants of theBq meson. The decay
constant is determined in different models, including quark models, QCD sum rules and unquenched
lattice theory. The accuracy is presently of the order of 10− 15%. Evaluatingα at the Z-mass scale,
α(MZ) = 1/128, the following predictions were made for theBq → µ+µ− branchings fractions in the
Standard Model [8]:

Br(B0
s → µ+µ−) = (3.86± 0.15) ×

τB0
s

1.527ps
|V ∗

tsVtb|2
1.7× 10−3

fBs

240MeV
× 10−9, (6)

Br(B0
d → µ+µ−) = (1.06± 0.04) ×

τB0
d

1.527ps

∣∣V ∗
tdVtb

∣∣2

6.7× 10−5

fBd

200MeV
× 10−10.

In extensions of the Standard Model, such as supersymmetry (SUSY), Higgs doublet models or
models with extra gauge bosons, scalar-current, pseudoscalar-current or axial-vector current interactions
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may arise with new particles in the loop. This yields new contributions in the Wilson coefficientsC10,CS,
andCP. Since the scalar and pseudoscalar operators are not helicity suppressed, they may give rise
to a large enhancement of the branching fraction. Furthermore, the contribution of the pseudoscalar
operator may produce destructive or constructive interference with the axial vector operator. Thus, new
physics may increase or decrease the branching fraction with respect to the Standard Model value. For
example, in the minimal supersymmetric Standard Model (MSSM), theB0

s → µ+µ− branching fractions
are proportional to tan6(β ) 1. The branching fraction ofBd → µ+µ− is expected to be a factor of 40
lower than that forBs → µ+µ−, hence, the latter is the focus of this note.

3 ATLAS strategy for B0
s → µ+µ− study

Measurements of the properties ofB decays with such extremely low branching fractions in ATLAS
is possible namely due to the large beauty cross-section andluminosity of the LHC machine. Thus at
luminosity 1033 cm−2 s−1 1012 B hadron pairs will be produced each year. It is expected that ATLAS
will record 108 events withB decays each year by usingB-physics triggers [10]. Triggers dedicated to
rare dimuonB0

s → µ+µ− decays will be described in the Section 4.2 of this document.
Since the branching fraction is so small in the Standard Model, semileptonicB decays and even some

rareB decays may yield substantial backgrounds. The key issue forB0
s → µ+µ− discovery at the LHC

is the suppression of the backgrounds. The ATLAS strategy for observingB0
s → µ+µ− is as follows.

The first step is to trigger on events containing aB0
s → µ+µ− candidate using dedicated trigger

algorithms which are described in this document. In the offline analysis the selections will be refined to
reduce backgrounds. To achieve final separation of signal from background we will employ statistical
methods based on several variables. Both parts of the offlineselection are described in this paper.

Once recorded data are available, the background in the signal region will be estimated using side-
bands in the distribution of the muon pair invariant mass. Inthe current study the background was
estimated using simulated events. Two categories of backgrounds were simulated: the so called com-
binatorial background frombb̄ pairs producing two muons in the final state; and the exclusive back-
grounds, coming from two-body hadronicB decays and from the processB0

s → K−µ+ν . The exclusive
backgrounds contribute to the signal region and the lower mass sideband only. They do not occur in the
higher mass sideband, so their contribution to the signal isestimated separately.

After the number of background events in the signal region has been determined, the number of signal
eventsNB can be determined from a comparison of the total number of events found in the signal region,
and the estimated background. For low statistics an upper limit on NB corresponding to certain confi-
dence level is determined using appropriate statistical methods. OnceNB is determined theB0

s → µ+µ−

branching fraction,B(B0
s → µ+µ−), can be calculated using a relative normalisation to the reference

channelB+ → J/ψ(µ+µ−)K+.
This document presents a Monte Carlo simulation study whichfollows the strategy described above.

We start from the trigger level in Section 4.2. This is followed by the offline analysis, optimisation
of discriminating variables and finally the determination of background and signal contribution in the
signal regions, in Section 4.4. Systematic uncertainties are analysed in Section 5, followed by the start-
up strategy in Section 6.

It should be stressed that due to large uncertainty in the predictions of thebb̄ production cross-section
at the LHC energy this paper cannot derive a precise sensitivity to B(B0

s → µ+µ−) at ATLAS but rather
to show the ATLAS potential for this study and its discovery capability under some assumptions.

1tan(β ) is the ratio of vacuum expectation values for charged and neutral Higgs bosons.

3

B-PHYSICS – STUDY OF THE RARE DECAY B0
s → µ+µ−

118

1156



4 Monte Carlo study

4.1 Simulation and event selection

The Monte Carlo simulation samples used in the analysis havebeen generated as part of the central AT-
LAS Monte Carlo data production runs, and details of this simulation have been given in the introduction
to this chapter.

The list of generated signal and background events is given in Table 1. To ensure that most of the

Process # Events

B0
s → µ+µ− 47.5k

bb̄ → µ+µ−X 146.5k
B0

s → K−π+ 50k
B0

s → K−µ+ν 50k

Table 1: List of processes and number of events analysed

generated dimuon events passed the trigger, only events containing two muons withpT larger than 6
GeV and 4 GeV, were retained for detector simulation. For thesignal channelB0

s → µ+µ−, multiply-
ing the cross-section reported by PYTHIA with the branchingratio 3.42×10−9 gave a cross-section of
15 fb. 47.5k events have been generated and passed through the full detector simulation and reconstruc-
tion. Simulation of pileup has not been available, thus it was not simulated for either the signal or the
background events.

The sample of dominant background process events,bb̄ decaying semileptonically giving two muons
in the final state, were simulated with the same versions of the software, and with the same kinematic
cuts as for the signal. The PYTHIA cross-section for such a sample is estimated to be 110 nb and a total
of 146.5k background events that passed the reconstructionstage were used in the physics analysis.

In addition to the combinatorial background, there are several B backgrounds that may contribute to
the signal region. These include two and three body decays where two of the final state particles areK±,
π± or µ±. Although the rate for misidentification of kaons or pions asmuons, due to punchthrough or
decay in flight, is only of the order 0.5%, the smallB(B0

s → µ+µ−) requires investigation of the other
rareB decays. The decay modes which we consider to be most important are summarised in Table 2.

process branching fraction Ref.

B0 → K+π− (1.82±0.08)×10−5 [11]
B0 → π+π− (4.6±0.4)×10−6 [11]
B0 → K+K− < 3.7×10−7@90%CL [11]
B0

s → π+π− < 1.7×10−4@90%CL [11]
B0

s → π+K− < 2.1×10−4@90%CL [11]
B0

s → K+K− < 5.9×10−5@90%CL [11]
B0

s → K−µ+ν ∼ 1.36×10−4 * 2

B0 → π−µ+ν (1.36±0.15)×10−4 [11]

Table 2:B meson decays contributing to the non-combinatorial background

2An estimation based on isospin symmetry and the measurementof B0 → π−µ+ν.
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We have studied one of the two-body and one of the three-body decays with full simulation, namely
B0

s → K−π+ and B0
s → K−µ+ν . Contributions from the other channels were estimated to besimilar

or smaller. To enable the production of a sizable event sample with decay in flight, a special GEANT
simulation option which forces kaons and pions from selected B mesons to decay in the inner detector
volume was developed [12].The position of the decay is randomly selected from a uniform distribution
between the origin and the exit point from the inner detector.

4.2 Trigger strategy

We describe trigger methods for selection of theB0
s → µ+µ− channel developed by theB trigger group

as part of the project presented in this document. The full description of the ATLAS B-physics triggers
is given in the introduction to the B-physics chapter [10]. The first level trigger (L1) performance for
dimuon channels can be found in [13] and details of the secondlevel (L2) dimuon trigger implementation
in [12].

At the LHC start-up, the luminosity level is expected to be oforder 1031cm−2s−1 and apT threshold
as low as 4 GeV can be used at L1. The dimuon rate after L1 is expected to be only a few Hz. This
admits the possibility of applying L2 track reconstructionin the full volume of the inner detector. This
detailed approach allows the study of dimuon background features to understand of their composition.
With the subsequent rise of luminosity the L1pT threshold will increase to 6 GeV. The dimuon rate
after L1 is expected to rise to about 360 Hz atL = 1033cm−2s−1 and the L2 track reconstruction in the
full volume of inner detector will be replaced by the Region of Interest (RoI) guided mode, documented
in [12].

The simulation of the trigger in the current study is performed by applying the strategies for lumi-
nosity L = 1033cm−2s−1. At L1 the threshold ofpT > 6 GeV has been applied and events containing
two L1 muon signatures are analysed further using the L2 topological dimuon trigger algorithm with a
threshold ofpT > 6 GeV. Following the RoI defined at L1, the muon candidates arereconstructed in
the muon spectrometer, then matched to the tracks reconstructed in the inner detector (inside the RoI)
and combined into one track. The invariant mass of two opposite sign muons is required to be less than
7 GeV. These muons should also be successfully fitted to a common vertex. Only loose selection cri-
teria are used at this step (χ2 < 10). Implementation of the third level trigger, the event filter (EF), is
not finalised yet and the offline reconstruction efficiency isused to estimate the EF efficiency (the same
reconstruction algorithms are supposed to be used at EF).

Results on the L1 and L2 efficiencies as well as an estimated EFefficiency for signalB0
s → µ+µ− are

given in Table 3. The L1 efficiency is defined as the ratio of theB0
s → µ+µ− events passing the L1 trigger

and the input events generated withpT > 6 GeV and|η | < 2.5 for both muons from theB0
s → µ+µ−

decay. The L2 efficiency is defined as the fraction of events accepted by L1 satisfying the above L2
reconstruction and selection cuts. The efficiency of the event filter is estimated as the fraction of events
that both satisfy L2 and also are successfully reconstructed at EF. These values of the efficiency have
been used in the subsequent analysis.

Various types of trigger algorithms and trigger thresholdswill be used in the real experiment depend-
ing on the luminosity achieved, dedicated computing resources available for the online event processing
and the actual beauty yield at LHC energies.

Table 3: Trigger efficiency of signalB0
s → µ+µ−. The methods of calculating efficiencies at L1, L2 and

EF levels are given in the relevant place in the text.

L1*L2 efficiency EF w.r.t L2 Overall trigger eff.
0.52 0.88 0.46
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4.3 Event reconstruction and analysis.

Muon reconstruction quality is of high importance for theB0
s → µ+µ− channel. The muon candidates

produced by the STACO [14] method were used. This method combines the independently reconstructed
inner detector and muon spectrometer tracks. Figure 2 showsthe muon reconstruction efficiency as a
function of a true muonpT . The efficiency is defined as the number of muon candidates reconstructed and
matched to the Monte Carlo particle tracks in the corresponding pT bin divided by number of generated
muons. ThepT spectrum of generated muons is superimposed on the efficiency plot.
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Figure 2: Muon offline reconstruction efficiency as a function of pT . The superimposed histogram -pT

spectrum of muons in the signal events (right scale).

For the physics analysis, we select events containing identified muon pairs with opposite charges.
Aside of the kinematic cuts (pµ1(µ2)

T > 6(4) GeV and|ηµ1,µ2| < 2.5) no additional cuts have have been
applied. These two muons then constitute aB meson candidate. The VKalVrt vertexing package [15] is
used to fit tracks into a vertex. We require the vertex qualityto haveχ2 < 10. The momentum resolution
is important as a narrow mass search window reduces the background contribution. Figure 3 shows
the dimuon mass distribution for the cases when both muons are in the barrel region (|ηµ1,µ2| < 1.1) or
in the end-cap (|ηµ1,µ2| > 1.1). The Gaussian fit (using bins with contents> 10% of maximum) gives
σ = 70 MeV for the barrel andσ = 124 MeV for the end-cap. We used 90 MeV as an estimate of the
invariant mass resolution for the signal events.

In this document we present a cut-based method for signal extraction and background rejection. For
the future, we are investigating another method using a boosted decision tree [16].

In the cut based analysis a set of discriminating variables is chosen and using the signal and back-
ground simulated events the optimal set of cuts is determined. The signal events are identified by re-
quiring that the dimuon invariant mass is consistent with the mass ofBs meson. To reduce background
events where two muons originate from different sources (e.g. independent semileptonic decays ofb and
b̄ quarks), the following discriminating variables were chosen (values used in the final analysis are given
in parentheses):

• Transverse decay length of theBs candidateLxy (Lxy >0.5 mm )
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Figure 3: ReconstructedBs mass in barrel - when both muons have|η | < 1.1(left) and in the end-cap -
both muons have|η |> 1.1 (right)

• The pointing angleα between the dimuon pair summary momentum and the direction of the decay
vertex as seen from the primary vertex (α <0.017 rad )

• Isolation Iµµ = pµµ
T /(pµµ

T + Σi pi
T (∆R < 1)) , where the sum is over all tracks withpT > 1 GeV

(excluding the muon pairs) within a cone of∆R < 1, where∆R =
√

(∆η)2+(∆φ)2 and∆η and
∆φ are the pseudorapidity and azimuthal angle of tracki with respect to the momentum vector of
the muon pair (Iµµ > 0.9 ).

• An asymmetric search window forMµµ ,∈ [MB0
s
−σ ,MB0

s
+2σ ], is used to avoid a possible contri-

bution fromB0
d → µ+µ− decay.

Figures 4, 5 and 6 show distributions of discriminating variables for signal and background events.
Due to the low Monte Carlo statistics, it is not feasible to perform a cut analysis as in a real experiment
(i.e. applying all cuts simultaneously) since this will leave no events for the analysis. However, some
of the discriminating variables show no (or small) correlations between each other. This allows the
estimation of the rejection power of such variables separately. Then the product of all efficiencies can
provide a reasonable estimate of the total rejection. Table4 shows a correlation matrix for the variables
used in this study. The correlation between the pointing angle α and the transverse decay lengthLxy is
higher than among other variables so the pointing angle and the transverse decay length are examined
simultaneously to take their correlation into account. Thesystematic uncertainty due to this correlation
is estimated as +50%.

Figure 7 illustrates the rejection power of each cut. One cutis applied at a time to the combinato-
rial background events and to theB0

s → K−µν andB0
s → K−π+ events where one or two hadrons are

misidentified as a muon. The combinatorial background is effectively suppressed by these cuts while the
non-combinatorial events are less well rejected.

Table 5 summarizes the output of this cut-based analysis. For the bb̄ → µµX background in the
left column the efficiencies are given separately for each cut, whilst in the right column the combined
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Figure 4: Transverse decay length of reconstructedB0
s candidates. The signal is shown as closed circles,

background as opened circles. Distributions are normalised to 1. The vertical line indicates the lowest
transverse decay length allowed for selected events.
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Figure 5: Distribution of isolation variableIµµ for the reconstructedB0
s candidates. The signal is shown

as closed circles, background as opened circles. Distributions are normalised to 1. The vertical line
indicates the lowest values of variableIµµ allowed for selected events.
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Figure 6: Distribution of pointing angleα for the reconstructedB0
s candidates. The signal is shown as

closed circles, background as opened circles. Distributions is normalised to 1. The vertical line indicates
the highest values ofα allowed for selected events.

Mµµ Iµµ α Lxy

Mµµ 1 -0.09 0.04 -0.03
Iµµ 1 -0.07 -0.03
α 1 -0.17

Lxy 1

Table 4: The linear correlation coefficients among the discriminating variables for background events.
The statistical uncertainty is about±0.05 for each coefficient.
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efficiency is given for the cuts on the pointing angle and on the transverse decay length. As one can see
the total rejection is largely overestimated if all cuts aretreated separately, so the combined value is used
to estimate a total yield of background events. The contribution from B0

s → K−µν andB0
s → K−π+ is

found to be negligible comparing to the combinatorial background contribution. The errors quoted for
the efficiencies are statistical only, so they represent only the size of the available Monte Carlo sample,
but not the expected accuracy of the experiment where the initial number of background events will be
much higher. More details on uncertainties will be given in Section 5.

Figure 8 shows the dimuon mass distribution for signal and background events after all selection cuts
have been applied. For the combinatorial background, the contribution for the left and right side of the
signal region is estimated in the same way as for the signal region (Table 5).
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Figure 7: The Monte Carlo di-muon mass distributions for signal B0
s → µ+µ− (histogram), combinato-

rial background (closed circles) and non-combinatorial background (open circles and triangles) for (a)
preselected events, (b) after cuts on transverse decay length, (c) pointing angle and (d) isolation. The
number of events has been scaled to 10 fb−1 of integrated luminosity.
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Figure 8: Dimuon mass distribution for surviving events after applying all three cuts. The signal is
shown as histogram, combinatorial background by closed circles and non-combinatorial backgrounds
by opened circles and triangles. The combinatorial background is estimated assuming a factorisation of
applied cuts. Statistics are given for an integrated luminosity 10 fb−1.

Table 5: Selection efficiencies and number of signal and background events for integrated luminosity
of 10 fb−1. Preselection criteria used: 4 GeV< M(µµ) < 7.3 GeV , vertex fitχ2 < 10 , transverse
decay lengthLxy < 20 mm. Numbers of expected events are computed according to the Standard Model
expectation. In the left column for thebb̄ → µµX background the efficiencies are given separately for
each cut, in the right column the combined efficiency is givenfor the cuts on the pointing angle and on
the transverse decay length.

Selection cut B0
s → µ+µ− efficiency bb̄ → µ+µ−X efficiency

Iµµ > 0.9 0.24 (2.6±0.3) ·10−2

Lxy > 0.5mm 0.26 (1.4±0.1) ·10−2
(1.0±0.7) ·10−3

α < 0.017 rad 0.23 (8.5±0.2) ·10−3

Mass in[−σ ,2σ ] 0.76 0.079

TOTAL 0.04 0.24·10−6 (2.0±1.4) ·10−6

Events yield 5.7 14+13
−10

5 Systematic uncertainties

There are several sources of uncertainty in this analysis. Some of them are relevant only for the Monte
Carlo study, whilst others should be taken into account withthe real data analysis as well.

In this presented analysis, the expected number of signal and background events is estimated by
counting directly instead of the normalisation procedure described in Section 3, which is supposed to
be used in a real experiment. Consequently the dimuon trigger and reconstruction efficiencies, and
acceptance, are not canceled by those from the reference channel and must explicitly be taken into
account. Using the methods developed by ATLAS [12] this systematic uncertainly is estimated to be of
about few percent.

There is a theoretical uncertainty of a factor of two in the b-production cross-section at LHC energies,
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which clearly affects the Monte Carlo predictions. Consequently all numbers of events from Table 5 scale
accordingly.

The difference between the real and simulated kinematic properties of detected particles (e.g., due
to not fully accounting for misalignment or material effects) can also introduce a bias in our predictions.
However Figure 2 shows that the most of muons fromB0

s → µ+µ− have apT in the region of the
efficiency plateau so the possible deformation ofpT (as well asη) spectra could change the resulting
efficiency by not more than a few percent. The uncertainty from the cuts factorisation hypothesis is
assumed to be approximately 50%.

Some uncertainties will, to a large extent, cancel if we use anormalisation channelB+ → J/ψK+

to estimate theB(B0
s → µ+µ−) as the dimuon trigger conditions are similar for both channels. Without

experimental data, it is difficult to estimate the uncertainty in the number of background events in a
given mass range. In the D0 analysis [17], the sideband extrapolation method is estimated to give an
uncertainly of 20-30%. Indeed, this is the main source of uncertainty in the D0 analysis ofB0

s → µ+µ−.
Corrections should also be made for the contribution ofB0

d → µµ decay in the experimental sample.
In total, the uncertainty from the systematic errors discussed in this Section is approximately±25%.

In addition, the procedure adopted to estimate backgroundsvia cut factorisation has large uncertainties,
which are estimated to be of the order of 50%, as discussed above. In addition, a 70% uncertainty arises
from Monte Carlo statistics. Overall, we choose to combine these in quadrature to obtain an indicative
overall uncertainty on the background of +90%/-75%.

6 Start-up strategy

Already at 1 fb−1of integrated luminosity, ATLAS can haveO(106) of dimuon events in a mass window
4 GeV< M(µµ) < 7 GeV (after vertexing and quality cuts). It will allow tuning of the selection proce-
dure either for the cut-based analysis or for the multivariate methods for the background discrimination.
Events that survive background suppression will be used to estimate the background contribution to the
signal search region. The contribution from combinatorialbackground will be estimated using the side-
bands interpolation procedure. The contribution from exclusive backgrounds due to fake dimuons from
hadronic two-bodyB decays or fromB0

s → K−µ+ν , will be determined on the basis of the study of the
hadron/muon misidentification probability. The background estimation will be compared with the num-
ber of events observed in the signal region. Following this information an upper limit on the number of
signal eventsNB corresponding to certain confidence level will be determined, using appropriate statisti-
cal methods. Finally, the value ofNB will be used to extract the upper limit on theB0

s → µ+µ− branching
fraction,B(B0

s → µ+µ−), using a reference channelB+ → J/ψK+. In this procedure a ratio of geomet-
ric and kinematical acceptances of the signal and the reference channels will be determined from the
Monte Carlo simulation. Trigger and offline reconstructionefficiencies largely cancel for dimuons in
these channels. The reference channelB+ → J/ψK+ will also be used to check the Monte Carlo simu-
lation. The efficiency of the final selection cuts on discriminating variables for the signalB0

s → µ+µ−

will be determined using Monte Carlo simulation (validatedwith the reference channel).

7 Conclusions

We have presented the strategy for searching for the rare decay B0
s → µ+µ− with the ATLAS detector.

Whilst we do not expect to observe this decay during the earlystages of the LHC, as more luminosity
becomes available and our understanding of the backgroundsimproves, it should be possible to identify
a signal for the process. There are uncertainties due to the relatively unknown beauty production cross-
section at the LHC, and also the limited Monte Carlo statistics available for this study. Within these
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limitations, assuming the Standard Model, we expect a signal of 5.7 events with a background of 14+13
−10

events for an integrated luminosity of 10 fb−1. It is evident that the background uncertainties are large
in this study. However, background estimates based on real data will be able to make use of much
higher statistics and these will provide reduced uncertainties, as well as allowing the evaluation of more
sophisticated methods of analysis.
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Trigger and Analysis Strategies for B0
s Oscillation

Measurements in Hadronic Decay Channels

Abstract
The capabilities of measuringB0

s oscillations in proton-proton interactions with
the ATLAS detector at the Large Hadron Collider are evaluated. B0

s candidates
in the D−

s π+ andD−
s a+

1 decay modes from semileptonic exclusive events are
simulated and reconstructed using a detailed detector description and the AT-
LAS software chain. For the measurement of the oscillation frequency a∆ms

sensitivity limit of 29.6 ps−1 and a five standard deviation measurement limit
of 20.5 ps−1 are derived from unbinned maximum likelihood amplitude fits
for an integrated luminosity of 10 fb−1 . The initial flavour of theB0

s meson is
tagged exclusively with opposite-side leptons. Trigger strategies are proposed
for scenarios of different instantaneous luminosities in order to maximise the
signal channel trigger efficiencies.

1 Introduction

As tests of the Standard Model the CP–violation parameter sin(2β) will be measured with high pre-
cision (at the percent level) as well as properties of theB0

s -meson system, like the mass difference of
the two mass eigenstates∆ms, the lifetime difference∆Γs/Γs and the weak mixing phaseφs induced
by CP-violation, withφs ≈ 2λ 2 η in the Wolfenstein parametrisation. The different masses of the CP–
eigenstatesBL

s (CP–even) andBH
s (CP–odd) give rise toBs mixing. The observedB0

s and B̄0
s particles

are linear combinations of these eigenstates, where transitions are allowed due to non–conservation of
flavour in weak–current interactions and will occur with a frequency proportional to∆ms. B0

s oscillations
have been observed at the Fermilab Tevatron collider by the CDF collaboration [1] measuring a value
of ∆ms = (17.77± 0.10(stat)± 0.07(sys))ps−1 and D0 collaboration [2] reporting a two-sided bound
on theB0

s oscillation frequency with a range of 17 ps−1 < ∆ms < 21 ps−1. Both results are consistent
with Standard Model expectations [3]. In ATLAS, the∆ms measurement is an important baseline for the
B-physics program and an essential ingredient for a precisedetermination of the phaseφs. CP–violation
in B0

s -B̄0
s mixing is a prime candidate for the discovery of non–standard–model physics. For the channel

B0
s → J/ψφ, which has a clean experimental signature, a very small CP-violating asymmetry is predicted

in the Standard Model. The measurement of any sizeable effect of the weak–interaction–induced phase
φs in the CKM matrix, which lies above the predicted value, would indicate that processes beyond the
Standard Model are involved. Furthermore, the determination of important parameters in theB0

s meson
system will be valuable input for flavour dynamics in the Standard Model and its extensions.

In this note an estimation of the sensitivity to measure theB0
s -B̄0

s oscillation frequency with the AT-
LAS detector is presented. The signal channels considered are the hadronic decay channelsB0

s →D−
s π+

andB0
s → D−

s a+
1 with D−

s → φπ− followed byφ → K+K−. In the case ofB0
s → D−

s a+
1 the a+

1 decays
asa+

1 → ρπ+ with ρ → π+π−. Including the sub-decayD−
s → K∗0K− [4] would increase the event

statistics by about 30%. However, for these sub-channels, which require an additional trigger signature,
the increase of the overall trigger rate would be unacceptable. Detailed information of the signal and the
exclusive background channels is given in Section 2. The high event rate at the Large Hadron Collider
(LHC) imposes very selective requirements onto the B-physics trigger strategies, reducing the rate by
about six orders of magnitude for recording events. Since aninitial “low-luminosity” running period is
scheduled with a luminosity starting at 1031 cm−2s−1 and rising to 2·1033 cm−2s−1, followed later on by
the design luminosity of the LHC of 1034 cm−2s−1, the B-trigger must be flexible enough to cope with the
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increasing luminosity conditions. The overall B-trigger strategy as well as the different strategies dealing
with the luminosity scenarios in the initial running periods are discussed in Section 3. An important part
of the mixing measurement is to identify the flavour at production, i.e., whether the observedBs meson
initially contained ab or a b̄ quark. A detailed description of an opposite-side lepton flavour tag and of
the various sources of the wrong tag fractions is given in Section 4. The selection ofB0

s candidates with
kinematic cuts as well as mass resolutions of theB0

s , are explained and shown in Section 5. A luminosity
of 1033 cm−2s−1 and no pileup is considered for the detailed analysis of signal and background channels.
Strategies for lower and higher luminosities are also discussed in the same section. The results of the
signal-candidate selection are used as input to a toy Monte Carlo simulation generating a sample ofB0

s
candidates, which is used for the amplitude fit method [5] to obtain the∆ms measurement limits. The
construction of the likelihood function, the Monte Carlo sample and the extraction of the∆ms sensitivity
are discussed in Section 6.

2 Simulated Data Samples

Simulatedb-quark pairs are generated using PYTHIA [6], with the b̄-quark required to decay to one of
the specified signal channels. Theb-quark decays semileptonically producing a muon withpT > 6 GeV
within |η |< 2.5. Details on generation, simulation and reconstruction ofthe simulated data samples are
given in the introduction of the B-chapter [7].

In addition to the simulated signal samplesB0
s → D−

s (φπ−)π+ andB0
s → D−

s (φπ−)a+
1 , correspond-

ing exclusive background channels that give an irreduciblecontribution to the selectedB0
s signal were

investigated. TwoB0
d decay channels,B0

d → D−π+/a+
1 and B0

d → D+
s π−/a−1 , and oneB0

s channel,
B0

s → D∗−
s π+/a+

1 , were simulated for both hadronic decay channels. The dedicated trigger studies de-
scribed in Section 3 require additional samples, such as theinclusive background channelsbb̄ → µ6X ,
bb̄ → µ4X andcc̄ → µ4X containing semileptonicb or c decays requiring one muon with a generated
pT > 4 GeV (or 6 GeV) and further decay products (X ). Also, one particular signal sample (as a choice
B0

s → D−
s a+

1 ) requiring one muon with a generatedpT > 4 GeV (identified by(µ4)) is used for the trig-
ger studies. A sample of minimum bias events is used for the determination of overall trigger rates. See
Table 1 for the number of events generated and the cross-sections calculated from the values given by
PYTHIA and the appropriate branching ratios [8]. Errors on the cross-sections include statistical errors
and contributions from the uncertainties on the branching ratios.

Effects of pileup andB-meson mixing were not included in the simulation of any of the samples.

3 Trigger Strategies

The trigger strategy used for theB0
s → D−

s π+ andB0
s → D−

s a+
1 channels is to identify theD±

s decaying
to φ(→ K+K−) π, which is common to both decay channels. At level one (LVL1) amuon is required to
enrich the content of the triggered data sample with B-events. The high level trigger (HLT) is split into
level two (LVL2) and Event Filter (EF). A search for aD±

s is performed following one of two strategies.
The first method, the FullScan approach, performs reconstruction of tracks within the entire Inner De-
tector. It is an efficient method, but time consuming and its feasibility depends on the background event
rate. The second method performs track reconstruction in a limited volume of the Inner Detector only,
which is defined by a low-pT jet region of interest (RoI) identified at LVL1. This RoI-based method
is faster but there is a loss in efficiency due to the requirement of a LVL1 jet RoI in the event and the
geometrical restriction to the RoI.

The increase of the luminosity after LHC startup affects thetrigger in two ways: the trigger rates for
the jet and muon trigger will increase, seeding the HLTD±

s algorithm more frequently, and combinatorial

2
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Table 1: Number of events generated and calculated cross-sections for the different signal and exclusive
background simulated data samples for theB0

s →D−
s π+ andB0

s →D−
s a+

1 analysis and particular samples
used for dedicated trigger studies. Branching ratios for particle decays into final states are included.
∗)The branching fraction has not been measured yet, only an upper limit exists.

Channel Events Cross-section [pb]

Signal B0
s → D−

s π+ 88 450 10.4± 3.5
B0

s → D−
s a+

1 98 450 5.8± 3.2
Background B0

d → D+
s π− 43 000 0.2± 0.1

B0
d → D−π+ 41 000 6.2± 1.1

B0
s → D∗−

s π+ 40 500 9.1± 2.8
B0

d → D+
s a−1 50 000 < 8.9∗)

B0
d → D−a+

1 50 000 3.7± 2.1
B0

s → D∗−
s a+

1 100 000 12.1± 2.7
Trigger B0

s → D−
s a+

1 (µ4) 50 000 13.6± 7.6
bb̄ → µ6X 242 150 (6.14± 0.02)·106

bb̄ → µ4X 98 450 (19.08± 0.30)·106

cc̄ → µ4X 44 750 (26.28± 0.09)·106

minimum bias 2 623 060 70·109

background from pileup affects the performance of the selection algorithm. Therefore, trigger menus
corresponding to different LHC luminosities are discussedin Sections 3.4 to 3.6.

The trigger efficiencies are presented for theB0
s → D−

s a+
1 channel. Results for theB0

s → D−
s π+

channel are expected to be similar within a few percent (see Section 3.2).

3.1 LVL1 Trigger Selection

The ATLAS hardware allows three LVL1 low-pT muon trigger thresholds to be defined at once, which
can only be adjusted between runs by reconfiguring the lookuptables implemented in the muon trigger
firmware. In order to study more than three thresholds we investigated the two available, pre-defined
menus (named A and B) with respect to the low-pT muon trigger thresholds1.

The three implemented low-pT thresholds for trigger menu A are: 0 GeV2 (namedMU00), 5 GeV
(MU05) and 6 GeV (MU06). For trigger menu B, the three low-pT thresholds are 6 GeV (MU06), 8 GeV
(MU08), and 10 GeV (MU10). Figure 1 shows the efficiencies of the low-pT LVL1 muon trigger signatures
as a function of the truepT of the muon with the highestpT in the event.

The LVL1 trigger efficiency depends strongly on the threshold chosen for the transverse momentum
of the muon as shown in Table 2. Note that there is a discrepancy between theMU06 efficiencies from both
trigger menus, which will be taken as a systematic uncertainty of the current implementation. Although
these dedicated trigger studies have been performed with the B0

s → D−
s a+

1 sample, the LVL1 efficiencies
for B0

s → D−
s π+(µ6) have been checked and agree well with those in Table 2.

The input to the LVL1 calorimeter trigger is a set of∼7 200 trigger towers with granularity∆φ×
∆η ≈ 0.1× 0.1 formed by the analogue summation of calorimeter cells. There are separate sets of
trigger towers for the EM and hadronic calorimeters. The LVL1 jet algorithm employed here uses a

1All presented trigger thresholds are meant to be inclusive,i.e. to include all events fulfilling a trigger signature with a pT
threshold equal to or higher than the indicated one.

2This requires a coincidence between the muon chambers without an actual threshold applied. Due to the detector geometry
this corresponds to an effective transverse momentum threshold of about 4 GeV.
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Figure 1: Muon trigger efficiency as a function of the truepT of the muon with the highestpT in the
event for theB0

s → D−
s a+

1 (µ4) for (a) trigger menu A and (b) trigger menu B.

Table 2: LVL1 muon trigger efficiencies for the signal datasets B0
s → D−

s a+
1 (µ4) andB0

s → D−
s a+

1 (µ6)
and the exclusive background samples. The first three lines refer to trigger menu A [9], while the last
three lines refer to trigger menu B. Forbb̄ → µ4X , bb̄ → µ6X andcc̄ → µ4X , the Monte Carlo data
samples are only available using trigger menu A.

Menu Threshold Efficiency [%]
B0

s → D−
s a+

1 B0
s → D−

s a+
1 bb̄ → µ4X bb̄ → µ6X cc̄ → µ4X

(µ4) (µ6)
MU00 75.65±0.19 86.77±0.15 71.74±0.14 86.60±0.07 70.42±0.22

A MU05 68.41±0.21 82.60±0.17 63.51±0.15 81.91±0.08 62.05±0.23
MU06 58.93±0.22 81.90±0.17 52.28±0.16 81.00±0.08 50.44±0.24
MU06 61.15±0.22 83.83±0.16 — — —

B MU08 44.78±0.22 77.64±0.19 — — —
MU10 34.89±0.21 65.47±0.21 — — —

cluster of∆φ×∆η of approximately 0.4×0.4 (corresponding to 4×4 trigger towers). The projections of
the vectors of the energy depositions onto the plane perpendicular to the beam axis (transverse energy,
ET ) are summed over both the electromagnetic and the hadronic layers. The jet algorithm moves the
cluster template in steps of 0.2 across theφ×η plane. An RoI is produced if the 4×4 cluster is a local
ET maximum (as defined in [10]) and the clusterET sum is greater than the required threshold. The
jet RoI is usable if the average number of RoIs per event (RoI multiplicity, see Fig. 2 and Table 3) is
small, ideally about 1-2. Clearly, a compromise is requiredas an increased threshold will reduce the
multiplicity, but will also give a reduced efficiency for finding theB jet in an event.

For a transverse energy threshold of 4 GeV, which is implemented to initiate the LVL2D±
s trigger in

trigger menus A and B, the jet trigger has an acceptance of(98.36±0.06)% based on all events in the
B0

s → D−
s a+

1 sample.

4
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(c) cc̄ → µ4X

Figure 2: RoI multiplicity distributions for the background samples (a) forbb̄→ µ4X , (b) for bb̄→ µ6X
and (c) forcc̄ → µ4X as a function of the jet RoI energy threshold [9]. Only RoIs with η < 2.4 have
been taken into account. This corresponds to the requirement that the RoI is to be contained within the
solid angle covered by the Inner Detector.

Table 3: Mean and root mean square of the RoI multiplicity distributions (Figure 2) for the background
samples as a function of the jet RoI transverse energy (ET ) threshold [9]. Only RoIs withη < 2.4 have
been taken into account. A strong anticorrelation between theET threshold and the mean RoI multiplicity
is observed.

Threshold bb̄ → µ4X bb̄ → µ6X cc̄ → µ4X
[ GeV] Mean RMS Mean RMS mean RMS

4 2.847 1.746 2.883 1.754 3.235 1.759
5 1.301 1.244 1.441 1.295 1.643 1.300
6 0.703 0.952 0.881 1.046 0.998 1.048
7 0.454 0.786 0.634 0.911 0.703 0.900
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3.2 LVL2 Trigger Selection

The first step of LVL2 is to confirm the LVL1 muon trigger decision using more precise muon momentum
measurement. Secondly, information from Inner Detector and muon chambers are combined to give a
further improvement in the momentum measurement.

As described above, the LVL2 tracking can be run in either FullScan or RoI-guided modes. In both
cases, the same algorithm (namedDsPhiPi) is used to combine the reconstructed tracks and search first
for a φ and then for aD±

s . In the RoI-guided approach tracks are reconstructed in a region ∆φ×∆η =
1.5×1.5 around all jet RoIs withET above a certain programmable threshold [11]. ApT cut of 1.4 GeV
is applied to all reconstructed tracks.

Opposite sign track pairs are considered as aφ candidate if they pass the following cuts:|∆z|< 3 mm,
wherez is the distance along the beam line of the track’s point of closest approach to the centre of the
detector,|∆φ|< 0.2 and|∆η |< 0.2.

The tracks are combined using aK mass hypothesis and a cut around theφ massmφ(PDG) =
1019.46 MeV [8] is applied. Track pairs passing the cut are then combined with all other tracks as-
suming aπ mass for the third track. An event is selected if the mass of the track triplet is close to the
D±

s massmDs(PDG) = 1968.2 MeV. The mass cuts used are 1005 MeV< mKK < 1035 MeV for theφ
candidates and 1908 MeV< mKKπ < 2028 MeV for theDs candidates.

The LVL2 track fit masses are shown in Figure 3 and Table 4 for the RoI-guided approach and
FullScan. The standard deviations obtained from the Gaussian fits show that the mass cuts used corre-
spond to 3.0 standard deviations for theφ mass distribution and 2.8 standard deviations for theD±

s mass
distribution [9]. The results for the RoI-based approach and those for FullScan agree well.
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Figure 3: LVL2 track fit mass distributions of (a)φ and (b)D±
s candidates (corresponding to aφ or D±

s
particle from the signal decay in the Monte Carlo truth information) for the FullScan- and RoI-based
LVL2 trigger signatures fromB0

s →D−
s a+

1 events fulfilling the respective LVL2D±
s trigger signature and

MU06 [9].

The acceptances of possible trigger strategies up to LVL2 are given in Table 5 for the signal samples
and in Table 6 for the background datasets. The LVL2 trigger rates for theB0

s → D−
s π+ channel are

expected to be lower by a few percent since the averagepT of the B0
s candidates and consequently the

averagepT of theDs candidates is smaller for theB0
s →D−

s π+ channel than for theB0
s →D−

s a+
1 channel

due to different track selections (see Fig. 5 and Section 5.1).
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Table 4: LVL2 track fit masses for the FullScan- and RoI-basedLVL2 trigger signatures (only candidates
corresponding to aφ or D±

s particle from the signal decay in the Monte Carlo truth information) from
B0

s → D−
s a+

1 events fulfilling the respective LVL2D±
s trigger andMU06. The table shows the results of

Gaussian fits within the trigger mass windows to the mass distributions from Fig. 3. The results for both
trigger strategies agree within statistical errors.

FullScan-based
LVL2 trigger [9]

RoI-based LVL2
trigger

m(φ): mean [MeV ] 1019.55±0.05 1019.52±0.05
m(φ): std. dev. [MeV ] 5.07±0.06 5.04±0.05
m(D±

s ): mean [MeV ] 1966.9±0.3 1967.0±0.3
m(D±

s ): std. dev. [MeV ] 21.7±0.3 21.5±0.3

Table 5: Acceptances of LVL2 (RoI and FullScan, FS) for theB0
s → D−

s a+
1 sample for trigger menus A

and B.

Menu A Menu B
Trigger
scenario

Passes (in %)
(µ6)

Passes (in %)
(µ4)

Trigger
scenario

Passes (in %)
(µ6)

Passes (in %)
(µ4)

Events 50 000 50 000 50 000 50 000
L2 mu0 85.19±0.16 72.05±0.20 L2 mu6 77.13±0.19 35.03±0.21
L2 mu5 79.65±0.18 49.39±0.22 L2 mu8 45.54±0.22 18.96±0.18
L2 mu6 75.66±0.19 34.41±0.21 L2 mu10 26.04±0.20 10.91±0.14
FS & L2 mu0 32.98±0.21 22.93±0.19 FS & L2 mu6 29.99±0.21 12.71±0.15
FS & L2 mu5 30.79±0.21 16.75±0.17 FS & L2 mu8 19.14±0.18 10.91±0.14
FS & L2 mu6 29.38±0.20 12.49±0.15 FS & L2 mu10 11.83±0.15 4.92±0.10
RoI & L2 mu0 28.74±0.20 19.14±0.18 RoI & L2 mu6 26.19±0.20 11.10±0.14
RoI & L2 mu5 26.88±0.20 14.26±0.16 RoI & L2 mu8 17.09±0.17 7.05±0.12
RoI & L2 mu6 25.68±0.20 10.91±0.14 RoI & L2 mu10 10.80±0.14 4.56±0.09

Table 6: Acceptances of LVL2 (RoI and FullScan) for the background samplesbb̄ → µ4X , bb̄ → µ6X
andcc̄→ µ4X (trigger menu A).

Trigger scenario passes (in %)
(bb̄ → µ4X)

passes (in %)
(bb̄ → µ6X)

passes (in %)
(cc̄ → µ4X)

events 98 450 242 150 44 750
FS & L2 mu0 2.00±0.05 3.73±0.05 2.71±0.08
FS & L2 mu5 1.47±0.04 3.48±0.05 1.93±0.06
FS & L2 mu6 1.11±0.03 3.32±0.05 1.43±0.05
RoI & L2 mu0 1.73±0.04 3.34±0.05 2.34±0.07
RoI & L2 mu5 1.30±0.04 3.12±0.05 1.73±0.06
RoI & L2 mu6 1.01±0.03 2.99±0.05 1.32±0.05
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3.3 Event Filter Selection

The muon confirmation at the Event Filter (EF) employs a muon track reconstruction algorithm using
muon detector data only, similar to the algorithm used for offline reconstruction.

The EFD±
s selection is very similar to that at LVL2. The track reconstruction can be performed in

FullScan or RoI-guided modes, which share a common EF signature. The search forφ andD±
s particles

currently uses the same mass cuts as at LVL2, even though better mass resolutions are expected for the
EF than for LVL2. In the future the mass cuts might be tightened and additional selection cuts will be
added as discussed in section 3.5. EF output rates, which areonly available for the minimum bias sample,
are discussed in the following subsections.

3.4 Trigger Strategies for Early Running

At the lowest luminosities (1031 cm−2s−1 and 1032 cm−2s−1), the trigger selection needs to be as efficient
as possible, which means running a loose trigger. To estimate rates and perform timing studies a trigger
menu with a different set of muon thresholds [12] is applied to the minimum bias sample. Table 7
shows the expected trigger rates for muons at LVL1 and after confirmation at LVL2. The output rates
of the DsPhiPi trigger at LVL2 and the EF are given in Table 8 for 1031 cm−2s−1. For a luminosity
of 1033 cm−2s−1 and higher, the rates are expected to increase because of event pile-up and cavern
background events.

Table 7: Muon rates based on 2.6 ·106 minimum bias events. Rates set initalics are based on an inter-
polation using an exponential approximation of the rate dependence on the muon threshold concerned.
Effects caused by event pile-up and cavern-background events are not included.

Luminosity LVL1
[cm−2s−1] L1 MU00 L1 MU06 L1 MU10

1031 1.3± 0.02 kHz 480± 10 Hz 266± 8 Hz
1032 13.0± 0.2 kHz 4.8± 0.1 kHz 2.7± 0.1 kHz

1·1033 130± 2 kHz 48± 1 kHz 27± 1 kHz
2·1033 260± 4 kHz 96± 2 kHz 54± 2 kHz

LVL2
L2 mu0 L2 mu5 L2 mu6 L2 mu8 L2 mu10

1031 450± 11 Hz 213 Hz 120± 6 Hz 50 Hz 25± 3 Hz
1032 4.5± 0.1 kHz 2.1 kHz 1.20± 0.06 kHz 500 Hz 250± 30 Hz

1·1033 45.0± 1.1 kHz 21 kHz 12.0± 0.6 kHz 5 kHz 2.5± 0.3 kHz
2·1033 90.0± 2.2 kHz 42 kHz 24.0± 1.2 kHz 10 kHz 5.0± 0.6 kHz

In addition to the overall allowed output rate, the time constraints of the HLT system are limiting the
DsPhiPi trigger. The maximum allowed average computing times are 40ms at LVL2 and 1 s at the EF.
Most of the time is taken in the tracking algorithms as can be seen in Table 9 which shows the average
CPU time used by the tracking and hypothesis algorithms at LVL2 and EF.

Table 10 summarises the LVL2 efficiencies and the expected numbers forB0
s → D−

s a+
1 (µ4) events

before and after the application of event selection cuts in the analysis as well as the estimated LVL2 and
EF trigger rates for different luminosity scenarios and different trigger choices. The L2 and EF output
rates shown in this table are deduced from the rate information given in Tables 7 and 8. The LVL2
muon trigger efficiency estimates presented in Table 10 are based on the LVL2 results obtained with the
B0

s → D−
s a+

1 (µ4) sample shown in Table 5.
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Table 8: Output rates for theDsPhiPi trigger based on 2.6·106 minimum bias events at 1031 cm−2s−1.
Rates set initalics are based on an interpolation using the results from Table 7.

LVL2 EF
Muon input trigger RoI FullScan RoI FullScan
L1 MU00 23± 3 Hz 31± 3 Hz 14± 2 Hz 19± 2 Hz
L1 MU06 11± 2 Hz 13± 2 Hz 6.4± 1.3 Hz 7.5± 1.4 Hz
L2 mu0 15± 2 Hz 18± 2 Hz 6.1± 1.3 Hz 6.9± 1.4 Hz
L2 mu5 9.5 Hz 9.9 Hz 4.5 Hz 4.5 Hz
L2 mu6 6.7± 1.3 Hz 6.4± 1.3 Hz 3.5± 1.0 Hz 3.2± 0.9 Hz
L2 mu8 3.9 Hz 3.3 Hz 2.1 Hz 1.7 Hz
L2 mu10 2.5 Hz 2.0 Hz 1.2 Hz 0.9 Hz

Table 9: Average CPU times on an HLT computing node (Dual coreIntel(R) Xeon(R) CPU 5160 @
3.00 GHz) using 900bb̄ → µ6X events.

Algorithm Time/RoI Time/event

LVL2 tracking IdscanRoI 15 ms 23 ms
IdscanFullScan 91 ms

hypothesis DsPhiPi < 1 ms
Event Filter tracking RoI 130 ms 208 ms

FullScan 470 ms
hypothesis DsPhiPi < 1 ms

At 1031 cm−2s−1, once the improvements discussed in Section 3.5 have been applied to the EF
algorithms, it should be possible to run the FullScan-basedtrigger at the LVL1 4 GeV muon rate and
to remain within the constraints given by available triggerresources. As the luminosity is increased to
1032 cm−2s−1, we will need to raise the muon threshold for the FullScan-based trigger or to move to a
RoI-based trigger. However, the muon threshold should be kept as low as possible in order to achieve
the highest possible trigger efficiency and to allow for as many B0

s → D−
s a+

1 events as possible to pass.
Compared to earlier publications like [13] thebb̄ cross-section as shown in [7] is at the upper limit of
what is expected and therefore the muon rates are likely to beoverestimated.

3.5 Trigger Strategies for Running at 1033 cm−2s−1

At 1033 cm−2s−1 the trigger needs to remain as efficient as possible while operating within the constraints
of the trigger system’s resources. The EF output rate is expected to be about 10-20 Hz forB-physics.

The muon rates expected at LVL1 and LVL2 for different thresholds and luminosities are included
in Table 7. The LVL2 muon rates are the input rates for the LVL2tracking algorithms. Using the
information on jet RoI multiplicities from Figure 2 and Table 3, the computing times from Table 9 and
the muon rates in Table 7, trigger strategies are determinedfor different luminosities.

For a luminosity of 1033 cm−2s−1, a LVL1 trigger muon in combination with the RoI-basedDs trigger
will be used. It is planned to use thresholds of 6 GeV for the trigger muon and 5 GeV for the jet RoI
trigger. It is clear from Table 8 that in order to run such a trigger the LVL2 and EF selections will have
to be tightened. This may be achieved by introducing vertex fitting and by reconstructing theB0

s at the
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Table 10: LVL2 and EF output rates for minimum bias events, LVL2 trigger efficiencies and numbers
of expectedB0

s → D−
s a+

1 (µ4) events without or with selection cuts. Rates set initalics are estimates
based on the interpolated and extrapolated rates given in Table 7. LVL2 output rates marked by† are
downscaled by a factor two, the estimated rate reduction fora Ds vertex requirement at LVL2. For EF
output rates marked by‡, an estimated rate reduction factor of 60 accounting for EFB0

s reconstruction is

applied. (See section 3.5 for details.) The results in the columns “LVL2 eff.” and N
B0

s→D−
s a+

1
LVL2 out put (without

and with selection cuts applied) are based on theB0
s → D−

s a+
1 (µ4) Monte Carlo data sample. Num-

bers marked by# are corrected for the estimated efficiency loss by aDs vertex requirement at LVL2.
The integrated luminosities and expected event numbers correspond to one year running at the given
instantaneous luminosity (107 seconds).

L
∫

L dt Trigger LVL2 eff. N
B0

s→D−
s a+

1
LV L2 out put N

B0
s→D−

s a+
1

LV L2 out put LVL2 rate EF rate
[cm−2s−1] [pb]−1 set [%] no sel. cuts incl. sel. cuts [Hz] [Hz]

1031 100 L2mu0FS 22.93±0.19 308 63 18± 2 6.9± 1.4
L2mu5FS 16.75±0.17 225 47 9.9 4.5
L2mu6FS 12.49±0.15 168 35 6.4± 1.3 3.2± 0.9

1032 1 000 L2mu6FS 12.49±0.15 1 678 351 64± 13 32± 9
L2mu5RoI 14.26±0.16 1 916 267 95 45
L2mu6RoI 10.91±0.14 1 466 322 67± 13 35± 10

1033 10 000 L2mu5RoI 12.01±0.13# 16 134# 3 582# 475† 7.5‡

L2mu6RoI 9.19±0.12# 12 344# 2 709# 335±93† 5.8±2.0‡

L2mu8RoI 5.94±0.10# 7 976# 1 757# 196† 3.5‡

L2mu10RoI 3.84±0.08# 5 159# 1 132# 126† 2.0‡

2·1033 20 000 L2mu6RoI 9.19±0.12# 24 687# 5 418# 670±187† 11.7±4.0‡

L2mu8RoI 5.94±0.10# 15 953# 3 517# 392† 7.1‡

L2mu10RoI 3.84±0.08# 10 318# 2 264# 252† 4.1‡

EF level.
Preliminary studies at LVL2 show that a requirement for a vertex fit to the 3 tracks of theDs candidate

can achieve a factor 2 rate reduction for a drop in efficiency from 38% to 32%. This estimate is applied
to cells marked by# and† in Table 10. Also, it might be an option to further reduce the rate by tightening
the acceptance windows formφ andmDs on LVL2, but the resulting rate reduction and the expected signal
efficiency loss will need to be studied.

A considerable rate reduction at the EF level may be achievedby reconstructing theB0
s . A preliminary

study using offline selection cuts (see Section 5.1), which have been relaxed to simulate wider mass
window and vertexing requirements for the reconstructed particles, has been performed with thebb̄ →
µ4X andcc̄ → µ4X samples. The resulting rate reduction factor, estimated tobe approximately 60, is
applied to cells marked by‡ in Table 10. According to this study, the overall trigger andreconstruction
efficiency for theB0

s →D−
s a+

1 signal events will be reduced by about 55%. Although these estimates will
need to be confirmed by an implementation of a simplifiedB0

s reconstruction at the EF level, reasonable
EF output rates are expected to be achievable.

The numbers of expectedB0
s →D−

s a+
1 (µ4) events for 10 fb−1 of data for a luminosity of 1033 cm−2s−1

are given in Table 10. It will be necessary to establish a muontrigger threshold as low as possible to
maximise the signal event yield.

3.6 Trigger Strategies for Higher Luminosities

As luminosity increases, it is necessary to stay within the limits of the LVL2 trigger processing times and
allowable output rates. As Table 10 shows, this will requireincreasing the muon threshold to 8 GeV or

10
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10 GeV and to add additional trigger elements in the EF as discussed at the end of Section 3.5. Another
option, however a less efficient one, is to prescale the 6 GeV rate before running the track reconstruction.

4 Flavour Tagging

The measurement ofB0
s oscillations needs the knowledge of the flavour of theB0

s meson at production
time and at decay time in order to classify events as mixed or not mixed. The tagging algorithm tries
to determine the flavour at production time, whereas the decay particles of the signalB0

s determine the
flavour at decay time. In this analysis soft muon tagging (seeB-physics chapter of [4]) is used and
the general application on the simulated data samples is shown in Section 4.2 without applying trigger
conditions or any selection cut. Tagging results specific for the hadronic channels under investigation
including trigger and selection cuts forB0

s candidates are given in Section 5.3.

4.1 Soft Muon Tagging

In proton-proton collisionsb quarks are produced in pairs leaving the signalB0
s and the opposite sideb

hadron with the opposite flavour. In the case of a semileptonic decay as shown in Fig. 4, the charge of
the produced lepton is correlated with the flavour of the signal B0

s meson at production time. The charge
of the muon with the highest reconstructedpT is used for the determination of the flavour. Because of
the muon trigger, in hadronicB0

s decay channels soft muon tagging has a high tagging efficiency εtag =
Ntag/Nall limited by the muon reconstruction efficiency. Details on the aspects of muon reconstruction
and identification in ATLAS can be found in [14].

Figure 4: In the case of a signalB0
s , the associated opposite sideb hadron decaying semileptonically

produces a negatively charged lepton.

The dilution factor is defined asDtag = Nc−Nw
Nc+Nw

whereNc is the number of events correctly tagged
andNw is the number of events with a wrong tag. These wrong tags arise from mixing of the tagging
b hadron, muons from decaysb → c → µ , additionalc pairs and various particles decaying into muons.
The wrong tag fractionω = Nw/(Nc + Nw) is the ratio of wrongly tagged events to all tagged events. As
the generation of the simulated data does not includeB meson oscillations, mixing of the tagging side
hadron is introduced artificially using the integrated mixing probabilitiesχd andχs [8]:

χd =
Γ(B0

d → B̄0
d → µ+X)

Γ(B0
d → µ±X)

= 0.188±0.003 χs =
Γ(B0

s → B̄0
s → µ+X)

Γ(B0
s → µ±X)

= 0.49924±0.00003

4.2 Application to Signal Samples

In Fig. 5 the transverse momentum of the signalB0
s mesons is compared for the twoB0

s decay channels,
the vertical lines show the mean values of the two distributions. This difference arises from the different
kinematical configuration due to the condition on all charged final state particlespT > 0.5 GeV at Monte

11
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Carlo generation. AsB0
s → D−

s a+
1 has a total number of six final state particles, the mean transverse

momentum of the signalB0
s is higher compared toB0

s → D−
s π+ with a total number of four final state

particles. The difference in theB0
s transverse momentum spectrum is also expected at offline reconstruc-

tion level due to the differentpT selection cuts for theπ and thea1 combinations (see Section 5.1). This
leads in the case of theB0

s → D−
s π+ sample to an overall wrong tag fraction ofω = 20.29± 0.14 %

and in the case of theB0
s → D−

s a+
1 channel to a wrong tag fractionω = 21.05±0.11 %, which is higher

compared to theB0
s → D−

s π+ channel (see all events in Table 11 in Section 5.3).
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Figure 5: Normalised distributions of signalB0
s transverse momentumpT of the two channelsB0

s →
D−

s π+ andB0
s → D−

s a+
1 . The vertical lines represent the mean values of the distributions, in the case of

B0
s →D−

s π+ the mean is 14.80±0.03 GeV, in the case ofB0
s →D−

s a+
1 17.68±0.03 GeV. The observed

difference is due to the different particle selections.

In Fig. 6 the wrong tag fractions and the sources of these wrong tags are compared for bothB0
s decays

channels. The wrong tag fraction is shown as a function of thetagging muon’s transverse momentum
pT (µ), in Fig. 6(a) forB0

s →D−
s π+ and in Fig. 6(b) forB0

s →D−
s a+

1 . In the regimepT (µ) < 11 GeV the
B0

s → D−
s a+

1 wrong tag fraction is higher. As mentioned above this difference arises from the different
track selections of the two decay channels. In both channelsthe two main sources of wrong tags are
mixing of neutralB mesons on the tagging side and muons from cascade decaysb → c → µ . As the
overall wrong tag fraction is decreasing with the muonpT , also the part with a wrong tag due to the
cascadeb → c → µ is decreasing at the same rate. A further source of mistags are additionalcc̄-pairs.
The wrong tag fraction of this part stays about constant withincreasingpT (µ). A small part of the wrong
tag fraction originates fromJ/ψ, φ, ρ, η or τ particles decaying into muons. Additional sources like
muons from kaons and pions or hadrons misidentified as muons can be neglected [12].

A bb̄ pair produced in proton proton collisions has a transverse momentum equal to zero at first order.
Going through fragmentation and hadronisation, thepT of the signalB0

s meson and the opposite sideb
hadron are still correlated, and therefore a muon coming from a semileptonic decay of theb hadron also
is correlated with the signalB0

s . Hence a muon from a cascadeb → c → µ is more likely to pass the
LVL1 muon trigger whenB0

s meson has a higherpT , leading to the increase in wrong tag fraction with
pT (B0

s ). This behaviour is shown in the Fig. 6(c) and 6(d).
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s π+
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Figure 6: Wrong tag fraction as functions of tagging muons transverse momentumpT (µ) in (a) and (b)
and wrong tag fractions as functions of signal Monte CarlosB0

s transverse momentumpT (B0
s ) in (c) and

(d). The wrong tag fraction is shown with mixing of the tagging sideb hadron and without mixing.
Without mixing, the different sources of wrong tags are shown. The main contribution is coming from
b → c → µ followed by additionalc pairs. Additional sources shown are muons coming fromJ/ψ, φ,
ρ, η andτ .
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4.3 Systematic Uncertainties of Soft Muon Tagging

The calibration of the soft muon tagger will be done with events from the exclusive decay channel
B+ → J/ψ(µ+µ−)K+ . The high branching ratio and the simple event topology allows the measurement
of this channel during the initial luminosity phase at the LHC. Without mixing on the signal side, these
events can be used to estimate the systematic uncertaintiesof soft muon tagging.

For an integrated luminosity of 1 fb−1 160 000 events of the decay channelB+→ J/ψ(µ+µ−)K+ are
expected [15] at ATLAS. About 13.5 % events are estimated to have an additional third muon for flavour
tagging. Requiring a minimum transverse momentum of 6 GeV for this additional muon, the number of
events will be reduced by a factor of three. Assuming that thewrong tag fraction in this channel behaves
like in the hadronicB0

s decay channels, the expected statistical error of the wrongtag fraction would be
of the order of 0.1 % for 1 fb−1 integrated luminosity.

5 Event Selection

For the following analysis selectingBs candidates the default trigger choices are to require MU06 and
JT04 trigger elements at LVL1 and to perform a search for theDs → φ(K+K−)π decay within a jet RoI
at LVL2. Resulting event numbers and plots are given for 10 fb−1 unless indicated otherwise.

5.1 Signal Event Reconstruction

For the reconstruction of theBs vertex only tracks with a pseudo-rapidity|η |< 2.5 are used proceeding
via the following steps. Theφ decay vertex is first reconstructed by considering all pairsof oppositely-
charged tracks withpT > 1.5 GeV for both tracks. Kinematic cuts on the angles between the two tracks,
∆ϕKK < 10◦ and∆θKK < 10◦, are imposed, whereϕ denotes the azimuthal angle andθ the polar angle.
The two-track vertex is then fitted assigning the kaon mass toboth tracks. Combinations passing a fit-
probability cut [16] of 1% (≃ χ2/dof = 7/1) with the invariant mass within three standard deviations of
the nominalφ mass are selected asφ candidates. The plots in Fig. 7 show the invariant mass distribution
for all mKK combinations overlaid with theφ candidates matching a generatedφ from the signal decay
(grey filled area) fitted with a single Gaussian function. FortheB0

s →D−
s π+ channel the mass resolution

is σφ = (4.30±0.03) MeV and for theB0
s →D−

s a+
1 channelσφ = (4.28±0.03) MeV. This mass window

for acceptedφ candidates is shown by the vertical lines. No trigger selections are applied for the mass
plots shown in Fig. 7 to Fig. 9.

From the remaining tracks, a third track withpT > 1.5 GeV is added to all acceptedφ candidates.
The pion mass is assigned to the third track and a three-trackvertex is fitted. Three-track vertex candi-
dates which have a fit probability greater than 1% (≃ χ2/dof = 12/3) and an invariant mass within three
standard deviations of the nominalDs mass are selected asDs candidates. The plots in Fig. 8 show
the invariant mass distribution for allmKKπ combinations overlaid with theDs candidates matching a
generatedDs from the signal decay (grey filled area) fitted with a single Gaussian function. For the
B0

s → D−
s π+ channel the mass resolution isσDs = 17.81±0.13 MeV and for theB0

s → D−
s a+

1 channel
σDs = 17.92±0.13 MeV. The 3σDs mass range for acceptedDs candidates is shown by the vertical lines.

For theB0
s → D−

s a+
1 channel a search is performed fora±1 candidates using three-particle combina-

tions of charged tracks for events with a reconstructedDs meson. In a first stepρ0 mesons are recon-
structed from all combinations of two tracks with opposite charges and withpT > 0.5 GeV, each particle
in the combination being assigned a pion mass. A kinematic cut ∆Rππ =

√
∆φ2

ππ+∆η 2
ππ < 0.650 is

used to reduce the combinatorial background. The two selected tracks are then fitted as originating from
the same vertex; from the combinations passing a fit probability cut of 1% (≃ χ2/dof = 7/1), those with
an invariant mass within 400 MeV of the nominalρ0 mass are selected asρ0 candidates. Next a third
track with pT > 0.5 GeV from the remaining charged tracks is added to theρ0 candidate, assuming the
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pion hypothesis for the extra track. A kinematic cut∆Rρπ < 0.585 is applied. The three tracks are fitted
to a common vertex without any mass constraints. Combinations with a fit probability greater than 1%
(≃ χ2/dof = 12/3) and with an invariant mass within 325 MeV of the nominal a1 mass are selected asa±1
candidates.

TheB0
s candidates are reconstructed combining theD±

s candidates witha±1 candidates with opposite
charge and different tracks. A six-track vertex fit is performed with mass constraints for the tracks from
φ andDs; due to the largea1 natural width the three tracks from thea1 are not constrained to thea1 mass.
The total momentum of theB0

s vertex is required to point to the primary vertex and the momentum of the
Ds vertex to theB0

s vertex. Only six-track combinations with a vertex fit probability greater than 1% (≃
χ2/dof = 27/12) are considered asB0

s candidates.
For theB0

s → D−
s π+ channel for each reconstructedDs meson a fourth track from the remaining

tracks in the event is added. This track is required to have opposite charge with respect to the pion track
from theDs and pT > 1 GeV. The four-track decay vertex is fitted includingφ andDs mass constraints,
and requiring that the total momentum of theB0

s vertex points to the primary vertex and the momentum
of Ds vertex points to theB0

s vertex. In order to be selected asB0
s candidates, the four-track combinations

are required to have a vertex fit probability greater than 1% (≃ χ2/dof = 20/8).
For both channels,B0

s → D−
s π+ andB0

s → D−
s a+

1 , the signed separation between the reconstructed
B0

s vertex and the primary vertex is required to be positive (themomentum should not point backward to
the parent vertex). To improve the purity of the sample, further cuts are imposed: the proper decay time
of the B0

s has to be greater than 0.4 ps, theB0
s impact parameter (shortest distance of the reconstructed

B0
s trajectory from the primary vertex in the transverse plane to the reconstructedB0

s decay vertex) is
required to be smaller than 55µm andpT of the B0

s must be larger than 10 GeV. The plot in Fig. 9(a)
shows the invariant mass distribution for allmKKππ Bs candidates matching a generatedBs from the signal
decay for theB0

s →D−
s π+ channel fitted with a single Gaussian function and giving a mass resolution of

σBs = 52.80±0.68 MeV. For theB0
s →D−

s a+
1 channel Fig. 9(b) shows the invariant mass distribution for

all mKKππππBs candidates matching a generatedBs and giving a mass resolution ofσBs = 40.82±0.53
MeV. The difference in theB0

s mass resolutions is caused by thepT spectrum of theπ in theB0
s →D−

s π+

decay being harder than thepT spectra of the three pions in theB0
s →D−

s a+
1 decay, as the pion momentum

resolution is worse for higherpT . A final mass cut of two standard deviations on theB0
s candidates is

applied for further analysis (see vertical lines in Fig. 9).For some events more than oneB0
s candidate

is reconstructed and in that case the candidate with the lowest χ2/dof from the vertex fit is selected for
further analysis.

No relevant effects induced by the trigger selections on fit variables of the mass plots or the kinematic
distributions of theBs candidates are found (discussed in Section 6.3). All differences are within the fit
errors.

5.2 Background Channels

Two main sources of background are considered: irreduciblebackground coming from a decay channel
that closely mimics theB0

s signal and combinatorial background coming from random combination of
tracks.

5.2.1 Exclusive Background Channels

The exclusive samples listed in Table 1 are used as irreducible background sources. See Table 12 in Sec-
tion 6 for the numbers of reconstructed candidates after applying the same selection cuts as for the signal
samples. The histograms in Fig. 10 show the invariant mass spectrum of reconstructedB0

s candidates for
theB0

s → D−
s π+ andB0

s → D−
s a+

1 channel respectively (no trigger selection cut applied). The different
contributions are scaled with the cross-section given in Table 1.
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Figure 7: Reconstructed massmKK for all combinations within the signal sample (black line) and KK
candidates corresponding to aφ particle from the signal decay in the Monte Carlo truth information (grey
filled). The standard deviation obtained from a fit within twostandard deviations of a Gaussian function
(dashed) to the distribution defines the three standard deviation cut range (vertical dashed). No trigger
conditions are applied.
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Figure 8: Reconstructed massmKKπ for all combinations within the signal sample (black line) and KKπ
candidates corresponding to aDs particle from the signal decay in the Monte Carlo truth information
(grey filled). The standard deviation obtained from a fit within two standard deviations of a Gaussian
function (dashed) to the distribution defines the three standard deviation cut range (vertical dashed). No
trigger conditions are applied.
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Figure 9:mKKππ (a) andmKKππππ(b) reconstructed mass and fit of a Gaussian function to the distribu-
tion. EachKKππ(KKππππ) candidate displayed corresponds to aBs particle in the Monte Carlo truth
information. The two standard deviation cut range is shown by the vertical dashed lines. No trigger chain
applied.
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Figure 10:mKKππ (a) andmKKππππ(b) reconstructed mass for signal and background channels.In (b)
the upper limit for the branching fraction of the channelBd → Dsa1 is used.

17

B-PHYSICS – TRIGGER AND ANALYSIS STRATEGIES FOR B0
s OSCILLATION . . .

145

1183



In the case ofB0
d → D+

s a−1 , there is no measurement of the branching fraction available. The current
upper limit is therefore used as a conservative estimate. The similarity to theB0

d → D+
s π− channel

indicates that theB0
d → D+

s a−1 cross section could be in the same order as the one of theB0
d → D+

s π−
channel and therefore theB0

d → D+
s a−1 contribution in Fig. 10 (b) could be much smaller.

The Bs → D∗
s π andBs → D∗

s a1 channels are treated as a background source, since the momentum
and hence the lifetime estimation for this decay is flawed dueto the missing photon from the decay of
theD∗

s .

5.2.2 Combinatorial Background

The limited statistics of the combinatorial background samples (e.g. 242 150 events forbb̄→ µ6X ) do not
allow us to give a reasonable estimate for the signal to background ratio. This ratio as well as kinematic
properties of the combinatorial background, like the shapeof the proper time distribution will be studied
once early data are available.

5.3 Tagging Results

Soft muon tagging is applied on all available simulated dataof the two hadronic signal channelsB0
s →

D−
s π+ andB0

s → D−
s a+

1 . Table 11 shows the number of events, the tagging efficiency and the wrong tag
fractions. The tagging efficiency corresponds to the fraction of events where muon candidates have been
successfully reconstructed. The events with at least one muon are separated into events with a good tag
and events with a wrong tag resulting in a wrong tag fraction.

Comparing the results for all simulated events between the two signal channels, the difference in
the wrong tag fraction is of the order 1 % due to the different kinematical topology. As the RoI trigger
applies apT cut of 1.4 GeV on all reconstructed tracks, lowpT B0

s mesons are rejected leading to an
increased wrong tag fraction for the triggered events (see Fig. 6(c) and 6(d)). After event reconstruction
overall wrong tag fractions ofω = 22.30+0.56

−0.55 % for the channelB0
s → D−

s π+ andω = 23.31+0.56
−0.55 % for

the channelB0
s → D−

s a+
1 are observed. Effects of mixing are included as described inSection 4.1.

Table 11: Tagging efficiencies and wrong tag fractions for the signal channelsB0
s → D−

s π+ andB0
s →

D−
s a+

1 are shown for three different stages: all simulated events,all triggered events passing the LVL1
muon trigger and the LVL2 RoI trigger, and finally the numbersfor the reconstructed events. The errors
are statistical only.

Process Type of Number of Tagging Wrong Tag
Events Events Efficiency [%] Fraction [%]

B0
s → D−

s π+ all events 88450 96.08±0.07 20.29±0.14

triggered 21613 98.77±0.07 22.96±0.29

reconstructed 5687 98.79+0.14
−0.15 22.30+0.56

−0.55

B0
s → D−

s a+
1 all events 98450 95.93±0.06 21.05±0.13

triggered 27118 98.55±0.07 23.91±0.26

reconstructed 5757 98.47+0.16
−0.17 23.31+0.56

−0.55
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6 Determination of ∆ms

6.1 Methods for the Determination of ∆ms and its Measurement Limits

For the determination of theB0
s oscillation frequency the maximum likelihood method is used. The

likelihood L is a function of the proper timet and the mixing stateµ , parametrised by∆ms and∆Γs,
applied to five classes of events simultaneously: mixed and unmixedB0

s , mixed and unmixedB0
d , and

background with lifetime but no mixing. TheB0
s andB0

d classes have characteristic wrong tag fractions
ω, which are determined on event-by-event basis as describedpreviously. By maximising the likelihood
L for a given event sample one can then extract the model parameters.

For obtaining the 5σ discovery and 95% exclusion measurement limits on∆ms the amplitude fit
method is used because the maximum likelihood method was found to have some disadvantages in that
case [5]. The estimation of the maximum value of∆ms measurable with the ATLAS detector is using
B0

s candidates from theB0
s → D−

s π+ andB0
s → D−

s a+
1 hadronic channels. The numbers of reconstructed

events after applying the trigger selection (L1MU06 and LVL2 RoI) and theB0
s selection cuts as well

as the expected numbers for an integrated luminosity of 10 fb−1are given in Table 12 for all signal and
background channels. The effective cross-sections for thevarious processes can be found in Table 1.
Significant background comes from thēB0

d → D−
s π+/a+

1 andB0
s → D∗−

s π+/a+
1 channels, and from the

combinatorial background. Due to limited sample size the estimation of the combinatorial background
is very approximate.

The relative fractions of the signal and the background contributions will be determined by a fit of
mass shape templates to the reconstructedB0

s mass distribution employing a wider mass window than
used here for the final extraction of∆ms, similar to the method used by CDF [1]. The mass shape tem-
plates will be determined from Monte Carlo mass distributions of the individual channels. Uncertainties
in the knowledge of the shapes will be taken into account as part of the systematical uncertainty.

Table 12: Signal and background samples used for the study ofB0
s -B̄0

s oscillations and number of events
as obtained from the analysis as well as expected numbers foran integrated luminosity of 10 fb−1.

Process Simulated Rec. Rec. events
events events for 10 fb−1

B0
s → D−

s π+ 88 450 5 687 6 657
B0

d → D+
s π− 43 000 1 814 99

B0
d → D−π+ 41 000 23 35

B0
s → D∗−

s π+ 40 500 495 1 116
B0

s → D−
s a+

1 98 450 5 757 3 368
B0

d → D+
s a−1 50 000 1 385 < 2454

B0
d → D−a+

1 50 000 49 36
B0

s → D∗−
s a+

1 100 000 870 1 052

6.2 Construction of the Likelihood Function

The probability density to observe an initialB0
j meson (j = d, s) decaying at timet0 after its creation as

a B̄0
j meson is given by

p j(t0, µ0) =
Γ2

j − (∆Γ j/2)2

2Γ j
e−Γ j t0

(
cosh

∆Γ j t0
2

+ µ0cos(∆m j t0)
)

(1)
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where∆Γ j = Γ j
H−Γ j

L, Γ j = (Γ j
H +Γ j

L)/2 andµ0 =−1.
For the unmixed case (an initialB0

j meson decaying as aB0
j meson at timet0), the probability density

is obtained by settingµ0 = +1 in Eq. 1. Here the small effects of CP violation are neglected. Unlike
∆Γd, which can be safely set to zero, the width difference∆Γs in theB0

s -B̄0
s system could be as much as

20% of the total width [17].
However, the above probability is modified by experimental effects. The probability as a function of

µ0 and the reconstructed proper timet is obtained as the convolution ofp j(t0, µ0) with the proper time
resolution Resj(t | t0):

q j(t,µ0) =
1
N

∫ ∞

0
p j(t0,µ0) Resj(t | t0) dt0 (2)

with the normalisation factor

N =
∫ ∞

tmin
(
∫ ∞

0 p j(t ′,µ0) Resj(t | t ′) dt ′) dt . (3)

Here tmin = 0.4 ps is the cut on theB0
s reconstructed proper decay time. Plots in Fig. 11 show the

proper time resolutions, which are parametrised with the sum of two Gaussian functions around the
same mean value. The widths from the fit areσ1 = (68.4±3.3) fs for the core fraction of 53.2% and
σ2 = (157.2±5.7) fs for the rest of the tail part of the distribution for the B0

s → D−
s π+ channel. The

values for theB0
s → D−

s a+
1 channel areσ1 = (72.5±4.3) fs for the core fraction of (58.0±6.8) % and

σ2 = (144.7±7.3) fs for the tail part.
Assuming a fractionωj of wrong tags occurring at production and/or decay, the probability becomes

q̃ j(t,µ) = (1−ωj)q j(t,µ)+ωjq j(t,−µ) (4)

whereµ0 has been replaced byµ in order to indicate that now we are talking about the experimental
observation of same or opposite flavour tags. For each signalchannel, the background is composed of
oscillatingB0

d mesons, with probability given by Eq. 4, and of non-oscillating combinatorial background,
with probability given by Eq. 5, which results from Eq. 1 and Eq. 4 by setting∆m = 0 and∆Γ = 0 :

pcb(t,µ) =
Γcb

2
e−Γcbt [1+ µ (1−2ωcb)] (5)

For a fractionfk j of the j component (j = s, d, and combinatorial background cb) in the total sample
of typek, one obtains the probability density function

pdfk(t,µ) = ∑
j=s,d,cb

fk jq̃ j(t,µ) . (6)

The indexk = 1 denotes theB0
s → D−

s π+ channel andk = 2 theB0
s → D−

s a+
1 channel. The likelihood of

the total event sample is written as

L (∆ms,∆Γs) =
Nch

∏
k=1

Nk
ev

∏
i=1

pdfk(ti,µi) (7)

whereNk
ev is the total number of events of typek, andNch = 2. Each pdfk is properly normalised to unity.

Figure 12 shows how the experimental effects, as parametrised in Eqs. 2, 4, and 6, modify the
distribution of the proper timet of a Monte Carlo data sample.
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Figure 11: The resolutionσt of the proper time of simulatedB0
s fitted with two Gaussian functions

(dashed lines). Both Gaussian functions use a common mean value.
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Figure 12: A sequence of plots showing how a trueB0
s oscillation signal with∆mgen

s = 17.77 ps−1 (a)
is diluted first by the effect of a finite proper time resolution (b) and then by adding background events
and including the effect of wrong tags (c). The plots containsamples of events equivalent to 10 fb−1 of
integrated luminosity. They were generated using the MonteCarlo method described in Section 6.3. Only
the case of mixed events is shown. For illustration aχ2-fit of the functionC exp(−t/τ )(1−Dcos(∆mst))
is overlaid to the solid histogram in (c), whereD can be interpreted as the combined dilution factor:
D ≈ 0.1 here. Note that this is different from the unbinned maximumlikelihood fit to the total event
sample of mixed and unmixed events which is actually used to derive results in this study. The dashed
histogram in (c) describes the contribution from all background sources.
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6.3 Monte Carlo Data Sample

For the amplitude fit method a simplified Monte Carlo method isapplied to generate aB0
s sample using

the following input parameters: for each signal channelk the number of reconstructed signal eventsN(k)
sig

for an integrated luminosity of 10 fb−1 and the number of background eventsN(k)
B0

d,s
from B0

d,s decays is

given in Table 12. For the combinatorial background the ratio N(k)
sig/N(k)

cb is taken to be 1. The wrong

tag fraction is assumed to be the same for bothB0
s andB0

d mesons in a specific signal channel (ωs = ωd),
however, the values are slightly different for the two signal channels (see Table 11).

A Monte Carlo sample withNsig = N(1)
sig + N(2)

sig signal events oscillating with a given frequency∆ms

(e.g.∆ms = 100 ps−1, which is far off the expected value for∆ms), together withNB0
d,s

= N(1)
B0

d,s
+ N(2)

B0
d,s

background events oscillating with frequency∆md,s and Ncb = N(1)
cb + N(2)

cb combinatorial events (no
oscillations) is generated according to Eq. 1.

The uncertainty on the measurement of the transverse decay length,σdxy (see Fig. 13), and the true
value of theg-factor g0 (g := m/pT ) as seen in Fig. 14(a), are generated randomly according to the
distributions obtained from the simulated samples, fitted with appropriate combinations of Gaussian and
exponential functions. For theB0

s → D−
s a+

1 channel the truep0
T distribution shown in Fig. 14(b) is fitted

with a combination of a parabola function in the lowp0
T region and a sum of two exponential functions

in the highp0
T region. Theg0 values are obtained by converting generatedp0

T values at random.
From the computed true decay length,d0

xy = t0/g0, the corresponding reconstructed decay length
is generated asdxy = d0

xy + σdxy · (µdxy + SdxyΩ). t0 is the proper time of the generatedBs. Sdxy is the

width andµdxy the mean value of the Gaussian shape of the pull of the transverse decay length
dxy−d0

xy

σdxy

shown in Fig. 15. The fitted values areSdxy = 1.099± 0.011 andµdxy = (8.76± 1.47) · 10−2 for the
B0

s → D−
s π+ channel respectivelySdxy = 1.113± 0.011 andµdxy = (5.40± 1.48) · 10−2 for the B0

s →
D−

s a+
1 channel. The reconstructedg-factor is generated asg = g0 + g0µg + g0SgΩ′. The distribution

of the fractionalg-factor g−g0
g0

as shown in Fig. 16 is fitted with a Gaussian resulting in a width of

Sg = (0.89± 0.01) ·10−2 and a mean value ofµg = (0.27± 0.12) · 10−3 for the B0
s → D−

s π+ channel
respectivelySg = (0.82±0.01) ·10−2 andµg = (0.56±0.11) ·10−3 for theB0

s → D−
s a+

1 channel. Both
Ω and Ω′ are random numbers distributed according to the normal distribution. From the transverse
decay length andg-factor, the reconstructed proper time is then computed ast = gdxy. The probability
for the event to be mixed or unmixed is determined from thet0 and ∆ms (or ∆md) values using the
expression(1−cos(∆m jt0)/cosh(∆Γ jt0/2))/2 which is left from Eq. 1 after the exponential part has
been separated.

For a fraction of the events, selected at random, the state isinterchanged between mixed and unmixed,
according to the wrong tag fractionωtag. Half of the combinatorial events are added to the mixed events
and half to the unmixed events.

For the exclusiveB0
d,s background channels as well as the combinatorial background, the recon-

structed proper time is generated assuming that it has the same distribution as the one for signalB0
s mesons

coming from theD−
s π+ andD−

s a+
1 sample respectively, no mixing included.

The∆ms measurement limits are obtained applying the amplitude fit method [5] to the sample gen-
erated as described in the previous section. According to this method a new parameter, theB0

s oscil-
lation amplitudeA , is introduced in the likelihood function by replacing the term ‘µ0 cos∆mst0’ with
‘µ0A cos∆mst0’ in the B0

s probability density function given by Eq. 1. The new likelihood function,
similar to Eq. 7, again includes all experimental effects. For each value of∆ms, this likelihood function
is minimized with respect toA , keeping all other parameters fixed, and a valueA ±σstat

A is obtained.
One expects, within the estimated uncertainty,A = 1 for ∆ms close to its true value, andA = 0 for ∆ms
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Figure 13: The uncertainty on the measurement of the transverse decay length,σdxy including trigger
selection.
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Figure 14: The true value of theg-factor g0 = t0/d0
xy of simulatedB0

s from the B0
s → D−

s π+ sample
(a) fitted with the sum of three Gaussian functions (dashed lines) and the true transverse momentum
distribution p0

T of simulatedB0
s from theB0

s → D−
s a+

1 sample (b) including trigger selection.
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Figure 15: The pull of the measurement of the transverse decay length,
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and fit of a Gaussian

function (dashed) to the distribution including trigger selection.
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Figure 16: The fractional resolution of theg-factor g−g0
g0

of simulatedB0
s fitted with a single Gaussian

function including trigger selection.
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Figure 17: TheB0
s oscillation amplitude (a) and the measurement significance(b) as a function of∆ms

for an integrated luminosity of 10 fb−1 for a specific Monte Carlo experiment with∆mgen
s = 100 ps−1 .

far from the true value. A five standard deviation measurement limit is defined as the value of∆ms for
which 1/σA = 5, and a sensitivity at 95% C.L. as the value of∆ms for which 1/σA = 1.645. Limits are
computed with the statistical uncertaintyσstat

A . A detailed investigation on the systematic uncertainties
σsyst

A , which affects the measurement of theB0
s oscillation, is presented in [18].

6.4 Extraction of the ∆ms Sensitivity

For the nominal set of parameters (as defined in the previous sections),∆Γs = 0 and an integrated lu-
minosity of 10 fb−1, the amplitude±1σstat

A is plotted as a function of∆ms in Fig. 17(a). The 95% C.L.
sensitivity to measure∆ms is found to be 29.6 ps−1. This value is given by the intersection of the dashed
line, corresponding to 1.645σstat

A , with the horizontal line atA = 1.
From Fig. 17(b), which shows the significance of the measurementS(∆ms) = 1/σA as a function of

∆ms, the 5σ measurement limit is found to 20.5 ps−1.
The dependence of the∆ms measurement limits on the integrated luminosity is shown inFig. 18(a),

with the numerical values given in Table 13.

Table 13: The dependence of∆ms measurement limits on the integrated luminosityL .

L 5σ limit 95% C.L. sensitivity
[fb−1] [ps−1] [ps−1]

3 14.5 25.0
5 17.0 27.0

10 20.5 29.6
20 23.7 32.0
30 25.3 33.2
40 26.4 34.1

The dependence of the∆ms measurement limits on∆Γs/Γs is determined for an integrated luminosity
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Figure 18: The dependence of∆ms measurement limits (a) on the integrated luminosity and (b)on
∆Γs/Γs for an integrated luminosity of 10 fb−1. The dashed horizontal line in (a) denotes the CDF
measurement.

of 10 fb−1, other parameters having their nominal value. The∆Γs/Γs is used as a fixed parameter in the
amplitude fit method. As shown in Fig. 18(b) no sizeable effect is seen up to∆Γs/Γs ∼ 30%.

6.5 Extraction of the ∆ms Measurement Precision

Whereas the∆ms measurement limits are obtained by using the amplitude method (see previous section),
in case of the presence of an oscillation signal in the data the value of the oscillation frequency∆ms and
its precision are determined by minimising the likelihood (given by Eq. 7) with respect to∆ms. In this
fit ∆Γs is fixed to 0, because a study has shown that the systematic uncertainties resulting from varying
∆Γs/Γs in the range 0 to 0.2 (suggested by the present uncertainty) are practically negligible.

An example of the likelihood function is given in Fig. 19(a),in which the∆mgen
s in the Monte Carlo

sample has been set to the value measured by CDF for illustration. From this type of graphs the precision
of the measurement of∆ms is extracted and plotted in Fig. 19(b) as a function of the integrated luminosity
for three values of∆mgen

s .

6.6 Discussion of Results

In this note it is shown that with an integrated luminosity of10 fb−1 ATLAS is able to verify the CDF
measurement of∆ms = (17.77± 0.10(stat)± 0.07(sys))ps−1 at the five standard deviation level. For
these parameters the statistical error on∆ms is calculated to be about 0.065 ps−1.

In a preceding study [18] it was found that over a wide range ofvalues for∆ms and integrated
luminosity the systematic uncertainty on the measured value of ∆ms was smaller by at least a factor of
10 compared to the statistical uncertainty. The list of contributions to that systematic error estimation
included the wrong tag fraction with a relative error of 5% compared to 2.5% found in this study. For
the reasons mentioned above, the evaluation of systematic effects has not been repeated here. The study
of the effect of varying∆Γs (as explained in the previous section) is new, but the contribution to the
systematic uncertainty is also very small.
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Figure 19: (a) The negative natural logarithm of the likelihood for a specific Monte Carlo data sample
for an integrated luminosity of 10 fb−1 and a true value of∆mgen

s = 17.77 ps−1. The inset shows a
zoom around the minimum. (b) The statistical errorσstat(∆ms) as a function of the integrated luminosity
for values of∆mgen

s of 15, 17.77 and 20 ps−1. For comparison: the CDF statistical error on their∆ms

measurement is 0.10 ps−1.

Systematic uncertainties on the overall trigger efficiencies mainly effect the statistics available for
the analysis. However, an important systematic effect for the∆ms measurement would be introduced in
case different trigger efficiencies for positively and negatively charged muons are observed. In order to
constrain this effect, dimuon events from a calibration channel like B+ → J/ψ K+ with J/ψ → µ+µ−

which are triggered by a single muon trigger could be used.
Clearly LHCb can measure∆ms more precisely than ATLAS (σstat(∆ms)∼ 0.01 ps−1 with 2 fb−1 of

data [19]), but the∆ms measurement with ATLAS is needed for the simultaneous fit of all parameters of
the weak sector of theB0

s -B̄0
s system (weak mixing phaseφs, ∆ms, Γs and∆Γs). This will be performed by

a combined analysis of the channels described in this note and theB0
s → J/ψ φ channel [20]. The ATLAS

measurement is an independent cross-check of the measurements performed by other experiments.

7 Summary and Conclusions

We have studied the capabilities of the ATLAS detector to measure B0
s oscillations in pp collisions

at 14 TeV using the purely hadronic decay channelsB0
s → D−

s (φπ−)π+ andB0
s → D−

s (φπ−)a+
1 . For

an integrated luminosity of 10 fb−1 a ∆ms sensitivity limit of 29.6 ps−1 and a five standard deviation
measurement limit of 20.5 ps−1 is obtained from a likelihood fit employing the amplitude fit method.
This result depends only weakly on the lifetime difference∆Γs. The trigger is based on a single muon
trigger with adjustable muonpT thresholds between 4 and 10 GeV on all trigger levels and an active
search forDs →φπdecays by the High Level Trigger. For 1031 cm−2s−1 we will be able to afford a muon
trigger with the loosestpT threshold combined with a FullScanDs → φπsearch. For 1032 cm−2s−1, we
will need to increase the muonpT threshold to 6 GeV and possibly employ the RoI-based LVL2 trigger.
In both cases, the trigger rates can be kept at an acceptable level. For higher luminosities, we need to
implement additional constraints in the HLT in order to reduce the event output rates further.
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The offline event reconstruction searches for the hadronic decay of theB0
s and requires a muon with

a minimumpT of 6 GeV for each event. While the flavour of theB0
s at decay time is determined from the

charge of theDs particle, the identification of the initialB0
s flavour at production time is extracted from

the charge of the soft muon in the event, taking effects ofB0
s mixing into account. An overall tagging

efficiency of 98.8± 0.2% and 98.5± 0.2% as well as average wrong tag fractions of 22.3± 0.6% and
23.3±0.6% for theB0

s → D−
s π+ and theB0

s → D−
s a+

1 channels, respectively, are obtained.
About 100000 Monte Carlo events of each sample have been produced withoutB0

s oscillations.
Monte Carlo events for several exclusiveB0

s andB0
d background channels as well as for inclusive back-

ground likebb̄ → µX andcc̄ → µX have been used. The hadronic decay of the signal sideB0
s is recon-

structed constraining the masses of intermediate particles in the decay chain. AB0
s mass resolution of

52.8±0.7 MeV and 40.8±0.5 MeV is obtained and after the application of all analysis cuts, 6657 and
3368 events are expected for an integrated luminosity of 10 fb−1 for theB0

s →D−
s π+ and theB0

s →D−
s a+

1
decay channels, respectively. We have considered several exclusive background channels, contribut-
ing to the background inside theB0

s mass window. TheB0
d → D−π+/a+

1 channels hardly contribute
(percent level of the signal), but theB0

s → D∗−
s π+/a+

1 make a considerable contribution of about 16%
(B0

s → D−
s π+) and 31% (B0

s → D−
s a+

1 ). While theB0
d → D−

s π+ channel is expected to contribute with
about 1.5% relative to theB0

s → D−
s π+ signal, we can only estimate theB0

d → D−
s a+

1 contribution to be
less than about 70% of theB0

s → D−
s a+

1 signal, given that this decay channel has not yet been observed.
In future, theB0

s → D∗−
s π+/a+

1 channels may be considered signal rather than background. An
estimate of the combinatorial background is severely limited by the available Monte Carlo event statistics.
We plan to use early data to obtain a realistic estimate. For an integrated luminosity of 100 pb−1 at
1032 cm−2s−1 we only expect about 90 events in theB0

s → D−
s π+ andB0

s → D−
s a+

1 channels, while the
B+ → J/ψ(µµ)K+ decay channel, which has a large branching ratio, may be usedto calibrate the soft
muon tagging with early data. On LVL2 the processing time fortheDs → φπtrigger may be reduced by
restricting the track reconstruction to Regions of Interest (RoI), seeded by a LVL1 jet energy trigger. This
typically leads to a reduction of the trigger efficiency by a few percent. At an instantaneous luminosity
of 2 ·1033 cm−2s−1 several options will be considered to achieve acceptable Event Filter output rates.
Besides further constraining the mass windows of theDs → φπtrigger, other improvements are obtained
by checking for a good reconstruction quality of theDs vertex or the implementation of a trigger element
in the Event Filter which searches for the fullB0

s decay chain. However, there is an uncertainty of a factor
two in the overallbb̄ cross-section at the centre-of-mass energy of 14 TeV and therefore the trigger rates
may vary.

Due to the achieved sensitivity limit to measure theB0
s oscillations we expect to be able to verify the

CDF measurement of∆ms = 17.77±0.10(stat)±0.07(sys) ps−1 at the five standard deviation level with
a statistical error on∆ms of about 0.065 ps−1. This will provide a reasonable precision which allows us
to combine the measurement described in this note with the analysis of theB0

s → J/ψφ channel [20] in
a simultaneous fit for all parameters of the weak sector of theB0

s -B̄0
s system.
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Introduction on Higgs Boson Searches
Abstract
The investigation of the dynamics responsible for electroweak symmetry break-
ing is one of the prime tasks of experiments at present and future colliders.
Experiments at the CERN Large Hadron Collider (LHC) will be able to dis-
cover a Standard Model Higgs boson over the full mass range as well as Higgs
bosons in extended models. In this introductory paper the Higgs boson produc-
tion cross-section and decay branching ratios according to the Standard Model,
and its Minimal Supersymmetric extension, are presented and discussed.

1 Introduction

The Large Hadron Collider at CERN, almost ready to start colliding proton beams at
√

s=14 TeV, will
play an important role in the investigation of fundamental questions of particle physics. While the Stan-
dard Model of electroweak [1] and strong [2] interactions is in excellent agreement with the numer-
ous experimental measurements, the dynamics responsible for electroweak symmetry breaking are still
unknown. Within the Standard Model, the Higgs mechanism [3] is invoked to break the electroweak
symmetry. A doublet of complex scalar fields is introduced, of which a single neutral scalar particle, the
Higgs boson, remains after symmetry breaking [4]. Many extensions of this minimal version of the Higgs
sector have been proposed, mostly discussed a scenario with two complex Higgs doublets as realized in
the Minimal Supersymmetric Standard Model (MSSM) [5].

Within the Standard Model, the Higgs boson is the only particle that has not been discovered so
far. The direct search at the e+e− collider LEP has led to a lower bound on its mass of 114.4 GeV [6].
Indirectly, high precision electroweak data constrain the mass of the Higgs boson via their sensitivity to
loop corrections. Assuming the overall validity of the Standard Model, a global fit [7] to all electroweak
data leads to the 95% C.L. mH < 144 GeV. The 95 % C.L. lower limit obtained from LEP is not used in
the determination of this limit. Including it increases the limit to 182 GeV [7].

On the basis of the present theoretical knowledge, the Higgs sector in the Standard Model remains
largely unconstrained. While there is no direct prediction for the mass of the Higgs boson, an upper limit
of ∼1 TeV can be inferred from unitarity arguments [8].

Further constraints can be derived under the assumption that the Standard Model is valid only up to
a cutoff energy scale Λ, beyond which new physics becomes relevant. Requiring that the electroweak
vacuum is stable and that the Standard Model remains perturbative allows to set upper and lower bounds
on the Higgs boson mass [9, 10]. For a cutoff scale of the order of the Planck mass, the Higgs boson
mass is required to be in the range 130 < MH < 180 GeV. If new physics appears at lower mass scales,
the bound becomes weaker, e.g., for Λ = 1 TeV the Higgs boson mass is constrained to be in the range
50 < MH < 800 GeV.

Direct searches for the Standard Model Higgs boson at the Tevatron include looking for its production
via gluon fusion and subsequent decay to WW (∗) . The observed 95% C.L. limit by CDF (with an
integrated luminosity of 2.4 fb−1 analysed) is 0.85 pb for MH= 160 GeV, which is about 1.6 times the
Standard Model prediction [11]. Similarly the DØ Collaboration excludes at 95% C.L. the production of
this boson with a cross-section about 2.4 times the one predicted by the Standard Model (σWW

SM ). Searches
at low mass are done studying Higgs bosons produced in association with the W and Z, and looking for
H→ bb with leptonic W an Z decays (e,µ). CDF sets a 95% C.L. limit to 8.2×σbb

SM, while the one from
DØ is 11×σbb

SM, for MH= 115 GeV. Preliminary results on the combination of the results from these two
experiments lead to a 95% C.L. limit on the Higgs boson production cross-section to about 5.1×σSM for
MH= 115 GeV, and 1.1×σSM for MH= 160 GeV [11].
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The Minimal Supersymmetric Standard Model contains two complex Higgs doublets, leading to five
physical Higgs bosons after electroweak symmetry breaking: three neutral (two CP-even h and H, and
one CP-odd A) and a pair of charged Higgs bosons H±. At tree level, the Higgs sector of the MSSM
is fully specified by two parameters, generally chosen to be mA, the mass of the CP-odd Higgs boson,
and tanβ , the ratio of the vacuum expectation values of the two Higgs doublets. Radiative corrections
modify the tree-level relations significantly. This is of particular interest for the mass of the lightest
CP-even Higgs boson, which at tree level is constrained to be below the mass of the Z boson. Loop
corrections are sensitive to the mass of the top quark, to the mass of the scalar particles and in particular
to mixing in the stop sector. The largest values for the mass of the Higgs boson h are reached for large
mixing, characterized by large values of the mixing parameter Xt := At−µ cotβ , where At is the trilinear
coupling and µ is the Higgs mass parameter. If the full one-loop and the dominant two-loop contributions
are included [12, 13], the upper bound on the mass of the light Higgs boson h is expected to be around
135 GeV (mh-max scenario). While the light neutral Higgs boson may be difficult to distinguish from its
Standard Model counterpart, the other heavier Higgs bosons are a distinctive signal of physics beyond
the Standard Model. The masses of the heavier Higgs bosons H, A and H± are often almost degenerate.

Direct searches at LEP have given lower bounds of 92.9 (93.3) GeV and 93.4 (93.3) GeV on the
masses of the lightest CP-even Higgs boson h and the CP-odd Higgs boson A within the mh-max (no-
mixing) scenario. [14] In those scenarios, the mixing parameter in the stop sector is set to values of
Xt = 2 TeV and Xt = 0, respectively. Given the LEP results, the tanβ regions of 0.9 < tanβ < 1.5 and
0.4 < tanβ < 5.6 are excluded at 95% confidence level for the mh-max and the no-mixing scenarios,
respectively [14]. However, it should be noted that the exclusions in tanβ depend critically on the exact
value of the top-quark mass. In the LEP analysis mt = 179.3 GeV has been assumed. With decreasing
top mass the theoretical upper bound on mh decreases and hence the exclusions in tanβ increase, while
for mt of about 183 GeV , or higher, the exclusions in tanβ vanish.

Direct searches at the Tevatron have been performed looking to the tau-pair and b-pair production.
With an integrated luminosity of 1.8 fb−1 no excess of events has been observed, and exclusion limits on
production cross-section times branching fraction to tau pairs for a Higgs boson mass in the range from
90 to 250 GeV have been set. The expected reach of this search, assuming MSSM Higgs production,
extends below tanβ= 40 for MA in the mass range MA= 120 to 160 GeV [15].

The charged Higgs boson mass is related to mA via the tree-level relation m2
H± = m2

W + m2
A and it

is less sensitive to radiative corrections [16]. Direct searches for charged Higgs bosons in the decay
modes H± → τν and H± → cs have been carried out at LEP, yielding a lower bound of 78.6 GeV on
mH± independent of the H±→ τν branching ratio [17]. At the Tevatron, the CDF and DØ experiments
have performed direct and indirect searches for the charged Higgs boson through the process pp→ tt̄
with at least one top quark decaying via t → H±b. These searches have excluded the small and large
tanβ regions for H± masses up to ∼160 GeV [18]. Other experimental bounds on the charged Higgs
boson mass can be derived using processes where the charged Higgs boson enters as a virtual particle.
For example, the measurement of the b→ sγ decay rate allows indirect limits to be set on the charged
Higgs boson mass [19] which, however, are strongly model dependent [20].

The high collision energy of the LHC will allow the search for Higgs bosons to be extended into
unexplored mass regions. The experiments have a large discovery potential for Higgs bosons in both the
Standard Model and in the MSSM over the full parameter range. Should the Higgs boson be light, i.e.
have a mass in the range favoured by the precision electroweak measurements, the experiments at the
Tevatron might also get indications of the existence of a Higgs boson.

In this chapter, the potential for Higgs boson searches at the Large Hadron Collider with the ATLAS
experiment is reviewed, focussing on the investigation of the Higgs sectors in the Standard Model and in
the MSSM.
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Table 1: Set of parameters used in the evaluation of the Higgs boson cross-sections (see text).

Muds = 190 MeV Mc = 1.40 GeV Mb = 4.60 GeV

Mt = 172 GeV MZ =91.187 GeV MW = 80.41 GeV

GF = 1.16639×10−5 GeV−2 NF = 5 ΛLO
QCD = 165 MeV

ΛNLO
QCD = 226 MeV αLO

s (MZ) = 0.130 αNLO
s (MZ) = 0.118

Table 2: Cross-sections for Higgs boson production via gluon fusion at LO and NLO in the mass range
100 ≤ MH ≤ 1000 GeV. The first column gives the Higgs boson mass, the second the LO order cross-
section, the third and fourth column gives the NLO electroweak (EW) and QCD corrections respectively
(see text), the last column presents the overall NLO cross-section.

MH(GeV) σLO (pb) δQCD δEW σNLO (pb) MH(GeV) σLO (pb) δQCD δEW σNLO (pb)
100 27.788 0.80 0.04 51.264 105 25.518 0.80 0.04 47.189
110 23.519 0.81 0.05 43.590 120 20.170 0.81 0.05 37.579
130 17.491 0.82 0.06 32.809 140 15.314 0.82 0.07 28.886
150 13.521 0.82 0.08 25.680 160 12.029 0.83 0.07 22.854
170 10.776 0.84 0.03 20.114 180 9.715 0.84 0.02 18.080
190 8.812 0.85 -0.01 16.212 200 8.038 0.85 -0.02 14.760
250 5.490 0.88 -0.02 10.231 300 4.286 0.91 -0.01 8.143
350 4.414 0.97 -0.01 8.666 400 4.124 0.93 0.00 7.923
450 2.945 0.91 0.00 5.622 500 1.975 0.91 0.00 3.772
550 1.307 0.92 0.00 2.505 600 0.869 0.93 0.00 1.675
650 0.585 0.94 0.00 1.134 700 0.398 0.95 0.00 0.777
750 0.275 0.97 0.00 0.541 800 0.193 0.97 0.00 0.381
850 0.137 0.99 0.00 0.272 900 0.098 1.01 0.00 0.197
950 0.071 1.03 0.00 0.144 1000 0.052 1.06 0.00 0.107

2 Production cross-sections and branching fractions for a Standard Model
Higgs boson

2.1 Production cross-sections

This section reports on the Standard Model Higgs boson production cross-section via gluon fusion, Vec-
tor Boson Fusion (VBF), and the associated production with a Vector Boson (WH and ZH), to leading
order (LO) and to next to leading order (NLO). The associated production with tt̄ is also discussed.

The calculation is performed using the CTEQ6L1 and CTEQ6M Parton Distribution Functions (PDF)
at LO and NLO respectively [21]. Single and two-loop calculations of the running strong coupling
constant αs are used for the LO and NLO computation respectively. Table 1 shows the values of the
Standard Model parameters used in the computations.

The cross-section of the gluon fusion process is evaluated using the program HIGLU [22]. The
calculation is performed with exact NLO matrix element. The renormalization and factorization scales
are set to the Higgs boson mass. The values of αs are calculated according to the values of ΛQCD given
in Table 1 with 5 flavors. This approach may overestimate the LO cross-section; however this effect is
expected to be negligible compared to the effect from the scale uncertainty.

Table 2 reports the cross-sections for Higgs boson production via gluon fusion at LO and NLO in
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Table 3: Cross-sections for Higgs boson production via Vector Boson Fusion at LO and NLO in the
mass range 100 ≤ MH≤ 1000,GeV. The first column gives the Higgs boson mass, the second the LO
order cross-section, the third and fourth column gives respectively the NLO electroweak (EW) and QCD
corrections (see text), the fifth column presents the overall NLO cross-section.

MH(GeV) σLO (pb) δQCD δEW σNLO (pb) MH(GeV) σLO (pb) δQCD δEW σNLO (pb)
100 5.037 0.04 -0.05 5.001 105 4.835 0.04 -0.05 4.802
110 4.633 0.04 -0.05 4.608 120 4.277 0.04 -0.05 4.246
130 3.961 0.04 -0.05 3.931 140 3.670 0.04 -0.05 3.651
150 3.415 0.04 -0.05 3.397 160 3.173 0.05 -0.05 3.154
170 2.956 0.05 -0.04 2.976 180 2.770 0.04 -0.04 2.764
190 2.591 0.05 -0.03 2.624 200 2.427 0.04 -0.04 2.447
250 1.789 0.04 -0.04 1.795 300 1.355 0.05 -0.04 1.358
350 1.053 0.04 -0.06 1.037 400 0.833 0.04 -0.03 0.848
450 0.670 0.04 0.00 0.694 500 0.542 0.05 0.01 0.574
550 0.447 0.04 0.03 0.477 600 0.371 0.04 0.04 0.402
650 0.311 0.04 0.06 0.341 700 0.262 0.04 0.08 0.292
750 0.222 0.04 0.10 0.252 800 0.190 0.03 0.13 0.220
850 0.163 0.03 0.15 0.193 900 0.140 0.03 0.19 0.170
950 0.121 0.03 0.23 0.152 1000 0.105 0.03 0.27 0.136

Table 4: Cross-sections for the associated Higgs boson production with W bosons at LO and NLO in the
mass range 100 ≤MH≤ 200 GeV.

MH(GeV) σLO (pb) δQCD δEW σNLO (pb)
100 2.476 0.22 -0.06 2.877
110 1.855 0.22 -0.06 2.154
120 1.414 0.23 -0.07 1.641
130 1.095 0.23 -0.07 1.269
140 0.860 0.23 -0.08 0.995
150 0.684 0.24 -0.09 0.787
160 0.550 0.24 -0.12 0.615
170 0.447 0.24 -0.10 0.511
180 0.366 0.24 -0.11 0.417
190 0.303 0.25 -0.09 0.349
200 0.252 0.25 -0.09 0.292

the mass ranges 100 ≤MH≤ 1000 GeV. The NLO cross-section is obtained from the LO one as follows:
σNLO = σLO× (1+δQCD +δEW ).

The cross-section of VBF Higgs boson production is estimated with the package VV2H F [22]. The
results are reported in Table 3 as a function of the Higgs boson mass in the range 100 GeV≤MH≤ 1000
GeV. The renormalization and factorization scales are set to the Higgs boson mass.

The cross-sections for WH, ZH and tt̄H production are one to two orders of magnitude below the
gluon and vector boson fusion cross-sections. The values are given in Tables 4, 5, and 6 respectively.

The cross-section for the Higgs boson produced in association with tt̄ is estimated with the package
HQQ [22]. The renormalization and factorization scales are set to (MH+ 2Mt)/2. The QCD corrections to
this process are known [23,24] and yield a K-factor of about 1.25. However it should be stressed that the
main backgrounds in this analysis (tt̄bb̄ and tt̄jj) are known to LO only. Table 6 reports the cross-section
of Higgs boson production associated to tt̄ in the mass range 100 GeV≤MH≤ 200 GeV.

The package V2HV is used to estimate the Higgs boson production cross-section in association with
the W and Z bosons [22]. The renormalization and factorization scales are set to the sum of the invariant
masses of the weak boson and of the Higgs boson. Tables 4 and 5 report the cross-sections of these
processes in the mass range 100 GeV≤MH≤ 200 GeV.
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Table 5: cross-sections for the Higgs boson associated production with Z bosons at LO and NLO in the
mass range 100 ≤MH≤ 200 GeV.

MH(GeV) σLO (pb) δQCD δEW σNLO (pb)
100 1.298 0.22 -0.05 1.519
110 0.980 0.22 -0.05 1.148
120 0.752 0.23 -0.05 0.882
130 0.585 0.23 -0.05 0.687
140 0.462 0.23 -0.06 0.543
150 0.368 0.23 -0.06 0.433
160 0.297 0.24 -0.09 0.342
170 0.242 0.24 -0.06 0.286
180 0.199 0.24 -0.07 0.233
190 0.165 0.24 -0.06 0.195
200 0.137 0.25 -0.06 0.163

Table 6: cross-sections for the associated Higgs boson production with tt̄ to LO and NLO (courtesy of
M. Spira) in the mass range 100≤MH≤ 200 GeV.

MH(GeV) σLO (pb) σNLO (pb) K Factor
100 0.873 1.088 1.25
110 0.680 0.848 1.25
120 0.537 0.669 1.25
130 0.428 0.534 1.25
140 0.345 0.431 1.25
150 0.282 0.352 1.25
160 0.232 0.291 1.26
170 0.193 0.243 1.26
180 0.162 0.204 1.26
190 0.137 0.174 1.27
200 0.117 0.149 1.27

2.2 Decays branching ratios

Higgs boson branching ratios are evaluated with the program HDECAY [25]. Here, the default settings
defined by the authors are used (see Ref. [25]), except for the parameters specified in Table 1.

Tables 7 and 8 report the most relevant Higgs boson branching ratios for 100 ≤ MH≤ 1000 GeV:
H→ bb,τ+τ−,γγ,ZZ(∗),WW (∗) and tt̄.

Figure 1 (left) shows the branching fractions and the production cross-section (right) of the Standard
Model Higgs boson as a function of its mass (Figures taken from Reference [26]).

2.3 Standard Model Higgs boson search in ATLAS

The Standard Model Higgs boson is searched for at the LHC in various decay channels, the choice of
which depends by the signal rates and the signal to background ratios in the various mass regions.

The Standard Model Higgs boson channels considered in this volume are:

• pp→ H→ γγ

• pp→ H→ ZZ(∗)→ 4l(l = e,µ)

• pp→ qqH→ qqτ+τ−

• pp→ H→W+W−→ lν lν , lνqq
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Table 7: Relevant Higgs boson branching ratios for the mass range 100 ≤MH≤ 200 GeV.

MH(GeV) ΓH (GeV) H→ bb H→ τ+τ− H→ γγ H→WW (∗) H→ ZZ(∗)

100 0.0026 0.8117 0.08002 0.00157 0.01019 0.00106
110 0.0029 0.7694 0.07726 0.00194 0.04454 0.00412
120 0.0036 0.6773 0.06915 0.00223 0.13310 0.01520
130 0.0049 0.5249 0.05440 0.00227 0.28880 0.03866
140 0.0080 0.3414 0.03587 0.00197 0.48540 0.06781
150 0.0166 0.1742 0.01854 0.00141 0.68310 0.08301
160 0.0772 0.03960 0.00426 0.00056 0.90150 0.04334
170 0.3837 0.00837 0.00091 0.00015 0.96540 0.02253
180 0.6282 0.00536 0.00059 0.00010 0.93460 0.05750
190 1.038 0.00339 0.00038 0.00007 0.77610 0.21870
200 1.426 0.00257 0.00029 0.00005 0.73470 0.26130

Table 8: Relevant Higgs boson branching ratios for the mass range 250 ≤MH≤ 1000 GeV.

MH(GeV) ΓH (GeV) H→WW (∗) H→ ZZ(∗) H→ tt̄
250 4.046 0.7003 0.2977 0.00000
300 8.505 0.6911 0.3075 0.00007
350 15.60 0.6722 0.3078 0.01878
400 29.30 0.5787 0.2703 0.14990
450 46.55 0.5489 0.2600 0.19030
500 67.56 0.5446 0.2606 0.19420
550 92.55 0.5500 0.2652 0.18430
600 122.3 0.5591 0.2711 0.16940
650 157.7 0.5692 0.2773 0.15310
700 199.7 0.5793 0.2832 0.13710
750 249.2 0.5889 0.2887 0.12210
800 307.7 0.5977 0.2937 0.10840
850 376.5 0.6057 0.2982 0.09586
900 457.4 0.6129 0.3023 0.08458
950 552.5 0.6195 0.3059 0.07445
1000 664.1 0.6253 0.3092 0.06537

• pp→ tt̄H→ tt̄bb̄

• pp→ tt̄H→ tt̄W+W−, and pp→ ZH→ `+`−W+W−

3 Higgs Bosons in the Minimal Supersymmetric Extension to the Stan-
dard Model

As discussed in the Introduction, in the Minimal Supersymmetric Standard Model two Higgs doublets
are required, resulting in three neutral and two charged observable Higgs bosons. The production of
neutral Higgs bosons and their decays are different from those in the Standard Model. While decays into
ZZ or WW are dominant in the Standard Model for Higgs boson masses above MH> 2 MW , for high
values of tanβ these decay modes are either suppressed in case of the h and H or even absent in the case
of the A. Instead, the coupling of the Higgs bosons to third generation fermions are strongly enhanced
for large regions of the MSSM parameter space.
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Figure 1: Left: Branching ratios for the relevant decay modes of the Standard Model Higgs boson as a
function of its mass. Right: cross-sections for the five production channels of the Standard Model Higgs
boson at the LHC at 14 TeV.

3.1 Production and decays of neutral Higgs bosons

The Higgs boson production proceeds via two different mechanisms, the direct and the b quark associated
production, as described below. In the following φ stands for either of the three neutral Higgs bosons: A,
H, and h. Further details can be found in [27].

Direct Production: The diagram for this process is depicted in Fig. 2(a). It dominates in the range of
low tanβ and its rates are significantly larger than for the Standard Model. For the range of higher tanβ it
is still dominant for low mA. The cross-section for this process has been calculated at NLO accuracy [22]
and the numerical values used here are listed under σdirect

h/H/A in Table 9.

Associated Production: Different approaches have been followed by theorists to calculate the cross-
section for Higgs boson production in association with b quarks, each of them assuming one of the
diagrams depicted in Fig. 2(b-d) as their leading order (LO) contribution. The implications connected
with this choice are briefly discussed below.

• gg→ bb̄φ :
The cross-section for this process has been calculated at NLO accuracy for the case of both b
quarks at high transverse momentum [28, 29], where this calculation is considered to be reliable.

g

g

φ

g

g

b

φ

b̄

b

b̄

φ

b

g

φ

b

g

q

q̄

b

φ

b̄

a) b) c) d) e)

Figure 2: Feynman diagrams contributing to the MSSM Higgs boson production. Diagram a) is called
‘direct production’, diagrams b) to e) contribute to the b quark associated production. In the above
diagrams φ represents either of the neutral Higgs bosons in the MSSM, h, H, or A.
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For the cases where only one or zero b quarks with high pT are required in the final state, the
cross-section has been calculated at NLO accuracy by integrating over the momentum of one or
both b quarks, respectively [28, 30, 31]. In these cases the predictions are considered less reliable
due to the occurrence of potentially large collinear logarithms of the form log(Q/mb) from the
gluon splitting process, where Q is the factorization scale which is expected to be much larger than
mb.

• bb̄→ φ :
The potentially large collinear logarithms can be dealt with by absorbing them into the parton
density function (PDF) of the b quark and thus resumming them to all orders of perturbation theory.
The intrinsically still present b quarks from the gluon splitting process are given zero transverse
momentum at leading order. At higher order they can acquire transverse momentum. E.g. the
process bg→ bφ is a NLO contribution leading to an observable b quark. The total cross-section
for this process has been calculated at NLO [32,33] and NNLO accuracy [34] and is considered to
be reliable when it is not required (but also not vetoed) to observe a b quark.

• bg→ bφ :
This process is a mixture of the two processes discussed above in a sense that one b quark is
coming from the matrix element description and the other from the b PDF. This process has been
calculated at NLO accuracy [35] and is considered to be reliable if one observes only one b quark
with high pT in the final state. In principle in this case one should also veto any additional b quark
which is experimentally challenging due to the limited b-tagging efficiency.

• qq→ bb̄φ :
Compared to gg → bb̄φ this process only contributes at the 1%-level at LHC energies and is
therefore only mentioned for completeness.

A comparison of the predicted cross-sections for both the inclusive and exclusive approach is shown
in Figure 3. The blue band corresponds to the NNLO calculation of bb̄→ φ , where the width of the
band corresponds to the residual scale uncertainties when varying the default renormalization (µr = mH)
and factorization (µ f = mH/4) scales. The red band shows the corresponding NLO calculation of gg→
bb̄φ . The scale uncertainty for gg→ bb̄φ is of the order 20 to 30%, while the scale uncertainty for
bb̄→ φ is much smaller, in particular at high Higgs boson masses. This might be due to the remaining
collinear logarithms in the gg→ bb̄φ calculation. However, contributions from e.g. PDF-uncertainties,
in particular for the b PDF have not been included here. Both methods agree within uncertainties. At
larger Higgs boson masses, the prediction from bb̄→ φ is slightly higher than that from gg→ bb̄φ . One
of the effects that might explain this is the inclusion of closed-top-loops in the gg→ bb̄φ calculation,
absent in the bb̄→ φ case. In conclusion, both predictions may be used to normalize an inclusive signal
sample, where no cuts have been applied on the momenta of the b quarks at generator level.

Due to the finite integrated luminosity assumed to be available for the analyses discussed in this note,
the inclusive normalization is chosen. The cross-section were calculated using FeynHiggs-2.6.2 [36]
yielding the cross-section for a Standard Model Higgs boson. The cross-sections in the MSSM were
then obtained by scaling them by the ratio of partial widths into bb̄:

σφ
MSSM(mA, tanβ ) = σSM(mφ ) ·

ΓMSSM
bb̄φ (mA, tanβ )

ΓSM
bb̄φ (mφ )

. (1)

The production cross-sections for all Higgs boson masses considered here and their branching frac-
tion into a τ+τ− and µ+µ− final states in the mmax

h scenario are summarized in Table 9 for tanβ = 20.
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Figure 3: The inclusive cross-sections for the processes bb̄→ φ / (blue hatched region) and gg→ bb̄φ
(red hatched region) are shown on the right-hand side; the exclusive cross-sections for bg→ bφ (blue
hatched region) and gg→ bb̄φ (red hatched region) are shown on the right-hand side. The width of the
bands corresponds to the theoretical uncertainty due to the choice of renormalization and factorization
scales.

3.2 Production and decays of charged Higgs bosons

The search strategies for charged Higgs bosons depend on the charged Higgs boson mass, which dictates
both the production and the available decay modes. Below the top quark mass the main production
mode is through top quark decays, t→ H+b, and in this range the H+→ τ+ν decay mode is dominant.
Once above the top quark threshold, production mainly takes place through gb fusion (gb̄ → t̄H+).
For such high charged Higgs boson masses, the decay into a top and a b quark dominates, H+ → tb̄,
but H+ → τ+ν can still be sizeable and offers a much cleaner signature. The process gg→ t̄bH+ is
important for charged Higgs boson production with mH+ around the top mass. Since the LHC will be
the first collider tt̄ factory, “light” charged Higgs bosons may be copiously produced through the process
qq̄, gg→ tt̄→ t̄bH+ [37]. While this is the dominant production mode, there are other processes which
also contribute to the light charged Higgs boson production, like single top events or diagrams with the
same final state as mentioned above (tbH+), but which do not proceed through tt̄ production. H+ events
through single top production are not considered in this volume.

The charged Higgs boson production cross-section is evaluated for two different MSSM scenarios.
They are chosen such that in Scenario A the decay of H+ into SUSY particlces is suppressed, and in
Scenario B (also known as the “mh-max” scenario) the mass of the lightest Higgs boson h0 is maximised.

Table 9: Mass, cross-section for direct production, cross section for b-associated production, and branch-
ing fractions into τ+τ− and µ+µ− final states for Higgs bosons in the mmax

h scenario and for tanβ = 20.
All values were obtained using FeynHiggs-2.6.2 and HIGLU.

Mass / GeV σdirect
h/H/A/fb σ associated

h/H/A /fb B(h/H/A→ τ+τ−)/% B(h/H/A→ µ+µ−)/%
A H h A H h A H h A H h A H h

110 129.8 109.0 – – – 314810 7579 310707 8.86 9.11 8.88 0.031 0.032 0.031
130 134.2 124.7 92517 93941 43545 189602 92897 99992 9.11 9.23 9.00 0.032 0.033 0.032
160 160.8 128.0 32148 34706 44561 97480 93102 6650 9.42 9.46 8.40 0.033 0.033 0.030
200 200.5 128.4 9847 11377 45957 45685 45095 2188 9.57 9.72 7.49 0.034 0.034 0.027
300 300.4 128.6 955 1451 46986 10312 10253 979 8.22 9.51 6.27 0.029 0.034 0.022
450 449.8 128.6 – – – 2019 2035 723 6.07 6.24 5.68 0.021 0.022 0.020
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For the two scenarios the following set of parameters have been used:

Scenario A:

• mt = 175 GeV

• MSUSY = 500 GeV

• At = 1000 GeV

• µ = 200 GeV

• M2 = 1000 GeV

• M3 = 1000 GeV

Scenario B (“mh-max”):

• mt = 170 GeV

• MSUSY = 1000 GeV

• Xt = 2000 GeV, where At = Xt + µ/ tanβ

• µ = 200 GeV

• M2 = 200 GeV

• M3 = 800 GeV

MSUSY denotes the soft SUSY-breaking mass parameter in the sfermion sector, mtXt is the off-
diagonal entry in the stop mass matrix, µ the Higgsino mixing paramter, and M2 and M3 the soft
SUSY-breaking mass parameters in the SU(2) gaugino and the gluino sector, respectively. In the follow-
ing, numerical NLO cross-sections for the low-mass H+ region are calculated with FeynHiggs (version
2.6.2 [36]). Heavy H+ NLO cross-sections are obtained with Ref. [38] and corrected with the dominant
supersymmetry loop corrections (reflecting the altered relation between the bottom quark mass and its
Yukawa coupling, ∆mb) as proposed in Ref. [39].

Figure 4 shows the results for the tbH+ final state as a function of tanβ for the MSSM scenarios A
and B. The production cross-section has a minimum at tanβ ≈ 7. This is caused by a mimimum in the
H+tb Yukawa coupling and renders the so-called intermediate tanβ region (4 < tanβ < 10) which is
experimentally hard to reach.
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Figure 4: Expected charged Higgs boson production cross-section in the MSSM for scenarios A and B
for light [36] and heavy charged Higgs bosons [38].

Below the top quark mass, the charged Higgs boson predominantly decays into a τ lepton and a
neutrino, and for values of tanβ >5 this branching ratio is close to 100%, as shown in Figures 5 and 6.
Decay modes involving cs̄ and Wh are also present, but depending on the value of tanβ they are one or
two orders of magnitude smaller than τν . The decay of the W boson originating from the associated top
quark adds variety to the possible charged Higgs boson signatures, but it also provides handles for signal
reconstruction and, even more important, for background rejection.

Once above the top quark mass threshold, the H+→ tb̄ decay mode shows a rapid growth and soon
becomes an important decay mode as shown in Figure 5. Contrary to the light charged Higgs boson,
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Figure 5: Charged Higgs boson branching ratios as a function of mass for the mh-max scenario for
tanβ = 2 and tanβ = 35 and three selected decay modes.

for which the H+→ τ+ν decay mode is an almost exclusive decay mode, the heavy charged Higgs H+

boson does not solely decay into tb̄, but a significant fraction is allowed to decay into other decay modes
like τ+ν , W+h, cs̄ or SUSY particles where kinematically allowed.

The calculations are performed with FeynHiggs [36], as it allows to calculate both the BR(t→H+b)
and the H+ decay branching in a consistent way, and includes important corrections to the tree level
values. Figure 6 shows the calculated branching ratios for two different charged Higgs boson masses,
one light (130 GeV) and one heavy (600 GeV), as a function of tanβ .
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Figure 6: Expected charged Higgs boson branching ratios in the MSSM for scenarios A and B for the
example of a light (mH+ = 130 GeV) and a heavy (mH+ = 600 GeV) charged Higgs boson [36].
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Prospects for the Discovery of the Standard Model Higgs
Boson Using the H→ γγ Decay

Abstract
The discovery potential for the Standard Model Higgs boson through the H→
γγ decay in the ATLAS detector is reported. Various performance aspects
of the Higgs boson mass reconstruction and the photon identification are dis-
cussed. Trigger issues are also considered. The potential of an inclusive
H → γγ search and Higgs boson searches in association with one or two high
pT jets are evaluated. Studies of the associated WH, ZH and tt̄H produc-
tion processes are also presented. Finally, the discovery potential is assessed
using an unbinned multivariate maximum-likelihood fit. These studies are per-
formed for experimental conditions expected for an instantaneous luminosity
of ≈ 1033 cm−2s−1.

1 Introduction

In the mass range 110 < mH < 140 GeV the Higgs boson is expected to decay into two photons with a
branching fraction large enough to render the search feasible at the LHC [1]. The inclusive search for the
Higgs boson in the diphoton decay channel has been studied in ATLAS for many years and constitutes
one of the benchmarks for the detector performance [2–4]. In this paper the sensitivity of ATLAS to this
channel is re-evaluated with an updated detector description and software. The impact of higher order
QCD and electroweak corrections on the discovery potential is also evaluated.

The Higgs boson can be produced in association with hadronic jets of high transverse momentum, pT.
Gluons from initial-state radiation in the gg→ H and qq→qqH Vector Boson Fusion (VBF) processes
are the largest contributors to Higgs boson production in association with high pT hadronic jets. The
search for a Higgs boson using the diphoton decay mode in association with one and two jets at the LHC
has been suggested [5–7] and a previous analysis reported on feasibility studies for these final states
using a fast detector simulation [8, 9]. This paper presents an update of these studies based on a more
complete description of the detector simulation.

In addition to the diphoton invariant mass, other discriminating variables are incorporated into the
analysis and combined by means of an unbinned maximum-likelihood fit. Photon reconstruction proper-
ties and the event topology are used to separate the data sample into categories that are fit simultaneously.

In the search for a Standard Model Higgs boson, the associated production with W , Z, or tt̄ can
serve to complement the inclusive Higgs boson and Higgs boson + jets channels and help to determine
the Higgs boson coupling to the Standard Model gauge bosons and the Yukawa coupling to the top
quark [10]. These measurements would provide consistency checks of the Standard Model. They could
also be interpreted in terms of Minimal Supersymmetric Standard Model couplings at high tanβ (for
mH ∼ 120 GeV) and high mA. Deviations from Standard Model rates could imply new physics such
as gauge-Higgs unification [11, 12] or the presence of resonances in models of little Higgs [13, 14],
Left-Right symmetry [15] or technicolour [16]. The feasibility of diphoton searches in association with
weak vector bosons is evaluated using a full detector simulation. This involves searches for diphotons in
association with either just missing transverse energy, Emiss

T , or Emiss
T and a charged lepton (electron or

muon), and updates earlier studies performed with a fast detector simulation [17, 18].
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2 Monte Carlo event generation

The Monte Carlo (MC) event generation required for this paper is split into two main groups. The first
group corresponds to MC samples produced with a full detector simulation based on GEANT4 [19].
These are used for the evaluation of detailed detector effects relevant to the analyses. The second group
of MC samples are processed with a fast detector simulation [20] and are used primarily for the evaluation
of the analysis sensitivity. For example, the Higgs boson mass resolution, photon identification efficiency
and photon-jet rejection are evaluated with a full detector simulation. The resulting photon efficiency and
photon-jet rejection are parameterised as a function of the photon pT and these parameterisations are then
applied to the fast detector simulation.

2.1 Signal processes

Signal events are generated using PYTHIA [21]: this package implements Leading Order (LO) Matrix
Element calculations for all the signal processes considered here. The gluon fusion process is also
simulated with the MC@NLO [22, 23] package. This package provides QCD Next-to-Leading-Order
(NLO) Matrix Elements [24–27] in addition to a good description of multiple soft-gluon emission at next-
to-next-to-leading logarithmic level (NNLL) [28–30]. This is relevant to evaluating the discriminating
power of the diphoton pT and other relevant variables. All signal processes used here are processed
through a full detector simulation. Signal events produced via the VBF mechanism are also modeled
with HERWIG [31]. All the generated samples for signal processes used here are normalized to the NLO
cross-sections [32] taking into account only QCD corrections.

2.2 Background processes

Background processes can be split into two main groups: backgrounds coming from the production of
two isolated photons, which are usually referred to as irreducible, and reducible backgrounds coming
from events with at least one fake photon. Fake photons are mostly due to the presence of a leading π0

resulting from the fragmentation of a quark or a gluon. Table 1 gives a summary of the MC packages
and the cross-sections (in pb) for the irreducible and reducible backgrounds used here.

In this paper QCD corrections to both signal and background are considered in the inclusive analysis.
The irreducible background is mainly due to the qq,qg→ γγx processes at up to order α2αs (namely
the Born and Bremsstrahlung contributions) and the gg→ γγ up to order α2α3

s (referred to as the box
contribution). Contributions from photons produced collinear to quarks are also taken into account at
NLO. The DIPHOX [33] and ResBos [34–36] programs are used to assess the irreducible background
computation. DIPHOX includes all the processes to order α2αs, including the Bremsstrahlung contribu-
tion with the quasi collinear fragmentation of quarks and gluons which are computed at NLO. DIPHOX
does not include resummation effects. ResBos includes the Born and box contributions at NLO as well
as the bremsstrahlung contribution (but the fragmentation contribution is only at LO). ResBos includes
resummation effects to NNLL.

In these computations, a parton level isolation cut of 15 GeV in a cone of ∆R = 0.4 is used. This is
checked against the real photon identification cuts using PYTHIA fully simulated events. DIPHOX and
ResBos predictions for the total irreducible background agree to better than 10% [37].

Table 1 shows the cross-sections used to normalize the MC generation in the inclusive analysis.
The cross-sections for qq,qg→ γγx and gg→ γγ quoted in Table 1 were computed with ResBos for
80 < mγγ < 150 GeV, where mγγ is the invariant mass of the diphoton system, and pT γ > 25 GeV, where
pT γ is the transverse momentum of the photons. Photons are required to lie in the central region of the
detector, |η | < 2.5. The factorization and renormalization scales are set dynamically as the invariant
mass of the diphoton system.

2
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Table 1: Details of the cross-section calculation and event generation for the irreducible and re-
ducible photonic backgrounds used in the H → γγ analysis. The first three columns display the
cross-section calculators, kinematic cuts and resulting cross-sections (in pb). The last two columns
show the MC packages used for event generation and the number of events generated with a full
and fast detector simulations, respectively.

Process σ calculator Cuts σ (pb) Full simulation Fast simulation
# of events # of events

qq,qg→ γγx ResBos/ 80 < mγγ < 150 GeV 20.9 PYTHIA/ALPGEN ALPGEN

DIPHOX pT γ > 25 GeV, |η |< 2.5 200000/1300000 1670000
gg→ γγ ResBos 80 < mγγ < 150 GeV 8.0 PYTHIA PYTHIA

pT γ > 25 GeV, |η |< 2.5 200000 850000
γ j JETPHOX pT γ > 25 GeV 180·103 PYTHIA ALPGEN

3000000 36700000
j j NLOJET++ pT > 25 GeV 477·106 PYTHIA ALPGEN

10000000 37000000

In order to evaluate irreducible backgrounds for signal-significance computations and to include the
effect of high-pT jets, the ALPGEN MC generator is used [38, 39].1 This includes 2→ N tree-level
Matrix Elements, where N = 2− 5. The minimum parton pT and maximum pseudorapidity are set to
20 GeV and |η |< 5, respectively. A prescription for the merging of matrix elements and parton showers
is used [41]. The pT threshold for the merging of the parton shower and the Matrix Elements is set to
20 GeV and ∆R = 0.7.

The total cross-section of the ALPGEN samples of γγ+jets events is normalized to the cross-section
given in Table 1. The diphoton invariant mass and transverse momentum spectra are re-weighted to the
corresponding spectra obtained with ResBos for the Born and Bremsstrahlung contributions. This is mo-
tivated by the fact that ResBos provides a NNLL description of the resummation effects that significantly
affects the pT spectrum of the diphoton system up to about 40 or 50 GeV.

The box contribution is simulated with the PYTHIA package using the leading order one loop Matrix
Elements with full and fast detector simulations. The cross-section of this sample is normalized to the
cross-section given in Table 1. The diphoton invariant mass and momentum spectra are re-weighted to
the corresponding spectra obtained with ResBos.

The total inclusive cross-section for the γ j process is obtained using the package JETPHOX [42].
This package simulates direct and fragmentation single photon production. The distribution of the photon
pT that is obtained is compared with that for direct production predicted using the PYTHIA package. It
is observed that the differential cross-section obtained with JETPHOX is a factor of 2.1 larger than that
obtained with PYTHIA, with a weak pT dependence. Table 1 shows the cross-section for inclusive γ j
production for pT γ > 25 GeV.

The inclusive dijet cross-section is computed with the help of the NLOJET++ package [43,44], which
takes into account QCD NLO corrections. The dijet cross-section obtained with this program is found to
be a factor of 1.3 larger than that obtained with PYTHIA. Table 1 shows the cross-section for inclusive
dijet production for pT > 25 GeV.

For purposes of signal significance computation the ALPGEN MC package is used to generate sam-

1This generation does not include the box contribution nor the electroweak γγ j j process. The latter is generated with the
MadGraph package [40] and it is used in the Higgs boson searches in association with hadronic jets only (see Sections 5.2
and 5.3).

3
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Table 2: Event generators and cross-sections for backgrounds used in the analyses of associated
production. Photons are required to be in |η | < 2.7 and to have pT > 20 GeV. For the W±(→
e±ν)γ process the electron is required to pass the same cuts as the photons. The diphoton invariant
mass should be in the interval 90 < mγγ < 150 GeV, when appropriate. For the bb̄γγ process the
pT of the b quark is required to be greater than 20 GeV.

Process Generator Cross-section Number of events
Z(→ ``)γγ MadGraph 2.4 fb 17500
Z(→ νν)γγ MadGraph 4.9 fb 17500

W+(→ `ν)γγ MadGraph 3.3 fb 28200
W−(→ `ν)γγ MadGraph 3.1 fb 31500
W±(→ e±ν)γ PYTHIA 5.9 pb 218350

cc̄γγ MadGraph 257 fb 5000
bb̄γγ MadGraph 24.41 fb 5000
tt̄γγ MadGraph 1.97 fb 4900

ples of γ+jets and multi-jets with a fast detector simulation. ALPGEN includes 2→ N tree-level Matrix
Elements, where N = 2− 5. The minimum parton pT and pseudorapidity range are set to 20 GeV and
|η | < 6, respectively. The same matching conditions as in the γγ+jets sample are used. The samples
generated with ALPGEN are normalized to cross-sections given in Table 1.

A small background contribution is expected from Drell-Yan e+e− faking a photon pair. For this
purpose 420k events were generated using the PYTHIA package with a full detector simulation. The
generator cross-section after requiring one lepton with pT > 10 GeV and |η |< 2.7 is 1.23 nb.

Specific backgrounds contributing to the Higgs boson plus lepton and Higgs boson plus missing
transverse energy channels are also produced. W/Z + diphoton backgrounds can produce the same
topology as the signal. To evaluate the contributions from these backgrounds, the MadGraph [40] gen-
erator, which includes the Z and W bosons produced in association with two photons with tree-level
diagrams has been used. The cross-sections for these processes, including the leptonic branching ratios,
are shown in Table 2, requiring that the photons have pT > 20 GeV and |η |< 2.7, and that the invariant
mass of the two photons be between 90 and 150 GeV.

The cc̄γγ , bb̄γγ and tt̄γγ cross-sections shown in Table 2 do not include the branching ratios of
leptonic decays. For the bb̄γγ process the transverse momentum of the b quark is required to be greater
than 20 GeV. In the tt̄γγ events, also produced by MadGraph, the photons only come from the top
quarks. The contribution from events in which photons arise from the decay products of the tt̄ system
was roughtly evaluated. Events were generated with PYTHIA using the Matrix Elements for the tt̄
process. The production of two additional high pT photons coming from the final state radiation of the
top quark decay products was evaluated. It was found that the tt̄γγ background needs to be multiplied by
a factor 7.5 to account for this effect: this factor was applied for the analysis of the associated channel.
It is probably conservative because the photons radiated by the quarks should not be isolated and would
be removed by the analysis cuts.

There is a contribution to the background from events with a W boson and a photon, where the W
boson decays into an electron and a neutrino. In some events, the electron can be mis-reconstructed as a
photon. The PYTHIA generator is used for this background and the cross-section, including the leptonic
branching ratio, is given in Table 2 after requiring pT > 20 GeV and |η | < 2.7 for both the photon and
the electron. For all the processes in Table 2 a full detector simulation was used and QED radiative
corrections to the Z/W decays were treated with PHOTOS [45].

4
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3 Photon selection and γγ reconstruction

3.1 Photon reconstruction and calibration

Photons in the calorimeter are reconstructed from clusters of different sizes: in the barrel region (|η | <
1.37 ) a ∆ηx∆φ = 3x7 cluster (in units of middle sampling calorimeter cells) is used for converted
photons to recover as much as possible the energy that might be lost due to the opening of the two
electrons in the magnetic field. A 3x5 cluster is used for unconverted photons. In the endcap region
(1.52 < |η |< 2.37 ) a 5x5 cluster has been used for both converted and unconverted photons. The chosen
cluster sizes are a compromise between maximal energy containment and minimization of the noise. In
the simulation, all the effects that contribute to the calorimeter resolution constant term, which by design
should be kept below 0.7%, are taken into account by smearing the reconstructed cells energies. The
energy of the photons in the electromagnetic (EM) calorimeter has been reconstructed using appropriate
weights for the presampler and back compartments of the calorimeter to correct for the energy lost in
the material in front of the calorimeter, for the longitudinal leakage and for the energy losses outside the
cluster. Different weights for unconverted photons and electrons are used, as derived from the nominal
detector geometry (see Ref. [46] for details). Clusters are then corrected for a series of effects. The
variations of the energy with respect to the impact point inside each cell are corrected for. These effects
are due to the fact that the shower is not fully contained inside the cluster (the effect is larger for small
cluster sizes) and to the calorimeter material structure in φ . The photon candidate position is defined as
the barycenter of the associated cluster: the fact that the cells have a finite granularity introduces a bias in
the measured position which is corrected for as a function of the particle impact point within the central
cell (more details in Ref. [46]).

3.2 Photon identification

Powerful photon identification is required to reduce the background from jets faking photons (from j j
events and γ j events) below the irreducible background. The photon identification relies on the fine
segmentation of the electromagnetic calorimeter, especially the first layer, allowing an event-by-event
rejection of “isolated” π0s, which are the main source of fake photons from jets. The details of the
shower-shape variables and the cuts can be found in Ref. [47]. The shower-shape variables include the
leakage in the first compartment of the hadronic calorimeter, variables characterizing the lateral size of
the shower in the second layer of the EM calorimeter, and variables related to the transverse size in
the first layer of the EM calorimeter, together with a search for a second maximum in η in the energy
deposited in the strips of the first layer. The average efficiency of the calorimeter cuts for photons
from Higgs boson decays with pT > 25 GeV has been found to be 83% when pile-up corresponding to
1033cm−2s−1 instantaneous luminosity is added. A track isolation cut is also applied to reduce further
the fake background: the sum of the pT of tracks in a ∆R = 0.3 cone around the cluster position is
computed for tracks with pT > 1 GeV and a cut at 4 GeV is applied. For tracks with ∆R < 0.1 of the
cluster position additional cuts are applied to remove conversion tracks from the sum. The efficiency of
this cut for photons fulfilling all other identification cuts is 98% [47]. The cuts have been optimized
using photons from Higgs boson decays as a signal sample and an inclusive jet sample for the fake rate
study. The optimisation of the cuts has been done mostly in the ET range 25− 35 GeV and the same
cuts are applied to converted and unconverted photons. Table 3 shows the rejection factors for inclusive
jets (normalized to jets found from the simulated particles without detector effects using a cone of size
∆R = 0.4), as measured from the inclusive jet sample. The rejection is also given separately for quark
and gluon jets. The difference in rejection comes from the different fragmentation. After all cuts, the
dominant background comes from “single” π0s. The uncertainty on the rejection (uncertainty on the
fragmentation, modeling of the detector response) is close to a factor of two [47].

5
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Table 3: Jet rejections expected for the inclusive jet sample for ET > 25 GeV. The results are
shown before and after track isolation cuts for all jets and separately for quark and gluon jets. The
errors are statistical only.

All quark-jet gluon-jet
Rejection (before isolation) 5070±120 1770±50 15000±700
Rejection (after isolation) 8160±250 2760±100 27500±2000

3.3 Conversion reconstruction

Considering Higgs boson decays with photons within |η | < 2.5, about 57% of the selected events have
at least one true conversion with a radius smaller than 80 cm. Converted photons may start showering
before the beginning of the calorimeter thereby degrading the energy resolution. In addition, the energy
deposition in the calorimeter from a converted photon is geometrically broader in φ than that from an
unconverted photon due to the magnetic field in the Inner Detector cavity. On the other hand when a
photon from a Higgs boson decay converts, the measurement of the conversion radius can be used to
improve the accuracy on the measurement of the photon direction (see Section 3.4).

Conversions are reconstructed by a vertexing algorithm using the reconstructed particle tracks, as
explained in more detail in Ref. [48]. An electromagnetic cluster with an associated track which is one
of the two tracks of a conversion, is classified as a double track conversion. When a photon converts and
only one reconstructed track is associated to the corresponding cluster this photon may be mis-identified
as an electron: in order to increase the conversion reconstruction efficiency when an electromagnetic
cluster has an associated track with no B-layer hit and the associated track does not belong to a recon-
structed double track conversion, this object is classified as a single track conversion. Including single
track conversions in the analysis increases by ≈ 6% the signal efficiency while the overall background
is increased by approximately the same factor. The conversion reconstruction efficiency as a function of
the conversion radius is shown in Fig. 1: with the reconstruction software version used for this analysis,
the overall efficiency is ≈ 66.4% for conversions with a radius below 40 cm. The different contributions
from single-track and double-track conversion reconstruction are also shown.
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Figure 1: Efficiency of single-track and double-track conversion reconstruction as a function of the
conversion radius.

For a given electromagnetic cluster, more than one associated reconstructed conversion can be found:
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multiple conversions are due to secondary conversions or fake conversions. Fake conversions arise from
two tracks that do not come from a conversion or with only one of the two tracks coming from a con-
version. In the case of multiple conversions, the conversion with the smallest radius is selected: the
reconstructed conversion is then correctly associated to a converted photon from a Higgs boson decay in
97.6% of simulated signal cases.

The jet contribution to the total background can be evaluated from the analysis of converted photons
(see Ref. [48] for more details and updated results). The presence of tracks associated to the conversion
provides a measurement of the transverse momentum of the converted photon in the tracker and conse-
quently an evaluation of the ratio pT/ET , where ET is the transverse energy of the calorimeter cluster.
This variable should be distributed between 0 and 1. As shown in Fig. 2, converted photons have val-
ues of pT/ET which populate the region around 1 with a large non Gaussian tail to lower values due to
bremsstrahlung of the electrons. In contrast, the distribution expected for a converted photon from a π0

with the same transverse energy peaks at much lower values since the cluster collects the full energy of
both photons from π0 decay. It is particularly instructive to note that Fig. 2 also shows that the expected
distributions for pT/ET for jets passing all the photon identification cuts is very similar to that obtained
from single π0’s with the same transverse energy: this indicates that the residual background from jets is
dominated by single π0’s. The shapes in Fig. 2 for converted photons coming from a jet and converted
photons from the direct process can be parametrized and used to discriminate between the two compo-
nents in a data sample of conversion events, allowing an evaluation of the γ j and j j percentage in the
background.
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Figure 2: pT/ET ratio for conversions where both tracks were reconstructed in different event samples.

3.4 Primary vertex reconstruction

Among the reconstructed photons passing the identification cuts, the two with highest pT are assumed
to come from the Higgs boson decay. The azimuthal angle φ is determined by the cluster barycenter in
the second layer of the EM calorimeter. The pseudorapidity η relies on the knowledge of the position zH

at which the Higgs boson is produced and decays.
Exploiting the multi-layer structure of the EM calorimeter, an estimate of the direction of each photon

can be achieved by fitting a straight line in the (R,z) plane through the cluster barycenters detected in the
presampler and in the first and second samplings of the EM calorimeter. The intercept of these lines with
the ATLAS beam axis provides two independent measurements of the hard scattering vertex, zγ1 and zγ2
with their uncertainties. They are combined in a weighted average with the nominal interaction vertex

7
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at z0 = 0 which has a spread of ±56 mm to yield a calorimeter estimate, zcalo
H , of the primary vertex.

The performance expected for H→ γγ events is displayed in Table 4 and Fig. 3 (left plot). The accuracy
(RMS) of the primary vertex position reconstruction is 13 mm, 17 mm, 41 mm, when both photons are in
the barrel, one in the barrel and one in the endcap, and both in the endcap. In the simulation of the events
used for this analysis a 4mm shift of the electromagnetic calorimeter along the z-axis was introduced
(see Ref. [49] for more details) with respect to the nominal position. This effect has been taken into
account at the reconstruction level, recalculating the pseudorapidity of the cells in each calorimeter layer
with respect to the interaction point taking as a radial position reference the geometrical center (in the
radial direction) of the cell. To compute the photon direction, the pointing algorithm makes use of the
radial position of the barycenter of the shower instead of the geometrical center of the cell biasing the
distribution of the reconstructed primary vertex position obtained from calorimeter pointing with respect
to the true position as shown in Fig. 3, left plot (see Ref. [50] for more details). When a conversion is
reconstructed, its coordinates are added as an extra point to the straight line fit, thus improving the Higgs
boson vertex position accuracy; the distribution exhibits large tails with an RMS of 8 mm and a narrow
Gaussian core with a width of 0.15 mm.

By adding the reconstructed primary vertex to the linear fit, the best Higgs boson position accuracy
is achieved, with a Gaussian width of 0.07 mm (see Table 4 and Fig. 3, plot on the right). In the case of
pile-up, more than one primary vertex may be reconstructed by the inner detectors. The discrimination
of the hard-scattering vertex from pile-up vertices is done using a likelihood that is a combination of the
calorimeter information and the sum of the squares of the pT s of the tracks originating from the vertex
(named P2

T in the following). So

L = LP2
T
×Lcalo (1)

where

LP2
T

= pH(p2
T )/pMB(p2

T ) (2)

Lcalo = e−
1
2

z2

562 × e
− 1

2
(z−zcalo)2

σ2zcalo /e−
1
2

z2

562 = e
− 1

2
(z−zcalo)2

σ2zcalo (3)

The first component of the likelihood, LPT 2, is, for a certain value of P2
T , the probability for the

Higgs boson vertex to have this P2
T divided by the same probability for a minimum bias vertex. The

second component is the product of the probabilities that a measured vertex is that of the Higgs boson
vertex divided by the probability that the measured vertex position is that of a minimum bias vertex. The
vertex misidentification due to pile-up is displayed by the columns labeled ‘tail’ in Table 4. When the
vertex associated to the Higgs boson production is correctly identified among the others, the impact of
the direction measurement on the invariant mass resolution becomes negligible with respect to that of the
energy measurement.

3.5 Invariant mass and signal acceptances

The invariant mass of diphoton pairs has been reconstructed for different signal samples using the tools
described in the previous Sections: the 2g17i trigger selection (see Section 4 for more details) is applied
and two identified photons are required to be reconstructed with pT > 40 GeV and pT > 25 GeV within
the fiducial region of 0 < |η |< 1.37 and 1.52 < |η |< 2.37. Fig. 4 presents the invariant mass distribu-
tions of γγ pairs from Higgs boson decay with mH = 120 GeV. The shaded histograms correspond to
events with at least one true converted photon with a conversion radius smaller than 80 cm. The con-
verted photons are currently calibrated at the electron scale and the unconverted ones at the photon scale:
in the case of the geometry with additional material in front of the calorimeter, the observed difference
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Table 4: Performance of the Higgs boson longitudinal vertex position reconstruction, using
calorimeter pointing only (zcalo

H ) and the reconstructed primary vertex (zcalo+vtx
H ): averages (〈〉)

and RMS are displayed in mm. ‘tail’ shows the percentage of events which are outside the his-
togramme window (±100 mm and ±1 mm for zcalo

H and zcalo+vtx
H respectively).

Luminosity zcalo
H − ztrue

H (mm) zcalo+vtx
H − ztrue

H (mm)
〈〉 RMS tail(%) 〈〉 RMS tail(%)

No pileup 2.3 17.3 0.09 -0.008 0.10 1.2
1033 3.3 17.4 0.09 -0.010 0.10 13.0

2 ·1033 2.4 17.1 0.18 -0.007 0.10 18.3
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Figure 3: Difference between the reconstructed primary vertex position and the true position obtained
from calorimetric pointing and conversion track information (when available) without/with the recon-
structed primary vertex (left/right plot), for events without pile-up (black plots) and with pile-up eval-
uated for 1033 and 2 · 1033 cm−2s−1 (red, green plots). The narrow peak on top of the broader one is
due to events in which at least one photon has a reconstructed conversion vertex. In the right plots, the
non-Gaussian shape is due to the overlap of barrel-barrel, barrel-endcap and endcap-endcap topologies,
which have different resolutions.

between the peak of the distribution of events with no conversions and the one with at least one recon-
structed conversion is around 1 %. In the future a specific calibration will be implemented for converted
photons using the same prescription as that used for electrons and unconverted photons.

To be consistent with previous studies ( [4], [3]) the mass resolution obtained for the photon pairs
has been determined from an asymmetric Gaussian fit ([-2 σ , + 3 σ ]) of the invariant mass peak. The
asymmetric window is used to reduce the impact of the residual low energy tails in the reported width.
Table 5 shows the results for different Higgs boson masses with and without pileup at 1033 cm−2s−1 in
the case of simulations with additional dead material in front of the calorimeter (see Ref. [49] for more
details). Since the energy calibration coefficients have been calculated using the nominal geometry, the
presence of additional dead material in front of the calorimeter affects the determination of the value
of the invariant mass, moving the peak mean down by a few per mille. In addition it increases the
amount of low energy tails: the percentage of events with a reconstructed invariant mass more than 3σ
from the mean increases from 3.5 % for the nominal geometry to 6.8 % for the distorted geometry.
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Figure 4: Invariant mass distributions for photons pairs from Higgs boson decays with mH = 120 GeV
after trigger and identification cuts; on the left the invariant mass distribution obtained using the nominal
geometry simulation is reported while on the right plot the same invariant mass distribution is reported
when additional dead material is included in the simulation. The shaded histograms correspond to events
with at least one converted photon.

The acceptances after trigger selection (see Section 4 for more details) and analysis cuts together with
the mass resolutions for the different values of mH are reported in Table 5. The mass window for the
evaluation of the signal significance (denoted mass bin) is defined as ±1.4σ around the central value.
As can be seen in Table 5 the fraction of signal events in the mass bin is 26 % for mH = 120 GeV slightly
increasing with the Higgs boson mass. The relative mass resolution σm/m is close to 1.2 % degrading
by a few percent relative when the pileup is added.

Table 5: Efficiencies after trigger, identification and inclusive analysis cuts (see Section 5.1).
Reconstructed invariant mass peak positions and resolutions for different Higgs boson masses
with and without 1033 cm−2s−1 pileup are also reported. Distorted geometry has been used in all
cases.

mH = 120 GeV mH = 130 GeV mH = 140 GeV
No pileup Pileup No pileup pileup No pileup Pileup

L1 0.66 0.64 0.69 0.65 0.68 0.66
L2 0.54 0.52 0.55 0.52 0.56 0.53
EF 0.50 0.47 0.52 0.49 0.52 0.49

Analysis cuts 0.36 0.32 0.38 0.35 0.39 0.36
Mass bin 0.26 0.24 0.28 0.26 0.29 0.27

Mass Fitted (m) 119.46 119.47 129.47 129.41 139.41 139.41
σm, GeV 1.46 1.52 1.54 1.62 1.66 1.69

3.6 Background analysis on fully simulated samples

Large samples of γγ and γ j events as well as Drell-Yan Z → e+e− were generated with PYTHIA and
fully simulated. The differential cross-section at LO as a function of the diphoton invariant mass for γ j
and e+e− events after the analysis procedure described in previous sections is reported in Fig. 5. For the
j j background contribution evaluation not enough statistic was available in full simulation and it has been
estimated only from fast simulated events using photon efficiency and the jet rejection parametrizations
obtained from full simulation.
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Figure 5: Diphoton candidates invariant mass distribution for γ j (left) and Drell-Yan e+e−(right) events
after photon identification and analysis cuts with and without trigger selection.

The goodness of the photon efficiency and jet rejection parametrizations used in Section 5 on fast
simulated events to estimate the background contributions has been tested on the γ j sample in full sim-
ulation: the distribution of the cross-section as a function of the diphoton candidates invariant mass has
found to be in agreement within 15 % in the 110-150 GeV mass range with the distribution from the fast
simulated sample after photon efficiency and jet rejection parametrization used in Section 5.

3.7 Jet tagging in simulation

Section 5 presents two analyses which rely on tagging hadronic jets. Jet tagging is particularly relevant
to Higgs boson searches in association with two high pT jets since such an analysis is intended to isolate
Higgs boson production via VBF.

In the VBF production process, it is expected that the two quark-initiated jets are observed in opposite
hemispheres and with a large separation in pseudorapidity. Tagging these jets further suppresses the
background processes. Furthermore, since there is no colour exchange between the two quarks, the
Higgs boson should be observed in a large rapidity gap, where additional activity from QCD jets is
small. A central jet veto (CJV) which suppresses the background processes is therefore used in the event
selection,

The relative efficiencies for jet tagging are summarized in Table 6. The following four conditions are
applied:

• two simulated quarks with pT > 40 GeV and pT > 20 GeV (|η |< 5) and in opposite hemispheres,

• two reconstructed jets with pT > 40 GeV and pT > 20 GeV (|η |< 5),

• the two reconstructed jets are in opposite hemispheres,

• differences in η between the simulated quarks and the reconstructed jets are smaller than 0.4 (this
is referred to as matching).

The present tagging method selects correct tagging jets in 75.7% of the events. Under a pileup
condition of 1033cm−2s−1, a degradation of less than 5% is observed. The difference between HERWIG
and PYTHIA is about 6%.

4 Performance of the photon trigger on H→ γγ events.

There are two trigger selections which are foreseen for the H→ γγ analyses: 2g17i and g55. The 2g17i
trigger selects events with at least two isolated photons and is efficient for photon pT above 20 GeV. The
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Table 6: Relative efficiencies of the tagging method for VBF H → γγ with mH = 120 GeV (see
text).

Selection HERWIG (no pileup) HERWIG (Pileup 1033) PYTHIA (no pileup)
step 1 (quark level) 0.618±0.002 0.613±0.003 0.632±0.002

step 2 (rec level) 0.914±0.002 0.911±0.002 0.943±0.001
step 3 (rec level) 0.801±0.002 0.774±0.003 0.771±0.002
step 4 (matching) 0.757±0.003 0.726±0.003 0.713±0.003

g55 trigger selects events with at least one photon and is efficient for photon pT above 60 GeV. No
isolation is required in the g55 trigger. In the analyses presented in Section 5 only the 2g17i menu has
been considered to avoid possible biases in the invariant mass reconstruction: a more detailed description
of the photon selection at the High Level Trigger is available [51]. The photon reconstruction at the
trigger level relies only on calorimetric information. To calculate ET and shower shapes variables the
High Level Trigger uses algorithms similar to those used for offline analysis using information from the
first and second sampling of the calorimeter. For photon trigger menus the isolation is only applied at L1
trigger.

The trigger efficiency has been evaluated for Higgs boson events having two offline reconstructed
photons passing the following kinematic cuts: two photons with pT γ > 25 GeV and pT γ > 40 GeV re-
spectively both in the region 0< |η |<1.37 and 1.52< |η |<2.37, passing the identification cuts described
in Section 3.2.

Table 7: Efficiency for the 2g17i menu item to trigger on H → γγ events with mH = 120 GeV,
normalized with respect to the offline selections.

Trigger Level 2g17i Trigger efficiency
L1 96.3±0.3

L2 Calo 95.0±0.4
EF Calo 93.6±0.4

Table 7 shows in the first column the efficiency of the 2g17i menu item to select H→ γγ events after
each trigger level.

The 2g17i trigger menu item is expected to be ∼94% efficient for triggering on Higgs boson decays
with two reconstructed photons. The efficiency loss is mainly due to the calorimeter isolation at L1
which is not applied in the offline photon selection.

Trigger rates for 2g17i are studied in the context of the ATLAS trigger development. This trigger is
found to be usable (unprescaled) up to luminosities of 1033 cm−2s−1 [51].

5 Event selection

In this Section the analysis details of the various event selections are described. The event selection for
the inclusive analysis is given in Section 5.1 and for the Higgs boson search in association with jets are
given in Sections 5.2 and 5.3. Finally, the event selections for diphoton searches in association with
missing transverse momentum and charged leptons are given in Sections 5.4 and 5.5. Here the various
event selections are presented as disjoint analyses. In Section 7 the statistical power of these channels is
combined and their impact on the Higgs boson discovery potential is evaluated.
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5.1 Inclusive analysis

The inclusive analysis refers to the search for a resonance in events with two photons that pass certain
quality criteria. The analysis reported here follows closely the event selection of past studies [3, 4]. The
detector performance and optimization studies succinctly presented in Sections 3 and 4 are geared toward
maximizing the discovery potential of the inclusive analysis.

The following cuts are applied:

Ia At least two photon candidates (see Section 3.2) in the central detector region defined as |η |< 2.37
excluding the transition region between barrel and endcap calorimeters, 1.37 < |η |< 1.52 (crack in
the following). At this level it is required that the event passes the trigger selection (see Section 4).

Ib Transverse momentum cuts of 40,25 GeV on the leading and sub-leading photon candidates, re-
spectively.

The fiducial cuts in Ia are motivated by the quality of the off-line photon identification and the
fake photon rate (see Section 3.2). The values of the cuts on the transverse momentum of the photon
candidates (cut Ib) are not varied and are obtained from previous optimization studies [3].

 [GeV]γγ M
110 115 120 125 130 135 140 145 150

 [f
b/

G
eV

]
γγ

/d
M

σd

50

100

150

200

250

300

 [GeV]γγ M
110 115 120 125 130 135 140 145 150

 [f
b/

G
eV

]
γγ

/d
M

σd

50

100

150

200

250

300
Signal

Irreducible bkg

Reducible bkg

ATLAS

Figure 6: Diphoton invariant mass spectrum after the application of cuts of the inclusive analysis. Results
are presented in terms of the cross-sections in fb. The contribution from various signal and background
processes are presented in stacked histograms (see text).

Figure 6 shows the expected diphoton mass spectrum after the application of cuts Ia and Ib. The
hashed histogram in the bottom corresponds to the contributions from events with one and two fake
photons. The second hashed histogram corresponds to the irreducible backgrounds (see Section 2.2). The
background contributions are obtained with MC samples with a fast detector simulation normalized to
the cross-sections specified in Section 2.2. The fast detector simulation is corrected in order to reproduce
the aspects of the detector performance critical to the analysis, which are obtained with a full detector
simulation (see Sections 3 and 4). The expected contribution from a Higgs boson signal for mH =
120 GeV, obtained with a full detector simulation, is also shown in Fig. 6.
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Table 8: Expected cross-sections (in fb) for different signal (mH = 120 GeV) and background
processes within a mass window of mγγ ±1.4 of the mass resolution in the no pileup case reported
in Table 5. Cuts Ia and Ib were applied.

Signal Process Cross-section (fb) Background Process Cross-section (fb)
gg→ H 21 γγ 562
VBF H 2.7 Reducible γ j 318

ttH 0.35 Reducible j j 49
V H 1.3 Z→ e+e− 18

Table 9: Summary of the relative systematic uncertainties on the γγ and γ j processes.

Potential sources γγ γ j
Scale dependence 14% 20%

Fragmentation 5% 1%
PDF 6% 7%
Total 16% 21%

Table 8 shows the expected cross-sections (in fb) for background and signal in a mass window of
±1.4 of the mass resolution in the no pileup case reported in Table 5 around 120 GeV after the application
of cuts Ia and Ib. Table 8 indicates that the relative contribution from events with at least one fake photon
constitutes 39% of the total background, about a factor of two larger than evaluated in Ref. [4]. This
increase is mostly attributed to three factors. Firstly, a different method for the parametrization of the
fake photon background is used here. Secondly, the budget of inactive material in front of the first layer
of the calorimeter has increased with respect to the one used in previous studies. Finally, the contribution
from fragmentation in the γ j process (see Section 2.2) is allowed for here for the first time.

5.1.1 Theoretical uncertainties on background prediction

In this Section the theoretical uncertainties of the predictions for prompt single and double photon pro-
duction used in the inclusive analysis are evaluated.

The irreducible background rate is evaluated using ResBos [34–36], which implements a full matrix
element calculation at NLO and the resummed formalism. It thus yields an accurate description of the
low pT γγ region, as corroborated by recent Tevatron results [52]. In the high diphoton transverse momen-
tum, pT γγ , domain the precision of its prediction needs to be assessed. To account for the incompleteness
of the fixed order calculation two approaches are used: both the renormalisation and factorisation scales
(µR,F ) are varied, from 0.5×mγγ to 2×mγγ , first assuming µR = µF then independently.

ResBos does not provide the most accurate description of the fragmentation of partons into pho-
tons. In particular, it implements the single-photon fragmentation only at LO. An improved estimation
of this contribution is given by the DIPHOX program [33] which implements single and double-photon
fragmentation at NLO. The predictions of the fragmentation and direct contributions of the two afore-
mentioned calculations agree to within 6%.

The systematic uncertainty related to the parton distribution functions is studied in Ref. [53] and esti-
mated to be of the order of 6%. Systematic uncertainties related to the irreducible background evaluation
are summarised in Table 9 they amount to an overall relative uncertainty of 16%.
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A similar study has been performed with JETPHOX in order to evaluate theoretical uncertainties of
the γ j process. The second column of Table 9 reports the results from this study.2

5.2 Higgs boson plus one jet analysis

In this Section and in Section 5.3 two event selections are presented that take into account the presence
and properties of high pT hadronic jets in association with the photon pair. This analysis follows earlier
studies in ATLAS using a fast detector simulation [8].

Parton level studies have indicated that searches for the Higgs boson in association with at least one
high pT jet may have a strong discovery potential [5]. This analysis exploits mainly the fact that the
gluon radiation pattern of the two leading Higgs boson production mechanisms differs strongly from the
one expected for the reducible and irreducible backgrounds. The leading jet in the gg→ H j and V BF
mechanisms tends to be harder and be more separated from the diphoton system than in background
events. The invariant mass of the two photons and the jet system discriminates well the signal from the
background.

The following event selection is chosen after the application of cut Ia:

IIa Transverse momentum cuts of 45 and 25 GeV on the leading and sub-leading photon candidates,
respectively.

IIb Presence of at least one hadronic jet with pT > 20 GeV in |η |< 5.

IIc A cut on the invariant mass of the diphoton and the leading jet, mγγ j > 350 GeV.

The lower bound on the jet pT is dictated by the ability to calibrate hadronic jets in ATLAS [54].
The large hadronic activity due to the underlying events and multiple proton-proton interactions at the
LHC, in conjunction to the significant amount of inactive material before the calorimeter, may make it
difficult to lower the pT threshold. The variable mγγ j is the main discriminator used here to improve the
signal-to-background ratio. Other discriminating variables could be used to further enhance the analysis
sensitivity [5].

Figure 7 displays the resulting diphoton invariant mass spectrum after the application of cuts Ia and
IIa-IIc.

Table 10: Expected cross-sections (in fb) for the Higgs boson plus one jet Analysis. Results are
given after the application of cuts Ia and IIa-IIc (see Section 5.2). In the last row the expected
cross-sections within a mass window of mγγ of ±2 GeV around 120 GeV are given.

Cut gg→ H V BFH V H ttH Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)

Ia-IIa 28 3.6 1.7 0.49 34
IIb 13 3.5 1.5 0.49 19
IIc 3.2 1.9 0.22 0.17 5.5

Mass Window 2.3 1.4 0.17 0.13 4.0

Tables 10 and 11 display the expected cross-sections for signal and background events in the range
110 < mγγ < 150 GeV after the application of cuts Ia and IIa-IIc. Table 10 illustrates that the leading

2It is important to note that the uncertainty of the contribution of the reducible background is dominated by the uncertainty
in the determination of the fake photon rejection. This uncertainty may be significantly larger than the uncertainties quoted in
Table 9.
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Figure 7: Diphoton invariant mass spectrum in fb obtained with the Higgs boson plus one jet analysis
(see Section 5.2). The same procedure as in Fig. 6 in Section 5.1 is used to obtain the histograms in
Fig. 7. The same codes for signal and backgrounds are used as in Fig. 6.

Table 11: Expected cross-sections (in fb) of background for the Higgs boson plus one jet Analysis.
Results are given after the application of cuts Ia and IIa-IIc (see Section 5.2). In the last row the
expected cross-sections within a mass window of mγγ of ±2 GeV around 120 GeV are given.

Cut γγ Reducible γ j Reducible j j EW γγ j j Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)

Ia-IIa 9698 8498 937 99 19233
IIb 4786 4438 444 99 9768
IIc 501 824 89 71 1485

Mass Window 28 17 2.0 1.5 49

Higgs boson production mechanism after the application of cuts remains the gg→ H j process, closely
followed by the VBF mechanism. It is important to note that the gg→ H j process has been evaluated at
LO ignoring the large QCD NLO corrections.

5.3 Higgs boson plus two jets analysis

This Section considers an event selection comprising two photons in association with two high pT jets,
or tagging jets. In this analysis the tagging jets are defined as the two leading jets in the event. The V BF
Higgs boson process at LO produces two high pT and relatively forward jets in opposite hemispheres
(backward-forward). The pseudorapidity gap and invariant mass of these jets tend to be significantly
larger than those expected for background processes. The NLO description of the VBF process does not
significantly distort this picture.3

3About 10% of the VBF events display the feature that a radiated gluon coming from one of the quark lines happens to
become a tagging jet. In this class of events the pseudorapidity gap and the invariant mass of the tagging jets appears similar to
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A number of variables are chosen that are sensitive to the different kinematics displayed by the signal
and background processes [9]. The following is the optimized event selection after the application of cut
Ia:

IIIa Transverse momentum cuts of 50 and 25 GeV on the leading and sub-leading photon candidates,
respectively.

IIIb Presence of at least two hadronic jets in |η | < 5 with pT > 40,20 GeV for the leading and sub-
leading jet, respectively. The tagging jets must be in opposite hemispheres, η j1 ·η j2 < 0, where η j1
and η j2 correspond to the pseudorapidity of the leading and sub-leading jets, respectively. Finally,
it is required that the pseudorapidity gap between the tagging jets be large, ∆η j j > 3.6.

IIIc Photons are required to have pseudorapidity between those of the tagging jets.

IIId Invariant mass of the tagging jets, m j j > 500 GeV.

IIIe Veto on events with a third jet with pT > 20 GeV and |η |< 3.2
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Figure 8: Diphoton invariant mass spectrum obtained with the Higgs boson plus two jet analysis (see
Section 5.3).

Figure 8 displays the resulting diphoton invariant mass spectrum after the application of cuts Ia and
IIIa-IIIe.

Tables 12 and 13 display the expected cross-sections for a Higgs boson signal with mH = 120 GeV
and background events in the mass range ±2 GeV around 120 GeV after the application of cuts Ia and
IIIa-IIIe. Table 12 shows that the dominant Higgs boson production mechanism surviving the events
selection is the VBF mechanism. Unfortunately, the QCD NLO corrections to the main backgrounds
included in Table 13 are not known and therefore these results suffer from large theoretical uncertainties.

The event selections presented in this and the previous Sections have a certain degree of overlap.
This is particularly relevant for the VBF Higgs boson production mechanism. In Section 7 the signal
significance of a combined analysis is presented that takes into account the event overlap.

that displayed by a typical QCD background process. This effect is well reproduced by the HERWIG generator.
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Table 12: Expected cross-sections (in fb) for the Higgs boson plus two jet analysis. Results are
given after the application of cuts Ia and IIIa-IIIe (see Section 5.3). In the last row the expected
cross-sections within a mass window of mγγ of ±2 GeV around 120 GeV are given.

Cut gg→ H V BFH V H ttH Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)

Ia-IIIa 26.40 3.53 1.68 0.50 32.11
IIIb 0.63 1.44 0.02 0.01 2.10
IIIc 0.55 1.39 0.01 0.01 1.96
IIId 0.32 1.16 0.01 0.00 1.49
IIIe 0.25 1.03 0.00 0.00 1.28

Mass Window 0.18 0.79 0.00 0.00 0.97

Table 13: Expected cross-sections (in fb) of background for the Higgs boson plus two jet analysis
for mH = 120 GeV. Results are given after the application of cuts Ia and IIIa-IIIe (see Sec-
tion 5.3). In the last row the expected cross-sections within a mass window of mγγ of ±2 GeV
around 120 GeV are given.

Cut γγ Reducible γ j Reducible j j EW γγ j j Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)

Ia-IIIa 7417 6355 710 92 14574
IIIb 94 97 13 45 249
IIIc 70 69 9.9 41 189
IIId 33 34 5.6 38 111
IIIe 17 17 2.5 26 63

Mass Window 0.86 0.42 0.06 0.59 1.95

5.4 Higgs boson plus missing transverse energy and isolated leptons

The main signal production mechanism contributing to a category of events with two photons, missing
transverse energy and isolated leptons will be from WH→ `νγγ and ttH. The basic selection requires the
presence of two energetic photons, missing transverse momentum, and one high energetic lepton. The
main backgrounds for this channel are tt̄γγ , Wγγ where the W decays to `ν and Wγ → eνγ where the
other photon is radiated by the electron or is a fake photon from an additional jet.4 This latter background
is multiplied by a factor 2 to include the Wγ → µνγ contribution. Another important background turns
out to be γγ and γ j, when fake electrons or muons are reconstructed. ALPGEN was used to produce
the diphoton background including a full simulation of the detector. The cross section was multiplied by
a factor 1.4 to account approximately for the box diagram (40% of the contribution, see Table 1). For
reducible backgrounds (68% contribution, see Table 8), the cross-section of the diphoton background is
scaled by a factor 1.68. It is difficult to evaluate the accuracy of this approximation but this diphoton
process is not the leading background. A multivariate analysis based on various kinematical variables
would require very large Monte Carlo samples for the backgrounds. Here, a simple set of basic event
selection criteria is chosen:

IVa The first selection criterion sets minima on the transverse momenta of the two reconstructed pho-
4Note that there is some double counting when both Wγ and Wγγ are included.
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tons. The cut requires the pT of the most energetic photon to be higher than 60 GeV and the pT
of the second more energetic photon to be above 30 GeV. Events where one of the two photons
is reconstructed in the crack region are rejected. The cross-sections in the first line of the table 14
are given in the mass range between 110 and 150 GeV.

IVb Requiring a cut that the transverse momentum of the most energetic isolated lepton (electron or
muon) be higher than 30 GeV suppresses efficiently the diphoton and Wγ backgrounds. Only the
electrons passing a tight electron identification cut are selected.

IVc The diphoton background can further be strongly suppressed by requiring missing transverse en-
ergy higher than 30 GeV.

IVd When an electron is reconstructed, events are removed in with either of the invariant masses of
the electron and each of the photons is close to the Z mass (between 80 and 100 GeV): this cut
removes the events coming from the (Z/γ∗)+ γ → e+e−γ when an electron is reconstructed as a
photon.

Table 14: Expected cross-sections (in fb) for the Higgs boson with missing transverse energy and
lepton analysis for mH = 120 GeV. Results are given after the application of cuts IVa-IVc (see
Section 5.4) in the mass range 110 < mγγ < 150 GeV. In the last row the expected cross-sections
within a mass window of mγγ of ±2 GeV around 120 GeV are given.

Cut
W±H→

`νγγ
tt̄H→

xγγ
W±γγ →

`νγγ tt̄γγ bb̄γγ W±γ →
eνγ

(Z/γ∗)+ γ →
e+e−γ γγ

σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)
IVa 0.328 0.467 0.509 2.53 3.78 18.0 10.28 2558
IVb 0.122 0.103 0.149 0.582 0.0098 0.406 2.60 0.644
IVc 0.091 0.086 0.097 0.474 0 0.263 0.076 0.091
IVd 0.084 0.077 0.090 0.419 0 0.143 0 0.091

Mass Win. 0.064 0.062 0.0092 0.042 0 0.014 0 0.010

Table 14 summarizes the expected cross-sections for the principal signal and backgrounds after the vari-
ous cuts used in the analysis. The uncertainty in the background level, due to Monte Carlo statistics only,
is estimated to be 10%. However, the background contribution in this analysis can have larger sources of
systematic uncertainties. The resulting Higgs boson mass peak and background are shown in Fig. 9 after
all cuts have been applied. The reconstructed mass resolution is 1.47 GeV.

5.5 Higgs boson plus missing transverse energy

This analysis is intended to select principally the ZH → ννγγ events. In order to have an analysis
independent from that of Section 5.4, only events which do not have a reconstructed lepton with pT >
30 GeV have been considered here. It should be noted that cases where the lepton is of low pT or did not
pass the tight selection criterion are included. Thus the WH signal contributes significantly. The main
features are the presence of two energetic photons from the Higgs boson and a large transverse missing
energy. The dominant backgrounds for this channel are the tt̄γγ , Zγγ and Wγ → eνγ channels where, in
the latter case, the electron can be mis-reconstructed as a photon or the second photon is either radiated
by the electron or is a fake photon. Here, the diphoton background is multiplied by the same factors as
in Section 5.4 and the tt̄γγ by the factor 7.5 as explained in Section 2.2.
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Figure 9: Expected distribution of the invariant mass of the two photons for the signals and main back-
grounds after applying the analysis cuts for events having one lepton reconstructed in the final state.
Due to a lack of MC statistics for the diphoton and the Wγ backgrounds, their expected distribution is
approximated by showing an average of the number of events passing the analysis cuts in the mγγ mass
range shown.

Va As in Section 5.4, a cut on the transverse momentum of the most energetic photon above 60 GeV
and a cut on the second more energetic photon pT of 30 GeV are applied to suppress the diphoton
background. Events where one of the two photons is reconstructed in the crack region are then
removed.

Vb The selection is then based mostly on the requirement of high missing transverse momentum. A
cut of Emiss

T > 80 GeV suppresses almost completely the γγ background while reducing the Wγ
background by a factor 20 and the ZH→ ννγγ signal by a factor 2.

Vc In order to further suppress the Wγ background, where the electron is often reconstructed as a
converted photon, events where either of the photons appears to have converted are rejected.

Vd At this point, because of potentially significant background from QCD events, difficult to evaluate,
a cut requiring that the scalar sum of the pT of the jets in the event be larger than 150 GeV is
imposed. It suppresses the contribution from the tt̄γγ and bb̄γγ backgrounds, as well as of the tt̄H
signal.

Table 15 summarizes the expected cross-sections after the different cuts applied for this analysis for
signal and backgrounds. The expected mass distributions of diphotons from the associated W/Z plus
Higgs boson and from the backgrounds are shown in Fig. 10, after the application of all cuts. To account
for the Wγ → µνγ , the Wγ → eνγ background has been multiplied by two in the figure although some
double counting is introduced. The uncertainty in the background level, due to Monte Carlo statistics
only, is estimated to be 15%. The reconstructed mass resolution is 1.31 GeV. This result is expected to
be sensitive to uncertainties in the simulation and reconstruction of Emiss

T tails.
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Table 15: Expected cross-sections (in fb) for the Higgs boson with missing transverse energy
analysis. Results are given after the application of cuts Va-Vd (see Section 5.5) in the mass range
110 < mγγ < 150 GeV. In the last row the expected cross-sections within a mass window of mγγ
of ±1.8 GeV around 120 GeV are given.

Cut
ZH→
ννγγ

WH→
`νγγ

tt̄H→
xγγ

Zγγ →
ννγγ

W±γγ →
`νγγ tt̄γγ bb̄γγ W±γ →

eνγ γγ

σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)
Va 0.115 0.207 0.364 0.325 0.360 1.95 3.77 17.55 2558
Vb 0.058 0.062 0.080 0.126 0.071 0.461 0.010 0.789 0.211
Vc 0.046 0.049 0.064 0.096 0.056 0.377 0.010 0.191 0.141
Vd 0.042 0.042 0.006 0.093 0.050 0.021 0.005 0.120 0.073

Mass Win. 0.034 0.033 0.0056 0.009 0.006 0.002 0.0005 0.012 0.007
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Figure 10: Expected distribution of the invariant mass of the two photons for the signals and main
backgrounds after applying all the diphoton and Emiss

T analysis cuts. Due to a lack of statistics for the
diphoton and the Wγ backgrounds, their expected distribution is approximated by showing an average of
the number of events passing the analysis cuts in the mγγ mass range shown.

6 Maximum-likelihood fit

An unbinned extended multivariate maximum-likelihood fit to extract the H→ γγ signal and background
event yields is performed. With respect to the cut analysis presented in Section 5, the fit takes advantage
of further discrimination information from the kinematic and topological properties of H → γγ decays.
In addition to the diphoton invariant mass, mγγ , the transverse momentum of the Higgs boson, PT,H ,
and the magnitude of the photon decay angle in the Higgs boson rest frame with respect to the Higgs
boson lab flight direction, |cosθ ?|, are included. To reduce the model dependence, the most relevant
parameters describing the probability density functions (PDF) for the dominant background are freely
varied and determined simultaneously with the event yields by the fit. Only the parametric shapes of the
PDFs are obtained from Monte Carlo simulation. Sufficient background statistics in the sidebands must
be retained to ensure that the floating shape parameters do not increase the statistical errors on the signal
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yield. The mγγ resolution depends on the diphotons’ pseudorapidities, with core Gaussian widths varying
between 1.2 and 3 GeV. Disjoint pseudorapidity regions (denoted categories), are defined such that the
mγγ resolution is similar for events belonging to the same category, and maximally different for events
of different categories. The mγγ resolution also depends on whether or not photons have converted at an
early stage in the material in front of the calorimeter (see Section 3.3). H → γγ events can have zero,
one or two reconstructed conversions, which are split into corresponding categories. Following Section 5
disjoint categories are also introduced for events accompanied by zero, one and two or more jets, where
the last category contains predominantly VBF events. The use of categories separates sub-populations
of events with different properties and hence improves the accuracy of the likelihood model.

The signal and background samples used to build the likelihood model are selected with the criteria
described in Section 5. The full detector simulation is used for signal processes, while the background
processes are generated with the fast simulation. The trigger and photon identification efficiencies, and
the misidentification in background events are parametrised using the full detector simulation. The prob-
ability of a photon to convert into an e+e− pair with one or two tracks being reconstructed, and the energy
resolution of the converted photon are parametrised using the full detector simulation.

6.1 Likelihood model

The probability density function, Pc
i , for an event i in category c is the weighted sum of the probability

densities of all components, namely Pc
i = NH f c

HPc
H,i +∑

nbkg
j=1 Nc

B j
Pc

B j,i, where NH is the number of H→ γγ
signal events determined by the fit,5 f c

H is the fraction of signal events in category c (c = 1, . . . ,ncat,
note that ∑c f c

H = 1) taken from simulation, and Nc
B j

is the number of background events of type j
( j = 1, . . . ,nbkg) found in category c, which is determined from the fit. The signal and background PDFs
Pc

U,i, with U = H,B j, are the products Pc
U,i = ∏nvar

k=1 pc
U(xk,i) of the PDFs pc

U(xk,i) of the discriminating
variables xk,i, k = 1, . . . ,nvar, used in the fit. The extended likelihood over all categories and events is
given by L = ∏ncat

c=1 e−Nc

∏Nc

i=1 Pc
i , where Nc (Nc) is the total number of events expected (observed) in

category c with c = 1, . . . ,ncat. The PDFs Pc
U,i depend on parameters (coefficients) that may be freely

varying in the fit. The parametrisations and hence the adjustable parameters differ between categories in
general, but can also span over several categories.

6.2 Fit variables

The H → γγ distribution of mγγ forms a Gaussian peak with tails to lower values from photon energy
losses before the calorimeter. It is well modeled by a Crystal Ball (CB) function [55]

pH(mγγ) = N ·
{

exp
(
−t2/2

)
, for t >−α ,

(n/|α|)n · exp
(
−|α|2/2

)
· (n/|α|− |α|− t)−n , otherwise ,

(4)

where t = (mγγ −mH −δmH )/σ(mγγ), N is a normalisation parameter, mH is the Higgs boson mass, δmH

is a category dependent offset, σ represents the diphoton invariant mass resolution, and where n and α
parametrise the non-Gaussian tail. To catch outliers an additional broad tail Gaussian is added to Equa-
tion 4, which is, however, only relevant for events falling into the “bad” mγγ category (see Section 6.3).
Within a sufficiently narrow mass window, the background distribution of mγγ forms an exponential tail
described by a single slope parameter ξ .

Because of the large available statistics for simulated signal samples, shape uncertainties due to defi-
ciencies in the functional description are negligible. Systematic effects are due to simulation inaccuracies
and are discussed in Section 7. A high-fidelity description of the background PDFs is mandatory because

5Throughout this section the subscript S is idenfitied with the H→ γγ signal.
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Figure 11: Signal (left) and background (right) distributions of the Higgs boson decay angle, |cosθ ?|
(top), and the diphoton transverse momentum (bottom) for events with zero jets (full dots), one jet (open
circles) and VBF topology (full triangles, not shown for background because of a too low relative cross-
section). The corresponding PDF parametrisations are overlaid (see text).

the large majority of the events entering the fit are of that type. It is achieved by flexible parametrisations
with a sufficient number of parameters determined by the fit, ensuring a stable fit result with respect to
shape redefinitions.

The distribution of |cosθ ?| for a scalar Higgs boson is uniform. However, acceptance effects, pri-
marily from the minimum pT requirements for the photons (See Section 5.1), suppress |cosθ ?| values
towards one, where the photons are collinear with the Higgs boson lab frame momentum. The empirical
signal PDF is interpolated by a double Gaussian function. The phase space for background events from
t-channel graphs and quark or gluon fragmentation at NLO is enhanced for photons collinear with the
diphoton lab momentum, so that the background |cosθ ?| distribution exhibits some clustering towards
large values. Acceptance suppression competes, however, with this enhancement thus reducing the dis-
crimination power of the variable. It is found that the |cosθ ?| distributions differ significantly between
the γγ , γ j and j j backgrounds, with stronger enhancements at large |cosθ ?| values for the backgrounds
originating from jet misidentification. The inclusive shape of these backgrounds is parametrised by the
sum of a positively defined third order polynomial and two Gaussian functions. The inclusive signal and
background distributions of |cosθ ?| for events with and without jets are shown in Fig. 11.

The Higgs boson transverse momentum exhibits a strong rise at low values and a long exponential
tail beyond the maximum. The distribution is fitted by a sum of two bifurcated Gaussian functions
(distributions where below and above the center half Gaussian distributions with different widths are
used) and one symmetric Gaussian. The diphoton transverse momentum distribution for background is

23

HIGGS – PROSPECTS FOR THE DISCOVERY OF THE STANDARD MODEL HIGGS BOSON . . .

38

1234



|1η |
0 0.5 1 1.5 2 2.5

| 2η |

0

0.5

1

1.5

2

2.5

1.47 GeV
(1) [22.6%]
1.47 GeV

(1) [22.6%]

1.
82

 G
eV

(2
) [

22
.6

%
]

1.82 GeV
(2) [22.6%] 2.06 GeV

(3) [12.4%]
2.06 GeV

(3) [12.4%]

1.
92

 G
eV

(4
) [

10
.4

%
]

1.92 GeV
(4) [10.4%]

3.
27

 G
eV

(5
) [

10
.8

%
]

3.27 GeV
(5) [10.8%]

1.79 GeV
(6) [15.1%]

1.79 GeV
(6) [15.1%]

3.18 GeV
(7) [3.4%]

3.
18

 G
eV

(7
) [

3.
4%

]

1.38 GeV
(8) [2.8%]
1.38 GeV
(8) [2.8%]

|1η |
0 0.5 1 1.5 2 2.5

| 2η |

0

0.5

1

1.5

2

2.5

|1η |
0 0.5 1 1.5 2 2.5

| 2η |
0

0.5

1

1.5

2

2.5

1.79 GeV
(1) [13.2%]
1.79 GeV

(1) [13.2%]

2.
21

 G
eV

(2
) [

14
.1

%
]

2.21 GeV
(2) [14.1%] 2.27 GeV

(3) [10.2%]
2.27 GeV

(3) [10.2%]

2.
19

 G
eV

(4
) [

8.
7%

]

2.19 GeV
(4) [8.7%]

3.
37

 G
eV

(5
) [

14
.6

%
]

3.37 GeV
(5) [14.6%]

2.17 GeV
(6) [24.3%]

2.17 GeV
(6) [24.3%]

3.46 GeV
(7) [8.0%]

3.
46

 G
eV

(7
) [

8.
0%

]

2.00 GeV
(8) [7.0%]
2.00 GeV
(8) [7.0%]

|1η |
0 0.5 1 1.5 2 2.5

| 2η |
0

0.5

1

1.5

2

2.5

Figure 12: Regions of photon pseudorapidities with different invariant mass resolutions for unconverted
photons (left) and at least one converted photon (right). The text per box denotes the region number, the
percentage of events occurring in the region and the RMS of the diphoton invariant mass for H → γγ
events. To simplify the likelihood model, events with photons in regions (1) and (8) are merged and
represent category “good” (signal fraction 24%), events in regions (2), (3), (4) and (6) correspond to
category “medium” (60%), and regions (5) and (7) are “bad” (15%).

softer than that for signal and can be described by the sum of three exponential polynomials (see Fig. 11).

6.3 Fit categories

Eight photon pseudorapidity regions with different diphoton invariant mass resolution for H→ γγ events
are identified. They are illustrated in Fig. 12 for unconverted photon pairs (left plot) and events with
at least one photon conversion (right plot). The regions are chosen to be symmetric with respect to an
interchange of the photons. The crack region is excluded from the photon selection. The mγγ RMS
values vary between 1.3 GeV in the centre and large-η regions to 3.1 GeV in the regions closely beyond
the crack. To simplify the likelihood model, the eight regions are merged into three categories that are
distinguished in the fit (see Fig. 12).

Two categories are introduced to separate events without and with at least one photon conversion
to take account of the worse resolution of the latter events. Photon conversions reconstructed with one
or two tracks are not explicitly distinguished. Additional categories are introduced for Higgs boson
production with zero, one, and two or more accompanying jets, using the requirements described in
Sections 5.2 and 5.3. No separate categories are introduced in the present analysis to distinguish Higgs
boson production in association with a W and Z boson or a tt̄ quark pair; these are included in the
previous selections. Separating them would add some power, but would increase the complexity.

6.4 Correlations

The likelihood product used to derive the event PDF Pc
U ignores correlations between the discriminating

variables xk. The classification in categories of events with distinct properties improves the accuracy
of this assumption. The remaining (positive) linear correlation coefficients is lower than 7% (10%) for
signal (background) events among the three fit variables tolerable.
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Table 16: H → γγ discovery potential for a Higgs boson mass of 120 GeV, various likelihood
setups and a simulated integrated luminosity of 10fb−1. The left column gives the discriminating
variables used in the fit, the second column the categories, the third (fifth) column the average
∆ lnL and its statistical uncertainty as derived from the toy MC samples, and the fourth (sixth)
column quotes the estimated Gaussian signal significance in units of one standard deviation. Due
to the background dominance, the variance of the significance in the toy experiments is approxi-
mately one. The fits have been performed with fixed Higgs boson mass (Higgs boson mass floating
within [112,128] GeV). The significance for floating Higgs boson mass has been obtained with
toy MC simulation (the ∆ lnL cannot be directly interpreted in terms of significance and is given
for completeness only). Due to the large number of required toy MC fits it has not been computed
for the most involved fit with highest expected significance.

Higgs boson mass fixed Higgs boson mass floating
Fit variables Categories 〈∆ lnL 〉 Significance [σ ] 〈∆ lnL 〉 Significance [σ ]

mγγ – 2.67±0.04 2.31±0.02 3.54±0.05 1.44±0.02
mγγ η 3.18±0.05 2.52±0.02 − −
mγγ η , Conversions 3.32±0.05 2.58±0.02 − −
mγγ η , Conversions, Jets 5.99±0.07 3.46±0.02 6.66±0.07 2.64±0.02
mγγ , |cosθ ?| η , Conversions, Jets 7.33±0.08 3.83±0.02 − −
mγγ , PT,H η , Conversions, Jets 7.03±0.08 3.75±0.02 − −
mγγ , PT,H , |cosθ ?| η , Conversions, Jets 8.49±0.08 4.12±0.02 9.25±0.09 −

6.5 Fit performance

Studies are performed involving large samples of toy MC simulation to assess the discovery potential for
fits using likelihood models of increasing complexity.6 The abundance of signal and background events
used in these fits is tuned to the NLO expectation for 10fb−1 of integrated luminosity, taking into account
the trigger and reconstruction acceptance.

The results for fits with fixed and floating Higgs boson mass (the latter only done for the mγγ -only
and the full fits) are summarised in Table 16. For each toy MC sample we perform two fits, one with
floating signal yield and another with zero signal to test the background-only hypothesis. The log-
likelihood difference, ∆ lnL , found in these fits, estimates the false discovery probability (p-value). The
〈∆ lnL 〉 values given in Table 16 are obtained from Gaussian fits to well-behaved pull distributions.
For fixed Higgs boson mass, the signal significance in terms of σ can be approximated by the quantity√
−2∆ lnL . For floating Higgs boson mass, the extra degree of freedom in the fit yields a higher value

of 〈∆ lnL 〉. However in this case the p-value and significance must be evaluated with toy MC simulation
of background-only samples. As expected, the obtained significances are lower than in the fixed mass
case, in spite of the higher 〈∆ lnL 〉 values.

7 Discovery potential

This Section reports on the potential for the discovery of a Higgs boson in the mass range 120 < mH <
140 GeV using the event counting computation and the maximum likelihood fit formalism (see Sec-

6Although required for real data the evaluation of goodness-of-fit estimators is not discussed here, because the generated
toy data is intrinsically consistent with the underlying model.
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tion 6). The signal significance is evaluated for each of the analyses presented in Section 5. The discov-
ery reach is given for a combined analysis including the utilization of additional discriminating variables.
The last signifies the maximum discovery potential for a Standard Model Higgs boson in the mass range
specified above.

Table 17: Expected cross-sections (in fb) of signal (S) and background (B) for the different anal-
yses presented in Section 5 within a mass window of ±1.4σγγ as a function of the Higgs boson
mass (in GeV).

Inclusive H +1jet H +2jets H+Emiss
T +` H+Emiss

T
mH S B S B S B S B S B
120 25.4 947 4.0 49 0.97 1.95 0.134 0.077 0.075 0.037
130 24.1 755 4.3 47 0.96 1.72 0.112 0.076 0.063 0.037
140 19.3 610 3.9 46 0.81 1.72 0.079 0.076 0.045 0.036

Table 17 shows the signal and background effective cross-sections for the different analyses presented
in Section 5 as a function of the Higgs boson mass.7 Table 18 displays the corresponding expected signal
significances for 10fb−1 of integrated luminosity. The first sub-column under each analysis shows the
signal significance based on event counting, σ(S,B), where S and B correspond to the number of signal
and background events in a mass window of±1.4σγγ around mH , respectively, and where σγγ is the mass
resolution (in the no pileup case reported in Table 5).8 The values of σ(S,B) reported in Table 18 can be
compared with earlier studies performed by the ATLAS collaboration [2–4,8,9]. The inclusion of pileup
decreases the event counting signal significance by at most 10%.

The signal significances reported in the second and third sub-column under each analysis, σFix
1D and

σFloat
1D , are obtained by means of a one dimensional fit using the diphoton invariant mass as a dis-

criminating variable by letting the Higgs boson mass fixed and floated, respectively.9 Each analysis
is treated independently from each other. In these fits the Higgs boson mass is let free in the range
110 < mH < 140 GeV (except for mH = 140 GeV for which the range was set to 120 < mH < 150 GeV)
to take into account for the coverage of the analysis.10 The results in Table 18 do not take into account the
event overlap among the three analyses. The last column reports the event counting signal significance
of the three analyses combined, taking into account the event overlap.

Table 18 illustrates that the inclusive search for a diphoton resonance is the most sensitive one for a
search of a Standard Model Higgs boson. As reported in Section 2, the inclusive analysis is evaluated
using QCD corrections for both signal and background processes. This is not the case for the H + 1jet
and other analyses. The discovery potential of H +1jet analysis could be further enhanced if QCD NLO
corrections were applied on both signal and reducible backgrounds [56, 57].

Table 19 shows two fit-based signal significances compared to σFix
1D and σFloat

1D reported in Table 18.
The values of σFix

C13D and σFloat
C13D correspond to the signal significance computed by means of a three di-

mensional fit, including mγγ ,PT,H and |cosθ ?| (see Section 6.2) by means of fixing and floating the mass,
respectively. At this stage the event classification according to |η | regions is used (see Section 6.3).11

7The contribution from Drell-Yan is computed for the inclusive analysis only.
8The event counting significance for the inclusive and H + 1jet analyses are approximated by S/

√
B. For the rest of the

analyses a Poisson-based computation is used due to the small expected number of background events for 10fb−1 of integrated
luminosity.

9For the sake of simplicity, the fit-based signal significance does not include the Drell-Yan contribution.
10The range of the fit to the background is set to 110 < mH < 150 GeV.
11For the final results presented in this section, a simplified fitting model as well as a more conservative classification are

used with respect to those considered for Table 16. In particular the diphoton category with two jets is not split into η categories
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Table 18: Signal significances (expressed in terms of Gaussian sigmas) for a Standard Model
Higgs boson as a function of the mass (in GeV) using the different analyses reported in Sec-
tions 5.1-5.3 for 10fb−1 of integrated luminosity. Results are reported in terms of the signal
significance based on event counting, σ(S,B), and a fit-based signal significance, σFix

1D and σFloat
1D

(see text).

Inclusive (with K-factors) H +1jet (no K-factors) H +2jet (no K-factors) Combined
mH σ(S,B) σFix

1D σFloat
1D σ(S,B) σFix

1D σFloat
1D σ(S,B) σFix

1D σFloat
1D σ(S,B)

120 2.6 2.4 1.5 1.8 1.8 1.3 1.9 2.0 1.1 3.3
130 2.8 2.7 1.8 2.0 2.1 1.6 2.1 2.1 1.2 3.5
140 2.5 2.2 1.3 1.8 1.7 1.2 1.7 2.0 1.0 3.0

Table 19: Signal significances (expressed in terms of Gaussian σs) for a Standard Model Higgs
boson as a function of the mass for 10fb−1 of integrated luminosity. Different fit-based approaches
are used. The significances, σFix

1D , σFix
C13D and σFix

C23D correspond to a one dimensional fit, to a
three dimensional fit using the first type of event classification and to a three dimensional fit (see
Section 6.2) using all classifications considered in Section 6.3, respectively using a fix Higgs
boson mass (see text). The significances σFloat

1D , σFloat
C13D and σFloat

C23D , correspond to fit based results
obtained with a floating Higgs boson mass.

mH [ GeV] σFix
1D σFloat

1D σFix
C13D σFloat

C13D σFix
C23D σFloat

C23D
120 2.4 1.5 3.1 2.1 3.6 2.8
130 2.7 1.8 3.4 2.4 4.2 3.4
140 2.2 1.3 3.2 2.2 4.0 3.2

The values of σFix
C23D and σFloat

C23D correspond to the maximum achievable sensitivity of all the analyses
reported in Section 5 combined. In addition to the procedure followed to obtain σFix

C13D and σFloat
C13D , a

classification of events according to the presence of hadronic jets is used.
Figure 13 displays a summary of the expected signal significance for the inclusive and final combined

analysis for 10fb−1 of integrated luminosity as a function of the Higgs boson mass. The solid circles
correspond to the sensitivity of the inclusive analysis reported in Section 5.1 using event counting with
background and signal rates assumed. The solid triangles linked with solid and dashed lines correspond
to the sensitivity of the inclusive analysis by means of one dimensional fits, with a fixed and floating
Higgs boson mass, respectively. The solid squares linked with solid and dashed lines correspond to the
values of σFix

C13D and σFloat
C13D given in Table 19, respectively.

The stability of the fits are checked against changes in the composition of the background. The values
of σFix

1D for the inclusive analysis are recomputed by increasing and decreasing the reducible background
by a factor of two. The fits are redone with the same functional forms as in the nominal analysis and the
results are consistent with the expectations obtained by using S/

√
B.

The degradation of the Higgs boson discovery sensitivity due to systematic uncertainties is consid-
ered. Various sources of systematic errors are evaluated. The Higgs boson mass resolution has significant
impact on the sensitivity. A large degradation of the Higgs boson mass resolution is chosen by the addi-
tion of a 1% constant term in the photon energy resolution. The impact of Higgs boson mass resolution
is evaluated for the inclusive analysis by means of one-dimensional fits with a fixed Higgs boson mass.

and the conversion categories are not used.
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Figure 13: Expected signal significance for a Higgs boson using the H → γγ decay for 10fb−1 of inte-
grated luminosity as a function of the mass. The solid circles correspond to the sensitivity of the inclusive
analysis reported in Section 5.1 using event counting. The open circles display the event counting signifi-
cance when the Higgs boson plus jet analyses (see Sections 5.2 and 5.3) are included. The solid triangles
linked with solid and dashed lines correspond to the sensitivity of the inclusive analysis by means of
one dimensional fits, with a fixed and floating Higgs boson mass, respectively. The solid squares linked
with solid and dashed lines correspond to the maximum sensitivity that can be attained with a combined
analysis (see text and Table 19).

If the resolution is increased both in toy Monte Carlo experiments and in the fitting function a decrease
of 8% in the signal sensitivity is observed. If, however, the resolution is only degraded in toy Monte
Carlo experiments, so that the fitting model does not accommodate the Higgs boson mass resolution
degradation, then the effect is a 12% reduction in sensitivity.

The systematic uncertainty due to PT,H has been estimated by using PYTHIA signal events, reweighted
to NLO using ResBos, and fitted with the nominal model based on MC@NLO event simulation. This
inconsistency between generation and fit reduces the significance of the full fit (including all categories
and the variables mγγ , PT,H , and |cosθ ?|, see Table 16) by 5%.

The sensitivity of the associated production channels has been studied separately for the diphoton +
Emiss

T + lepton and for the diphoton + Emiss
T analyses (see Sections 5.4-5.5). With 30 fb−1 these channels

have the potential to contribute to the overall discovery signal of a SM Higgs boson, but we choose
not to report the value of the signal significance because the systematic uncertainties on the background
normalization are large given the present status of simulations.

8 Conclusions

The feasibility of the search for a Standard Model Higgs boson in the H → γγ decay with the ATLAS
detector at the LHC has been presented. The detector performance issues relevant to the search have
been evaluated using a full detector simulation. Triggering effects and the impact of pile-up are also
reported. A signal significance based on event counting of 2.6 (4.6) can be obtained with 10 (30) fb−1 of
integrated luminosity for mH = 120 GeV in the case of inclusive analysis. Despite the slight degradation
with respect to previous studies, the feasibility of the search for a Standard Model Higgs boson in the
H→ γγ decay is confirmed. In addition to the inclusive analysis the search for diphotons in association
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with jets is considered. The addition of these channels enhances the event counting signal significance
to 3.3 (5.7) with 10 (30) fb−1 of integrated luminosity for mH = 120 GeV. The expected sensitivity can
be enhanced by means of an unbinned maximum-likelihood fit dividing the data sample into categories
depending on the event topology and exploiting a number of discriminating variables: the increase in
the discovery potential increases up to 3.6 (2.8) in the case of fixed (floating) mass fit for 10 fb−1 of
integrated luminosity.
The search for H → γγ in association with Z/W or tt̄ has been addressed, indicating that a good signal-
to-background ratio can be achieved. However, the uncertainty on the background contribution in these
analyses is large given the present status of simulations.
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Search for the Standard Model H → ZZ∗ → 4l
Abstract
The Standard Model Higgs boson discovery potential through its observation
in the 4-lepton (electron and muon) final state using the ATLAS detector is
investigated. Fully simulated signal and background samples were produced
with the latest simulation of the ATLAS detector. The samples were subse-
quently digitized and reconstructed using the ATLAS offline software. The
analysis performance dependence on kinematic, lepton reconstruction and iso-
lation cuts is studied for Higgs boson masses ranging from 120 to 600 GeV.
The statistical and systematic uncertainties on the background estimation are
evaluated and their impact on the Higgs boson discovery potential and exclu-
sion limits is discussed.

1 Introduction

The search for the Standard Model Higgs boson is a major goal of the Large Hadron Collider (LHC).
The first proton-proton LHC data at 14 TeV center of mass energy are expected in 2009. The Higgs
boson mass is a free parameter in the Standard Model, however there is strong expectation motivated by
precision electroweak data [1] and direct searches [2] that a low mass Higgs boson (114.4− 199 GeV,
95% confidence level) should be discovered at the LHC. The experimentally cleanest signature for the
discovery of the Higgs boson is its “golden” decay to four leptons (electrons and muons): H → ZZ→
4`. The excellent energy resolution and linearity of the reconstructed electrons and muons leads to a
narrow 4-lepton invariant mass peak on top of a smooth background. The expected signal to background
ratio after all experimental cuts depends on the Higgs boson mass itself. The major component of the
background consists of irreducible ZZ→ 4` decays. The most challenging mass region is between 120-
150 GeV where one of the Z bosons is off-shell giving low transverse momentum leptons. In this region
backgrounds from Zbb̄→ 4` and tt̄ → 4` are important and require tight lepton isolation cuts to keep
their contribution well below the ZZ continuum.

2 Detector simulation, Monte-Carlo samples, trigger and event recon-
struction

In this section a brief summary of the detector simulation is presented and the Monte-Carlo (MC) sam-
ples used in the analysis are described. This includes an outline of the various cross-sections and the
corresponding theoretical uncertainties. Finally a brief description of the electron and muon trigger and
offline reconstruction is presented.

2.1 Detector simulation and Monte-Carlo samples

The ATLAS detector is simulated by the GEANT4 [3] software. Simulation, digitization and reconstruc-
tion are all performed within the ATLAS software framework ATHENA. The set of H→ 4` samples
used in this analysis covers the mass range from 120 to 600 GeV. Simulation of pileup, cavern back-
ground and minimum bias events is performed by mixing them with the Higgs boson signal at digiti-
zation level [4], [5]. An instantaneous constant luminosity of 1033 cm−2 s−1 is assumed. The cavern
background consists of thermalized slow neutrons and low energy photons escaping the calorimeters [6].
The expected level of cavern background is increased by an overall “safety factor”: in this analysis a
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safety factor of 5 is used.
The H→ 4` analysis is sensitive to uncertainties in the knowledge of the material distribution in ATLAS,
to distortions of the magnetic fields, and to the accuracy of the Inner Detector (ID) and of the Muon
Spectrometer (MS) alignment. Some of these uncertainties have been taken into account by using geo-
metrical layouts including extra material. The layout used in this analysis includes additional material in
the ID, and between the barrel presampler and strips and barrel cryostat upstream and downstream the
calorimeter. The calibration of the LAr Electromagnetic Calorimeter (LAr EMC) is based on the nom-
inal geometry without this extra material and its inclusion in our study provides a realistic systematic
effect in the analysis. A detailed description of the layout used in simulation and reconstruction can be
found in [7]. In the analysis presented in this note, uncertainties due to misalignment corrections are not
included: the same misaligned layout is used both in simulation and reconstruction.

The Higgs boson signal samples were generated exclusively by PYTHIA [8] (version 6.3 for mH =
130 GeV and version 6.4 for the rest of the masses), while for the background samples various event
generators were used. For the signal, PYTHIA calculates the cross-sections in leading order (LO) taking
into account both gluon and vector boson fusion (VBF) diagrams. Next-to-leading order (NLO) effects
are considered by scaling the total PYTHIA cross-sections [9]. During generation, a 4-lepton filter was
applied to the samples, requiring 4 true leptons with pT > 5 GeV/c within |η |< 2.7. The filter acceptance
and the cross-section as a function of the Higgs boson mass is given in Table 1. The number of available
MC events are shown in the last column.

Process σLO ·BR [ f b] σNLO ·BR [ f b] Filter acc. Events
H[120]→ 4l 1.68 2.81 0.584 40K
H[130]→ 4l 3.76 6.25 0.633 40K
H[140]→ 4l 5.81 9.72 0.662 40K
H[150]→ 4l 6.37 10.56 0.685 10K
H[160]→ 4l 2.99 4.94 0.704 40K
H[165]→ 4l 1.38 2.29 0.712 40K
H[180]→ 4l 3.25 5.38 0.733 40K
H[200]→ 4l 12.39 20.53 0.753 50K
H[300]→ 4l 7.65 13.32 0.782 10K
H[400]→ 4l 6.07 10.78 0.814 40K
H[500]→ 4l 2.98 5.12 0.842 40K
H[600]→ 4l 1.53 2.53 0.853 40K

Table 1: Monte Carlo signal data samples, 4-lepton (e,µ) filter acceptance, LO and NLO cross-sections,
and number of events used in the analysis as a function of the Higgs boson mass in GeV (reported in
square brackets). The cross-sections in the table include the branching ratio of the Higgs boson to ZZ∗

and Z→ll, l=e,µ .

2.1.1 Corrections to leading order cross-sections for background processes

The backgrounds considered in this analysis, together with their cross-sections and K-factors, defined as
the ratio between the NLO and the LO cross-sections, are listed in Table 2. For the generation of these
samples several MC generators are employed. The tt̄ background was generated using MC@NLO [10].
The QCD ZZ was generated with PYTHIA6.3, the Zbb̄ background with AcerMC3.1 [11], and the WZ
background with HERWIG 6.5 [12] interfaced to Jimmy [13] for simulation of the underlying event. The
cross-sections listed in Table 2 are all at LO (except for the tt̄ which is at NLO), and they do not include
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the lepton filter efficiency. The following corrections are applied to the cross-section of each process to
correct for effects of subprocesses not originally included in the generators:

• an additional 30% is applied to the QCD ZZ background cross-section to account for the missing
quark box diagram in PYTHIA;

• 8.5 pb are added to the Zbb̄ cross-section to account for the qq→Zbb̄ diagrams that are not included
in the generation.

The last column in Table 2 shows the events available for each sample. Each Z boson in the QCD
qq→ ZZ irreducible background is forced to decay into lepton pairs (including all three flavours).

The Zbb̄ reducible background was generated using ACERMC3.1 [11] with Parton Density Func-
tion (PDF) set CTEQ6L, QCD scales µR = µF = mZ , massive b-quark, interfaced to PYTHIA 6.3 for
showering and hadronization. The Z → ll (l = e,µ) decay is forced at generator level. The full Z/γ∗
interference is taken into account, with a cut on the resonance mass at 30 GeV. The ACERMC dataset
includes only the gg→ Zbb̄ process. The qq̄→ (Z/γ∗)bb̄ contribution, where q is a light quark, is not
included; its contribution to the total LO Zbb̄ cross-section is less than 15%. The AcerMC LO cross-
section, including the Z→ ll branching ratio (BR), evaluated with the above parameter choice, amounts
to 52.03 ± 0.03 pb for the gg→ (Z/γ∗)bb̄ and 8.64 ± 0.01 pb for the qq̄→ (Z/γ∗)bb̄.

Process Generator σ · BR [fb] Corrections FA Evts [k]
qq̄→ ZZ→ 4` PYTHIA6.3 158.8 +47.64 [4`]0.219 100
gg→ Zbb̄→ 2`bb̄ AcerMC/PYTHIA6.3 52030 +8640 (qq̄→ Zbb̄) [4`] 0.00942 430
gg→ Zbb̄→ 2`bb̄ AcerMC/PYTHIA6.3 52030 +8640 (qq̄→ Zbb̄) [3`] 0.147 200
gg,qq̄→ tt̄ MC@NLO/Jimmy 833000 [4`] 0.00728 400
qq̄→WZ Jimmy 26500 [3`] 0.0143 70
qq̄→ Z inclusive PYTHIA6.3 1.5·106 [1`]0.89 500

Table 2: Background samples, generators used, acceptance of the multi-lepton filter (FA), LO cross-
section (except for tt̄, which is NLO) and corrections applied. The number of events is given in the last
column. For ZZ, l = e,µ,τ while for the rest l = e,µ . The relative errors on the filter acceptances (FA)
are smaller than 0.4%.

2.1.2 Next-to-Leading-Order cross-sections for the background

The tt̄ sample, generated by MC@NLO, is the only sample in Table 2 that already includes NLO pro-
cesses. To evaluate the NLO cross-sections for the other background processes, the program MCFM [14]
is used. The overall conditions for all MCFM NLO calculations are the following: CTEQ6M, µR = µF =
mZ , mb = 0 full (Z/γ∗) interference. Any two final state partons are merged in a single jet if their sepa-
ration ∆R( j j) is smaller than 0.7.

In the case of the Zbb̄ sample, the following additional selections are applied: mZ > 30 GeV; pT (b) >
10 GeV , |η(b)|< 2.5. The NLO cross-section obtained from MCFM is:

270.4+40.6
−35.7(µR)+5.4

−8.0(µF)±12.5(PDF)±1.0(stat) pb

where the first two uncertainties come from the QCD renormalization and factorization scales, varying
independently the energy scale of the process from 0.5mZ to 2mZ , while the last one quotes the PDF
uncertainty, calculated by making use of 40 sets of PDFs for CTEQ6M (20 plus and 20 minus). This
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qq̄→ Z/γ∗Z/γ∗

mZ/Z∗ > 12 GeV
mZZ (GeV) K-factor
[115,125] 1.15
[125,135] 1.21
[145,155] 1.25
[155,165] 1.34
[175,185] 1.31
[195,205] 1.32
[295,305] 1.40
[395,405] 1.52
[495,505] 1.84
[595,605] 1.81

Table 3: K-factors for the ZZ background. The error on the K-factors is dominated by the systematics
(from PDF and renormalization and factorization scales) and amounts to 3.3%.

result has proved to be quite stable with respect to the variation of the cuts both on the minimum jet pT

and the minimum jet separation ∆R( j j). The LO cross-section evaluated with MCFM on the same phase
space is 189.9± 0.2 pb, resulting in a K-factor of 1.42. The effective cross-section can be evaluated as
follows

σe f f = σLO ·BR(Z→ ee,µµ) ·FA ·K = 812.1 fb,

where σ · BR(Z → ee,µµ) is the AcerMC cross-section listed in Table 2 rescaled to include the qq̄
contribution, and FA is the acceptance of the generator filter, as reported in Table 2. The statistical error
on the filter efficiency is 0.2% for this dataset.

The NLO cross-section for the qq̄→ ZZ∗ process is calculated with MCFM, applying the same
kinematic selection on the Z boson masses as in PYTHIA (mZ(∗) > 12 GeV):

σNLO = 22.1+0.1
−0.2(µR = µF)±0.7(PDF) pb

where the statistical error is much smaller than the systematic ones. The effective cross-section used in
the analysis can be evaluated according to

σe f f = σLO · [BR(Z→ ll)]2 ·FA · (K +0.3) = 34.82 · (K(mZZ)+0.3) fb,

where σLO · [BR(Z → ll)]2 is the LO cross-section, that includes the Z branching ratio to leptons from
PYTHIA and amounts to 159±0.05 (stat) fb. The additional 30% accounts for the correction coming
from the gg→ ZZ∗ due to the quark box, as listed in Table 2. The relative statistical error on the filter
acceptance FA is 0.3% for this process. The mass-dependent K-factors used in this analysis are shown
in table 3.

The NLO cross-section for the WZ background is evaluated by applying the same cut on the boson
masses (mZ∗/W ∗ > 20 GeV) as in the HERWIG-Jimmy generator used for the LO process:

W− : σNLO = 21.7+0.5
−0.9(µR = µF)±0.9(PDF) pb

W+ : σNLO = 34.8+1.2
−0.9(µR = µF)±1.0(PDF) pb
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where the QCD scale uncertainties are included. The statistical error is negligible. The effective cross-
section can then be evaluated as follows:

σe f f = σNLO(W+Z +W−Z) ·FA = 807 fb

where σNLO(W+Z +W−Z) refers to the sum of the two contributions. The relative statistical error on the
filter efficiency for this process is 0.4%.

2.2 Trigger

The simulation of the full ATLAS trigger chain allows to evaluate the impact of the on-line selection
on the Higgs boson search. Level-one (LVL1) trigger objects (Region-of-interest, ROI), available in the
simulation, correspond to small ∆η× ∆φ regions where a lepton that satisfies the online selection criteria
is found. LVL1 muon thresholds are programmable in the pT range from 4 GeV/c to about 40 GeV/c.
Similarly to the LVL1 muon Trigger, electron/photon ROIs can be of eight types, depending on the high-
est ET threshold satisfied. The settings in this case are also programmable. In this analysis, two types of
electron/photon ET thresholds are considered, ET

thres=15 and 22 GeV. For both thresholds, cuts on iso-
lation and on leakage in the hadronic calorimeter are also applied at LVL1. The LVL1 electrons/photons
and muons are subsequently confirmed by the High Level Trigger (HLT). The first step is the Level-2
trigger (LVL2) where fast algorithms are used to validate the selected lepton. Events with leptons of
a given quality and with energy above certain fixed thresholds are retained for a more accurate recon-
struction and selection by the Event Filter (EF), where algorithms based on the offline reconstruction
software are used for the final selection. The choice of HLT selection thresholds is optimized for physics
performance, assuring that trigger rates satisfy the system latency. The main aspects of the electron and
muon trigger systems are described in [15] and [16].

The acceptance of the muon trigger as a function of the generated pT for the threshold pT
thres=20

GeV/c, is shown in Fig. 1. The efficiency above threshold is explained by the geometrical coverage of
the muon LVL1 trigger detectors; in the barrel, the space occupied by detector feet, supports, services,
etc., limits the geometrical acceptance to about 80%, while the efficiency of the trigger algorithm itself
is very close to 100%. The trigger efficiencies of electrons for a selection threshold of ET

thres=22 GeV,
including electron identification and isolation cuts, is shown in Fig. 2.
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Figure 1: Muon trigger: selection efficiencies of the
three trigger levels as a function of the true muon
transverse momentum. The selection threshold is
pT

thres=20 GeV/c.
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Figure 2: Electron trigger: selection efficiencies of
the three trigger levels as a function of the true elec-
tron transverse energy. The selection threshold is
ET

thres=22 GeV.

In this paper, several trigger menus foreseen for the LHC running at luminosity L=1033 cm−2s−1, are
considered. The trigger efficiency for single and double lepton triggers, for a signal sample with a Higgs
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Unbiased sample After event selection
Trigger Menu 4e 4µ 2e2µ 4e 4µ 2e2µ

1µ20 0.1 95.3 71.3 0.4 98.2 72.7
1e22i 94.7 0.4 68.6 99.8 0.1 78.1
2e15i 76.3 <0.2 33.2 98.9 <0.2 60.2

1µ20 or 1e22i 94.7 95.3 95.7 99.8 98.2 98.9
2µ10 or 2e15i or 1µ10 and 1e15i 76.4 93.3 87.8 98.9 97.6 96.9

Table 4: Trigger selection efficiencies (in %) for various trigger menus, computed for H → ZZ∗ →
4l (mH=130 GeV), for the full trigger chain LVL1+HLT. The first three columns show the efficiencies
computed on the full event sample. The last three columns show the efficiencies for events selected by
the H → ZZ∗ → 4l analysis. The absolute errors on the efficiencies are 0.4% for the unbiased samples,
and 0.2% for events passing the offline selection.

boson mass of 130 GeV, is shown in Table 4. The results are shown for two classes of events: those
filtered at generator level, requiring 4 leptons within pT > 5 GeV and |η | <2.7 (unbiased sample), and
those passing the signal selection of reconstructed events, described later in this note. A double-lepton
trigger with 10 GeV threshold for the muons and 15 GeV threshold for the electrons (isolation required),
selects Higgs boson to four lepton decays with an efficiency higher than 97 %. In the following, the
single-lepton menu requiring 1µ20 or 1e22i will be applied as trigger selection.

2.3 Electron and muon reconstruction

The leptons used for the efficiency studies are required to satisfy the generator level kinematic cuts
|η | < 2.5,and pT > 5 GeV. The lepton efficiency is defined as the ratio of reconstructed to generated
leptons originating from Z decays. The reconstructed leptons include leptons not originating from Z
decays (non-prompt leptons) and fakes, so it is important to study these candidates and to estimate the
fraction of leptons coming from non-Z decays and fakes. The non-Z lepton fraction is defined as the
number of reconstructed leptons matched to true leptons not originating from Z decays, divided by the
total number of reconstructed leptons. The fraction of fakes is defined as the number of reconstructed
leptons not matched to a true lepton, divided by the total number of reconstructed leptons.

2.3.1 Electron reconstruction

The details of electron reconstruction are described in [17] and [18]. Here the electron definitions used
in this analysis are briefly summarized. An electron is selected using the offline algorithm requiring:

1. a cluster in the barrel and endcap LAr EMC, reconstructed by the ATLAS offline software;

2. an inner detector track associated with the cluster;

3. cluster containment in the LAr EMC;

4. consistency of the lateral shower shape of the cluster with an electron isolated from hadronic
activity;

5. the lateral shower shape to be inconsistent with a π0→ γγ decay, using the strip section of the LAr
EMC;
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6. track quality requirements: a certain number of hits on the Pixel and SCT detector is required, and
a transverse impact parameter smaller than 0.1 cm.

The containment and isolation requirements (2,3,4) are satisfied using the so-called LooseElectron defi-
nition. This definition uses shower shape variables calculated with the middle sampling of the LAr EMC.
The addition of requirements 5 and 6 corresponds to the MediumElectron definition. In this analysis the
MediumElectron definition with the addition of calorimetric isolation using all cells (EM and hadronic)
inside a ∆R =

√
∆η2 +∆φ 2 = 0.2 cone (MediumElectron+CaloIso) has been used. The isolation cuts

are η-dependent, as described in detail in [17].
True electrons not originating from a Z boson decay represent a background to the H → ZZ∗ →
4l search. Typically they are not isolated and in most cases these electrons originate from heavy quark
decays. It should be stressed that leptons from B-mesons are more isolated than those coming from
D-meson decays, and therefore are more difficult to reject. The isolation also depends on the event
topology. The non-Z electrons are a small fraction (less than 1%) of the total number of electrons in the
H → ZZ∗ → 4l events. The electron efficiency as a function of the pseudorapidity η and the transverse
momentum pT for the Loose, MediumElectron and MediumElectron+CaloIso definitions is shown in
Fig. 4. A significant drop in efficiency is observed at low pT . This is due to the loss of discrimination
power of the shower shape cuts. A summary of electron efficiencies and fraction of fakes and non-Z
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Figure 3: Electron reconstruction efficiency as a
function of η . The electron-id criteria are described
in the text.
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Figure 4: Electron reconstruction efficiency as a
function of pT . The electron-id criteria are described
in the text.

electrons is presented in [17]. The total fraction of fakes depends on the isolation cut and is particularly
high for lower pT . For low momenta, pT < 15GeV, the fraction of these electrons is about 8% of the
total reconstructed electrons in this pT range. The contribution from electrons which do not come from
Z decays is a fraction of the fake electrons dominated by heavy flavour (c,b) decays. The b-originated
electrons are a factor of 1.5-2 more than the c-originated electrons.

2.3.2 Muon reconstruction

The muon identification in ATLAS relies on the Muon Spectrometer (MS) for standalone reconstruction
as well as on the ID and Calorimeters for combined muon reconstruction. In order to combine the muon
tracks reconstructed in the ID and the MS, the ATLAS offline muon identification packages have been
developed. The purpose of these packages is to associate segments and tracks found in the MS with the
corresponding ID track in order to identify muons at their production vertex with optimum parameter
resolution. Details on the muon system design and performance can be found in [19]. Details on the
algorithms of the muon identification described here can be found in [20].
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The standalone muon reconstruction algorithm measures the five parameters of the reconstructed
tracks with their associated 5x5 covariance matrix at the entrance of the Muon Spectrometer. The muon
momentum is corrected using an energy loss parameterization. Overall, the reconstructed track param-
eters with their full covariance matrices are provided at three locations: 1) at the entrance to the muon
spectrometer, 2) at the entrance to the calorimeters, 3) at the perigee of the track. Standalone tracks
reconstructed in the MS are combined with tracks reconstructed in the ID in the region of η<2.5. This
combination improves the momentum resolution for tracks with momenta up to 100 GeV and suppresses
the rate of fake muons. A statistical combination of the two sets of track parameters is made, weighted
by their corresponding covariance matrices. Given a certain ∆R =

√
∆η2 +∆φ 2 cone, all tracks from the

ID are combined with the ones from the MS and the pair giving the best χ2 is kept. The same procedure
is repeated until no more combinations are possible.

An algorithm has been developed in order to recover muons which fail to be reconstructed in the MS
(either because they are low pT muons or because the number of stations is insufficient). The principle
of the algorithm is based on the extrapolation of ID tracks to the inner stations of the MS and their
matching to a segment reconstructed in these stations that was not yet associated to a combined track.
The extrapolation is also performed to medium stations, in the regions of η between 1 < η < 1.4, where
there is a type of inner stations missing, resulting in a drop of the reconstruction efficiency.

The reconstruction efficiency of muons from a 130 GeV Higgs boson sample as a function of their
transverse momentum and η , is shown in Figs. 5 and 6 respectively.
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Figure 5: Muon reconstruction efficiency as a func-
tion of pT . Empty (filled) markers show the ef-
ficiency of the combined (combined+extrapolated
from the ID) algorithm. Reconstructed muons of a
Higgs boson sample of 130 GeV mass decaying into
four muons are used.
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Figure 6: Muon reconstruction efficiency as a func-
tion of η . Empty (filled) markers show the efficiency
of the combined (combined+extrapolated from the
ID) package. Reconstructed muons of a Higgs boson
sample of 130 GeV mass decaying into four muons
are used.

3 Background Rejection

The large Zbb̄ and tt̄ background cross-sections compared to the Standard Model Higgs boson cross-
section, require further reduction of these processes by applying additional lepton identification criteria.
A reduction well below the irreducible ZZ∗ background yield is a safeguard against large uncertainties
on the production cross-sections of these final states. One can exploit the fact that leptons originating
from the Z boson decays are expected to be significantly more isolated than the ones originating from
heavy quark leptonic decays. These leptons are also expected to originate from the main interaction
point, while b,c-originating leptons should come from secondary displaced vertices.
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In this section, a set of isolation and impact parameter cuts for background rejection is described. In
this analysis the cuts have been chosen so that the expected rate for Zbb̄ to 4-leptons (4e, 4µ and 2e2µ) is
no more than one third of the ZZ rate. For Higgs boson masses above 160GeV, the reducible background
contribution is expected to be less than 10% of the irreducible ZZ.

3.1 Muon Isolation

For the muon final state both calorimetric and track isolation criteria have been considered.

• The calorimetric isolation discriminant is defined as the sum of the transverse energy deposited in
the calorimeter inside a cone of a given radius ∆R =

√
∆η2 +∆φ 2, around the muon. The energy

deposition of the muon itself is subtracted from the isolation energy. The cone energy of the least
isolated muon is used as a discriminant.

• The track isolation discriminant is defined as the sum of the transverse momenta of the inner
detector tracks in a cone of radius ∆R around the muon. The inner detector muon track is excluded
from the sum. The least isolated track of all muons in the event, is used as discriminant.

In Figs. 7 and 8 the rejection of the Zbb̄ background as a function of the 4µ signal efficiency (mH=130
GeV) is presented, for different calorimetric and track isolation cones, respectively. A cone size of 0.2 is
adopted for both calorimetric and track isolation as a conservative choice. Moreover, as shown in Figs. 9
and 10, the background rejection improves when the isolation quantities are normalized to the transverse
momentum of the muon, thus the normalized isolation discriminants are used in the analysis.
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Figure 7: Zbb̄ rejection versus H → 4µ efficiency,
for mH = 130GeV , for various calorimetric isolation
cone sizes.
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Figure 8: Zbb̄ rejection versus H → 4µ efficiency,
for mH = 130GeV , for various track isolation cone
sizes.

The distributions of the normalized calorimetric and track isolation variables calculated using the
cones chosen in this analysis for the signal and the main backgrounds are presented in Figs. 11 and 12,
respectively. The cuts on the calorimetric and tracker isolation are chosen so that the efficiency for the
signal, after application of the two cuts, is close to 90%. The selection cuts are placed at 0.23 and 0.15
for the calorimetric and the tracker isolation, respectively.

3.2 Electron Isolation

For the electron final state both calorimetric and track isolation in the inner detector are considered.
Although partial calorimetric isolation along the η direction is already part of the electron-id require-
ments, an extra calorimetric isolation in a cone of ∆R = 0.2 is applied. The definition of the electron
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Figure 9: Zbb̄ rejection versus H → 4µ efficiency,
for mH = 130GeV , for standard and normalized
calorimetric isolation calculated in a ∆R=0.2 cone
around the muon track.
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Figure 10: Zbb̄ rejection versus H→ 4µ efficiency,
for mH = 130GeV , for standard and normalized
track isolation calculated in a ∆R=0.2 cone around
the muon track.
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Figure 11: Normalized calorimetric isolation
(∆R=0.2) for the signal (mH = 130), the Zbb̄ and tt̄
backgrounds for the 4µ channel.
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Figure 12: Normalized track isolation (∆R=0.2)
for the signal, the Zbb̄ and tt̄ backgrounds for the
4µ channel.

track isolation is the same as for the muons: it is the sum of the transverse momenta of inner detector
tracks in a cone with radius ∆R around the direction of the electron track. The pT of the electron track
is excluded from the sum. In an attempt to remove from the sum tracks originating from conversions of
bremsstrahlung photons, only tracks which have at least one hit in the B-layer (the innermost layer of
the Pixel detector) are considered in the sum. The track isolation is normalized to the electron pT . The
distribution of the electron track isolation is shown in Fig. 13, for a cone size ∆R=0.2. For the analysis
all leptons must satisfy a ΣpT /pT < 0.15 tracking isolation cut.

3.3 Impact parameter analysis

Leptons from tt̄ and Zbb̄ backgrounds are most likely to originate from displaced vertices. Further
rejection of these backgrounds can be achieved by placing a cut on the transverse impact parameter sig-
nificance (defined as d0/σd0, where d0 is the distance of closest approach in the transverse plane) of
the tracks associated to the leptons. For electrons, bremsstrahlung smears the impact parameter distribu-
tion, hence reducing the discriminating power of this cut with respect to muons. The impact parameter
is calculated with respect to the event vertex fitted using a set of tracks reconstructed in the ID. This
allows to remove the effect of the spread of the vertex position, which at LHC is 15 µm along each of
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Figure 13: Signal and background distributions for electron track isolation, normalized to the electron
track pT , in a cone ∆R <0.2.

the transverse x and y axes. In Figs. 14 and 15, the transverse impact parameter significance for muons
and electrons is shown. Tracks with d0 significance greater than 3 are not included in the primary vertex
fit, and this causes the shoulder visible in the distributions. The discriminating variable used in the event
selection for Zbb̄ and tt̄ background rejection, is the maximum lepton impact parameter in the event.
This is shown in Figs. 16 and 17 for 4µ and 4e events, respectively. For electron tracks, the maximum
impact parameter normalized to its error is required to be less than 6, while for muons less than 3.5.
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Figure 14: Transverse impact parameter significance
for muons from signal and reducible background
events.
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Figure 15: Transverse impact parameter significance
for electrons from signal and reducible background
events.

4 Event selection

In this section the full set of cuts performed in this analysis are summarized and the event kinematic
reconstruction is described. These cuts including the isolation and vertexing cuts covered in the previous
section are summarized in Table 5.

4.1 Event preselection

Events that pass the trigger selection are required to further satisfy certain lepton preselection criteria.
An electron must satisfy the LooseElectron requirement described in Section 2.3.1, and have an ET >5
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Figure 16: Maximum impact parameter significance
in 4-muon events, for signal and reducible back-
grounds.
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Figure 17: Maximum impact parameter significance
in 4-electron events, for signal and reducible back-
grounds.

Event Preselection Four leptons: LooseElectrons or muons.
pT >7 GeVand |η |< 2.5, at least two with pT >20 GeV

Event Selection
Kinematic Cuts Lepton quality: 2 pairs of same flavour opposite charge leptons.

Electrons must be MediumElectrons satisfying the CaloIso criterion.
For H masses of 200 GeV and higher, four LooseElectrons are required instead.

Z, Z∗ and Higgs boson reconstruction: single quadruplet with
|mll1−mZ|< ∆m12 GeV, mll2 > m34.

Isolation and Muon Calorimetric isolation (ΣET /pT < 0.23).
vertexing cuts Lepton Inner detector track isolation (ΣpT /pT < 0.15).

Cut on maximum lepton impact parameter
(d0/σd0 < 3.5 for muons, d0/σd0 < 6.0 for electrons).

Table 5: Summary of the analysis cuts for the H→ 4` analysis. The two lepton pairs are denoted as mll1
and mll2. The values of the mass window ∆m12 and of the cut m34 are defined in Table 6.

GeV and |η | < 2.5. Muons are selected by requiring pT >5 GeV and |η | < 2.5 (see section 2.3.2). The
final stage of event preselection requires at least four leptons with pT >7 GeVand |η |< 2.5, with at least
of two these leptons having pT >20 GeV.

4.2 Event selection and kinematic reconstruction

Following Table 5, in this section we review the kinematic cut part of the event selection. These cuts
have been optimized separately for each Higgs boson mass considered in this note.

Lepton quality requirements:
Events used in this analysis are required to have at least four leptons (e, µ) which can be coupled in

pairs of opposite charge and same flavour. These leptons are required to satisfy the requirements:

• Electrons: for Higgs boson masses below 200 GeV, electrons are required to satisfy the Medium-
Electron quality requirement, and the calorimetric isolation in a ∆R = 0.2 cone (CaloIsolation).
For masses above or equal to 200 GeV, due to the higher momentum of the decay electrons, the
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MediumElectron requirement is relaxed and these electrons are required to satisfy the LooseElec-
trons quality (see Section 2.3.1). This is a conservative choice, due to the fact that complete studies
on Z+jets background rejection were limited by the number of simulated events available.

• Muons are required to be either reconstructed by the combined reconstruction algorithm, or by
the tagging algorithm which is matching tracks in the inner detector to hit patterns in the muon
spectrometer (see Section 2.3.2).

Z, Z(∗) and Higgs boson mass reconstruction
The 4-lepton Higgs boson candidate mass reconstruction proceeds after selecting one single lepton

quadruplet in an event. When more than one quadruplet is found, the one with a dilepton mass closest to
the nominal Z mass, and with the highest pT leptons associated to the second Z, is chosen. The resolution
of the dilepton mass can be improved by applying a Z-mass constraint to the pair with a mass closest
to the Z invariant mass. When both Z’s are on-shell (for Higgs boson masses of 200 GeV and above),
the Z-mass constraint can be applied to both lepton pairs. The constraint itself is a convolution between
the nominal Z Breit-Wigner distribution, and a gaussian distribution centered at the measured Z value
with σ equal to the experimental resolution. The distribution of the Higgs boson mass reconstructed in
the case of a 130 GeV Higgs boson is shown in Figs. 18, 19 and 20 for the 4e, 4µ and 2e2µ channels
respectively. Only the gaussian region of the distribution is considered in the fit in the case of the 4e
channel: the fraction of events falling within ±2σ from the mean value is 81.7% in this case. The tail of
the distribution is due to electron bremsstrahlung losses upstream the calorimeters.
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Figure 18: Reconstructed H(130 GeV)→ 4e mass
after application of the Z-mass constraint fit.
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Figure 19: Reconstructed H(130 GeV)→ 4µ mass
after application of the Z-mass constraint fit.

The Higgs boson mass resolution for masses for which the Higgs boson has a negligible intrinsic
width, is shown in Figs. 21 and 22. In these figures it is shown that the Z-mass constraint improves the
mass resolution by 10% to 17%. The 4-lepton mass shifts after the Z-mass constraint are shown in Fig.
23 for each of the three decay channels. Independently of the fit, the 4e mass is biased to lower values due
to material effects (see Section 2.3.1). For this reason the electron energy has already been corrected by
+1% based on the difference of the reconstructed Z mass and the PDG Z mass. The Z-mass constraint is
only slightly correcting for these effects. In the 4µ channel, the bias introduced by the Z-mass constraint
is negligible.

Finally, the set of kinematic cuts applied to the reconstructed Z invariant masses is shown in Table
6. The cuts have been optimized using the expected distributions for signal and backgrounds, and the
expected dilepton resolution. In this table Z1 is the dilepton with a mass closest to the nominal Z mass,
while Z2 is the lower mass dilepton pair. To estimate the significance, the events in a ±2σ mass window
are selected.
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Figure 20: Reconstructed H(130 GeV)→ 2e2µ mass after application of the Z-mass constraint fit.
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Figure 21: Higgs→ 4e mass resolution as a func-
tion of the Higgs boson mass. Open circles denote
the resolution obtained when no Z-mass constraint
is applied, while full circles show the resolution in
the case of the Z-mass constraint.
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Figure 22: Higgs→ 4µ mass resolution as a func-
tion of the Higgs boson mass. Open circles denote
the resolution obtained when no Z-mass constraint
is applied, while full circles show the resolution in
the case of the Z-mass constraint.

4.3 Event selection results

The cut flow for the selection of a 130 GeV Higgs boson is shown in Tables 7 and 8, for signal and
backgrounds respectively. The same is shown for the tt̄ background in Table 9. In this case, the
available MC statistics is not sufficient to determine the number of expected events, and only upper
limits at 90% CL are set. The final selection efficiencies are shown in Figs. 24 and 25 The distributions
of the reconstructed 4-lepton mass, obtained after all cuts, are shown in Figs. 26, 27, 28 for three of the
low-mass values (130, 150, and 180 GeV), and in Figs. 29, 30, and 31 for three of the high-mass ones
(300, 400, and 600 GeV).

The number of expected events shown for the three decay channels combined is computed using NLO
cross-sections (Section 2.1), for a luminosity of 30 fb−1. The NLO cross-sections after the full event
selection, are shown in Table 10 for the three decay channels separately and combined. In this table,
signal events are selected within a mH±2σmH mass window, and systematic errors are not yet taken into
account in the significance calculation. Here σmH is the experimental 4-lepton mass resolution, shown in
Table 6. The significances for the each of the three channels, and their combination, are summarized in
Fig. 32.
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Figure 23: Shift of the mean 4-lepton mass for each of the three decay channels, with and without the
Z-mass constraint on the dilepton mass.

H Mass Z1 mass window Z2 mass cut H mass resolution (GeV)
(GeV) (GeV) (GeV) 4e 4µ 2e2µ
120 ±15 >15 2.0 1.8 1.9
130 ±15 >20 2.2 1.8 1.9
140 ±15 >30 2.2 2.0 2.1
150 ±15 >30 2.3 2.1 2.2
160 ±15 >30 2.4 2.2 2.3
165 ±15 >35 2.5 2.4 2.4
180 ±12 >40 2.8 2.7 2.8
200 ±12 >60 3.9 3.7 3.8
300 ±12 ±12 8.4 8.4 8.4
400 ±12 ±12 16.5 17.3 17.2
500 ±12 ±12 33.8 34.4 32.8
600 ±12 ±12 52.2 57.2 53.2

Table 6: Cuts applied to the reconstructed leading and sub-leading Z masses, and the Higgs boson mass
resolution values used to define the signal region.

4.4 Estimates of WZ and Z+Jets backgrounds

The contribution of other potentially dangerous backgrounds have also been estimated. Examples are the
WZ→ 3` and the inclusive Z+X where the Z decays leptonically. In the WZ→ 3` background pileup and
cavern background are included. WZ is found to give a negligible contribution to the total background:
the upper limit on the expected number of events is lower than the limit on tt̄ events. The Z+jets process
provides one of the most serious backgrounds to the 4e-channel at low masses. With the available MC
statistics (500K events, see Table 2), no event survives the lepton quality and pT selection cuts. An
estimate based on cut factorization leads to an evaluation of the expected number of events after the full
event selection, that would correspond to one event after the initial lepton quality and pT cuts. This is at
the level of about twice the Zbb background, i.e. below the ZZ∗continuum. The available MC statistics
is therefore not sufficient to set stringent limits on the Z+jets background. However, the rejection based
on the lepton quality and pT cuts should guarantee the complete removal of this background.
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Selection cut Selection step Signal
4e 4µ 2e2µ

Trigger selection 1 94.7 95.3 95.7
Lepton preselection 2 57.0 73.8 66.8

Lepton quality and pT 3 24.7 60.5 39.7
Z’s mass cuts 4 17.1 42.9 27.6
Calo Isolation 5 17.1 39.5 25.4

Tracker Isolation 6 16.5 38.1 24.7
IP cut 7 15.1 36.5 23.2

H Mass cut 8 12.5±0.3 31.4±0.5 19.2±0.4

Table 7: Fraction of events (in %) selected after each event selection cut, for each of the three decay
channels, and for a 130 GeV Higgs boson. The efficiencies of each selection are calculated with respect
to the fraction of events in which the Higgs boson decays into the corresponding channel, and that pass
the generator filter described in Section 2.1.

Selection cut ZZ Zbb
4e 4µ 2e2µ 4e 4µ 2e2µ

Trigger 1 96.6 96.6 96.6 91.4 91.4 91.4
Preselection 2 13.8 17.6 31.4 2.6 9.4 12.0

Lepton quality and pT 3 7.3 16.0 21.9 1.1·10−1 2.1 1.7
Z mass cuts 4 6.9 14.8 20.2 4.7·10−2 1.1 8.4·10−1

Calo Isolation 5 6.9 13.9 19.5 4.7·10−2 8.5·10−2 1.2·10−1

Track Isolation 6 6.8 13.6 19.2 1.3·10−2 3.3·10−2 4.4·10−2

IP cut 7 6.2 13.0 17.8 5.6·10−3 1.1·10−2 1.8·10−2

H Mass window 8 5.2·10−2 11.3·10−2 12.0·10−2 1.6·10−3 1.2·10−3 3.0·10−3

Table 8: Fraction of events (in %) selected after each event selection cut for the background processes.
The 130 GeV Higgs boson mass selection cuts are applied.

4.5 Effects of pile-up and cavern background

The effects of pile-up and cavern background in the analysis are studied for the analysis for the Higgs
boson mass of 130 GeV . The signal selection efficiencies are shown in Fig. 33, for the 4µ and 4e channel,
as a function of the selection cuts listed in Table 7. Table 12 summarizes the results for the three decay
channels. The effect of pileup is to decrease the signal selection efficiency by about 10%, for all three
decay channels. This decrease is due to a slight decrease in the trigger efficiency, and of the calorimetric
and tracker isolation cut efficiencies. Part of the loss can be recovered by reoptimizing these cuts.

5 Systematic uncertainties

Central to the H→ 4` analysis is the estimate of the background in a candidate signal region. In this sec-
tion the systematic uncertainties on quantities associated with the background estimation and the signal
efficiency are discussed. First the theoretical uncertainties are presented. Subsequently, the impact of
experimental systematic uncertainties on the event selection is discussed. Some of the systematics, like
the theoretical uncertainties and systematics on the signal efficiency, affect the estimate of the expected
sensitivity. Signal significance extraction from real data is affected by systematics on the knowledge of
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Selection cut tt̄
4e 4µ 2e2µ

Trigger 1 75.1 75.1 75.1
Preselection 2 1.0 4.7 10.1

Lepton quality and pT 3 6.8·10−3 7.3·10−1 5.8·10−1

Z mass cuts 4 1.6·10−3 2.0·10−1 1.0·10−1

Calo Isolation 5 1.6·10−3 1.6·10−3 5.4·10−3

Track Isolation 6 2.6·10−4 2.5·10−4 1.0·10−3

IP cut 7 2.6·10−4 < 6 ·10−4 2.6·10−4

H Mass window 8 < 6 ·10−4 < 6 ·10−4 < 6 ·10−4

Table 9: Fraction of events (in %) selected after each event selection cut for the tt̄ background. For small
available statistics 90% CL limits are considered.
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Figure 24: Selection efficiency as a function of the
Higgs boson mass, for each of the three decay chan-
nels, for the case of only one on-shell Z.
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Figure 25: Selection efficiency for as a function of
the Higgs boson mass, for each of the three decay
channels, for the case of two on-shell Z’s.

lepton energy scale and resolution, as determined for example from inclusive Z studies, lepton recon-
struction efficiency, and reducible background knowledge from control samples.

5.1 Theoretical uncertainties

The major theoretical uncertainties in the prediction of the inclusive background cross-sections are the
PDF uncertainties and uncertainties related to the QCD renormalization and factorization scales. Scale
uncertainties reflect theoretical uncertainties due to the omission of higher order diagrams. PDF and
scale uncertainties have already been discussed and evaluated for the main backgrounds and are only
recalled here (see Section 2.1). In summary, for the calculation of the NLO inclusive cross-sections, the
QCD scales have been independently varied in the range (0.5-2)× the energy scale of the process. The
PDF uncertainty has been evaluated by making use of 40 sets of PDF’s for CTEQ6M (20 plus and 20
minus).

5.2 Experimental uncertainties

Systematic effects on the H→ 4` analysis arise from experimental uncertainties related to the lepton re-
construction. The major contributions in the total systematic uncertainty in the H→ 4` yield come from
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Figure 26: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 130 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.
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Figure 27: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 150 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.
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Figure 28: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 180 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.
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Figure 29: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 300 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.

uncertainties in lepton energy scale, reconstruction and identification efficiency. The impact of these un-
certainties on the analysis is studied by applying variations to offline reconstructed variables. The level
of these variations has been provided by the performance groups.
Uncertainties in lepton energy scale
Uncertainties on the energy scale of electrons arise from the EM calibration. These are considered by
varying by ±0.5% the ET of the reconstructed electrons. Energy scale uncertainties for muons arise due
to the imperfect knowledge of the magnetic field. Here the recostructed muon pT is varied by ±1%.
These values are assumed on the basis of the foreseen in-situ determination of the detector performance.

Uncertainties in lepton energy resolution
The level of knowledge of the material distributions in ATLAS affects the lepton energy reconstruction.
To properly evaluate the impact of this contribution on the analysis, the reconstructed electron energies
are smeared with a Gauss function using a σET = 0.0073·ET . This extra smearing deteriorates the trans-
verse energy resolution of 50 GeV electrons by a relative 10%. In the muon system, an additional term
can be added to this smearing, to take into account misalignment uncertainties. The total muon smearing
is σ1/pT = 0.011/pT ⊕0.00017 (with pT in GeV). In the pT range of interest for Higgs boson searches,
the second term is negligible. The values of the corrections described above have been chosen so that the
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Figure 30: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 400 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.
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Figure 31: Reconstructed 4-lepton mass for signal
and background processes, in the case of a 600 GeV
Higgs boson, normalized to a luminosity of 30 fb−1.
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Figure 32: Expected signal significances computed
using Poisson statistics, for each of the three decay
channels, and their combination.
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Figure 33: Fraction of selected events with and with-
out pile-up and cavern background, for the cuts in
Tables 7 and 8 (130 GeV H→4e and 4µ analyses).

nominal resolution on muon pT of 3% is increased to 3.3% after applying the extra smearing.

Uncertainties in lepton reconstruction efficiency
The impact of uncertainties in the lepton reconstruction efficiency can be estimated by discarding a fixed
fraction of leptons before the analysis. The level of uncertainties considered here is 0.2% for electrons
and 1% for muons, motivated by performance group studies.

Material effects in electron efficiency
Uncertainties in electron efficiency receive a large contribution from uncertainties in the knowledge of
material upstream the LAr EMC. Systematic effects influence shower shape discriminants included in the
electron identification criteria. Examples of such discriminants are the mean energy fraction in a core of
3×7 middle sampling cells normalized to a window of 7×7 cells, and the mean energy fraction outside
a 3-strip core and inside a 7-strip window. As discussed in [17], the presence of extra material shifts
and changes the shapes of these distributions, hence reducing the discrimination power of these cuts.
The integrated effect in electron efficiency is rather small (less than 2%). However the true systematic
uncertainty in the efficiency due to the knowledge of the material depends on how well the material and
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Mass (GeV) 120 130 140 150 160 165 180
Selection

Signal 0.043 0.124 0.239 0.297 0.162 0.078 0.205
ZZ∗/γ∗ 0.028 0.027 0.020 0.017 0.033 0.044 0.196

4e Zbb 0.006 0.013 0.004 0.004 < 0.004 0.006 0.002
tt̄ <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04

Significance (30 fb−1) 0.9 2.4 4.8 6.1 3.3 1.4 2.1
Signal 0.108 0.311 0.563 0.707 0.381 0.177 0.476
ZZ∗/γ∗ 0.052 0.059 0.061 0.017 0.073 0.080 0.258

4µ Zbb 0.019 0.009 0.009 0.008 0.006 0.004 0.008
tt̄ <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04

Significance (30 fb−1) 1.7 4.4 7.0 8.4 5.1 2.6 4.1
Signal 0.130 0.381 0.709 0.932 0.485 0.229 0.642
ZZ∗/γ∗ 0.063 0.063 0.081 0.074 0.102 0.116 0.483

2e2µ Zbb 0.030 0.025 0.013 0.009 0.009 0.004 0.004
tt̄ <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04

Significance (30 fb−1) 1.8 4.8 7.7 9.8 5.6 2.8 4.2
Signal 0.281 0.816 1.511 1.94 1.03 0.484 1.32
ZZ∗/γ∗ 0.143 0.150 0.163 0.151 0.208 0.240 0.938

All Zbb 0.055 0.047 0.026 0.021 0.015 0.013 0.013
tt̄ <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04

Significance (30 fb−1) 2.8 7.1 11.5 14.2 8.2 4.2 6.2

Table 10: Cross-sections (in fb) after the full event selection for the signal and irreducible and reducible
backgrounds. The cross-sections are given for each of three channels 4e ,4µ and 2e2µ , and for their
combination. When no event is passing the event selection, 90% C.L. limits on the cross-section are set.
For each channel and for their combination, the expected significance is given for 30 fb−1. It is assumed
that the background in the signal region is known with negligible uncertainty. The tt̄background is
assumed not to contribute to the signfificance,

the shower shapes can be measured using data.

5.3 Summary of the systematic uncertainties

The impact of the various lepton systematic uncertainties on the Higgs boson signal yield and background
rejection is summarized in Table 13 for the various 4` final states. Variations have been applied to both
signal and background samples, and the analysis algorithm ran with the hypothesis of mH = 130 GeV.
A 3% uncertainty on the luminosity has been taken into account in the total systematic error calculation.
The total systematic error on the signal efficiency has been included in the calculation of the exclusion
limits described in the following.

6 Background extraction from data and significance estimation

In Section 4 the significance has been obtained assuming that the background is known with a negligible
uncertainty. In this section various methods to extract the background from data, evaluate the background
uncertainties, and include them in the significance calculation, are presented.
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Mass (GeV) 200 300 400 500 600
Selection

4e Signal 1.41 0.917 0.737 0.370 0.174
ZZ∗/γ∗ 0.689 0.342 0.225 0.228 0.179

Significance (30 fb−1) 7.4 6.6 6.3 3.4 1.9
4µ Signal 1.94 1.16 0.918 0.463 0.206

ZZ∗/γ∗ 0.867 0.468 0.379 0.346 0.296
Significance (30 fb−1) 9.0 7.2 6.3 3.6 1.8

2e2µ Signal 3.33 2.13 1.69 0.825 0.377
ZZ∗/γ∗ 1.53 0.836 0.610 0.570 0.438

Significance (30 fb−1) 11.7 9.8 9.0 5.0 2.7
All Signal 6.68 4.21 3.34 1.66 0.76

ZZ∗/γ∗ 3.09 1.65 1.21 1.14 0.914
Significance (30 fb−1) 16.5 13.8 12.7 7.1 3.8

Table 11: Cross-sections (in fb) after the full event selection for signal and irreducible background. For
Higgs boson masses above 180 GeV the contribution of the reducible backgrounds to the total back-
ground cross-section is negligible. The cross-sections are given for each of three channels 4e, 4µ and
2e2µ , and for their combination. When no event is passing the event selection, 90% C.L. limits on the
cross-section are set. For each channel and for their combination, the expected significance is given for
30 fb−1. It is assumed that the background in the signal region is known with negligible uncertainty.

4e 4µ 2e2µ
No Pileup and CB 12.5±0.3 31.4±0.5 19.2±0.4

With Pileup and CB 12.1±0.3 28.4±0.5 17.0±0.4

Table 12: Selection efficiencies in %, after all cuts, for the signal at 130 GeV, and for each of the three
decay channels. The efficiencies are shown for the two cases: with and without the addition of minimum
bias low-luminosity pileup and cavern background with safety factor 5.

The main challenge in measuring the background for the 4` channel over a very wide mass range
(from m4` 120 GeVto m4` 600 GeV), comes from the fact that signal and background shapes and cross-
sections vary considerably. The dominant background comes from the ZZ(∗) continuum. While we
expect to measure the ZZ in the high mass region (M4` > 180 GeV) where the reducible backgrounds
become negligible, in the low mass region the significant presence of Zbb̄ and tt̄ requires their knowledge.
Measurements of these backgrounds with early data will provide upper bounds in their expectation after
all Higgs boson analysis cuts.

6.1 Significance determination

Most of the systematic uncertainties discussed in the previous section do not contribute to the signif-
icance determination if the data distributions are fitted, and signal and background are extracted from
the fit. The resulting uncertainty in the knowledge of the background reduces the confidence level for
claiming a discovery. In this section a fit-based approach for background and significance extraction is
presented. A fit of the selected 4-lepton invariant mass, using the signal hypothesis at a fixed mass and
applying the profile likelihood ratio method to extract the significance is considered. The fit method, and
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Zbb̄ ZZ H Zbb̄ ZZ H Zbb̄ ZZ H
4e 4µ 2e2µ

Scale +0.5% (+1%) +1.5 +0.1 +0.9 +2.4 +0.4 +1.3 +1.9 +0.1 +0.9
Scale -0.5% (-1%) -1.1 -0.2 -0.5 -2.3 -0.3 -2.5 -1.7 -0.2 -1.4

Resolution -0.5 -0.1 -0.4 +0.1 -0.1 -2.6 -0.2 -0.1 -0.5
Rec. efficiency -1.0 -0.7 -0.5 -3.8 -4.0 -3.8 -2.0 -2.1 -1.7

Luminosity 3 3 3
Total 3.6 3.1 3.2 5.4 5.0 6.0 4.1 3.7 3.8

Table 13: Impact, in %, of the systematic uncertainties on the overall selection efficiency, as obtained for
a mH = 130 GeVin the 4e,4µ , and 2e2µ final states.

the results obtained after varying the background shape, the fit range and even including background-
only fits without the signal hypothesis, are the main subject of this section. An alternative approach with
a global two-dimensional (2D) fit on the (mZ∗ ,m4`) plane is also briefly discussed.

The baseline method used as input to the combination of all ATLAS Standard Model Higgs boson
searches, is based on a fit of the 4-lepton invariant mass distribution over the full range from 110 to
700 GeV. The method, whose details are described in [21], is summarized below.

The 4-lepton reconstructed invariant mass after the full event selection (except the final cut on the
4-lepton reconstructed mass) is used as a discriminating variable to construct a likelihood function. The
likelihood is calculated on the basis of parametric forms of signal and background probability density
functions (pdf) determined from the MC. For a given set of data, the likelihood is a function of the
pdf parameters ~p and of an additional parameter µ defined as the ratio of the signal cross-section to
the Standard Model expectation (i.e. µ = 0 means no signal, and µ = 1 corresponds to the signal rate
expected for the Standard Model). To test a hypothesized value of µ the following likelihood ratio is
constructed:

λ (µ) =
L(µ, ˆ̂~p)
L(µ̂,~̂p)

(1)

where ˆ̂~p is the set of pdf parameters that maximize the likelihood L for the analysed dataset and for
a fixed value of µ (conditional Maximum Likelihood Estimators), and (µ̂,~̂p) are the values of µ and
~p that maximise the likelihood function for the same dataset (Maximum Likelihood Estimators). The
profile likelihood ratio is used to reject the background only hypothesis (µ = 0) in the case of discovery,
and the signal+background hypothesis in the case of exclusion. The test statistic used is qµ =−2lnλ (µ),
and the median discovery significance and limits are approximated using expected signal and background
distributions, for different mH , luminosities and signal strength µ . The MC distributions, with the content
and error of each bin reweighted to a given luminosity (in the following referred to as “Asimov data”,
see [21]), are fitted to derive the pdf parameters: in the fit, mH is fixed to its true value, while σH is allowed
to float in a ±20% range around the value obtained from the signal MC distributions. All parameters
describing the background shape are floating within sensible ranges. The irreducible background has
been modelled using a combination of Fermi functions which are suitable to describe both the plateau
in the low mass region and the broad peak corresponding to the second Z coming on shell. The chosen
model is described by the following function:

f (mZZ) =
p0

(1+ e
p6−mZZ

p7 )(1+ e
mZZ−p8

p9 )
+

p1

(1+ e
p2−mZZ

p3 )(1+ e
p4−mZZ

p5 )
(2)
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The first plateau, in the region where only one of the two Z bosons is on shell, is modelled by the first
term, and its suppression, needed for a correct description at higher masses, is controlled by the p8 and
p9 parameters. The second term in the above formula accounts for the shape of the broad peak and the
tail at high masses. This function can describe with a negligible bias the ZZ background shape with good
accuracy over the full mass range. The Zbb̄ contribution is relevant to the background shape only when
searching for very light Higgs boson (in this study, only at mH = 120 GeV). In this case, an additional
term is added to the ZZ continuum, with a functional form similar to the second part of equation 2. For
the signal modelling a simple gaussian shape has been used for mH ≤ 300 GeV, while a relativistic Breit-
Wigner formula is needed at higher values of the Higgs boson mass. In Figs. 34 and 35 two examples of
pseudo-experiments with the resulting fit functions for signal and background are shown.
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Figure 34: A pseudo-experiment corresponding to
30 fb−1 of data for a Higgs boson mass of 130 GeV.
The functions fitting the signal and the background
are shown.
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Figure 35: A pseudo-experiment corresponding to
30 fb−1 of data for a Higgs boson mass of 180 GeV.
The functions fitting the signal and the background
are shown.

The results presented in the following approximate the significance from the test statistics as
√
−2lnλ (µ).

In order for the results of the method to be valid, the test statistic qµ =−2lnλ (µ) should be distributed
as a χ2 with one degree of freedom. The results obtained with the strategy described above must thus
be validated using toy MC. Such validation tests show a good agreement of the test statistic with the
expected χ2 distribution, as discussed in detail in [21]. This allows to approximate the significance from
the test statistic as

√
−2lnλ (µ). The significances obtained as the square root of the median profile

likelihood ratios for discovery, −2lnλ (µ = 0) are shown in Table 14 for all mH values considered in this
paper, and for various luminosities. In Fig. 36, the significance obtained from the profile likelihood ra-
tio, after the fit of signal+background is shown. The significance is compared to the Poisson significance
shown in Section 4. The slightly reduced discovery potential is due to the fact that several background
shape and normalization parameters are derived from the data-like sample.

Concerning exclusion, the median profile likelihood ratios are calculated under the background only
hypothesis, and the integrated luminosity needed to exclude the signal at 95% C.L. is the one correspond-
ing to

√
−2lnλ=1.64. The integrated luminosity needed for exclusion is shown in Fig. 37.

The median significance estimation with Asimov data can be validated using toy MC pseudo-exp-
eriments. For each mass point, 3000 background-only pseudo-experiments are generated. For each
experiment, the profile likelihood ratio method is used to find which µ value can be excluded at 95%
CL. The resulting distributions are then analysed to find the median and ±1σ and ±2σ intervals. The
outcome of this test is summarized in Fig. 38, where the 95% CL exclusion µ obtained from single fits
on the full MC datasets is plotted as well. As shown, the agreement is good over the full mass range.
Fitting the 4-lepton mass distribution with all parameters left free in function 2 allows the fit to absorb
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L mH (GeV)
(fb−1) 120 130 140 150 160 165 180 200 300 400 500 600
1 0.5 1.1 2.0 2.3 1.3 0.7 0.9 2.6 2.3 1.9 0.9 0.6
2 0.7 1.6 2.8 3.3 1.8 1.0 1.3 3.7 3.2 2.8 1.3 0.8
5 1.0 2.4 4.5 5.2 2.9 1.6 2.1 5.9 5.1 4.2 2.1 1.2
10 1.5 3.5 6.3 7.3 4.1 2.2 2.9 8.3 7.2 6.0 2.9 1.8
30 2.6 6.0 10.9 12.7 7.0 3.8 5.1 14.4 12.7 10.4 5.3 3.3

Table 14: The significances obtained from the median profile likelihood ratios for discovery -2lnλ (µ =
0), for all Higgs boson masses considered and for various luminosities.
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Figure 36: Significance obtained from the profile
likelihood ratio, as a function of the Higgs boson
mass. The result is compared with the one shown
in Section 4 where systematic errors on signal and
background have not been included, and the signifi-
cance has been calculated using Poisson statistics.
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Figure 37: The luminosity needed for exclusion of
the Standard Model Higgs boson with the H →
ZZ∗ → 4l channel alone, as a function of the Higgs
boson mass.

possible systematics. Inclusion of systematic effects on mass scale and resolution (see Section 5), and on
the knowledge of the reducible background, have a total effect smaller than 4% on the significance from
the fit.

In addition to the baseline method described above, different fit assumptions have been studied and
are discussed below for completeness.

A background-only fit can be performed using pseudo-experiments corresponding to 30 fb−1 of
data, including both signal and backgrounds; the function described in formula 2 is used to describe the
background, and the fit is performed over the full range 110-700 GeV, but in this case all the parameters
apart from the overall normalization are fixed to the values obtained from a fit of the full MC statistics
available. The signal mass window, defined for each value of the Higgs boson mass as described in
Section 4, is excluded from the fit (sideband-fit), and the expected background in the signal region is
obtained as the integral of the background function in the signal window. The pseudo-experiments fits
provide an estimate of background statistical fluctuations and of possible biases introduced by the fit,
that must be taken into account in the significance determination. The statistical uncertainty on the
background resulting from the fit is no more than 6% over the full mass range.

Another method based on the sidebands consists of calculating, using the full MC statistics, the ratio
τ = BMW

BSB
between the background events in the signal mass window (BMW ) and those in the sidebands

(BSB). In the pseudo-experiments, the background level in the signal mass window is estimated as:
BMW (i) = τ ×Nobs

SB (i) and the signal as: SMW (i) = Nobs
MW (i)−BMW (i). The resulting uncertainty on the
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Figure 38: Validation of the median significance estimation with toy Monte-Carlo experiments. The µ
value corresponding to 95% CL exclusion obtained from Asimov data is compared to the one obtained
using the median profile likelihood ratio from the toy MC pseudo-experiments.

background is no more than 5% over the full mass range. The significance is then obtained, in both
cases, using the profile likelihood ratio method applied to the case of a counting experiment, assuming
the background mean, and statistical error on the background as from the fit. The results for 130, 150
and 180 GeV Higgs boson mass are summarized in Table 15. The sideband fit and the τ-ratio method

Method Background 130 150 180
error GeV

Sideband from fit 6.6 14.0 5.9
τ-ratio from τ-ratio 6.7 14.0 5.8

Table 15: The signal significance for various Higgs boson masses, obtained including the background
uncertainties from the sideband fit and the τ-ratio methods.

can be used to test the impact of some systematic effects, like the mass scale and resolution in the ZZ
threshold region at 180 GeV, and the uncertainties on the reducible Zbb̄ background. The impact of a
±1% variation of the energy scale on the significance from the fit with all parameters fixed apart from the
normalization is of 21% for a Higgs boson mass of 180 GeV, the most critical region. A ±20% variation
of the mass resolution has a 7% effect on the significance. Systematics connected to the knowledge
of the reducible Zbb̄ background have been tested removing this background from the samples used to
calculate the fit parameters or the τ-ratio, and have been found to be at the level of 8%.

The presence of uncertainties in the shape of the m4` distribution at low masses (m4` < 180 GeV)
and the potential difficulty of predicting the shape in this region using the distribution at higher masses
m4` > 180 GeV, motivate studies where shape information is extracted from restricted fits in this low
mass region. Examples are fits in the region from 110 to 170 GeV, where the background is expected
to have a simple shape. In this range we perform both background-only fits excluding the signal region,
and fits including the signal hypothesis, using the profile likelihood method but a simpler background
parametrization (1st order polynomial). For the background-only fits we extract the significance cal-
culating the p-value as defined in [21], using the method described in [22]. The extracted significance
has also been calculated throwing large numbers of toy-MC experiments that were used to calculate the
p-value, in order to validate the method of [22]. The background-only fits in the 110 to 170 GeV region
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give a significance of 5.6σ for a 130 GeV Higgs boson. When the signal hypothesis is included using the
profile likelihood method, a significance of 5.8σ is found. The small increase in the significance is due
to the inclusion of the signal hypothesis which renders the statistical test more powerful. These results
for the 130 GeV Higgs boson are close to those obtained from the full mass range fit baseline method
(Table 14). Independent measurements (e.g. Zbb̄ background) are expected to provide constraints in the
knowledge of the background thus improving the discovery potential.

The fitting approach discussed so far involves one-dimensional fits of the m4` distribution. This
approach can be generalized to a global 2D fit on the (mZ∗ ,m4`) plane. Such 2D fits, in contrast to the
baseline approach, exploit correlations between mZ∗ and m4`, after a single set of cuts independent of
the Higgs boson mass. Having a single set of cuts allows the extraction of the signal through both fixed
and floating Higgs boson mass fits. The 2D models on the (mZ∗ ,m4`) plane, have been obtained for the
ZZ and Zbb̄ backgrounds. All available signal samples (for masses from 120 to 600 GeV) have been
used to develop a one-parameter family of surfaces (the parameter being mH) that adequately models
the signal for any intermediate value of the true Higgs boson mass. Table 16 summarizes the expected
significance as a function of mH , for both fixed and floating Higgs boson mass window fits, and an
integrated luminosity of 30 fb−1. These results are obtained using toy MC pseudo-experiments using a
median likelihood ratio for the fixed mass case, and a p-value for the floating mass case, as described
in [21]. The significances shown in the first row of Table 16 are consistent with the corresponding results
of the baseline analysis shown in Table 14.

Mass (GeV) 120 130 140 150 160
2D fit Fixed Higgs boson Mass 2.0 6.3 11.6 14.0 8.3

2D fit Floating Higgs boson Mass 1.1 5.6 10.9 13.2 7.5

Table 16: Median significance from a 2D global fit on the (mZ∗ ,m4`) plane for both fixed and floating
Higgs boson mass window and an integrated luminosity of 30 fb−1.

7 Summary and conclusion

The potential of ATLAS in observing the Higgs boson in its H→ ZZ∗→ 4` decay mode was presented.
For an integrated luminosity of 30 fb−1, ATLAS will discover the Higgs boson in the 4` channel-alone
in the mass range from 130− 500 GeV, with the exception of the region around 160 GeV of the WW
turn on, where significances of about 4σ were found. In the very low mass region of 120 GeV, just
above the LEP limit, a significance close to 3σ is expected: this is a strong contribution to the combined
significance of the various Standard Model decay modes [21]. The H → ZZ → 4` channel is highly
sensitive in the high mass region (400 GeV > m4` > 200 GeV), and in the 150 GeV region, where the
Higgs boson should be discovered with 5 fb−1.

The results obtained in this work include studies of the effect of systematic uncertainties on the
signal extraction. In parallel to these studies, several attempts to improve the sensitivity of the channel
by increasing the signal yield and keeping the same level of background were performed. Examples are
the relaxing of the lepton-id criteria for one of the four leptons, the use of calorimeter for muon tagging,
and application of multivariate techniques. Although the first results are encouraging, these studies are
beyond the scope of this note since they are still in their very early stages.
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Search for the Standard Model Higgs Boson via Vector Boson
Fusion Production Process in the Di-Tau Channels

Abstract
We outline a search for the Standard Model Higgs boson decaying into a τ-
pair in association with two jets, which is produced dominantly by the Vector
Boson Fusion (VBF) process. The results indicate significant potential for a
discovery in the low mass range. We consider fully leptonic, semi-leptonic,
and, for the first time, fully hadronic tau decays. Mass reconstruction, central-
jet veto, and jet tagging are discussed, and we present an approach to estimate
the background from the data. Additional emphasis has been given to trigger
issues and the impact of pileup. The results are based on an improved detector
description, including misalignments, the most recent reconstruction software,
and modern Monte Carlo event generators, including a revised prediction of
the underlying event activity.

1 Introduction

The search for the Higgs boson and the source of electroweak symmetry breaking is a primary task of the
Large Hadron Collider (LHC). It has been shown [1] that the ATLAS detector is capable of discovering
the Standard Model Higgs boson with masses ranging from the LEP limit of 114 GeV [2] to about
1 TeV. The low-mass region is preferred from electroweak precision measurements and in this region
(mH < 130 GeV) the searches for Higgs bosons decaying to taus and photons are the most promising
for discovery [3–5]. Searches for the Higgs boson produced in Vector Boson Fusion (VBF) tend to have
reasonably high signal-to-background ratios, making them more robust to systematic uncertainties.

Within the Standard Model, the ability to observe the Higgs boson in multiple production and decay
configurations makes it possible to measure the Higgs boson coupling to fermions and vector bosons [6].
Furthermore, the VBF processes provide a tool for measuring the Higgs boson spin and CP properties [7,
8]. In the context of the Minimal Supersymetric Standard Model, (MSSM), the branching ratio of a
Higgs boson decaying to photons is generally suppressed, which makes the search for Higgs boson
decaying to taus very important. The complementarity of the coupling of the light and heavy CP-even,
neutral Higgs bosons of the MSSM to taus makes it possible to cover most or all of the mA− tanβ plane
by reinterpreting the results for a Standard Model Higgs boson decaying into taus in the context of the
MSSM [9, 10].

A previous ATLAS analysis outlined the sensitivity to a low mass Higgs boson including the first
estimates for the VBF channels [4]. These results were primarily based on a fast simulation that parame-
terized the results of key detector performance studies performed with a full GEANT simulation. In this
note we have considered three decay modes: the lepton-lepton (ll-channel), lepton-hadron (lh-channel)
and the hadron-hadron (hh-channel) from VBF H → τ+τ− signature. The analysis has been done using
state-of-the art Monte Carlo generators, full GEANT-based simulation of the ATLAS detector with re-
alistic misalignments and distortions applied to the expected material in the detector, utilization of our
current reconstruction algorithms, and, where possible, incorporation of pileup interactions.

This analysis requires excellent performance from every ATLAS detector subsystem; the presence
of τ decays implies final states with electrons, muons, hadronic tau decays, and missing transverse
momentum, while the Vector Boson Fusion production process introduces jets that tend to be quite
forward in the detector. Due to the small rate of signal production and large backgrounds, particle
identification must be excellent and optimized specifically for this channel. Furthermore, triggering relies
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on the lowest energy lepton triggers or exceptionally challenging tau trigger signatures. The detector
performance aspects so important to this analysis are described in Refs. [11–19].

1.1 Monte Carlo samples

Estimating the sensitivity of ATLAS to this channel requires the state of the art in Monte Carlo tools.
The most challenging aspect of the theoretical calculations is the description of jet activity, an area in
which the tools have evolved substantially since ATLAS ’ first publication on the sensitivity to the VBF
processes. Details of the Monte Carlo samples are outlined in Ref. [20]. The signal samples were pro-
duced with HERWIG [21] and PYTHIA [22]. The QCD Z+jets and W+jets samples were produced
with ALPGEN [23], which employs the MLM matching [24] between the hard process (calculated with
a leading-order matrix element for up to 5 jets) and the parton shower of HERWIG. The electroweak
(ELWK) Z+jets background was simulated with SHERPA [25]. The tt̄+jets and diboson background
samples were generated with MC@NLO [26]. In all processes with taus, the tau decay was simulated
using TAUOLA [27]. Additional photon radiation from charged leptons was simulated with PHO-
TOS [28]. The production cross-section for the signal is based on the next-to-leading order (NLO)
computation and the k-factor (the ratio of the cross-section to that predicted by the lowest order calcu-
lation) is around 5% in the target mass range of 100−150 GeV. Note that the k-factor only involves the
QCD corrections.

Because the GEANT-based detector simulation is computationally intensive, an event filter was ap-
plied to each sample after the parton shower and hadronization. Most processes were required to have
at least one lepton in the final state. For background processes a VBF filter was used to remove events
that would fail jet-related requirements. The filter bias has been studied and well-validated, but it affects
our ability to estimate background rates early in the analysis cut flow. Furthermore, a significant Monte
Carlo sample was produced with the ATLAS fast simulation, ATLFAST [29], without any event filter.
These ATLFAST samples are used for systematic studies and to aid in the estimation of background
rates (see Section 3.4).

The effect of in-time pileup (i.e. other soft p-p collisions in the same bunch crossing), out-of-
time pileup (i.e. p-p collisions in neighboring bunch crossings), and the underlying event (i.e. multi-
parton scattering and soft activity in the p-p collision of interest) are all important to this analysis.
The underlying event has substantial theoretical uncertainty, and different models’ predictions for the
underlying event activity vary by large factors when extrapolating to the LHC energy range. Fortunately,
the underlying event activity will be one of the first measurements at the LHC and will be well measured
by the time the analysis described in this Note is performed. The pileup interactions are incorporated
early in the simulation chain, at the time when the detector readout is simulated.

2 Event selection

2.1 Triggering

While the ATLAS trigger system provides several possibilities for triggering that take advantage of
the signal’s complex final state, we restrict ourselves here to simple robust trigger signatures that are
expected to have a low rate and an acceptable selection efficiency [12, 13]. For the lh and ll final states
the events are selected by an isolated electron with pT ≥ 22 GeV (e22i) or an isolated muon with pT ≥
20 GeV (mu20). The entire trigger chain has been simulated with the use of our current trigger algorithms
and trigger menus; however, the dilepton triggers composed of isolated muons with pT ≥ 10 GeV and
isolated electrons with pT ≥ 15 GeV considered in Ref. [4] were not used in this study. The trigger
efficiency for VBF H→ ττ (with mH = 120 GeV) is 9.0% for events selected by the electron trigger and
9.9% in the case of muons. The trigger efficiencies include detector acceptance and are normalized with
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Table 1: The product of efficiency and acceptance for the signal from the e22i, mu20,
andL1 TAU30 xE40 softHLT triggers.

Trigger menu Efficiency × Acceptance(%)
e22i 9.08 ± 0.03
mu20 9.88 ± 0.04

L1 TAU30 xE40 softHLT 3.67±0.02

respect to the production cross-section for VBF H→ ττ . Additional triggers for the lh and ll final states,
for instance the combined τ + e or τ+µ triggers and triggers which take advantage of the tagging jets of
the VBF process, are under study.

The all hadronic mode, or hh-channel, utilizes a different triggering strategy. Unlike the clean sig-
nature of the electron and muon triggers, the single tau trigger is expected to be exposed the large QCD
jets background. Therefore only tau trigger in combination with other signatures, like missing ET or
another tau in the event, can be considered. We use L1 TAU30 xE40 softHLT as the primary trigger
menu for the hh-channel in this study. It should be noted that unlike the high pT single lepton triggers,
both the hadronic tau and Emiss

T triggers are based on requirements from the first level of the trigger
system with only a loose selection in the high-level trigger [30]. The expected trigger acceptance of
L1 TAU30 xE40 softHLT is listed in Table 1 as well as those from e22i and mu20 menus. The trigger
efficiency for the signal events (for mH = 120 GeV) is 3.7% for L1 TAU30 xE40 softHLT. The disad-
vantage of the missing ET trigger is the relatively low efficiency on signal; therefore, alternative menus
like double tau menus are now being developed.

2.2 Electron and muon reconstruction and identification

Electron candidates are formed from a cluster of cells in the electromagnetic calorimeter together with a
matched track. The electron identification includes information from the shape of the shower, tracking
information, and the consistency of the track and cluster. ATLAS provides multiple working points
that trade electron efficiency for improved rejection of fakes. In this analysis we use the Medium class
electron as it provides sufficient fake rejection and provides a higher signal efficiency. In addition to
the standard electron identification, we require that the energy in an isolation cone of radius ∆R = 0.2
around the electron contains less than 10% of the electron’s ET

1. The isolation cut is imposed to reject
the contamination from hadronic jets.2 The reconstruction and identification efficiency is fairly flat after
pT ≥ 15 GeV, where it achieves 69.4 ± 0.2% efficiency while keeping the fake electron contamination
at the order of 0.1%. In the VBF H→ ττ→ µµ +4ν signal sample, the probability to reconstruct a fake
electron was found to be slightly higher, 0.25±0.03%, reflecting some level of process-dependence.

In ATLAS, muon candidates can be seeded from either tracks in the inner detector or in the stand-
alone muon spectrometer. In this analysis we required the highest quality muon candidates, which are
formed by extrapolating the track in the muon spectrometer to the interaction point, finding a matching
inner detector track, and forming a combined track if the two tracks satisfy various quality require-
ments [15]. The muon identification is composed of requirements on track quality and hit multiplicity
in several muon stations. Similarly to the electrons, we require an isolation condition that the summed
ET within a radius ∆R of 0.2 is less than 10% of the muon pT to reject the contamination from jets. The
reconstruction and identification efficiency is fairly flat after pT ≥ 10 GeV, and it achieves 91.9 ± 0.1%
while keeps the fake muon rejection under 0.005%.

1Due to a problem with the reconstruction, a correction to the isolation energy in the Tile gap scintillator was required.
2A track-based isolation requirement was also studied and shown to have similar performance.
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The electron and muon identification criteria are summarized in Table 2. The pT thresholds for
electron and muon identification are chosen to provide stable identification efficiency and sufficient fake
rejection. In addition, we require that the pT of the offline reconstructed lepton must satisfy the pT

thresholds of the corresponding trigger, which is not strictly enforced due to subtle differences between
the offline reconstruction and the trigger algorithms.

Table 2: Summary of the identification requirements for electrons and muons.

Lepton identification
Electron ID: Medium

Isolation ET (∆R = 0.2)/pT ≤ 0.1
pT ≥ 25 GeV for trigger electron (e22i)
pT ≥ 15 GeV for other electrons

Muon ID: Combined muon
Isolation ET (∆R = 0.2)/pT ≤ 0.1
pT ≥ 20 GeV for trigger muon (mu20i)
pT ≥ 10 GeV for other muons

2.3 Hadronic-tau reconstruction and identification

Approximately 65% of tau leptons decays produce hadrons. The majority of hadronic tau decays are
composed of single-prong candidates with one charged pion, which provides a track and a hadronic
shower, and potentially associated neutral pions that provide an additional electromagnetic sub-cluster.
In addition, three-prong tau decays are also reconstructed, but with a higher rate of fakes from QCD
jets. Due to the high momentum of the taus produced in this process, the decay products are collimated
into a narrow region. ATLAS currently employs two hadronic tau reconstruction algorithms [31]; both
require a calorimeter cluster matching a track; however, one algorithm is seeded by calorimeter clusters
and the other is seeded by the track. The two algorithms’ efficiencies are complementary in different pT

regimes, and provide rejection strategies for their energy measurement and rejection against jets. The
calorimeter-seeded algorithm was used for this analysis.

The calorimeter-seeded algorithm provides a log-likelihood ratio that distills discriminating power
from a variety of track quality and shower shape information to discriminate between taus and jets [14].
The discriminating variable is designed to maintain a high tau efficiency while rejecting fake tau candi-
dates from jets, leaving the precise working point to be optimized in the context of a specific analysis.
The cuts on the discriminating variable and pT of the tau candidates were optimized with respect to a
simple s/

√
s+b performance measure. The background sample included Z+jets, W+jets, and tt̄+jets,

which comprises a background sample with a representative mixture of real and fake taus. Our model-
ing of the jet fragmentation indicates that quark-initiated jets are more collimated and have a 6-8 times
higher fake rate than gluon-initiated jets. The relative abundance of real and fake tau candidates depends
on the kinematic requirements imposed on the sample, thus the optimization should be performed after
the final kinematic requirements described in Sections 2.8 and 2.9. However, the limited size of Monte
Carlo samples requires that only a subset of the criteria used in the final event selection are applied dur-
ing the optimization. Several subsets of the final event selection criterion were evaluated, and the final
optimization was found to be reasonably stable and nearly independent of pT . After the optimization, the
calorimeter-seeded algorithm’s log-likelihood ratio was required to be greater than 4, corresponding to
an identification efficiency of 50.0±0.2% and a fake jet selection efficiency of ∼1% for gluon-initiated
jets and ∼2.5% for quark-initiated jets.
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Figure 1: Reconstruction and identification efficiency of the hadronic tau (a) and the jet-fake rejection
efficiency (b) as a function of pT , respectively.

In addition to rejection against jets, an electron-veto was used to reject tau candidates which arise
from electrons that have failed the electron identification. This electron-veto was performed by requiring
that the tau candidate have at least 0.2% of its energy in the first sampling of the hadronic calorimeter and
that the ratio of high-threshold (HT) to low-threshold (LT) hits in the transition radiation tracker (TRT)
be less than 20% in the range |ητ |< 1.7. This electron-veto procedure suppresses the electron fake rate
by 82.5% while retaining 90% of the hadronic tau candidates selected without the veto.

Finally, we present the hadronic tau reconstruction and identification performance in Fig. 1 (a) and
the fake-jet tagging rate (b) as a function of pT , respectively. The selection criteria for the hadronic tau
identification is summarized in Table 3.

Table 3: Selection criteria for the hadronic tau identification from the calorimeter-seeded recon-
struction algorithm.

Hadronic tau identification
Tau ID: Calorimeter-seeded

pT ≥ 30 GeV
Track multiplicity : 1 or 3 tracks
|charge| = 1
Log Likelihood Ratio ≥ 4

Electron Veto:
minimum TRT HT/LT≤0.2 if |ητ |≤1.7 and LT≥10
EHAD

T /pT≥0.002 in matched electron object
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2.4 Jet reconstruction

2.4.1 Forward tagging jets

The jet activity of the vector boson fusion process is unique in several ways, providing many handles
to suppress backgrounds and isolate a sample of signal events with high purity. The most important
features of the VBF process are the presence of two high-pT quark-initiated “tagging jets”, which tend
to be relatively forward and well separated in rapidity. Furthermore, due to color coherence in this elec-
troweak process, additional QCD radiation between the tagging jets tends to be suppressed and motivates
a Central Jet Veto (CJV) [32]. This section outlines the choice of jet algorithms and their performance,
the definition of the tag jets, and several issues related to the CJV.

Figure 2 shows the η spectra of the highest and second highest pT jets in signal and various back-
ground samples. Because the VBF jets can be very forward, the jet finding efficiency in this region is
important in the analysis. Furthermore, the forward calorimeters (3.1≤ |η | ≤4.9) do not have a pro-
jective geometry, which leads to different challenges for jet reconstruction. ATLAS currently provides
collections of jets based on two algorithms (a seeded cone algorithm with split-merge and a kT algo-
rithm), each with two sets of parameters (the cone size and the kT cutoff scale), applied to two different
input representations of the energy deposits in the calorimeter (towers merged to avoid negative energy
fluctuations from electronic noise and clusters based on the ATLAS TopoCluster algorithm) [18]. These
different jet algorithms and the different calorimeter pre-clustering result in different performances for
jets, especially at low pT and high |η |.

Jet identification efficiency and purity are defined to give a quantitative measure of the jet identifica-
tion. The efficiency and purity were calculated with respect to generator-level jets obtained by running
the same jet algorithm on the stable interacting particles after hadronization and before GEANT simula-
tion. To ensure that only hadronic jets are considered, we only use dimuon events, where both taus decay
into a muon and neutrinos, or Z/W bosons directly decay into muons. This avoids any bias in the jet
reconstruction produced by the presence of electrons. A reconstructed jet is considered to be matched if
the corresponding generator-level jet is within ∆R ≤ 0.15 for jets with a cone size of 0.4. The matching
cone size was chosen to avoid a single generator-level jet being matched to more than one reconstructed
jet; with the given parameters this effect is at the order of 10−3.

The jet reconstruction efficiency in different |η | regions and two different clustering algorithms is
shown in Fig. 3 as a function of the generator-level jet pT and η . The reconstruction efficiency rises
over 95% for jets with pT above 50 GeV. On the other hand, the efficiency drops at |η | ∼ 1.5 and |η |
∼ 3.2 for jets in the range of 20-30 GeV of pT . This drop in efficiency is due to the crack region in the
calorimeter or large amounts of dead material in the corresponding η region. The jet collections based
on calorimeter towers show a drop in efficiencies in the forward region due to a higher seed threshold,
while the jet collections based on TopoClusters do not show this loss of efficiency. For this reason, jets
based on TopoClusters have been chosen for this analysis.

Correctly identifying the quark-initiated tagging jets from the VBF process is very important for
the measurement of Higgs boson spin and CP properties and for making precise correspondence with
theoretical calculations [8]. Typically, the tagging jets are found in opposite hemispheres, but there are
two approaches to incorporating this requirement in the analysis. One option is to define the tagging jets
as the two highest pT jets in the event, and reject the event from the signal candidates if they are in the
same hemisphere (e.g. require η j1×η j2 ≤ 0). A second option is to define the first tagging jet to be the
highest pT jet in the event and the second tagging jet to be the highest pT jet in the opposite hemisphere.
In this second approach it is not required that the second tagging jet is the second highest pT jet in the
event. These two strategies were compared, and it was found that the first method more reliably matched
the quark-initiated tagging jets from the hard process.

The generator-level jets match the hard-scattered quarks nearly 100% of the time above a certain
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Figure 2: Pseudorapidity of the highest pT (a) and the second highest pT (b) jets for the Cone jet al-
gorithm based on TopoClusters with R = 0.4 in VBF H → ττ → µµ (mH=120 GeV) and background
events. Only pT cuts were applied to jets. Solid (black) histogram is for signal, dashed (red) histogram
is for tt̄→WW → (µµ), and dotted (blue) histogram is for Z→ µµ+n jets.
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Figure 3: Jet reconstruction efficiency for the Cone jet algorithm with R = 0.4 as a function of the
generator-level jet pT for the jets based on TopoClusters (a) and η for Tower- and TopoCluster-based jets
(b).
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pT threshold. To estimate the purity of the tagging jets, we define the efficiency with respect to the
generator-level jets. The reconstructed tag jets have a high purity over the entire pT and η range and
do not show a strong dependence on the jet algorithms. Integrated efficiencies and purities for jets with
pT ≥ 20 GeV indicate that the TopoCluster-based algorithm has better performance for this analysis.
Because additional jets often lie in the central detector region, where we wish to employ a central jet
veto, jets with smaller cones are favored for the selection. Furthermore, calorimeter noise (including
effects from pileup of minimum-bias events) increases with jet cone radius. Thus, we use the cone jet
algorithm with R = 0.4 running on TopoClusters as the primary jet algorithm in this analysis.

Having converged on a specific calorimeter pre-clustering and jet algorithm, we now present the
kinematic properties of the jets that discriminate between the signal and backgrounds. The pT cuts on
the tagging jets are effective at reducing several backgrounds and Fig. 2 shows that the pseudorapidity
distributions are substantially different. Instead of relying directly on the pseudorapidity of the tagging
jets, Fig. 4 shows that the pseudorapidity gap (a) and invariant mass of the two tagging jets (b) provide
substantial background rejection.
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Figure 4: Pseudorapidity gap between tag jets (a) and invariant-mass distributions of tag jets (b) in VBF
H → ττ → µµ events (mH=120 GeV). A requirement η1×η2 ≤0 is used in addition to the cuts on jet
pT . Solid (black) histogram is for signal, dashed (red) histogram is for tt̄ →WW → (µµ), and dotted
(blue) histogram is for Z→ µµ+n jets.

2.4.2 Central jet veto

As mentioned above, the color coherence in the VBF Higgs boson production leads to a suppression of
QCD radiation between the tagging jets. This color coherence is also found in the electroweak Z+jets
background. In contrast, most of the other backgrounds have a much larger probability for additional
QCD radiation in the central region. This is the physical motivation for a central jet veto (CJV). Figure 5
shows the jet multiplicity distribution for the signal and backgrounds after requiring two tagged jets (with
pT ≥ 20 GeV) in opposite hemispheres. The fraction of signal events with three or more jets is small.

The experimental challenge for the CJV is to provide a cut that is robust against additional minimum
bias events (in-time pileup events). The optimization for the central jet veto has been studied in terms
of pT and η . The probability to have at least one reconstructed jet with pT ≥20 GeV within |η | ≤ 3.2
is 1.6% from a single minimum-bias event. In Fig. 6, we present the trade-off of background rejection
versus signal efficiency from varying the pT threshold on the third highest pT jet (markers indicate
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thresholds of 20 and 30 GeV). A veto based on a fixed η-window was compared to a dynamic η-
window defined by the η of the two tagging jets. We maintain the previous central jet veto requirement:
no jets in |η | ≤ 3.2 with pT ≥ 20 GeV. Figure 7 shows the efficiency of the central jet veto for signal,
irreducible, and reducible backgrounds at varying levels of pileup.

The CJV poses significant theoretical challenges as well. At the parton-level, the CJV efficiency is
expected to be known quite well with little theoretical uncertainty. However, the current tools that allow
for the full parton-shower and hadronization (prerequisite for an analysis based on a GEANT-based
detector simulation) show significant uncertainties. We have observed significant differences between
the central jet activity in signal events generated with PYTHIA and those generated with HERWIG.
Knowledge of the uncertainty on the CJV is needed for setting limits on the Higgs boson cross-section
and for making coupling measurements; however, it is not needed directly in establishing a deviation
from the background-only expectation (see Section 5.3).

In future studies we will also include a veto procedure using track information; in particular using
vertexing information to reduce the impact of jets from in-time pileup. Furthermore, a track-based veto
and the use of timing information in the calorimeter will also be studied to reduce the impact of out-of-
time pileup.

Number of jets
0 1 2 3 4 5 6 7 8

Ar
bi

tra
ry

 U
ni

ts

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ATLAS

-l+l →-τ+τ →VBF H(120) 

) +jets-τ+τ→Z(

tt

Figure 5: Jet multiplicity distribution for the sig-
nal, Z+jets, and tt̄ background after requiring the
cuts up to the N jets ≥ 2 level in the list of cuts for
the ll channel (see Table 5).
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ground.

2.4.3 b-jet veto

In the ll-channel, the largest background contribution comes from tt̄(+ jets)→ lνblνb(+ jets). By
introducing a veto on b-tagged forward jets it is possible to reduce this background [19]. Because the
tagging jets are fairly forward in the detector, the b-tagging requirement is rather loose, i.e. efficient,
and the tt̄ background can be reduced by a factor 2∼3. Figure 8 demonstrates the efficiency of the b-jet
veto as a function of the forward jet pT for the signal and tt̄ background. The cut on the b-tag weight
was optimized to achieve 65.1% reconstruction efficiency for b-quark jets, while 9.4% mis-identification
efficiency for the light flavor jets is retained. Note that the b-jet veto is only used in the ll-channel.
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2.5 Missing transverse energy

Significant missing transverse energy (Emiss
T ) is present in H → τ+τ− events because neutrinos are

always associated with the τ decays. The performance of the Emiss
T algorithm plays a vital role in this

analysis because Emiss
T is used in the mass reconstruction of the tau pair. Ultimately, the Emiss

T resolution
is what limits the mττ resolution. Furthermore, the absolute scale of the Emiss

T must be well calibrated
to correctly reconstruct the Higgs boson mass. In addition to the standard Emiss

T algorithm [17], we
have made a dedicated correction in the presence of hadronic tau decays. The correction is based on the
calibrated tau energy instead of the default treatment of the object that uses a jet calibration. This removes
a ∼ 1 GeV bias in the Emiss

T distribution for the lh-channel. The sensitivity of the signal efficiency to the
absolute energy scale is presented in Section 5.2. By requiring a large Emiss

T , it is possible to improve
the mττ resolution and reject many backgrounds that do not contain neutrinos (e.g. Z→ ll). We require
Emiss

T ≥ 30 GeV for the lh-channel and Emiss
T ≥ 40 GeV for the ll- and hh-channels.

2.6 Mass reconstruction

Although there are several neutrinos in the event, it is possible to reconstruct the τ+τ− invariant mass
by making the approximation that the decay products of the τ are collinear with the τ in the laboratory
frame. This is a good approximation since mH/2� mτ and hence the taus are highly boosted. This
leaves two unknown quantities and two equations: the fraction of each τ’s momentum carried away by
neutrinos and the constraints from the two components of Emiss

T . For notational simplicity, consider
the lh-channel and let l represent the momentum vector for the leptonic visible decay product and h
represent the momentum vector for the hadronic visible decay products. By neglecting the τ rest mass
and imposing the collinear approximation, we can write

mττ =
√

2(Eh +Eνh)(El +Eν l)(1− cosθlh) . (1)
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By introducing the variables xh and xl , the fraction of the τ’s momentum carried away by the visible
decay products, we can re-write the invariant mass as

mττ =
mlh√
xlxh

for xl,h ≥ 0 . (2)

One can easily solve for the xτ variables by requiring that the vector sum of the neutrinos coincides with
the two measured components of Emiss

T :

xh =
Eh

Eh +Eνh
=

hxly−hylx
hxly +Emiss

x ly−hylx−Emiss
y lx

=
N
Dh

(3)

and
xl =

El

El +Eν l
=

hxly−hylx
hxly−Emiss

x hy−hylx +Emiss
y hx

=
N
Dl

, (4)

where we have introduced N,Dh, and Dl for convenience. If the two τs are back-to-back, then these
equations are linearly-dependent and one cannot solve for the xτs. For this reason, we require that
cos∆φττ ≥ −0.9. Typically the Higgs boson has significant pT due to the tagging jets. Events that
come from the process X → ττ with no other sources of missing energy should have 0≤ xτ ≤ 1, though
resolution effects in Emiss

T may lead to unphysical solutions with either xτ < 0 or xτ ≥ 1. Equation 2
shows explicitly that cuts on xτ will impose constraints on the reconstructed mass for a given event, viz.
mττ ≥ mlh, which results in an asymmetric distribution for mττ .

The sensitivity of mττ to a mis-measurement of Emiss
T depends on the orientation of the τs. This sen-

sitivity can be summarized by a Jacobian factor, J. Neglecting correlation between the mis-measurement
of the x- and y-components of Emiss

T , one can define the Jacobian as follows

J =
∆mττ

∆Emiss
T x/y

=

√√√√
(

∂mττ

∂Emiss
x

)2

+

(
∂mττ

∂Emiss
y

)2

. (5)

Thus, we arrive at

J =
1
2

mlh
√

xlxh

|N|3
√(

xlhyD2
h− xhlyD2

l

)2 +
(
xhlxD2

l − xlhxD2
h

)2
. (6)

The final mass measurement is a result of a fit to the mττ distribution, and it is important to incorporate
both the asymmetry and the fact that the width of the mττ distribution is not common for all events. The
modeling of the asymmetry and Jacobian scaling of the mττ distribution is described in Section 4.2.

2.7 Summary of the event selection for ll-channel

The event selection for ll-channel is summarized below, including some kinematic requirements specific
to the ll-channel.

• Trigger: electron trigger e22i or muon trigger mu20.

• Trigger lepton: at least one lepton must have a reconstructed pT greater or equal to the correspond-
ing trigger requirement.

• Dilepton: exactly two identified leptons with opposite charge.

• Missing ET : Emiss
T ≥ 40 GeV.
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• Collinear approximation: 0≤ xl1,l2 ≤ 0.75 and cos∆φll ≥ −0.9.
The tighter cut on xτ ≤ 0.75 has been found to provide a better background rejection in the ll-
channel. The shape of the control samples used to estimate the signal sensitivity are obtained after
these cuts; additional details of the data-driven background estimation are given in Section 3. In
addition to the cuts above, the signal candidates are also required to satisfy the following cuts.

• Jet multiplicity: at least one jet with pT ≥ 40 GeV and at least one additional jet with
pT ≥ 20 GeV.

• Forward jets: in opposite hemispheres η j1×η j2 ≤ 0, with tau centrality min{η j1,η j2} ≤ ηlep1,2 ≤
max{η j1,η j2} for the two highest pT jets.

• b-jet veto: the event is rejected if either tag jet has b-tag weight greater than 1.

• Jet kinematics: ∆η j j ≥ 4.4 and dijet mass m j j ≥ 700 GeV for two forward jets.

• Central jet veto: the event is rejected if there are any additional jets with pT ≥ 20 GeV in |η | ≤ 3.2.

• Mass window: mH −15 GeV≤ mττ ≤ mH +15 GeV around the test mass mH .

Table 4 summarizes the cross-section for signal events after each of the cuts described above.

Table 4: Signal cross-section (fb) for the ll-channel for various Higgs boson masses.

Mass (GeV) 105 110 115 120 125 130 135 140
Cross section (fb) 394.7 372.0 341.8 309.1 266.8 225.4 180.1 135.8
Trigger 65.6(3) 65.1(2) 61.1(2) 57.2(1) 51.5(2) 44.7(1) 36.5(1) 28.3(1)
Trigger lepton 56.4(3) 56.2(2) 53.2(2) 49.5(1) 44.7(2) 38.9(1) 31.8(1) 24.7(1)
Dilepton 5.73(7) 5.86(6) 5.80(6) 5.46(3) 4.94(5) 4.30(4) 3.61(4) 2.88(4)
Emiss

T ≥ 40 GeV 3.41(5) 3.49(5) 3.45(5) 3.17(3) 2.94(4) 2.56(4) 2.17(3) 1.78(4)
Collinear Approx. 2.34(5) 2.38(4) 2.33(4) 2.15(2) 1.95(4) 1.69(3) 1.46(2) 1.16(3)
N jets ≥ 2 1.96(4) 1.97(4) 1.95(4) 1.77(2) 1.61(3) 1.41(3) 1.20(2) 0.95(3)
Forward jet 1.48(4) 1.49(4) 1.48(3) 1.34(2) 1.21(3) 1.08(3) 0.91(2) 0.73(3)
b-jet veto 1.26(3) 1.30(3) 1.25(3) 1.16(2) 1.04(3) 0.94(2) 0.77(2) 0.64(2)
Jet kinematics 0.70(3) 0.69(2) 0.70(2) 0.63(1) 0.58(2) 0.52(2) 0.43(1) 0.37(2)
Central jet veto 0.61(2) 0.60(2) 0.62(2) 0.56(1) 0.50(2) 0.45(2) 0.38(1) 0.32(2)
Mass window 0.52(2) 0.50(2) 0.51(2) 0.45(1) 0.39(2) 0.34(1) 0.29(1) 0.23(1)

2.8 Summary of the event selection for lh-channel

The event selection for lh-channel is summarized below, including some kinematic requirements specific
to the lh-channel.

• Trigger: electron trigger e22i or muon trigger mu20.

• Trigger lepton: at least one lepton must have a reconstructed pT greater or equal to the correspond-
ing trigger requirement.

• Dilepton veto: exactly one identified lepton (ensures this sample is disjoint from the ll-channel).

• Hadronic τ: exactly one identified hadronic τ with opposite charge of the lepton.

• Missing ET : Emiss
T ≥ 30 GeV.
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• Collinear approximation: 0≤ xl ≤ 0.75, 0≤ xh ≤ 1, and cos∆φlh ≥ −0.9.
The asymmetric treatment of xh and xl provides background rejection in the lh-channel.

• Transverse mass: in order to further suppress the W + jets and tt̄ backgrounds, a cut on the trans-
verse mass of the lepton and Emiss

T

mT =
√

2 plep
T Emiss

T · (1− cos∆φ) ≤ 30 GeV (7)

is required, where plep
T is the transverse momentum of the lepton in the lh-channel and ∆φ is the

angle between that lepton and ~Emiss
T in the transverse plane. The shape of the control samples used

to estimate the signal sensitivity are obtained after these cuts; additional details of the data-driven
background estimation are given in Section 3. In addition to the cuts above, the signal candidates
are also required to satisfy the following cuts.

• Jet multiplicity: At least one jet with pT ≥ 40 GeV and at least one additional jet with
pT ≥ 20 GeV.

• Forward jets: in opposite hemispheres η j1×η j2 ≤ 0, with tau centrality min{η j1,η j2} ≤ ηlep,τ ≤
max{η j1,η j2} for the two highest pT jets.

• Jet kinematics: ∆η j j ≥ 4.4 and dijet mass m j j ≥ 700 GeV for two forward jets.

• Central jet veto: the event is rejected if there are any additional jets with pT ≥ 20 GeV in |η | ≤ 3.2.

• Mass window: mH −15 GeV≤ mττ ≤ mH +15 GeV around the test mass mH .

Table 5 summarizes the cross-section for signal events after each of the cuts described above. With
30 fb−1 integrated luminosity, about 20 signal events are expected in the mass window.

Table 5: Signal cross-sections (fb) for the lh-channel for various Higgs boson masses.

Mass (GeV) 105 110 115 120 125 130 135 140
Cross section (fb) 394.7 372.0 341.8 309.1 266.8 225.4 180.1 135.8
Trigger 65.6(3) 65.1(2) 61.1(2) 57.2(1) 51.5(2) 44.7(1) 36.5(1) 28.3(1)
Trigger lepton 56.4(3) 56.2(2) 53.2(2) 49.5(1) 44.7(2) 38.9(1) 31.8(1) 24.7(1)
Dilepton veto 50.0(3) 49.6(2) 46.7(2) 43.4(1) 38.9(2) 34.0(1) 27.6(1) 21.3(1)
Hadronic τ 7.7(1) 8.1(1) 8.1(1) 8.02(7) 7.4(1) 6.68(8) 5.72(7) 4.53(9)
Emiss

T ≥ 30 GeV 4.8(1) 5.1(1) 5.08(9) 4.96(5) 4.63(8) 4.16(7) 3.51(6) 2.82(8)
Collinear Approx. 3.19(9) 3.50(8) 3.51(8) 3.34(5) 3.14(7) 2.77(6) 2.37(5) 1.91(6)
Transverse mass 2.53(8) 2.70(7) 2.67(7) 2.46(4) 2.26(6) 1.98(5) 1.64(4) 1.29(5)
N jets ≥ 2 2.12(7) 2.22(7) 2.21(6) 2.02(4) 1.80(5) 1.60(4) 1.32(4) 1.00(5)
Forward jet 1.61(7) 1.66(6) 1.73(5) 1.52(3) 1.41(5) 1.20(4) 1.03(3) 0.78(4)
Jet kinematics 0.88(5) 0.86(4) 0.92(4) 0.82(2) 0.73(3) 0.65(3) 0.56(2) 0.42(3)
Central jet veto 0.77(5) 0.77(4) 0.81(4) 0.72(2) 0.63(3) 0.55(2) 0.50(2) 0.38(3)
Mass window 0.68(4) 0.68(4) 0.70(3) 0.61(2) 0.52(3) 0.44(2) 0.40(2) 0.30(3)

2.9 Summary of the event selection for hh-channel

The event selection for hh-channel is summarized below, including some kinematic requirements specific
to the hh-channel.

• Trigger: a combination of the hadronic tau and missing ET trigger L1 TAU30 xE40 softHLT.

13

HIGGS – SEARCH FOR THE STANDARD MODEL HIGGS BOSON VIA VECTOR BOSON FUSION . . .

87

1283



• Hadronic taus: two identified hadronic taus are required pT above 35 GeV and 30 GeV with
opposite charge.

• Missing ET : Emiss
T ≥ 40 GeV.

• Collinear approximation: 0.2≤ xh1,h2 ≤ 1, and cos∆φhh ≥ −0.9.

• Di-tau transverse mass: in order to further suppress fake-τ candidates from W + jets and tt̄ back-
grounds, a cut on the di-tau transverse mass

mhh
T =

√
2 phh

T Emiss
T · (1− cos∆φ) ≤ 80 GeV (8)

is required, where phh
T is the transverse momentum of the two hadronic tau system and ∆φ repre-

sents the azimuthal angle between phh
T and ~Emiss

T . This variable has been identified as potentially
useful for the analysis. The optimal value of this cut depends heavily on the relative amount of the
W+jets, tt̄ and QCD backgrounds, therefore, the requirement is kept fairly loose.

• Jet multiplicity, forward jets, angular cuts, and central jet veto in the case of the lh-channel.

• Total pT : to reject events with many jets like tt̄, a cut on the total pT is applied:

||~pT
h1 + ~pT

h2 + ~pT
j1 + ~pT

j2 + ~Emiss
T || ≤ 60 GeV . (9)

• Jet kinematics: ∆η j j ≥ 4 and dijet mass m j j ≥ 700 GeV for two forward jets.

• Central jet veto: the event is rejected if there are any additional jets with pT ≥ 20 GeV in with
|η | ≤ 3.2.

• Mass window: mH −15 GeV≤ mττ ≤ mH +20 GeV around the test mass mH .

Table 6 summarizes the cross-section for signal events after each of the cuts described above. The
events used in the analysis have been generated applying a filter that requires two hadronic taus with
pT ≥12 GeV in the final state, produced in |η | ≤2.7 and with ∆φ ≤ 2.9.

Table 6: Signal cross-sections (fb) for the hh-channel for various Higgs boson masses. The
events used in the analysis had a filter applied at generation that required two hadronic taus with
pT ≥12 GeV in the final state, produced in |η | ≤2.7 and with ∆φ ≤ 2.9.

Mass (GeV) 105 110 115 120 125 130 135
Cross section (fb) 394.7 372.0 341.8 309.1 266.8 225.4 180.1
Trigger tau & MET 12.4(2) 12.1(2) 12.0(2) 11.4(1) 10.4(2) 9.2(1) 7.93(1)
2 Hadronic τs 1.73(8) 1.80(8) 1.93(8) 1.83(4) 1.67(7) 1.52(5) 1.29(5)
Emiss

T ≥ 40 GeV 1.34(7) 1.39(7) 1.50(7) 1.43(3) 1.32(6) 1.17(5) 0.99(4)
Collinear Approx. 0.91(6) 1.02(6) 1.13(6) 1.03(3) 1.00(5) 0.85(4) 0.72(3)
Di-tau Transverse mass 0.91(6) 1.02(6) 1.13(6) 1.03(3) 1.00(5) 0.85(4) 0.72(3)
N jets ≥ 2 0.77(5) 0.88(6) 0.94(5) 0.86(3) 0.84(5) 0.72(4) 0.61(3)
Total pT 0.72(5) 0.84(5) 0.91(5) 0.83(3) 0.80(5) 0.69(4) 0.58(3)
Forward jet 0.62(5) 0.73(5) 0.75(5) 0.72(2) 0.68(4) 0.58(3) 0.50(3)
Jet kinematics 0.37(4) 0.43(4) 0.41(4) 0.45(2) 0.41(3) 0.36(3) 0.28(2)
Central jet veto 0.34(3) 0.38(4) 0.36(3) 0.39(2) 0.35(3) 0.32(3) 0.24(2)
Mass window 0.25(3) 0.35(4) 0.33(3) 0.34(2) 0.29(3) 0.27(2) 0.20(2)
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3 Background estimation

3.1 Overview

Despite the advances in theoretical tools and extraordinarily detailed simulation of the ATLAS detector,
it is preferable to estimate backgrounds from data instead of relying entirely on Monte Carlo estimates.
Below we describe data-driven background estimation techniques for each of the major backgrounds
and estimate the systematic uncertainty of the estimates. Each technique has been developed to address
the aspects of the background estimation which are most relevant for the analysis: the shape of the mττ
tail from the irreducible Z → ττ , the fake tau contribution in the lh-channel, and the normalization of
the QCD backgrounds. Section 4 describes how these techniques are incorporated into the final signal
extraction, significance calculation, and mass measurement.

While it is possible to use Monte Carlo to estimate the systematics associated with the data-driven
background estimation techniques, we must wait for data until we can employ these methods to produce
reliable estimates of the backgrounds. Thus, in a feasibility study such as this one we face the additional
challenge of predicting the expected backgrounds with Monte Carlo. The challenge of predicting our
background and the associated uncertainties are distinct from the ones that we will face once we have
collected ∼30 fb−1 of data.

The major challenge in background prediction is related to the limited size of our Monte Carlo
samples. Backgrounds from mis-identified leptons are difficult to estimate due to the large rejection
factors of the identification algorithms. Even the irreducible Z → ττ backgrounds are suppressed by
several orders of magnitude due to the kinematic requirements. The tt̄ background requires particularly
large sample sizes because it is suppressed by both identification and kinematic requirements. Table 7
summarizes the size of the Monte Carlo samples used in this study and their corresponding luminosity.
Despite the large computing investment and generator-level filters3, many background samples were not
sufficiently large to estimate rates deep in the analysis where rejection is at the order of 106 - 108. Thus,
the “full” GEANT simulation was augmented with a fast simulation sample ∼100 times larger and a
cut factorization method was used to predict the final background rates. While these procedures have
large uncertainties, they are only relevant to our ability to estimate our sensitivity and will not plague the
analysis once we have data.

3.2 Z + jets

While there is some theoretical uncertainty in the Z→ ττ+jets background [33], the most serious danger
of this background comes from the high-side tail in the mττ distribution, where we would expect to see
the signal. This tail is dominated by instrumental effects; particularly mis-measurement of Emiss

T , which
is correlated to instrumental effects related to jet energy mis-measurement. Thus, we have developed a
data-driven background estimation technique, which begins with a signal-free Z→ µµ+jets sample and
transfers the dominant instrumental effects to the Z → ττ+jets sample. This is achieved by replacing
the muons with an equivalent tau, and carefully treating the decay of the tau. This technique is justified
because the Z→ µµ+jets events have identical jet activity and kinematics as Z→ ττ+jets (before the tau
decays) and because the relevant features of tau decays are well understood. We restrict the technique
to the Z → µµ+jets control sample because muons lose only a small fraction of their energy in the
calorimeter, and the effect on Emiss

T is easier to estimate. After creating the emulated Z → ττ+jets
control sample, the full event selection is applied. The normalization of the Z→ ττ background does not

3VBFCut : Ne/µ ≥1 or 2, or Nτ ≥1 with pT ≥10 GeV, |η | ≤2.7 for electron, muon and tau from W and Z, respectively. For
the hadron level jets with cone size 0.4, N jet ≥2 with p1

T ≥20 GeV for the highest pT jet, p2
T ≥15 GeV for the second highest

pT jet, and |η | ≤5, m j j ≥300 GeV, ∆η j j ≥2.
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Table 7: Details of the background samples used in this study. The VBFCut filter is applied for
Z/W+jets events at generator level. The corresponding luminosities for Z/W+jets and di-boson
events are estimated for 2 jets events for Z and 3 jets events for W , and WW events for di-boson
process respectively. In tt̄ samples, the actual physics events are approximately 70% to the total
number of simulated events according to the treatment of the negative weighted events.

Process cross-section (pb) Simulated events Luminosity (fb−1)
Z→ ll+jets 35.1 714,500 63.1
W → lν+jets 346.3 765,000 3.43
tt̄+jets (full) 450.0 1,012,941 1.65
tt̄+jets (fast) 833.0 96,250,000 84.3
tt̄ (2-muon, full) 32.6 904,000 20.4
WW/WZ/ZZ+jets 174.2 258,094 0.57
QCD di-jets (full) ∼1.4×109 1,503,250 ∼10−6

QCD di-jets (fast) ∼1.4×109 80,000,000 ∼5 ×10−5

require this emulation because it can be estimated directly from the height of the Z-peak in mττ spectrum
obtained with the signal candidates.

The first task is to obtain a signal-free dimuon control sample. Both loose and tight control samples
have been used in this data-driven estimation technique. The loose control sample is used to estimate
the ditau background not only from Z→ ττ+jets events but also from tt̄ or di-boson backgrounds, while
the tight control sample can be used for the Z→ ττ background estimation by obtaining relatively pure
Z→ µµ+jets events. The loose control sample requires only a minimum sets of cuts from the ll-channel,
hence ∼ 10% of this control sample includes other processes such as tt̄, diboson or even Z→ ττ . The
tight control sample, in contrast, selects pure Z→ µµ events with less than 1% contamination from the
other processes. A tighter event selection is used to define this control sample, it is identical to the final
event selection in the ll-channel but excludes of the Emiss

T , collinear approximation, and mass window
cuts. To improve the purity of Z events, a Z mass window cut is used: mµµ ≥ mZ − 10 GeV. Due
to a strong correlation between the mττ and mµµ distributions before the µ → τ conversion, the mττ
distribution is biased by a cut on mµµ . The lower bound on mµµ ≥ mZ − 10 GeV has little influence
of the shape in the signal region; however, an upper mass cut causes a large bias. Therefore, no upper
bound is placed on mµµ . After obtaining the dimuon events, the reconstructed muons are replaced by
the Monte Carlo tau, then decayed and simulated in the ATLAS detector simulation and reconstruction
software.

Two different techniques for replacing the muon with the tau decay products were evaluated in this
study. One uses the TAUOLA decay package [27] and the other uses a simple re-scaling of the mo-
mentum and efficiency of taus, since the technical complexity of re-simulation by TAUOLA are rather
difficult in the full detector simulation and reconstruction. A comparison of the two different methods
provides a quantitative validation of this procedure. Several comparisons of the Z → ττ+jets control
sample emulated from Z → µµ and the true Z → ττ background were performed after imposing the
full event selection criteria for the ll- and lh-channels. Figure 9 shows the pT of the leptons and the
Emiss

T distributions of the emulated sample compared to the true Z → ττ → ll + 4ν process. Figure 10
(a) depicts the reconstructed visible mass for the true and emulated samples in the lh-channel and (b)
shows the bin-by-bin ratio of these distributions. Excellent agreement between the true and emulated
distributions are also observed in each of the ll-, lh-, and hh-channels in the region of interest. The gray
horizontal band in the figure represents±10% around a ratio of 1, which is used to reflect the uncertainty
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in the shape from the tau modeling and sensitivity to the analysis cuts. With this method we are able to
accurately model both the shape and normalization of the Z→ ττ backgrounds for all tau decays.
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Figure 9: Transverse momentum of the leptons (a) and missing transverse energy (b) for the two pro-
cesses rescaled Z→ µµ and true Z→ ττ → ll +4ν .
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Figure 10: Reconstructed invariant mass distribution (a) and its bin-by-bin ratio (b) generated from the
true and emulated Z→ ττ → lh+3ν events. The gray band represents ±10% around a ratio of 1.

3.3 QCD background in lh-channel

The method described above estimates the contribution of taus for all processes, including tt̄, but does
not estimate the contribution of the fake taus. The fake rate of leptons is much smaller as compared to
the contribution from real leptons from W and τ decays in the ll-channel. In contrast, in the lh-channel
roughly half of the tt̄ background come from fake hadronic-taus. In addition, the W+jets background is
comparable to tt̄ in the lh-channel; therefore, estimating the QCD fake contribution to the lh-channel re-
quires a dedicated procedure. Estimation of the QCD fake rate is determined from a data-driven method.
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The technique used here exploits the track multiplicity in a cone around the tau candidate. Real
taus typically have one or three tracks, with some spread due to tracking efficiency or the presence of
spurious tracks. Electrons have dominantly a single track, while jets have a broad distribution with a
higher average multiplicity. Figure 11 shows the track multiplicity distribution for taus, electrons, and
jets in a cone of radius 0.7 after removing outlying tracks. It is clear that the track multiplicity can be
used to constrain the relative abundance of the three components to the distribution. While Fig. 11 was
created from Monte Carlo, the electron and jet track multiplicity distributions can easily be obtained
from data.

Given a sample of tau candidates, the relative abundance of taus, electrons, and jets can be found by
fitting the track multiplicity distribution with the extended likelihood function

Ltrack(rQCD,rtau) = ∏N
i Pois(ntot

exp× (rtau f i
tau + rQCD f i

jet +(1− rtau− rQCD) f i
lep)|Ni

obs)

× Gaus(Ntot
obs|ntot

exp,
√

ntot
exp)

×Gaus(Nmeasured
lep |ntot

exp(1− rtau− rQCD),∆lepntot
exp(1− rtau− rQCD))

(10)

where ntot
exp is the total number of events estimated by the fit, rtau (rQCD) is the fraction of the tau (jet)

contribution with respect to the estimated total number of events, ∆lep = 10% is the relative uncertainty
on lepton measurement, and f i is the normalized probability for the ith bin of the track multiplicity
distribution. The second term constrains the normalization, and the third term is an additional constraint
term for the lepton contribution estimated by an independent analysis. The fit is performed to find the
maximum likelihood estimate with MINUIT [34].

The track multiplicity distribution for the QCD jets is modeled from samples of QCD dijets that
produce tau candidates with pT in the range of 17- 280 GeV. No event level selections are applied at this
stage. Similarly, the multiplicity distribution of the tau signal and lepton background are modeled with
Drell-Yan Monte Carlo samples; however, all analysis requirements up to transverse mass cut are applied.
Pseudo-datasets were generated for various luminosities based on the corresponding cross-sections and
multiplicity distributions. The highly uncertain QCD multi-jet background was scaled to be five times
larger than the estimated rates of tt̄ and W+jets after event selection. A fit was performed for each of the
2000 pseudo-datasets and the results were used to estimate quantify the performance of the method. The
expected error on the fraction rtau is presented in Fig. 12 as a function of luminosity.

The fraction rtau in the signal candidates remaining after the transverse mass cut can be measured to
within 5% accuracy with 1 fb−1 integrated luminosity. The largest uncertainty in this method comes from
the dependence of the track multiplicity on the jet pT . The systematics were estimated by dividing the
jet into two samples; those with pT ≤70 GeV and those with pT ≥70 GeV. Additionally, the presence
of Emiss

T in the pure QCD processes is strongly correlated to the event kinematics. Thus, we assign an
additional systematic associated with the variation observed when repeating the method with modified
track multiplicity distributions with and without the requirements on Emiss

T . The systematics associated
with the QCD shape contribute about 2% to rtau measurement.

3.4 Cut factorization method

The analysis cuts described in Section 2 have rejections against backgrounds of the order of 108. Only a
few tens of events are expected with 30 fb−1 of data, and the background Monte Carlo samples generally
correspond to 5 fb−1 or less. The lack of sufficiently large Monte Carlo samples requires an approxi-
mate procedure to predict the background rate at the end of the analysis. We utilize a cut factorization
method in which the analysis cuts are divided into three categories that are roughly uncorrelated so that
the rejection can be factorized. The first category are related to the tau decays from the Higgs boson

18

HIGGS – SEARCH FOR THE STANDARD MODEL HIGGS BOSON VIA VECTOR BOSON FUSION . . .

92

1288



# of tracks
0 1 2 3 4 5 6 7 8 9 10

Ar
bit

ra
ry 

Un
its

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

Likelihood-seeded TauRec
τ
electron
jet

distance parameter=0.4

ATLAS
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Figure 12: Expected errors of the fraction rtau as a
function of luminosity. The QCD events are scaled
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candidate (trigger, lepton ID, hadronic tau ID, Emiss
T , the collinear approximation, and the transverse

mass) and the rejection is dominated by detector performance issues. The second category of cuts are
related to the tagging jets (forward jets, jet separation, and dijet mass) and the rejection is dominated
by the kinematic properties of the events. The third category consists of those cuts which are strongly
correlated to both the forward tagging jets and the tau decay products (centrality, central jet veto, and
mass window cut). The method itself is simple; the background rejection rate is determined for each of
the categories individually, and the product of these rejection rates is used to estimate the total rejection
rate. Two variations on this cut factorization procedure were considered. In the first approach, the rejec-
tion of the jet-related cuts were calculated without any tau-related cuts. The second approach differed
in that it included the lepton and tau identification in order to avoid bias effects from the contribution of
fake leptons and taus. The residual correlations between the categories of cuts contributes to an uncer-
tainty in this technique. The uncertainties were estimated with the use of larger samples produced with
fast simulation and fully simulated samples with generator-level filters, which enrich the backgrounds in
the signal-like region. The factorization process was used for all background processes except for the
irreducible Z→ ττ background.

For the W → lν+jets and Z→ ll+jets backgrounds, ALPGEN samples with up to 5-jets correspond-
ing to 4 fb−1 integrated luminosity were used. Table 8 shows the average of the jet rejection from the two
approaches, which is used as our final prediction. The Z events in ll-channel indicate that the jet-related
cuts are not strongly correlated with the tau-related cuts, since the rejection rate is the same in the electron
and muon modes. The correlation between the categories of cuts was investigated with an ALPGEN Z
→ ττ + n jets sample enriched with the VBFCut filter. The production kinematics are the same, but the
enhanced Emiss

T due to the τ decays lets a sufficient number of events survive all the analysis cuts. The
background predictions with and without cut factorization are consistent within the 20% statistical error.
Thus, we assign a 20% systematic uncertainty for this evaluation method on this process.

The tt̄ background is the most complicated process in that it includes both irreducible and reducible
contributions in all channels. We use 106 tt̄ events produced by the MC@NLO generator. The events do
not include the process in which both W s decay hadronically, thus the sample corresponds to 1.6fb−1 of
integrated luminosity. While the rejection of the tau-related cuts can be reliably estimated, the rejection of
the jet-related cuts suffers from the limited sample sizes. The rejection of the jet-related cuts is expected
to be very high (×104 for tt̄), resulting in a ∼30% statistical error in the final background predictions.
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Table 8 summarizes the rejection of the jet-related cuts subdivided into events with a real or fake hadronic
tau for the lh-channel and by lepton flavor for the ll-channel. Again, the average of the two approaches is
used for the final background prediction. Table 8 shows that there is a considerable contribution of fake-
tau events for the lh-channel. In the ll-channel, the contribution from semi-leptonic decays of B-hadrons
was found to be very small. An estimate of the uncertainty in the method was found by comparing the
prediction from cut-factorization to the direct estimate from an enriched sample filtered to require at least
two muons in the event. Furthermore, the cut-factorization results were compared to a sample produced
with the fast simulation that was approximately 100 times larger. Based on these comparisons, we assign
50% uncertainty in the tt̄ background prediction.

The diboson background contribution was predicted with the same cut-factorization procedure. Even
after using the cut-factorization procedure, the statistical uncertainty in the prediction is very large. For-
tunately, the diboson production cross-section is much smaller than the tt̄ processes, so the effect of this
background is very small. The results of the cut factorization prediction are presented in Table 8, and we
assign a large uncertainty of 50% for diboson background rate. While a number of tests were performed
to validate the method, it is clear that this is an approximate procedure and that the limited size of the
Monte Carlo samples fundamentally limits our ability to predict this background.

Table 8: Rejection rates of the jet-related cuts for Z/W+jets, tt̄ and diboson events in ll- and
lh-channels, respectively.

Acceptance ll-channel
(%) Z→ ee/µµ+jets W → eν/µν+jets tt̄ (ee/µµ/eµ) WW/WZ/ZZ

Jet kinematics 2.32(2) / 2.43(2) 2.4(3) / 1.5(2) 0.72(8) / 0.52(5) / 0.60(4) 0.43(5) / 0.56(3) / 0.33(3)
Central jet veto 1.00(1) / 1.02(1) 1.1(3) / 0.8(2) 0.11(3) / 0.04(1) / 0.10(1) 0.26(5) / 0.26(4) / 0.10(2)
Mass window 0.230(5) / 0.202(4) 0.1(1) / 0.1(1) 0.019(7) / 0.002(1) / 0.010(3) – / – / 0.03(1)

Rejection rate lh-channel
(%) Z→ ee/µµ W → eν/µν tt̄ (tau / non-tau) WW/WZ/ZZ

Jet kinematics 2.60(5) / 2.8(1) 2.7(1) / 2.6(1) 0.93(6) / 1.11(6) 0.2(2) / 0.6(1) / 0.50(3)
Central jet veto 1.14(3) / 1.30(9) 1.7(1) / 1.3(1) 0.07(3) / 0.12(3) 0.1(1) / 0.3(1) / –
Mass window 0.22(1) / 0.11(2) 0.10(3) / 0.05(2) 0.015(8) / – – / 0.03(3) / –

3.5 Background for the hh-channel

In addition to the Z+jets, W+jets and tt̄ backgrounds, the hh-channel also has a background from the pure
QCD multi-jet process. The estimation of QCD multi-jets must be made from data. A few handles exist
for estimating the pure QCD background. First, one can utilize a sample of same-sign tau candidates to
estimate the fake tau contribution since the sign of the tau candidate from QCD is approximately random.
Potentially, one can utilize constraints from the track multiplicity distribution as described in Section 3.3.
Furthermore, one can loosen the identification requirements on the tau candidates to obtain a sample
dominated by QCD fakes, and then extrapolate this background into the signal region using knowledge
of the fake tau’s likelihood distribution obtained with data. The efficiency of these techniques must also
be established with data, but here we assume that the same-sign sample will be able to estimate the QCD
background with an uncertainty given by two components. The first component of this uncertainty is
the statistical error in the control sample, which scales like 1/

√
NSS, where NSS is the size of same sign

sample coming from QCD backgrounds. The second component is a systematic uncertainty associated
with using the same sign sample to estimate the opposite sign sample. Experience from the Tevatron
shows that charge correlations can be of order 13% with an uncertainty of order 3% [35, 36]. Given that
the final state requires two additional jets, which can alter the contribution of quark and gluon-initiated
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jets, we assume a 10% systematic error associated with the charge correlation. In addition, the same sign
sample will also include a contribution from W → τν+jets, where the Tevatron experiments observed a
charge correlation that was much higher with a 40% uncertainty [35]. The experience from the Tevatron
provides some insight into this approach, but the results are not directly relevant because the LHC is not
a p̄-p machine.

As in the ll and lh-channels we do not have sufficiently large Monte Carlo samples to predict the
background for the hh-channel. We employ the same cut factorization method for the Z+jets, W+jets
and tt̄ backgrounds as described above. The prediction of the pure QCD multi-jet background from
Monte Carlo is hopeless without factorizing the analysis even further. A sample of 80 million QCD
dijet events (including cc̄ and bb̄ processes) were simulated with the fast detector simulation. The tau
fake rate was parameterized from full simulation as a function of η and pT and used to re-weight the
dijet sample. In order for a pure QCD process to satisfy the event selection, there must be at least
four high-pT jets. Previous studies have shown that the parton shower underestimates the tagging jet
requirement by a factor of 2-3 [4]. Therefore, we multiply the prediction from QCD dijets after the
forward jet requirement by a factor of 5 to include the underestimate from the parton shower and an
additional safety factor. Table 11 shows that the analysis cuts are extremely effective at rejecting QCD
backgrounds, but a realistic estimation of the remaining background requires data.

3.6 Summary of the background predictions

Tables 9, 10, and 11 summarize the background predictions for the ll-, lh-, and hh-channels, respectively.
The tables also indicate the statistical uncertainty on the estimates from the limited size of the Monte
Carlo samples. Note that the mass window cut is set with respect to the test Higgs mass of 120 GeV.
The effective cross-sections estimated with the cut-factorization method are marked with an asterisk.
Furthermore, the predictions from the tt̄ sample simulated with the fast simulation are shown, where the
effective cross-section was normalized to the fully simulated sample after the collinear approximation
for the ll-channel and after the transverse mass cut for the lh-channel.

Table 9: Summary of the backgrounds for the ll-channel. An asterisk is used to indicate cross-
sections estimated from the cut factorization method. Note that at least one of taus are decayed
leptonically in QCD Z→ τ+τ−+jets process.

Z→ τ+τ−+jets(≥1) tt̄ Z→ l+l−+n jets W → lν+n jets diboson
QCD ELWK Full Fast (n ≥ 1) (n ≥ 1) WW/ZZ/WZ

Cross section (fb) 168.4×103 1693 833×103 768.6×103 8649×103 174.1×103

Trigger 51.5(1)×103 230(1) 209.8(2)×103 633.8(4)×103 4411(9)×103 32.0(1)×103

Trigger lepton 42.7(1)×103 190(1) 179.1(2)×103 588.0(4)×103 3815(9)×103 28.0(1)×103

Dilepton 4.25(5)×103 19.2(4) 21.7(1)×103 369.9(5)×103 2.5(2)×103 3.95(6)×103

Emiss
T ≥ 40 GeV 744(18) 9.9(3) 16847( 99) 2683( 67) 1148(176) 1744( 49)

Collinear Approx. 454(14) 6.2(2) 1817( 33) Atlfast 104( 12) 46( 21) 73( 9)
N jets ≥ 2 262( 8) 5.8(2) 1722( 32) 1699(4) 73( 8) 14( 6) 51( 8)
Forward jet 39( 2) 2.0(1) 294( 13) 324(1) 10( 3) ≥1.2(2)∗ 8( 3)
b-jet veto 30( 2) 1.5(1) 89( 7) 90.3(9) 9( 3) ≥1.0(2)∗ 5( 2)
Jet kinematics 2.71(5) 0.57(5) 11.8(3)∗ 26.7(5) 0.66(3)∗ 0.19(4)∗ 0.33(5)∗

Central jet veto 1.24(3) 0.43(4) 1.9(1)∗ 2.6(1) 0.27(1)∗ 0.10(2)∗ 0.18(4)∗

Mass window 0.23(1) 0.04(1) 0.10(2)∗ 0.06(2) 0.058(3)∗ 0.01(1)∗ 0.002(1)∗
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Table 10: Summary of the backgrounds for the lh-channel. An asterisk is used to indicate cross-
sections estimated from the cut factorization method. Note that at least one of taus are decayed
leptonically in QCD Z→ τ+τ−+jets process.

Z→ τ+τ−+jets(≥1) tt̄ Z→ l+l−+n jets W → lν+n jets diboson
QCD ELWK Full Fast (n ≥ 1) (n ≥ 1) WW/ZZ/WZ

Cross section (fb) 168.4×103 1693 833×103 768.6×103 8649×103 174.1×103

Trigger 51.5(1)×103 230(1) 209.8(2)×103 633.8(4)×103 4411(9)×103 32.0(1)×103

Trigger lepton 42.7(1)×103 190(1) 179.1(2)×103 588.0(4)×103 3815(9)×103 28.0(1)×103

Dilepton veto 38.4(1)×103 171(1) 156.4(2)×103 216.5(4)×103 3811(9)×103 23.7(1)×103

Hadronic τ 3062( 42) 19.3(4) 5224( 56) 20250(156) 32537(1012) 704( 30)
Emiss

T ≥ 30 GeV 850( 20) 12.1(3) 4251( 50) 468(26) 21001( 801) 474( 26)
Collinear Approx. 514( 15) 7.8(2) 606( 19) 17( 3) 324( 46) 32( 6)
Transverse mass 415( 13) 6.5(2) 176( 10) Atlfast 11( 2) 67( 18) 14( 3)
N jets ≥ 2 235( 7) 6.0(2) 162(9) 167(1) 8( 1) 49( 11) 7( 1)
Forward jet 40( 3) 2.3(1) 32(4) 26.1(4) 1.3(6) ≥2.9(3)∗ 3( 1)
Jet kinematics 2.7(1) 0.72(6) 1.8(1)∗ 3.6(1) 0.10(1)∗ 0.7(1)∗ 0.06(1)∗

Central jet veto 1.2(1) 0.49(5) 0.25(4)∗ 0.43(5) 0.047(6)∗ 0.43(6)∗ 0.02(1)∗

Mass window 0.11(2) 0.04(1) 0.012(5)∗ 0.03(1) 0.008(1)∗ 0.020(6)∗ 0.001(1)∗

Table 11: Summary of the backgrounds for the hh-channel. An asterisk is used to indicate cross-
sections estimated from the cut factorization method and/or an additional safety factor. Note that
both taus are decayed hadronically in QCD Z→ τ+τ−+jets and W → τν+jets processes. The tt̄
sample is required to have at least one lepton in the top decay.

Z→ τ+τ−+ jets(≥ 1) tt̄ W → τν +n jets QCD di-jet
QCD ELWK (n≥ 1) (× 5)

Cross section (fb) 40.3×103 1693 833 ×103 922×103 19.1 1012

Trigger tau & MET 1756(15) 126(1) 78177(232) 39600(400)
2 Hadronic τs 161(4) 4.9(2) 373(16) 317(33) 2.756(3) 106*
Emiss

T ≥ 40 GeV 108(4) 3.7 (2) 335(15) 243(29) 0.97(3) 103*
Collinear Approx. 72(3) 2.3 (1) 43(5) 20(7) 1.7(2) 102*
Di-tau Transverse mass 72(3) 2.3(1) 39(5) 18(7) 1.6(2) 102*
N jets ≥ 2 46(2)* 2.1(1) 34(5)* 8(3)* 0.86(4) 102*
Total pT 40(2)* 1.9(1) 24(4)* 8(3)* 0.75(3) 102*
Forward jet 17(1)* 1.1(1) 9(2)* 3(1)* 23(3)*
Jet kinematics 1.4(1)* 0.43(6) 0.6(2)* 0.5(4)* 8(3)*
Central jet veto 0.7(1)* 0.36(6) 0.16(9)* 0.3(3)* 4(1)*
Mass window 0.08(3)* 0.03(1) 0.03(3)* 0.1(1)* 1(1)*
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4 Signal sensitivity

4.1 Overview

In this section we outline the method for extracting the signal significance from the data and measuring
the Higgs boson mass. In addition to a simple method based on counting the number of events in a
mass window, we present a method based on fitting the mττ spectrum. Particular care has been given to
the incorporation of uncertainty in both the rate and shape for the signal and backgrounds. The fitting
strategy constrains the shape of the Z → ττ background from the data-driven techniques described in
Section 3.2. The data-driven estimates for the tt̄ and W+jets background are not finalized, thus we rely
on Monte Carlo to constrain the shape of those backgrounds and allow for large variation in the shape. In
the lh-channel, the normalization of the fake-tau contribution is constrained from the track multiplicity
measurement outlined in Section 3.3. Sections 4.2 and 4.3 describe the parameterization of the signal and
backgrounds, while Sections 4.4 and 4.5 describe how the control samples are incorporated to constrain
the normalization and shape uncertainties. The expected signal sensitivity is estimated by considering
a hypothetical data set given by the median of the signal-plus-background estimate. The normalization
of the background predictions are described in Section 3.6. Due to the limited size of the Monte Carlo
samples, the shape of the mττ spectrum for the tt̄ and W+jets background was obtained from an earlier
point in the event selection, just after the collinear approximation requirement in the ll-channel and after
the transverse mass cut in the lh-channel (see Sections 2.7 and 2.8). Similarly, the shape of the Z→ ττ
background in the control sample, which can be estimated by the data-driven techniques described in
Section 3.2, was obtained from a Z → ττ Monte Carlo sample just after the same points in the event
selection. Depending on how the analysis evolves, the shape of the mττ spectrum from an earlier point
in the event selection – which is dominated by backgrounds – may also provide a useful control sample
to validate the data-driven background estimation techniques since it is fairly stable in the later stages of
the event selection.

For the first time ATLAS has investigated the hh-channel. While the signal efficiency and mττ mass
resolution are roughly comparable to the ll- and lh-channels, a reliable estimate of the QCD background
can only be provided with data. Therefore, we do not report on an estimated sensitivity for the hh-channel
below.

4.2 Shape parameterization for H → ττ and Z → ττ

The shape of the mττ distribution for signal and Z → ττ events is dictated by the resolution of Emiss
T

and the kinematics of the collinear approximation. As discussed in Section 2.6, the width of the mττ
distributions is given by the Emiss

T resolution scaled by a Jacobian factor and the cuts on the xτ variables
introduce an asymmetry in the mττ distribution. A full solution would include an event-by-event Jacobian
scaling of the width and truncation at mττ ≥ mvis/

√
xcut

1 xcut
2 . An approximate parameterization can be

constructed with these features in mind. First, we consider three sub-samples of events with J ≤ 2,
2 < J ≤ 5, and J > 5. Let, 〈J〉i and Ni denote the mean of the Jacobian and the number of events
in the ith subsample, respectively. We account for the Jacobian scaling of the width by using a triple
Gaussian with identical mean, normalizations according to the ratios of the Ni and widths according
to the ratios of 〈J〉i. To account for the asymmetry introduced by the xτ cuts, we modulate the triple
Gaussian by an efficiency envelope derived from the mvis spectrum. The efficiency envelope reflects
the probability that mττ is greater than mvis and is parameterized as: 1/2+1/2 erf{[mττ −〈mvis〉]/

√
2σvis},

where 〈mvis〉 and σvis are the mean and standard deviation of the spectrum for those events which fail
the xτ cuts. The parameter 〈mvis〉 depends on the Higgs boson mass and was linearly parameterized by
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Figure 13: Figures (a) and (b) show the result of a fit to a pure Monte Carlo samples of Z → ττ and
signal (mH = 120 GeV) in the lh-channel, respectively. The dashed lines represent the three components
of the model and the dotted curve represents the erf() efficiency envelope. These samples do not include
pileup.

0.576mH +60 GeV; the width σvis was fixed at 10 GeV. We parametrize the mττ distribution as

LH/Z(mττ |m,σH/Z) = N

[
1
2

+
1
2

erf
(

mττ −〈mvis〉√
2σvis

)]
×

3

∑
i=1

Ni Gaus(mττ |m,σH/Z〈J〉i), (11)

where the resulting function’s normalization constant N was found by numerical integration with the
ROOFIT package [37].

The Z→ ττ control sample described in Section 3.2 is used to constrain the mean, mZ , and the overall
width of the distribution, σZ , which are the only free parameters in the Z→ ττ background model. The
error bars in the control sample were scaled by 10% to account for the 10% shape uncertainty in the
µ→ τ rescaling method and the extrapolation from the control region to the final signal region. Figure 13
shows the result of the fit to the Z→ ττ and Higgs boson signal in the lh-channel.

An alternate parameterization was also considered. This parameterization was also composed of
three components, but the asymmetry in the shape was modeled with a “bifurcated” or “dimidated”
Gaussian [38], in which the width of the lower half was smaller than the width of the upper half of the
distribution. This alternate parameterization did not fix the ratio of the widths and normalizations for the
three components based on the distribution of the Jacobian; instead, these parameters were themselves
parameterized as a piece-wise linear function of mH . Each of the three components required four param-
eters to model the widths, together with two parameters for normalization constants, and two parameters
for the linearity in the Higgs boson mass. In total the signal model was represented by 16 parameters.
Results from these two parameterizations were in good agreement.

4.3 Shape parameterization for tt̄ and W+jets

In contrast to the irreducible Z→ ττ+jets background, the W+jets background is dominated by situations
in which one of the tau decay products comes from a W decay and the second tau decay product is a fake
from a jet. The tt̄ background is even more complicated because the decay products from top contain a
real tau contribution as well as a fake tau contribution. It is difficult to estimate this background using
Monte Carlo because one must understand in detail both the jet kinematics for as well as the lepton or τ
fake rate as a function of pT and η . Instead, it is desirable to estimate this background with data. Since the
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data-driven strategy for the W+jets background is under development, we simply rely on Monte Carlo to
provide a control sample for this background. Figure 14(a) shows the shape of the fully simulated W+jets
background and the fast simulation tt̄ background sample after the transverse mass cut. The shapes are
consistent within statistical errors. While the shapes from those backgrounds remain stable through the
final stages of the event selection, a conservative 50% error is applied to each bin in the combined tt̄ and
W+jets control sample to reflect uncertainty in how this shape changes as the remainder of the analysis
cuts are applied.

The shape of the QCD background was parameterized with the following equation

LQCD(mττ |a1,a2,a3) = N

(
1

mττ +a1

)a2

ma3
ττ . (12)

The form is motivated by a competition between the parton distribution functions and the matrix element.
In the lh-channel, the normalization of the backgrounds with fake taus can be constrained by using
the track multiplicity constraint described in Section 3.3; however, there is an additional uncertainty
associated with how well the fake fraction can be extrapolated from the control sample to the signal
like region. We apply a conservative 50% systematic on this fraction associated with the extrapolation.
Figure 14(b) and (c) show the result of the simultaneous fit to the fake tau background described in
the Section 4.5 with (solid) and without (dashed) the signal contribution for the ll- and lh-channel,
respectively. The variation reflects the magnitude of the shape uncertainty.
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Figure 14: Figure (a) shows that the shapes are similar for these backgrounds and that the shape is stable
in the final stages of the cut flow. The mττ spectrum for tt̄ and W+jets backgrounds after all cuts for
the ll-channel (b) and lh-channel (c) with a fit to the spectrum. The solid and dashed curves show the
result of the simultaneous fit to the control sample and signal candidates with and without the signal
contribution, respectively.

4.4 Signal significance neglecting shape uncertainty

For a given hypothesized Higgs boson mass, mH , the mass window has been defined as mH−15 GeV≤
mττ ≤mH +15 GeV. A simple approach to estimating the expected significance of the signal is to count
events in this range and calculate the probability for at least this many events from the background-only
prediction. An alternate approach is to fit the mττ spectrum and use the resulting signal yield as a test
statistic. Table 12 shows the significance obtained from number counting assuming a 10% background
uncertainty as was done in Ref. [4] and the result from the fitted signal yield. The next subsection
provides a final result indicating a more realistic treatment of both normalization and shape uncertanties.
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Table 12: Expected signal significance for several masses based on number counting in a mass
window with 30 fb−1 of data. Results are shown neglecting uncertainty in the background rate
and incorporating it with two methods (see text). These results do not include the impact of
pileup, which is discussed in Section 4.7.

ll-channel lh-channel combined
mH Counting Fitted Yield Counting Fitted Yield Counting Fitted Yield
105 2.20 2.43 2.85 3.46 3.80 4.17
110 2.46 2.88 3.45 4.19 4.46 5.06
115 2.86 3.26 4.18 4.96 5.32 5.96
120 2.80 3.17 4.23 4.73 5.36 5.72
125 2.67 2.96 3.97 4.32 5.08 5.28
130 2.42 2.73 3.54 3.88 4.62 4.77
135 2.17 2.37 3.38 3.60 4.35 4.25
140 1.74 2.00 2.66 2.83 3.55 3.35

4.5 Incorporating control samples and shape uncertainty

By fitting the mττ spectrum to a model that accurately describes the signal and various backgrounds
it is possible to directly incorporate uncertainty in the background shape and take advantage of the
shape of the signal within the mass window. In order to constrain the background rate and shape, we
simultaneously fit the signal candidates and the background control samples outlined in Section 3. The fit
is performed twice, once letting the signal parameters float (the maximum likelihood estimates denoted
with a single ˆ ) and once constraining the signal normalization to be zero (the conditional maximum
likelihood estimates denoted with a double ˆ̂ ). The ratio of these likelihoods is referred to as the profile
likelihood ratio, λ ,

λ (µ = 0) =
L(data|µ, ˆ̂b(µ), ˆ̂ν(µ))

L(data|µ̂, b̂, ν̂)
, (13)

where µ represents the signal strength in units of the Standard Model expectation and ν represents the
nuisance parameters needed to describe the shape. If the Higgs boson mass is specified, the distribution of
−2logλ ratio asymptotically approaches a χ2 distribution with the number of degrees of freedom given
by the number of parameters of interest4. The motivation for µ is that it enforces the relationship of
the Standard Model branching ratios when combining the individual channels, maintaining the property
that the distribution of −2logλ is χ2 with one degree of freedom. This improves the power compared
to a method which lets the signal in each channel vary independently. If the Higgs boson mass is not
fixed, then one must take into account the “look-elsewhere” effect, which is discussed in more detail in
Section 6. The likelihood function used in the simultaneous fit is simply a product of the likelihoods
from the individual measurements:

L(data|µ,mH ,ν) = Ltrack(track multiplicity|rQCD) (14)

× LZ(Z+ jets control|mZ,σZ)
× LQCD(QCD control|a1,a2,a3)
× Ls+b(signal candidates|µ,mH ,σH ,mZ,σZ,rQCD,a1,a2,a3),

where the ai are the parameters used to parameterize the fake-tau background and ν represents all nui-
sance parameters of the model: σH ,mZ,σZ,rQCD,a1,a2,a3. When using the alternate parameterization

4When constraining µ ≥ 0, the distribution for the background-only hypothesis is modified such that −2logλ (µ = 0) ∼
1/2δ (0)+1/2χ2

1 , and this is taken into account in computing the p-value.
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Figure 15: Example fits to a data sample with the signal-plus-background (a,c) and background only
(b,d) models for the lh- and ll-channels at mH = 120 GeV with 30 fb−1 of data. Not shown are the
control samples that were fit simultaneously to constrain the background shape. The fits are performed
to the signal and background expectation (histograms), while the overlaid data with error bars are only
indicative of a possible data set. These samples do not include pileup.
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of the signal, the exact form of Equation 14 is modified to coincide with parameters of that model.
Figure 15 shows the fit to the signal candidates for mH = 120 GeV with (a,c) and without (b,d)

the signal contribution. It can be seen that the background shapes and normalizations are trying to
accommodate the excess near mττ = 120 GeV, but the control samples are constraining the variation.
Table 13 shows the significance calculated from the profile likelihood ratio for the ll-channel, the lh-
channel, and the combined fit for various Higgs boson masses with 30 fb−1 of data. Finally, we present
the expected significance as a function of Higgs boson mass in Fig.16.

Table 13: Expected signal significance for sev-
eral masses based on fitting the mττ spectrum with
30 fb−1 of data. Background uncertainties are in-
corporated by utilizing the profile likelihood ratio.
These results do not include the impact of pileup,
which is discussed in Section 4.7.

mH ll-channel lh-channel combined
105 1.95 2.41 3.10
110 2.44 3.35 4.15
115 2.98 4.07 5.04
120 2.92 3.87 4.85
125 2.75 3.75 4.65
130 2.46 3.38 4.18
135 2.21 3.32 3.99
140 1.80 2.70 3.24
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Figure 16: Expected signal significance for several
masses based on fitting the mττ spectrum. Back-
ground uncertainties are incorporated by utilizing
the profile likelihood ratio. These results do not in-
clude the impact of pileup.

4.6 Mass determination

The mass parameter mH and its error can be determined from the fits described above; however, the
parameter in the model may not be the best estimate of the physical Higgs boson mass. Similarly, the
error on the mass parameter from the fit should be validated with a large number of pseudo-experiments.
Figure 17 (a) shows the relationship of the input Higgs boson mass and the reconstructed Higgs boson
mass (i.e. the parameter mH in Equation 11) obtained with 2000 pseudo-experiments per input mass
point. Figure 17 (b) shows the mττ resolution for the signal as a function of the input Higgs boson mass.
When scaling the deviation by the MINOS errors, the pull distribution of mH was found to be consistent
with the normal distribution N(0,1). The mass resolution is found to be in the range of 8∼10 GeV. A
similar mass resolution was found in the hh-channel when analyzing signal Monte Carlo samples.

4.7 Influence of pileup

The presence of pileup has three major effects on the analysis. First, additional p-p interactions can
produce hadronic activity in the central region which causes events to fail the central jet veto. Secondly,
the presence of pileup generally degrades the Emiss

T resolution, which, in turn, reduces the efficiency of
the collinear approximation cuts and degrades the mττ resolution. Thirdly, pileup degrades the hadronic
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Figure 17: The linearity of the fitted mass versus the input mass (a) and the mass resolution versus the
input mass (b). These results do not include the impact of pileup, which is discussed in Section 4.7.

tau identification. Fortunately, the electron and muon identification have been shown to be quite robust
against pileup [15, 16]. While the jet performance is affected by pileup, the analysis is fairly robust
against those effects.

The simulation of pileup is technically very challenging since it is performed at a very low level
in the detector simulation. Limited samples with pileup were available at the time of writing, and the
Emiss

T and hadronic tau identification algorithms were not re-tuned in this context. The distribution of
the log likelihood ratio discriminant for the calorimeter-based hadronic tau identification algorithm is
shifted to lower values for both real taus and jet fakes. By simply adjusting the cut on the log likelihood
ratio to 0, the same signal efficiency can be maintained with approximately a 50% drop in jet rejection.
By re-tuning the discriminant in the context of pileup, improved jet rejection should be possible. In all
three channels, the mass resolution is degraded from ∼9.5 to ∼ 11.5 GeV for mH = 120 GeV due to the
degradation of the Emiss

T resolution. Figure 8 shows that the central jet veto survival probability drops
from ∼88% to ∼75% at 1033 cm−2 s−1 and ∼65% at 2×1033 cm−2 s−1. Studies indicate that the use of
tracking and calorimeter timing information can be used to mitigate this loss in signal efficiency.

Given the lack of background samples simulated with pileup and the need to re-optimize the recon-
struction and analysis in that context, we do not report signal significance estimates.

5 Systematic uncertainties

5.1 Overview

The data-driven background estimation methods described above have been developed so that uncer-
tainty in the background shape and normalization are included directly into the significance calculation.
Because the discovery criterion is simply testing the presence or absence of the signal, it is not sensitive
to some of the sources of systematic uncertainty. In contrast, measurement of the Higgs boson mass is
sensitive to the energy scale of electrons, muons, hadronic taus and Emiss

T . Furthermore, measurement
and exclusion of σ(pp→ qqH)×BR(H → ττ) are sensitive to the uncertainty on the signal selection
efficiency. Below we discuss the impact of these systematics on the analysis.
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5.2 Systematic mis-measurement of the signal

First, we consider the purely experimental sources of systematics. The approach here is to assume that
once we have data, the estimates of the energy scales, resolutions, and efficiencies might be systemat-
ically biased. Estimates of the systematic uncertainty from various sources are given in Table 14. The
uncertainty estimates are common for all this series of notes, except for the uncertainties on the central
jet veto and forward jet tagging efficiency. There is not yet a dedicated study of the expected uncertainty
on these efficiencies from data, thus we assume uncertainty on the reconstruction efficiency to be half the
tau identification efficiency and point out that most effects relevant to the jets have already been included
in the jet energy scale uncertainty. We use the nominal detector performance as the central value and
then manipulate the Monte Carlo signal to reflect these changes. For instance, in the case of the electron
energy scale uncertainty, we coherently change all electrons to have 0.5% higher ET , modify the Emiss

T
vector accordingly, and recalculate the signal efficiency. This is done individually for each source of
systematic and upward and downward fluctuations are treated separately. In the case of the jet energy
scale, only some elements of the uncertainty are relevant for Emiss

T . A study of Emiss
T projected onto

the direction of the reconstructed Z in Z → ll+jets with a subset of the analysis cuts indicated that the
Emiss

T scale can be measured within 5%; thus we only manipulate the Emiss
T vector according to a 5% jet

energy scale shift. In the case of systematic uncertainty on resolution, we only considered a degradation
in the resolution by the tabulated amount. Finally, for systematics on reconstruction and identification
efficiency we assume a 1-to-1 transfer to the uncertainty on the signal efficiency and include a factor
of two when the signal efficiency scales as the square (e.g. the electron efficiency in the ll-channel).
Table 14 summarizes the effect of systematic mis-measurement on the signal efficiency.

Table 14: Estimated scale of systematic mis-measurements and their effect on the signal efficiency.
† When varying the jet energy scale, only a 5% mis-measurement of the jet energy was used in
manipulating the Emiss

T vector. See text for details.

Source Relative uncertainty Effect on signal efficiency
luminosity ±3% ± 3%
muon energy scale ± 1% ± 1%
muon energy resolution σ(pT )⊕0.011pT ⊕1.7 10−4 p2

T ± 0.5%
muon ID efficiency ±1 % ± 2%
electron energy scale ± 0.5% ± 0.4 %
electron energy resolution σ(ET )⊕7.3 10−3ET ± 0.3 %
electron ID efficiency ± 0.2% ± 0.4%
tau energy scale ± 5% ± 4.9%
tau energy resolution σ(E)⊕0.45

√
E ± 1.5%

tau ID efficiency ± 5% ± 5%
± 7% (|η | ≤ 3.2)

jet energy scale† ± 15% (|η | ≥ 3.2) +16%/−20%
± 5% (on Emiss

T )
jet energy resolution σ(E)⊕0.45

√
E (|η | ≤ 3.2)

σ(E)⊕0.67
√

E (|η | ≥ 3.2) ± 1%
b-tagging efficiency ± 5% ± 5%
forward tagging efficiency ± 2 % ± 2%
central jet reconstruction efficiency ± 2 % ± 2%
total summed in quadrature ±20%
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5.3 Theoretical uncertainty

In addition to the effect of systematic mis-measurement on the signal efficiency, theoretical uncertain-
ties also limit our ability to estimate the signal efficiency. Next-to-leading order QCD calculations are
now available for the vector boson fusion process. A dedicated study [39] investigated the overall renor-
malization and factorization scale dependence (2%) as well as the parton distribution function (PDF)
uncertainties (3.5%). Next-to-leading order electroweak corrections are also quite large for the vector
boson fusion process, giving a 3% uncertainty for the full next-to-leading order calculation [40]. Re-
cently, the dominant next-to-leading order QCD corrections to the Higgs boson plus three jets have been
calculated for vector boson fusion, providing a scale uncertainty on the parton-level central jet veto sur-
vival probability of 1% [41].

While the parton-level theoretical uncertainties are under very good control and below the level of
both the statistical error and measurement-related systematics, the same is not true for the theoretical
uncertainty related to the parton-shower and underlying-event. We rely on Monte Carlo simulations that
model the parton-shower, hadronization, and underlying event to simulate the detector response. The
uncertainty in these calculations is not comparable to the accuracy of the parton-level predictions. The
central jet veto efficiency was studied with the signal process generated with PYTHIA (with various
tunings), HERWIG and SHERPA and the fast detector simulation. After the analysis cuts, the different
generators differ by 41%. Studies focusing specifically on the matrix element–parton shower matching
indicate a substantially smaller uncertainty [33, 42]. We will measure the underlying event [43, 44] and
tune the parton shower and hadronization with data, but it is likely that this contribution of the uncertainty
will remain significant. Currently there is no estimate of the expected uncertainty related to the parton-
shower, hadronization, and underlying event tuning. Clearly, this is an area that deserves attention as
such a large uncertainty will hinder exclusions if a Higgs boson does not exist in this mass range and
cross-section and coupling measurements if one does. After discussions with the authors of PYTHIA,
HERWIG and SHERPA we feel that the residual uncertainty in the parton shower after tuning to the
data will be less than the 18% uncertainty quoted for the jet energy scale. Thus, the uncertainty in the
signal efficiency will be dominated by the jet energy / Emiss

T scale uncertainty and the precise uncertainty
in the parton shower is not relevant. Table 15 summarizes the theoretical uncertainties for the signal
production.

Table 15: Theoretical uncertainties which affect the estimation of the signal efficiency.

Source Relative uncertainty Effect on signal efficiency
PDF uncertanties ±3.5% ±3.5%
scale dependence on cross-section ±3% ± 3%
scale dependence CJV efficiency ± 1% ± 1%
parton-shower and underlying event ±≤10% ±<10%
total summed in quadrature ±< 10%

6 Discussion

The expected signal significances in Table 13 are qualitatively consistent with the results found in
Ref. [4]; however, the predicted cross-sections in Tables 9 and 10 are significantly different. In particular,
the initial cross-section of the Z+jets background is smaller by nearly a factor of four and the tt̄ back-
ground in the ll-channel is larger by nearly a factor of 2. Much of this difference reflects the evolution
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in the Monte Carlo generators for these challenging backgrounds. In the case of the Z+jets background,
differences in the choice of renormalization and factorization scales and parton density functions are the
source for part of the discrepancy; however, approximately a factor of two comes from the treatment of
soft and collinear divergences. After substantial investigation, we concluded that the Z+jets background
estimate used in Ref. [4] was conservative. In the case of tt̄+jets, the necessary matching between ma-
trix elements and parton showers had not been developed when Ref. [4] was written. The recipe used to
merge the tt̄+0,1,2 jet samples at that time and the more realistic b-tagging performance limits our ability
to understand in detail the source of the differences. We are confident that MC@NLO and our current
detector simulation and offline reconstruction provide a superior prediction of this background.

For the first time, ATLAS has investigated the potential of the hh-channel. Much of this work has
been devoted to the development and study of tau and missing ET triggers. It now appears that the trigger
is feasible, and the reconstruction of the signal maintains an efficiency and mττ mass resolution compa-
rable to the ll- and lh-channels. The open question for this channel is the size of the QCD background –
a question that can only be answered with data.

The results shown in Section 4 are based on a fixed mass hypothesis. If one leaves the Higgs boson
mass a free parameter in the likelihood fits, then one must take into account the “look-elsewhere” ef-
fect. Naively, one would expect the magnitude of the effect to be rather small for this channel given the
∼10 GeV mass resolution and the∼ 30 GeV mass range of interest. Detailed study shows that it is a mix-
ture of two effects. First, the distribution of−2logλ (µ = 0) is not χ2-distributed under the background-
only hypothesis; it has a longer tail which raises the p-value. Secondly, the median of −2logλ (µ = 0)
under the signal-plus-background hypothesis is systematically larger in the floating mass case because
the model can adapt to fluctuations in the signal mean. Figure 18 summarizes the impact of these two
effects.
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Future work for this channel includes an extensive study of performance in the context of pileup,
including optimization of the hadronic tau identification and Emiss

T reconstruction. The data-driven
background estimation for the tt̄ and W+jets backgrounds must be further developed. In order to measure
σ(pp→ qqH)×BR(H → ττ) at the desired level, the systematics associated with the signal efficiency
must be reduced. This requires a technique to measure the central jet veto and forward jet tagging
efficiency in data. Additionally, the use of the Emiss

T projection method should be further developed to
mitigate the impact of the jet energy scale uncertainty.

While the results shown in Section 4 only include the contribution of Higgs bosons produced via
vector boson fusion, an additional 10% contribution from the gluon-fusion production process could
be expected at mH = 120 GeV. Finally, the theoretical uncertainty associated with the parton shower
and underlying event, which currently gives the largest uncertainty on the signal efficiency, must be
addressed. The tuning of the parton shower, hadronization, and underlying event model will be among
the earliest measurements at the LHC. If the residual theoretical uncertainty is not reduced sufficiently, a
different strategy may need to be found for the central jet veto. The expected exclusion power based on
the uncertainty in the signal efficiency is shown in Fig. 19.

7 Summary and conclusion

The sensitivity of the ATLAS detector to a Standard Model Higgs boson produced via vector boson
fusion with subsequent decay into taus has been investigated with state-of-the-art Monte Carlo genera-
tors, a full GEANT-based simulation of the ATLAS detector and our current trigger and reconstruction
algorithms. Particular emphasis has been placed on data-driven background estimation strategies and the
estimation of the associated uncertainties in normalization and shape. The impact of pileup has not been
fully addressed; however, results without pileup indicate that a ∼ 5σ significance can be achieved for a
Higgs boson mass in the range 115 – 125 GeV after collecting 30 fb−1 of data and combining the ll- and
lh-channels. The Higgs boson mass resolution is approximately 10 GeV, leading to approximately 3.5%
mass measurement. The hh-channel has also been investigated and gives similar results for signal and
non-QCD backgrounds as the other channels; however due to the challenge of predicting the QCD back-
ground, we do not report on an estimated sensitivity for that channel. Currently, measurement-related
systematics and large theoretical uncertainties limit the ability for a measurement of the product of cross-
section and branching ratio. Future work is needed to constrain these uncertainties in order to measure
the Higgs boson couplings, spin and CP properties.
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Higgs Boson Searches in Gluon Fusion and Vector Boson
Fusion using the H →WW Decay Mode

Abstract
The prospects for Higgs searches in theH +0 j (H →WW → eνµν), H +2 j
(H →WW → eνµν), andH +2 j (H →WW → ℓνqq) channels at ATLAS are
presented, including realistic effects such as trigger efficiencies and detector
misalignment, with an emphasis on practical methods to estimate the back-
grounds using control samples in data. With 10 fb−1 of integrated luminosity,
one would expect to be able to discover a Standard Model Higgsboson in the
mass range 135< mH < 190 GeV and to be able to measure its mass with a
precision of about 7 GeV if its true mass is 130 GeV or about 2 GeV if its true
mass is 160 GeV.

1 Introduction

The nature of the Electroweak symmetry breaking sector is arguably the most important unknown in
particle physics today. An introduction to the Higgs mechanism and an overview of the possible search
channels for a (standard model) Higgs boson at the LHC can be found in Ref. [1]. This note studies
the sensitivity of Higgs boson searches in the decay modeH →WW to a Standard Model Higgs boson.
Special emphasis is placed on in-situ control samples that can be used to estimate the background con-
tributions using data and on the systematic uncertainties associated with these background determination
methods.

The note is organised as follows: Section 2 discusses the production mechanisms and final states
under study, the relevant backgrounds for each process and the Monte Carlo generators used to model
them. In Section 3, the performance of the reconstruction for the various final-state particles is described.
In Section 4, an overview of statistical issues common to most of the analyses is presented. Section 5
describes the event selection and control samples for a search for H →WW → eνµν in events where no
hard jets are reconstructed in the detector. In Section 6, the analysis of theH + 2 j, H →WW → eνµν
channel is presented, and in Section 7, an analysis of eventswhere one of theW bosons decays to two
jets is discussed. Finally, in Section 8, the combined sensitivity of the ATLAS detector to the presence
of neutral scalar resonances in theW pair final state is presented.

2 Physics Processes and Monte Carlo

In the Standard Model, there are two dominant production modes of the Higgs boson in the kinematic
region of interest for theH → WW decay mode: gluon fusion and Vector Boson Fusion (VBF). In
studies of the former production mode, one must consider background processes that yield two leptons
and significant missing transverse energy in the final state;in the latter, the final state also includes two
hard jets (from the struck quarks) which tend to be well-separated in pseudorapidity. This note considers
the following signal and background processes:

• Higgs boson production via gluon fusion: This is the dominant production mechanism for the
signal considered in the analysis of Section 5; it is modeledwith 48500 events generated by
MC@NLO [2, 3]. A Higgs boson decay matrix element similar to the one used in Ref. [4] was
used to reweight this Monte Carlo sample to include the complete spin correlations for the Higgs
decay.
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• Higgs boson production via Vector Boson Fusion: This is the dominant production mechanism
for the Higgs boson searches of Sections 6 and 7. This processis modeled with the generators
provided in PYTHIA [5] (14500 events), HERWIG [6] (18050 events), and SHERPA [7] (19950
events).

• pp →WW production. This is the dominant background contribution to the analysis studied in
Section 5; in that analysis, it is modeled with 178450 eventsgenerated by MC@NLO. It is impor-
tant to note that MC@NLO only calculates theO(α0

s ) andO(α1
s ) contributions to this process;

it does not compute theO(α2
s ) contributions. Because of the large gluon luminosity expected at

LHC it is important to include at least the gluon-initiated component (where theW pair production
proceeds via a quark box) for the analysis of the fully jet-vetoed final state. This contribution is
modeled with 176300 events produced using the generator in Ref. [8].

In the Vector Boson Fusion searches, the contributions fromprocesses likeqq→WWqq (mediated
by the exchange of a weak boson or a gluon) become important. Therefore, a sample of 171250
events generated with ALPGEN [9,10] is used instead of MC@NLO to model thepp→WW j j
background in the analysis of Section 6.

• tt production. The two top quarks decay into a pair ofW bosons and two b jets. The cross-section
is expected to be dominated by doubly resonanttt production in the Vector Boson Fusion searches
of Sections 6 and 7; however, for the search of Section 5, one must also take care to handle the
single-top background correctly. The absolute cross-section for the contribution from single top
production is presently only known with leading-order uncertainties, but since the search presented
in Section 5 normalises the top background using data, it is only necessary to consider its potential
impact on the extrapolation from the b-tagged to the b-vetoed region. In the estimation of the
sensitivity of all channels under study, a sample of 538300 events generated with MC@NLO is
used to model this background. Two MadEvent [11–13] samplesare used to estimate the impor-
tance of the contribution from single-top production in theH +0 j channel: one contains all matrix
elements forpp→WWbb; the other contains only the doubly-resonant contribution.

• Z → ll production. In channels with two electrons or two muons, thedirect decays ofZ → ee and
Z → µµ dominate, but this background can also contribute toeµ final states when theZ decays to
a pair ofτ leptons which both decay leptonically. This background is modeled with a sample of
163200 events generated with PYTHIA in theH +0 j analysis of Section 5 and with a sample of
38150 events produced using ALPGEN in theH +2 j analysis of Section 6.

• W+n jets production, withn≤ 5. This is the dominant background for the lepton-hadron channel;
however, it can also play a role in the dilepton channels as a source of fakes. This background is
modeled using a sample of 411424 events generated with ALPGEN.

A special subset of this background is W+c+n jets, withn≤ 4. The charm production in associa-
tion with a W boson through processes likegs →W c is enhanced, due to the large parton density
function of strange sea quarks and the large CKM matrix element |Vcs|. Decays of charm mesons
are a potential source of leptons. Lepton isolation cuts aretuned on this kind of background, to
reach the necessary rejection against leptons from semileptonic charm- or b- decays. [14].

• bb, cc and QCD multi-jet. Due to the large cross section of these processes they could be a further
source of background. The large amount of CPU power needed makes a Monte Carlo simulation of
these backgrounds currently unrealistic. For the dileptonchannels the requirement of two leptons
and missing transverse energy should reduce these backgrounds to a negligible level.

Table 1 gives an overview of the cross sections of the signal and background samples used in this
note. Detailed tables of the Higgs boson cross sections and branching ratios can be found in Ref. [1].
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Process Generator Cross-section(pb)
gg→ H →WW (MH = 170 GeV) MC@NLO 19.418
VBF H →WW (MH = 170 GeV) PYTHIA/Sherpa 2.853
VBF H →WW (MH = 300 GeV) HERWIG 0.936
qq/qg →WW MC@NLO/Alpgen 111.6
gg→WW GG2WW 5.26
pp→ tt MC@NLO 833
Z → ττ+jets PYTHIA/ALPGEN 2015
W +jets ALPGEN 20510

Table 1: Overview of the Monte Carlo generators and cross sections for the Higgs boson signal and
background processes used in this note. TheW+jets cross-section listed is the cross-section per lepton
flavor.

3 Reconstruction

The final states considered here all include leptons. Section 3.1 briefly describes the lepton selection
criteria and other central aspects of the reconstruction used in this note. Then, in Section 3.2, a few
important details about jets,Emiss

T , and pile-up are briefly discussed. Note that the results presented in this
note were made using version 12 of the ATLAS software, whereas the results on detector performance
in Refs. [15] and [16] are based on release 13.

3.1 Leptons

The electron selection consists of the following criteria :

• Electrons are identified using the standard ATLAS criteria described in Ref. [15]. In theH + 0 j
(H →WW → eνµν) andH + 2 j (H →WW → ℓνqq) channels, tight electrons are required. In
the case of theH + 2 j, H →WW → eνµν analysis of Section 6, a sufficiently strong rejection
against theW+jets background can be achieved by applying cuts on the VBF tagging jets that it is
possible to use a medium electrons instead.

• A track match is required. The transverse impact parameter significance of the matched track,
d0/σd0, is required to be less than 10.

• Candidates are required to be well isolated. Calorimeter isolation in a∆R cone of 0.2 is required
to be less than 5 GeV, andΣpT of tracks in a cone of∆R < 0.4, excluding tracks from other lepton
candidates and tracks withpT < 1 GeV, is required to be less than 5 GeV.

• Kinematic acceptance:pT > 15 GeV and|η | < 2.5 (The pT threshold is larger for the lepton-
hadron channel). Electron candidates in the crack region, 1.37< |η |< 1.52, are excluded.

It has been shown that similar isolation criteria can effectively suppress the background from W+c+jet
events, where a second lepton comes from charm decay, to negligible levels.

W+jets is one of the main sources of fake backgrounds for the dilepton channels; it is crucial to
achieve a good rejection against this background. The probability for a jet to be misreconstructed as
an electron was derived from a W(→ µν)+jets sample which contains no true highpT electrons. The
average efficiency to reconstruct an electron candidate without isolation cuts in thegg→H →WW signal
events is 60.3±0.5%; the additional isolation criteria reduce this to 50.0±0.5% efficiency. With all cuts,
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the average fake rate as determined fromW → µν+jets events is(1.7±0.2)×10−4 before isolation and
(6.7+1.5

−1.3)×10−5 after isolation.
The muon selection consists of a similar set of cuts :

• Combined muons and best match to an inner detector track [16].

• Calorimeter Isolation based on theetcone20 variable [16] (etcone20 < 2.5 GeV) and track isola-
tion (in a cone of∆R < 0.4) as for electrons, but with a differentpT threshold,ΣpT < 3 GeV.

• Transverse impact parameter significance less than 10.

• pT > 15 GeV and|η |< 2.5 (ThepT threshold is larger for the lepton-hadron channel)

As for the electrons, similar isolation criteria were shownto be effective against the W+c+jet back-
ground. The performance for muons is better than for electrons. The average efficiency to reconstruct a
muon candidate ingg → H →WW signal events is 94.2±0.1% before isolation cuts and 77.1±0.2%
after applying cuts. The corresponding fake rate inW → eν+jets events is(1.7+0.6

−0.5)×10−5 after isolation
cuts are applied.

3.2 Jets, Missing pT , and Pile-up

In theH +2 j searches of Sections 6 and 7, the presence of at least two jetswith pT > 20 GeV and a large
difference in pseudorapidity are required. It is frequently the case that at least one of these jets will land
in the forward region of the detector. To minimise the effectof calorimeter noise and maximise efficiency
for the jets of interest to this study, jets reconstructed from topological clusters are used, rather than jets
reconstructed from calorimeter towers [17]. For VBF Higgs boson signal processes the efficiency for jets
with a cone size of∆R = 0.4 from topological clusters is 94.3% in the central detectorregion and 95.3%
in the forward region. For jets from calorimeter towers the efficiency is significantly lower with 92.4%
in the central detector region and 84.1% in the forward region.

All the searches considered in this note make use of analysistechniques that either select or give
a large weight to events without additional jets; in either case, events are effectively rejected if they
contain extra jets beyond those jets (if any) that are explicitly required by the analysis. Even in the first
years of “low-luminosity” data taking at the LHC, analyses will be affected by the pile-up of multiple
collisions per beam crossing. LowpT QCD interactions (minimum-bias) are present simultaneously to
a hard interaction. Such pile-up events will give rise to jetactivity that can sometimes cause interesting
signal events to be erroneously rejected; in selecting a jetalgorithm, it is necessary to consider this
effect. Single minimum-bias events have a three times lowerprobability to be discarded by the central
jet veto cut when using jets reconstructed with a cone size of∆R = 0.4 instead of jets with a cone size
of ∆R = 0.7. Furthermore, in the presence of pile-up the jet calibration has to correct for the additional
energy that is not from the hard interaction. Due to the well defined jet area, this is much easier done
with a cone jet algorithm than with akt jet algorithm.

For the reasons mentioned above, the analyses in this note have used jets reconstructed from topo-
logical clusters with a cone algorithm of∆R = 0.4 [17]. Jet efficiencies increase withET and are rather
stable with|η |. However it should be noted that the efficiency drops at|η | ≥ 4.8 near the boundary of
the forward calorimeter, as expected. Therefore this note uses only jets with|η | ≤ 4.8. Jets within a cone
of ∆R < 0.4 of any electron candidate are ignored.

There are other ways to minimise the impact of pile-up; the tracking system of the ATLAS detector
is designed to separate the vertices of the different inelastic collisions in an event. Jets built of tracks
emerging from the same vertex as the leptons from the Higgs boson decay should be insensitive to pile-up
if the vertex reconstruction is working as expected.
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Figure 1: JetpT distributions (|η | < 2.5) for theH →WW signal sample with (red line) and without
(gray filled area) pile-up. Left: Standard jets. Right: Track jets.

While theH →WW searches presented in this note use standard calorimeter jets for the jet veto, it
is important to illustrate the potential of track jets. TheH + 2 j, H →WW → eνµν analysis has been
studied as an example.

Track jets are reconstructed from only those tracks that have pT > 0.5 GeV and with at least 7 hits
in the pixel and semiconductor tracker. The Higgs boson production vertex is taken to be the vertex for
which the sum of the transverse energies of the emerging tracks is largest. All tracks that emerge from
this vertex and are not associated with an isolated lepton are fed into the standard ATLAS cone∆R = 0.4
jet algorithm. Leptons are considered isolated if the sum ofthe transverse energies of all tracks from the
same vertex as the lepton in a cone of 0.01< ∆R < 0.2 around the lepton is less than 5 GeV.

The independence of the track jets to activity from pile-up is reflected in the jetpT distributions in
the H →WW signal sample without and with pile-up (pile-up was generated with an average of 2.3
additional events) in Figure 1. The additionalpp collisions in presence of pile-up created additional
standard jets at low transverse energies while the multiplicities of track jets are unaffected by pile-up.

A central jet veto cut is constructed using track jets in the acceptance region of the inner detector
of |η | < 2.5 and standard jets at larger pseudorapidities (up to|η | < 3.2). The cut on the transverse
momentum of the track jets is chosen such that the same rejection efficiency is obtained forH →WW
events without pile-up as for the jet veto based on standard jets. This requires a lowering of thepT cut
from 20 GeV for standard jets to 12.3 GeV for track jets. Table2 shows the fraction of events passing

H →WW tt̄
no pile-up with pile-up no pile-up with pile-up

std jets (|η |< 2.5) 72.0±1.0 63.0±1.2 28.6±3.4 19.7±3.3
track jets 72.0±1.0 73.5±1.1 28.6±3.4 25.9±3.6
std jets (|η |< 3.2) 65.4±1.0 57.0±1.2 24.0±3.2 16.3±3.0
combination 65.8±1.0 65.9±1.1 24.0±3.2 23.1±3.5

Table 2: Fraction of events (%) passing the central jet veto

the different options for the central jet veto. The central jet veto based on standard jets is sensitive to
pile-up while the track jets show only small sensitivity to pile-up. The combination of the track jet veto
in |η |< 2.5 and the standard jet veto in|η |> 2.5 shows robustness against pile-up.
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Figure 2: Left: The log Likelihood Ratio distributions for toy Monte Carlo corresponding to the
H →WW → ℓνqq analysis at 10 fb−1 for background-only outcomes (red) and signal-plus background
outcomes with several values of the Higgs boson mass. Right:The same plot, but for theH + 2 j,
H →WW → eνµν analysis.

The performance of the missing transverse momentum reconstruction is strongly affected by the
presence of pile-up. In this study, the cell based reconstruction algorithm described in Ref. [18] has been
used.

Fortunately, theH →WW → ℓνℓν searches are not very sensitive to the resolution ofEmiss
T . Since

the Higgs boson mass cannot be directly reconstructed in the2ℓ2ν final state, a transverse mass is used;
although this does have a peak centred around the true value of the Higgs boson mass, the distribution is
very broad (several tens of GeV). Therefore a degradedEmiss

T resolution is unlikely to significantly alter
the transverse mass shape unless the degradation is rather severe. TheH +2 j (H →WW → ℓνℓν) anal-
ysis of Section 6 makes use only of this transverse mass and observables related to the leptons and the jet
activity in the event; theEmiss

T cut in that analysis serves mostly to reject backgrounds like Z → ee/µµ
which have no intrinsicEmiss

T . TheH +0 j analysis of Section 5 does make use of the transverse momen-
tum of the Higgs boson candidate, which is obviously very sensitive to theEmiss

T resolution; however, that
analysis involves a fitting algorithm developed with exactly this concern in mind and includes checks that
demonstrate that the algorithm still works reliably in the presence of a degradedEmiss

T measurement.
In the case of theH →WW → ℓνqq analysis of Section 7, theEmiss

T is used in the reconstruction of the
Higgs boson candidate’s invariant mass. In principle, then, a degradedEmiss

T resolution does propagate
into the Higgs boson mass resolution, and so problems with theEmiss

T reconstruction are more harmful to
theH →WW → ℓνqq channel than to the dilepton channels. However, for a Standard Model-like Higgs
boson with a mass above≈ 300 GeV, the natural width of the Higgs boson tends to become rather large,
and theEmiss

T resolution is again not the primary concern of the analysis.
Mismeasurements of jets and detector inefficiencies can lead to instrumentalEmiss

T . It is very hard to
predict such effects without real data and no cuts to reduce instrumentalEmiss

T are currently foreseen.

4 Statistical Formalism

The sensitivity estimates presented in this note use a fit-based hypothesis testing procedure. Unless
stated otherwise, selection cuts are always independent ofthe Higgs boson mass hypothesis, no matter
how broad the range of masses where the search is sensitive. To take advantage of the discriminating
power contained in variables for which the distribution depends significantly on the Higgs boson mass
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Selection Selection cuts gg→ H tt WW Z → ττ W + jets
Lepton Selection+Mll 166.4 6501 718.12 4171 209.1

pre- pmiss
T > 30 GeV 147.7 5617 505.25 526.3 181.6

selection Z → ττ Rej. 145.8 5215 485.12 164.2 150.4
Jet Veto 61.80 14.84 238.35 31.91 76.12
b-veto 61.56 6.85 237.87 30.76 76.12

∆φll < 1.575,
signal region MT < 600 GeV 50.6±2.5 2.3±1.6 85.4±2.7 <1.7 38±38

∆φll > 1.575,
control region MT < 600 GeV 10.9±1.1 4.6±2.3 151.9±3.6 30.8±4.2 38±38

b-tagged
signal region ∆φll < 1.575 - 1.14±1.14 - - -
b-tagged
control region ∆φll > 1.575 - 5.71±2.55 - - -

Table 3: Cut flows (in fb) forMH = 170 GeV in theH +0 j, H →WW → eνµν channel. A ‘-’ indicates
that the corresponding contribution is ignored in the fit. The WW background contains the two processes
qq̄→WW andgg→WW .

hypothesis or is not precisely predicted by theory, a maximum-Likelihood fit to those variables is used.
To perform the hypothesis test itself, a Likelihood Ratio isused,λ = Ls+b/Lbg−only. The numerator and
denominator of this ratio are obtained from separate fits to the data, with the number of signal floating as
a free parameter (subject to the constraintNs ≥ 0) in the fit forLs+b, and with the number of signal fixed
to zero in the fit forLbg−only. The sampling distributions ofλ at a given luminosity (in the presence of
signal and in its absence) are studied by generating pseudo-experimental outcomes and performing the
full fit to each outcome.

Throughout this note, when a fit is performed, the Higgs bosonmassmH is allowed to float as a free
parameter in the fit. The resulting significance estimates therefore represent the probability that, in the
absence of signal, a background fluctuation anywhere in the allowed mass range would produce an excess
at least as significant as the observed excess. This is slightly different from the convention adopted in
some other studies, where the significance represents the probability that a background fluctuation would
produce an excess that is consistent with a specified mass andat least as significant as the observed
excess.

Figure 2 shows two examples of the Likelihood Ratio probability distributions. The left plot shows
the sampling distribution of the Likelihood Ratio for theH →WW → ℓνqq fit discussed in Section 7
(assuming a negligible background from fakes), and the right plot shows the corresponding distributions
for the analysis of Section 6.2. A fit to the real data would yield one value ofλ ; to obtain a p-value, one
would integrate the red distribution in the acceptance region, i.e. from the observed value ofλ to infinity.
In the absence of data, the expected significance is computedby taking the “observed” value ofλ to
be the median of the signal-plus-background distribution for a given mass. The expected significanceZ
reported here is one-sided, i.e.,Z =

√
2erfc−1(2p). When the number of pseudo-experimental outcomes

in the acceptance region is too small, the background-only Likelihood Ratio distribution is extrapolated
with an exponential decay.
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Figure 3: Left: transverse opening angle∆φll of the two leptons after preselection cuts. Middle : trans-
verse momentumpWW

T of the WW system after preselection cuts. Right: transversemassMT for events
with ∆φll < 1.575 andpWW

T > 20 GeV, in a fitted toy Monte Carlo outcome containing a Standard Model
Higgs boson withMH = 170 GeV, after 10 fb−1 of integrated luminosity. The Likelihood Ratio in this
outcome is 30.69, which is typical for this value ofMH and this luminosity.

5 Leptonic W Pair Production with No Hard Jets

The H + 0 j, H →WW → ℓνℓν channel has been shown to have a strong discovery potential.[19–22]
The basic event selection consists of only a few simple cuts:

• Require that the event has exactly two isolated, opposite-sign leptons (electron or muon) with
pT > 15 GeV.

• To suppress backgrounds from single-top production, backgrounds from dileptonic decays ofbb
andcc resonances, and lepton pairs fromb→ c cascade decays, require that the invariant massmll

of the leptons is between 12 GeV and 300 GeV.

• Require that the event hasEmiss
T > 30 GeV

• To suppress backgrounds fromZ → ττ , reconstruct the invariant mass of a hypotheticalτ pair
using the collinear approximation [23]. If the energy fractionsx1

τ andx2
τ are both positive and the

invariant mass of theτ pair Mττ is in the range|Mττ −MZ|< 25 GeV, the event is rejected.

• To suppress backgrounds from top quark decays, reject events that contain any hard jets with
pT > 20 GeV and|η j|< 4.8.

• To further suppress the top background, reject events with any jets with pT > 15 GeV and a b-
tagging weight greater than 4.

Table 3 shows the cross-sections in theeµ channel for signal and background after these cuts.
The trigger efficiency for signal is sufficiently large for this analysis to be viable. Events are required

to pass at least one of the ATLAS single-lepton or double-lepton triggers. The level-1 trigger menus
used here are 2EM15I, EM25I, EM60I, MU20, and MU40. For the Level 2 trigger and the event filter,
events are required to pass the e25i, 2e15i, e60, or mu20i triggers. Details on the trigger menus can be
found in Ref. [24]. For theeµ channel considered here the trigger efficiency for L1 is 99.0%; for L2
it is 96.7%, and for the EF it is 95.2% The efficiency is quite high, and the trigger efficiency does not
distort the shapes of the kinematic variables of interest inthe signal in a significant way. Table 3 does
not include the trigger efficiency, but it is taken into account as an overall scale factor for the signal and
background when generating toy Monte Carlo to test the fitting algorithm described in the next section
and in the calculation of the expected statistical significance for this channel.
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After the basic event selection (all cuts from Table 3 including the cut on∆φll), the signal to back-
ground ratio is only≈1:4, but there is still a good deal of discriminating power inthe final state. This
analysis focuses on three variables:

• the transverse opening angle∆φll ; a cut on this variable exploits differences in the spin correlations
in the WW system in the Higgs signal and the WW background,

• the transverse massMT , as defined in Ref. [25],

• the transverse momentum of theWW system,pWW
T , which tends to be slightly larger for signal than

for WW background because gluon-initiated processes tend to have more initial-state radiation
than quark-initiated processes.

The distributions of these variables are shown in Figure 3. To make use of the discriminating power of
these variables, a maximum-likelihood fit is performed.

5.1 Fitting Algorithm

The fit is a 2-dimensional fit of transverse mass andpWW
T in two bins of the dilepton opening angle∆φll

in the transverse plane. [26] The present study considers a fit to only those events with one electron
and one muon, since an in-situ background extraction procedure for theZ → ee/µµ background has
not yet been studied. After the preselection cuts and the additional requirement thatMT < 600 GeV is
applied, the remaining events are separated into two subsamples, one with∆φll < 1.575 and the other
with ∆φll > 1.575. Table 3 shows the cross-sections for the signal and various backgrounds in these two
regions. The region with large∆φll (control region) is enriched in background and the region with small
∆φll (signal region) is enriched in signal.

The top background is estimated with the help of b-tagged control samples with the same kinematic
cuts as the signal-enriched and background-enriched regions. Table 3 includes estimates of the top cross-
section in the b-tagged control regions. In the present study, the b-tagging efficiency is assumed to be
well-known (i.e., the ratio of cross-sections in the b-tagged and b-vetoed regions is taken from Monte
Carlo), and the contamination from processes with only light jets in the b-tagged regions is ignored. The
tt cross-section estimates in Table 3 are based on Monte Carlo samples that use MC@NLO to model
the top background; even if the b-tagging is well-understood, the ratio of the top cross-section in the b-
tagged and b-vetoed regions is sensitive to the treatment ofthe single-top contribution to the background.
Moreover, studies based on fast simulation samples have shown that there are also differences in the
shape of the distributions ofMT andpWW

T between top background models based on doubly-resonant top
production and models that include the singly-resonant andnonresonant processes. (For example, the
single-top contribution leads to a larger number of events with largeMT and smallpWW

T .) Nevertheless,
in the present study, standalone fits are performed on the b-tagged control samples before the fit to the
b-vetoed regions begins, and the top background in the b-vetoed regions is estimated by extrapolating
both the shape and the normalization from the b-tagged region to the b-vetoed region based on ratios
obtained from MC@NLO.

TheZ → ττ background is normalized and its shape is determined by studying a sample ofZ → µµ
events taken from real data, where the reconstructed muons are replaced by simulated taus [23]. Two-
muon events with a dimuon invariant mass between 82 and 98 GeVare selected, and the same jet veto
that is used in the rest of this analysis is applied to the selected events. The effective cross-section after
these cuts is roughly 360 pb. The reconstructed muons in the event are replaced with simulated tau
leptons, and the remaining event selection cuts are applied. The efficiency of those cuts is about 0.07%,
leaving an effective cross-section of roughly 250 fb. To be conservative, the present study assumes that
efficency factors will lower this figure to about 200 fb. A standalone fit to these “data-Monte-Carlo”
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events is performed to determine the shape and normalization of theZ → ττ background; in the final
fit, the shape parameters are fixed and the normalization is rescaled by a factor that is assumed in this
study to be well-predicted. The parameters obtained from the fit to theZ → ττ data-Monte-Carlo control
sample are not allowed to float in the main fit.

At the time of this writing, an in-situ determination of fakebackgrounds from processes such as
W+jets has not yet been studied. For this study, a fixed probability distribution has been used to represent
the fake backgrounds, assuming for the moment that the shapeand normalization of fake backgrounds
are well-predicted. Because of the limited size of the availableW +jets Monte Carlo sample, there are not
enough Monte Carlo events remaining after cuts to provide a prediction of the shape of the transverse
mass vs. pWW

T distribution forW+jets; the shape of this distribution is therefore taken from a set of
events with loosened isolation and shower shape cuts. This treatment ignores any potential systematic
uncertainty on theW+jets background; future studies will attempt to address this in more detail.

Once the fits to the control samples are completed, a simultaneous fit of the two∆φll bins in the
b-vetoed region is performed. A few of the parameters that describe the shape of the transverse mass
and pWW

T distributions of theWW background are allowed to float in the fit. ThepWW
T distributions for

theWW background in the two regions are taken to be the same up to a parabolic distortion factor. The
normalizations of theWW background are free to float independently; however, we add apenalty term
of the form(R f it−Rtrue)2/σ2

R, whereR f it is the ratio of the best-fit number ofWW background events in
the small-∆φll region over the number in the large-∆φll region,Rtrue is the Monte Carlo prediction of the
ratio taken from the central-value calculation, andσR is the uncertainty in the prediction ofRtrue, taken
to be 10%. This value ofσR is chosen to be larger than the actual variation of R due to changes in theQ2

scale definition (about 5%) so that the constraint term does not cause a large bias in the observed value
of R; such a bias could be expected to lead to a degradation in the sensitivity of the hypothesis test. The
value ofσR has not been optimized; such a study may be performed in the future.

In order to demonstrate the robustness of the fit against systematic uncertainties, toy Monte Carlo has
been used to compute the sampling distributions for the Likelihood Ratio in several scenarios where the
“true” probability distribution has been distorted to model various sources of systematic error. Seven dis-
torted scenarios are considered: four alteredQ2 scale choices (factorization and renormalization scales
raised and lowered by factors of 8), two alternative top background models (based on leading-order
pp →WWbb and leading-orderpp → tt →WWbb), and one alternative model of all irreducible back-
grounds where thex andy components ofEmiss

T have been independently smeared by 5 GeV each. These
alternative models have been derived using fast simulationbecause large-statistics Monte Carlo samples
are needed in order to be sure any change in the shape of the observables is actually due to the sys-
tematic uncertainty under study and not merely a statistical fluctuation. In these systematic scenarios,
the background contribution from fakes is ignored. Figure 4shows the Likelihood Ratio distribution for
background-only outcomes (upper left) and the distribution of pulls of the fitted Higgs boson mass (upper
right) for signal-plus-background outcomes with a true Higgs boson mass of 170 GeV. Both distributions
are nearly independent of the systematic distortions.

The lower left plot in Figure 4 shows the linearity of the massdetermination as a function of the true
Higgs mass. The line shows the mean of a Gaussian fit to the region around the peak of the distribution
of best-fit Higgs masses in the toy Monte Carlo sample for the case of nominal detector performance.
The green band shows the width of the Gaussian and is a direct measure of the variability of the mass
estimate on repetition of the experiment; the error bars show the median fit error. The typical variability
of the mass determination at 10 fb−1 ranges from 5.2 GeV atMH =130 GeV to 1.6 GeV atMH =160 GeV
to 4.2 GeV atMH =190 GeV.

Figure 4 also shows the expected significance for an integrated luminosity of 10 fb−1. This channel
is most promising for Higgs boson masses near theWW threshold.
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Figure 4: Upper Left: The log Likelihood Ratio distributions for background-only toy Monte Carlo
outcomes corresponding to 10 fb−1 in the H + 0 j, H →WW → lν lν analysis. Upper Right: The cor-
responding pull distributions forMH=170 GeV. Lower Left: The linearity of the mass determination.
Lower Right: the expected significance for an integrated luminosity of 10 fb−1.

Region Signal,MH = 170 GeV (fb) tt WW Z → ττ W +jets
Signal-like 28.65±0.80 1.14±1.14 29.35±1.59 <1.74 38±38

Control 1.47±0.27 5.71±2.55 61.13±2.33 4.06±1.53 <114
b-tagged 0 6.85±2.80 0.11±0.09 1.16±0.82 <114

Table 4: Cross-sections (in fb) after all cuts for a number-counting analysis with a test mass ofMH =
170 GeV in theH +0 j, H →WW → eνµν channel.

5.2 Cross-check with a Number-Counting Analysis

A number counting analysis of this channel has been performed as a cross-check. The signal region is
defined by the basic event selection in addition to the following few additional cuts:pWW

T > 10 GeV,
Mll < 64 GeV,∆φll < 1.5, and 50< MT < 180 GeV. A control region is defined by the requirements
pWW

T > 10 GeV, 80< Mll < 300 GeV, and∆φll > 1.5. In order to normalize the top background, it
is also useful to define a b-tagged region with similar kinematic cuts: pWW

T > 10 GeV and∆φll > 1.5.
Table 4 shows the cross-sections for signal and backgroundsin these regions. Only one of theW +jets
events passes all the selection cuts for the signal-like region; it corresponds to a cross-section of 38
fb. None of theW +jets events survives in either control region. Because this background is modeled
with AlpgenW + n jets, withn≤ 5, and because the Monte Carlo was generated with different effective
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luminosities for different jet multiplicities, it is not straightforward to compute a meaningful upper bound
on theW+jets cross-section in the control regions. The quoted cross-section is simply three times the
cross-section observed in the signal region (which is basedon one Monte Carlo event).

The ratios of background cross-sections in the various regions have to come from a theoretical pre-
diction; in a number-counting approach there is no simple way to constrain them with data. A similar
background normalization strategy was studied in Refs. [27] and [28]; in Ref. [27], the theoretical error
on the ratio ofWW cross-sections in the signal-like region and the control region was 5%, the system-
atic error on the ratio of the top background cross-sectionsin the signal-like and b-tagged regions was
9%, and the uncertainty on the ratio of the top background cross-sections in the control region and the
b-tagged regions was also 9%. These systematic errors have not been re-evaluated in the context of this
analysis, nor have the relevant instrumental systematic errors been computed; this cross-check simply
uses these values as the systematic uncertainties on the extrapolations.

Using the cross-sections forMH = 170 GeV in Table 4 and taking into account the additional 95.2%
trigger efficiency on signal and background, the luminosity-dependent errors on the normalizations of the
control samples (ignoringW +jets in the Control and b-tagged regions), and the systematic uncertainties
described above, the expected significance of the number-counting analysis (in the Gaussian approxima-
tion, for

∫
L dt = 10 fb−1) is 8.5σ . This figure ignores the error on theW +jets background prediction; in

a future study, it will be important to normalize theW+jets background using data. In the interest of per-
forming a meaningful comparison with the fit analysis, it is helpful to compute the significance ignoring
theW +jets background altogether: 10.4σ . This is comparable to the result from the fit; if the contribution
from theW+jets background is ignored there, the significance is 8.8σ at the same luminosity.

6 Leptonic W Pair Production with Two Hard Jets

This Section presents the analysis of events where aW pair is produced in association with two hard jets
and bothW bosons decay leptonically. [29–32] In Section 6.1, the maindiscriminators in this channel
are reviewed. For background extraction and significance estimation, two complementary approaches
are considered; both of them are fit-based. In Section 6.2, ananalysis that uses a Neural Network to
combine several jet variables into a single discriminator and fits the Neural Network output andMT is
presented. This method has the advantage that the correlations among variables related to jets (described
in Section 6.1) are naturally taken into account by the Neural Network, and the weak correlations between
the jet variables and the lepton variables are largely takeninto account by the way the control sample
is used in the fit. However, it has the disadvantage that the Neural Network must be trained ahead of
time; in principle, this may introduce some model-dependence to the procedure. Ideally, one would like
to directly model all kinematic variables in a maximum Likelihood fit; Section 6.3 describes an analysis
that takes this approach with a fit of five kinematic variables. This method has the advantage that there
is no training stage and therefore has the potential to be more model independent than the analysis of
Section 6.2. However, because of the difficulty in constructing a fully correlated probability distribution
for a 5-dimensional space, the probability distributions used in the fit of Section 6.3 include only the
largest correlations among the kinematic variables and ignore some smaller correlations. It is possible
to make some corrections to the shapes of the distributions to model correlations not inherently present
in the fit model; Section 6.3 explores the prospects for extracting such corrections from b-tagged control
samples. The combined significance estimate at the end of this note will be based on the analysis of
Section 6.2, but further studies of both approaches are needed in order to converge on a final strategy for
the analysis of real data.
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Figure 5: Pseudorapidity gap between tag jets (left top plot), invariant-mass distributions of tag jets
(right top plot), azimuthal angle gap between tag jets (leftbottom plot) andEt of the third jet in VBF
H →WW → µν µν Pythia events (m(H)=170 GeV). A requirementη1η2 ≤0 is used in addition to the
requirement jetEt > 20 GeV.

6.1 Handles for Suppressing the Top Background

In both of the fit-based approaches under study,tt is the dominant background after the preselection
cuts, and in both approaches, similar discriminators are used to suppress it. Two discriminators warrant
special attention: jet kinematics, which is discussed in Section 6.1.1, and b-tagging, which is discussed
in Section 6.1.2.

6.1.1 Jet Kinematics

One of the main advantages of any search for a Higgs in association with two jets is the possibility to
suppress QCD backgrounds with cuts on jet kinematics. The Vector Boson Fusion Higgs signal features
several distinctive characteristics:

• The two jets arising from struck quarks (often referred to as“tag” jets) tend to be the highest-pT

jets in the event, and they tend to be well-separated in pseudorapidity;

• they tend to have a large invariant mass;

• there is very little jet activity in the region between the two tag jets.
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Figure 6: The distribution of leading versus sub-leading jet weights in the events for signal (left plot)
and thett̄ background (right plot). The plots are divided in three regions: (I) where there is a non-default
b-tagging weight for more than one jet, (II) where there is only b-tagging information for one jet in the
event and (III) where there are no jets withb-tagging information in the event.

Figure 5 shows the distributions of the pseudorapidity gap between the tag jets, their invariant mass, and
the pT of the third-highestpT jet in the event. The figure also shows the distribution of theazimuthal
angle between the tagjets,∆φ j j. It is possible to enhance the discrimination against backgrounds with
a cut on∆φ j j, but in this study no such cut is applied on the grounds that this angle is needed in a
measurement of the spin and CP properties of the Higgs boson [33].

Only one Higgs boson mass is shown for the signal process in Figure 5, but it is worth noting that
the dependence of these variables on the Higgs boson mass is rather weak. It is also worth noting that
Pythia 6.4 predicts a somewhat harderpT spectrum for the third jet than Herwig and Sherpa do. This
would amount to a difference as large as a few tens of percent in the survival probability if a jet veto cut
were applied.

It has been shown in previous studies that hard cuts on the kinematic variables discussed here can
provide a strong rejection against the top background [25,34,35]. As part of the present study, it has been
checked that the high signal-to-background ratio that can be achieved in this channel is not sensitive to
degradations arising from detector alignment effects.

6.1.2 Rejecting Top with B-tagging

Another effective way to reject a significant fraction of thett̄ events while retaining a high efficiency for
the signal is to apply a veto on events containing jets with highb-tagging weights. Thett̄ events naturally
contain two jets originating fromb-quarks whereas the heavy flavor content in the signal eventsis limited
at tree level to havingc quarks in the tagging jets, and then typically in only one of the two tagging jets.
This makes vetoing against events with more than one jet withhighb-tagging weight especially efficient.
Figure 6 shows the distribution of leading versus sub-leading jet weights in the events for signal (left
plot) and thett̄ background (right plot). The plots are divided in three regions: I where there is a non-
defaultb-tagging weight for more than one jet, II where there is onlyb-tagging information for one jet in
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Cut Signal (170 GeV) tt WW+jets Z → ττ W+jets
Lepton Selection 30.20 8317 838.96 (2096) 1323

Forward Jet Tagging 17.27 946.6 32.77 79.30 31.83
Leptons Between Jets 16.47 617.8 22.92 55.13 27.91

Z → ττ Rejection 15.68 561.8 21.20 39.03 27.91
pmiss

T , MT , mllν
T 12.78 425.9 15.28 0 13.96

b-veto 12.67 206.72 - - -
signal box, b-jet Veto 9.28±0.27 28.5±5.7 4.75±0.30 - 4.3±4.3

signal box, no b-jet Veto 9.65 114.2 4.99 - 6.07
Control, b-jet Veto 3.02±0.15 89±10 9.78±0.43 - 7.9±5.0

Control, no b-jet Veto 3.13 311.7 10.28 - 7.89

Table 5: Cut flows (in fb) forMH = 170 GeV in theH + 2 j, H →WW → eνµν channel. Numbers in
parentheses are affected by generator-level filter cuts.

the event and III where there are no jets withb-tagging information in the event1. The fraction of events
in each of the three regions is:

• 38% of the events in region I, 48% of the events in region II and14% of the events in region III
for the Higgs signal.

• 85% of the events in region I, 14% of the events in region II and0.5% of the events in region III
for thett̄ background.

The selection in the leading versus sub-leading jet weightsplane was optimized for the highest in-
crease in the number-counting significance after the following cuts have been applied:

• Two leptons,pT > 15 GeV

• Missing transverse energyEmiss
T > 30 GeV

• At least two jets withpT > 20 GeV and|η |< 4.8

• The two jets with highest transverse momentum are required to be in opposite hemispheres, with
∆η( jet1, jet2) > 3

• Require that both leptons are between the two leading jets inpseudorapidity.

Two cuts are applied on the b-tagging weights:

• weight(jet1)+0.6×weight(jet2)<3 for events in region I

• weight(jet1)<8 for events in region II

These cuts provide a strong rejection against the top background and a large acceptance for the Higgs
signal.

6.2 Two-dimensional Fit

To select the events that are used in the two-dimensional fit,the same preselection cuts that were de-
scribed in the previous section are applied, plus two additional cuts:

1Jets can lackb-tagging information if they fall outside the acceptance ofthe inner tracker, or because there are no tracks
with high impact parameter significance in the jet.
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Figure 7: An example fit to a toy Monte Carlo outcome corresponding to 10 fb−1 of integrated luminosity
in theH +2 j, H →WW → eνµν channel. The pseudodata contains a Standard Model Higgs boson with
a true mass of 170 GeV. Left: The Neural Network output distribution in the signal box, for events with
50< MT < 180 GeV. Right: The transverse mass distribution for eventsin the signal box with Neural
Network output larger than 0.8. The Likelihood Ratio for this outcome was 22.62, which is typical if the
signal model used as truth is derived from a Monte Carlo sample generated with SHERPA.

• To reject backgrounds fromZ → ττ , assume that the leptons are coming fromτ decays and com-
pute x1

τ and x2
τ , the fractions of the tau energies carried by the visible leptons in the collinear

approximation. Ifx1
τ andx2

τ are positive andMττ is close to theZ mass (|Mττ −MZ| < 25 GeV),
the event is rejected.

• Require that the transverse massMT is between 50 GeV and 600 GeV, and that the transverse mass
mllν

T (as defined in Ref. [25]) is at least 30 GeV.

In this analysis, electrons are selected using the standared ATLAS medium electron selection. The defi-
nition of muons, and the isolation cuts applied to both, are the same as in theH +0 j, H → WW → eνµν
analysis in Section 5.

Events surviving the cuts above are used in the fit; they are partitioned into a signal box and a
control region defined by additional cuts on the pseudorapidity gap between the leptons and the dilepton
opening angle in the transverse plane. An event lies in the signal box if it has∆φll < 1.5 and∆ηll < 1.4;
otherwise, it lies in the control region. Table 5 shows the cross-sections for signal and background in
these two regions.

The trigger efficiency has been studied in the context of thisanalysis. The same trigger menus as in
theH +0 j, H →WW → eνµν analysis are used, and the results are similar: a trigger efficiency of 99.0%
after Level 1, 96.8% after Level 2, and 94.5% after the Event Filter. These efficiencies are quite high, and
as for theH + 0 j analysis, it has been checked that the trigger efficiency does not significantly change
the shape of the most important kinematic variables. Table 5does not include the trigger efficiency, but
it is taken into account as an overall scale factor for signaland background when generating toy Monte
Carlo to test the 2-dimensional fit described in the next section.

After the preselection described above, a four-variable Neural Network is used to further enhance the
separation between the signal and the background. The inputs to the Neural Network are:

• ∆η j j, the pseudorapidity gap between the tagjets

• M j j, the invariant mass of the tagjets

• pveto
T , the transverse momentum of the leading non-tag jet in the region |η |< 3.2, and
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• η∗ = η3− (η1 + η2)/2, the pseudorapidity gap between the tag-tag system and thethird jet. It is
set to -9 if no third jet is present.

The Neural Network classifies events as signal-like if they have large∆η j j, largeM j j, low pveto
T , and

large |η∗|. Figure 7 shows the Neural Network output and transverse mass distributions in the signal
box. The fit is a two-dimensional fit to these two quantities; both the signal model and the background
model are uncorrelated product probability density functions (PDFs). The fit does not distinguish among
the various types of background.

An in-situ normalization of fake backgrounds has not yet been implemented for this channel. For the
present study, a static model has been used to approximate the fake background fromW+jets. The same
functional form used for the irreducible backgrounds was fitted to a set ofW +jets Monte Carlo events that
pass a loosened lepton selection, and its normalization wasscaled to the cross-section obtained with the
tighter selection cuts actually used in the analysis. In thepresent study, none of the parameters governing
the shape or normalization of the fake background are allowed to float in the fit; systematic errors on the
shape and normalization of theW +jets background are ignored.

The Neural Network output distribution for the background in the signal box is taken to be the same
as the distribution in the control region, but it is multiplied by a linear extrapolation factor. Apart from
the slope of this extrapolation factor, all parameters governing the shape of the Neural Network output
distribution in the two regions are required to be the same.

A check on the impact of altered jet energy scales on the Neural Network output distributions for
signal and background has been performed; changing the jet energy scale by 5% in the region with
tracking and 10% elsewhere does not change the Neural Network output shape in a meaningful way.
This is not surprising, since the Neural Network inputs are slowly varying functions of the jet energy.
Similarly, raising the jetpT thresholds from 20 GeV to 30 or 40 GeV to mimic a degraded efficiency for
low-pT jets does not have a large impact on the ratio of the Neural Network output distributions in the
signal box and the control regions.

Given the fact that the Neural Network output shape is insensitive to the jet energy scale, one would
expect that the ratio of distributions in the signal box and control region would be insensitive to the
jet energy scale as well. Other possible sources of uncertainty in the ratio of Neural Network output
distributions are underlying event activity and theQ2 scale uncertainty; these sources of uncertainty have
not been checked explicitly at this time. However, it is reasonable to think they might be small because
the cuts on jets in the signal box are the same as in the controlregion and because the distributions of
variables related to jets are not strongly correlated to thelepton angular variables. If the uncertainty in
the ratio of distributions is sufficiently small, then one can fix the parameter governing the extrapolation
factor; if it is too large, one must allow it to float in the fit. In the latter case, it may be possible to
constrain it somewhat by looking into a b-tagged control sample; this possibility has been studied in the
context of the five-dimensional fit discussed in the next section. All of these possibilities require further
study in the context of the two-dimensional fit; this note will simply consider both scenarios: allowing
the slope of the extrapolation factor to float in the fit and fixing it to a predetermined value taken from
Monte Carlo. In both cases, it is assumed that the transversemass distributions are well-predicted, and
that the Neural Network output distribution is not; in practice this means that theMT parameters are set
to fixed values while most of the parameters describing the Neural Network output shape are allowed to
float in the fit.

The expected significance is shown as a function of the true Higgs mass in Figure 8 for the two
treatments of the extrapolation factor considered in this study. The sensitivity is comparable to what
was quoted in previous studies of this channel, at least for the case where the extrapolation parameter is
constrained to a fixed value.
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Figure 8: Left: The Neural Network output distribution for theH +2 j, H →WW → eνµν channel in the
signal box. Right: The expected significance at 10 fb−1. The blue and magenta triangles were computed
using a fixed extrapolation.

6.3 Five-dimensional Fit

A conceptually simpler but more technically challenging strategy is to directly fit the most important
kinematic variables. This section describes such an approach to theH +2 j, H →WW → ℓνℓν channel.

The selection cuts used in this analysis are similar to thoseused in section 6.2, with a few slight
differences:

• Either two or three jets with transverse momentumpT > 20 GeV and pseudorapidity|η |< 4.9 are
allowed.

• The missing transverse momentumEmiss
T is greater than 20 GeV.

• The pseudorapidity gap between the tagjets is required to satisfy |∆η j j| > 2.5, and the invariant
mass of the tagjets is required to lie in the rangem j j ∈ [600,3000] GeV.

• A b-tagged jet is defined as having a displaced vertex significance greater than 4.5.

The values of the Higgs boson mass,mH , and the cross section,σ(VBF H→WW ), are determined with
an unbinned maximum likelihood fit to the distributions ofx = (MT ,∆φll ,∆ηll ,∆η j j,m j j), as obtained
from the selected data sample. A multidimensional kernel estimation technique [36] has been used to
help model the kinematic distributions in the control samples.

Events in the selected data sample are divided into categories based on four properties: the flavors of
the reconstructed lepton pair (µµ , µe, andee); the number of reconstructed good jets (2jet and3jet);
events with and without ab-tagged jet (btag andbveto, where ab-tagged jet is defined as having a
displaced vertex significance greater than 4.5); and events that fall into the signal region, ‘sigbox’,
having |∆φll | < 1.5 and|∆ηll | < 1.4, and those that fall outside, into the ‘sideband’ region. The b-
vetoedsigbox region is denoted as region 1, the b-vetoedsideband as region 2, the b-taggedsigbox
region as region 3, and the b-taggedsideband region as region 4.

Most tt̄ background events contain ab-tagged jet, whereas mostWW background events fall into
the bveto category. The majority of Higgs boson events is expected to be found in physics region 1.
Events outside of this region are not considered as signal candidates. These regions are defined to be the
background control samples.
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For tt̄, WW , andH →WW events, the selected samples are mostly dominated by di-leptonic W
decays. For this reason, the relative fractions ofµµ , ee, andµe events (fµµ , fee, 1− fµµ− fee) are taken
to be identical for background and signal events.

The signal model is obtained from fully simulated Monte Carlo events, and is factorized into four
shapes, modellingMT , ∆φll , ∆ηll and(∆η j j,m j j) respectively. The signal shape is assumed to be inde-
pendent of the lepton pair category and the number of good jets per event.

The Higgs boson transverse mass distribution,MT , is described with a double-sided exponential,
having two different lifetimes, convoluted with a Gaussian. The mean of the Gaussian is interpreted as
the Higgs boson mass,mH , and is left free in the fit. The left-handed lifetime,τL, comes from the missing
z-component in the transverse mass calculation. The parameter τL is a linear function ofmH , and equals
25 GeV for a Higgs boson mass of 130 GeV, and 45 GeV for a Higgs boson mass of 170 GeV. The
right-handed component,τR, is the result of the non-validity of the approximationmll̄ = mνν̄ in the
definition ofMT , and is fixed to 20 GeV for all Higgs boson masses. The width of the Gaussian,σMET ,
is interpreted as the resolution on the missing transverse energy, and is fixed to 15 GeV.

The distributions of∆φll and∆ηll in signal are described with single Gaussians, with means fixed to
zero, and widths ofσ∆φ = 1.09 andσ∆η = 0.62 respectively.

The tagging jet observables∆η j j andm j j in signal are strongly correlated, and are modeled with a
2-dimensional (2D) kernel estimation function.

For these observables, the largest unmodelled correlationis between∆φll and∆ηll, and is found to
be 14% from the available signal Monte Carlo sample.

The collection of background events in regions 2–4 serves asa data control sample for the determi-
nation of: a) the probability density functions, and b) the number of background candidates in physics
region 1. The background shape is assumed to be independent of the lepton pair category and number of
good jets per event. The shape is factorized into two pieces,describing(MT ,∆φll ,∆ηll) and(∆η j j,m j j)
respectively.

The background distribution of(MT ,∆φll ,∆ηll) – observables mostly independent of the jet charac-
teristics – is modelled with a 3D kernel estimation function, using the events in physics region 3. A small
efficiency correction is applied to the observableMT , calculated as the ratio the distributions ofMT in
physics regions 2 and 4, both determined using 1D kernel estimation functions.

Accounting for the hardpT spectrum of theb-tagged jet sample, the distribution of(∆η j j,m j j) is
modelled with a 2D kernel estimation function using the background events in physics region 2. A
correction function is applied to∆η j j, determined as the ratio the∆η j j distributions in physics regions 3
and 4, again determined using 1D kernel estimation functions.

The unmodelled correlations between these observables arefound to be smaller than 10%, as ob-
tained from thett̄ andWW background Monte Carlo samples.

The number of background events in physics region 1 is partially estimated from the number of
background events in categories 2–4. For this we assume the ratio of events in thesideband to sigbox
regions (fsigbox−sideband) to be identical for thebtag andbveto categories. Given the ratio of events of
physics regions 2 and 4 (fbveto−btag), determined independently for the2jet and3jet samples, estimates
for the number of background events in physics region 1 can beobtained. These estimates are expressed
as the total number of background events,nbkg, and the relative fraction of background event in the3jet
category,fbkg−3j.

Finally, the fitted number of Higgs boson signal events,nH , is determined seperately for the2jet
and3jet categories.

6.3.1 Toy Monte Carlo Studies

A fit example to approximately 1 fb−1 of fully simulated Monte Carlo events, including Higgs boson
signal events with a mass of 170 GeV, is demonstrated in the left side of Fig. 9. The plot shows the events
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Figure 9: Left: The Higgs boson transverse mass distribution for events in the defined physics signal
region, corresponding to approximately 1 fb−1 of data, as obtained from fully simulated Monte Carlo
events. The solid (blue) curve is the total fit projection. The background contribution is represented
by the dashed (red) curve. Right: The expected statistical sensitivity to Standard ModelVBF H →
W +W−→ l+ν l−ν̄ decays for 1 fb−1 of ATLAS data, using the five-dimensional fit of Section 6.3.

Fit parameter Value Global corr.Parameter Value Global corr.
fbveto−btag;2jet 0.89±0.14 72% nB 90.5±7.4 93%
fbveto−btag;3jet 3.02±0.24 88% nH;2jet 18.6±5.5 25%
fbkg−3 jet 0.72±0.03 80% nH;3jet 9.6±7.9 38%
fsigbox−sideband 2.64±0.19 86% σMET 15000 –
fee 0.11±0.01 34% σ∆φll 0.62±0.03 (fixed) –
fµµ 0.47±0.01 34% σ∆ηll 1.09±0.06 (fixed) –
mH 168±8 12% τR 20000 (fixed) –

Table 6: The free parameters for the five-dimensional fit described in Section 6.3, and their best-fit values
for the example toy Monte Carlo outcome in the left side of Figure 9.

in the defined physics region 1, with the total and backgroundfit projections overlaid. Here the signal
shape has been obtained from fully simulated Monte Carlo events. The background probability density
function has been obtained using kernel estimation from the(Monte Carlo) events in the background
control samples.

The corresponding fit results are given in Table 6. The Higgs boson mass found is consistent with the
generated value. The total numbers of Higgs boson and background events found are consistent with the
input values of 27 and 86 respectively. The fit is most sensitive to Higgs boson events in the2jet signal
region – where most Higgs boson events are expected, and contributions fromtt̄ background events are
minimal. For Higgs boson masses in the range[160,170] GeV, the signal to background ratio is this
category is approximately 1 : 1. The error on the fitted numberof background events in the signal region
is found to be 7.4. When not including the estimated number of background event from the background
control samples in the fit, the error on the number fitted number of background events doubles. The error
on the fitted number of Higgs boson events rises by 25%, and thecorrelation of the fitted number of
Higgs boson events with all other fit parameters – mostly correlated to the number of background events
– rises from 25% to 45%. The correlation of the Higgs boson mass with all other fit parameters is 12%.

The statistical properties of this fitting algorithm have been studied with about 15k toy Monte Carlo
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outcomes like the one discussed in the previous paragraph. The toy outcomes have been generated with
the same number of events seen in, and the shapes obtained from, the fully simulated Monte Carlo signal
and background samples remnant after the event selection, corresponding to 1 fb−1 of data. The mass of
the generated Higgs boson sample is varied between 110 and 200 GeV, in steps of 10 GeV. The Higgs
boson cross-section is adjusted accordingly [1]. The fit algorithm described above has been performed
on each generated pseudo-experiment.

The fitted number of Higgs boson events in the2jet signal region – most sensitive to the Higgs
signal – shows an average bias of less than 0.8 event over the entire generated mass range. Roughly 12
Higgs boson events are needed in this region before a clear signal peak can be picked up by the fitter.
The error on the fitted number of2jet Higgs boson events varies between 3.1 and 5.6 events for no
generated Higgs boson events to the maximum cross-section between 160 and 170 GeV respectively.

The average fit error on the Higgs boson mass parameter is about 14.0 GeV in background-only
outcomes, or about 9.4 GeV in outcomes containing both background and a 160 GeV Higgs signal with
cross-section as given by the Standard Model. In Fig. 9, notethat the background distribution, dominated
by tt̄ events, peaks at around 160 GeV. Pseudo-experiments with nogenerated signal events tend to peak
at this mass, where statistical fluctuations are largest. For 1 fb−1 samples, starting from the generated
Higgs boson mass of 110 GeV with a value of+1σ , the fit show a decreasing bias in the mass pull
distribution, which is consistent with zero at 160 GeV, and becomes−1σ at 200 GeV. The width
of the pull is consistent with one in the generated mass rangeof [150,190] GeV, and grows for lower
cross-section, upto 1.7σ at 120 GeV.

The average statistical sensitivity derived from the toy Monte Carlo study is shown in the right side
of Figure 9. At 1 fb−1 of data, the sensitivity toVBF H →W +W− → l+ν l−ν̄ decays is greater than
one for Higgs boson masses greater than 120 GeV. (Below 120 GeV the H →W +W− branching ratio
becomes too small for this measurement to be effective.) It reaches a maximum of 2.5σ at the Higgs
boson mass of 160 GeV.

7 W Pair Production with Two Hard Jets in the Lepton-Hadron Channel

This section describes the analysis of events where theW pair is produced in association with two hard
jets and oneW boson decays leptonically (with the otherW decaying to jets). [25, 29, 37–42] The dom-
inant backgrounds to this final state areW +jets andtt production; it is possible that QCD multijets will
also play an important role. Because of the large jet multiplicity, there are large theoretical uncertainties
in the predicted normalization of the backgrounds, especially for W+jets and QCD multijets. Therefore,
this section will emphasize studies of the signal, theW+jets background, and thett background, with
discussion of how to normalize the backgrounds given data. Quantitative predictions of the discovery
sensitivity will not be included here.

Because there is only one neutrino in the final state, this channel permits a better estimate of the
Higgs candidate invariant mass than the dilepton channels.Taken together with the large sensitivity of
the dilepton channels for Higgs masses near 160 GeV, this means that theH →WW → lνqq channel is
most interesting for the study of Higgs bosons with masses inexcess of roughly 250-300 GeV.

The most obvious way to estimate the invariant mass of aH →WW → ℓνqq candidate is to assume
that bothW bosons are on-shell. One can then use theW mass constraint for theW → ℓν system to
estimate thez momentum of the neutrino.2

The analysis of this channel uses reconstructed jets to measure the invariant masses of Higgs boson
candidates; it is therefore necessary to consider out-of-cone corrections to the jet energies that were
not important in the dilepton channels. Eventually, these corrections should be taken from real data;

2TheW mass constraint yields a quadratic equation which can have 0, 1, or 2 real solutions. If there are two solutions, the
one with smaller|pν

z | is used; if there is no real solution, the imaginary term is ignored and only the real part is used.
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Cut W+jets ttbar Signal (MH = 300 GeV)
LeptonicW Selection 2353291* 128654 174.27
HadronicW Selection 134483 70872 73.26
Forward Jet Tagging 1076.8 1929 23.16
Lepton Between Jets 867.0 1679 22.93

M j j 131.0 367.7 9.16
Central Jet Veto 57.98 58.24 8.43

∆η j1,l 16.07 47.96 6.93
b-jet Veto 16.07 14.84 6.06

Trigger Selection 13.06 12.40 5.08
167< Mlνqq < 1000 GeV 13.1±4.7 12.4±3.4 5.08±0.29

Control Regions

b-tagged 0 26±5 0.75±0.12
Small-∆η j j Control Region 500.16 778.76 20.79

Small-∆η j j Control Region(b-veto) 441.64 186.13 19.95
Small-∆η j j (b-veto and Trigger) 369.38 157.47 15.06

Small-∆η j j (167< Mlνqq < 1000 GeV) 358±29 154±12 15.1±0.5
Small-∆η j j Control Region(b-tag) 37±14 493±22 2.3±0.2

Table 7: Cross-sections (in fb) for the signal and various backgrounds after successive cuts in theH →
WW → lνqq channel. A ‘*’ indicates a number that is biased by generator-level cuts.

however, such a study has not yet been performed. For the present study, the out-of-cone correction
from ATLFAST-B [43] has been applied to all jets. After applying this correction to the reconstructed jet
momenta, the following cuts are applied:

• LeptonicW selection. The event must contain exactly one hard lepton, with transverse momentum
pT > 25 GeV for electrons andpT > 20 GeV for muons. It is also required that the missing
transverse momentum,pmiss

T , be larger than 30 GeV.

• HadronicW selection. Out of all jets with large transverse momentum,pT > 30 GeV, the two
whose invariant mass is closest to the known value of theW mass are selected. It is required that
the reconstructed invariant mass of these two jets be between 64 GeV and 90 GeV.

• Forward Jet Tagging. Select the two jets (excluding those from theW decay) that have the highest
transverse momentum. These are labelled as the “tagging” jets; by construction, they are disjoint
from the jets that form theW → qq candidate. Require that they be high-pT (p j1

T > 50 GeV,
p j2

T > 30 GeV), that they lie in opposite hemispheres (η j1 ·η j2 < 0), and that they be well-separated
in pseudorapidity (|η j1−η j2|> 4.4).

• Require that the lepton be between the tagjets in pseudorapidity.

• M j j: require that the invariant mass of the two tagging jets be greater than 1500 GeV.

• Central Jet Veto: reject the event if it contains any extra jets (in addition to the two jets from the
decay of theW and the two tagging jets) withpT > 30 GeV and|η |< 3.2.

• b-jet veto: apply the b-jet veto cuts described in Section 6.1.2.
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Trigger Level Electron Channel Muon Channel
L1 97.1% 85.3%
L2 94.3% 81.2%
EF 92.4% 79.6%

Table 8: Trigger efficiencies with respect to offline cuts forthe H+2j lepton-hadron channel, for a Higgs
boson mass of 170 GeV.

• ∆η j1,l: require that the pseudorapidity gap between the leading jet from the decay of theW and
the lepton be no larger than 1.5.

• Reconstruct the mass of the Higgs boson candidate,Mlνqq, by applying theW mass constraint to
the lepton-pmiss

T system. The resolution is enhanced by performing a kinematic fit to the mass of
the hadronically decayingW , minimizing the functionχ2 = (Mrec

W −Mtrue
W )/ΓW +(∆E j1)2/σ2

j1 +
(∆E j2)2/σ j2, whereσ , the energy resolution for the jets, is given for now by the parameterization
used in ATLFAST,σ/E j = 0.03⊕ 0.5/

√
E j/ GeV. The left plot in Figure 10 shows the distri-

bution of the Higgs boson candidate invariant mass after allcuts for a representative Higgs boson
mass of 300 GeV. The figure includes the mass peak obtained in afew distorted scenarios.

Table 7 shows the cut flow forW +jets, for tt, and for signal at a representative Higgs boson mass of
300 GeV. At the time of this writing, a detailed estimate of the background from QCD multijet events is
not available.

The trigger efficiency for this channel has been estimated, considering only the single-lepton triggers:
EM25I, EM60, MU20, and MU40 at Level 1; e25i, e60, and mu20i for Level 2 and the Event Filter.
Table 8 shows the trigger efficiency for signal (MH = 170 GeV) events that pass the offline cuts. Because
the present analysis relies only on single-lepton triggers, the trigger efficiency for this channel is not as
high as for the two-lepton channels. However, it has been checked that the trigger efficiency does not
distort theMlνqq shape for signal in a meaningful way. At the time of this writing, the trigger efficiency
for the backgrounds has not been explicitly computed; in Table 7, the trigger efficiency for background
is assumed to be the same as the trigger efficiency for signal.

The control sample for this channel is a region with loosenedcuts on∆η j j andM j j. In particular,
the event selection is the same as in the signal-like region,except that the pseudorapidity gap between
the tagjets is required to be less than 4 instead of larger than 4.4, and the lower bound on the invariant
mass of the tagjets is lowered to 500 GeV. Table 7 shows the contributions from the various subprocesses
after these cuts are applied. Since both the signal-like region and the control region have a nontrivial
contribution from top events, it is necessary to define b-tagged control samples to normalize the top
background. These samples have the same kinematic cuts as the signal-like and control regions, but the
b-veto cut is reversed. The cross-sections in these two regions are also shown in the table.

The shape of theW+jets background in the signal-like region is the same as theW+jets background
in the control region to within the available Monte Carlo statistics. Likewise, the top background in the
b-tagged region with the same kinematic cuts as the signal-like region has the same shape as the top
background in the b-vetoed signal-like region. In fast simulation, there is a small difference between the
top background shapes in the control region and the b-taggedregion with the same kinematic cuts as
the control region, but that distortion is small compared tothe statistical errors expected at the luminosi-
ties considered here. These statements are robust against avariety of systematic uncertainties, namely
changes in theQ2 scale (a factor of 4 up and down for both top andW+jets) as well as altered jet energy
scales (±5% in the region with tracking,±10% elsewhere), degraded jet energy resolution (Gaussian
smearing to roughly double the resolution), degradedEmiss

T resolution (modeled by smearing thex and
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Figure 10: Left: the reconstructed invariant mass of theMlνqq system for fully simulated signal Monte
Carlo events with a true Higgs boson mass of 300 GeV. The red dashed and black dotted curves show the
mass peaks obtained when the jet energy scale is raised and lowered by 7% in the region with|η |< 2.5
and 15% elsewhere. The blue dot-dashed curve shows the result obtained when the jet energy resolution
is smeared by 45%/

√
E in the region with|η | < 2.5 and 63%/

√
E elsewhere. Middle: A toy Monte

Carlo outcome corresponding to 10 fb−1 of integrated luminosity for the signal-like region of theH +2 j,
H → lνqq analysis described in Section 7. Here, the background from QCD multijets is assumed to be
negligible. Right: the corresponding distribution in the control region.

y components ofEmiss
T by 5 GeV each), andEmiss

T reconstruction that has been degraded by artificially
inducing a shift of 3% in the reconstructedEmiss

T .
The background is normalized and the signal extracted with the help of a fitting algorithm which

implements a simultaneous binned fit in the signal-like region and the main control region in the range
167< Mlνqq <1000 GeV. The fit proceeds in two steps: first, standalone fits of the top background
model to the b-tagged regions are performed. All parametersgoverning the shape of the top background
distributions are allowed to float in this fit. After the fits tothe b-tagged regions, these parameters are
fixed, and the histograms are rescaled by the ratio of cross-sections in the b-tagged and b-vetoed regions
to obtain estimates of the top background normalization andshape in both b-vetoed regions.

The main fit is a simultaneous fit of theMlνqq distribution in the signal-like and control regions. All
shape parameters for theW+jets background are free to float in the fit, but the parameters governing
the top background shape and normalization remain fixed. TheW+jets background shape is assumed to
be the same in the signal-like region and the control region,but the normalizations in the two regions
are independent. Likewise, the signal shape is assumed to bethe same in both regions, but the ratio
of signal cross-sections is parameterized as a function of Higgs boson mass based on Monte Carlo.
Figure 10 shows the result of an example fit to a toy Monte Carlooutcome with a true Higgs boson mass
of 300 GeV.

The performance of the fitting algorithm has been evaluated by generating pseudo-experimental out-
comes corresponding to a luminosity of 10 fb−1 with and without true signal events. However, because
of the large theoretical uncertainty in the prediction of theW +jets background and the lack of a precise
estimate of the QCD multijet background, an estimate of the expected significance is omitted here.

8 Conclusions

The prospects for a search for a Standard Model Higgs boson intheWW decay mode have been studied,
using a realistic model of the ATLAS detector, including effects such as trigger efficiencies, backgrounds
from fakes, and realistic misalignments. Three channels have been considered:H +0 j with H →WW →
eνµν , H +2 j with H →WW → eνµν , andH +2 j with H → ℓνqq. In-situ background normalization
techniques for all three channels have been proposed, and their effectiveness and robustness has been
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Figure 11: Left: The linearity of the mass determination forthe combined fit ofH +0/2 j, H →WW →
eνµν . Right: The expected significance at 10 fb−1.

demonstrated with detailed toy Monte Carlo studies.
TheH +0 j, H → eνµν channel is very promising for Higgs boson masses in the region around the

WW threshold. For other masses, this channel is still very promising, but the analysis is more difficult
because of large systematic uncertainties in the background prediction. It has been shown that these
uncertainties can be controlled, and that the background can be normalized, with a two-dimensional fit
in the transverse mass and thepT of theWW system. With 10 fb−1 of integrated luminosity, one would
expect to be able to reach a 5σ discovery with theH →WW → eνµν channel alone if there is a Standard
Model Higgs with a mass betwen∼ 140 GeV and∼ 185 GeV. A measurement of the mass of the Higgs
boson at this luminosity would have a precision of less than 2GeV for a Standard Model Higgs boson
with a mass of 160 GeV, or a precision of less than 4 GeV for a Standard Model Higgs boson with a mass
of 140 GeV.

The H + 2 j, H → eνµν channel has a smaller event rate than theH + 0 j channel but a similar
significance. With 10 fb−1 of integrated luminosity, one would expect to be able to reach a 5σ discovery
in theH →WW → eνµν channel alone if there is a Standard Model Higgs boson with a mass between
150 GeV and 180 GeV. A measurement of the Standard Model Higgsboson mass at this luminosity
would typically return a precision less than∼4-5 GeV if the Higgs boson mass is 160 GeV, or less than
8 GeV if the Higgs boson mass is 140 GeV.

In the range belowMH = 200 GeV, both of the dilepton channels are important; it is therefore inter-
esting to consider a combined fit of the two. In the combined fit, a shared mass parameter has been used
for the two channels, but the signal normalizations have been allowed to float independently to preserve
model-independence. Figure 11 shows the linearity of the mass determination and the expected signifi-
cance of a combined fit of the two dilepton channels as a function of the true Higgs boson mass. As in the
other linearity plots in this note, the green band represents the width of a gaussian fit to the region around
the peak of the best-fit mass distribution and the error bars show the median fit error. The combined
significance for a Standard Model Higgs is above the 5σ level for MH larger than about 140 GeV.

TheH +2 j, H → ℓνqq channel is most interesting for Higgs masses above∼ 250 GeV. It has been
shown that the background normalization can be estimated from data, but it is difficult to make a strong
statement about the discovery potential of this analysis until a measurement of theW+4 jets background
can be obtained from first data.
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Search for tt̄H(H → bb̄)

Abstract
For a light Higgs boson, withmH ≤ 135 GeV, the largest decay mode is
H → bb̄. Events where the Higgs boson is produced in association with a
tt̄ pair manifest a distinct signature due to the presence of twoW bosons and
four b quarks. Topological and kinematical quantities are used toreconstruct
thett̄ system. The identification of an additionalbb̄ pair from the Higgs boson
decay is used to further reduce the background.

In this analysis we focus on the sensitivity to a light Standard Model Higgs
boson with the ATLAS detector in the channeltt̄H(H → bb̄) using the semi-
leptonic final state with 30 fb−1 of integrated luminosity. The relevant back-
grounds to the channel are investigated and the impact of their associated sys-
tematic uncertainties is explored.

1 Signal

At the LHC tt̄H production is dominated (90%) by gluon fusion, as illustrated in Fig. 1. The remaining
10% arises from quark-antiquark interactions. For a Higgs boson mass between 115 GeV and 130 GeV
the production cross-section times branching ratio tobb̄ varies between roughly 0.4 and 0.2 pb at leading
order. The top quarks decay almost exclusively tobW , and therefore the various final states can be
classified according to the decays of theW bosons.

The all-hadronic channel is the one with the highest branching fraction, with a value of 43%. Un-
fortunately, the large QCD multijet cross-section does notallow easy triggering with jets. Only tight
requirements on the jetpT and on the jet multiplicity could lead to reasonable rates inthe first level of
the trigger, but these requirements come at the expense of signal efficiency. This is being studied for
this final state together with the use ofb-tagging at the second level of the trigger to reduce the jetpT

threshold.
The fully-leptonic final state analysis is probably the least feasible, despite presenting a simpler

signature to trigger on, given the presence of two isolated leptons. The branching fraction (5%) is low
and the two neutrinos prevent the reconstruction of the top quarks.

q
q0b
bb
b�̀
�

W+

W�t
t

H
g

ttg

Figure 1: One of the Feynman diagrams fortt̄H production in the semi-leptonic final state.

The semi-leptonic final state is a good compromise with a branching fraction of about 28% excluding
tau leptons. The experimental signature consists of one energetic isolated lepton, a high jet multiplicity
with multiple b-tags, and missing transverse energy from the escaping neutrino, as shown in Fig. 1. The
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trigger relies on the presence of the high-pT lepton. The non-b-tagged jets can be used for reconstructing
the hadronically decayingW boson, decreasing the possible combinatorial permutations.

2 Physics backgrounds

The production oftt̄ events is the main background for thett̄H process. Given the high jet multiplicity
in the signal process (≥ 6 jets), onlytt̄ events produced together with at least two extra jets contribute to
the preselected data sample. Since most of these extra jets come from the hadronisation of light quarks,
this contribution is greatly reduced by asking for four jetsto be identified asb-jets.g

g t b b
tb bb
b

t
t t

t q
q

q
t g

g b
tt

Figure 2: Example of Feynman diagrams for thett̄bb̄ QCD production.

The irreducible background comes fromtt̄bb̄ production. This can proceed via QCD or electroweak,
(EW), interactions with a total cross-section of the order of 9 pb. Some of the Feynman diagrams involved
in the two production mechanisms are shown in Fig. 2 and Fig. 3. While the QCD production cross-
section is ten times larger than the EW production, the latter is also important. The twob-jets not coming
from thett̄ decay have large momenta and also have a total invariant masswhich is typically close to the
Z boson mass, and can therefore contaminate the signal region.

Figure 3: Example of Feynman diagrams for thett̄bb̄ EW production.

Thett̄cc̄ background cross-section is 60% higher thantt̄bb̄ [1], so it could also play an important role.
However, it is found upon investigation that due to thec-jet rejection factor, thett̄cc̄ background plays a
negligible part in comparison with thett̄bb̄ background. No dedicated sample is therefore simulated for
this study. Somett̄cc̄ events are however present in the inclusivett̄ +jets sample used.

Several other backgrounds, such asW+jets,tW production and QCD multijet production, could also
have a non-negligible impact on the analysis. Even though the W plus two jets inclusive cross-section
is about 1200 pb per lepton flavor [2], it has been shown [3] andconfirmed in this analysis that the
contribution can be reduced to a negligible level if the fourb-tags requirement is applied. This is also
true for the less abundanttW background, which has a cross-section of 9.5 pb [4]. Even when fourb-jets
are requested in the event, contamination via QCDbb̄bb̄ production, which has a cross-section of a few
hundred nb [5], is still possible. The reconstruction of thett̄ system allows a certain degree of safety
against non-top background. None of these samples are presented in what follows.
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3 Monte Carlo samples and cross-sections

This study uses the leading order cross-sections for the signal andtt̄bb̄ samples. No calculation has yet
been performed fortt̄bb̄ at next-to-leading order, (NLO). This study also uses att̄ background, simulated
at next-to-leading order. This is the only NLO Monte Carlo sample used, and the onlytt̄ large sample
available in ATLAS at the time this analysis was performed. No K-factors are applied to the samples
simulated at leading order in the significance estimates.

The signal sample is generated for a Higgs boson mass ofmH = 120 GeV with PYTHIA [6] 6.403.
The exact generated process waspp →tt̄HX → ℓνbqq̄′bbb̄X, with ℓ = e orµ . The factorization and
renormalization scales used are identical and are listed inTable 1. The signal and thett̄bb̄ events are
generated with a lepton filter requiring at least one electron or one muon with pseudorapidity|η | < 2.7
and transverse momentum above 10 GeV. The leading order production cross-section used isσ(tt̄H) =
537 fb [7]. The branching ratiosH → bb̄ of 67.5% at 120 GeV [7],W→ ℓν of 10.66% [8], andW→
hadrons of 67.6% [8] is applied. Finally the lepton filter efficiency ofε = 0.953 is also applied. The
resulting cross-section is 100 fb.

For both tt̄bb̄ QCD and EW samples, the exact process generated is gg→ tt̄bb̄X→ ℓνbqq̄′bbb̄X,
with ℓ = e orµ . Both processes can be initiated by aqq̄ pair, but only the dominant gluon fusion is
simulated, with the cross-sections being increased to allow for theqq̄ pair production. For thett̄bb̄ QCD
sample, AcerMC 3.4 [9] is used and interfaced to PYTHIA 6.403for the simulation of the initial and
final state radiation, hadronisation and decay. Thett̄bb̄ EW sample is generated using AcerMC 3.3 and
PYTHIA 6.403. The leading ordertt̄bb̄ QCD cross-section isσ(pp →tt̄bb̄) = 8.2(gg)(+0.5(qq̄)) pb
and the lepton filter efficiency isε = 0.946. For thett̄bb̄ EW sample, the leading order cross-section is
σ(pp→tt̄bb̄) = 0.90(gg)(+0.04(qq̄)) pb and the lepton filter efficiency isε = 0.943.

The reduciblett̄ background events are generated with the MC@NLO [10] program, interfaced
to HERWIG [11] and Jimmy [12]. The events in this sample correspond to the processespp →tt̄ →
(ℓν ,qq̄′)bℓνb with ℓ = e,µ ,τ . The generator versions used are MC@NLO 3.1 and HERWIG 6.510. For
the inclusivett̄ cross-section we use the NLO+NLL calculation ofσ(pp →tt̄) = 833 pb. Thett̄ sample
is also produced using a filter requiring one electron or one muon with pseudorapidity|η | < 2.7 and
transverse momentum above 14 GeV. Thett̄ filter also applies requirements on the jets in the generated
events which are reconstructed using a seeded fixed-cone algorithm with a cone size of∆R = 0.4 [13], by
requiring at least:

• six jets withpT > 14 GeV and|η |< 5.2

• four jets withpT > 14 GeV and|η |< 2.7

The efficiency of this generator filter on inclusivett̄ events is 0.146.
For thett̄ sample, about 10% of events arett̄bb̄ and are removed following the overlap treatment

explained in Ref. [14] together with their associated cross-section.
Table 1 summarizes the cross-sections, calculated using the Monte Carlo generators, of the different

processes considered for this analysis, together with the corresponding numbers of generated events and
the equivalent integrated luminosity. All branching fractions and filter efficiencies are included.

4 Analysis overview

The analysis consists of an initial preselection requirement which is applied to the events to ensure that
the fundamental physics objects associated withtt̄H are reconstructed. Following preselection, three
different analysis techniques are implemented in order to reconstruct the top quark pairs and the Higgs
boson through the identification of their decay products.
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Table 1: Summary of the different samples used for the analysis. The cross-sections are taken from
the generators and include all branching fractions and filter efficiencies. The fourth column shows the
equivalent integrated luminosity, taking into account allcorrections (see text). For the scale calculations,
mH = 120 GeV andmt = 175 GeV are used. max(pT

2
t , pT

2
t̄) corresponds to the higher of the two values

of pT
2 when both the top and anti-top quarks are considered.

Process σ (fb) Events L (fb−1) Fact. & Renorm Scale PDF set

tt̄H (LO) 100 92750 931 Q2 = m2
t +max(pT

2
t , pT

2
t̄ ) CTEQ6L1

tt̄bb̄ QCD (LO) 2371 98350 42 Q = mH/2+ mt = 235 GeV CTEQ6L1
tt̄bb̄ EW (LO) 255 24750 97 Q = mH/2+ mt = 235 GeV CTEQ6L1
tt̄ filtered (NLO) 109487 710321 6.5 Q2 = m2

t + 1
2(pT

2
t + pT

2
t̄) CTEQ6M

The identification and association of decay products is directly related to the quality of the recon-
structed Higgs boson signal. It mainly suffers from the misassociation of the fourb-tagged jets to the
original partons. For this reason, the initial cut-based approach is complemented by two multivariate
algorithms, called the pairing likelihood and constrainedmass fit.

5 Preselection

At the preselection level we require that the event passes the trigger requirement to identify at least one
high-pT lepton (muon or electron) coming from the decay of one of theW bosons. We then require
that the event reconstruction identifies exactly one isolated high-pT lepton (muon or electron). Vetoing
the presence of a second isolated lepton is intended to remove additional sources of background. After
the lepton requirements are met, we require at least six calorimeter jets, of which at least four must be
looselyb-tagged jets from the decay of the top quarks and the Higgs boson.

5.1 Trigger requirements

The presence of one high-pT lepton, together with missing transverse momentum, is a distinct signature
of W boson production. These leptons can generally be used to trigger onW production with high effi-
ciency. A logical OR of the single isolated electron (e22i) [15], high-pT electron (e55) [15] and single
muon (mu20) [16] triggers is used. The inclusion of thee55 trigger is found to improve the efficiency
for high-pT electrons where thee22i trigger efficiency was reduced due to the isolation requirement.
Missing energy triggers were not available at the time of writing, but could be used in future analysis.

The trigger efficiency is approximately 82% for the semileptonic top decays for those events which
would otherwise pass the offline analysis. This is included consistently in the following sections.

5.2 Reconstructed highpT lepton selection

In this Section we explain the selection criteria used for reconstructed electrons and muons produced in
the semi-leptonic decay of thett̄ system. As previously mentioned, exactly one high-pT isolated electron
or muon must be reconstructed for the event to pass the preselection.

To be considered for the analysis, reconstructed electronsmust have transverse momentumpT >
25 GeV and pseudorapidity|η | < 2.5. Further calorimeter-based cuts are applied to the loose elec-
tron [17] definition. An isolation cut is also applied to the candidate electrons in the form of an upper
limit of 0.15 on the ratio of thepT of the additional tracks inside a cone of size 0.2 in∆R, (

√
∆η2+ ∆φ2),

around the electron track to the electronpT .
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Muon candidates are reconstructed using a combination of the Inner Detector and Muon Spectrom-
eter [18]. They must pass the acceptance cutspT > 20 GeV and|η | < 2.5. In order to remove poorly
reconstructed muons, cuts are applied to the muon track fit quality and its transverse impact parameter,
which helps to discriminate against muons generated by the decay of long-lived mesons.

An isolation cut of 0.30 on the ratio between the transverse energy deposited inside a cone of size
0.2 in∆R around the muon track and the muonpT is applied.

5.3 Jets

To reconstruct the energy of the partons produced in the original collision, calorimeter jets are recon-
structed using a seeded fixed-cone algorithm with a cone sizeof ∆R = 0.4 [13]. Cuts onpT > 20 GeV
and|η |< 5.0 are initially applied. Only events with at least 6 jets are kept for the analysis. All electrons
reconstructed as jets are identified and removed from the jetcollection according to the electron overlap
removal procedure described in Section 5.3.1. Reconstructed muons which are not isolated are combined
into jets where applicable (see Section 5.3.3), and only after this step are the jet energies calibrated for
residual effects. The jet multiplicity is shown in Fig. 4, calculated after electron overlap removal and the
jet η andpT cuts.

In the following analyses the concept of ‘correct’ jets is important. This is defined by finding the
closest reconstructed jet to each parton, after final state radiation. This match is in∆R space and must
be closer than 0.4. AW or H boson is correctly matched if both the jets being used are associated to
the partons from its decay, while for a top quark the matchingrefers to theb quark jet only. Normally
‘correct’ is applied in this note only to one quark or boson ata time.

5.3.1 Treatment of overlaps between jets and electrons

Since most electrons are also reconstructed by the jet algorithm it becomes necessary to identify them in
the jet collection in order to avoid double counting. The criteria for the jet-electron overlap removal is the
following: each jet matching a well-reconstructed electron (i.e. fulfilling the cuts defined in Section 5.2)
within a ∆R of 0.2, and for which the ratio of the electron to the jet transverse momenta is greater than
0.75, is discarded from the jet collection. About 4% of the jets in the signal sample are removed by this
selection, 99% of them being actual true electrons.

5.3.2 b-tagging

b-jets are identified using the IP3D+SV1 tagger [19], which exploits both the impact parameter of tracks
and the properties of an inclusive secondary vertex, using alikelihood approach which leads to a single
discriminating variable: theb-tagging weight. In order to allow for a projected decrease in light jet
rejection of approximately 30%, theb-tagging weight for this study is increased by 0.9 for central jets
(|η |< 2.5) having no associated (∆R < 0.3) heavy quark or lepton (b,c,τ) in the Monte Carlo simulation
history. Theb-tag weight spectrum forb-, c-, and light jets in the signal sample is shown in Fig. 4. A cut
on the weight defines which jets will be eventually identifiedasb-jets in the analysis. The rejection ofc-
and light jets versus theb-jet efficiency, obtained by varying the weight cut, is also shown in Fig. 5. The
different samples exhibit very similar behaviour. The rejection for “purified” jets is shown in the bottom
row of Fig. 5. Purified jets are those which have no heavy flavor(b, c, τ) quark or lepton within 0.8 in
∆R.

In the preselection, a loose set of criteria are initially used to define a sample of jets as a first step to
identifying b jets for the analyses. The requirements are that the jet is inthe central region of the detector
|η |< 2.5, and hasb-tag weight≥ 0. If there are fewer than four of these jets, the event is discarded.
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The cut-based analysis and the pairing likelihood (Sections 8 and 9) require that there are at least four
b-jets havingb-tag weight≥ 5.5. Theb-tag weight≥ 0 working point implies ab-tagging efficiency of
about 85% and a rejection of light (c-) jets of about 8.6 (2.4), whereas the working point atb-tag weight
≥ 5.5 implies ab-tagging efficiency of about 65% and a rejection of light (c-) jets of about 60 (6).
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Figure 4: Left: Multiplicity of jets, insidepT andη acceptance. Right: Distribution ofb-tagging weight
for b-, c- and light jets intt̄H events, using the IP3D+SV1 tagger.
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Figure 5: Rejection of light andc-jets versusb-tagging efficiency. Red open markers indicate the working
point (b-tag weight≥ 5.5) used for the cut-based and paring likelihood analyses, open markers with a
central dot (right plots) represent the performance when the 30% performance degradation is applied.
The lower plots show results for purified jets, where no heavier quark existed within a wide cone of
∆R < 0.8.

5.3.3 Treatment of lowpT muons

About 20% of the time aB-meson decay cascade gives rise to a muon. With a fourb-jet signature in
this channel, these muons, also calledsoft muons are present in almost every event. In order to improve
the estimate of the momentum of the originalb quark, these muons must be used to correct the jet four-
momenta by adding the muon four-momentum to a jet. Two different algorithms (high and low-pT [20])
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identify the muons, which are required to be within∆R < 0.4 of the jet axis. Among the candidates
from the high-pT algorithm which are separated from the selected hard leptonby ∆R > 0.1, only the one
with the best track quality is considered for addition. All the neighbouring candidates from the low-pT

algorithm are considered for addition, provided they fulfilpT > 4 GeV andpT < 100 GeV,|η | < 2.5
and chi-squared per degree of freedomχ2/n < 30 for the combined fit. In addition, a loose anti-isolation
cut is applied, requiring that the energy reconstructed in the calorimeter within a cone of size 0.2 in
∆R around the muon track divided by the muonpT is higher than 0.1. Table 2 shows that adding
low pT muons to jets improves both the mean jetpT and resolution. Fig. 6 shows that there is also an
improvement in the Higgs boson mass and resolution, when thecorrect jet combination is chosen.

5.3.4 Calibration

A Monte Carlo based jet correction has been derived to take into account residual calibrations,e.g.
out-of-cone effects and neutrinos. The parametrization was derived from full simulation, so that the
jet four-momentum is corrected by a flavor dependent rescaling factor which scales all components of
the four-momentum. Table 2 shows that forb-jets, the residual calibration brings the jet and associated
parton pT into agreement from an offset of 5.4 to −0.5 GeV. Each of the analyses uses the light jet
correction for those jets which are assigned to the W boson and corrects the other four jets asb quark
originated. The impact of the calibration on the Higgs bosonmass peak where the correct jet combination
is chosen is shown in Fig. 6. Both the mass peak location and the resolution are improved.

Table 2: The true partonpT minus the measured jetpT with and without adding muons and making the
out-of-cone correction. The quoted values are the results of a Gaussian fit in the region±20 GeV.

Treatment Value No Calibration Added muons Calibrated Both corrections

All b jets
Mean, GeV 5.7±0.05 5.4±0.05 -0.1±0.04 -0.5±0.04
Sigma, GeV 10.0±0.05 9.8±0.05 10.2±0.05 10.0±0.04

b jets with muons
Mean, GeV 26±2.6 7.6±0.2 11.4±0.5 2.3±0.2
Sigma, GeV 18.2±1.1 11.8±0.2 13.6±0.4 12.0±0.2

All light jets
Mean, GeV 2.4±0.04 2.3±0.04 -1.4±0.04 -1.5±0.04
Sigma, GeV 8.4±0.04 8.4±0.04 8.9±0.04 8.3±0.04

Light jets with muons
Mean, GeV 10.5±0.9 2.4±0.4 7.3±0.7 -1.0±0.4
Sigma, GeV 11.3±0.8 10.9±0.5 11.5±0.6 10.7±0.4

5.4 Results of preselection on signal and background

The effect of the event preselection on signal and background samples is illustrated in Table 3. The
efficiency for the fourb-tag cut is different in the signal and in the irreducible background because the
two additionalb-jets have differentpT and|η | spectra. The preselection, at a level of four looseb-tags,
removes a large fraction of the signal, but also reduces the backgrounds to a level where they can be
handled more easily; for example 98% of thett̄X background is removed. It also ensures that the selec-
tions are a subset of the requirements placed at generator level. The selected sample has approximately
a 0.6% signal component, with a little more than 8% of the background being irreduciblett̄bb̄. Further
tightening theb-tagging requirement to four jets with weights of at least 5.5 reduces the samples with
four b quarks by a further factor of four while removing 90% of the remainingtt̄X background.
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Figure 6: Effect of adding a reconstructed lowpT muon to at least one of theb jets (left), and the effect
of jet calibration (right) shown for the Higgs boson mass where the correct jet combination is chosen.
Red solid (black open) markers and solid (dotted) line show the mass distribution and fitted values for
jets after (before) correction. The effect of the accidental wrong muon matches can be seen in the shape
distortion. All distributions are normalized to unity.

Table 3: Cross-sections after each preselection cut for signal and background. The last row shows the
further effect of tightening theb-tag requirements to the level of the final selection in the cut based and
pairing likelihood analyses. In the last column the contribution of tt̄bb̄ has been removed. The errors are
statistical only.

Preselection cut tt̄H(fb) tt̄bb̄(EW) (fb) tt̄bb̄(QCD) (fb) tt̄X (fb)

lepton 57.± 0.2 141± 1.0 1356± 6 63710± 99
+ ≥ 6 jets 36± 0.2 77± 0.9 665± 4 26214± 64
+ ≥ 4 looseb-tags 16.2± 0.2 23± 0.7 198± 3 2589± 25
+ ≥ 4 tight b-tags 3.8± 0.06 4.2± 0.2 30± 0.8 51± 2

6 Reconstruction of the hadronically decayingW bosons

Reconstructing theW boson four-momenta is necessary to reconstruct the top quarks. The reconstruction
of the hadronically decayingW boson is done in different ways by the three analyses.

For the cut-based and pairing likelihood analyses (see Sections 8 and 9), the highest fourb-tagged
jets (with b-jet weight≥ 5.5) are excluded from the hadronically decayingW reconstruction, however
all other jets are paired to formW candidates. Figure 7 shows the mass distribution and multiplicity of
all W candidates for the cut-based analysis. Only candidates within 25 GeV of the trueW mass are kept.
Even with these cuts the hadronically decayingW candidate multiplicity is still very high. All jets used
to form theseW candidates are calibrated with the light-jet calibration.The likelihood analyses do not
require an explicit cut upon this mass as the definition of thelikelihood imposes it automatically, but the
constrained fit likelihood (Section 10) imposes a requirement that the mass be between 30 and 150 GeV
to reduce the number of combinations to be evaluated.
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Figure 7: Cross-sections of hadronically decayingW combinations per event giving candidates within
25 GeV of the trueW mass in the signal sample. (left). Right: Invariant mass spectrum for hadronically
decayingW candidates normalized to unity. The dotted line shows combinations where the jets from the
W are correctly matched.

7 Reconstruction of the leptonically decayingW bosons

When reconstructing the leptonically decayingW , we use the lepton four-momentum as measured in
the detector. The neutrino, transverse momentum can be inferred by measuring the imbalance of the
transverse energy in the event. This measured quantity is referred to as missing transverse energy.

7.1 Neutrino pz estimation

Once the missing transverse energy is identified withpT ν , the invariant mass of the sum of the lepton
and neutrino four-momenta can be constrained to theW boson mass [21]. Because of the limited mea-
surement resolution on the transverse missing energy, for asignificant fraction of events the quadratic
constraint equation does not have a real solution. In this case the “∆ = 0 approximation” can be made
by dropping the imaginary part of those solutions with complex roots. Another method (the “collinear
approximation”) assumes that theW boson decay products are produced preferentially in the same direc-
tion (due to the large top quark mass boosting theW boson). For the collinear approximation, one can
assume thatpzℓ = pzν .

Consideringtt̄H events where one lepton is reconstructed, 72% of the timepzν has real solutions. In
this case, both solutions are carried forward into the analyses, and the best performing final state solution
is used. For these events thepzν resolution is 19.5 GeV. In the other 28% of cases where there are no
real pzν solutions, the∆ = 0 approximation is used and thepzν resolution is 40 GeV. This performs
better than the collinear approximation where thepzν resolution is 54 GeV. The quality of theW -boson
reconstruction can be seen in Fig. 8. For the events where there is no real solution forpzν , the direction
and the mass of theW boson is better represented by the∆ = 0 approximation.

Since the mass constraint is lost when using the∆ = 0 approximation (the same would be true for
the collinear approximation) there is an actual cut for the reconstructedW boson mass. The cut-based
and pairing likelihood analyses only considerW candidates having a mass less than 140 GeV, while
the constrained fit analysis does not make an explicit requirement on this but the poorχ2 will remove
extreme cases.
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Figure 8: Distributions of∆R between the true and the reconstructedW boson (left) and of the recon-
structed leptonically decayingW mass (right) for events where a solution forpz is found (solid black
line) and events where an approximation is used (dotted red for ∆ = 0, dashed blue for the collinear
approximation). All distributions are normalized to unity.

8 Cut-based analysis

This section describes the algorithms used to reconstruct the tt̄ system and the Higgs boson. Theb-jets
are associated with the leptonically and hadronically decaying W boson candidates, to build a list of
top quark candidates. The combination ofb-jets resulting in the best reconstruction for the top quark
candidates is taken as the final choice. It is important to note that theb-jets themselves satisfy the cut
on b-tag weight≥ 5.5 and that if there are more than four of these jets, then the four with the highest
weight are treated asb-jets. Events where there is no combination giving a satisfactory top quark mass
reconstruction are discarded. The two remainingb-jets are used to form the Higgs boson candidate.

8.1 Top-antitop quark system and combinatorial background

In each event, top quarks are reconstructed by pairing twob-jets with theW boson candidates in the way
which minimizes theχ2 expressed as:

χ2 =
(

m j jb−mtop

σm j jb

)2

+
(

mlνb−mtop

σmlνb

)2

, (1)

whereσm j jb andσmlνb are the reconstructed mass resolutions estimated in simulated signal events and are
13 and 19 GeV respectively. Only combinations fulfilling|m j jb−mtop|< 25 GeV and|mlνb−mtop|< 25
GeV are considered for theχ2 calculation. The top quark mass distributions for the chosen combination
in the signal sample is shown in Fig. 9. The two remainingb-tagged jets are used to form the Higgs boson
candidates. The mass distribution for all Higgs boson candidates in the signal sample is shown in Fig. 10,
and in the same plot the signal and physics background cross-sections are adjacent. Here the difficulty of
the analysis is clearly shown, requiring dedicated studiesto measure the background normalization and
its shape in data.

As a final cut, to discriminate againsttt̄ events where no Higgs boson is produced, only events in
a mass window of 30 GeV from the nominal Higgs boson mass are used for the final estimation of the
cut-based analysis significance.

The effect of the final selection for the cut-based analysis on signal and background samples is shown
in Table 4. The selections have reduced the signal by a factorof sixteen from the preselection, but the
signal to background has increased from 0.006 to 0.11. The irreduciblett̄bb̄ background is 46% of the
total.
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Table 4: Accepted cross-section after each successive mass-window selection cut for signal and back-
ground in the cut-based analysis. In the last column the contribution of tt̄bb̄ is removed. Errors are
statistical only.

cut tt̄H(fb) tt̄bb̄(EW) (fb) tt̄bb̄(QCD) (fb) tt̄X (fb)

Whad+ W lep 2.49± 0.05 2.9± 0.2 18.2± 0.7 22.5± 1.9

+ tt̄+Higgs 2.04± 0.05 2.2± 0.2 14.7± 0.6 14.3± 1.5
+ Higgs boson mass window1.00± 0.03 0.52± 0.07 3.6± 0.3 4.9± 0.9
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Figure 9: Reconstructed invariant mass spectrum for selected leptonic (left) and hadronic (right) top
quark candidates in the signal sample. The dotted red line indicates the candidates formed by assigning
the correctb-jet to the top quark being considered. All distributions are given in cross-section.
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Figure 10: Left: Reconstructed invariant mass spectrum forHiggs boson candidates in the signal sample.
The dotted red line indicates the candidates formed by assigning the correctb-jets. Right: Reconstructed
invariant mass spectrum for signal and backgrounds after the cut-based selection. All distributions are
given in cross-section.
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9 Pairing likelihood analysis

In the previous Section we used a cut-based approach to identify the top quark decay products. A
straightforward improvement to such an approach is to use several discriminating topological distribu-
tions combined together in order to build a pairing likelihood. As a first step the analysis considers only
top quark properties as likelihood templates. Even though Higgs boson properties could help associating
b-jets, if used, those could lead to bias in the background distributions. A correct combination is ob-
tained when the objects used for the reconstructed variables match the Monte Carlo partons, regardless
of whether other objects are correctly associated. On the other hand all the wrongly reconstructed objects
are used to form the wrong combination templates. The variables used, shown in Fig. 11, are:

m(jj) [GeV]
0 50 100 150 200 250 300 350 400

ar
bi

tr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
ATLAS

m(jjb) [GeV]
0 100 200 300 400 500 600 700

ar
bi

tr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
ATLAS

b) [GeV]νm(l
0 100 200 300 400 500 600 700

ar
bi

tr
ar

y 
un

its
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09 ATLAS

(j,j) [rad]∠
0 0.5 1 1.5 2 2.5 3 3.5

ar
bi

tr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06
ATLAS

R(jj,b)∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

ar
bi

tr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05
ATLAS

R(l,b)∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

ar
bi

tr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05
ATLAS

Figure 11: Pairing likelihood templates for top quark topological distributions, derived from thett̄H sig-
nal sample. Solid lines represent the correct combination while the dotted lines show the combinatorial
background in the signal itself. See text for a description of the variables.

• m j j: The invariant mass of the light jets from the hadronicW decay.

• m j jb: The invariant mass of the hadronic top decay products.

• mlνb: The invariant mass of the leptonic top decay products.

• ∠( j, j): The angle between the light jets from the hadronicW decay.

• ∆R( j j,b): The distance inR between the hadronicW andb jet from the hadronic top decay.

• ∆R(l,b): The distance inR between the lepton and theb jet from the leptonic top decay.
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The output of the pairing likelihood for the correct and wrong b-jet combinations is shown in Fig. 12.
As shown in this plot, even though the correct distributionsare peaked at 1, the wrong combinations still
have a large probability of being selected. The only combination used is the one which maximizes
the likelihood output. In order to avoid the presence of a large combinatorial contribution a cut on the
likelihood output of 0.9 is used to select well-reconstructed events. After this cut,b-jets are associated
to reconstruct the Higgs boson, as shown in Fig. 12, and the two top quarks, shown in Fig. 13. The
invariant mass distribution for the selected Higgs boson candidates for signal and backgrounds is shown
in Fig. 14.
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Figure 12: Left hand side: combinatorial likelihood outputfor tt̄H events. Black solid (red dotted)
histogram indicates the correct (wrong) combinations. Right hand side: invariant mass for the Higgs
boson candidates reconstructed using the maximum likelihood configuration, after applying a cut on the
likelihood. Dotted histogram indicates the correct combinations. The differential cross-section is shown
in fb.
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Figure 13: On the left (right) hand side is shown the leptonic(hadronic) top quark candidates recon-
structed invariant mass using the maximum likelihood configuration, after applying a cut on the likeli-
hood output. The dotted histogram indicates the correctb quark jet for the top quark being considered.
The differential cross-section is shown in fb.

A final cut on the reconstructed Higgs boson mass, requiring it to be within 30 GeV of the Higgs
boson nominal mass is applied. The event yield for the whole analysis using the pairing likelihood is
shown in Table 5. This analysis reduces the signal by a factorthirteen, and produces a sample which has
a signal to background ratio of 0.1. The irreduciblett̄bb̄ background increases to 45% of the total.
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Table 5: Cross-sections after each selection cut for signaland backgrounds for the pairing likelihood
analysis. In the last column the contribution oftt̄bb̄ has been removed. Errors are statistical only.

applied cuts tt̄H(fb) tt̄bb̄(EW) (fb) tt̄bb̄(QCD) (fb) tt̄X (fb)

LeptonicW 3.6± 0.06 4.1± 0.2 29± 0.8 48± 2.7
+ Best likelihood> 0.9 2.3± 0.05 2.5± 0.2 16± 0.6 19± 1.7
+ Higgs boson mass window1.2± 0.04 0.68± 0.08 4.6± 0.3 6.5± 1.0
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Figure 14: Reconstructed invariant mass spectrum for Higgsboson candidates for signal and back-
grounds after pairing likelihood selection. The differential cross-section is shown in fb.
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10 Constrained fit analysis

An alternative analysis uses a mass-constrained fit to the measured missing energy and jet and lepton
four-momenta to help with the jet combinatorics. There are six quarks produced from the top quark and
Higgs boson decays, and these are matched to the reconstructed jets. Theχ2 from this fit is used in a
likelihood technique together with kinematic variables,b-tagging and jet charge. Then, all jet combina-
tions passing loose criteria are tested and the one with the best likelihood is chosen. The analysis starts
from the preselection as described in Section 5. The signal events are then separated from background
in a second likelihood step.

10.1 Mass-Constrained fit technique

The fit varies a scale factor for the four-momenta of the jets and the z component of the neutrino mo-
mentum. Adjustments to the jet momenta and masses through the scale parameters,f i, produce accom-
panying changes in the missing energy and hence in the parameters used in the reconstruction of the
leptonically decayingW as the transverse components of its neutrino are taken to be the missing energy.
The longitudinal component of the momentum of decayingW boson’s neutrinopzν is the last fit parame-
ter. The parameters are constrained by the estimated jet errors and by the masses of the top quarks andW
bosons. These later are included as approximate Gaussianχ2 contributions calculated using the masses
inferred from the current parameters as indicated in the following equation:

χ2 =
6

∑
i=1

(
f i

jet −1

σ i
jet/Pi,initial

jet

)2

+
(mlep

W −80.425)2

σ2
W

+
(mlep

t −175)2

σ2
t

(2)

where theW and top quark widthsσW andσt are 2.1 and 1.5 GeV respectively.
To simplify the fit, the hadronic top quark andW are forced to be exactly on mass shell. The scale

factor of the higherpT jet from theW is externally varied, while the other two scale factors are calculated
to give the correct masses. The momenta of all six jets are varied, but these three are linked. There are
therefore five free parameters and not seven. This implies that these two particles are fixed to their
nominal masses, while the leptonic top quark andW are given widths.

The calculation of the momentum of the neutrino from the leptonicW decay normally has two solu-
tions, as discussed in Section 7. Both of these are used as starting points for the fit, to ensure that it does
not find only one local minimum, and the fit with the largerχ2 is discarded. If theW neutrino solutions
had complex roots then the real part of these is used as an initial value.

The jet momenta are calibrated as discussed in Section 5.3.4, and the following errors are used in the
fit:

σPlight/Plight = 0.988/
√

pT ⊕0.035 (3)

σPb/Pb = 0.888/
√

pT ⊕0.125 (4)

where the momenta are measured in GeV. This form comes from comparing reconstructed jetpT with
simulated initial quarkpT ; in other words it includes not only detector effects but also fragmentation.
Both light andb-jet momentum errors are treated as Gaussian distributed; for b quark jets in particular
this is not a good description as the frequent presence of a neutrino gives tails to the measured energy
response.

The fit adjusts the momenta of all the jets, including those from the Higgs boson, but the fitted Higgs
boson mass is not used in the analysis, as it offers no improvement.

15

HIGGS – SEARCH FOR tt̄H(H→ bb̄)

151

1347



10.2 b-tag information

In order to use theb-tagger output, as described in Section 5.3.2, for a likelihood, the distributions of
weights expected forb-jets and nonb-jets in this environment are required. This is done using jets taken
from the signal simulation, where only jets with a parent quark within 0.4 in ∆R and no second quark
within 0.6 in ∆R are used. The ratio of smoothed weight distributions withb-jet over light flavored jets
(u,d,s) is shown in Fig. 15.
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Figure 15: Theb-tagging likelihood ratio extracted from signal simulation as the ratio ofb-weight distri-
butions forb-jets and light jets. The degree of smoothing reflects the statistical precision at each point.

In the analysis, four jets are taken to be fromb quarks. For each jet we computeL i
b, the ratio of

b/light for jet i as shown in Fig. 15. In selecting combinations the sumΣi log10L i
b is taken over the four

jets. There is no requirement made on the jets from theW boson.

10.3 Jet charge

The assignment of jets to quarks can benefit from the jet charge measurement as we know the expected
charges of the quarks involved. The jet charge is the momentum weighted sum of the charged particle
charges within the jet, and it shows some correlation with the initial quark charge. Thēb(b) quark
has only a charge of (-)1/3, and furthermore, after hadronisation there are oscillations which reduce the
sensitivity, but there is some information.

The analysis requires exactly one highpT lepton which has chargeQl, and therefore we know the
expected charge of both of theb quarks associated to the top quarks via the relationshipsign(Ql) =
sign(Qt lept

) =−1× sign(Qthad
), and the sum of the charges of the jets from the hadronically decayingW

bosonQW had
=−1×Ql . The measured values of these are then compared with the expectations using a

likelihood. The sum of the Higgs boson jet charges is much less sensitive because the expected value is
zero, but it is also used.

The jet charge plots in Fig. 16 are calculated using jets fromthe signal sample. TheW plots are made
using only true light jets which were tagged as light jets, and theb plots only from taggedb-jets associated
with a b quark. This is to ensure that the jet charge is independent ofb-tag information. The W wrong
combinations distribution has spikes at integral values which generally involve at least one jet outside
the tracker acceptance contributing a charge of zero. Theseare less frequent in the correct combinations
which tend to be central. The other distributions reflectb-tagged jets which must therefore have charged
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Figure 16: Left: The jet charge ofW boson candidates, based on the sum of the jet-charges of the two
jets signed by the high-pT lepton. Center: Jet charges of individualb-jets from top quarks; signed so
that those where quark charge agreeing with the lepton charge fromW decay are positive. Right: The
magnitude of the sum of the jet charges of the jets assigned tothe Higgs boson. Wrongb-jet combinations
have a somewhat flatter distribution. Correct combinationsare solid (black) and wrong combinations are
dashed (red).

particle tracks. It is assumed that the jet charge information can be calibrated from the plentiful top quark
pair events. The normalizations are arbitrary, as they offset every combination equally. The jet-charge is
used asL jet−charge = L hadronic top

q(b) ×L leptonic top
q(b) ×Lq(W)×Lq(H).

10.4 Likelihood analysis for jet assignment

All possible assignments of jets to quarks are evaluated in turn. Those combinations which fail a loose
quality requirement are discarded. This quality requirement is that:

• Both of the jets assigned to the Higgs boson must have ab-likelihood greater than zero. From
Fig. 15 that corresponds to a cut of about -2 on theb-tagging variable.

• Selections on the mass of theW and top quark which decay to jets. TheW mass calculated from
the jets without fitting must lie between 30 and 150 GeV, and the top quark mass between 100 and
250 GeV. Note that the jet energy correction factor applied depends upon whether or not the jet is
considered to originate from ab quark in this hypothesis.

• Total b-likelihood greater than 8. This is the sum of the log-likelihoods of the four jets which are
assigned tob-jets; this roughly corresponds to the meanb-weight of the jets being 4 or greater.

In the preselected signal sample there are a mean of 5811 combinations to be tested per event, but
the above quality requirement reduces this to 233; a considerable saving in time. 90% of the preselected
signal events have at least one combination passing the above requirements.

Events which pass these selections are processed by thett̄H fitting code. Correct or wrong combina-
tions are then used to define a likelihood ratio.

The elements of that likelihood ratio are as follows:

• The log10 of theχ2 from the fit.
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Figure 17: Left: Theχ2 of the fit. Center: jet· top|min. The cosine of the minimum angle between top
quarks and their daughter jets. Correct combinations have more collimated tops. Right: The tlept

b cosθ∗.
The decay angle in the rest frame of the leptonically decaying top quark of theb-jet relative to the top
quark direction in the lab frame. Correct combinations are solid (black) and wrong combinations are
dashed (red).

• jet · top|min: The minimum cosine of the angle between the top quarks and any of their four jets in
thett̄H center of mass frame.

• tlept
b cosθ∗: The decay angle in the rest frame of the leptonically decaying top quark of theb-jet
relative to the top quark direction in the lab frame.

• tlept
b ∆R: the distance in∆R space between the lepton and theb quark assigned to the same top
quark.

• |η |max: The maximum|η | of the considered jets. Jets from thett̄H system tend to be more central
than those from the underlying event.

• cosθ∗H−jet: Measured in the Higgs boson rest frame, this is the cosine ofthe angle between the
higherpT of the two jets from the Higgs boson and the boost applied to shift from the lab frame to
the Higgs boson rest frame.

• mt : The hadronic top quark mass before the fit is performed.

The variables are displayed in Figs. 17 and 18 for correct andwrong combinations. In this case
‘correct’ implies that all six quarks are correctly assigned. Fig. 19 shows how each variable would
perform if used individually to separate correct and incorrect pairings. For each variable combinations
are selected by the likelihood ratio found using that variable alone. The Fig. shows the fraction of wrong
pairings which would be accepted as a function of the fraction of correct ones. The fitχ2 is the most
powerful single variable over much of Fig. 19, but the massesof the hadronic top quark andW work
well at high efficiency while jet· top|min is also rather powerful. Clearly the variables have correlations,
and these are taken into account by evaluating the likelihood in a 3D space defined by the three variables
under study. This explicitly includes the correlations, but is limited by the simulation statistics required to
populate the space. The combination ofχ2, jet· top|min and tlept

b cosθ∗ was adopted as the most powerful
set of three variables found.
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Figure 18: Left: The distribution of distances,∆R, between the lepton and theb quark from the leptonic
top quark. Center: The maximum|η | of any jet in the combination being tested. Correct combinations
are more central. Right: The reconstructed mass of the hadronically decaying top quark, before any fit is
performed. Correct combinations are solid (black) and wrong combinations are dashed (red).
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Figure 19: The performance of a range of possible variables if they are used individually to find the
correct quark-jet pairing in att̄H event. For a given efficiency for selecting the correct pairing (x axis),
what fraction of the incorrect pairings will also be chosen (y axis). The line labelled null shows the effect
of selecting combinations at random.
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The remaining variables were tested to see whether their addition as uncorrelated likelihood contri-
butions made a significant improvement, and those that did were included. The final likelihood is defined
as follows:

Lpairing = logL 3D

logχ2, jet · top|min,tlept
b cosθ∗

+ logL
tlept
b ∆R

+ logL|η |max

+ logLcosθ∗H−jet
+ logLmt + logLb−tag + logL jet−charge (5)

The combination which produces the largest likelihood for each event is adopted. The quality of the
chosen combination is examined in Section 11.

10.5 Signal and background separation

The separation of signal from background is again done usingthe likelihood technique. There are two
rather different backgrounds considered: thett̄ j j component for whichb-tagging is the primary tool and
the ‘irreducible’ tt̄bb̄ background which differs from the signal only in kinematic ways, which can be
exploited to give some separation. The variables used to separate signal and background are:

• Lpairing: From combinatorics.

• Σi log10L i
b : Sum of the log-likelihoods of the four jets used as b’s in thecombination chosen.

• ΣH
b−tag: The sum of theb-tagging weight of the two jets from the Higgs boson.

• ∆η(H, top)min: The difference inη between the Higgs boson and the closer top quark.

• cos(tH)max: The higher of the two angles between top quarks and Higgs boson in the center of
mass of thett̄H system.

• Hp in C.o.M: The Higgs boson momentum in the center of mass frameof thett̄H system.

• cosθ∗H−jet: As defined in Section 10.4.
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Figure 20: Left: Distributions for signal and backgrounds of the likelihood used to find the combinatorics
solution. Center: The sum of theb-tag likelihoods of the four jets used asb’s in the chosen combination.
There was cut at 8 in the combinatorics preselection. Right:The sum of theb-tags of the jets associated
to the Higgs boson. This variable removestt̄ j j more thantt̄bb̄. Histograms are filled for every event
where there is a successful fit. In all histograms, the sum of the individual histograms is shown. They
are stacked to indicate relative contributions.
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Figure 21: Left: The maximum cosine of the angle between either top quark and the Higgs boson when
boosted into thett̄H center of mass frame. Center: The momentum of the Higgs bosoncandidate in the
center of mass frame. Note that the true Higgs bosons have a lower momentum than the background.
Right: The cosθ∗ of the higherpT of the jets from the Higgs boson. This tends to be more centralfor
signal events. In all histograms, the sum of the individual histograms is shown. They are stacked to
indicate relative contributions.

Figures 20 and 21 show the data used to produce the likelihoodratio for most of the variables.
The backgrounds fall into two basic classes - thett̄ j j and thett̄bb̄, and to deal with these two 3D
likelihoods are defined. The first includes the three quantities which containb-tagging information:
Lpairing,Σi log10L i

b,Σ
H
b−tag. These are all powerful but are highly correlated and therefore benefit from a

correct treatment of those correlations. The second is cos(tH)max,Hp,cosθ∗H−jet, which carries discrimi-
nation based on event kinematics. It too has important correlations. These likelihoods are combined as
if independent, with one further likelihood, derived from∆η(H, top)min, added as well. All the likeli-
hoods have been smoothed so that the expected fluctuations are below 10%, and there is therefore little
over-training, as separate test and training samples are maintained.

The distributions used to define the likelihood are constructed using all events for which a constrained
fit was made, and all the components are normalized to the cross-sections at that stage. The signal
separation likelihood is:

Ls/b = 1/3

(
logL 3D

Lpairing,Σi log10L i
b,Σ

h
b−tag

+ logL∆η(H, top)min + logL 3D
cos(tH)max,Hp,cosθ ∗H− jet

)
(6)

The factor of 3 makes this an average, rather than a sum, and isthere purely for convenience. Note
that there is nothing in this definition to prefer correctly paired signal events.

Figure 22 shows the distribution of the final likelihood. It is generally dominated bytt̄ j j events, but
at the largest likelihood values thett̄bb̄ and signal events are more prevalent. It can be seen that any
tt̄H analysis will be selecting a tail of the signal, and controlling this will be important. The signal to
background ratio, within the mass window, rises to about 25%, and any rise above that is in a region
affected by lack of simulation statistics.

The final choice of working point will depend upon the detailsof the systematic error evaluation.
The tighter the selection on the likelihood the higher the signal to background ratio but the smaller the
samples in data and simulation; the latter is an important consideration.

The maximum significance which might be expected in a measurement (evaluated as s/
√

b) ignoring
all systematic uncertainties, is obtained by cutting at a log likelihood of -4.44. This would yield a
significance of 2.78σ , but at low purity. Reducing the mass range by requiring thatthe candidate has a
mass within the range 90 to 150 GeV does not appear to improve the results when systematic errors are
not considered.
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Figure 22: Left: The total signal separation likelihood. The top figure shows all events while the bottom
shows only those within a Higgs boson candidate mass window of 90 to 150 GeV. Right: The integrated
version of the lower left plot, so the total event rates passing any cut can be seen. The bottom half of this
plot is the signal to background ratio implied.

If an arbitrary ten per cent error on the background level is assumed then the significance for this cut,
evaluated as s/

√
b+(δb)2, decreases to below 0.5σ , while the highest significance is around 1.8σ for a

cut at -4.05. This is shown numerically in Table 6, where the expected event rates are shown for three
different cut values. No final choice is really possible without complete evaluation of systematic errors,
but -4.2 with the mass window cut applied does seem to be a plausible working point. The statistical
significance for this selection is 2.18σ . At this point the signal is reduced by a factor of twelve fromthe
preselection, but signal to background ratio has become 0.125±0.01. The irreduciblett̄bb̄ background
has increased to 50% of the total.

Table 6: The accepted cross-sections for signal and the mainbackgrounds at various stages of the
analysis. Thett̄ j j cross-section suffers from limited statistics.

Selection tt̄H(fb) tt̄bb̄(EW) (fb) tt̄bb̄(QCD) (fb) tt̄X (fb)

Initial Sample 100 255 2371 109487
Pass preselection 16 23 198 2589
Fit quality requirements 14 20 165 1584
Ls/b > -4.40 4.9 5.1 35 58
Ls/b > -4.20 2.5 2.3 13.9 11.9
Ls/b > -4.10 1.4 0.96 7.11 4.5

Mass window 90 to 150 GeV.
Ls/b > -4.40 2.3±0.07 1.4±0.17 10.8±0.7 22±3.1
Ls/b > -4.20 1.3±0.05 0.62±0.12 4.6±0.5 5.3±1.5
Ls/b > -4.10 0.71±0.04 0.23±0.07 2.5±0.35 2.2±1.0

The distribution of the masses of the candidates can be seen in Fig. 23, at a cut ofLs/b >−4.2. The
right hand side of Fig. 23 shows details of the mass distribution for signal only.
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Figure 23: The mass distribution after cutting at -4.2 inLs/b. Left: All samples, showing the contri-
butions stacked. The signal distribution is also shown separately at the bottom. Right: Signal only, the
dashed (red) line equals events where the correct jets from the Higgs boson are selected.

11 Comparison between the three analysis techniques

The performance of the cut-based, pairing likelihood and the constrained fit analyses in terms of purity
versus selection efficiency can be seen in Fig. 24. For the likelihood analyses, the different working points
are obtained by varying the final cut on the likelihood discriminant. In the case of the cut-based analysis,
the same variation is achieved by loosening or tightening the mass-window cuts on the hadronically
decayingW and the reconstructed top quarks. For this section the efficiency is defined as the selection
efficiency relative to the total events simulated. The purity is defined in terms of the correctness of the
assignment ofb-jets used to reconstruct the final objects. For instance, one has apure hadronic top
quark when theb-jet matches the trueb parton from the top quark decay, regardless of whether the same
happens for the hadronicW boson decay products.

Fig. 24 clearly shows the increase of performance when usingmore information (likelihood) than
just the mass of the reconstructed particles (cut-based).

The chosen working points are indicated with solid markers on Fig. 24. Those points have not been
optimized in terms of statistical significance, because of alack of statistics for thett̄X background and
because due consideration of the systematic errors should also influence the decision. However, the
significance does not change much with the choice of the cut onthe pairing likelihood output since this
likelihood is not designed to discriminate signal from physics background events.

The ability of the three analyses to correctly identify objects in the event is compared in Table 7. The
likelihood-based assignments perform noticeably better than the cut-based analysis. The signal efficiency
and statistical significance are also improved.

12 Background Shapes

The success of this analysis relies on the accurate knowledge of the background level and shape. Monte
Carlo predictions are affected by large systematic uncertainties, as the background rejection depends
critically also on the jet flavor composition. For this reason it is mandatory to develop methods to
measure background directly from real data.
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Figure 24: Comparison of the purity of reconstructedbb̄ invariant mass before the final mass window cut
versus selection efficiency for the cut-based, the pairing likelihood and the constrained fit analysis. The
solid markers show the selected working points.

Table 7: A comparison of quality criteria for the three analyses at their working points. The mass window
of 90 to 150 GeV is only applied for the last two rows.

Cut Based Pairing likelihood Constrained fit

b jet from Hadronic top correct 44.4±1.1% 49.2±1.1% 51.0±1.5%
b jet from Leptonic top correct 50.5±1.2% 57.4±1.1% 56.2±1.5%
Higgs boson jets correctly chosen 29.4±1.0% 34.0±1.0% 32.0±1.4%
Fourb quarks correct 23.3±1.0% 27.5±1.0% 27.1±1.3%
Higgs boson mass peak resolution, GeV 22.8±1.6 20.1±1.1 22.3±2.1
Signal Efficiency 2.04±0.05% 2.32±0.05% 2.49±0.07%
Signal to background 0.110±0.014 0.103±0.014 0.123±0.019
s/
√

b, 30fb−1 1.82 1.95 2.18

One important result of the present study is that the Higgs boson candidate mass spectrum depends
weakly upon theb-tagging working point. This is shown in Fig. 25, which reports the difference inbb̄
invariant mass shape for thett̄bb̄ andtt̄+jets processes after applying the pairing likelihood analysis with
the loose and tightb-tagging requirement as defined in Section 5.3.2

The complete determination of the background shape from data depends crucially on the relative
contributions of thett̄bb̄ andtt̄+jets distributions, which in turn depends on the strength of the b-tagging
cut applied. Thebb̄ invariant mass can be studied for ab-tag requirement, the “mediumb-tag”, between
the loose and tight, such that the possible presence of signal can be still neglected. We choose a medium
working point corresponding to ab-tagging weight cut of 3, such that the ratio of the contribution of tt̄bb̄
with respect tott̄+jets goes from 11% to 30%, with a signal contamination of less than 3%.

One strategy contemplated is to use thett̄bb̄/tt̄+jets fraction coming from the Monte Carlo prediction
and the total number of events from the data to normalize the Monte Carlo at the loose working point
where the signal level is less than 1%. Using the Monte Carlo jet flavor composition and the ratio of
theb-, c- and light jet efficiencies (εmedium

b, c, light(pT ,η)/ε loose
b, c, light (pT ,η)) at the loose and medium working
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points, it is then possible to predict the shape and normalization at the medium working point.
The data reduction when moving theb-tag quality from “loose” to “medium” is explained by the ratio

of theb-tag efficiencies at these two working points applied to thett̄bb̄ andtt̄+jets data. With a 50 pb−1

data sample, theb-tagging efficiency ofb- andc-jets will be known with an accuracy of 5% [19], while
the rejection of light quark jets will be measured with a 10% uncertainty. We expect a significantly
more accurate knowledge of theb-tagging performance with a data sample of approximately 30fb−1.
This will allow the measurement of the background level oftt̄bb̄ and tt̄+jets as a function of thebb̄
invariant mass for the loose and mediumb-tagging working points. These measurements can be used to
verify and tune with data the background prediction given bythe Monte Carlo simulation, which will be
used to extrapolate the event yeld expectation of known processes when theb-tag quality is moved from
“medium” to “tight”. This extrapolation can be monitored, and eventually further corrected, by looking
at the comparison with the measured data outside the mass window, where the number of signal events
expected is small (about 4%). If necessary, this procedure can be extended by asking for threeb-tagged
jets to further constrain the background composition and its shape and absolute normalization, to achieve
the 5% systematic uncertainty necessary for the analysis ofthis processes.
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Figure 25: Ratio of the invariant mass spectrum for Higgs boson candidates after combinatorial likeli-
hood analysis and using a loose and tight cut on theb-tag weight. Left hand side:tt̄+jets, right hand side:
tt̄bb̄. The signal region shows very consistent behaviour.

13 Systematic uncertainties

The evaluation of systematic uncertainties, especially inthe background level, is of vital importance in
this analysis. Unfortunately it has not yet been brought to asatisfactory level and a robust method to
infer background shapes and normalization from data, vitalfor this channel, still needs to be developed.
Following the estimation of systematic uncertainties due to the standard detector effects, Table 8 shows
the various contributions for all three analyses. It is noticeable how important the jet uncertainties are for
both signal and background. Indeed the knowledge of the jet energy and of theb-tagging performance
have a crucial impact on the kinematic quantities used for the reconstruction of thett̄ system and for the
correct identification of theb-jets used for the analysis. Large fluctuations on the background estimations
arise due to the lack of statistics for thett̄X sample, giving rise to a relative statistical error up to 20%.

While the theoretical uncertainties for the signal and background normalization are quite large, their
impact can be reduced by making direct measurements. This iscertainly the case for thett̄ cross-section,
where the theoretical uncertainties associated with the NLO+NLL calculation are around 12% [14] while
with only 100 pb−1 of data, a direct measurement of the cross-section for the semileptonic final state
usingb-tagging could be performed with a much smaller error [22]. The tt̄bb̄ background is only cal-
culated at LO, the cross-section calculation has a strong scale dependence, a factor 4 when changing
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from Q2
QCD = ŝ to Q2

QCD =< p2
T > [9]. Even though the signal cross-sections used for this work are

LO, NLO calculations are already available with a theoretical uncertainty including errors coming from
parton distribution functions of the order of 15-20% [23] (compared to the 100-200% uncertainty of the
LO cross-section).

Table 8: Effect of the various systematic uncertainties on the signal and background efficiencies.

Source Cut-based Likelihood Constrained fit
signal background signal background signal background

Electron
energy scale ± 0.5% ± 2% ± 0.3% ± 3% ± 1% ± 3%
resolution ± 0.5% ± 0.6% ± 0% ± 1% ± 0.2% ± 4%
efficiency ± 0.2% ± 2% ± 0.2% ± 1% ± 0.5% ± 0.2%

Muon
energy scale ± 0.7% ± 3% ± 0.6% ± 0.2% ± 0.4 % ± 4%
resolution ± 0.8% ± 0.6% ± 0.3% ± 0.4% ± 1% ± 3%
efficiency ± 0.3% ± 0.1% ± 0.8% ± 0.1% ± 0.4% ± 0.1%

Jet
energy scale ± 9% ± 5% ± 9% ± 14% ± 9% ± 8%
resolution ± 0.3% ± 7% ± 1% ± 5.5% ± 5% ± 14%
b-tag ± 16% ± 20 % ± 18% ± 20% ± 16% ± 20%
b mis-tag ± 0.8% ± 5% ± 1.1% ± 3% ± 3% ± 10%

summed in quadrature ± 18% ± 22% ± 20% ± 25% ± 19% ± 28%

13.1 Effect of pile-up on signal

The portion of the semi-leptonictt̄H signal sample used here is simulated a second time, but with the
anticipated effects of pile-up and cavern background included. It is important to stress that the same
generated events are used as input for both pile-up and non pile-up samples. The pile-up actually applied
to the events is that expected for running at instantaneous luminosityL of 1033cm−1s−1.

The effect of pile-up on the preselection of events (applicable to all three analyses) is shown in
Table 9, and as can be seen, the effect of the trigger requirement is the most significant.

Table 9: The effect of pile-up on the samples at successive stages of preselection with relative
efficiencies.

tt̄H σ (fb)
Quantity\ Sample No pile-up pile-up

Starting Sample Generated 100 100
Pass Trigger (e22i, e55, mu20) 65 (65%) 62 (62%)
One high-pT Lepton 56 (87%) 53 (86%)
≥ 6 jets (pT > 20 GeV,|η |< 5) 36 (64%) 34 (64%)
≥ 4 centralb-jet candidates, (|η |< 2.5 & b-jet weight> 0) 16 (45%) 15 (44%)
Preselected 16 (45%) 15 (44%)

The distribution of the number of highpT leptons in the events before preselection is shown in
Fig. 26 for the pile-up and non pile-up samples. They are verysimilar, suggesting that the electron and
muon reconstruction are not significantly affected by pile-up; however the trigger requirement reduces
the number of events with pile-up available to the rest of thepreselection.
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Figure 26: HighpT lepton multiplicity (e±,µ±)
for pile-up and non pile-up samples (before
preselection).
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Figure 27: Jet multiplicity (before preselec-
tion) for pile-up and non pile-up samples. The
cutspT < 20 GeV and|η |< 5 are applied to the
individual jets.
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Figure 28:b jet multiplicity (after preselection)
for pile-up and non pile-up samples. The cuts
pT < 20 GeV,|η | < 2.5 andbjet weight> 5.5
are applied to the individual jets.
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Figure 29: Reconstructed Higgs boson mass
peak (mbb) for pile-up and non pile-up samples.

Figure 27 shows the jet multiplicity before preselection. It can be seen that the number of events
having exactly 6 jets is reduced by approximately 10%, and the number of events having more than 7
jets is increased. The net effect will be an increase in the combinatorial background, though the extra
jets will typically have a lowpT .

For the cut-based and pairing likelihood analyses, candidate b-jets are designated as those jets lying
in the central region of the detector (|η | < 2.5), with pT > 20 GeV andb-jet weight> 5.5, however, if
there are more than four of these then the jets with the highest b-jet weights are used.

The number ofb-jets in the events both with and without pile-up after the other preselection cuts are
applied can be seen in Fig. 28, where there is a reduction in the number of events having the requisite
four b-jets.

The extent of the reduction in events at the various stages ofthe cut-based analysis is shown in Table
10. The most pronounced difference comes from the reductionin the number ofb-jets, and the net
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effect of pile-up is a∼12% reduction in the number of events where it is possible to reconstruct a Higgs
particle, as shown in Fig. 29. This effect will also manifestitself in the backgrounds, since they all
have either two or fourb-quarks. The most interesting background pile-up study would now be with the
tt̄ j j sample, since this relies on mis-tagging of light jets to create a physics background, however this is
beyond the scope of this study which only examines the signal.

It should be noted that in the course of this study, theb-jet efficiency and light-jet rejections were
studied, however no visible differences were observed. This can be explained by the fact that even a 1%
drop in efficiency from 50% to 49% causes almost an 8% drop in events having fourb-jets.

Table 10: The extent of the reduction in events for pile-up and non pile-up samples for the cut-
based analysis with relative efficiencies in parentheses. The harshest reduction comes from the
four b-jet requirement.

tt̄H σ (fb)
Quantity\ Sample No pile-up pile-up

Preselected events 16.0 14.8
≥ 4 b-jets (b-jet weight> 5.5) 3.7 (23.1%) 3.2 (21.5%)
Had & LepW inside mass-window 2.5 (66.4%) 2.1 (66.8%)
t, t̄-quarks rec. in mass-window 2.0 (81.6%) 1.8 (83.1%)

14 Significance estimates

The number of remaining events in the Higgs boson mass window(30 GeV around the nominal Higgs
boson mass) have been used to compute a crude estimate of the statistical significance for this channel
with 30 fb−1. For such a channel in which the signal and backgrounds are very alike, this naive estimate is
not the most relevant figure of merit, but it is still useful tocompare analyses. For the cut-based analysis,
a significance of 1.8 is achieved with signal to background ratio of approximately 0.11. It is worth noting
that the addition of the lowpT muons to jets and the residual jet calibrations performed inSections 5.3.3
and 5.3.4 improved the cut-based analysis significance by 0.3. With the pairing likelihood approach
the significance is 1.95 for a signal to background ratio of 0.1. Finally the constrained fit likelihood
gives 2.2 (1.7) for a signal over background value of 0.12 (0.14), obtained with a cut onLs/b of -4.2

(-4.1). Figure 30 shows the total significanceS/
√

B +(∆B)2 as a function of the systematic error on the
background (∆B) for the different analyses. As is shown in the Fig., only a background uncertanity level
below 10% allows exploitation of the statistical power of the mass constrained fit analysis with respect
to the cut-based analysis, and even less for the case the pairing likelihood. Even for a robust analysis
such as the cut-based approach, the large systematic uncertainties estimated in Table 8 provide a clear
indication that a data driven background estimation is necessary.

15 Conclusion

We performed a baseline sensitivity study for the detectionof a Standard Model Higgs boson decaying to
bb̄ when produced together with att̄ pair. After the definition of a common preselection, three different
techniques are used, all aimed at the reconstruction of thett̄ system. The first one is based on the
reconstruction of the top quark andW candidate masses (cut-based analysis). The second one (pairing
likelihood analysis) uses a more complete description of the kinematic properties of thett̄ system to build

28

HIGGS – SEARCH FOR tt̄H(H→ bb̄)

164

1360



 B/B∆
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

to
ta

l s
ig

ni
fic

an
ce

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

cut-based
pairing likelihood
constrained mass fit

ATLAS

Figure 30: Comparison of the total significance as function of systematic uncertainties (∆B), for the
cut-based, the pairing likelihood and the constrained fit analysis. Markers indicate the significance cor-
responding to the background uncertainty estimated in Table 8.

a likelihood discriminant and isolate the jets coming from the Higgs boson decay. The third approach
(constrained fit) uses the known masses and jet errors as constraints to produce a combinatoric likelihood,
and a second likelihood to separate signal from background.While the cut-based analysis is certainly
the most stable one, relying only on the reconstructed invariant masses of the top quark candidates,
it also performs worse with respect to the other two likelihood based analyses. On the other hand,
these likelihood based analyses can be used successfully only after all kinematical variables are well
understood together with their correlations. Although beyond the scope of this work, the use of more
advanced multivariate techniques is foreseen to reduce both the combinatorial and physics background.

The statistical significance obtained for the three approaches was 1.82 for the cut-based, 1.95 for
the pairing likelihood and 2.18 for the constrained mass fit at signal-to-background ratios of 0.11, 0.10
and 0.12 respectively. All the analyses suffer drastic reduction in significance as the overall systematic
uncertainty increases. The most important individual uncertainties are those for the jet energy scale and
b-tagging efficiency.

From this study emerges the necessity of a strongb-tagging algorithm which is important not only
to suppress thett̄+jets physics background but also to help reduce the combinatorial background by
improving the hadronically decayingW reconstruction. It is also clear that the combinatorial background,
responsible for the dilution of the Higgs boson mass peak, needs to be further reduced, possibly using
multivariate techniques, in order to improve the statistical significance of the channel. Improvements in
the mass peak resolution would also enhance the ability of a shape analysis from two perspectives; firstly
it would be easier to select a signal-depleted region for anyshape fits, and secondly the mass peak itself
would become more pronounced.

The results presented in this work can be compared with a previous ATLAS study [3] performed
using fast simulation with a parametrizedb-tagging efficiency which had a higher performance than
the one used here and also used PYTHIA in order to simulate thett̄+X background. It resulted in a
significance of 1.9 and 2.6 respectively for the cut-based and likelihood analyses. The results presented
in this note can also be compared with a recent CMS study [24] reporting a significance of 1.8 for the
electron channel and 1.6 for the muon channel, in both cases for an integrated luminosity of 60 fb−1.
While a detailed comparison between the two experiments is not attempted in this work, it is noteworthy
that the jet energy resolution quoted the CMS paper could be akey factor in explaining the improved

29

HIGGS – SEARCH FOR tt̄H(H→ bb̄)

165

1361



sensitivity seen by ATLAS for this channel.
The measurement of the background normalization from data is vital for this channel. Subsequent

studies must be performed in this regard. Further methods ofextracting shape information from data
must also be developed, in particular, the extraction of thesignal in the presence of aquasi-signal-like
background as is exhibited in the invariant mass plots at theends of the analyses. The shape information
and any estimate of the significance obtained from it could beused in conjunction with the counting
experiment information to improve the overall significance.
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Study of Signal and Background Conditions in
tt̄H,H →WW (∗) and WH,H →WW (∗)

Abstract

In this note we present Monte Carlo studies of the associatedStandard Model
Higgs boson production in thett̄H andW H channels with the decayH →
WW (∗). These channels are intended to provide information on the Higgs bo-
son’s couplings. We study the two- and three lepton final states in tt̄H and
three lepton final states inWH, based on the full ATLAS detector simulation.

1 Introduction

The discovery and subsequent study of the Higgs boson is one of the main aims of the Large Hadron
Collider (LHC) at CERN. The possible mass range of the Standard Model Higgs boson is bounded by the
lower limit set at LEP of 114 GeV and reaches to about 1000 GeV [1]. The ATLAS experiment will use
all possible channels to extract information on it, becausecomparing the rates in the different channels
will allow information on the couplings to be extracted.

The sensitivity of ATLAS to a Higgs boson produced in gluon fusion or via vector boson fusion
and decaying toW quark pairs has been discussed elsewhere in this volume [2].This note contains the
results of studies of the Higgs boson in the same decay mode but produced in association with either top
quarks, (tt̄H,H →WW (∗)), or aW boson (W H,H →WW (∗)). The cross-sections for these processes
are significantly lower than for inclusive Higgs production, and the additional activity makes them more
complex to reconstruct, but the presence of extra signatures gives more possibilities for the reduction of
the background.

This note explores techniques to exploit these signatures,and the signal and background conditions
are studied in both channels. A full simulation of the ATLAS experiment is employed to estimate these,
which represents an improvement over the fast simulation used in previous studies oftt̄H [3] andWH
[4,5]. The marginal production rates and numerous background sources, many with large cross-sections,
make this analysis difficult, and both the background and signal need to be established in some detail.
Nevertheless, if the background can be well estimated, thenfor integrated luminosities of several tens of
fb−1 measurements should be possible.

The backgrounds considered in detail here arise from the inclusive tt̄ process, fromtt̄ produced in
association with gauge bosons, and from gauge bosons produced inclusively or in pairs. Unfortunately,
it has not been possible to model all the relevant backgrounds with a complete simulation at the statis-
tical level required; this is true for example of inclusive QCD multijet events. Section 2 describes the
considered signal and background processes. Sections 3 and4 give the details oftt̄H andW H anal-
ysis accordingly. Section 5 discusses the results, including the signal-to-background ratio that can be
achieved in these two channels.

2 Signal and background Monte Carlo samples

Signal and background were produced with various generators, through a realistic ATLAS detector sim-
ulation based on the GEANT 4 package [6].
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2.1 Signal generation

Events with a Higgs boson decaying to aW pair produced in association with att̄ pair or with aW boson
can be searched for at hadron colliders by requiring the presence of lepton pairs (ℓ = e,µ).

In particular, for the two-lepton final states, like-sign leptons are selected; this allows a strong reduc-
tion of the large background produced by theZ or tt̄ leptonic decays. In order to improve the efficiency of
the Monte Carlo data sample production, generated events were filtered before their processing through
the ATLAS detector simulation.

For theWH channel, only events with three leptons in the final state were selected. These leptons
had to pass looseη andpT cuts.

Samples oftt̄H with at least two leptons were generated and filtered for different Higgs boson masses
between 120 and 200 GeV using the PYTHIA 6.4 generator [7]. Results obtained with these samples
were normalized to the Next-to-Leading Order (NLO) cross-sections and branching ratios reported in
Ref. [1]. Only themH = 170 GeV mass point was studied for theWH channel, where signal events were
generated with the MC@NLO program [8].

Table 1 summarizes the most important characteristics of the signal samples used for this note.

Table 1: Signal samples generated for thett̄H andWH,H →WW (∗) analyses.
Process mH [GeV] σtot (NLO) [fb] Final states Generator σ ×BR× ε f ilter [fb] N(events)
tt̄H 120, 130, 140 669, 534, 431 tt̄H → 4W (2L) PYTHIA 6.4 3.60, 6.25, 8.51 ∼40k

150, 160, 170 352, 291, 243 9.68, 10.49,9.31 permH
180, 190, 200 204, 174, 149 7.62, 5.50, 4.42

tt̄H 120, 130, 140 669, 534, 431 tt̄H → 4W (3L) PYTHIA 6.4 2.34, 4.05, 5.49 ∼40k
150, 160, 170 352, 291, 243 6.31, 6.91, 6.15 permH
180, 190, 200 204, 174, 149 5.00, 3.54, 2.86

WH 170 511 W H →WWW (3L) MC@NLO 3.42 80k

2.2 Background samples fortt̄H,H →WW (∗)

The main backgrounds for thett̄H,H →WW (∗) final states arett̄, tt̄W , tt̄Z, tt̄tt̄ and tt̄bb̄. Single top
events have been neglected. Jets from QCD production andWZ production processes are also sources of
background. However, lepton identification with isolationand a jet multiplicity requirement are expected
to reject a large fraction of these. The background from QCD multijet production has not been properly
estimated so far and it is hoped that the selection requirements reduce it to an acceptable level.

A special MC@NLO sample is filtered for a pair of like-sign or more than two leptons with a
pT > 13 GeV and|η |< 2.6 at the generator level. It results in a filter acceptance of 0.0384. In addition,
when there are three or more generated leptons, events with oppositely charged leptons fromW bosons
falling into a special domain (pT ≥ 30 GeV and||η |−1.5| ≤ 0.2 for electron,pT ≥ 15 GeV and||η |−
1.25| ≤ 0.2 for muon ) were rejected. This results in a small bias, analysis dependent.

TheWbb̄ sample was produced by the ALPGEN generator with only leptonic W boson, a generator
level filter led to an additional 0.02 acceptance, and a 2.57 K-factor [6] was also included. Leading
order tt̄W + jets samples were produced with ALPGEN [9]. The minimumpT for the additional jets
was 15 GeV, while the maximum|η | was 6.0. The generated jets were also required to be separated
by a distance∆R =

√
∆η2+ ∆φ2 larger than 0.4. MLM matching [9] was performed to avoid double

counting of additional jets.
Samples oftt̄Z, tt̄tt̄, tt̄bb̄ andtt̄bb̄(EW) were produced with the leading order generator ACERMC [10].

Thett̄Z events are normalized to the total cross-section recently calculated at NLO [11], while other AC-
ERMC samples are normalized to LO. In thett̄Z sample, the decayZ → ℓℓ was forced. Thett̄bb̄(EW)
sample contains the electroweak contribution to the production of tt̄bb̄. For bothtt̄bb̄ samples, the final
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states containing fourb-jets, two light jets and a lepton (muon or electron) were generated. Table 2
summarizes the characteristics of all background samples relevant for thett̄H analysis.

Table 2: The samples used to estimate the background contribution in thett̄H,H →WW (∗) analysis.L
denotes the effective integrated luminosity available from Monte Carlo statistics.

Process Generator σtot [fb] σ ×BR× ε f ilter [fb] N(events) L [fb−1]
tt̄ MC@NLO 833000 450000 440k 0.98
tt̄ pre-filtered MC@NLO 833000 32000 350k 10.9
tt̄bb̄(EW) ACERMC 3.3 900 244 6.5k 26.6
tt̄bb̄ ACERMC 3.3 8200 2244 44k 19.6
W bb̄ ALPGEN 2.1×105 1387.8 20k 14.4
tt̄W + 0 jets ALPGEN 189 25.3 20k 790
tt̄W + 1 jets ALPGEN 156 20.7 20k 966
tt̄W +≥ 2 jets ALPGEN 237 34.0 18k 529
tt̄Z ACERMC 3.4 1090 87.0 19k 218
gg → tt̄tt̄ ACERMC 3.4 2.2 1.44 21k 14583
qq→ tt̄tt̄ ACERMC 3.4 0.48 0.31 7k 22580

2.3 Background samples forWH,H →WW (∗)

The tt̄ andW bb̄ samples as given in Table 2 are used also in this analysis. Forthe irreducible diboson
WZ/ZZ backgrounds only the fully leptonic decays were considered; this was done with the MC@NLO
generator. The ALPGENtt̄W+0 jet sample described in Section 2.2 was analyzed to account for the
tt̄W background and as it gives a negligible accepted cross-section the samples with additional jets were
not considered. The hugeW+jet background was generated with HERWIG [12] and was normalized to
the NLO production cross-section [6] with a filter applied, requiring at least one electron (muon) with
pT ≥ 10 GeV and|η | ≤ 2.7 ( pT ≥ 5 GeV and|η | ≤ 2.8 ).

An overview of all background samples used for theWH analysis is given in Table 3.

Table 3: List of background samples for theWH analysis.L denotes the effective integrated luminosity
available from Monte Carlo statistics.

Process Generator σtot [fb] σ ×BR× ε f ilter [fb] N(events) L [fb−1]
tt̄ no all-hadronic MC@NLO 833000 450000 440k 0.98
tt̄ pre-filtered MC@NLO 833000 32000 350k 10.9
WZ MC@NLO 3.10 47760 750 36k 48
ZZ MC@NLO 3.10 14750 72.5 50k 690
W+jets HERWIG 1.91×108 2.8×107 60k 0.0214
Wbb̄ ALPGEN 2.1×105 1387.8 20k 14.4
tt̄W + 0 jet ALPGEN 189 25.3 20k 790

3 Selection of thett̄H, H →WW (∗) two and three-lepton final states

In this study, the highpT single lepton trigger is used for thett̄H two-lepton (2L) events and three-
lepton (3L) analyses, with a trigger efficiency larger than 96% for bothchannels at offline selection
level. Cut-based analyses were performed, based on the standard ATLAS reconstruction of a medium
quality electron [13], combined muons [14], and cone size of∆R =

√
∆η2+ ∆φ2 = 0.4 (cone-0.4) tower

jets [15].
Signal data sets for nine Higgs boson masses in the range between 120 and 200 GeV were analysed.

In the following, numbers will be given mainly for the most promising Higgs boson mass of 160 GeV
including cut flow information for the 120 and 200 GeV mass points.
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3.1 Event selection intt̄H, H →WW (∗)

The event selection is based on the analysis of final states with at least two reconstructed leptons and
jets; from now on we refer to this analysis as “basic selection”. Each lepton or jet is required to have
transverse momentumpT > 15 GeV and to lie in the pseudorapidity region|η |< 2.5. Finally, two-lepton
(2L) events are required to have at least six reconstructed jets, while events with three leptons (3L) must
have at least four jets.

The 2L(3L) selection retains 36.1% (35%) of the Higgs boson events with mH = 160 GeV, while
reducing the various backgrounds (see Tables 4 and 5).

For both selections, further suppression of the main background sources can be done by isolation.
The isolation criteria require that the transverse energy deposited in the calorimeter around the lepton
in a cone size∆R = 0.2 be below 10 GeV (calorimeter isolation), the maximumpT of extra tracks
reconstructed in the Inner Detector around the lepton trackin a cone size∆R = 0.2 be below 2 GeV
(tracker isolation) and the angular separation∆Rlep−cl j between the lepton and the closest jet be greater
than 0.2 for an electron or 0.25 for a muon (cone isolation). This is referred to as “standard isolation”
and it allows the reduction of thett̄ background by more than a factor of 10 (170) in the 2L (3L) analysis.
Thett̄Z/tt̄W backgrounds are suppressed by a factor 2 (tt̄Z, 2L) to 5 (tt̄W +2jets, 3L).

Further reduction of thett̄ background in the dilepton final state can be achieved by requiring exactly
two like-sign isolated leptons. This requirement suppresses the largett̄ processes with two leptonic
W -decays, as well as the contribution from thett̄Z process.
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Figure 1: (a) Dilepton invariant mass distributions intt̄H (2L) andtt̄Z and (b)pT -distributions of muons
passing the loose isolation criteria. The solid distribution shows electrons fromW decays in the 160 GeV
signal sample, the dotted distribution shows muons intt̄, which could not be matched to a generator-level
muon from aW - or τ-decay. All distributions are normalized to unity.

In both final states,tt̄Z can be suppressed further by an explicitZ-veto: events that contain a lepton
pair of opposite charge and same flavour with an invariant mass between 75 GeV< mℓℓ < 100 GeV are
rejected. This veto includes all leptons passing the selection criteria and loosepT-cut, here set to 6 GeV.
The dilepton invariant mass distributions intt̄H andtt̄Z are shown in Figure 1(a). TheZ-veto decreases
thett̄Z-contribution roughly by 75%, while 98% of the signal survive in the 2L analysis. In the 3L case,
83% of the signal events pass theZ-veto, while 80% of thett̄Z contribution is suppressed.

At this stage of the 2L selection, 73% of the remainingtt̄ events have at least one muon from a
semi-leptonic heavy quark decay, while the fraction of events with electrons of this origin is only 20%
(identification of electrons embedded in jets is more difficult than that of muons).

Further rejection of these muons fromtt̄ events is achieved by requiring the reconstructed muonpT
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to be larger than 20 GeV, as leptons from heavy quark decays tend to be softer than leptons fromW
decays (see Figure 1(b)). After this cut, the fraction of events with at least one muon from semileptonic
decay versus the one with at least one electron from semileptonic decay is respectively 46% and 41% .

The detailed cut flows, with the corresponding accepted cross-sections, are listed in Tables 4 and 5.
From now on the “basic selection” is quoted with the filter efficiency allowed for. In the 2L analysis we
have used the special MC@NLOtt̄ sample described in Section 2.2 and a small bias has been computed
at various stages of the cut flow. The different values have been found to be compatible and a correction
of 1.15±0.10 has been applied in thett̄ line in Table 4. In the 3L analysis the standard MC@NLOtt̄
sample has been used, and therefore no correction has been applied.

In both cases, the largest background contribution is expected fromtt̄ events. The accuracy of the MC
prediction of the total background expectation is limited by the available statistics and by the intrinsic
accuracy of the simulation tools. In the case oftt̄ the basic cross-section error is large, but theALPGEN

predictions for higher additional jet multiplicities suffer from even larger uncertainties. There may also
be background contributions fromW bosons with multijets which have not been reliably estimated or
QCD multijet production or other sources which it has not been possible to simulate.

Table 4: Cut flow and expected cross-sections [fb] for thett̄H (2L) analysis. The errors presented are
statistical only. Some backgrounds, such asW+jets,bb̄ andtt̄ j j have not been included.

Sample σTotal ·BR Basic sel. Calo iso. Track iso. Cone iso. Like-sign Z-veto pµ
T

tt̄H (2Ltruth, 120 GeV) 3.9 1.05 0.80 0.65 0.52 0.52 0.51 0.45±0.01
tt̄H (2Ltruth, 160 GeV) 11.1 4.01 3.02 2.57 2.09 2.09 2.04 1.85±0.03
tt̄H (2Ltruth, 200 GeV) 4.7 1.83 1.43 1.24 1.05 1.04 1.02 0.95±0.01
tt̄bb̄ (EW) 259.0 15.8 4.1 0.9 0.3 0.2 0.2 0.11±0.07
tt̄bb̄ 2360. 177. 31.7 6.3 1.8 0.9 0.9 0.5±0.2
tt̄ 833000. 6170. 1970. 870. 500. 16.0 16.0 7.4±1.1
tt̄tt̄ 2.68 0.65 0.33 0.26 0.20 0.07 0.07 0.06±0.00
tt̄W+0j 61.1 1.17 0.46 0.30 0.19 0.10 0.10 0.09±0.01
tt̄W+1j 50.5 2.09 0.93 0.66 0.48 0.23 0.23 0.21±0.02
tt̄W+≥2j 76.9 8.6 4.9 4.1 3.3 1.58 1.54 1.40±0.05
tt̄Z 110. 25.7 20.5 18.1 13.7 1.6 1.2 1.14±0.07
Wbb̄ 66721. 1.6 0.14 - - - - -
Total background 10.3±1.1

Table 5: Cut flow and expected cross-sections [fb] for thett̄H (3L) analysis. The errors presented are
statistical only; systematic uncertainties are also important. Some backgrounds, such asW+jets,bb̄ and
tt̄ j j have not been included.

Sample σTotal ·BR Basic sel. Calo iso. Track iso. Cone iso. Z-veto pµ
T

tt̄H (3Ltruth, 120 GeV) 2.5 0.66 0.46 0.38 0.29 0.24 0.20±0.00
tt̄H (3Ltruth, 160 GeV) 7.1 2.53 1.78 1.47 1.14 0.95 0.82±0.02
tt̄H (3Ltruth, 200 GeV) 3.1 1.16 0.82 0.70 0.55 0.43 0.39±0.01
tt̄ 833000. 1600. 230. 50.0 9.3 7.2 2.1±2.1
tt̄W+0j 61.1 0.78 0.17 0.08 0.04 0.03 0.03±0.01
tt̄W+1j 50.5 1.07 0.28 0.14 0.08 0.08 0.06±0.01
tt̄W+≥2j 76.9 2.77 0.85 0.60 0.50 0.42 0.38±0.03
tt̄Z 110. 15.0 8.6 6.8 5.3 1.05 0.86±0.06
Total background 3.4±2.1

3.2 Projective likelihood estimator for electron isolation

A projective likelihood estimator, called IsolationLikelihood [13], was developed in the course of the
tt̄H,H →WW (∗) (2L) analysis. Alternative to the standard isolation, this tool is meant to combine the
separation power of several isolation variables into a single, more powerful one. It uses the likelihood
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ratio method to reject electrons from semi-leptonic heavy quark decays using a different set of isolation
variables than those described in Ref. [13]:

• The additional transverse energy deposited in a cone of size∆R = 0.2 around the electron cluster.

• The sum of thep2
T of all additional tracks measured in a∆R = 0.2 cone around the electron cluster.

• The transverse impact parameter significance|I p|/δ (I p) of the electron.

In addition, the “cone isolation” cut is also used as in the standard isolation analysis.
When tuned to give the same electron isolation efficiency obtained with standard isolation in the

tt̄H analysis, the IsolationLikelihood allows a higher rejection of non isolated electron background by
a factor 1.5 to 4, as shown in Figure 2. Using this projective likelihood estimator could suppress the
tt̄ background from 7.4± 1.1 pb to 5.7± 1.0 pb, while keep the same signal and other backgrounds
selection efficiencies. It shows a potential improvement ofthis analysis which could be adopted at a
small increase in complexity, but it has not been used in thisdocument.

signal efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

signal efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

ba
ck

gr
ou

nd
 r

ej
ec

tio
n

1

10

210

310

410

 WW / electron medium→H(160GeV), H tt
| < 1.37η < 19GeV;     0 < |

T
15GeV < p

| < 1.37η < 43GeV;     0 < |
T

27GeV < p
| < 2.47η < 19GeV;  1.52 < |

T
15GeV < p

| < 2.47η < 43GeV;  1.52 < |
T

27GeV < p

ATLAS

Figure 2: Non-isolated electron rejections vs. signal efficiencies obtained by the IsolationLikelihood
estimator for four differentpT andη intervals. The large points mark the working point of the standard
isolation cuts for comparison and indicate the size of the error bars, which are not shown for the curves.

4 WH analysis

Only the three lepton final state,W (H →WW (∗))→ 3 (lν) is described below. The analysis of the larger
cross-section dilepton final state, which has an importantW + jet background is currently ongoing.

The basic selection requires three leptons that satisfy thelepton identification criteria, i.e. medium
electron [13] and standard muon [14]. The leptonpT-thresholds were set to 35 GeV for the leading
and 15 GeV for the other lepton. As seen from Fig. 3(a) the cut on the leading lepton reduces the
backgrounds much more than the signal. The presence of theseleptons also ensures that any signal is
efficiently recorded by the ATLAS trigger system

In addition to a 6 GeV calorimeter isolation and a 0.25 cone isolation as described in Section 3.1,
ptrack

T /plepton
T ≤ 0.05 were forced, whereptrack

T is of the track with maximalpT in a cone of∆R=0.2
(0.3) around the muon (electron). Furthermore, a cut on the lepton three-dimensional impact parameter
I3D/σI ≤ 2.5 was employed to reject leptons from bottom quarks.

6
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In order to reduce theWZ background, aZ veto is applied by requiring that no opposite sign and
same flavor lepton pair has an invariant mass between mass 65 and 105 GeV (Fig. 3(b)). In addition only
events withEmiss

T ≥ 30 GeV were kept. To further reduce the backgrounds, we ask the sum of thepT

of all the jets (which were preselected above 20 GeV from cone-0.7 tower jets [15]) to be smaller than
120 GeV, as seen in Figure 3(c).

For additional rejection oftt̄ and tt̄W , events having at least one jet fulfilling a looseb-tag [16]
are removed. In order to exploit the spin correlations in theH →WW (∗) signal, the minimum angular
separation (∆R ) between lepton pairs is required to be in the range of[ 0.1∼ 1.5 ] (so called “H-S cut”).
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Figure 3: pT-distribution for the leading leptons in theWH(3L) signal, tt̄, W Z, tt̄W and W +jet-
production(a), invariant mass of all the lepton pairs (b) and sum of thepT of all jets (c) for theWH
(3L) signal and the relevant backgrounds. All these plots are done after loose cut.

Table 6 summarises the cross-sections after the cut flow described above. The filtered MC@NLOtt̄
sample described in Section. 2.2 has been used here. In orderto take into account the bias introduced
by this sample, a correction of 2.36±0.6 has been applied. The background rate fromW bosons with
multijets, QCD multijet production or other sources, whichhave not yet been possible to simulate, have
their contribution still under study. The errors on the background are, at this stage, much larger than the
size of the expected signal.

5 Discussion

5.1 Uncertainties in the analyses

Several systematic uncertainties affect the results presented in this paper. There are theory uncertainties
associated to the the choice of the Parton Distribution Functions (PDFs), to the choice of the renormal-
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Table 6:WH (3L) cut flow and corresponding cross-sections. The errors presented are statistical only;
systematic uncertainties are also important. Some backgrounds, such asWWW , single top andtt̄Z have
not been included.

Input [fb] Basic sel. Isolation Z-veto Emiss
T H-S (b-) jet veto

W H (3L) 5.04 1.18 0.62 0.53 0.47 0.36 0.31±0.02
W Z 750. 165.5 1.41 0.74 0.63 0.21 0.10+0.08

−0.06
tt̄ 833000. 3564.3 6.45 6.11 5.10 1.02 0.34+0.70

−0.3
ZZ 72.5 34.5 0.13 0.06 0.013 0.008 0.005±0.001
tt̄W 61.1 1.35 0.22 0.21 0.19 0.07 0.003+0.005

−0.003
W bb̄ 66721. 3.1 - - - - -
W → eν+jets 2.05·107 17.6 - - - - -
W → µν+jets 2.05·107 27.6 - - - - -
Total background 0.45±0.70

ization and factorization scales, to the description of theinitial and final state radiation and to the model
used to simulate the heavy quark fragmentation. In order to evaluate the size of these uncertainties, the
theory parameters above mentioned have been varied within intervals corresponding to sensible choices.
Concerning the PDFs, the MRST2000-LO set was used at the place of the CTEQ6L1.

For thett̄H analysis, the theory uncertainties have been found to induce a 9% change of the signal
cross-section, dominated by the PDF choice. The impact to the tt̄ process, which is the most important
source of background to this signal, has been found to be 12% in Ref. [6]. An additional 5%, found
in study of the signal process, associated to the uncertainty of the initial and final state radiation, has
been included in quadrature, giving an overall 13% uncertainty on the total cross-section. However, the
background sample is dominated bytt̄ with extra jets, and the uncertainty on this rate is of order afactor
two. ForW H, the PDF uncertainty was found to be less than 5%, and energy scale uncertainty even
smaller [17]. Including these effects and others (ISR,FSR)we get a total theoretical uncertainty of 9%.

The effect of experimental systematic uncertainties has been also investigated. The main sources of
these uncertainties are represented by the knowledge of theintegrated luminosity, the energy scale and
the energy resolution of electrons, muons and jets, as well as the tag efficiency ofb-jets and the rejection
of light quarks. The level of these uncertainties and the impact on the overall event selection is presented
in Tables 7 and 8. Pile-up events will decrease the detector performance and the impact needs to be
properly addressed in future studies. However, the relatively low jet transverse momentum threshold of
15 GeV in thett̄H analyses may be sensitive to this. The overall systematic uncertainty expected in the
tt̄H analysis is 10% (10%) for the 2L (3L) signal and 15% (18%) for those backgrounds which have
been quantified. In the case of theWH analysis the overall systematic uncertainty is about 10% for the
signal, and about 20% for those background systematics which have been estimated. In each case the
total background uncertainty is much larger than this at present.

5.2 Conclusion

Thett̄H,H →WW (∗) andWH,H →WW (∗) processes have been studied using two- and three-lepton final
states. The signal and main backgrounds have been estimatedusing a full GEANT based simulation of
the detector. The estimated accepted cross-sections in fb of signal and background for these processes
are 1.9:10 (tt̄H 2L), 0.8:3.4 (tt̄H 3L) and 0.3:0.4 (WH 3L) respectively. The signal is small and clear
distinguishing features such as resonance peaks have not been established. The backgrounds are larger
and their uncertainties have not been fully controlled. Theanalysis is therefore very challenging.

Accurate estimations of the background level using large simulation samples (made with more effi-
cient simulation packages) as well as direct measurements using control samples from real LHC data are
essential if a good signal significance is to be reached. For example the production ofW bosons with
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Table 7: Overview of the experimental systematic uncertainties on the signal and background predictions
related to thett̄H channel in those channels studied. All numbers are in %.

Source of the uncertainty tt̄H (2L) tt̄H (3L)
∆ signal (%) ∆ background (%) ∆ signal (%) ∆ background (%)

Luminosity 3 3 3 3 3
Electron ID efficiency 0.2 0.2 0.2 0.3 0.3
Muon ID efficiency 1 1.0 1.0 1.5 1.5
ElectronET scale 0.5 0.1 0.1 0.2 0.3
Muon ET scale 1 0.5 0.2 0.7 1.0
ElectronET resolution 0.1 0.1 0.1 0.2
Muon pT resolution 0.6 2.2 0.3 0.9
Jet energy scale 7 1.2 4.9 2.7 10
Jet energy resolution 1.0 1.4 1.9 5.7
Electron isolation efficiency 1 1 1 1.5 1.5
Muon isolation efficiency 1 1 1 1.5 1.5

Experimental uncertainty ±3.9 ±6.6 ±5.2 ±12.3

Table 8: Overview of the experimental uncertainties on the signal and background predictions related to
theW H channels in those channels studied. All numbers are in %.

Source of the uncertainty W H 3L selection
∆ W H (3L) (%) ∆ W Z (%) ∆ tt̄ (%) ∆ ZZ (%) ∆ tt̄W (%)

Luminosity 3 3 3 3 3 3
Electron ID efficiency 0.2 0.3 0.3 0.2 0.9 1.1
Muon ID efficiency 1 1.5 1.7 1.9 1.0 1.7
Electron energy scale 0.5 0.06 0.06 0.2 0.02 0.07
Muon energy scale 1 0.2 0.1 1.0 0.08 0.7
Muon pT resolution 0.1 0.03 0.2 0.02 0.4
Jet energy scale 7 2.5 2.6 17.4 2.3 13.6
Jet energy resolution 0.005 0.03 1.9 0.5 0.7
b-tag eff. / light jet rej. 5 / 32 1.0 1.0 2.7 0.8 3.2

Experimental uncertainty ±4.3 ±14.5

large numbers of jets need to be measured, as does the fake contribution fromb-jets. These two channels
should then contribute to the measurement of the Standard Model Higgs boson properties, in particular
the couplings of this boson to top and to theW .
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Discovery Potential ofh/A/H → τ+τ−→ ℓ+ℓ−4ν
Abstract
This note describes a study of the discovery potential for the supersymmetric
Higgs bosonsh/H/A in proton-proton collisions at a center-of-mass energy of
14 TeV in final states withτ lepton pairs with the ATLAS detector at the LHC.
The Higgs bosons are produced in association withb quarks and decay into a
ττ final state where bothτ leptons decay leptonically. The signature of Higgs
bosons with masses between 110 and 450 GeV is analyzed and thediscovery
potential is assessed. The analysis is based on an integrated luminosity of
30fb−1.

All results are obtained using full simulation of the ATLAS detector. No pile-
up or cavern background has been considered in this analysis. In addition a
procedure for estimating the shape and the normalization ofthe irreducible
Z→ τ+τ− background from data is investigated. The discovery potential as a
function ofmA and tanβ is shown for themmax

h MSSM benchmark scenario.

1 Introduction

In the Minimal Supersymmetric Standard Model (MSSM), the minimal extension of the Standard Model,
two Higgs doublets are required, resulting in five observable Higgs bosons. Three of them are electrically
neutral (h, H, andA) while two of them are charged (H±). At tree level their properties like masses,
widths and branching fractions can be predicted in terms of only two parameters, typically chosen to be
the mass of the CP-odd Higgs boson,mA, and the tangent of the ratio of the vacuum expectation values
of the two Higgs doublets, tanβ .

In the MSSM the couplings of the Higgs bosons to fermions and bosons are different from those
in the Standard Model resulting in different production cross-sections and decay rates. While decays
into ZZ or WW are dominant in the Standard Model for Higgs boson masses above mH ∼ 160 GeV,
in the MSSM these decay modes are either suppressed like cos(β −α) in the case of theH (whereα
is the mixing angle of the two CP-even Higgs bosons) or even absent in case of theA. Instead, the
coupling of the Higgs bosons to third generation fermions isstrongly enhanced for large regions of the
parameter space. The decay of the neutral Higgs bosons into apair of τ leptons therefore constitutes
an important discovery channel at the LHC. The production ofthe Higgs bosons can proceed via two
different processes: gluon-fusion or production in association withb quarks.

In this note, the discovery potential of neutral MSSM Higgs bosons, produced via associated produc-
tion with b quarks and decaying into a pair ofτ leptons in ATLAS at the LHC is discussed. Onlyτ lepton
decays into electrons and muons are considered here. Higgs bosons in the mass range between 110 and
450 GeV are analyzed for an integrated luminosity of 30fb−1. Both the shape and the normalization of
theZ→ ττ background which is dominant for low Higgs boson masses are estimated fromZ→ µµ and
Z→ eeevents in data. The results are interpreted in themmax

h scenario as a function of the two parameter
of the model,mA and tanβ [1]. Studies concerning the semileptonic and the fully hadronic final state are
not included in this note. These studies are ongoing and willbe published separately.

This note is organized as follows. In Section 2 the signal andbackground processes are introduced
and their cross-sections are discussed. In Section 3 the analysis is discussed. After a description of
the selection, a procedure to estimate the shape and the normalization of the irreducibleZ → τ+τ−
background from data is detailed before the discovery potential in themA− tanβ plane is assessed. In
Section 4 the results are summarized.
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2 Signal and background processes

2.1 Higgs boson production

The production mechanism of Higgs bosons in the MSSM is discussed in the introductory section of this
chapter. The Higgs boson masses, their production cross-section and their branching fraction into a pair
of τ leptons are summarized in Table 1.

Table 1: Masses, cross-sections forb-associated production, and branching fractions into theτ+τ− final
state for Higgs bosons in themmax

h scenario and for tanβ = 20.

Mass / GeV σassociated
h/H/A /fb B(h/H/A→ τ+τ−)/%

A H h A H h A H h
110 129.8 109.0 314810 7579 310707 8.9 9.1 8.9
130 134.2 124.7 189602 92897 99992 9.1 9.2 9.0
160 160.8 128.0 97480 93102 6650 9.4 9.5 8.4
200 200.5 128.4 45685 45095 2188 9.6 9.7 7.5
300 300.4 128.6 10312 10253 979 8.2 9.5 6.3
450 449.8 128.6 2019 2035 723 6.1 6.2 5.7

The theoretical uncertainty on the inclusive production cross-section, i.e. without imposing any re-
quirements on thepT of theb jets at generator level, is estimated taking into account contributions from
the scale uncertainty and from the uncertainty on the partondistribution functions. The scale uncertainty
is obtained from Ref. [2] as a function of the mass of the Higgsboson. The contribution from the Parton
Density Functions (PDFs) is estimated by exchanging MRST2002 for MRST2004 parton distribution
functions. Since the cross-sections obtained with MRST2004 are smaller than that with MRST2002 they
are considered conservative. Therefore, half of the difference observed with this variation is taken as a
systematic uncertainty.

The total uncertainty on the cross-section, obtained by adding the PDF and scale uncertainties in
quadrature, is displayed in Fig. 1 as a function of the Higgs boson massmA. For Higgs boson masses as
low asmA = 100 GeV the total theoretical uncertainty is of the order of 20%. This uncertainty decreases
to values below 10% formA = 400 GeV. For low Higgs boson masses the contribution from thescale
uncertainty dominates over that from the parton distribution functions while for high Higgs boson masses
the situation is reversed.

2.2 Background processes

The following background processes are relevant and have been considered in this analysis (for details
see Ref. [3]).

• Z→ ℓℓ: The Drell-Yan production ofZ bosons and their subsequent decay into a pair of leptons
constitutes an important source of background. The production cross-section has been calculated
to NNLO accuracy and was found to beσZ→ℓℓ = (2015±60)pb1 .

Events with theZ boson decaying to a pair ofτ leptons constitute an irreducible background. In
particular for low Higgs boson masses, due to the limited invariant mass resolution in theτ+τ−
final state this background is problematic and needs therefore to be estimated directly from data.

• tt̄ production: The cross-section for this process has been calculated at NLO+NLL accuracy and
was found to beσtt̄ = (833± 100)pb. This background is dominant for Higgs boson masses
beyondmA = 200 GeV.

1The cross-section is given for a cut on the invariant mass of the lepton pair ofmℓℓ > 60 GeV.
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Figure 1: Systematic uncertainty on the signal cross-section for associated Higgs boson production as
a function ofmA. The dashed line corresponds to the contribution from the scale uncertainty, the dash-
dotted line to that introduced by the uncertainty on the parton distribution functions, and the solid line is
the sum of both contributions added in quadrature.

• W+jets production: The production cross-section for this process has been calculated at NNLO
accuracy and was found to beσW+Jets= 20510pb. This dataset was complemented by aWb̄b
sample whose cross-section has been calculated to NLO accuracy (σWbb̄ = 176.9pb).

2.3 Event generation

The Monte Carlo samples have been generated using the SHERPA [4], PYTHIA [5], HERWIG [6], A LP-
GEN [7], and MC@NLO [8] Monte Carlo generators. Except for SHERPA, all external matrix element
generators are interfaced to HERWIG to produce the parton shower. Theτ leptons are decayed using ei-
ther SHERPA or TAUOLA [9]. Initial and final state radiation of photons is simulated using PHOTOS[10].
Event filters have been applied for all processes in order to increase the event generation efficiency.
Details on Monte Carlo simulation are given in Ref. [3].

3 Analysis of the exclusive lepton lepton final state

The experimental signature consists of two leptons from theτ decays and missing transverse energy,/ET ,
due to the neutrinos from theτ decays. At least one jet tagged as coming from ab quark is required in
the event and therefore theb quark associated production is dominant here.

3.1 Preselection

The preselection cuts are grouped into ‘Trigger Selection’, ‘b-Tagging’, ‘Lepton Selection’, and cuts
related to the reconstruction of the invariant mass of the Higgs boson.

Trigger selection: An isolated muon (electron) with transverse momentum of at least 20 GeV (25 GeV)
or two isolated electrons withpT ≥ 15 GeV, or one electron withpT ≥ 15 GeV and a muon with
pT ≥ 10 GeV are required.

b-Tagging: Since the Higgs boson is produced in association withb quarks, at least one jet has to be
identified as coming from ab quark in order to suppress backgrounds from processes involving light

3
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quarks. Jets are reconstructed using a cone algorithm with radius∆R= 0.42, and ab-tagging weight of
≥ 3 is required in order for the jet to be labeled as coming from ab quark [11].

Lepton selection: Electrons are required to havepT ≥ 10 GeV, be within|η | < 2.5 and pass the
medium electron selection [12]. No isolation criteria are applied. Muons are reconstructed using the
algorithm described in Ref. [13]. A minimumpT of 10 GeV and|η | < 2.5 are required. An isolation
cone of opening angle∆R= 0.2 around the muon track is used with a maximumET of 6 GeV deposited
in the calorimeters. Two leptons of opposite charge are required if the event is to be considered for further
analysis. In case more than two leptons fulfill the above requirements the lepton pair with the highest
scalar sum ofpT is selected.

Collinear approximation: The invariant mass of the Higgs boson candidate is reconstructed using the
collinear approximation [14]. In this approximation the masses of the particles involved in the decay of
theτ lepton are small compared to their momenta, so that the direction of theτ lepton can be approxi-
mated by the direction of its observed visible decay products. The method assumes furthermore that the
missing energy observed in the event is entirely due to neutrinos from theτ lepton decays. In addition
the Higgs boson is required to have some amount of transversemomentum. If that is not the case the two
τ leptons from the Higgs boson decay are back-to-back. An accurate reconstruction of the transverse
momenta of theτ leptons is not possible in that case and the resolution of theinvariant mass of theτ pair
will be poor. Neglecting the masses of all leptons, the invariant mass of the Higgs boson candidate can
be reconstructed via

mτ+τ− =
mℓℓ√
x1x2

. (1)

The quantityxi = pT ℓi
/pT τi

is the fraction of theτ lepton momentum carried by its visible decay products.
They are calculated from/ET in the event and the transverse momentum of the visible leptons. For
this calculation/ET is decomposed into two components, each of them pointing along the direction of
the charged decay products of theτ lepton. This fraction is required to be within physical bounds
(0 < xi < 1). In order for the solution to be numerically stable a cut onthe angle between the visible
decay products of theτ lepton of∆φℓℓ < 3 is imposed. This also improves the invariantmττ resolution.

The accepted cross-section for the above preselection is detailed in Table 2 for the signal and the
dominant background contributions.

Table 2: Cross-section in fb passing the preselection criteria as described in the text. The numbers for
the signal samples are given assuming tanβ = 20.

Process Trigger Lepton Selection 1 or 2 jets> 0 b-tags Coll. Approx
mA = 110 GeV 1837.6 1154.8 628.6 175.7 118.4
mA = 130 GeV 1511.8 971.6 544.6 172.1 115.7
mA = 160 GeV 987.4 656.4 374.9 119.1 80.8
mA = 200 GeV 497.9 340 199.3 63.9 44.9
mA = 300 GeV 139.4 98.8 60.2 20.4 13.9
mA = 450 GeV 25.3 18.3 11.2 3.7 2.4

tt̄ 255114 48045.9 7804.8 5479 1096.2
Z→ ττ 47026.8 27654.4 14053.2 665.1 440.6
Z→ ee 1.4 E6 797747 421393 16197.8 2848.43

Z→ µµ 1.3 E6 704275 345491 16811.5 3223.43

W+Jets 17.2 E6 91042.8 44612.4 1537.5 122.43

2The radius∆Rof the cone is defined as∆R=
√

∆φ2 +∆η2

3Results were obtained using cut factorization.
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3.2 Event selection
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Figure 2: Invariantmτ+τ− distribution for a Higgs boson of massmA = 130 GeV (left) after preselection
cuts. The width has been determined by a fit of a single Gaussian to the peak region of the distribution.
The right-hand plot shows themτ+τ− distribution as a function of thepT of the Higgs boson.

Cuts on kinematic variables have been optimized in an iterative procedure in order to maximize the
statistical significanceS/

√
B for a potential Higgs boson signal. Since the composition ofthe background

depends on the signal mass hypothesis, this has been done separately for each mass point. In addition,
the optimization has been done separately for theee, µµ , and for the mixedeµ final states.

The following variables are considered: To suppress background from tt̄ production only events
with less than three jets are selected. The invariant dilepton massmℓℓ has to be well belowmZ in order
to suppressZ → ee and Z → µµ events. Since there are neutrinos from theτ decays in the event,
missing transverse energy is required in the event. The transverse momentum of the jet tagged as coming
from a b quark has to be above a certain value which depends on the Higgs boson mass under study.
Requirements on the maximumpT of the leading lepton as well as on that of the lepton-lepton system
pT,ℓℓ are imposed. In addition, the angle∆φ between the two leptons is restricted. The cut values and
the accepted cross-section for a Higgs boson mass ofmA = 130 GeV are given in Table 3.

The resolution of themτ+τ− distribution using the collinear approximation for a Higgsboson of mass
mA = 130 GeV is illustrated in Fig. 2 (left) after applying preselection cuts. The width as extracted from a
fit of a single Gaussian to the peak region isσ = 25 GeV compared to the natural width of a Higgs boson
of that mass between less than 100 MeV up to a few GeV dependingon tanβ . Themτ+τ− distribution
versus thepT of the Higgs boson is illustrated on the right-hand side of Fig. 2, showing that the invariant
mass resolution improves withpT of the Higgs boson.

3.3 Selection results

The accepted cross-sections after all cuts for different Higgs boson masses and the various backgrounds
are summarized in Table 4 for tanβ = 20. The reconstructedττ invariant mass distributions are dis-
played in Fig. 3 for all masses considered. The vertical solid lines mark the mass window defined as
m−1.65σ < mτ+τ− < m+2σ whereσ denotes the invariantmτ+τ− resolution for a given mass hypoth-
esis as determined from Monte Carlo simulations. All candidate events falling inside this mass window
are used to calculate the significances for a Higgs boson signal.

In the low mass range, the invariant mass resolution is of theorder of 25 GeV. A potential signal for
a Higgs boson is nearly indistinguishable from the irreducible Z→ τ+τ− background which dominates
in this mass range over the contribution fromtt̄ processes, which contribute at the(10−20)% level. This
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makes it necessary to estimate the shape and the normalization of theZ → τ+τ− background directly
from data. A procedure has been developed and will be discussed in detail in Section 3.5.

Table 3: Accepted cross-section in fb for optimized cuts formA = 130 GeV and tanβ = 20. The values
of the cuts applied are stated for theee/µµ (upper row) andeµ (lower row) subchannels. In case only
one number is given it applies to all leptonic subchannels.

Variable Selection H → ττ tt̄ Z→ ττ Z→ ee Z→ µµ W+Jets

Precuts 115.7±5.1 1096±35 441±16 3223±123 2848±108 122±40
pT b-jet (15−66) GeV 90.0±4.5 443±22 337±14 2756±113 2481±101 91±35

mℓℓ
(27−70) GeV
(0−70) GeV

72.6±4.1 138±12 326±14 134±25 92±19 60±28

x1 ·x2
(0.04−0.4)
(0.0−0.5) 64.1±3.8 108±11 251±12 47±15 36±12 40±23

pmiss
T

(20−∞) GeV
(15−∞) GeV

52.2±3.5 102±11 171±10 4.3±4.5 5.1±4.6 33±21

pH
T

(0−∞) GeV
(0−70) GeV

47.7±3.3 57.9±7.9 159.4±9.8 4.3±4.5 4.6±4.3 28±19

pT, ℓℓ
(0−45) GeV
(0−60) GeV

46.5±3.3 38.2±6.5 155.8±9.6 3.9±4.3 2.5±3.2 23±17

∆Φℓℓ
(2.24−3)
(2−3) 43.3±3.1 32.8±6.0 107.5±8.0 3.6±4.1 3.8±4.0 21±17

pT leadingℓ (10−80) GeV 43.3±3.1 32.8±6.0 107.5±8.0 3.6±4.1 3.8±4.0 21±17
Mass Window (111−198) GeV 28.4±2.6 19.7±4.6 22.1±3.6 1.8±2.9 2.0±2.8 12±12

Table 4: Accepted cross-section for all Higgs boson mass hypotheses analyzed. The cross-section in fb
for signal and background after all selection cuts is given (except for the cut on the mass window) for
tanβ = 20.

H → τ+τ− tt̄ Z→ τ+τ− Z→ e+e− Z→ µ+µ− W+jets
mA = 110 GeV 34.4± 2.9 24.0± 5.1 62.1± 6.1 1.9± 3.0 2.7± 3.3 8± 11
mA = 130 GeV 28.4± 2.6 19.7± 4.6 22.1± 3.6 1.8± 2.9 2.0± 2.8 12± 12
mA = 160 GeV 18.7± 1.2 39.3± 6.6 8.4± 2.2 1.4± 2.5 2.0± 2.9 1.8± 4.9
mA = 200 GeV 10.9± 0.6 28.4± 5.6 5.4± 1.8 2.0± 3.1 2.1± 2.9 3.7± 7.0
mA = 300 GeV 2.7± 0.1 32.8± 6.0 3.0± 1.3 0.4± 1.4 1.7± 2.6 5.8± 8.8
mA = 450 GeV 0.50± 0.03 50.2± 7.4 1.8± 1.0 0.4± 1.4 0.3± 1.1 4.1± 7.3

In the medium mass range, the contributions fromZ→ τ+τ− events and fromtt̄ processes become
equally important. The mass resolution for signal events isnow of the order of(30−40) GeV leading to
a broad structure which is indistinguishable from that of background events.

In the high mass range (mA = 300 to 450 GeV), the cross-section for the signal process decreases
rapidly. The invariant mass resolution for signal events isbetween(50− 80) GeV so that a discovery
with an integrated luminosity ofL = 30fb−1 in this channel will not be possible.

3.4 Systematic uncertainties

In order to assess the impact of systematic uncertainties, each of these has been applied in turn and
the impact on the result of the analysis is evaluated. The uncertainties assumed on the energy and
momentum resolution of muons, electrons, photons, and jetsare conservative estimates assuming non-
optimal performance of the corresponding algorithms at thebeginning of data taking.

1. For muons the uncertainty on the reconstructedpT is σ(1/pT) = (0.011/pT ⊗0.00017) with pT
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Figure 3: Invariantmτ+τ− distribution for signal and background events. The distributions are shown
after all selection cuts with the nominal masses and tanβ values as indicated in the plots. The vertical
lines indicate the mass window used for calculating the signal significance.

7

HIGGS – DISCOVERY POTENTIAL OF h/A/H→ τ+τ−→ `+`−4ν

184

1380



Table 5: Effects of systematic uncertainties as described in the text for different Higgs boson masses
for tanβ = 20. The effects of the systematic uncertainties consideredare listed in percent. The total
uncertainty is obtained by adding the individual contributions in quadrature.

mA = 110 GeV mA = 130 GeV mA = 160 GeV
Uncertainty / % Signal tt̄ Bkg W+jets Signal tt̄ Bkg W+jets Signal tt̄ Bkg W+jets
b-tagging efficiency 2.8 3.9 0.8 4.0 4.1 0.7 6.6 3.3 0.5
Jet energy scale 0.3 6.0 0.9 < 0.1 5.3 1.6 1.1 4.0 1.5
Jet resolution 8.3 0.8 0.3 < 0.1 0.2 1.2 6.1 0.4 1.2
Electron energy scale 0.7 0.5 1.0 0.4 0.1 1.0 0.4 0.5 0.9
Electron resolution 0.7 0.6 1.0 1.6 0.2 1.0 0.4 0.2 0.4
Muon energy scale 0.7 0.9 0.7 1.2 0.6 0.7 0.4 0.4 0.7
Muon resolution 1.4 0.6 2.5 0.8 1.1 2.4 1.7 0.4 2.4
Electron efficiency < 0.1 0.5 0.4 < 0.1 0.5 0.4 < 0.1 0.4 0.4
Muon efficiency < 0.1 0.8 0.7 0.8 0.2 0.7 < 0.1 0.9 0.7
Light jet rejection < 0.1 < 0.1 3.4 0.4 < 0.1 3.4 0.7 < 0.1 3.4
Total exp. uncertainty 9 7.4 4.7 4.6 6.8 4.9 9.2 5.3 4.8

mA = 200 GeV mA = 300 GeV mA = 450 GeV
Uncertainty / % Signal tt̄ Bkg W+jets Signal tt̄ Bkg W+jets Signal tt̄ Bkg W+jets
b-tagging efficiency 4.8 3.2 0.5 4.2 3.1 0.3 4.8 3.8 0.1
Jet energy scale 0.6 3.6 1.5 0.9 3.1 0.6 0.4 2.1 0.7
Jet resolution 8.0 1.6 2.7 0.8 0.4 2.7 0.7 0.5 2.4
Electron energy scale 0.5 0.5 0.9< 0.1 0.2 0.8 0.4 0.2 1.2
Electron resolution 0.3 0.1 0.4 < 0.1 < 0.1 0.3 < 0.1 0.4 0.3
Muon energy scale 0.5 0.4 0.7 0.5 0.4 0.7 0.9 0.3 0.9
Muon resolution 0.3 0.1 2.4 0.8 0.3 2.3 0.4 0.7 2.2
Electron efficiency 0.3 0.3 0.4 0.8 < 0.1 0.4 0.4 0.1 0.4
Muon efficiency 0.3 1.0 0.7 0.8 1.3 0.7 1.1 1.0 0.7
Light jet rejection 0.8 < 0.1 3.4 0.4 < 0.1 3.4 0.4 < 0.1 3.4
Total exp. uncertainty 9.4 5.3 5.4 4.6 4.7 5.1 5.1 4.6 5.1
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given in GeV. The uncertainty on the energy scale is estimated to be±1%, and that on the recon-
struction efficiency is assumed to be 1% and flat inpT .

2. For electrons and photons the uncertainty on the reconstructedET is σ(ET) = 0.0073·ET . The
uncertainty on the energy scale is estimated to be±0.5%, and that on the reconstruction efficiency
is assumed to be 0.2% and being flat inET .

3. For jets with|η | < 3.2 (|η | > 3.2) the uncertainty on the jet energy scale is taken to be±3%
(±10%) and the jet energy resolution is assumed to be 45%

√
E (63%

√
E).

4. For theb-tagging a degradation of the tagging efficiencies of 5% is taken as systematic uncertainty.
For theZ+light jets background an uncertainty on the rejection rate of ±10% is assumed.

A detailed description of the sources of systematic uncertainties can be found in [3]. The impact of
the systematic uncertainties on the number of signal andtt̄ background events4 inside the mass window
is summarized in Table 5 for Higgs boson masses betweenmA = 110 and 450 GeV. A sample of 48M tt̄
events from fast simulation has been used for these studies.TheZ→ ττ background in this analysis is
estimated from sidebands in data as described in the next Section. The number of events fromZ→ µµ
andZ→ eeprocesses after all selection cuts is small compared to thatfrom tt̄. Their contribution to the
total systematic uncertainty is small compared to that fromtt̄ processes.

3.5 Estimation ofZ→ τ+τ− shape and normalization from data
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Figure 4: Distribution of the invariant dilepton massmℓℓ (left). The shaded area illustrates the distribution
from Z→ µµ events, and the solid line that from signal events. The contribution fromZ → τ+τ− and
tt̄ events is illustrated by the dashed and dotted lines, respectively. The cut on the invariantℓℓ mass
is indicated by the solid vertical lines. The distribution of pmiss

T in the calorimeter forZ → µµ and
Z→ ττ → µµ +X events (right). All plots shown are after preselection cuts.

As discussed above the estimation of the shape and the normalization of the irreducibleZ → τ+τ−
events from data is of great importance in particular for lowHiggs boson masses where this background
is dominant. Procedures to estimate both the shape and the normalization ofZ→ τ+τ− events from data
are needed. This procedure is based onZ → µµ andZ → eeevents selected from a sideband region
which is free of Higgs boson events, in contrast to the signalregion. The method proceeds in three steps:

4The impact on the number ofZ→ τ+τ− events is not listed here since this background is estimatedfrom data.
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1. As a first step, a pure sample ofZ → µµ or Z → eeevents is selected from a sideband region as
described below.

2. The shape of themττ spectrum is estimated by adapting the four-momenta of the muons such that
they appear like coming fromZ→ ττ events.

3. The normalization of theZ → ττ background is estimated from a double-ratio comparing the
number events found in data and in Monte Carlo in the sidebandregion as well as in the signal
region.

This procedure is described in detail below.

3.5.1 Definition of signal and sideband regions

Events of the typeZ→ eeandZ→ µµ are selected from a sideband region (called region B) with very
high purity and with an event topology similar to that fromZ→ τ+τ− events in the signal region (called
region A). The following cuts are applied in order to selectZ→ eeandZ→ µµ events in region B:

• The invariant mass of the lepton-lepton system is required to be within 75 GeV< mℓℓ < 100 GeV,
whereℓℓ is either aeeor aµµ final state.

• At least one jet identified as coming from ab quark has to be found in the event.

• The number of jets allowed in the event has to be less than three.

The main cut defining region B is that on the invariant lepton-lepton mass. A distribution illustrating
the cut onmℓℓ is displayed in Fig. 4 (left) showing the large amount ofZ → µµ events selected by
the cuts above that only have a small contamination of eventscoming from tt̄ processes and events
containing Higgs boson decays. The number of events fromZ→ eeandZ→ µµ is around 500000 for
an integrated luminosity of 30fb−1 and thus much larger than the number ofZ→ ττ events expected in
the signal region. The purity of theZ→ µµ (Z→ ee) control sample in region B after all cuts mentioned
above is 99.1% (97.9%) with a contribution of 0.04% (0.05%) of events from the signal process5 with
the remainder coming fromtt̄ processes.

3.5.2 Estimation of theZ→ τ+τ− shape from data

The method of estimating the shape ofZ → τ+τ− events from data is based on the assumption that in
the calorimeter this type of events is indistinguishable from that of typeZ→ µµ . This method has been
proven to work in a vector boson fusionH → τ+τ− analysis [15].

The muons are minimum ionizing particles and their energy deposit in the calorimeter only weakly
depends on their momentum. Therefore, the missing energy signatures of both types of events in this
detector component are very similar as illustrated on the right-hand side of Fig. 4. Altering the energy
of muons inZ→ µµ events so that they correspond to those fromZ→ τ+τ−→ µµ + 4ν events leads
to identical distributions ofpT,µ , pT,miss andmτ+τ− for both classes of events. The following procedure
is adopted:

• Three dimensional reference histograms fromZ→ τ+τ−→ µµ +4ν events from Monte Carlo in
region A are created. The following variables calculated intheZ rest frame are used:

5A Higgs boson mass ofmA = 130 GeV and tanβ = 20 is assumed here. The contamination of Higgs boson events is even
smaller for the other signal masses considered in this analysis.
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1. The absolute value of the Gottfried-Jackson angleξ between theZ boson and the negatively
charged muon.

2. The energy of the muon with cosξ > 0.

3. The energy of the muon with cosξ < 0.

• The components of the momentum vector of the muons inZ→ µµ events from region B are altered
in a way that they match those fromZ → τ+τ− → µµ + 4ν events using the above reference
histogram:

pi,altered=
pi

|~p| ·Eµ ,altered. (2)

For each event, the angleξ is calculated and then new energies for the muons are chosen randomly
from the reference histogram. After applying this procedure, the muon momenta are boosted back
into the lab frame.

• The missing energy in the event is re-calculated according to the new muon momenta:

~pT,miss,altered= ~pT,miss−∑
µ

pT,altered+∑
µ

pT,old. (3)

A comparison ofpT,miss, of x1 ·x2 from the collinear approximation and of the invariantmτ+τ− mass
from alteredZ→ µµ in comparison withZ→ τ+τ−→ µµ +4ν events is shown on the left-hand side,
middle and right-hand side of Fig. 5, respectively. Good agreement within the statistical uncertainties of
the samples used is observed.
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Figure 5: Comparison of thepT,miss, x1 · x1, andmττ spectra for events of typeZ → µµ andZ → ττ .
Good agreement within the statistical uncertainties is observed.

The same shape as extracted from region B usingZ → µµ events to estimateZ → ττ → µµ + X
events in region A is also used forZ→ ττ → ee+X andZ→ ττ → µe+X events. As shown in Figure
6, themττ shapes are identical within statistical uncertainties justifying this procedure.

3.5.3 Estimation of the background normalization from data

In order to estimate the number of background events from theZ→ τ+τ− background process for this
analysis, the same definition of the sideband region has beenused as described above.

The number ofZ → τ+τ− background events in the signal region A can then be obtainedby re-
weighting the number of events found in data in region B by thepredicted ratio of the number of events
found in Monte Carlo in region A relative to that found in region B. In order for this method to be valid,
the following two conditions have to hold:

(Z→ ℓℓ)B
Data

(Z→ ℓℓ)B
MC

=
(Z→ τ+τ−→ ℓℓ+4ν)B

Data

(Z→ τ+τ−→ ℓℓ+4ν)B
MC

(4)
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Figure 6: Comparison of themττ shape forZ→ ττ → µµ +X, Z→ ττ → ee+X, andZ→ ττ → µe+X
events. Good agreement is observed within the statistical uncertainties of the samples used.

(Z→ ℓℓ)B
Data

(Z→ ℓℓ)B
MC

=
(Z→ τ+τ−→ ℓℓ+4ν)A

Data

(Z→ τ+τ−→ ℓℓ+4ν)A
MC

, (5)

where the first condition means thatZ→ ℓℓ events behave likeZ→ τ+τ−→ ℓℓ+ 4ν events, and when
combined with the second it implies thatZ→ τ+τ−→ ℓℓ+4ν events in region A and in region B behave
identically.

The calculation of the number of events from theZ→ τ+τ− process in data is performed in bins of
pT of the leading lepton vs. thepT of the subleading lepton with a bin size of 2× 2 GeV2 which was
found to give unbiased results in previous Monte Carlo basedstudies [16]. This ensures that the method
is less dependent on the differences inpT in the signal and the sideband region. Once events from real
data are available the method has to be validated and the influence of a possible difference between data
and the Monte Carlo prediction on the results has to be checked.

This procedure also allows to easily take into account differences in acceptance and trigger ef-
ficiencies by simply applying the appropriate factors to thereweighting procedure. The number of
Z→ τ+τ−→ ℓℓ+4ν events in region A is then given by

(Z→ τ+τ−→ ℓℓ+4ν)A
Data= ∑

i, j

(
(Z→ τ+τ−→ ℓℓ+4ν)A

MC

)
i j(

(Z→ ℓℓ)B
MC

)
i j

·
(
(Z→ ℓℓ)B

Data

)
i j , (6)

wherei and j indicate the corresponding bin inpT . The statistical uncertainty on this method is calculated
according to Gaussian error propagation. The method has been tested using two independent Monte
Carlo samples, one to fill the reference histogram and one to test the reweighting procedure. Good
agreement within statistical uncertainties between the expected number of events in region A and that
actually found was observed.

The application of this method is straight forward for theee and theµµ final state. For theeµ
final state the procedure has to be adapted since there are noZ → eµ decays. In order to estimate
the number of background events in that case, events fromZ → eeandZ → µµ processes are used.
Additional correction factors are applied to account for the differences in trigger efficiencies and selection
efficiencies in that case.
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3.5.4 Systematic uncertainties of the background estimation procedure

Table 6: The effects of systematic uncertainties on the calculation of the normalization.

Uncertainty Effect Value Systematic Uncertainty

Muon resolution σ
(

1
pT

)
=

√(
0.011

pT

)2
+0.000172 0.16 %

Muon energy scale ±1% 1.35 %
Muon efficiency ±1% 0.7 %
Electron resolution σ (ET) = 0.0073·ET 1.9 %
Electron energy scale ±0.5% 0.85 %
Electron efficiency ±0.2% 0.1 %

The impact of the systematic uncertainties on the estimation of the number of background events
from Z → τ+τ− processes as described in Section 3.4 has been evaluated. The uncertainties on jet
energy scale and jet resolution, as well as on theb tagging efficiency are expected to be negligible since
the same effects would apply to the signal region as well as tothe sideband region. The remaining
contributions to the systematic uncertainty on the background estimation procedure are coming from the
energy scale, efficiency and resolution connected with the electrons and muons in the final state. These
contributions as expected in 30fb−1 of data are summarized in Table 6.

In addition, systematic uncertainties due to the differentacceptances and trigger efficiencies for the
Z→ ee/µµ samples from the sideband region compared toZ → ττ → ee/µµ/eµ + X samples in the
signal region need to be taken into account. Since the reweighting of events is done as a function of the
pT of the leading and the subleading lepton, these are easy to apply. Since this analysis is aimed at an
integrated luminosity of 30fb−1, it is assumed that by then these uncertainties are evaluated to a very
high precision.

The overall systematic uncertainty has been evaluated to be2.6% by dividing the available MC events
into two independent samples. This uncertainty has been taken into account for the final results.

3.5.5 Summary of the background estimate from data

Both methods described above are now combined to estimate the Z → ττ background and thereby the
significance of a possible Higgs boson signal in the low mass region. First, the number of events of
typeZ→ τ+τ− is estimated using the method described in Section 3.5.3. Then, the shape of this back-
ground is determined as described in Section 3.5.2. The background is then subtracted from themτ+τ−

distribution.

3.6 Results and discovery potential

The discovery potential for theh/H/A→ τ+τ− → ℓℓ4ν channel is now assessed. All sub-channels,
i.e. ee, eµ andµµ are combined to calculate the significance of a Higgs boson signal. A mass window
m−1.65σ < mτ+τ− < m+2σ is applied to calculate the final significance whereσ denotes the invariant
mass resolution of the Higgs boson signal of the corresponding mass.

The shape and the normalization of theZ→ τ+τ− background is estimated from the sideband region
in data as described in Section 3.5. There is no corresponding procedure available yet for thett̄ back-
ground so that all experimental systematic uncertainties are taken into account for all calculations below.
Theoretical uncertainties are treated separately. The significance of a potential Higgs boson signal in the
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tanβ . The solid line represents the main result of the analysis. The dashed lines indicate the discovery
potential and exclusion limit including an addition 10% uncertainty on thett̄ cross-section. The bands
represent the influence of the systematic uncertainty on thesignal cross-section.

given mass window is calculated as

Sign. =
S√

Ntt̄ +(∆tt̄
sys)2 +NZ→ττ +(∆Z→ττ

sys )2 +NW→ℓν +(∆W→ℓν
sys )2 +NZ→ee+NZ→µµ

, (7)

whereS is the number of signal events,Ntt̄ and∆sys(tt̄) are the statistical and systematic uncertainties
on thett̄ background. The quantitiesNZ→τ+τ− and∆sys(Z → τ+τ−) are the statistical and systematic
uncertainties on theZ → τ+τ− background, respectively. The term in the denominator is dominated
by the contribution fromtt̄ events; the contributions fromNZ→ee andNZ→µµ and their corresponding
systematic uncertainties are negligible.

The discovery potential and the 95% exclusion limit in themmax
h scenario as a function of tanβ and

mA and for an integrated luminosity of 30fb−1 is displayed in Fig. 7 on the left-hand side and right-
hand side, respectively. The uncertainty on the signal cross-section is indicated as bands in the plots.
The calculation of the significance includes both statistical and experimental systematic uncertainties
on the background. The uncertainties on the background cross-sections are not taken into account in
the main results since they are assumed to be measured with high precision at the time of the analysis.
However, since the cross-section for thett̄ background might not be measured at high precision in the
region of phase space relevant to this analysis, the discovery potential including a 10% uncertainty on
that background is displayed in addition (dashed line).

The discovery potential for Higgs bosons is shown in Fig. 8 asa function of tanβ for variousmA

values, and in Fig. 9 as a function ofmA for various tanβ values.

4 Conclusion

In this note a study of the discovery potential for the supersymmetric Higgs bosonsh/H/A in proton-
proton collisions at a center-of-mass energy of 14 TeV with the ATLAS detector at the LHC has been
presented. The final stateh/H/A→ τ+τ− in b quark associated production has been investigated with
at least one jet identified as coming from ab quark and with bothτ leptons decaying leptonically.

A significant improvement for the discovery potential can beachieved if this channel is combined
with the ℓ-had and had-had channel, where oneτ lepton decays leptonically (either electron or muon)
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and one hadronically, or bothτ leptons decay hadronically [17].
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Search for the Neutral MSSM Higgs Bosons in the Decay
ChannelA/H/h→ µ+µ−

Abstract
Motivated by the high muon momentum resolution and identification effi-
ciency achievable with the ATLAS detector, the observability of A/H/h →
µ+µ− channel is explored. The high experimental resolution in this decay
mode compensates to some extent for the suppression of the branching ratio,
with respect to theA/H/h → τ+τ− decays. The analyses are performed in
the Higgs mass range from 100 to 500 GeV. Two main analysis strategies are
applied - the search for the dimuon final states resulting from the directA/H/h
production is combined with the search for the associatedbb̄A/H/h production
mode.

The studies are optimized for the early stage of data taking up to an integrated
luminosity of 30 fb−1. All results are obtained combining the fast and the
full simulation of the ATLAS detector with the nominal detector layout and
the trigger efficiencies included. In addition, dedicated data samples are pro-
duced to study the impact of the pile-up and cavern background on the analysis
performance. The estimation of the background contribution from the experi-
mental data and the contribution of theoretical and experimental uncertainties
are also addressed. The discovery potential is shown in themA-tanβ plane in
context of themmax

h MSSM benchmark scenario.

1 Introduction

In the framework of the Standard Model, the observability ofthe Higgs boson in the decay channel
H → µ+µ− is very unlikely, since the branching ratio for the Higgs decay into muons is very small and
the backgrounds from several Standard Model processes are large. As opposed to the Standard Model
predictions, the decay of neutral MSSM Higgs bosonsA, H andh into two muons is strongly enhanced
in the MSSM for large values of tanβ and can be used either as a discovery channel or for the exclusion
of a large region of themA-tanβ parameter space (see Ref [1]).

Compared to the dimuon channel, theA/H/h→ τ+τ− decays have a substantially larger branching
ratio which scales as(mτ/mµ)2 and thus provide a promising discovery signature, as discussed in Ref [2].
Nevertheless, theτ identification represents an experimental challenge. Theµ+µ− final state, on the
other hand, has the advantage of a very clear signature in thedetector. Furthermore, a full reconstruction
of the Higgs boson final state is possible, which allows for a direct mass measurement. The dimuon
channel provides for the most accurate Higgs boson mass measurement.

In this note, the potential for the discovery of the neutral MSSM Higgs bosons is evaluated in the
dimuon decay channel. The study concentrates on the region of (mA− tanβ ) plane withmA >110 GeV
and intermediate tanβ values between 10 and 60, which is still uncovered by the current exprimental
limits [3, 4]. A detailed study of the ATLAS discovery potential for this channel has been recently
performed in the low mass region below 130 GeV [5]. The study includes also higher Higgs boson
masses up to 400 GeV.

In Section 2, the relevant production and decay rates of the MSSM Higgs boson are briefly discussed
in the context of themmax

h LHC scenario [6], as well as the production mechanisms of themajor back-
ground processes. In Section 3, the Monte Carlo simulation and data samples used for the analysis are
described. Section 4 provides a short description of the detector performance obtained from the simu-
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lation, related to the reconstructed particles which will be present in the final state. The event selection
criteria, the resulting efficiency of the signal selection and the corresponding background rejection shall
be described in Section 5. Discussion of the systematic uncertainties is presented in Section 6. Sec-
tion 7 describes the methods for the estimation of differentbackground contributions from the the real
data. The obtained results are finally represented by the discovery contours in the (mA-tanβ ) plane (see
Section 9). The note concludes with Section 10.

2 Signal and background processes

In this Section, the properties of the signal shall be brieflydescribed, as well as the background processes
relevant for the MSSM Higgs boson searches in the dimuon finalstate at the LHC.

2.1 Signal production and decays

The characteristic production and decay properties of all MSSM Higgs bosons are determined at tree-
level by the values of the two free parameters tanβ and the massmA of the A boson. These properties
have been calculated at NNLO with the Feynhiggs 2.6.2 package [7] in themmax

h scenario, as summarized
in Ref [1].

The directgg→ A/H/h production via the gluon-gluon fusion is an analogue to the Standard Model
Higgs boson production. This process is important in the region of low tanβ values (below 10), where the
Higgs bosons couple most strongly to up-type quarks. For larger values of tanβ , the rate of thebb̄A/H/h
Higgs production in association with b-quarks becomes dominant, due to the enhanced couplings to the
b-quarks.

There are two approaches to calculate the signal rates for the associatedbb̄A/H/h production mode.
In the first approach, the production cross-section for thegg→ bb̄H process has been calculated at NLO
in Ref [8, 9]. This calculation is most reliable in the case where both outgoing b-quarks have a high
transverse momentum (above∼15 GeV). The inclusive cross-section without any cut on the transverse
momenta of the b-quarks is less accurate, due to additional collinear logarithms which appear in the
calculation due to the presence of low-momentum b-quarks. An alternative approach is the calculation
of the inclusive cross-section for thebb̄→H process, for which the collinear logarithms can be absorbed
in a parton density function for the b-quarks and resummed toall orders of perturbation theory [10, 11].
This later calculation has been implemented in a parametrized way into the Feynhiggs package, which
was finally used for the evaluation of the signal cross-sections, as mentioned previously.

The different higher-order calculations mentioned above have been extensively compared in Ref [12].
The two approaches agree within uncertainties. For thegg → bb̄H calculation, the uncertainty related
to the variation of the renormalization and the factorization scale amounts to 20-30%. For thebb̄ → H
calculation, which is used for the analysis, the scale uncertainty is much smaller, less than 10%. However,
it should be noted that the uncertainty on the b parton density function has not been included here. In
order to estimate this pdf-uncertainty, a calculation of the bb̄ → H cross-section is performed with two
different parton density functions, MRST2002 and MRST2004. The observed difference of∼14% is
taken as the estimate of the pdf-uncertainty. Adding the 10%scale uncertainty to this in quadrature, the
total theory uncertainty for the signal is estimated to be∼17% forH boson masses up to 500 GeV.

The production cross-section ofH andA bosons increases approximately quadratically with increas-
ing tanβ , while theh boson production is tanβ -dependent only formA <130 GeV. Also the branching
ratio of H andA boson decays intoµ+µ− pairs become enhanced with increasing values of tanβ . The
h boson decay is rather insensitive to the two mentioned parameters. The increase of the cross-sections
and branching ratios with tanβ make theA/H/h→ µ+µ− decay channel a promising Higgs signature
in MSSM.

2
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Additionally, the signal is enhanced due to the mass degeneracy of the neutral Higgs bosons. ForA
boson massesmA <130 GeV, theh andA bosons are degenerate in mass, while the heavyH boson mass
is rather constant (∼130 GeV). In case ofmA ≈130 GeV, all three bosons have very similar masses. For
mA >130 GeV, theh boson mass reaches its maximum value of∼130 GeV, independent of theA boson
mass, while theA andH bosons become degenerate in mass. Thus the signal can be observed as the sum
of all two or three degenerate mass states.

2.2 Background processes

The processes with two muons in the final state, which give a major background contribution in the
searches for theA/H/h signal are depicted in Figure 1.
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Figure 1: Tree-level Feynman diagrams of the dominant background processes with two isolated
muons in the final state: a) Drell-YanZ boson production, b)Z boson production in association
with jets, c)tt̄ production and d)ZZ andWW production.q is a general symbol foru andd quarks,
while Q stands for theb andc quarks.

The dominant background process with a very large production rate of∼1 nb is the Drell-YanZ
boson production, with subsequentZ decay into two muons. The invariant dimuon mass peaks at theZ
resonance, such that the search for theA/H/h becomes unfeasible for the Higgs masses below 100 GeV.
Even for the higher Higgs boson masses, the tail of theZ resonance still provides an overwhelming
background. The Drell-Yan background can be suppressed by requiring the presence of one or more
additional b-jets, originating from the associatedbb̄A production. The major backgrounds remaining
after this requirement are theZ boson production in association with the light jets or b-jets and thett̄ →
(W +b)(W−b̄)→ (µ+νb)(µ−ν b̄) background. Thett̄ background can be distinguished from the signal
by a higher jet activity and a large missing energy caused by the neutrinos fromW decays. Additional
background fromWW and ZZ diboson productions is expected to be small, due to the much lower
production rates.
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3 Data samples

Two different Monte Carlo generators are used for the signalproduction. PYTHIA 6.4 [13] has been used
to generate the directgg→ φ → µµ and associatedgg→ bb̄φ → bb̄µµ processes (whereφ = A, H, h).
The SHERPA [14] event generator (version 1.0.9) combines all three associated production mechanisms,
gg → bb̄φ , bg → bφ and bb̄ → φ , in a coherent way without double-counting. This is accomplished
by the CKKW algorithm [15] for the matching of the parton showers to the quark emission from the
matrix elements. Both generators provide leading-order cross-sections, which have been rescaled to
the Feynhiggs NNLO values. The studies at the D0 experiment [16] have shown that the differential
SHERPA distributions are in a good agreement with the real data and can simply be normalized to the
previously described inclusive higher-order cross-sections. The comparison of the samples produced by
the two generators will be described in Section 6.1. A generator filter requiring at least two muons with
pT >5 GeV and|η | <2.7 is applied to each event for all signal data samples, after the showering and
before writing out the events into permanent storage. The background samples are listed in Table 1,
together with the corresponding NLO cross-sections. The details of the cross-section computation can
be found in Ref [17]. In addition to already mentioned generators, the MC@NLO 3.1 [18] and AcerMC
3.4 packages [19] have been used for the event generation.

Full simulation of the detector response has been performedfor all signal and background event
topologies, within the ATHENA software framework which uses the GEANT4 [20] package for the
description of the detector response. In addition, due to the large background production rates, it is nec-
essary to increase the number of simulated events by means ofthe parametrized fast detector simulation
(Atlfast [21]). The presented analyses are based on the combination of both simulation types. The sam-
ples obtained with the detailed simulation have been used for the tuning of the parametrized description
of the detector performance in the fast simulation. The tuning procedure provides a very good agreement
with the full detector simulation. Any remaining differences are treated as systematic uncertainty.

Process Generator σ ×BR Filter Number Simulation
[pb] efficiency of events type

tt̄; 2µ-filter MC@NLO 833 0.072 500 000 full sim.
tt̄; 1ℓ-filter MC@NLO 833 0.556 600 000 full sim.
(Z → µµ)+0-3 light jets SHERPA 2036 0.490 5 000 full sim.
(Z → µµ)+1-3 b-jets SHERPA 52.3 0.914 5 000 full sim.
bb̄(Z → µµ) AcerMC/PYTHIA 45 0.788 280 000 full sim.
ZZ → bb̄µµ PYTHIA 0.151 0.724 10 000 full sim.
WW PYTHIA 116.8 0.35 50 000 full sim.
tt̄, no filter MC@NLO 833.0 1.0 100 000 000 Atlfast
(Z → µµ)+0-3 light jets SHERPA 1165.9 0.855 30 000 000 Atlfast
(Z → µµ)+0-3 b-jets SHERPA 52.3 0.914 1 000 000 Atlfast

Table 1: Background data samples with corresponding NLO cross-sections.

All mentioned data samples have been simulated assuming there are no additionalpp-interactions per
event. However, at luminosities of 1033 cm−2s−1 one expects to have 2-3 such pile-up interactions super-
imposed to the hard scattering. In addition, the neutron andphoton background of the muon spectrometer
(so called cavern background) may increase the muon triggerrate and degrade the muon reconstruction
performance [22]. In order to study the impact of the pile-upand cavern background on the analysis
performance, dedicatedbb̄A, tt̄ andZbb̄ data samples have been simulated with the realistic pile-upand
cavern background contribution. The simulated cavern background is assumed to be five times higher
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than the prediction of GCALOR [23] and FLUKA [24] simulations, to account for the uncertainty of the
calculation.

4 Detector performance

A detailed description of the ATLAS detector and its performance is given in Ref [25]. The details of
the detector layout, the software framework used for the Monte Carlo production, as well as the details
of the reconstruction of fully simulated events can be foundin Ref [26]. In this Section, the performance
of the reconstruction algorithms is shortly described, concentrating on the key objects for the analyses:
muon identification and momentum measurement, jet reconstruction, b-tagging and the measurement
of the missing transverse energy (Emiss

T ). First, the results obtained in absence of pile-up and cavern
background in the detector are shown. These are subsequently compared to the results obtained when
both pile-up and cavern background are taken into account.

4.1 Reconstruction performance without pile-up and cavernbackground

In ATLAS, the muon reconstruction is performed by combiningthe information of the muon spectrom-
eter and the inner detector. Staco and MuTag [22] reconstruction packages are used for the study. The
average muon reconstruction efficiency is (97.15±0.04)%. This is reduced to (95.44±0.05)% if a match
between the muon spectrometer track and the inner detector track is required. The momentum resolu-
tion of low-pT muons is mostly dominated by the inner detector performance, while the high-pT muon
reconstruction is more sensitive to the muon spectrometer performance. The average muon momentum
resolution is better than 3%, which allows for an excellent dimuon mass resolution, as shown in Figure 2
for the A-boson (mA=200 GeV) produced via the associatedbb̄A and the directgg→ A production mode.
As expected, the experimental dimuon mass resolution does not depend on the Higgs production mode.
Table 2 summarizes the dimuon mass resolutions obtained fordifferentA boson masses.
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Figure 2: Dimuon mass distribution for thebb̄A andgg→ A signal samples with anA boson mass
of 200 GeV and tanβ=30. The distributions are fitted by the Gauss function.

Characteristic of thebb̄A signal are the b-jets with generally rather low transverse momenta, as shown
in Figure 3(a). Since the efficiency of the b-jet reconstruction decreases with thepT , the number of
reconstructed b-jets will in general be smaller for the signal than for thett̄ or ZZ → bb̄µµ backgrounds,
where the b-jets are more energetic (see Figure 3(b)). A detailed study was performed to identify the
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A boson mass (GeV)
(GeV) 110 130 150 200 300 400

Natural width 2.16 2.48 2.80 3.60 5.61 8.46
Reconstructedσ 2.59± 0.02 3.83± 0.03 4.11± 0.04 6.29± 0.05 10.2± 0.2 15.0± 0.3
Reconstructed 109.818 129.738 149.796 199.589 298.82 399.37

mass ± 0.006 ± 0.005 ± 0.006 ± 0.005 ± 0.04 ± 0.04

Table 2: The natural width of theA boson and the expected width of the dimuon resonance based
on Monte Carlo simulated data are shown for thebb̄A signal at different mass points and with
tanβ=30.

(b-jet) (GeV)
T

p
0 50 100 150

310×

N
or

m
al

iz
ed

 to
 u

ni
ty

0.00

0.05

0.10

0.15
 = 200 GeV 

A
bbA, m
 

tt 

Zbb 

ZZ 

ATLASa)

N(b-jet)
0 2 4 6 8 10

N
or

m
al

iz
ed

 to
 u

ni
ty

0.0

0.5

1.0

 = 200 GeV 
A

bbA, m
 

tt 

Zbb 

ZZ 

ATLASb)

Figure 3: a) Transverse momentumpT of the b-jets in thebb̄A signal and the dominant background
processes and b) the number of reconstructed b-jets per event. The selection criteria for the b-jets
are described in the text.

optimum b-jet selection criteria. The best jet reconstruction performance is observed for the jet cone
algorithms with the cone size of∆R =

√
∆η2 + ∆φ2 = 0.4, compatible with the performance of thekT

algorithm for the same cone size. After a jet is selected as described, the b-tagging algorithm is performed
to determine whether the jet originates from the b-quark. The minimumpT value of 20 GeV is required
for each b-jet in order to reduce the contribution of the calorimeter noise and of the mistagged light-
or c-jets. The rejection of light- and c-jets is essential for the suppression of theZ + jet background.
One could extend the lowerpT -bound down to∼15 GeV without a large change of the rejection rate.
However, the impact on the final signal significance will be rather small, while the agreement between
the full and the fast simulation is shown to decrease.

Several b-tagging algorithms have been studied in order to define the optimum selection of the low-
pT b-jets coming from the signal. The best rejection is obtained by IP3DSV1 [27], which is based on the
information obtained from the transverse and longitudinalimpact parameter significances of the tracks
and from the reconstructed secondary vertex. The distribution of the b-tagging weight obtained by this
algorithm is shown in Figure 4 for the b-jets and the light jets in thebb̄A signal sample at 200 GeV
and in thett̄ background sample. The arrow indicates the optimum cut value of 4. Figure 5 shows the
obtained b-tagging efficiency for thebb̄A signal sample, in dependence on the b-jetET (Figure 5a)) and
η (Figure 5b)). The kinematic cuts ofpT >20 GeV and|η | < 2.5, as well as the IP3DSV1 weight-cut
of 4 have been applied for the b-jet selection. The resultingb-tagging efficiency is (64.1±0.81)% for the
bb̄A signal sample, with a light-jet rejection of (80±1) for theZ + jet sample. Systematic detector-related
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Figure 4: Distribution of the b-tagging weight for the b-jets and the light jets in thebb̄A signal
and tt̄ background sample, obtained by the IP3DSV1 b-tagging algorithm. The arrow indicates
the optimum cut value of 4, which is used for the selection of the b-jets in the analyses.
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Figure 5: B-tagging efficiency in dependence of b-jet transverse energyET (a) and pseudorapidity
η (b), evaluated for thebb̄A signal sample atmA =200 GeV and tanβ =30. IP3DSV1 b-tagging
weight cut of>4 has been applied.

uncertainties are not included here.
The final important reconstruction object is the missing transverse energy (Emiss

T ), which allows for
the suppression of thett̄ background. In the signal processes, there is no neutrino contribution, such that
the measuredEmiss

T value is dominated by the experimental resolution. The reconstruction algorithm for
the calculation of the missing transverse energy is described in detail in Ref [28]. The distributions of
Emiss

T(x,y) components in the signal samples have a Gaussian part with a width σ=(7.8±0.1) GeV, while the

non-Gaussian tails (above 5σ ) are found to contribute less than 1.5% to the overall distribution. Emiss
T is

sensitive to pile-up effects, as will be described in the next subsection.

4.2 Reconstruction performance under influence of pile-up and cavern background

In the following, the detector performance related to the analysis is evaluated in dependence on the pile-
up at luminosities of 1033 cm−2s−1 and cavern background (five times higher than the expectation). In
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Figure 6(left), the efficiency and the fake rate of the muon reconstruction is shown for thebb̄A signal
sample simulated without and with the pile-up contributionas a function of the pseudorapidity. The
corresponding momentum resolution is shown in Figure 6(middle). Similar results are obtained also
for the background samples. As can be seen from the plots, muon reconstruction is only marginally
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Figure 6: Efficiency and the fake rate (left) and resolution (middle) of the muon reconstruction as
a function of the|η | (for pT >20 GeV), with and without the pile-up contribution in thebb̄A signal
sample withmA=200 /GeV. The right plot shows the corresponding dimuon mass distribution.

influenced by pile-up. Consequently, the dimuon invariant mass also remains unaffected, as shown in
Figure 6(right) formA=200 GeV.

On the contrary, the reconstruction of the missing transverse energy is substantially affected by pile-
up in the calorimeter. The degradation of theEmiss

T -resolution mainly affects the selection of events
with a small true missing energy (signal and theZ background) as shown in Figure 7(left);tt̄ events,
characterized by a large missing energy, are rather insensitive to pile-up (see Figure 7(right)). This
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Figure 7: Missing transverse energy distribution for thebb̄A signal at 200 GeV (left) and thett̄
background (right),with and without pile-up.

effect must be taken into account during the optimization ofthe event selection criteria. For instance, an
event selection cut atEmiss

T <30 GeV, which is reasonable without pile-up, would reject too many signal
events, once the pile-up contribution is included. Therefore, this analysis cut should rather be set to at
least 40 GeV in the realistic LHC environment.

8

HIGGS – SEARCH FOR THE NEUTRAL MSSM HIGGS BOSONS IN THE DECAY CHANNEL . . .

202

1398



The change of the calorimeter response under the influence ofpile-up affects also the jet reconstruc-
tion. Due to a higher calorimeter activity, one expects an increase in the number of reconstructed jets.
This can be observed in Figure 8(left), showing the jet multiplicity in the Zbb̄ background events.
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Figure 8: Total number of jets per event (left) and the numberof b-jets (right) in theZbb̄ back-
ground sample, with and without the pile-up contribution.

No significant impact of the pile-up is observed on the b-tagging (see Figure 8(right)), due to the
additional tracking and vertex information.

5 Event selection

The search for the MSSM Higgs bosons can be performed by several different approaches, related to the
number of jets one requires to be present in the final state. Asmentioned before, due to a large signal
production rate in the associated production mode, the presence of the b-jets in the final state can help
to suppress the Drell-Yan background. On the contrary, the remaining events with 0 b-jets provide for a
high signal rate on top of the smoothly distributed background, even at low integrated luminosity.

The event selection methods are optimized separately for the two cases:

• Signatures with 0 b-jets in the final state.

• Signatures with at least one b-jet in the final state.

The two mentioned final states are uncorrelated and therefore complementary. In the case of 0 b-
jets in the final state, the dominant background is the Drell-Yan Z boson production, while in the case
of at least one b-jet thett̄ background has the biggest contribution, especially for Higgs masses above
130 GeV, which are further away from theZ resonance.

Before describing the selection criteria, the preselection of the events is discussed, common to the
two signatures above. The preselection is defined by the kinematic cuts on muonpT and |η |, together
with the muon isolation criteria.

5.1 Preselection

The main characteristics of the signal signatures is the presence of two isolated muons of opposite charge
in the final state. ThepT -distribution of the muons is shown in Figure 9 for the signaland background
processes. The signal is characterized by the relatively high-pT muons, while the background has muons
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Figure 9: Distribution of the muon transverse momentumpT for the muons in the signal and
background events.

of lower momenta. The muonpT distribution in the signal is highly correlated to the Higgsboson mass.
Therefore, the lower bound on the muonpT is kept at a relatively low value, in order to allow for a
general search in a broad Higgs mass range. At preselection level, both muons are required to have a
pT >20 GeV and to be in the pseudorapidity range|η |<2.7.

The selected high-pT muons are required to be isolated, in order to reject the processes in which the
muons originate from the hadronic decays. The applied isolation criteria require the calorimeter energy
ET deposited in a cone of size∆R = 0.4 around a given muon, divided by the muonpT to be lower
than 0.2. The distribution of this isolation variable is shown in Figure 10(left) for different signal and
background processes.

The isolation criteria significantly decrease thett̄ background, where one of the muons comes from
the b-decays. The power of rejection of the non-isolated muons originating from the b-quarks in the
tt̄ background is shown in Figure 10(right) for the standard calorimeter isolation (Econe0.4

T ), and for the
isolation normalized by the muonpT .

Due to the high muon momenta, the signal can be efficiently triggered by the single high-pT muon
trigger. The efficiency of the trigger selection for the dimuon signal events is shown to be around 95%
for all studied mass points. The detailed study of the trigger selection efficiency for events which pass all
offline event selection criteria will be presented in Section 5.3. In the following, the results of the event
selection without the trigger requirement are presented atfirst.

5.2 Signatures with 0 b-jets and with at least one b-jet in thefinal state

The largeZ boson background contribution can be reduced by requiring that the jets which are present
in the final state are tagged as b-jets. Therefore, assuming afully performing b-tagging algorithm, the
following set of selection criteria can be applied:
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Figure 10: (left) Muon isolation variableEcone0.4
T /pT (µ), shown for different signal and back-

ground processes. Here, theEcone0.4
T is the energy measured in the calorimeters in cone∆R = 0.4

around a given muon. (right) Rejection of the non-isolated muons originating from the b-quarks
in tt̄ events as a function of the selection efficiency for isolatedmuons, shown for the two isolation
variables described in the text. The filled circle indicatesthe working point with the isolation cut
at Econe0.4

T /pT (µ) <0.2 .

• Events are required to pass the preselection criteria and tohave a missing transverse energy
Emiss

T <40 GeV. This cut is particularly effective in rejecting thett̄ andWW background, which
are characterized by a high missing energy due to the presence of neutrinos in the final state (see
Figure 11(left)).
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Figure 11: (left) Missing transverse energy, (middle) distribution of the b-tagging IP3DSV1 weight
after requiringpT >20 GeV and|η | <2.5 and (right) the multiplicity of reconstructed b-jets per
event, after applying thepT - andη-cuts and requiring the b-tagging IP3DSV1 weight greater than
4. Distributions for thebb̄A signal (mA=200 GeV) and for the major background processes are
shown. Arrows indicate the cuts applied in the analysis.

• Subsequently, the number of b-jets is counted in each event,requiring pT >20 GeV,|η |<2.5 and
the b-tagging IP3DSV1 weight greater than 4. The distribution of the b-tagging weights before
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and the b-jet multiplicity after applying the weight-cut are shown in Figure 11. As shown in the
middle plot, the b-tagging weight is effective in reducing the background fromZ + light jets, at the
expense of a significant loss of the signal. This cut is scarcely effective against thett̄ background,
which, however, can be reduced by the additional cuts discussed below. Therefore, the analysis
is divided into a channel with 0 b-jets (in which theZ background is dominant) and the channel
with at least one b-jet (in which thett̄ background plays an important role and can be further
suppressed).

• Furthertt̄ rejection criteria have been studied for the channel with atleast one b-jet.

– Two muons originating from the decay of the same particle (Higgs boson) tend to be emitted
back-to-back, especially if this particle has a low transverse momentum. As opposed to that,
the muons originating from the two different particles (as in thett̄ events) are not correlated
and can be separated by any angle. Therefore, the cut is applied on the angle∆φµµ between
the two muons by requiring|sin∆φµµ |<0.75. The|sin∆φµµ | distributions for the signal and
background processes are shown in Figure 12(a).

– In addition, several discriminating variables related to the hadronic activity in the events have
been studied: thepT distribution of the b-jets, the number of jets per event, or asum of the
transverse momenta of all jets in the event (∑ p jet

T ). The distributions of two of these variables
are shown in Figure 12b) and c). The latter is shown to providethe highest rejection against
thett̄ background, while at the same time remaining relatively robust under the the influence
of pile-up. A cut at∑ p jet

T <90 GeV is required.
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Figure 12: Discriminating variables against thett̄ background: a)|sin∆φ | shown for thebb̄A signal
(mA=200 GeV) and for the major background processes, b) the maximum pT of the b-jet, and c)
∑ p jets

T -distribution for the signal and background processes. Arrows indicate the cuts applied in
the analysis.

• The final number of events which is used for the calculation ofthe signal significances is eval-
uated in a mass window∆m=mA±2σµµ around theA boson mass, whereσµµ is the expected
mA-dependent width of the dimuon resonance (see Table 2).

The signal and background event rates after each of the cuts described above are shown in Tables 3 and 4.

A signal selection efficiency of 7-10% is reached for the channel with at least one b-jet in the final
state. The dominant background processes are almost equally theZ + jet and thett̄ events. The signal
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Cut bb̄A (fb) bb̄A (fb) bb̄A (fb) bb̄A (fb) bb̄A (fb) gg→ A (fb)
130 GeV 150 GeV 200 GeV 300 GeV 400 GeV 200 GeV

All events 13.4·101 8.7·101 31.5·100 6.9·100 19.3·10−1 32.3·10−1

muon preselection 8.8(2)·101 5.9(1)·101 22.3(3)·100 5.0(1)·100 14.4(3)·10−1 28.6(3)·10−1

Emiss
T <40 GeV 8.3(2)·101 5.4(1)·101 20.3(2)·100 4.4(1)·100 11.7(2)·10−1 25.9(3)·10−1

nr. of b-jets=0 6.6(1)·101 4.3(1)·101 15.5(2)·100 31.6(8)·10−1 8.2(2)·10−1 25.1(3)·10−1

∆m 5.6(1)·101 34.1(8)·100 128.0(1)·10−1 26.4(8)·10−1 6.9(2)·10−1 204.2(1)·10−2

nr. of b-jets≥1 16.2(7)·100 11.2(5)·100 4.8(1)·100 12.1(5)·10−1 3.5(1)·10−1 8.2(5)·10−2

|sin∆φµµ |<0.75 11.7(6)·100 8.3(4)·100 4.0(1)·100 10.7(5)·10−1 3.2(1)·10−1 4.8(4)·10−2

∑ p jets
T < 90 GeV 9.3(5)·100 6.5(3)·100 2.9(1)·100 7.1(4)·10−1 1.7(1)·10−1 2.0(3)·10−2

∆m 8.3(5)·100 5.3(3)·100 23.9(8)·10−1 5.9(4)·10−1 14.8(8)·10−2 1.7(3)·10−2

Table 3: σ × BR for the signal processes at tanβ=30 after each selection cut. Numbers in brackets
represent the statistical error on the last digit.

Cut Z + light jet Z +b jet tt̄ ZZ → bb̄µµ WW Total
(fb) (fb) (fb) (fb) (fb)

All events 2036.0·103 52.3·103 833.0·103 151.0 116.8·103

muon preselection 727.7(2)·103 333.8(4)·102 57.6(1)·102 61.3(8)·100 6.7(2)·102

Emiss
T <40 GeV 726.2(2)·103 330.1(4)·102 132.7(6)·101 56.1(8)·100 3.0(2)·102

nr. of b-jets=0 710.7(2)·103 242.3·102 25.6(3)·101 22.3(5)·100 2.9(2)·102

∆m (130 GeV) 35.4(1)·102 8.8(2)·101 20.2(8)·100 1.5(4)·10−1 1.8(4)·101 3.7(1)·103

∆m (150 GeV) 152.5(8)·101 3.4(1)·101 16.0(7)·100 0.7(3)·10−1 2.6(5)·101 15.9(1)·102

∆m (200 GeV) 58.9(5)·101 8.4(7)·100 11.6(6)·100 0.6(1)·10−1 1.6(3)·101 62.5(6)·101

∆m (300 GeV) 18.1(3)·101 1.8(3)·100 5.1(4)·100 0.1(1)·10−1 0.2(2)·101 19.0(4)·101

∆m (400 GeV) 7.8(2)·101 0.8(2)·100 2.0(2)·100 0.1(1)·10−1 0.2(2)·101 8.4(3)·101

nr. of b-jets≥1 154.9(3)·102 87.7(2)·102 107.1(6)·101 33.8(6)·100 0.6(2)·101

|sin∆φµµ |<0.75 84.3(2)·102 49.8(2)·102 61.7(4)·101 19.0(5)·100 0.3(2)·101

∑ p jets
T <90 GeV 44.3(1)·102 33.0(1)·102 8.9(2)·101 10.7(3)·100 0.3(2)·101

∆m (130 GeV) 3.1(1)·101 15.1(9)·100 7.7(5)·100 0.7(3)·100 <0.7·100 5.5(2)·101

∆m (150 GeV) 14.8(8)·100 6.0(6)·100 6.2(4)·100 0.2(1)·10−1 <0.7·100 2.8(1)·101

∆m (200 GeV) 6.7(5)·100 2.0(3)·100 5.8(4)·100 <0.1·10−1 <0.7·100 1.5(1)·101

∆m (300 GeV) 2.2(3)·100 0.6(2)·100 2.3(3)·100 <0.1·10−1 <0.7·100 5.8(8)·100

∆m (400 GeV) 1.1(2)·100 0.1(1)·100 0.4(1)·100 0.1(1)·10−1 <0.7·100 2.3(7)·100

Table 4:σ ×BR for the background processes obtained after each event selection cut. The upper limits
are evaluated at 90% CL. Numbers in brackets represent the statistical error on the last digit.

events are mainly lost due to the limited b-jet reconstruction efficiency, as discussed previously. This is
in agreement with a much larger signal selection efficiency of 40-50% in the case of the channel with 0
b-jets. Here, theZ background is observed to have a dominant contribution. Theinvariant dimuon mass
distributions obtained for the two channels are shown in Figure 13.

In the initial phase of the detector running, the b-tagging algorithms still may not have the optimum
performance. Therefore, the discovery potential has also been evaluated for the case where no b-tagging
requirement is imposed on the reconstructed jets. Due to thelargeZ background, the signatures with no
b-tagging requirement will provide a similar discovery potential as the analysis with 0 b-jets in the final
state.

5.3 Trigger selection

Previously calculated event selection efficiencies have been obtained assuming that each analysed event
can be triggered. In this Section, a realistic trigger description is included to evaluate the effect of the
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Figure 13: Invariant dimuon mass distributions of the main backgrounds and theA boson signal
at massesmA=150, 200 and 300 GeV and tanβ = 30, obtained for the integrated luminosity of
30 fb−1 . B-tagging has been applied for the event selection. The production rates ofH andA
bosons have been added together. a) for the 0 b-jet final stateand b) for the final state with at least
1 b-jet.

limited trigger efficiency on the final event selection.
Since the signal processes are characterized by the two high-pT muons in the final state (see Fig-

ure 9), the most reliable trigger item is a single high-pT muon with pT >20 GeV. The single-muon
trigger efficiency is mostly limited by the geometrical acceptance of the trigger chambers in the muon
spectrometer, as discussed in detail in [29]. The efficiencyof the trigger selection for events passing
all previously described event selection criteria is shownin Table 5 for the signal at 200 GeV and for
the background samples. A very similar trigger selection efficiency can be observed for all signal and

Dataset L1 High level trigger

bb̄A, 200 GeV 97.2 95.0
tt̄ 97.1 95.1
bb̄Z 97.1 94.8

Table 5: Trigger selection efficiency (%) of events which pass all event selection criteria described
in Section 5.2. The results are listed for the signal and the two background processes.

background samples. The relatively high final trigger selection efficiency of∼95% corresponds to the
decrease of the signal significance by 2-3% compared to the previously shown results. It has been shown
that the observed efficiencies are effectively stable to a level of about±0.5% at any level of the event
selection, since the selection criteria are not affecting the muon kinematics. Furthermore, the trigger
selection does not induce any bias to the dimuon invariant mass distribution.

The studies described above have been performed under the assumption that the trigger threshold for
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a single high-pT muon is 20 GeV. If this threshold should be higher, some of thesignal events might
be lost by the trigger selection. In order to evaluate the sensitivity of the signal selection on the varying
trigger thresholds, a dedicated study has been performed. New trigger thresholds of 20, 26 and 30 GeV
are emulated by the requirement that at least one reconstructed muon with apT above the given threshold
exists in the event. This muon is also required to have a matching L1 region-of-interest in the muon
spectrometer, in order to take into account the holes in the geometrical trigger acceptance. The trigger
selection efficiencies for the new trigger thresholds are shown in Figure 14 for events remaining after
each of the analysis cuts applied on thebb̄A signal with massmA=200 GeV. No visible degradation of the
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Figure 14: Trigger selection efficiency of thebb̄A signal events (mA=200 GeV) in dependence
on the offline analysis selection. Different curves show theresults obtained for different trigger
thresholds.

final signal selection is observed for the trigger thresholdvariations of up to 30 GeV. Similar behavior
is observed also for the signal at other mass points. This result can be explained by a rather high muon
momenta in the signal samples, such that there is only a smallfraction of signal events in which both
muons have apT below 30 GeV. The dependence of thett̄ andZbb̄ background selection on the trigger
threshold of up to 30 GeV is shown to be smaller than 2% after all analysis cuts.

6 Systematic uncertainties

Several sources of systematic uncertainties can affect thetotal yields of both the signal and the back-
ground events after applying the selection criteria specified in the previous Section. In this Section, the
influence of the theoretical and the detector-related systematic uncertainties is evaluated.

6.1 Theoretical uncertainties

As mentioned previously, the Higgs boson production in association with the b-quarks has been simu-
lated with PYTHIA and SHERPA Monte Carlo generators and the obtained differential distributions are
scaled to the Feynhiggs NNLO cross-sections. It is important to remark that no cuts have been applied
on the transverse momenta of the generated b-quarks, since also the event topologies with less than two
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observed b-jets are studied in the presented analyses. (An outgoing b-quark can be considered as observ-
able if its momentum is above∼15 GeV). Therefore, the corresponding NNLO cross-sectionsalso have
to be calculated in an inclusive way, with no constraints on the kinematics of the b-quarks.

As discussed in Section 2, the total theoretical uncertainty on the inclusive cross-section amounts to
∼17%, depending on the Higgs boson mass. In addition, since the experimental search distinguishes
between the final states with 0 and those with 1 or more b-jets (with pT >20 GeV), it is important to
show that the proportion between the mentioned different event topologies which is obtained from the
Monte Carlo generators also agrees with theory predictions. For this purpose, the fraction of generated
events is calculated which haveexactly one b-quark withpT >15 GeV and|η | <2.5 in the final state
(before hadronization). This number is then compared to theratio of the MCFM cross-section calculated
for thebg→ bH process with the same cuts on the b-quarks, divided by the inclusive cross-section. The
result of the comparison is shown in Figure 15, being comparable to the 20% uncertainty. The SHERPA
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Figure 15: Fraction of eventsσ1b with exactly one b-quark withpT >15 GeV and|η | <2.5,
relative to the total inclusive cross-sectionσtotal , shown in dependence on the Higgs boson mass
MH . The lines show the theory prediction as the ratio between the MCFM bg→ Hb andbb̄→ H
cross-sections. Solid line: MRST2004 pdf set, dashed line:MRST2002 pdf set. Circles: result
from SHERPA 1.0.9. Triangles: PYTHIA 6.4gg→ bb̄H process.

prediction is about 20% higher than PYTHIA and agrees betterwith the theory calculation with the
MRST2004 pdf set. The MRST2002 pdf set gives a better compatibility with PYTHIA. Taking into
account the theory uncertainties mentioned above, one can conclude that the samples produced with both
generators can reproduce the NLO predictions from a single b-quark rate.

The observed differences between SHERPA and PYTHIA are visible also in the differential b-quark
distributions. The differentialpT andη-distributions of the leading b-quark, as obtained by the PYTHIA
and SHERPA generators are compared in Figure 16 for the signal at the mass of 200 GeV. The com-
parison is performed on a parton level, before hadronization. A slightly harder transverse momentum
spectrum and a more central pseudorapidity of the b-quarks is observed in the SHERPA events.

6.2 Detector-related systematic uncertainties

Systematic uncertainties related to the muon and the jet reconstruction, as well as the uncertainties on
the b-tagging performance have been evaluated with rather conservative estimates on the level of under-
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Figure 16: DifferentialpT andη distribution of the leading b-quark, obtained by SHERPA (gray
histogram) and by the PYTHIAgg → bb̄H calculation (solid line). All histograms have been
normalized to unity.

standing of the detector performance. This level is assumedto correspond approximately to an integrated
luminosity of 1 fb−1. For each of the above effects, the corresponding change of the reconstructed miss-
ing transverse energy is taken into account. Further more, systematic effects due to the differences
between the fast and the full simulation are taken into account by means of the comparison between the
full and fast simulation.

Muon reconstruction uncertainties are treated separately for the reconstruction efficiency, muon
momentum resolution and the muon momentum scale. The efficiency of the muon identification is
assumed to be known with an accuracy of±1%, based on the results of the tag-and-probe method for the
muon efficiency measurement from the real data [30]. Systematic errors of the muon momentum scale
are taken to be±1%, arising for instance from the non-perfect knowledge of the magnetic field. The
incomplete understanding of the material distributions inside the detector, as well as possible residual
detector misalignment can lead to an additional smearing ofthe muon momentum resolution. Based
on early detector calibration, the additional smearing is expected to beσ( 1

pT
) = 0.011

pT
⊕ 0.00017 (in

1/(GeV)). The first term enhances the effect of the Coulomb scattering, while the second enhances the
contribution from the misalignment.

Jet reconstruction uncertainties are estimated by the jet performance group [25]. In the pseudo-
rapidity region below|η |=3.2, the jet energy scale uncertainty of±3% and a resolution uncertainty of
σ(E) = 0.45·

√
E are assumed. For|η |>3.2, the corresponding values are±10% andσ(E) = 0.63·

√
E

respectively.
b-tagging efficiency and the fake rate are crucial for the described analysis. Conservative relative

uncertainty of±5% on the b-tagging efficiency and±10% uncertainty on the rejection of the light jets
have been assumed.

The results obtained after implementing each of the above systematic uncertainties separately into
the analysis are shown in Table 6 for the signal atmA=150 GeV and for the backgrounds within the
corresponding mass window. Signals at different mass points are affected by a similar amount. The
background uncertainties are also rather independent of the dimuon mass region, but from one exception.
The muon momentum scale mostly affects the background in thelower mass region, close to theZ
resonance, while the deviations become smaller for the higher signal masses, i.e. one observes±11%,
±5% and±3% for the Higgs masses of 110, 130 and 200 GeV respectively.
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Systematic uncertainty [%] Signal tt̄ Z+ b jet Z+light jet

Muon efficiency ±2 ±1 ±2 ±2
Muon pT scale ±2 ±3 ±3 ±5
Muon resolution -2 -4 3 3
Jet energy scale ±1 ±5 ±2 ±2
Jet energy resolution -1 -3 -1 -1
b-tagging efficiency ±4 ±3 ±4 ±2
b-tagging fake rate ±1 ±0 ±0 ±6
Full-Atlfast corrections 0 +8 -10 +5

Total ±5 ±12 ±12 ±11

Table 6: Relative deviation of the selection efficiency in % for the signal atmA=150 GeV and for
the background events after imposing each of the systematicuncertainties separately, as described
in the text. The total deviation is given as quadratic sum of the separate contributions, including
the one-sided corrections.

7 Background estimation based on the measured data

As previously discussed, theoretical and experimental uncertainties can lead to systematic errors in de-
termination of the background rates. Additional information on the shape and the size of the background
contributions can be collected from the real data. As shown before, two major backgrounds surviving all
event selection criteria are theZ + jet and thett̄ processes. Two strategies to estimate their contributions
from the measured data shall now be described.

The first method makes use of the fact that the branching ratiofor A/H boson decays into two
electrons is negligible compared to the dimuon decay channel. Therefore, since one doesn’t expect
any signal in the dielectron final state, one can use this signature to determine the total background
contribution. Additionally, the signatures with one electron and one muon in the final state provide
the contribution of thett̄ background alone, since theZ + jet processes do not contribute to this final
state. Thus, one can separately measure the two background contributions. The background estimation
based on thee+e−-channel has been discussed in detail in [31]. Good agreement has been demonstrated
between the dilepton invariant mass distributions for theZ→ µµ and theZ→ ee processes. In this paper,
the emphasis is given to a similar procedure for the determination of thett̄ background.

The goal of the second method is to define a set of event selection criteria which allow for the
higher selection efficiency for the particular background process, while simultaneously rejecting all other
signal and background contributions. Such background-enriched control sample can be used to better
understand the shape of the invariant dimuon mass distribution.

7.1 Background estimation based on thee+e− and µ±e∓ signatures

The estimation of thett̄ background is important for the analysis channel with at least one b-jet in the
final state. A study is performed using fast simulation of thett̄ background, in order to obtain a reliable
statistical accuracy. The detector performance given by the fast simulation has been adjusted such to
reproduce the performance obtained with the full simulation, as mentioned previously. Based on the
studies in [31], the shape of the dilepton invariant mass distribution obtained for theµ+µ−, e+e− and
µ±e∓ final state in thett̄ process are expected to be very similar. The total number of background events
selected in each of the three final states will be different due to different reconstruction efficiencies for
muons and electrons. However, since these efficiencies can be experimentally measured with an accuracy
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of better than 1%, this effect can be corrected for rather precisely. Additional differences may occur due
to an additional calorimeter activity in presence of electrons. This can be taken into account by rejecting
all reconstructed jets which overlap with reconstructed electrons.
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Figure 17: (a) Theµ+µ− invariant mass distribution (stars) of thett̄ background, and its estimates
obtained from thee+e− (triangles) andµ±e∓ (full circles) final states. (b) Corresponding ratios
of estimated and actualµ+µ− invariant mass distributions.

Figure 17(a) shows the invariant mass distributions obtained for theµ+µ−, e+e− and µ±e∓ final
states intt̄ events. The dielectron distribution has been scaled down bya factor 0.842, to account for
the difference between the electron and muon reconstruction efficiency. Similarly, theµ±e∓-distribution
has been scaled down by 0.5×0.84. Figure 17(b) shows the corresponding ratios of estimated and actual
µ+µ− invariant mass distribution. The subtraction of theµ±e∓ sample from the total background is
illustrated in Figure 18 forL =30 fb−1, for the analysis requiring identification of at least one b-jet.
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Figure 18: Invariant dimuon mass as in Figure 13(b), after the subtraction of thett̄ background
estimated in theµ±e∓ final state. The distributions correspond to an integrated luminosity of
L =30 fb−1.
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7.2 Background estimation from the control samples

In analyses with 0 b-jets in the final state the dominant background is theZ + jet process. Since the
topology of this process is very similar to the signal topology, it is rather difficult to define a set of
selection criteria which would allow for the extraction of the Z background and simultaneous rejection
of the signal.

Contrary to that, thett̄ process is characterized by a relatively high missing transverse energy and a
high jet activity. Since this background is important for the analysis with at least one jet in the final state,
the event selection criteria of this analysis are modified byselecting only events with a missing transverse
energy above 60 GeV and by removing the cut on the∑ p jet

T -variable. All other selection criteria remain
the same. The purity of thett̄ control sample obtained after the described event selection is shown in
Figure 19(a). All remaining processes are suppressed to a negligible amount. Figures 19(b) and (c)
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Figure 19: (a)tt̄ control sample (stacked histogram) obtained as described in text. Full circles indi-
cate the actually measuredµ+µ− invariant mass distribution for thett̄ background, after applying
the standard analysis selection cuts. (b) The measured (full circles) and the controltt̄ distributions
(open squares), normalized to the same number of events. (c)The ratio of normalized distributions
from (b).

show thett̄ background obtained with the selection criteria describedin Section 5.2 for at least one
b-jet in the final state (tt̄ measured) compared to the distribution obtained from thett̄ control sample.
Both distributions are normalized to the same number of events. The shape of thett̄ background can be
estimated by the described procedure with an accuracy of 10-20%.

7.3 Fit function for the parametrization of the background

The background can be parametrized by the functionfB consisting of a Breit-Wigner and an exponential
contribution,

fB(x) =
a1

x
·
[

1

(x2−M2
Z)+ M2

ZΓ2
Z

+ a2 · exp(−a3 · x)
]
, (1)

wherex is the running dimuon mass, whilea1, a2 anda3 are the free parametrization parameters. The
meanMZ and the widthΓZ of the Breit-Wigner distribution describe theZ resonance. The parameters
a2,3 describing the exponential part can be determined by the fit on the background estimated from data,
as described in the previous subsection. The overall normalization factora1 is determined by the fit on
the side bands of the dimuon mass distribution. Figure 20 shows the result of the fit on the background
distribution obtained after all analysis cuts for the case with at least one b-jet in the final state. The
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two dashed lines correspond to the errors on thea2,3 parameters, as obtained from thee+e− data at an
integrated luminosity of 10 fb−1.
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Figure 20: Fit (full line) of the background functionfbkg (see Eq. 1) on the background distribution
(full circles) resulting from the analysis with at least oneb-jet in the final state. The dashed lines
represent the shape variations given by the errors on thea2 anda3 parameters, from the fit on the
e+e− data.

The accuracy of the background parametrization by the described method has been tested by means
of large number of toy Monte Carlo experiments at different integrated luminositiesL . Typical results
of the background extraction in the mass window from 188-212GeV are shown in Figure 21 for an inte-
grated luminosity of 15 fb−1 (left) and 3 fb−1 (right). The empirically evaluated expected uncertainty of
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Figure 21: Normalized difference of the expected number of background events (BKGexpected ) in
the mass window from 188-212 GeV, and the number (BKG f itted) obtained from the fit method
described in the text (left) for an integrated luminosity of=15 fb−1 and (b) =3 fb−1.

the background determination from the fit to data is∼8%/
√

L [fb−1]. The variation of the exponential
shape, due to the errors on the fit parametersa2 anda3, plays a non-marginal role only for dimuon masses
above 300 GeV, decreasing the relative uncertainty to∼10%/

√
L [fb−1]. Conservatively the latter ex-

pression will be used in the analyses discussed below. Similar fit procedure has been performed also for
the analysis with 0 b-jets in the final state. Due to the largeramount of background, a smaller background
uncertainty of∼2%/

√
L [fb−1] can be obtained in this case, including the systematic uncertainty on the

shape parametersa2 anda3.
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8 Evaluation of the signal significance

Two approaches have been applied to evaluate the statistical significance of the observed signal. The
”fixed mass” approach provides the significance based on the number of signal and background events
which are expected in a given range of the dimuon invariant mass. However, the location of the signal
mass peak can be determined only if the signal rates are sufficiently high, or if the signal is already
discovered in theA/H/h→ ττ decay channel. In a more general ”floating mass” approach, noconstraints
are applied on the dimuon invariant mass.

The number of signal and background events can be determinedfrom the fit of the functionfSB to
the data,

fSB(x) = p0 · fB + p1 · fS = p0 · fB + p1 ·
1

σA
√

2π
· exp

(
−(x− p2)2

2σ2
A

)
, (2)

where fS is the Gaussian distribution describing the signal.p2 is the mass of the signal (which can
be fixed or left as a free, ”floating” parameter) andσA is the width of the Higgs resonance.p0 is the
background scale andp1 the total number of signal events. The number of signal (NS) and background
(NB) events used for the calculation of the signal significance is extracted from the fit, by integration in
a window of±2σA. The signal significance is evaluated by means of the profile likelihood method [32],
using the obtained number of signal and background events asan input and taking into account the
background uncertainty (10%/

√
L [fb−1]) as discussed in Section 7.3 above.

The results obtained for the signal significance have been cross-checked by the large number of
Monte Carlo pseudoexperiments for several different integrated luminosities. The pseudoexperiments
are based on the Monte Carlo distributions and are divided into the ”background-only” experiments
(BO), containing only background contributions, and the ”signal-plus-background” experiments (SpB)
having both the signal and the background contribution. In addition to the profile likelihood calculation
in each of these experiments, the signal significance can be estimated also from the log-likelihood ratios.
The log-likelihood ratio lnQBO and lnQSpB, both defined as(NS + NB) ln NS+NB

NB
−NS, are evaluated for

eachBO- andSpB-pseudoexperiment. The signal significance is obtained from the probability of a Type-
II error, defined by the fraction ofBO pseudoexperiments which have a log-likelihood ratio lnQBO larger
than the median of the lnQSpB-distribution. The probability of a Type-I error, i.e. the number ofSpB-
pseudoexperiments which fall below the median of the lnQBO-distribution, was used to determine the
95% CL limits.

Figure 22(left) shows the comparison of the signal significances obtained in the fixed-mass approach.
The solid line shows the results of the profile likelihood method, while the dots are the results given by
the Type-II error probabilities obtained in the pseudoexperiments. At very low luminosities, the profile-
likelihood estimation based on average values seems to slightly overestimate the significance. However,
at luminosities close to those needed for the 5σ -significance, the two calculations give equivalent re-
sults. Figure 22(right) shows the degradation of the signalsignificance observed once the floating-mass
approach is applied in which the Higgs mass is left as a free parameter of the fit (usually reffered to as
a look-elsewhere effect). In general, the ratio of the Type-II error probabilities obtained from the fixed-
mass and the floating-mass approaches is constant and approximatelly equal to the explored mass range
divided by the signal mass width. Correspondingly, the ratio of signal significances is lower at low lu-
minosities, while the difference between the two approaches is reduced to 5% or less at the luminosities
close to those needed for a 5σ -discovery.

8.1 Influence of the systematic uncertainties on the signal significance

In order to include the systematic uncertainties in the calculation of the signal significance, one should
perform additional large number of pseudoexperiments for each of the systematic effects. However, the
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Figure 22: (left) Signal significance obtained in the fixed-mass approach for the signal at
mA=200 GeV and tanβ=30, as a function of integrated luminosity. The full line corresponds to
the results obtained by the profile likelihood method using the average number of expected signal
and background events, while the dots show the results obtained from the Type-II error probability
from a large amount of pseudoexperiments. Both estimationsinclude the background uncertainty
from the fSB-fit. (right) Ratio of signal significances obtained with thefloating- and the fixed-mass
approach, as a function of the integrated luminosity.

difference between the signal significance in the floating-mass and in the fixed-mass approach is small
compared to the effect of the additional systematic uncertainties. Thus, in the following the fixed-mass
approach is used and the full treatment of the look-elsewhere effect is left for the future studies.

By means of the background estimation from the data, the amount of the background events under-
neath the signal can be determined with an accuracy of∼10%/

√
L [fb−1], as described in Section 7.

This can be achieved independently of the systematic uncertainties discussed in Section 6.
Therefore, the influence of the systematic uncertainties onthe signal significance is given by the

corresponding changes in the expected number of signal and background events. The numbers entering
the significance calculation are therefore changed accordingly, taking into account that the systematic
uncertainty is different for different background processes. The signal significance is calculated sepa-
rately for each systematic effect and the deviations from the original signal significance are added in
quadrature. Figure 23 shows the signal significance obtained for two different massesmA, as a function
of tanβ . The contributions of the uncertainty in the background determination from the fit to data and of
the experimental systematic uncertainties to the expectedsignificance are shown separately.

9 Discovery potential and the exclusion limits

The previously described methods for the evaluation of the signal significance and of the exclusion limits
have been applied to all mass points studied. Table 7 summarizes the signal significances obtained for
different signal mass points at tanβ=30 andL =10 fb−1, for the analysis with 0 b-jets and with at least
one b-jet in the final state. The luminosities needed to reachthe 5σ signal significance and the 95%
CL exclusion limit are given in Table 8, for different signalmasses at tanβ=30. The results shown so
far do not include the possible degradation due to the influence of pile-up and cavern background. The
degraded resolution of the missing transverse energy is expected to cause a∼15% change in the final
selection of the signal and theZ background. Thett̄ background is characterized by a largeEmiss

T and is
therefore somewhat less sensitive to theEmiss

T performance under pile-up (∼10% change in the selection
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Figure 23: Signal significance as a function of tanβ for the integrated luminosity of 10 fb−1 and
mA=150 GeV (left) andmA=300 GeV (right). The dotted curves are obtained assuming a negligible
error of the background determination. The dashed curves show the result once the background
uncertainty is taken into account, as obtained from the fit tothe data. The solid curves additionally
include the systematic uncertainties. The width of the solid curves indicates the errors in the
background shape parametrization.

Signal significance
mA No background Backgr. uncertainty Experimental Theoretical

(GeV) uncertainty of 10%/
√

L [fb−1] syst. uncertainty uncertainty
0b ≥1b 0b ≥1b 0b ≥1b 0b ≥1b

110 5.5 6.4 2.7 4.5 2.4 - 3.1 3.8 - 5.3 2.2 - 3.2 3.7 - 5.3
130 5.6 6.6 3.6 5.3 3.4 - 3.8 4.8 - 5.9 3.1 - 4.1 4.5 - 6.1
150 5.2 5.8 4.1 5.2 3.9 - 4.3 4.8 - 5.6 3.9 - 4.7 4.5 - 5.9
200 3.1 3.8 2.8 3.6 2.7 - 2.9 3.3 - 3.9 2.5 - 3.1 3.2 - 4.0
300 1.2 1.8 1.1 1.8 1.0 - 1.2 1.6 - 2.0 1.0 - 1.2 1.7 - 1.9
400 0.5 0.8 0.5 0.8 0.4 - 0.5 0.7 - 0.9 0.4 - 0.5 0.7 - 0.9

Table 7: Signal significance for signal at different mass points, with tanβ=30 andL =10 fb−1.
The numbers are shown for different levels of the backgrounduncertainty. For degenerateA, H
andh boson states with the same mass, the production rates have been summed.

efficiency). Table 9 summarizes the results obtained with pile-up effects taken into account. Only small
changes are observed compared to the previous results.

The results shown in Tables 7 and 8 can be extrapolated to other tanβ values. The only difference
which occurs for the a given signal mass point when changing the tanβ value is the change of the
production rates and of the natural width of theA/H/h bosons. In the (mA− tanβ ) plane which is of
interest for this analysis, the resolution of the mass measurement is mostly dominated by the experimental
resolution. Nevertheless, the variation of the natural Higgs width is taken into account in the calculation
by increasing the background contribution correspondingly to the expected change of the mass window.

Using the previously described production cross-sectionsand branching ratios, the 5σ -discovery
curves are obtained as shown in Figure 24(left) separately for the analysis with 0 and with at least one b-
jet in the final state. The luminosity needed for the exclusion of the signal hypothesis at a 95% confidence
level is shown in Figure 24(right).

The signatures with the b-jets in the final state allow for thehighest discovery potential. The 0 b-jet
final state plays nevertheless an important role. Since the search in this final state is uncorrelated to the
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mA L [fb−1] for a 5σ discovery L [fb−1] for 95% C.L. exclusion
(GeV) (No systematics) No systematics With systematics

0b ≥1b comb. 0b ≥1b comb. 0b ≥1b comb.
110 20.9 12.2 7.7 1.8 2.0 0.9 2.7 2.8 1.4
130 12.0 8.9 5.1 1.9 1.4 0.8 3.6 1.9 1.2
150 10.5 9.3 4.9 1.6 1.5 0.8 2.2 2.0 1.0
200 25.9 19.1 11.0 3.7 3.1 1.7 4.9 3.8 2.1
300 174.6 81.6 55.6 38.6 13.8 10.2 43.8 16.4 12.0
400 1124.0 444.8 318.7 320.0 75.1 60.8 361.0 86.5 69.8

Table 8: Integrated luminosity (in fb−1) needed for a 5σ signal significance and 95% CL exclusion
of the signal hypothesis, shown for the signal at tanβ=30. For degenerateA, H andh boson states
with the same mass, the production rates have been summed.

mA (GeV ) L [fb−1] for 5σ discovery L [fb−1] for 95% CL exclusion
110 8.7 1.9
130 5.8 1.6
150 5.6 1.3
200 12.5 2.6
300 62.9 13.6
400 359.5 87.5

Table 9: Luminosity needed for the 5σ signal significance (no systematics) and the 95% CL
exclusion of the signal hypothesis (with systematics), obtained for the combined analyses, with
the pile-up effects taken into account. The results are shown for tanβ=30.
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Figure 24: tanβ values needed for the 5σ -discovery (left) and for the 95% CL exclusion of the
signal hypothesis (right), shown in dependence on theA boson mass.

previous one, one can quadratically add the signal significances obtained from the two analyses. The
5σ -discovery curves obtained from the combination of both analyses, as well as the combined 95% CL
exclusion limits are shown in Figure 25. At an integrated luminosity of 10 fb−1, the discovery can be
reached formA masses up to 350 GeV with tanβ values between 25 and 60. FormA masses below
110 GeV the sensitivity drops rapidly as shown in Ref [5], dueto the increasing Drell-Yan background
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close to the pole mass of theZ boson. The tanβ values above∼16 can be excluded already with 10 fb−1

of integrated luminosity in case of the Higgs boson masses upto 200 GeV.

10 Conclusions

In this note, the potential for the discovery of the neutral MSSM Higgs boson is evaluated in the dimuon
decay channel. As opposed to the Standard Model predictions, the decay of neutral MSSM Higgs bosons
A, H andh into two muons is strongly enhanced in the MSSM. In addition,theµ+µ− final state provides
a very clean signature in the detector.

The event selection criteria are optimized in the signal mass range from 100 to 500 GeV, separately
for the signatures with 0 b-jets and with at least one b-jet inthe final state. The obtained combined result
shows that an integrated luminosity of 10 fb−1 allows for the discovery formA masses up to 350 GeV
with tanβ values between 30 and 60. Three times higher luminosity allows for an increased sensitivity
down to tanβ=20. The theoretical and detector-related systematic uncertainties are shown to degrade
the signal significance by up to 20%. This takes into account that the background contribution can be
estimated from the data with an accuracy of∼2-10%/L [fb−1].
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Sensitivity to an Invisibly Decaying Higgs Boson
Abstract
Many extensions of the Standard Model include Higgs bosons decaying pre-
dominantly or partially to non-interacting particles such as the SUSY Lightest
Supersymmetric Particle (LSP). To set limits on the production cross-section
times the branching fraction to invisible decay products of such Higgs bosons
with the ATLAS detector requires an examination of specific production modes
such as the associated production (ZH) or the vector boson fusion (VBF) pro-
cess. The predominant Standard Model backgrounds for these processes are
ZZ → ``νν for the ZH channel and jets from QCD processes and W± or Z
bosons produced in association with jets for the VBF channel. The sensitivity
to an invisibly decaying Higgs boson is investigated in this paper using fully
simulated ATLAS data for both signal and background. The ATLAS potential
for triggering these events is also discussed.

1 Introduction

Some extensions of the Standard Model predict that Higgs bosons could decay into stable neutral weakly
interacting particles, leading to invisible Higgs boson decays. The Higgs boson decay products could
be for example neutralinos, gravitinos, gravitons or Majorons [1-3]. In the case of the Minimal Su-
persymmetric Standard Model (MSSM), if R-parity is conserved, Higgs bosons decaying into a pair of
neutralinos may in some cases even dominate [1]. Being the lightest supersymmetric particles, neutrali-
nos would be stable and would leave the detector without decaying, remaining invisible. If R-parity is
violated, then Higgs bosons could decay into Majorons, which would interact too weakly to allow detec-
tion [2]. Some theories with extra dimensions also predict invisible Higgs boson decays, and have the
added advantage of generating neutrino masses [3]. This search is sensitive to any boson coupling to Z
or W and decaying invisibly. The combined LEP Higgs boson mass limit in this channel is 114.4 GeV
[4].

At the Large Hadron Collider, Higgs boson production could occur through several mechanisms.
To select and identify events with an invisibly decaying Higgs boson one must be able to trigger on a
signature that is visible in the event. This is possible for channels such as Vector Boson Fusion (VBF)
qqH [5], tt̄H [6] and the associated production processes, ZH and W±H [7, 8]. Although gluon fusion
has a much higher Higgs boson production cross-section than these modes [9], it is not possible to trigger
on these events when the Higgs boson decays invisibly.

In this paper, the ATLAS sensitivity to an invisibly decaying Higgs boson is determined in a way that
does not depend on a specific extension of the Standard Model. The analysis uses the variable ξ 2 which
is defined as,

ξ 2 = BR(H→ inv.)
σBSM

σSM
(1)

where σBSM represents the “Beyond the Standard Model” cross-section and σSM represents the Standard
Model cross-section. In the case for which the Higgs boson decays entirely to the invisible mode, ξ 2

is the ratio between the non-Standard Model cross-section and the Standard Model cross-section. Only
two of the three possible production modes are considered in this paper, VBF and associated production.
In addition, for associated production, only the ZH mode is considered as the background to the W±H
signal is overwhelming [10].

In this paper, the Monte Carlo samples, for both the VBF and the ZH channels, the trigger, the event
selection, the systematic uncertainties and the results are discussed. We conclude by summarizing the
limits on ξ 2 for an invisibly decaying Higgs boson.
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This analysis compares signals and backgrounds that have been generated using Standard Model
processes. The Higgs boson signal events are simulated to be invisible by changing the properties of the
Higgs boson decay chain. In reality an invisibly decaying Higgs boson would be expected to result from
a process not contained within the Standard Model, and in this case backgrounds associated with this new
physics would be important. However, consideration of “Beyond the Standard Model” backgrounds is
beyond the scope of this paper as they would have to be considered in the context of each specific model.
This analysis assumes Standard Model backgrounds and serves as a limiting case for the indication of a
particle that behaves like a Higgs boson that is not consistent with the Standard Model.

2 The Vector Boson Fusion qqH production channel

The vector boson fusion (VBF) channel has the second largest production mode after gluon fusion and
has the largest production cross-section for observable invisible Higgs boson decays. The VBF invisible
Higgs boson production mode, Figure 1, is characterized by two outgoing jets resulting from the inter-
acting quarks, and large missing transverse energy from the Higgs boson. The topology of the jets is
particularly useful in selecting the events as the jets are preferentially separated in pseudo-rapidity (η)
and are correlated in the azimuthal angle φ . In addition, the lack of colour flow between the two jets leads
to minimal jet activity between the two tagging jets which is potentially useful for selecting events. At
high luminosity however, central jet activity resulting from overlapping events may become problematic
for cuts based on this event characteristic.

Figure 1: Feynman diagram of the VBF process. The V represents either a Z or W boson.

The study of the VBF channel for this paper includes a mass scan with an estimate of the sensitivity to
Higgs boson masses between 110 to 250 GeV. This is based on fully reconstructed signal and background
events. In addition to the sensitivity, the trigger acceptance for this channel has been investigated.

2.1 Monte Carlo generation for the VBF analysis

Signal and background samples were generated using the standard version of ATLAS software used for
this set of papers. The samples were used to determine the sensitivity of ATLAS to an invisible Higgs
boson, taking into account the trigger and analysis efficiencies. A number of backgrounds with signatures
similar to the signal have been studied and are listed here. In all cases, ` represents e or µ .

1. Dijet production from QCD processes form a major background due to the very large cross-section
for these processes. Fake missing energy measurements can arise from poorly instrumented re-
gions or inefficiencies in the detector.

2. W+jet processes with W → `ν mimic the signal when the lepton is outside the detector acceptance.
The neutrino provides the missing energy signature.

2
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Higgs boson Mass [GeV ] Cross-section [pb] # Events Generator
110 4.63 10k JIMMY
130 3.96 30k JIMMY
130 3.93 10k PYTHIA6.4
200 2.41 10k JIMMY
250 1.79 10k JIMMY

Table 1: Invisible Higgs boson samples generated for this analysis. Leading-order cross-sections
for the Higgs boson produced via Vector Boson Fusion were evaluated by the ATLAS Higgs
Working group [15].

3. Z+jet processes with Z→ νν constitute an irreducible background.

4. Z+jet with Z→ `` forms a background to the signal when the leptons are not within the acceptance
of the detector.

Event generation for the VBF channel has proved challenging given that the predicted η distributions
of tagging jets differ greatly according to the event simulation model used. The HERWIG-JIMMY
package [11], [12], [13] represents an average response of the available models and has been used to
generate data for the Higgs boson mass scan. Signal events have been generated with both HERWIG
and PYTHIA [14] at a Higgs boson mass of 130 GeV to estimate the contribution of this effect to the
systematic uncertainty. To generate an invisible Higgs boson sample, the Higgs boson is forced to decay
into two Z bosons which are subsequently forced to decay into neutrinos. The set of data samples
produced for this analysis is summarized in Table 1. The VBF signal Monte-Carlo was produced to
leading order. The difference between LO and NLO cross-section is negligible, ∼ 1%[9], therefore the
LO cross-sections were been used for the signal in this note. Table 1 includes the Standard Model VBF
Higgs boson production cross-section that were used [9].

For an ideal detector, event selection cuts efficiently remove the QCD dijet background. However,
this background is considered because of the large cross-section for the process and the presence of
poorly instrumented regions and dead regions generating false missing transverse energy (Emiss

T ) signals.
In order to provide enough statistics throughout the full transverse momentum (pT ) spectrum, the QCD
background was divided into several pT ranges to produce several sub-samples, of approximately equal
number of events, as shown in Table 2 [16]. The surviving background comes from the high pT bins
allowing reasonable statistics in the final sample. Thus the binning is used to generate the QCD back-
ground within a reasonable amount of computer time and allow for the very high rejection factor for this
background in this analysis.

In previous ATLAS studies of the invisible Higgs boson produced via the VBF process, the PYTHIA
package has been used to generate both the W+jet and Z+jet backgrounds. However, the PYTHIA
implementation for these backgrounds only includes the matrix element term for the qq→ gV and qg→
qV processes. The PYTHIA implementation tends to underestimate the Z+2jets process because it does
not include a complete matrix element calculation. In contrast, ALPGEN [17] provides an exact matrix
calculation at tree level for up to 3 partons. For this reason, ALPGEN was used to produce both the W+jet
and Z+jet backgrounds. Within ALPGEN, there are two different Z+jet implementations, one which only
includes QCD matrix element terms and the second which includes the QCD and EW matrix element
terms. In the second case, only on-shell bosons are created without Z/γ∗ interference, in contrast, the first
case does include these effects. By comparing events generated with the two different implementations it
was found that the QCD-only process underestimates the background by∼25%. The effect of a non-zero
Z boson width was checked by varying the Z boson mass. This showed that the result was insensitive to

3
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Jet Sample σ(pb) pT range [GeV ]
J0 1.76×1010 8-17
J1 1.38×109 17-35
J2 9.33×107 35-70
J3 5.88×106 70-140
J4 3.08×105 140-280
J5 1.25×104 280-560
J6 3.60×102 560-1120
J7 5.71×100 1120-2240

Table 2: Cross-section and pT range for the QCD dijet background samples generated with
PYTHIA. The cross-sections given in the second column are for the specific pT range with no
other cuts.

the use of on-shell bosons. Therefore, all ALPGEN samples used in this study were generated using the
option that included both QCD+EW terms.

For the Z+jet background, three samples were produced for each of the two decay modes, Z→ νν and
Z→ ``. Two exclusive samples were produced for the one and two parton final states and one inclusive
sample was produced for three or more partons. Default ALPGEN settings were used to generate events
except for a cut to remove very low Emiss

T events by setting Emiss
T > 10 GeV and a change in acceptance

to ensure complete η coverage by opening the phase space setting for both jets and leptons (|η j|< 6 and
|η`|< 6).

In this study, only the leptonic decay of the W boson from the W+jet background was considered.
The Emiss

T arises from a combination of the Emiss
T associated with the neutrino and the lepton energy in

the case where the lepton escapes detection. The W+jet background was generated in the same manner
as for the Z+jet background.

2.2 Trigger

The major challenge for triggering candidate events for the VBF invisible Higgs boson analysis is to
retain signal events whilst reducing the very large QCD background to an acceptable level. These prob-
lems are particularly acute with the first level trigger (L1) which can easily be overwhelmed by the QCD
background. A trigger for these signal events is possible using a relatively high Emiss

T cut while selecting
one or two jets of moderate transverse energy. For triggers of this type, QCD backgrounds dominate.
In order to produce an acceptable rate for the High Level Trigger (HLT), the trigger menu items used to
select invisible Higgs boson events should add no more than a few Hz of trigger rate, even at the highest
luminosities.

The trigger study of this note is based on the standard full ATLAS simulation of the L1 trigger.
The HLT has not been considered, as at the time of the study HLT algorithms for Emiss

T had not been
fully implemented and there had been no simulation of forward jets. Jets are classified into central jets
|η |< 3.2 and forward jets 3.2 < |η |< 5.

Data for the trigger study consisted of the sample of VBF Invisible Higgs boson events with a Higgs
boson mass of 130 GeV produced using HERWIG and a sample of QCD dijet produced using PYTHIA
as described in Section 2.1. The results of this study are shown in Table 3 for 1031 cm−2 s−1 luminosity.
The acceptances shown in Table 3 give the effect of the trigger on the VBF Higgs boson samples used
in the VBF analysis. As such the acceptance is defined as the number of signal events that survive both
the trigger and the data selection cuts described in Section 2.3.1, divided by the number of events that
survive the selection cuts alone. The trigger rates in Table 3 are the expected raw rates for the specific

4
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Trigger Menu Acceptance[%] Rates[Hz] for
normalized L = 1031 cm−2 s−1

to offline cuts
L1 XE60 99 5.0 ± 1.3
L1 XE70 98 1.5 ± 0.6
L1 XE80 96 0.6 ± 0.1
L1 XE100 84 0.2 ± 0.1
L1 XE120 70 0.1 ± 0.1
L1 FJ23+XE70 78 0.9 ± 0.6
L1 J23+L1 XE70 83 1.4 ± 0.6
L1 J23+L1 XE100 73 0.2 ± 0.1
L1 FJ23+L1 XE100 66 0.0 ± 0.0
L1 FJ23+L1 J23+L1 XE70 62 0.9 ± 0.6
L1 FJ23+L1 J23+L1 XE100 55 0.0 ± 0.0

Table 3: Signal acceptance and level one trigger rates for the VBF invisible Higgs boson channel
based on full ATLAS simulations and with mH = 130 GeV . The L1 trigger menu items are Emiss

T
(L1 XE) central jet (L1 J) and forward jet (L1 FJ), see text. The number following the menu
object indicates the trigger threshold given in GeV. Both single and combined triggers are shown
in this Table. The values are given for a luminosity of 1031 cm−2 s−1 and do not account for
pile-up effects.

trigger. One expects an overlap with other trigger signatures such that the additional rate produced by
these signatures will be less than the calculated raw rates.

The numbers given in Table 3 are the best estimation we currently have of the trigger rates. In reality
beam conditions and detector effects could lead to much higher values. It is clear that the trigger strategy
will depend on these background effects and on the luminosity. At low luminosities, (1031 cm−2 s−1) it
is likely that a simple trigger based on Emiss

T alone such as Emiss
T > 70 GeV (L1 XE70) will be sufficient.

However if the trigger rate for this item is higher than expected, VBF invisible Higgs boson events
could still be triggered using a higher Emiss

T trigger such as Emiss
T > 80 GeV (L1 XE80) or Emiss

T > 100
GeV (L1 XE100) whichever one can be used without pre-scaling. As the luminosity increases or if
backgrounds are worse than expected, it will be necessary to use a combined trigger for this channel.
The numbers in Table 3 suggest that triggers based on Emiss

T and either a forward or central jet would be
sufficient. However the addition of a single jet to an Emiss

T trigger provides a relatively small reduction in
rate due to correlations that can occur when high energy jets are mis-measured. There is concern that this
could be amplified by pile-up effects. Requiring a forward jet plus a central jet plus Emiss

T is expected to
solve these problems albeit with a reduction of signal acceptance. For a luminosity of 1033 cm−2 s−1, the
most conservative trigger option is a combined trigger with Emiss

T > 100 GeV and a forward and a central
jet each with a pT > 23 GeV. This trigger will have an acceptance rate for the signal of 55% as shown
in Table 3. Note that the uncertainties shown in Table 3 are statistical only. A further major uncertainty
in trigger rates are pile-up effects which have not been considered here. In practice, adjustments will be
required to select the optimum trigger based on the experimental rates observed at the LHC.

Invisibly decaying Higgs boson events produced via vector boson fusion can be selected using a
combination of Emiss

T and jet triggers with a small impact on the overall L1 trigger rate. For low lumi-
nosities (1031 cm−2 s−1) it is expected that a Emiss

T trigger of 70 GeV or greater will be sufficient. For
higher luminosities such as 1033 cm−2 s−1, a trigger with Emiss

T > 100 GeV and a forward and central jet
each with pT > 23 GeV will be required.
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2.3 Event selection for the VBF channel

Two separate methods are used to extract the signal: the first method is called the cut-based analysis, the
second is the shape analysis. Both analyses are conducted by first applying the selection cuts described
in the next sub-section. For the cut-based analysis, the signal is extracted using all the cuts including a
cut on φ j j, the angle between the two tagged jets in the transverse plane. This is described in Section
2.5. For the shape analysis, this last cut is not applied. Instead, the shape of the φ j j distribution is used
to extract the fraction of signal events. This is described in Section 2.6. Results are derived separately
with these two methods.

The selection cuts described in this section were developed using a signal sample with mH = 130
GeV.

2.3.1 Selection cuts

The event selection is based on standard ATLAS definitions for jets, leptons and missing transverse
energy [18]. A primary characteristic of a signal event is the presence of two jets from the VBF process.
Events are selected based on each of the two highest pT jets in the event which are referred to as the
“tagging jets”. These tagging jets are required to have a pT > 40 GeV and be in the rapidity range
|η j1,2|< 5. Cuts on the product and difference of the pseudorapidity of the two jets are used, η j1 ·η j2 < 0
and ∆η > 4.4, respectively. Kinematic distributions of the tagged jets for the signal and background are
shown in Figure 2. In the upper two plots of this Figure, it can be seen that signal events and the
W+jet and Z+jet backgrounds have very similar pT distributions. When the W+jet and Z+jet events are
generated with only one parton the pT distributions are much softer. When the two parton and three
parton components are added the pT distribution becomes harder and similar to the signal.

The second major event characteristic used to select events is a large Emiss
T from the invisible decay

of the Higgs boson. A cut on this variable significantly reduces the QCD background as no real Emiss
T is

expected for QCD events. In this analysis there is a requirement that Emiss
T > 100 GeV. The Emiss

T distri-
butions for the signal and backgrounds are shown in Figure 3.

The majority of QCD dijet background events will produce soft jets resulting in the tagging jets
having a low invariant mass. This feature can be used to reject QCD events by requiring a minimum
invariant mass of 1200 GeV for the tagging jets. The invariant mass distribution of the tagging jets is
shown in Figure 3. The QCD dijet background can be further reduced by requiring that the direction of
the measured Emiss

T is not correlated with the tagging jets. A missing transverse energy isolation variable,
I, is defined for this purpose as I = min[φ(Emiss

T )−φ( j1,2)]. Events with a small value of I are expected
to result from mis-measured jets caused by dead material and cracks in the detector. This is illustrated
in Figure 4 which shows that QCD dijet events preferentially have a small value of I. A selection of
I < 1 rad has been used which is compatible with previous analyses. The W+jet and Z+jet backgrounds
can be reduced by rejecting events with any identified lepton. For this reason, events with electrons or
muons with a pT > 20 GeV are rejected, as are events containing τ-jets with a pT > 30 GeV. These cuts
are based on an earlier ATLAS fast simulation study.

A key aspect of the VBF Higgs boson search is the electroweak nature of the signal,and this can be
used to suppress backgrounds by using the fact that the signal has no color flow between the interact-
ing quarks at tree level. Although the W+jet and Z+jet backgrounds include both electroweak and QCD
terms, the cross-section is dominated by the QCD contribution. Therefore, unlike the signal, the majority
of background events have QCD activity in the central region. The presence of this extra QCD radiation
between the two tagging jets provides, in principle, a powerful tool to suppress this background. In prac-
tice the difference is diluted both by the underlying event and pile-up. The Underlying Event (UE) arises
from interactions of the spectator partons and is not consistently modeled by the available event gener-
ators. For example, the ratio of the average jet multiplicity from the UE between HERWIG/PYTHIA is
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Figure 2: Comparison of tagged jet properties for signal events (mH = 130 GeV) and the three
major backgrounds. The upper left plot shows the pT of the leading tagged jet, the upper right
plot shows the pT of the jet with the second highest pT . The lower left plot shows the product of
the directions of the two tagged jets in pseudo-rapidity (η j1×η j2), and the lower right plot shows
the difference in η between the two tagged jets (∆η). The enhancement at ∆η of 0.5 in the VBF
signal results from a single high pT jet being reconstructed as two jets. The filter cut described in
Section 2.1 has been applied to the W+jet and Z+jet Monte-Carlo data, but no trigger cuts have
been applied. The distributions are normalized to unity. The vertical dotted lines show the cut
values used in the analysis.
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Figure 3: The reconstructed invariant mass of the tagging jets (left) and the Emiss
T (right) for the

invisible Higgs boson signal (mH = 130 GeV) and the three main backgrounds. Single events in
the high Emiss

T tail of each individual sample (J0, J1 etc) can result in a spike with a large error.
The filter cut described in Section 2.1 has been applied to the W+jet and Z+jet Monte-Carlo data,
but no trigger cuts have been applied. The distributions are normalized to unity.
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Figure 4: The distribution of the reconstructed Emiss
T isolation variable (I) is shown in the right

hand plot and the azimuthal angle between the tagging jets (φ j j) is shown in the right hand plot for
the invisible Higgs boson signal (mH = 130 GeV) and the three main backgrounds. The filter cut
described in Section 2.1 has been applied to the W+jet and Z+jet Monte-Carlo data, but no trigger
cuts have been applied. The distributions are normalized to unity.

between 1.38 and 1.85. Therefore PYTHIA generates events with fewer jets from the UE, but these jets
have on average a higher pT . If a cut is applied to remove events that have a central jet that exceed a
specific pT value, the so called Central Jet Veto (CJV) cut, fewer PYTHIA events will survive than HER-
WIG events. Although there is a clear difference in the topology between the signal and background, the
added contribution from the UE has a large effect on the efficiency of this cut. In the same way pile-up,
which results from central activity unrelated to the event of interest can also reduce the effectiveness of
this CJV cut. The effect of pile-up has not been studied, as suitable data samples were not available. For
this analysis, a central jet veto is used requiring that there are no additional jets with pT > 30 GeV for
|η |< 3.2. It should be stressed that this cut is applied after the selection of the two tagging jets which can
be located anywhere within the full η range including |η | < 3.2. So this cut does not bias the selection
of the tagging jets, nor does it introduce a bias with respect to the trigger which has elements that allow
jets to be located within an |η |< 3.2.

Unlike the signal which is uniquely produced via Vector Boson Fusion, the W+jet and Z+jet back-
grounds can be produced by the qq→ gV and qg→ qV processes in which the second jet comes from
a radiative process. Therefore, the difference in φ between the two tagged jets is different for the signal
and the radiative background as can be seen in Figure 4. This difference provides additional discriminat-
ing power and is used in the analysis presented in Section 2.5 requiring φ j j < 1 rad. Moreover, the φ j j

variable motivates the shape analysis presented in Section 2.6.
The selection cuts along with the surviving cross-sections after each cut are shown in Table 4 for

a Higgs boson mass mH = 130 GeV and the three main backgrounds. Table 5 shows the effect of
the cuts for the four Higgs boson mass values considered in this study. The cross-sections for W+jet
and Z+jet processes were calculated to LO but have been normalized to the results calculated with the
generator FEWZ at NNLO which results in a value for the total cross-section which is known to within
∼ 10%1 [16].

The first cut applied to the data simulates the effect of the L1 trigger with the most conservative menu
option given in Table 3 and discussed in the previous section namely, a Emiss

T > 100 GeV, a central jet
with pT > 23 GeV and a forward jet with pT > 23 GeV. This cut reduces the QCD dijet background rate
by approximately 7 orders of magnitude. The effect of the trigger on the W+jet and Z+jet backgrounds
is smaller with a reduction of two orders of magnitude, by contrast the signal is reduced by about 50%.

1This includes the PDF and QCD scale uncertainties.
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Selection Cuts Higgs boson mH = 130 GeV W+jet Z+jet QCD

Initial σ (fb) 3.93×103 1.24×106 4.08×105 1.91×1013

L1 Trigger 2.71×102 (0.07) 1.42×104 (0.01) 6.31×103 (0.02) 1.52×106 (<0.01)
+ Tagged jets 1.47×102 (0.54) 1.35×103 (0.10) 6.16×102 (0.10) 1.81×105 (0.12)
+ M j j 1.11×102 (0.76) 6.64×102 (0.49) 3.76×102 (0.61) 1.28×105 (0.71)
+ Emiss

T > 100 GeV 1.08×102 (0.97) 4.70×102 (0.71) 2.69×102 (0.72) 2.84×103 (0.02)
+ Lepton veto 1.07×102 (1.00) 3.01×102 (0.64) 2.62×102 (0.97) 2.76×103 (0.97)
+ I > 1 rad 9.60×101 (0.89) 1.49×102 (0.49) 2.11×102 (0.81) 3.61 (<0.01)
+ Central jet veto 8.93×101 (0.93) 1.10×102 (0.74) 1.32×102 (0.63) 0.07 (0.02)
+ φ j j < 1 rad 4.50×101 (0.50) 1.94×101 (0.18) 4.21×101 (0.32) 0.07 (1.00)

Table 4: Cross-section in fb for a Higgs boson (mH = 130 GeV) and background samples at each step of
the selection process. Initial cross-section for W/Z+jet are quoted after VBF filter and NNLO corrections.
The first cut is the effect of the L1 trigger simulation with a Emiss

T of 100 GeV, a central jet with pT > 23
GeV and a forward jet with pT > 23 GeV (Table 3). The central jet veto is applied to jets other than the
two tagging jets and does not bias any of the other cuts. Numbers in parentheses are the efficiencies for
each cut.

Higgs boson mass [GeV] 100 130 200 250
Initial σ( f b) 4630 3930 2410 1780
L1 Trigger 322 271 240 168
+ Tagged jets 166 147 134 93
+ M j j 126 111 100 73
+ Emiss

T > 100 GeV 121 108 98 70
+ Lepton veto 121 107 98 70
+ I > 1 rad 108 96 86 63
+ Central jet veto 94 89 79 59
+ φ j j < 1 rad 43 45 39 30

Table 5: Cross-section in fb for each signal mass at each step in the selection cuts. The first cut is the
effect of the L1 trigger simulation with a Emiss

T of 100 GeV, a central jet with pT > 23 GeV and a forward
jet with pT > 23 GeV.

The jet tagging cuts reduces all three backgrounds by a factor of 10. Although a L1 Emiss
T is applied a

large fraction of events still survive because of the the L1 Emiss
T resolution. The other cuts that have a

large impact on the QCD rate are the Emiss
T cut and the Emiss

T isolation cut. Together they reduce this
background to a negligible level. The effect of these selection cuts on the Z+jet and W+jet backgrounds
are less dramatic. The lepton veto reduces the W+jet and Z+jet by ∼ 36% and ∼ 3%, respectively. The
lepton veto cut removes few events in the Z+jet channel as the Emiss

T cut removes most of the Z→ `` de-
cay mode. The remaining Z+jet events are dominated by the Z→ νν mode. Leptons are only identified
for |η |< 2.5, so the lepton veto cut does not remove all the W+jet background events due to this limited
η range. Therefore, electrons and τ-jet in the forward region (|η | > 2.5) are mis-identified as jets most
of the time. In a similar manner, muons in the forward direction are generally not identified and result in
fake Emiss

T .

2.4 Systematic uncertainties

Three major types of systematic uncertainties are considered. One arises from the implemention of the
Monte Carlo generators, the second from the experimental systematic uncertainties and the third from
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Selection Cuts HERWIG 130 GeV PYTHIA 130 GeV
Initial σ( f b) 3.93×103 (1.000) 3.93×103 (1.000)
Pre-Cut (Emiss

T > 80 GeV) 1.76×103 (0.448) 1.78×103 (0.453)
+ Tagged Jets 4.07×102 (0.231) 4.10×103 (0.230)
+ M j j 2.45×102 (0.602) 2.45×103 (0.598)
+ Emiss

T > 100 GeV 2.05×102 (0.837) 2.14×103 (0.873)
+ Lepton Veto 2.05×102 (1.000) 2.12×102 (0.991)
+ I > 1 rad 1.84×102 (0.898) 1.80×102 (0.849)
+ Central Jet Veto 1.59×102 (0.864) 1.07×101 (0.594)
+ φ j j < 1 rad 7.43×101 (0.467) 4.93×101 (0.461)

Table 6: Comparison between HERWIG and PYTHIA generated samples on the selection cuts for
the 130 GeV Higgs boson mass. The cross-section results are quoted in fb and the cut efficiency
is given in parenthesis. The major difference occurs in the last two rows of this table.

the theoretical knowledge of the production cross-sections.
Two event generator effects are discussed, the first is the treatment of the Underlying Event (UE) and

the second is the effect of using a fixed Z boson mass. To illustrate the effect of the UE, signal events
have been generated with two different event generators, HERWIG and PYTHIA that treat the UE in
different ways. Table 6 shows the efficiency of each selection cut used in the VBF analyses for the two
generators. The difference in cross-sections between the two samples are within ∼ 2% of each other
for cuts up to the Emiss

T isolation cut. However, once the central jet veto is applied, fewer Pythia events
survive resulting in a large difference of ∼ 49%. This is believed to be the result of the difference in
the modeling of the UE in the two generators; Pythia tends to produce fewer but harder jets, resulting
in more events being removed by the central jet veto cut, see Section 2.3. If the number of background
events is underestimated due to a combination of this cut and the choice of generator the sensisitivity to
the signal will be artificially enhanced. A systematic study of the effect of generator choice on the central
jet veto cut would require a large number of data and background samples to be produced with a variety
of generators and this is beyond the scope of this paper. It is not clear which generator represents reality
best. For consistency both the background and signal samples were generated using HERWIG. When
real data becomes available it will be possible to measure the magnitude of central jet activity directly
and use this to tune the generators.

The use of ALPGEN requires the use of a fixed Z mass. The effect of the missing off-shell terms
from the background samples was checked using the Z → νν analysis by adding a Emiss

T contribution
randomly generated by a Breit-Wigner distribution using the Z mass and width parameters. This study
indicated that the effect of using a fixed mass Z boson was negligible.

Two methods are considered in this paper to extract the signal significance. The first, a cut-based
analysis, relies on the number of signal and background events after all cuts have been made. The
second, a shape analysis relies on the ratio of the number of background events contained in two regions
of the φ j jvariable distribution; namely the number of events for φ j j < 1 divided by all events. The
systematic uncertainties of interest are the ones related to these three quantities; the number of signal
and background events and the background shape ratio. They are shown in Table 7.

The event reconstruction variables that result in the largest systematic uncertainties are the jet reso-
lution and the jet energy scale. For the jet energy resolution, the systematic uncertainty was estimated by
smearing the momentum of the jets using a Gaussian distribution with a width given by σ(E) = 0.45

√
E

for |η | < 3.2 and σ(E) = 0.63
√

E for |η | > 3.2. Changing the jet energy magnitude also affects the
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Systematics Higgs boson 130 GeV
Background

Cut-Based Shape
Luminosity 3 % ∼ 0%
Jet energy resolution:

0.8 % 5.3 % 4.5 %σ(E) = 0.45
√

E for |η |< 3.2
σ(E) = 0.63

√
E for |η |> 3.2

Jets energy scale:
4.0 % 3.2 % 0.2 %+7% for |η |< 3.2

+15% for |η |> 3.2
Jets energy scale:

10.0 % 19.5 % 2.8 %−7% for |η |< 3.2
−15% for |η |> 3.2

Total 10.5 % 20.4 % 5.3 %

Table 7: Experimental contributions to the systematic uncertainty. The systematic uncertainty on
the Jet Energy Scale (JES) is asymmetric. Only the largest (negative) JES systematic uncertainty
is included in the total experimental uncertainty shown in the last row of the table.

Emiss
T , so for each event, Emiss

T was recalculated for the x- and y-components. The analysis was then
repeated to determine the change in the number of signal and background events and the shape ratio. In
the same way the effect of changes in the jet energy scale was investigated by shifting the overall scale
by ±7% for |η | < 3.2 and ±15% for |η | > 3.2. Again this affects the Emiss

T , and this change was taken
into account. As can be seen in Table 7, there is an asymmetric dependence on the Jet Energy Scale,
(JES), so positive and negative deviations are considered separately. Lepton reconstruction was analyzed
and found not to contribute to the final systematic uncertainty. The JES uncertainties used here are con-
servative for 30 fb−1, but the impact of this choice on the sensitivity limits presented in this paper is
small. Finally, 3% was assigned to the uncertainty in the luminosity. To get the experimental systematic
uncertainty for each analysis the terms were added in quadrature giving an overall systematic uncertainty
of 20% on the number of background events which applies to the cut-based analysis and an uncertainty
of 5.3% on the background shape ratio that applies to the shape analysis.

In addition to the uncertainty in the UE and the reconstruction algorithms, there is a systematic un-
certainty which arises from the uncertainty in the absolute cross-section of the backgrounds. The main
backgrounds to the invisible Higgs boson channel are Z+jet and W+jet. The total cross-sections for
these processes have been corrected to NNLO and are known to ∼ 10%, (see Section 2.3). However
the cuts used to select the VBF process, result in a very restricted phase space which makes it difficult
to determine the systematic uncertainty on the cross-section for the final data samples. This means that
the systematic uncertainty on the number of background events due to the cross-section is currently un-
known, could be very large and is likely to dominate other uncertainties. The shape of the φ j j distribution
on the other hand is quite well constrained by theory and based on previous studies has a systematic un-
certainty of 10% [5]. At NLO it is expected to be 5%. In this analysis a conservative value of 10%
is assumed for the uncertainty due to the cross-section which when combined with the much smaller
experimental effect leads to an overall systematic uncertainty of 11.3% on the background shape.
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2.5 Cut-based analysis

This analysis uses the selection cuts summarized in Section 2.3.1. The signal significance is calculated
based on the number of signal and background events that remain after all cuts. The limitation of this
analysis is that the systematic uncertainty on the background cross-sections described in the previous
section could be very large. One way of dealing with this uncertainty is to use experimental data of the
Z+jet channel where the Z decays to two leptons. After correction for the detector acceptance, these
events can be used to infer the value of the cross-section for the irreducible background in which the
Z decays to two neutrinos. A similar analysis can be done for the W+jet background. These so called
“data driven” corrections will be the subject of a future publication. In the next section we report on an
alternative method which uses the shape of the azimuthal angle distribution between the jets to reduce
the dependence of the systematic error on the cross-section. In the current section the sensitivity to
an invisible Higgs boson without systematic errors are calculated to provide baseline numbers for the
sensitivity to an invisible Higgs boson produced via the VBF process.

The number of signal and background events after the φ j j cut is shown in Tables 4 and 5. These
numbers can be used to calculate the 95 % CL sensitivity of ξ 2 for the invisible Higgs boson, given the
assumed backgrounds. This is done by calculating the number of signal events required to increase the
total event count by a factor 1.64 times the uncertainty on the number of background events as shown in
Equation 2.

1.64σB = NSξ 2 (2)

Here NS is the number of signal events after the selection cuts and σB =
√

NB . The results of this analysis
gives a ξ 2 for an integrated luminosity of 30 fb−1 at 95 % C.L. for Higgs mass between 110 GeV and 250
GeV of∼ 5−8% in the case when systematic uncertainties are not included. An additional 6% statistical
uncertainty2 arises from the limited number of events in the data samples.

2.6 Shape analysis

The shape analysis is motivated by a marked difference in the φ j j distribution between the signal and the
W/Z+jet background as shown in Figure 5, which is taken from reference [5]. This plot shows that the
backgrounds peak above a φ j j of 1 while the signal is higher at low φ j j values. To characterize the shape
of the φ j j distribution the ratio R has been defined as the number of events with φ j j < 1 divided by the
total number of events as shown in Equation 3. As the proportion of signal in the sample increases the
value of R increases.

R =

∫ 1
0

dσ
dφ j j∫ π

0
dσ

dφ j j

(3)

The advantage of the shape analysis described in this section over other analyses is that it does
not require a knowledge of the absolute cross-section but rather the ratio of the number of events for
(φ j j < 1) to all events. As such, the systematic error associated with the absolute cross-section is reduced
to a negligible amount. However, as discussed in Section 2.4, there is a systematic uncertainty associated
with the knowledge of the φ j j distribution which is known to∼10% or better. In addition, the systematic
uncertainties due to detector effects are much smaller for this ratio than they are for the number of
background events, which is the relevant variable for a pure cut-based analysis (Table 7). The overall
systematic uncertainty on the ratio R has been calculated to be 11.3%.

Equation 3 can be re-written in the context of this analysis and expanded to provide a background-

2Based on a binomial error calculation.
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Figure 5: The φ j j distribution for the signal and background in radians [5]. The solid and dash-
dotted lines represent the expected distribution for the Higgs boson signal with Higgs boson
masses of mH = 120 and mH = 300 GeV respectively. The dotted and dashed lines represent the
distributions expected from the backgrounds. The plot shows the distributions after VBF selection
cuts have been made. Note that for the φ j j plot shown earlier did not have these cuts applied,
(Figure 4).

only term, as shown in Equation 4.

R =
N1

B

Nπ
B

[
1+ξ 2

(
N1

S

N1
B
− Nπ

S
Nπ

B

)
+ · · ·

]
(4)

Here N1
B and N1

S are the number of events within φ j j < 1 and Nπ
B and Nπ

S are the number of events
within the entire φ j j range. The first term of Equation 4 provides the expected ratio for the background
contribution. However, since the ratio between the signal and background are not the same in the presence
of a signal, a non-zero value is expected in the second term. The variation from the ‘background only’
ratio dictates the sensitivity to new physics. The ratio N1

B/Nπ
B can be determined using the Stndard Model

theoretical prediction or by a data driven technique.
The shape analysis applies the selection cuts discussed in Section 2.3.1 but not the φ j j cut. Therefore,

the results from Table 4 before this last cut are used. The first term of Equation 4 is calculated to be
0.254±0.007. To determined the 95% C.L. sensitivity limit a variation of 1.64σR is required, where σR

is the uncertainty on the ratio R from Equation 4. Therefore, the first order ξ 2 terms from Equation 4 is
set to the required 95% CL sensitivity limit, that is 1.64σR, as shown in Equation 5.

1.64σR = ξ 2
(

N1
S

N1
B
− Nπ

S
Nπ

B

)(
N1

B

Nπ
B

)
(5)

Solving for ξ 2 provides the 95 % CL sensitivity limit for the invisible Higgs boson. The results of this
analysis are shown in Figure 6. Without systematic errors, the shape analysis gives a value of ξ 2 that
ranges from 11 to 19%. This can be compared with the simple cut-based analysis which gave a ξ 2

value that ranged from 5 to 8%. So although the shape analysis method removes the dependence on the
absolute cross-section of the backgrounds there is a reduction in the sensitivity to the signal. To include

13

HIGGS – SENSITIVITY TO AN INVISIBLY DECAYING HIGGS BOSON

235

1431



Higgs Mass [GeV]
100 120 140 160 180 200 220 240 260

 [%
]

2 ξ

0
10
20
30
40
50
60
70
80
90

100

ATLAS

	Full Simulation Using Shape Analysis No Systematics
	Full Simulation Using Shape Analysis With Systematics

Figure 6: Sensitivity for an invisible Higgs boson at 95% C.L. via the VBF channel using shape
analysis for an integrated luminosity of 30 f b−1 with and without systematic uncertainties. The
black triangles (circles) are the results from this analysis with (without) systematic uncertainties.

the systematic uncertainties, the uncertainty on the background becomes σR =
√

σR
2 +α2R2, where α

is the fractional systematic uncertainty given in Table 7. The result obtained that includes systematic
uncertainties gives value of ξ 2 of around 60% for mH between 100 and 200 GeV. This sensitivity is
dominated by the systematic uncertainty that arises from the theoretical knowledge of the shape of the φ j j

distribution. Using calculations at NLO could reduce this uncertainty by a factor of 2 greatly enhancing
the sensitivity of this method of analysis.

2.7 Summary for the VBF invisible Higgs boson channel

The study described above has investigated the sensitivity of the ATLAS detector to a Higgs boson
particle produced by the VBF process that has an invisible decay mode. It should be stressed that these
results do not include pile-up which can reduce the sensitivity. It has been shown that with 30 fb−1

of data it is possible to detect this process over a wide range of masses if the Beyond Standard Model
cross-section is more than 60% of the Standard Model cross-section for a Higgs mass range of up to 200
GeV and 100% of the Higgs boson decays are invisible. Triggering for this channel is possible using a
trigger requiring large Emiss

T plus a forward and a central jet of moderate pT . Triggers of this kind would
be useful up to luminosities of at least 1033 cm−2 s−1.

3 The associated ZH production channel

The Feynman diagram for associated production in the ZH channel is shown in Figure 7. The signal of
an invisibly decaying Higgs boson in the ZH channel can be detected when the Z boson decays into two
leptons, which can be used for triggering the event. The presence of an invisibly decaying Higgs boson
is detected from the missing transverse energy.
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χ0

χ0

l

l

Figure 7: (Left): The Feynman diagram for Higgs boson associated production with a Z boson. (Right):
A representation of the decay of a Higgs boson into two invisible neutralinos represented by χ0 recoiling
against the two leptons coming from the Z decay.

Various backgrounds with signatures similar to the signal have been studied and are listed here. In
all cases, unless otherwise specified, ` represents e or µ .

1. The ZZ → ``νν final state gives the same signature as the signal (irreducible background) and is
the main background;

2. The tt̄ → b`+ν b̄`−ν process mimics the signal when the two b-jets are not reconstructed, or when
a second lepton results from a b quark decay;

3. The W+W− → `ν`ν process mimics the signal but can be greatly reduced by cutting on the Z
mass;

4. The ZZ → νν̄ττ̄ and τ → `νν̄ can also mimic the signal.

5. The ZZ → ` ¯̀ττ̄ and τ → `νν̄ can pass the selection criteria if some particles are missed;

6. The ZW → ```ν decay mode also simulates the signal when one lepton is not detected;

7. The Z plus jets background, with Z→ ` ¯̀ (Drell-Yan process) final state can be mistaken for the
signal when poor jet reconstruction leads to missing transverse energy.

3.1 Monte Carlo generation for the ZH channel

The signal and the background events have been generated using different particle generators chosen
according to which process they simulate best. The events are fully simulated then reconstructed using
ATHENA. The diboson production cross-sections are taken from Ref. [16]. All events were passed
through a filter immediately after generation. The two filters used are described in detail in Section
3.2.2. Only the few samples generated with the simpler lepton filter will be mentioned here. All other
samples were generated with the filter containing mZ and Emiss

T cuts.
Details on the generated events and pre-defined parameters are given below. All generators use the

CTEQ6M structure functions to generate the processes.

• Seven signal samples were generated using PYTHIA, with mH = 110, 120, 130, 140, 150, 200 and
250 GeV. Only the samples with mH = 130 and 140 GeV used the lepton filter. To generate the
invisibility of the Higgs boson, the H is produced as a stable particle, which goes undetected.

• ZZ→ `+`−νν̄ is generated using PYTHIA. This is the main and irreducible background. One Z
decays to a lepton pair while the other is allowed to decay to any flavor of neutrino pairs.
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• tt̄ is produced with the MC@NLO generator with all top quark decay modes allowed. The filter
described in detail in Section 3.2.2 retains mostly tt̄ → b`+ν b̄`−ν̄ events with ` = e or µ only.
Hadronic top quark decays with a subsequent b→ c`ν decay are also included.

• W+W−→ `+ν`−ν is generated with MC@NLO.

• ZZ→ τ+τ−νν and ZZ→ ``τ+τ− events are generated with PYTHIA. The τ was allowed to decay
hadronically and leptonically in both samples.

• ZW±→ `+`−`±ν samples are produced with the MC@NLO generator. Since the cross-sections
for ZW+ and ZW− production are different, two different datasets were generated. The ZW sam-
ples were not filtered since MC@NLO does not include the Z width at generation, leading to
problems when trying to apply a cut on the Z mass at the generator level. For these datasets, we
use samples generated with the lepton filter which selected events containing at least two leptons.
These events need to be reweighted after full reconstruction to account for the distorted Z mass
distribution.

• Z→ `+`−+ jet events are produced using the SHERPA generator.

3.2 Event selection for ZH channel

The event selection is made in three stages:

1. For simulated samples, a filter is applied immediately after the event Monte Carlo generation to
avoid unnecessary simulation of a large fraction of the background which would otherwise be
readily rejected at the preselection level. The event filter cuts are loose preselection cuts applied
on true Monte Carlo quantities.

2. The preselection cuts use fully reconstructed variables and aim at rejecting most backgrounds,
retaining only the most likely events to be used at the final selection level.

3. The final selection uses a multivariate analysis (Boosted Decision Tree) to refine the selection cuts
while retaining a high signal efficiency.

3.2.1 Analysis framework for the ZH channel

The standard ATLAS selection criteria are used to identify these objects [18].

3.2.2 Filter for the ZH channel

The filter decision is based on true Monte Carlo quantities. The filter must not reject events that would
have passed the preselection cuts to avoid introducing biases, and must have a large rejection efficiency
against background. To do so, the filter uses cuts looser than, but similar to, the preselection cuts, namely:

• The events must contain at least two leptons with pT >4.5 GeV of same flavor but opposite charge
within η < 2.7.

• The reconstructed mass of these two leptons must be within ±25 GeV of the Z mass.

• The events must satisfy Emiss
T > 50 GeV. The Emiss

T is computed from a vectorial sum over all
invisible, stable particles such as Higgs bosons and neutrinos, and all lost particles falling outside
the calorimeter fiducial region of pT > 5.0 GeV and η > 5.0.
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channel ZH→ ` ¯̀ inv. ZZ tt̄ WW ZZ ZZ ZW Z+jet
mH=130 GeV ` ¯̀νν `ν`ν ττνν ``ττ ```ν ``+ jet

# of generated events 10 K 50 K 104 K 70.4 K 50 K 50 K 250 K 27.25K
filter efficiency 75.4% 29.2% 1.13% 4.5% 5.16% 71.4% 100% 0.0154%

σ*BR (fb) 46.2 728.0 833000.0 5245.6 364.0 123.0 820.0 3105063
filter cuts 34.9 212.6 9412.9 236.5 18.8 87.8 820.0 478.4

after trigger 32.5 198.5 8620.6 217.1 14.2 77.8 735.3 460.6
Emiss

T > 90 GeV cut 14.0 83.8 3254.5 46.6 1.9 4.1 85.9 105.8
pT lepton cut 10.1 61.6 1596.2 30.5 0.4 1.5 24.0 46.2

mZ ±20 GeV cut 9.6 60.2 1187.4 19.9 0.0 1.2 19.7 43.2
b-tag cut 9.3 58.6 358.0 18.7 0.0 1.1 19.0 17.7

Table 8: Monte Carlo estimates of the cross-section times branching ratio in (fb) for the signal
with mH = 130 GeV and background processes following successive preselection cuts described
in Section 3.2.4 for the ZH analysis. The number of generated events refers to filtered events. The
cross-sections are given at NLO as calculated in Ref. [16] for Standard Model processes and from
Ref. [9] for the ZH production cross-sections.

ZH→ ` ¯̀ inv.
mH (GeV) 110 120 130 140 150 200 250

# of generated events 10 K 50 K 10 K 10 K 10 K 10 K 10 K
filter efficiency 47.0% 49.6% 75.4% 75.9% 56.4% 64.6% 70.1%

σ ·BR (fb) 77.3 59.4 46.2 36.6 29.1 11.0 5.2
after filter cuts 36.3 29.4 34.9 27.7 16.4 7.1 3.6

after trigger cuts 34.0 27.8 32.5 26.0 15.6 6.8 3.5
after Emiss

T > 90 cut 18.3 15.6 14.0 12.5 10.0 4.9 2.7
after pT lepton cut 13.5 11.6 10.1 9.3 7.4 3.7 2.0

after mZ±20 GeV cut 13.2 11.4 9.6 8.7 7.3 3.6 2.0
after b-tag cut 13.0 11.1 9.3 8.5 7.1 3.5 2.0

Table 9: Monte Carlo estimates of the cross-section (fb) for the signal with seven different Higgs
mass hypotheses following successive preselection cuts described in Section 3.2.4 for the ZH
channel analysis. The number of generated events refers to filtered events. Two samples were
generated using a simpler filter that retained events containing at least two leptons, (mH = 130 and
140 GeV) whereas all other samples used a filter that required finding two leptons forming a Z
boson and large Emiss

T , as described in Section 3.2.2. The efficiency for this filter increases with
the Higgs mass hypothesis.

A simpler lepton filter with only the first selection cut was used for the ZW → ```ν samples, for two
signal samples with Higgs mass hypothesis mH = 130 and 140 GeV, and for the ZZ→ ```` sample used
for a normalization study.

The filter reduces the total CPU time needed for full reconstruction by more than a factor of 1000.
The results are summarized for a signal with a Higgs boson mass hypothesis of 130 GeV and the back-
ground samples in Table 8. In Table 9, the effect of the filter, trigger and preselection cuts are shown for
the signal at other Higgs boson masses.

3.2.3 Trigger for ZH channel

An invisibly decaying Higgs boson in the ZH channel can be detected when the Z decays into two
leptons. We trigger on such events using the full simulation of the trigger and by requiring either one or
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two isolated, high pT leptons satisfying any of the following trigger signatures:

• single electron trigger: one isolated lepton with pT > 22 GeV.

• single muon trigger: one muon with pT > 20 GeV.

• di-electron trigger: two isolated electrons with pT > 15 GeV.

• missing transverse energy trigger: Emiss
T > 100 GeV.

The di-muon trigger with a lower pT momentum cut was not implemented in this analysis but will
be used in the future. The overall trigger efficiency of 92.8% compares well with what is retained
when applying cuts on fully reconstructed variables, selecting events containing either one electron with
pT > 25 GeV, two electrons with pT > 15 GeV or one muon with pT > 20 GeV. The effect of the trigger
on all samples studied is given in Table 8.

3.2.4 Event preselection

A first preselection is applied to reject most backgrounds, in particular the tt̄ and (Z+jet) backgrounds.
The following cuts are applied:

• the event must satisfy one of the trigger signatures described in the previous section;

• large missing transverse energy, i.e. Emiss
T > 90 GeV.

• the event must contain exactly two leptons of the same flavor but opposite charge with pT > 15
GeV;

• an anti-b-tag is applied to further suppress the tt̄ background.

• a loose cut on the invariant mass of the two leptons, namely |m``−mZ| < 20 GeV, is applied to
reject some tt̄ background without reducing the signal efficiency.

The σ ·BR for the signal and the background processes listed in Section 3 are shown in Table 8. The
effects of the filter and preselection cuts are also shown in this table.

3.2.5 Final event selection

In order to improve the sensitivity of this channel, the most discriminative variables are used to form a
multivariate analysis (Boosted Decision Tree or BDT). Sixteen different variables are used as inputs to
the BDT, namely:

• the missing transverse energy Emiss
T ,

• the transverse mass mT =
√

2p``
T ·Emiss

T (1− cos∆φ) where ∆φ is the azimuthal angle between the

dilepton system and ~pT
miss,

• the cosine of the angle between ~pT
miss and the most energetic lepton,

• the reconstructed Z mass,

• the transverse momentum of each lepton,

• the cosine of the angle between the two leptons in the transverse plane and in 3-dimensions,
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• the cosine of the angle between ~pT
miss and ~pT

Z ,

• the cosine of the angle between the most energetic jet and ~pT
miss,

• the energy found in a cone ∆R = 0.1 rad around each lepton; the lepton isolation variable is partic-
ularly useful for muons where very little energy is found around isolated muons but not so much
for electrons where the energy deposit is much wider,

• the energy of each of the three most energetic jets, and

• the total number of jets.

These variables are shown in Figures 8 to 11 for the signal and the background after applying the pres-
election cuts listed in Section 3.2.4. Each distribution has been normalized to unity. The various back-
grounds have been regrouped: the irreducible background, ZZ→ ``νν , the non-resonant background: tt̄
and WW , and finally all other backgrounds containing at least one Z boson: ZZ → ``ττ , ZZ → ττνν ,
ZW and (Z + jet).

Each of the main backgrounds after the preselection cuts, namely tt̄ → b`ν b`ν , WW → `ν`ν ,
ZZ → ``ττ , ZW → ```ν and (Z+jet) are compared to the signal to train a Boosted Decision Tree
(BDT) [19]. Each one of these backgrounds is trained separately. Nothing is gained from training a
BDT against the irreducible background, ZZ→ ``νν , so this background is not used. An ensemble (for-
est) of decision trees is successively generated from the training sample, where each new tree is trained
by giving increased weights to the events that have been misclassified in the previous tree. The classifier
response is obtained as the sum of the classification results for each tree, weighted by the purity obtained
for all training events in that tree. The large number of decision trees in the forest increases the perfor-
mance of the classifier and stabilizes the response with respect to statistical fluctuations in the training
sample.

For each background type, a set of weights is established. Half the Monte Carlo events contained in
each file is used for the training and the other half for the analysis. The file containing the signal and
all the backgrounds, including the less important ones, is then analyzed using these weights. Each event
is assigned a weight corresponding to the likelihood of being identified as signal or background. The
BDT weight distributions are shown in Figure 12. Each plot shows the output variable distribution for
Boosted Decision Trees trained against different backgrounds, namely, from top plot to bottom plot, the
tt̄ → b`νb`ν , WW → `ν`ν , ZZ → ``ττ , ZW → ```ν and Z+jet. The ZZ → ττνν background is not
used to train a specific BDT since too few events survive the preselection cuts. The cuts on the five BDT
outputs are adjusted to minimize the value of ξ 2, defined in Equation 2.

The same procedure is repeated using different Higgs boson mass hypotheses ranging from mH = 110
GeV to mH = 250 GeV, optimizing the cuts each time. The numbers of events surviving all Boosted
Decision Trees cuts for each Monte Carlo sample and these seven Higgs boson mass hypotheses are
given in Table 11. The BDT inputs variables are also ranked during each training against a particular
background. Each time, the input variables are assigned a weight proportional to their importance in
separating power. The sum of these weights are given in Table 10, showing which variables offer the
best separation power. The order of importance varies for each of the trees but all variables are useful
in at least one tree. The Z mass is the overall most discriminative variable, mostly due to its very high
ranking in the BDT trained against tt̄ and WW backgrounds.

3.3 Systematic uncertainties

3.3.1 Background cross-section

Since this is a counting experiment, one is looking for events in excess of what is expected by the
Standard Model. However, exactly what is expected from Standard Model backgrounds is not well
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Figure 8: Input variables used by the Boosted Decision Tree for the signal with mH = 130 GeV and the
main backgrounds. Top left: Missing ET . Top right: transverse mass, defined as the reconstructed mass
in the transverse plane, namely m2

T = E2
T − p2

T . Bottom left: cosine of the angle between the missing ET

and highest momentum lepton in the transverse plane. Bottom right: reconstructed Z mass. Each plot
has been normalized to unity. The combined samples had first been scaled to the same luminosity.
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Figure 9: Input variables used by the Boosted Decision Tree for the signal with mH = 130 GeV and the
main backgrounds. Top left: Transverse momentum of the most energetic lepton. Top right: Transverse
momentum of the second lepton. Bottom left: Cosine of the angle between the two leptons in the
transverse plane and, Bottom right: in 3-dimensions. Each plot has been normalized to unity. The
combined samples had first been scaled to the same luminosity.
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Figure 10: Input variables used by the Boosted Decision Tree for the signal with mH = 130 GeV and
the main backgrounds. Top left: The cosine of the angle between the direction of missing ET and the
reconstructed Z transverse momentum. Top right: The cosine of the angle between the most energetic
jet and the direction of missing ET . Bottom left: The energy contained in a cone of 0.10 rad around
the most energetic lepton. Bottom right: The energy contained in a cone of 0.10 rad around the second
lepton. Each plot has been normalized to unity. The combined samples had first been scaled to the same
luminosity.
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Figure 11: Input variables used by the Boosted Decision Tree for the signal with mH = 130 GeV and the
main backgrounds. Top left: The energy distribution for the most energetic jet; Top right: for the second
and, Bottom left: third most energetic jets. Bottom right: the number of jets in the event. Each plot has
been normalized to unity. The combined samples had first been scaled to the same luminosity.
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Figure 12: The Boosted Decision Tree (BDT) output variables obtained after comparing half the signal
events to five different backgrounds separately, namely, from top to bottom: tt̄→ b`νb`ν , WW → `ν`ν ,
ZZ→ ``ττ , ZW→ ```ν and Z→ `` + jets. The BDT assigns values close to +1 for a signal-like event and
-1 for background-like events. The distributions are shown for the signal and all types of background
when using the other half of the events for the analysis. The Boosted Decision Trees trained against
the ZW background offers the best separation power. The ξ 2 decreases further once additional cuts on
the other BDT output variables are applied, namely the WW BDT output, then the ZZ → ``ττ BDT
output, the (Z+jet) BDT output and finally the tt̄ BDT output. All BDT output cut values are indicated
by a vertical dashed line. Nothing is gained from training a BDT against the irreducible background,
ZZ→ ``νν for all Higgs boson mass hypotheses, so it is not used.
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input variable to BDT sum of weights
Z mass 0.57

cos`` (in 2D) 0.46
cos`` (in 3D) 0.42

cos(Emiss
T − ~pZ) 0.41

# of jets 0.40
transverse mass 0.39
cos( jet−Emiss

T ) 0.32
cosEmiss

T − plepton#1
T 0.31

Emiss
T 0.28

plepton#1
T 0.27
E jet#1 0.26
E jet#2 0.23

plepton#2
T 0.21

energy in a cone around lepton # 1 0.17
energy in a cone around lepton # 2 0.16

E jet#3 0.13

Table 10: Order of importance for the 16 input variables used to train the separate Boosted Deci-
sion Trees used for the analysis at mH = 130 GeV. The second column gives the sum of the weights
given to each input variable by the five separate BDT used for the analysis. These weights are not
used for the analysis per se but give an idea of the relative importance of each input variable. In
particular, the first four variables are used to mostly reject the non-resonant background.
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channel ZH ZZ tt̄ WW ZZ ZZ ZW Z+jet
` ¯̀ inv. ` ¯̀νν `ν`ν ττνν ``ττ ```ν ``+jet

expressed as cross-sections given in fb
mH = 110 GeV 1.31 3.44 0.00 0.01 0.00 0.02 0.37 0.03
mH = 120 GeV 2.99 13.64 0.18 0.28 0.00 0.16 2.16 0.10
mH = 130 GeV 0.89 2.93 0.00 0.00 0.00 0.02 0.33 0.00
mH = 140 GeV 0.98 3.51 0.00 0.00 0.00 0.03 0.48 0.00
mH = 150 GeV 1.32 6.37 0.18 0.00 0.00 0.06 0.62 0.00
mH = 200 GeV 0.62 4.83 0.18 0.00 0.00 0.04 0.42 0.00
mH = 250 GeV 0.31 2.50 0.00 0.00 0.00 0.03 0.24 0.02

# of events corresponding to 30 fb−1

mH = 110 GeV 39.2 103.1 <2.7 0.2 <0.01 0.8 11.0 0.8
mH = 120 GeV 89.6 409.3 5.4 8.5 0.1 4.7 64.7 3.0
mH = 130 GeV 26.8 87.9 <2.7 <0.06 <0.01 0.8 9.9 <0.36
mH = 140 GeV 39.5 191.1 5.4 <0.06 <0.01 1.7 18.7 <0.36
mH = 150 GeV 36.5 173.0 5.4 0.2 <0.01 1.8 19.0 <0.36
mH = 200 GeV 18.5 145.0 5.4 <0.06 <0.01 1.3 12.7 <0.36
mH = 250 GeV 9.3 74.9 <2.7 <0.06 <0.01 1.0 7.2 0.7

Table 11: Monte Carlo estimates of the cross-sections in fb surviving the final Boosted Decision
Tree selection cuts for each background process and seven mass hypotheses for the ZH channel.
The corresponding numbers of events for 30 f b−1 of total integrated luminosity are also given.
The final cuts on the Boosted Decision Tree output variables were set separately for each BDT
output variable and for each mass hypothesis, each time optimizing the sensitivity ξ 2.
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known, given the theoretical uncertainties on the Standard Model production cross-sections and this leads
to the main source of systematic uncertainty. The current best estimates for each of these cross-sections
from the next-to-leading order calculation is about 6% for ZZ and 5% for ZW [20]. The uncertainty on
the (Z+jet) cross-section has no impact on the final results since this background is negligible. Several
control samples can be used to constrain the ZZ and ZW cross-sections. For ZZ, one can use the four
lepton final state (even including τ) but this will require a large data sample (of the order of at least
30 f b−1) to reduce the statistical uncertainty. For the ZW cross-section, one can use a ZW control
sample with events containing three identified leptons. Both these cross-sections will be measured in
ATLAS data. Uncertainties associated with kinematic distributions have not been taken into account at
this point. A combined theoretical uncertainty of 5.8% obtained from a weighted average is assigned to
the background production cross-section.

One could in principle use ZZ → ```` events from data to calibrate the number of events coming
from ZZ → ``νν decays. Such an approach was proposed in [21] where one would first select a pure
sample of ZZ → ```` events by finding two Z bosons, then declaring one Z to decay invisibly. This
would work in the absence of other backgrounds but it is not possible to completely eliminate the ZW →
```ν background. More importantly, such a technique has a very low efficiency: about 1.8% of all
ZZ → ```` survive the preselection cuts, with ` here being e,µ or τ . Only a dozen of events would
survive all of the BDT selection cuts for 30 fb−1 of data. Hence, it is deemed impossible to calibrate
quantitatively the ZZ→ ```` cross-section using this technique. However, one could still check the effect
of the preselection cuts on ZZ→ ```` events with two leptons declared invisible as described above to
ensure that the main and irreducible background, ZZ → ``νν , behaves as expected under these cuts.
About 85 ZZ → ```` events are expected to pass the preselection cuts, as opposed to 163 ZZ → ``νν
events for 30 fb−1 of integrated luminosity. After the preselection cuts, the ZZ → ``νν background
corresponds to about 36% of the total number of selected events in the absence of non Standard Model
contributions, as seen from Table 8. This method would provide a normalization of the cross-section
using data at about 11% uncertainty level.

3.3.2 Effect related to the training of the Boosted Decision Tree

Since half the events are used for training the BDT, and the other half for testing, this arbitrary choice
has a slight effect on the outcome. For the central value of this analysis, we used every other event for
the training. To estimate the effect of this choice, the analysis was redone using the first half of the events
for training, and the second half for testing. Since we are only using Monte Carlo events, this second
choice does not introduce additional time-dependent effects that one would expect with real data. The
difference in the results, namely +0.2% signal events and +0.7% background events, is ascribed as a
contribution to the systematic uncertainty.

3.3.3 Lepton momentum resolution effect and energy scale effect

Different tests are done to assess the contributions to the systematic uncertainty from the lepton momen-
tum resolution and the uncertainty on the lepton energy scale. Each time, new modified input variables
are used to retrain the BDT and assess the overall effect by comparing the new number of selected signal
and background events to the original numbers of events selected. All contributions to the systematic
uncertainty are summarized in Table 12.

The tests performed are:

• The lepton momenta are smeared using a Gaussian distribution. A constant sigma of 0.73% is
used for electrons. For muons, the sigma is calculated using the following formula: σ(pT ) =
[(0.011 · pT )2 + (0.00017 · p2

T )2]1/2/pT with pT in GeV. The smearing is applied to one type of
leptons at a time.
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signal background
electron reconstruction efficiency ±0.2% ±0.2%
electron pT resolution (±0.73%) +0.5% +1.7%
electron energy scale (±0.5%) +1.1% +2.1%

sub-total for electrons (43% of events) +1.2% -0.2% +2.7% - 0.2%
muon reconstruction efficiency ±1.0% ±1.0%

muon pT resolution (see formula in text) +1.1% +1.9%
muon energy scale (±1%) +1.0% +2.2%

sub-total for muons (57% of events) +1.8% - 1.0% +3.1% - 1.0%
combined contributions for leptons +1.5% - 0.7% +2.9% - 0.7%
jet energy scale (±7% or ±15%) +0.8% +0.2% - 2.2%

jet energy resolution effect on Emiss
T -2.2% -0.4%

luminosity - ±3.0%
cross-section - ±5.8%
filter effects ±1.4% ±1.4%

Boosted Decision Tree training effects ±0.2% ±0.7%
total +2.2% - 2.6 % +7.3% - 7.1%

Table 12: Contributions to the systematic uncertainties. The Higgs boson mass was set to 130
GeV to assess these uncertainties. The final background uncertainty is rounded-off to ±7.2%.

• For each type of lepton, a multiplicative scaling factor is applied to simulate an energy scale
uncertainty of ±0.5% for electrons and ±1.0% for muons.

3.3.4 Jet momentum resolution effect and energy scale effect

Three different modifications are done in turn to the jet energy to evaluate the contributions from the
jet energy scale and jet energy resolution to the missing energy evaluation. After each modification, the
missing ET is recalculatedEach contribution is shown in Table 12. The three modifications made to the
jet energy are:

• Jet energy scale: the jet energy is increased by ±7% for jets within η ≤ 3.2 and ±15% for jets
within η > 3.2.

• Jet energy resolution: the jet energy is smeared using a Gaussian by 0.45 ·
√

E for jets within
η ≤ 3.2 and 0.63 ·

√
E for η > 3.2.

3.4 Results for the ZH channel

The sensitivity with 30 fb−1 of data is evaluated in terms of ξ 2 with ξ 2 = 1.64σB/NS for a 95% CL as for
the VBF analysis where σB is the combined statistical and systematic uncertainty as detailed in Section
2.5. The values of ξ 2 are summarized in Table 13.

3.5 Cross-checks with a cut-based analysis

To ensure that the Boosted Decision Tree performed as expected, we duplicated a previous ATLAS
analysis performed using a cuts-based approach [21]. The same cuts as were applied to our current
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mH # signal # background σB ξ 2

110 GeV 39.2 115.9 13.6 56.7%
120 GeV 82.5 449.4 38.3 76.2%
130 GeV 26.8 98.6 12.2 74.4%
140 GeV 39.5 217.0 21.3 88.5%
150 GeV 36.5 199.4 20.0 89.9%
200 GeV 18.5 164.4 17.3 153.4%
250 GeV 9.3 83.8 10.9 191.6%

Table 13: The sensitivity with 30 fb−1 at 95% confidence level calculated in terms of ξ 2 for seven
different mass hypotheses for the ZH channel.

Monte Carlo samples after the filter and trigger cuts of this analysis, and using the signal generated with
mH = 130 GeV. These cuts are:

1. Filter cuts as in this analysis

2. Trigger cuts as in this analysis

3. Lepton cuts: select events containing no more than two leptons with pT > 7 GeV. Electrons must
have pT > 15 GeV within |η | < 2.5 and muons are selected if pT > 10 GeV and |η | < 2.4. Two
leptons of the same flavor but opposite charge are required.

4. Z mass: the recontructed Z mass must be within 10 GeV from the pole mass.

5. Emiss
T > 100 GeV.

6. Jet veto: all events containing a jet having pT > 30 GeV within |η |< 4.9 are rejected.

7. b-jet veto: all events containing a b-tagged jet having at pT > 15 GeV within |η |< 4.9 are rejected.

8. Transverse mass: mT > 200 GeV.

The two analyses can be compared after the MET cut. The sensitivity with 30 fb−1 at 95% confidence
level calculated in terms of ξ 2 for this cut-based analysis is 87.9% for mH = 130 GeV. This compares
well with what was obtained with the BDT technique (ξ 2 = 74.4% for the same mass value with the BDT
approach). The difference in sensitivity increases further for higher Higgs mass hypotheses. The results
are given in Table 14.

4 Comparison of results and summary

The sensitivity of ATLAS to an invisibly decaying Higgs boson produced via the VBF and ZH channel
has been examined. A comparison between the sensitivities of the two channels can be seen in Figure 13.
This plot shows that the channels have a similar sensitivity for low Higgs boson masses. It is possible
to look at combined statistics for the ZH analysis and the VBF shape analyses although the analysis
techniques are different. Clearly the improvement in sensitivity by combining statistics is not large. Of
far greater significance in the analysis of real ATLAS data would be the observation of a significant
excess of events in two different and distinct channels. An observation of this kind would give credibility
to the hypothesis that a particle is being generated that behaves like a Higgs boson and decays invisibly.
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channel ZH ZZ tt̄ WW ZZ ZZ ZW Z+jet
` ¯̀ inv. ` ¯̀νν `ν`ν ττνν ``ττ ```ν ``+jet

σ*BR in fb 46.2 728.0 833000.0 5245.6 364.0 123.0 820.0 3105062.8
after filter 34.9 212.6 9412.9 236.5 18.8 87.8 820.0 478.4

after trigger 32.5 198.5 8620.6 217.1 14.2 77.8 735.3 460.6
pT lepton +ID + charge cut 23.8 148.1 4451.2 158.4 2.7 37.6 177.5 221.6

after mZ±10 GeV cut 20.7 133.0 1654.7 51.1 0.0 28.8 125.4 192.9
after Emiss

T > 100 cut 7.4 44.9 460.7 7.3 0.0 0.8 13.7 27.9
no jet with pT > 30 GeV 4.2 23.7 5.8 0.8 0.0 0.3 4.2 0.1

b-tag cut for jet with pT > 15 GeV 4.2 23.6 4.8 0.8 0.0 0.3 4.1 0.1
after mT > 200 GeV cut 3.9 21.3 0.5 0.4 0.0 0.3 3.4 0.1

Table 14: Monte Carlo estimates of the cross-sections in fb after applying simple cuts for each
background process and one mass hypothesis of mH = 130 GeV for the ZH channel. The corre-
sponding ξ 2 would be 87.9%.
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Figure 13: Sensitivity to an invisible Higgs boson with ATLAS for both the VBF and ZH channels
with 30 fb−1of data assuming only Standard Model backgrounds. The open crosses show the
sensitivity for the ZH analysis and the solid triangles show the sensitivity for the VBF shape
analysis for 95 % CL. Both these results include systematic uncertainties.
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In summary, a study using fully simulated ATLAS data has shown that the ATLAS experiment will
be sensitive to an invisibly decaying Higgs boson in both the VBF and ZH production channels assuming
only Standard Model backgrounds. It is clear that the analysis will require a good understanding of the
experimental systematic uncertainties. If the decay of a Higgs boson was entirely in the invisible mode,
this analysis has shown that with 30 fb−1of data, ATLAS will be sensitive to a situation in which the
beyond the Standard Model cross-section is of the order of 80% the Standard Model Higgs boson cross-
sections for a Higgs Boson mass of less than 150 GeV. The VBF analysis has a sensitivity of better than
90% up to a Higgs Boson mass of 250 GeV.
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Charged Higgs Boson Searches
Abstract
The discovery of a charged Higgs boson would be tangible proof of physics
beyond the Standard Model. This note presents the ATLAS potential for dis-
covering a charged Higgs boson, utilizing five different final states of the signal
arising from the three dominating fermionic decay modes of the charged Higgs
boson. The search covers the region below the top quark mass, taking into ac-
count the present experimental constraints, the transition region with a charged
Higgs boson mass of the order of the top quark mass, and the high-mass region
with a charged Higgs boson mass up to 600 GeV. All studies are performed
with a realistic simulation of the detector response including all three trigger
levels and taking into account all dominant systematic uncertainties. Results
are given in terms of discovery and exclusion contours for each channel indi-
vidually and for all channels combined, showing that the ATLAS experiment
is capable of detecting the charged Higgs boson in a significant fraction of the
(tanβ , mH±) parameter space with its first 10 fb−1 of data. The so-called in-
termediate tanβ region (around tanβ = 7) is experimentally hard to reach but
exclusion sensitivity is given in this area.

1 Introduction

Charged Higgs bosons (H±)1 are naturally predicted in many non-minimal Higgs scenarios, such as
Two Higgs Doublet Models (2HDM), and models with Higgs triplets including Little Higgs models.
Their discovery would be a definite signal for the existence of New Physics beyond the Standard Model,
possibly the first experimental evidence for the Minimal Supersymmetric Standard Model (MSSM) if it
is realised in nature, and the supersymmetry mass scale is high enough that sparticles escape discovery.
The following analyses will only consider the 2HDM, in particular the so-called type II-2HDM, which
is the Higgs sector of the MSSM.

The search strategies for charged Higgs bosons depend on their hypothesized mass, which dictates
both the production rate and the available decay modes. Below the top quark mass, the main production
mode is through top quark decays, t → H+b, and in this range the H+→ τν decay mode is dominant.
Above the top quark threshold, production mainly takes place through gb fusion (gb→ tH+), and for
such high charged Higgs boson masses the decay into a top quark and a b quark dominates, H+→ tb .
A more detailed discussion of the different signal final states used for this study including backgrounds,
cross-sections and branching ratios can be found in Reference [1].

Charged Higgs boson searches involve several higher level reconstructed physics objects such as elec-
trons, muons, jets, jets tagged as b jets and finally jets identified as τ jets. These objects are reconstructed
by dedicated ATLAS algorithms and details about their performance can be found in References [2–6].
In the following, only efficiencies will be quoted for the different objects.

The note is organized as follows: Section 2 summarizes the trigger menus used for the signatures
under investigation. The analysis sections are divided into light (Section 3) and heavy (Section 4) H+

studies, which are in turn divided according to the signal final state: First, tt̄→ bH+bW → bτ(had)νbqq
is discussed in Section 3.1, then tt̄ → bH+bW → bτ(lep)νbqq in Section 3.2. Section 3.3 addresses
tt̄→ bH+bW → bτ(had)νb`ν . Two studies for heavy H+ are described, namely for gg/gb→ t[b]H+→
bqq[b]τ(had)ν (Section 4.1) and gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb (Section 4.2).
In Section 5, systematic uncertainties and their impact are discussed, followed by a description of the

1In the following, the charged Higgs boson will be denoted H+ , but H− is always implicitly included.
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data-driven tt̄ control sample method which is needed for the extraction of the background shape and
normalization in all H+ studies. Section 6 provides combined results from the different search topolo-
gies. The charged Higgs boson results are summarized in Section 7.

2 Trigger

The production and decay modes of the charged Higgs boson studied here lead to final states containing
the following: two to four b jets, light jets from hadronic decays of W bosons, one or more neutrinos from
W or H+ decays, and for most channels a tau lepton decaying either hadronically or into an electron or
muon plus neutrinos. These event characteristics suggest the following ATLAS Trigger [7] menus, one
for an instantaneous luminosity of L = 1031cm−2s−1, and two alternatives for L = 1033cm−2s−1, based
on these trigger signatures:
• L = 1031cm−2s−1: xE70, e22i, mu20, xE30_L1_TAU13, xE20_3j20_L1_TAU13

• L = 1033cm−2s−1: xE80, e55, mu40, xE50_L1_TAU30, xE40_3j20_L1_TAU30 or
xE80, e22i_xE30, mu20_xE30, xE50_L1_TAU30, xE40_3j20_L1_TAU30

where xE represents a missing transverse energy trigger selection, and e, mu, tau and j correspond to
electron, muon, tau, and jet triggers, respectively. A number before each symbol indicates the required
trigger multiplicity, as in 3j for three jets. Values after these symbols are the approximate trigger thresh-
olds in transverse momentum, and a final i means that isolation requirements are applied. L1_ indicates
that the stated threshold for the following trigger selection is applied at the first trigger level while the
high level trigger selection is softer. Combined triggers are indicated by the juxtaposition of two or more
selections. Each analysis uses a subset of items of the two 1033 menus.

The menus were chosen based on a careful study of the signal event characteristics and the most
realistic trigger signature rates available. The chosen signatures meet the requirements of the trigger
bandwidth budget [7] at all trigger levels. For each of the channels studied in the following sections, the
trigger efficiencies will be evaluated.

3 Light Charged Higgs Boson Searches

In this section, charged Higgs boson searches in the three light H+ channels (mH+ < mt) selected for
investigation are presented:

• tt̄→ bH+bW → bτ(had)νbqq

• tt̄→ bH+bW → bτ(lep)νbqq

• tt̄→ bH+bW → bτ(had)νb`ν

where for a tau lepton, τ(had) indicates its hadronic decay and τ(lep) its decay to an electron or muon
plus neutrinos. If the charged Higgs boson is light, then BR(t → bW ) might not be close to unity, as it
is in the Standard Model prediction. This means that the expected background from Standard Model tt̄
decays (the dominant background to all H+ searches) is reduced. Since the number of events after the
event selection is NSM

tt̄ for the background-only hypothesis, and NH+ +NMSSM
tt̄ in the signal+background

case, the number of observable excess events is thus not simply the number of H+ events (NH+) — it is
decreased by the difference in the SM and the MSSM tt̄ prediction: Nexcess = NH+ − (NSM

tt̄ −NMSSM
tt̄ ).

This is taken into account consistently.
All plots, tables and results in this section are based on the trigger menu for an instantaneous lumi-

nosity of L=1033cm−2s−1 presented in Section 2, on the signal cross-sections for the mh-max MSSM
scenario (see Reference [1]) and the background cross-sections given in Reference [8].
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3.1 tt̄→ bH+bW → bτ(had)νbqq

The channel in which both the τ and the W boson decay hadronically has a relatively high cross-section,
making it a priori one of the most promising in searches for H+ lighter than the top quark. On the other
hand, the absence of leptons, as well as the high hadronic activity, is a challenge, particularly for the
trigger. The events are characterised by a τ jet, four other jets, two of which are initiated by b quarks,
and missing energy. The main expected backgrounds for this channel are tt̄ events where one top quark
decays hadronically and the other to a hadronically decaying τ . For this study all tt̄ decay modes have
been considered as background, as well as single top, W+jets and QCD dijet events. For ATLAS, this
channel has previously only been studied using fast simulation [9].

3.1.1 Preselection

Trigger Either the xE50_L1_TAU30 or the xE40_3j20_L1_TAU30 trigger signature (see Section 2) is
required for this study.

Cuts I Following the trigger, a set of cuts was used to preselect the signal and suppress the background.
This first cut set relates primarily to the multiplicity of the offline analysis objects (which are different
from the trigger objects, leading in some cases to lower optimum cut values for the offline objects). These
are given in Table 3.1.1.

Cuts II After the first set of cuts, the W is reconstructed from the pair of light jets with invariant mass
m j j closest to the nominal W mass, mW . The parent top quark is then found by pairing the reconstructed
W with the b quark which leads to an apparent top quark mass m j jb closest to the nominal value mt . Cuts
are made both on the W and the top quark reconstructed masses. The top quark on the H+ side cannot
be fully reconstructed due to the presence of the neutrino, but information on its azimuthal angle, φ , and
transverse momentum, pT , can still be extracted.

At this stage a large number of background events still remains, mainly from Standard Model tt̄ as
well as from QCD and single-top production. In order to discriminate against the latter two, two cuts
(items 8 and 9 in Table 3.1.1) are applied aiming to enhance the topology of tt̄ decays.

Table 1: tt̄ → bH+bW → bτ(had)νbqq: Applied precuts. A b-tagging cut is applied to all jets,
yielding b jet reconstruction efficiency of about 70%. For τ jets, a cut on the τ-tagging variable
is applied such that a reconstruction efficiency of about 32% is obtained for a pseudorapidity
|η |< 1.5, and a tighter cut (due to the high QCD jet fake-rate for large η) for |η |> 1.5 leads to an
efficiency of about 20% in this region. The Emiss

T cut is increased to 50 GeV if only the signature
xE50 L1 TAU30 has triggered the event.

Cuts I Cuts II
1. exactly 1 τ-tagged jet with pT > 35 GeV 6. |mrec

W −mW |< 30 GeV
2. exactly 2 b-tagged jets with pT > 15 GeV 7. |mrec

t −mt |< 40 GeV

3. at least 2 non-tagged jets with pT > 15 GeV 8. ∆φ(phardest top
T , psoftest top

T ) > 2.5

4. veto on isolated leptons with pT > 5 GeV 9. phardest top
T /psoftest top

T < 2
5. Emiss

T > 40/50 GeV
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Figure 1: tt̄→ bH+bW → bτ(had)νbqq: Likelihood distribution (a) and transverse mass (b) for an H+

mass of 130 GeV and the corresponding background, stacked and normalized to the cross-section with
tanβ = 20. The hatched area shows what would be expected from a Standard Model only scenario. A
cut at 0.6 is made on the likelihood and at 65 GeV on the transverse mass.

3.1.2 Likelihood Discriminant

Following these cuts, the remaining background is dominated by tt̄ events, particularly those in which one
W decays hadronically and the other to a τ and a neutrino, and all reducible backgrounds are effectively
suppressed. In order to discriminate between this background and the signal, a Likelihood Discriminant
method has been implemented. The variables used (listed in Table 2) have been selected to reflect
the two characteristics which distinguish the signal from the background: the heavier mass of the H+

compared to the W , with its effects on the kinematics of the event; and the difference in τ polarization
depending on the parent. This difference, exploited in variable I, will cause the leading track within the
τ jet to be harder [10]. Also selected combinations of variables have been included, as correlations are
not included in the definition of the likelihood used. Likelihood discriminants are constructed for the
five different studied H+ mass points (90, 110,120,130 and 150 GeV). Figure 1a shows the resulting
likelihood distribution for an H+ mass of 130 GeV and the background.

Table 2: tt̄→ bH+bW→ bτ(had)νbqq: Variables used for the Likelihood Discriminant. τ denotes
the τ jet in the event, bH+ is the b jet coming from the same top as the presumed H+, and M(τ , bH+)
is the invariant mass of the τ jet and the bH+ jet. ∆R =

√
(∆φ)2 +(∆η)2 represents a distance.

I. pleading τ track
T /pτ

T V. pτ
T /pbH+

T
II. 1− cos(∆φ(τ, pmiss

T )) VI. M(τ ,bH+)
III. 1− cos(∆φ(H+,bH+)) VII. ∆R(τ,bH+)
IV. M(τ,bH+) ·∆R(τ,bH+)

A cut is applied on the obtained likelihood, requiring a value higher than 0.6 for an event to be
retained (0.8 for a charged Higgs boson mass mH+ = 150 GeV, due to the better signal-background
separation). The transverse mass of the H+ is then calculated for the retained events (shown in Fig.
1b). A final cut is then applied to this reconstructed transverse mass of the H+ candidate (at 50 GeV for
mH+ = 90 GeV, at 60 GeV for mH+ = 110 and 120 GeV, at 65 GeV for mH+ = 130 GeV and at 75 GeV
for mH+ = 150 GeV). These cut values have been selected to optimize the significance considering both
systematic and statistical uncertainties.
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3.1.3 Results

Table 3: tt̄ → bH+bW → bτ(had)νbqq: Selection cut flow. For each sample, the cross-sections
after cuts are given in fb and for tanβ = 20 in the first line and the relative cut efficiencies in the
second line (in italics). Standard Model cross-sections are given for all the backgrounds. There
are insufficient Monte Carlo statistics for the QCD events – see discussion in the text for a cross-
section estimate.

Channel All events Trigger Cuts I Cuts II
H+ 90 GeV [fb] 38388 3384 404 136

[/] 0.088 0.119 0.337
H+ 110 GeV [fb] 27147 2871 286 112

[/] 0.106 0.100 0.391
H+ 120 GeV [fb] 21363 2563 255 94

[/] 0.120 0.099 0.368
H+ 130 GeV [fb] 15666 2136 217 79

[/] 0.136 0.102 0.364
H+ 150 GeV [fb] 5869 982 88 30

[/] 0.167 0.089 0.342
tt̄ ≥ 1 lepton [fb] 4.52·105 56287 852 307

[/] 0.125 0.015 0.360
tt̄ hadronic [fb] 3.81·105 1746 37 21

[/] 0.005 0.021 0.571
single top [fb] 112500 7700 63 17

[/] 0.068 0.008 0.277
W + jets [fb] 277800 15489 73 30

[/] 0.056 0.005 0.409
QCD dijets [fb] 3.2·108 3.18·105 5 –

[/] 0.001 1.7·10−4 –

Table 3 shows the selection cut flow for the five different signal mass points and all backgrounds
studied in this note. The expected cross-section after the trigger and after the first and second set of cuts
is presented, as well as the relative efficiency of each step.

It is difficult to draw conclusions about the suppression of the QCD background, due to its very high
cross-section at the LHC. This leads to large statistical uncertainties since no simulated event survives
the entire analysis chain. In fact already the expected cross-section after Cuts I (see Table 3) is governed
by large statistical uncertainties. A very conservative upper limit for the expected number of QCD events
can be obtained by assuming that the expected efficiency of QCD events is limited from above by the
efficiency of the hadronic tt̄ events for all cuts for which the number of simulated QCD events is not
sufficient to draw definitive conclusions2. This assumption is very conservative since the second set of
cuts have been specifically designed to identify the tt̄ topology in order to reject QCD. Nevertheless,
using this assumption, the cross-section of surviving QCD events is limited by 55 fb after the likelihood
cut (for mH+ = 130 GeV), while after the cut on the transverse mass this estimate is down to 50 fb.
Given the conservative nature of this estimate, the assumption that the background from QCD events is
negligible compared to the one from tt̄ events is justified.

Table 4 shows the final expected cross-section following the cut on the likelihood discriminant and
the further cut on the transverse mass of the H+ candidate. The shape of the likelihood discriminant

2After Cuts II, even more conservatively, this limit is taken from the efficiency for the tt̄ ≥ 1 e/µ/τ events, due to the
limited number of surviving hadronic tt̄ events at this point.
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Table 4: tt̄→ bH+bW → bτ(had)νbqq: Final event selection results. The cross-sections after all
cuts are given in fb and for tanβ = 20 as well as the relative cut efficiencies. Standard Model
cross-sections are given for tt̄ . Backgrounds not tabulated have been found to be negligible.

Channel Cut Signal tt̄ ≥ 1 e/µ/τ
[fb] [/] [fb] [/]

H+ 90 GeV LH > 0.6 56.2 0.413 55.8 0.182
mT >50 GeV 35.3 0.628 32.1 0.574

H+ 110 GeV LH > 0.6 53.6 0.478 52.7 0.172
mT >60 GeV 35.1 0.655 27.9 0.529

H+ 120 GeV LH > 0.6 42.6 0.455 45.5 0.148
mT >60 GeV 32.5 0.764 29.0 0.636

H+ 130 GeV LH > 0.6 38.3 0.483 50.7 0.165
mT >65 GeV 31.4 0.819 25.9 0.510

H+ 150 GeV LH > 0.8 14.0 0.467 26.9 0.088
mT >75 GeV 9.3 0.662 10.3 0.385
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Figure 2: tt̄ → bH+bW → bτ(had)νbqq: Discovery (left) and exclusion contour (right) for Scenario
B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty is
assumed to be 10% for the background, and 24% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.

depends on the mass point for which the analysis is performed, i.e. one will need to run a separate
analysis using a different likelihood discriminant for each mass point. Therefore the background rejection
will naturally depend on the mass point for which it is evaluated.

The shape-based Profile Likelihood method (see Section 6) is applied on the entire transverse mass
histogram for each masspoint, in order to extract the significance of the signal hypothesis. Fig. 2 shows
the discovery contour in the (tanβ , mH+) plane for an integrated luminosity of L = 10 fb−1 as well as
the exclusion reach for L = 1 fb−1.

3.2 tt̄→ bH+bW → bτ(lep)νbqq

The events of the leptonic τ channel are characterized by a single isolated lepton, and large missing
energy due to three neutrinos in the final state. A full reconstruction of the event is therefore impossible.
Instead, kinematic properties of the event are used to discriminate between the signal and the main
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background, which is the Standard Model semi-leptonic tt̄ process.
The branching ratio to τ leptons of a light charged Higgs boson is expected to be almost 100%,

while the Standard Model W decay is universal with respect to lepton flavor. This means that the most
prominent signature of the signal is an excess of kinematically τ-like events.

Furthermore, it is possible to construct a quantity that is bound by the charged Higgs boson mass
(in analogy to the transverse mass in a W decay). This ’charged Higgs boson transverse mass’ can be
used to provide further discrimination power against the background, as well as a direct indication for
the charged Higgs boson mass.

3.2.1 Preselection

Trigger The trigger requirement is based on either an isolated lepton or missing transverse energy (xE).
Events are required to pass one of the following three trigger signatures (see Section 2): e22i_xE30,
mu20_xE30, or xE80.

Offline Events that have passed the trigger are selected based on the following cuts:

• Exactly one isolated lepton with pT > 5 GeV. If the event has not been triggered by the xe80
signature then the requirement is raised to 20 GeV or 25 GeV (for the e25i+xe30 and mu20i+xe30
requirement, respectively).

• Missing transverse energy Emiss
T > 120 GeV

• At least 4 jets with pT > 40 GeV and |η |< 2.5

• Exactly two out of the four leading jets are tagged as b jets

Events surviving these selection cuts are expected to be dominantly tt̄ events.

3.2.2 Method for final state reconstruction

First, the hadronic W is reconstructed from the light (non b-tagged) jets. All possible pairs of light jets
are considered and the one which gives an invariant mass closest to mW is selected.

The assignment of the two b jets to the hadronic & leptonic sides is done using the angular correlation
between the b jets and their associated particles, i.e. the lepton and the reconstructed W . The charge
correlation between the lepton and its associated b jet is also used. The charge of the b jet is defined in
the following way:

Q jet = ∑(pi
L)

αqi

∑(pi
L)α (1)

where the sum is over tracks i belonging to the jet, qi is the charge associated to the track, and pi
L is

the longitudinal component of the track momentum with respect to the jet direction. The parameter α is
optimized to give maximal separation between b and b̄ jets. The value obtained from optimization with
MC data is α = 0.5.

A likelihood ratio combining the angular and charge correlations is used. This likelihood ratio is
defined between two hypotheses corresponding to the two possibilities of assigning the b jets. The
hypothesis which achieves the higher likelihood ratio score is adopted. This algorithm selects the correct
b jets assignment for about 70% of the events, when no cut is applied to the likelihood score of the
selected hypothesis. Higher purity can be achieved at the cost of lower efficiency by placing such a cut,
but this is not done for this analysis.
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Figure 3: tt̄ → bH+bW → bτ(lep)νbqq: (a) cosψ distribution, (b) W transverse mass distribution, for
signal and background, after selection cuts, for charged Higgs boson masses of 90 and 150 GeV.

Once the b jets are assigned, the reconstructed top quark mass mrec
top on the hadronic side of the event

can be evaluated, and only those events which satisfy 100 GeV < mrec
top < 300 GeV are retained for further

analysis.

3.2.3 Further reduction of tt̄ background

In order to reduce the number of background events in which the lepton comes directly from a W decay,
the decay angle cosψ is used

cosψ =
2m2

`b

m2
top−m2

W
−1. (2)

In such events, ψ is the angle between the lepton and top quark directions in the W rest frame (In the
limit that the b quark is massless). The top quark, due to its large mass, couples mostly to the longitudinal
polarization component of the W boson. As a result the cosψ distribution would have a large (≈ 70%)
contribution that is symmetric around cosψ = 0 [11–13]. However, both the left-handed component of
the W boson and the indirect leptons coming from τ decays contribute to the lower cosψ region, and this
region is further enhanced by the selection cuts that favor events with large missing energy and therefore
leptonic τ decays. The signal contribution is similar to that of the indirect leptons, and the less energetic
b jets, due to the higher H+ mass, push cosψ to even lower values. This can be seen in Fig. 3 (a). As a
further selection cut, events are required to have cosψ <−0.8.

The transverse mass of the W (in the hypothesis of a leptonic W decay), mW
T , calculated using the

missing transverse momentum and the lepton transverse momentum, provides further discrimination
against the tt̄ background with a direct lepton from a W . The separation is most distinct for low charged
Higgs boson masses and is shown for two different H+ masses in Fig. 3 (b).

Charged Higgs Boson Transverse Mass A generalized transverse mass for the charged Higgs boson
(in the hypothesis of a H+→ τν decay) in this channel can be defined. The derivation and properties of
this variable are described in Reference [14].

(mH+

T )2 = (
√

m2
top +(~plep

T +~pb
T +~pmiss

T )2− pb
T )2− (~pmiss

T +~plep
T )2 (3)

This transverse mass satisfies mH+ < mH+

T < mtop. Figure 4 shows the distributions of mH+

T for several
charged Higgs boson masses.
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Figure 4: tt̄ → bH+bW → bτ(lep)νbqq: mH+

T distribution, after selection cuts, for mH+ = 90, 120, and
150 GeV. The dotted line represents the nominal simulated mass.

3.2.4 Results

The cross-sections of signal and background events surviving selection cuts are shown in Table 5.

Table 5: tt̄ → bH+bW → bτ(lep)νbqq: Selection cut flow. For each sample, the cross-sections
after cuts (in fb) are given in the first line and the relative cut efficiencies in the second line (in
italics). The signal cross-sections correspond to tanβ = 20.

Channel All events Trigger pre-selection reco. cuts cosψ mW
T

H+ 90 GeV [fb] 20760 8408 239 190 74 70
[/] 0.405 0.028 0.79 0.39 0.94

110 GeV [fb] 14710 6401 138 104 42 37
[/] 0.43 0.021 0.75 0.40 0.89

120 GeV [fb] 11560 5305 125 82 32 23
[/] 0.46 0.023 0.66 0.39 0.71

130 GeV [fb] 8510 4103 75 49 23 21
[/] 0.48 0.018 0.65 0.47 0.88

150 GeV [fb] 3180 1747 33 23 12 10
[/] 0.55 0.019 0.70 0.54 0.79

tt̄ ≥ 1 e/µ/τ [fb] 452000 209339 1963 1317 257 144
[/] 0.46 0.009 0.67 0.19 0.56

QCD dijet pT =280-1120 GeV [fb] 12.9 ·106 213000 < 50 < 50 < 50 < 50
[/] 0.017 < 2.5 ·10−4 - - -

W+jets [fb] 31.2 ·106 7.69 ·106 173 86.4 < 80 < 80
[/] 0.25 2.2 ·10−5 0.50 - -

Figure 5 (a) shows the mW
T differential cross-section for tanβ = 20. Figure 5 (b) shows the corre-

sponding distributions for mH+

T .
The statistical significance of the signal is calculated from both the W transverse mass and the H+

transverse mass distributions, after event reconstruction and all selection cuts. The final significance is
taken as the maximum of these two. In Fig. 6, the 5σ discovery contour is plotted in the (mH± ,tanβ )
plane.
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Figure 5: tt̄→ bH+bW → bτ(lep)νbqq: Transverse mass differential cross-section for signal and back-
ground, for tanβ = 20, and for the hypothesis of (a) W , and (b) H+ .
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Figure 6: tt̄ → bH+bW → bτ(lep)νbqq: Discovery (left) and exclusion contour (right) for Scenario
B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty is
assumed to be 10% for the background, and 35% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.

3.3 tt̄→ bH+bW → bτ(had)νb`ν

In this channel a light charged Higgs boson is produced in tt̄ decay. The W boson from one top quark
decays into leptons, while the τ lepton originating from the H+ decay results in a jet. At least three
neutrinos are present in the event and thus the reconstruction of the complete event is impossible. Due to
the high branching ratio of this charged Higgs boson decay (BR(H+→ τν ) ≈ 100% for low mH+), the
signal can be observed as an excess of tau leptons in the final state over the main background of Standard
Model tt̄ production.

Due to the production mechanism, the Standard Model tt̄ events will be the most important back-
ground to this channel. However, significant contributions from other backgrounds are still possible, and
thus important to study: In the inclusive process pp→W+jets, the final state is similar to the signal
signature if one of the jets is mis-tagged as a τ jet or a lepton and the W boson decays to the appropriate
other object. Furthermore, the backgrounds constituted by single top quark events are considered. Single
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top quarks can be produced with an associated W boson or b jet, and thus produce final states similar
to the signal. Their contribution to the total background is however expected to be small due to the
smaller cross-sections. Finally, the overwhelming background of QCD dijet is expected to be completely
suppressed by demanding a high quantity of missing transverse energy and an isolated lepton.

3.3.1 Event Selection

Trigger: Events are required to pass one of the following three trigger items (see Section 2):
e22i_xE30, mu20_xE30, or xE40_3j20_L1_TAU30.

Selection: To select signal events and suppress the Standard Model tt̄ background several small dif-
ferences between the processes are exploited. The following cuts are applied:

1. Ne,µ ≥ 1: At least one isolated lepton with pT > 10 GeV; muons with |η |< 2.7 and electrons with
|η |< 2.5 are considered.

2. Njets=Nlight jets+Nb jets+Nτ jets ≥ 3: At least three jets with pT > 20 GeV.

3. Nτ jet ≥ 1: At least one of the jets is required to be τ-tagged. A τ jet quality cut is applied, leading
to a τ jet reconstruction efficiency of about 30%.

4. Nb jet ≥ 1: At least one b jet with pT > 20 GeV is required, and a b jet quality cut is applied,
leading to a b jet efficiency of about 60%.

5. pτ
T > 40 GeV

6. pe
T > 25 GeV or pµ

T > 20 GeV: This cut is only applied if the event was triggered by the appropriate
lepton signature. If both lepton trigger requirements are met then only the cut on pe

T is applied.

7. qτ +ql = 0: The τ jet and the lepton are required to have opposite charge.

8. Emiss
T > 175 GeV

Figure 7 (a) shows the jet multiplicity of the signal and the main tt̄ background. While there are more jets
for the tt̄ background than the signal a cut on jet multiplicity suppresses other backgrounds. Figure 7
(b) displays the τ transverse momentum (pτ

T ). Cut 6 is only applied, if the event was triggered by a
lepton signature. For such events, a pT cut is applied to the reconstructed lepton according to the trigger
threshold.

3.3.2 Results

In Table 6 the cross-sections for signal and background after each cut are shown. The first two cuts select
events which include a lepton and three jets, assumed to be the two b jets and a τ jet. These cuts are
motivated by the final state under study, but do not reduce the most important leptonic tt̄ background.
Requiring one jet to be a τ jet removes more than 95% of the tt̄ background while at least one quarter of
the signal remains, depending on the charged Higgs boson mass. Only one jet is required to be b-tagged,
which is motivated by the fact that mH+ > mW and thus the b quark produced in t → bH+ is in average
softer (the most probable value for pb

T is about 55 GeV for t→ bW , and between 15 GeV for mH+ = 150
GeV and 45 GeV for mH+ = 90 GeV for t→ bH+). The b-tagging efficiency decreases quickly for low
pb

T [5] and thus the number of reconstructed b jets decreases with increasing mH+ .
Due to the mass difference mentioned above and the τ polarizations being different depending on

whether the τ jet originated from an H+ or W , the τ-jet is expected to be harder for the signal than the
background, motivating a cut on pτ

T . A harder τ jet in turn leads to more missing energy, thus making
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Figure 7: tt̄ → bH+bW → bτ(had)νb`ν : (a) Multiplicity of jets and (b) τ jet transverse momentum
(pτ

T ).
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Figure 8: tt̄→ bH+bW→ bτ(had)νb`ν : Emiss
T differential cross-section after all cuts for tanβ = 20. The

signal contributions for the different mass hypothesis are individually stacked on top of the background
distribution.

the Emiss
T an attractive variable to cut on. A high value is required for Emiss

T . This is mainly needed to
optimize the significance with respect to the systematic error. Multidimensional optimization attempts
have shown that above respective thresholds, the significance is not very sensitive to changes in the values
of other continuous selection cuts (such as pτ

T ).
The normalized number of events as a function of the missing transverse energy is shown in Fig. 8. A

clear excess is observable for low charged Higgs boson masses, while close to the top quark mass there is
only sensitivity for very high values of tanβ . Figure 9 shows the final discovery and exclusion contours
for the channel under investigation. A significant region of the parameter space above tanβ = 30 is
covered by this decay mode, while the sensitivity for low and intermediate tanβ is limited.

4 Heavy Charged Higgs Boson Searches

In this chapter, charged Higgs boson searches in the two heavy H+ (mH+ & mt) channels selected for
investigation are presented:

• gg/gb→ t[b]H+→ bqq[b]τ(had)ν

• gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb

The notation [b] implies the additional b given in the production mode gg→ tbH+, which is not produced
in the mode gb→ tH+. All plots, tables and results in this section are based on the trigger menu for an
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Table 6: tt̄ → bH+bW → bτ(had)νb`ν : Event selection cut flow. For each sample, the cross-
sections after cuts are given in fb and for tanβ = 20 in the first line and the relative cut efficiencies
in the second line (in italics).

Channel All events Trigger ≥1 e,µ ≥3 jets ≥ 1τ ≥1 b τ pT ∑ q Emiss
T

H+ 90 GeV [fb] 12098 6219 4972 4248 1092 929 586 582 44
[/] 0.51 0.80 0.85 0.26 0.85 0.63 0.99 0.08

110 GeV [fb] 8570 4510 3534 2986 772 650 439 431 30
[/] 0.53 0.78 0.84 0.26 0.84 0.67 0.98 0.07

120 GeV [fb] 6737 3611 2868 2440 654 535 360 354 23
[/] 0.54 0.79 0.85 0.27 0.82 0.67 0.98 0.06

130 GeV [fb] 4954 2670 2112 1730 512 399 270 265 20
[/] 0.54 0.79 0.82 0.30 0.78 0.67 0.98 0.07

150 GeV [fb] 1853 1048 836 626 177 130 94 94 7
[/] 0.57 0.80 0.75 0.28 0.74 0.72 1.00 0.07

tt̄ ≥ 1 e/µ/τ [fb] 452000 169612 137928 122547 4760 4006 1915 1730 78
[/] 0.37 0.81 0.89 0.04 0.84 0.48 0.90 0.04

single top [fb] 112500 30180 25065 18081 271 168 47 38 0
[/] 0.27 0.83 0.72 0.02 0.61 0.28 0.81 0.0

W→eν+jets [fb] 476012 144997 114152 53060 780 90 40 29 0
[/] 0.30 0.79 0.46 0.01 0.12 0.44 0.74 0.0

W→ µν+jets [fb] 157800 48372 43003 41493 582 70 40 26 0
[/] 0.31 0.89 0.96 0.01 0.12 0.57 0.64 0.0

W→ τν+jets [fb] 277755 23187 9443 6920 187 20 12 3 0
[/] 0.08 0.41 0.73 0.03 0.10 0.61 0.22 0.0
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Figure 9: tt̄ → bH+bW → bτ(had)νb`ν : Discovery (left) and exclusion contour (right) for Scenario
B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty is
assumed to be 10% for the background, and 41% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.
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Figure 10: gg/gb→ t[b]H+→ bqq[b]τ(had)ν : Probability density functions for tt̄ and two signal mass
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instantaneous luminosity of L=1033cm−2s−1 presented in Section 2, on the signal cross-sections for the
mh-max MSSM scenario (see Reference [1]) and the background cross-sections given in Reference [8].

4.1 gg/gb→ t[b]H+→ bqq[b]τ(had)ν

The following section describes the event selection for the H+ → τν channel for the case mH+ & mt .
The signal final state is characterised by a hard τ jet, large missing transverse momentum (due to the
neutrino), one or two b jets, two light jets, a W boson and a top quark (the mass of which can be
reconstructed) and has previously been investigated in Reference [15].

The main background to this signal channel are tt̄ decays, in particular when one of the top quarks
decays to a τ jet, t → bτ(had)ν , and the other one hadronically, t → bqq. However, other tt̄ modes
can also contribute when some of the objects in the event are not correctly reconstructed, e.g. a light
jet as a τ jet. Other backgrounds to be considered are single top, W+jets and QCD multi-jet events. A
parametrized detector simulation has been used to evaluate the leptonic (e,µ,τ) tt̄ background. The
parametrization has been adjusted (using a smaller full detector simulation tt̄ sample) such that the
distributions of all the quantities in the events agree with the full detector simulation.

4.1.1 Preselection

Trigger: The trigger selection employs items of the H+ trigger menu (see Section 2). Events are
required to pass at least one of the two following trigger item combinations: xE40_3j20_L1_TAU30 or
xE50_L1_TAU30.

τ jet reconstruction: Only τ jet candidates with transverse momenta greater than 15 GeV with a pseu-
dorapidity outside of the crack region 1.4 < η < 1.6 are considered, and a high cut on the τ quality
variable is placed yielding a τ reconstruction efficiency of about 20% and leading to a high rejection of
parton jets. Exactly one τ jet is required in the event, followed by a cut of pτ

T > 50 GeV in order to
reduce the QCD background at an early stage.

Jet reconstruction: At least three more jets with pT > 15 GeV are required, and exactly one of them
has to be b-tagged. For this purpose, a b-tagging cut is applied to all jets with a b-tagging efficiency of
about 70%.

Missing Transverse Energy: A soft cut of 40 GeV on the transverse missing energy Emiss
T is applied

to remove most of the QCD background already in the preselection, while it affects the tt̄ background
only slightly (about 30% of the tt̄ events with leptons are removed).
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Figure 11: gg/gb→ t[b]H+ → bqq[b]τ(had)ν : Likelihood distributions. The areas are normalized to
unity. The background likelihood for 170 GeV does not peak at 0 because of the trigger selection (and to
a smaller degree the less stringent preselection cuts for the PDF determination) which already removes
most of the events in the first bins.

W boson and top quark reconstruction: For further discrimination of all backgrounds without hadron-
ically decaying top quarks, an attempt is made to reconstruct a W boson and a top quark. For all combi-
nations of the b jet with two other jets, the minimum value of

χ2 =
(m j j−mW )2

σ2
mW

+
(mb( j j)r −mt)2

σ2
mt

(4)

is calculated for each event (mW and mt are the nominal W and t masses, ( j j)r are the two jets used in
the W reconstruction, rescaled to the W mass, and σmW and σmt represent the resolution of the W and t
mass reconstruction, 10 GeV and 15 GeV). The resulting χ2 values are required to be smaller than 3.

Lepton veto: To eliminate events with leptons (in particular leptonic tt̄ modes), events with at least
one isolated lepton (e, µ) with p`

T > 7 GeV are rejected.

The preselection aims at suppressing the reducible background such that only tt̄ events involving
one hadronic and one semileptonic top quark decay survive. W+jets events are successfully removed by
requiring a b-tagged jet and a reconstructed top quark in the events, single top events by requiring a hard
τ jet and high Emiss

T together with a reconstructed hadronically decaying top quark, and QCD events by
requiring high Emiss

T (and additionally by requiring b- and τ-tags and a reconstructed top quark).

4.1.2 Likelihood for further reduction of the tt̄ background

After the preselection cuts, the background is dominated by tt̄ events with one W decaying hadronically,
and the other one to a hadronically decaying τ lepton and a neutrino (75% of the remaining background).
An uncorrelated likelihood approach has been chosen to reduce this background, employing the follow-
ing discriminant variables: (i) pτ

T , (ii) Emiss
T , (iii) ∆ϕ (azimuthal angle between the τ jet and the missing

momentum), (iv) HT (scalar sum of the pT of all jets in the event (excluding τ jets), and (v) pratio
T (ratio

between the transverse momenta of the τ jet and the hardest jet not used for the top quark reconstruction).
The probability density functions (PDFs) have been created for each signal mass point and for the

tt̄ sample (with at least one leptonic W decay) using full detector simulation. Slightly less stringent
preselection cuts (pτ

T >40 GeV instead of 50 GeV, at least 1 b jet instead of exactly 1, and a maximum
W/top reconstruction χ2 of 6 instead of 3) and no trigger selection are used to obtain the PDFs in order to
keep a sufficiently high number of simulated events. The PDFs for two mass points and the tt̄ background
are shown in Fig. 10.
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Figure 12: gg/gb→ t[b]H+→ bqq[b]τ(had)ν : H+ transverse mass distributions for three signal mass
points and the corresponding background fortanβ = 35. The signal events are stacked on top of the
background events.

The likelihood distributions for two example mass points are shown in Fig. 11. A cut requiring the
likelihood to be higher than 0.9 (mH+ = 400 and 600 GeV) or 0.95 (other mass cases) is applied and the
charged Higgs boson transverse mass of the remaining events is plotted as a final distribution to extract
the significance of the H+ signal. These transverse mass distributions are shown in Fig. 12. A clear
excess can be observed for lower H+ masses, but the shapes are similar for signal and background.
Varying cuts to change the signal-to-background ratio would be a quick way to establish the excess if it
was statistically unambiguous, followed by data-driven background estimation methods as described in
Section 5.2. For higher H+ masses, sensitivity is only given for higher values of tanβ , but the signal
and background shapes are clearly distinguishable.

Event selection summary: The following list summarizes the event selection:

• Trigger: Trigger xE40_3j20_L1_TAU30 or xE50_L1_TAU30
• Cut A: exactly one τ jet with pτ

T > 50 GeV, and Emiss
T > 40 GeV

• Cut B: at least three additional jets
• Cut C: exactly one of the additional jets b-tagged
• Cut D: veto on a lepton (e, µ) with p`

T > 7 GeV
• Cut E: W boson and top quark reconstructed with χ2 < 3
• Cut F: likelihood value greater than 0.95 (0.9 for mH+ 400 and 600 GeV)
• Cut G: mH+ in a certain mass window

4.1.3 Results

The cross-section of signal and background events surviving preselection cuts are shown in Table 7. All
backgrounds except for tt̄ with at least one leptonic W decay mode are efficiently suppressed at this
stage. The QCD dijet selection efficiency is too small to draw definite conclusions due to its high cross-
section, but assuming that dijet events in pT -bins lower than 140 GeV cannot produce a hard τ jet and
three jets with the top quark-invariant mass (plus large missing ET ), that the numbers presented for Cut
B are of the right order of magnitude and that the relative efficiencies for the remaining cuts is smaller
than for tt̄ events the conclusion can be drawn that the background from dijet events is negligible.

The efficiencies of the remaining Cuts F (likelihood) and G (mH+ ) are shown separately in Table 8;
as for these cuts the background efficiencies depend on the H+ mass hypothesis. At this point, all other
backgrounds except for tt̄ events with W decays to e, µ or τ are negligible.

A signal-to-background ratio of the order of 1 has been achieved, resulting in robustness with respect
to systematic uncertainties. The cross-section for very heavy H+→ τν production is small but a very
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Table 7: gg/gb→ t[b]H+→ bqq[b]τ(had)ν : Preselection cut flow. For each sample, the cross-
sections after cuts are given in fb and for tanβ = 35 in the first line and the relative cut efficiencies
in the second line (in italics). The size of the QCD dijet sample is too small to draw accurate
conclusions.

Channel All events Trigger Cut A Cut B Cut C Cut D Cut E
H+ 170 GeV [fb] 1346 280 76 67 36 35 14.7

[/] 0.21 0.27 0.88 0.54 0.96 0.42
200 GeV [fb] 551 139 40 33 19 18 7.4

[/] 0.25 0.28 0.83 0.57 0.97 0.41
250 GeV [fb] 184 58 17 15 7.8 7.6 2.9

[/] 0.32 0.30 0.84 0.54 0.97 0.38
400 GeV [fb] 28 11 3.3 2.8 1.5 1.4 0.58

[/] 0.39 0.31 0.84 0.52 0.98 0.41
600 GeV [fb] 4.5 1.7 0.52 0.46 0.24 0.23 0.10

[/] 0.39 0.30 0.87 0.52 0.97 0.43
tt̄ ≥ 1 e/µ/τ [fb] 452000 56300 1669 1532 697 518 188

[/] 0.12 0.03 0.92 0.46 0.74 0.36
tt̄ hadronic [fb] 381000 1746 37 37 16 16 5

[/] 0.005 0.02 1.00 0.43 1.00 0.33
QCD dijet pT =140-1120 GeV [fb] 3.2 ·108 3.2 ·105 1285 1234 106 106 -

[/] 0.001 0.004 0.96 0.09 1.00 -
W+jets [fb] 341200 19170 2518 1892 314 314 13

[/] 0.06 0.13 0.75 0.17 1.00 0.04
single top [fb] 112500 7570 161 132 39 37 12

[/] 0.07 0.02 0.81 0.30 0.93 0.32

good discrimination against the background can be obtained with the likelihood method. The resulting
discovery contours are presented in Fig. 13 and show that a sizable region of the MSSM space which
has not been explored experimentally before can be covered. Sensitivity is given for large tanβ and
mH+ < 500 GeV.

4.2 gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb

In this section the analysis strategy for the H+→ tb channel is outlined. This is a particularly challenging
signal final state which includes 3 (or 4) b quarks, 2 light quarks, 1 high pT lepton and one neutrino. The
channel has previously been studied for ATLAS using fast detector simulation [16], and several aspects
of the previous analysis have been adopted. However, the use of full simulation for the present study
showed the need to add several new cuts to improve the signal to background ratio.

4.2.1 Trigger

Events are required to pass one of the following trigger signatures (see Section 2): e22i_xE30, mu20_xE30,
or xE40_3j20_L1_TAU30.

4.2.2 Preselection

Following the trigger, the events are required to pass a set of preselection criteria which define the mini-
mum requirements needed for the event reconstruction:

• exactly 1 isolated lepton (e or µ) with pe
T > 25 GeV, pµ

T > 20 GeV and |η |< 2.5.
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Table 8: gg/gb→ t[b]H+→ bqq[b]τ(had)ν : Event selection results. The cross-sections after cuts
are given in fb and for tanβ = 35 as well as the relative cut efficiencies. The remaining background
consists only of tt̄ events with at least one W decay to e, µ or τ plus ν .

Channel Cut Signal Background
[fb] [/] [fb] [/]

H+ 170 GeV LH>0.95 3.8 0.26 2.3 0.012
mH+

T > 100 GeV 3.8 0.99 2.1 0.91
200 GeV LH>0.95 3.1 0.42 3.2 0.017

mH+
T > 120 GeV 2.9 0.92 2.4 0.74

250 GeV LH>0.95 1.4 0.47 3.1 0.017
mH+

T > 150 GeV 1.1 0.77 2.0 0.63
400 GeV LH>0.9 0.47 0.80 4.5 0.024

mH+
T > 250 GeV 0.26 0.56 0.33 0.074

600 GeV LH>0.9 0.075 0.76 2.5 0.013
mH+

T > 300 GeV 0.044 0.58 0.15 0.062

mH+ [GeV]

ta
nβ

5σ discovery sensitivity
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Figure 13: gg/gb→ t[b]H+→ bqq[b]τ(had)ν : Discovery (left) and exclusion contour (right) for Sce-
nario B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty
is assumed to be 10% for the background, and 44% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.

• at least 5 jets with pT > 20 GeV and |η |< 5.

• at least 3 b-tagged jets with |η |< 2.5.

Lepton selection: Electron candidates that pass the cuts on transverse momentum and pseudorapidity
mentioned above are required to pass further identification and isolation criteria based on the shower
shape in the electromagnetic calorimeter and the quality of the track in the inner detector. Concerning
isolation, the energy in a cone of ∆R = 0.20 around the electron is required to be less than 20% of the
electron transverse energy. The same isolation criteria is also applied to muon candidates.

Jet selection and b-tagging criteria: Jet multiplicity is one of the main sources of combinatorial back-
ground and the b-tagging efficiency is the major factor reducing the overall efficiency of the preselection.
From jets passing the preselection cuts mentioned above, those within the range |η |< 2.5 are considered
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b-tagged if passing a b-tagging quality cut leading to a b jet reconstruction efficiency of about 60%. Only
events with at least 3 b-tagged jets are accepted for the rest of the analysis.

4.2.3 Reconstruction

Apart from the objects expected in the event final state, jets from the underlying event are also present
leading to an increase of the jet multiplicity.

Reconstruction of the leptonic W : After the preselection is performed, all physics objects necessary
for the complete reconstruction of the event are present except for the neutrino coming from the leptoni-
cally decaying W . In order to reconstruct the four-momentum of the neutrino, its transverse component
is identified with the missing transverse momentum, and the longitudinal component is computed using
the W mass constraint, leading to 0, 1 or 2 real solutions. In about 25% of the cases no real solution
can be found. In order to recover those events, the approximation of neglecting the imaginary part of the
solution is applied and has been found to have only a small effect on the top quark mass resolution.

The Combinatorial Likelihood: The next step is to associate the reconstructed physics objects with
objects of the event, assuming a signal event topology. The number of possible combinations is very large
and depends strongly on the number of light jets in the event. In order to overcome this combinatorial
background, a likelihood function is defined. The likelihood formalism used in this analysis is based on
m variables and should discriminate between n classes of events. For each of the m variables, first the
probability density functions f j

i (xi) for each of the n classes are determined: Then the probability for an
event to be of class j when the value xi is measured for variable i is given by:

p j
i (xi) =

f j
i (xi)

∑n
k=1 f k

i (xi)
(5)

The information about all m variables are combined, ignoring correlations, to define the likelihood L j

that an event belongs to class j when measuring the values xi for variables i = 1, ...,m:

L j =
∏m

l=1 p j
l (xl)

∑n
k=1 ∏m

l=1 pk
l (xl)

(6)

A combinatorial likelihood is used to discriminate between the two classes of events: the correct and the
wrong combinations. The likelihood is based on 8 variables:

• m j j: The invariant mass of two light jets.

• m j jb: The invariant mass of two light jets and one b jet.

• m`νb: The invariant mass of the lepton, one of the two solutions of the neutrino and one b jet.

• pT (bH): The transverse momentum of the b jet associated to the charged Higgs boson decay.

• ∆R( j, j): The distance in the azimuthal-pseudorapidity plane (∆R =
√

∆φ 2 +∆η2) between two
light jets.

• ∆R( j j,b): ∆R between the sum of two light jets and one b jet.

• ∆R(`,b): ∆R between the isolated lepton and one b jet.

• ∆R(bH , tH): ∆R between the b jet and the top quark associated to the charged Higgs boson decay.

The likelihood is computed for each combination, and the combination with the highest likelihood in the
event is chosen. If the maximum likelihood in the event is found to be less than 0.7, the event is rejected.
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4.2.4 Final Event Selection

After the event reconstruction is complete the physical backgrounds must be suppressed, of which the
largest is tt̄ + jets. In order to reduce this background requiring 4 b jets in the event is found to be crucial.
The events passing the 4 b jets requirements are then passed to a likelihood cut. The likelihood function
used is based on 5 variables:

• ηbH : The pseudorapidity of the b jet associated to the charged Higgs boson decay.

• ∑b wb: The sum of the b-tagging weights of the 3 b jets associated to the top quark and charged
Higgs boson decay.

• < L >: The average combinatorial likelihood in the event.

• ∆R(bH ,btbt): The distance in the (φ ,η) plane between the b jet associated to the charged Higgs
boson decay and the system of the two b jets associated to the top quark decays.

• pb1
T /pb2

T : The pT ratio of the two b jets not associated to the top quark decay, b1 being the one with
the lowest pT .

A cut on the output of this likelihood is applied. Its value is optimized to maximize the charged Higgs
boson signal significance. This final step improves the significance by only 10 to 15%. The limited
number of simulated events at this stage of the analysis, especially for the backgrounds, made it very
difficult to optimize the choice of variables to include in the likelihood. Larger background samples
will be needed to be able to define a more performant likelihood as it was done in Reference [16] with
parametrized detector simulation.

4.2.5 Results

Table 9 shows the selection cut flow after the different steps of the analysis for all simulated signal
masses, and for the background for one H+ mass hypothesis. Table 10 presents the results for all
simulated H+ hypotheses. In Fig. 14, the reconstructed charged Higgs boson mass for signal and physics
background is shown. Since the limited number of simulated events does not allow the construction of
a performing final selection likelihood, currently no H+ discovery or exclusion power can be extracted
from this channel on its own and thus no contours are shown. It, however, contributes to the combined
H+ sensitivity.

5 Systematic Uncertainties and Background Extraction From Data

The observation of a charged Higgs boson signal will be subject to statistical and systematic uncertainties.
The systematic uncertainties stem from two sources: theoretical and experimental, and both are discussed
in Section 5.1. Section 5.2 addresses how to extract the dominating tt̄ background from real data using
a novel technique with so-called control samples.

5.1 Systematic Uncertainties

5.1.1 Theoretical Systematic Uncertainties

Uncertainties in the expected production cross-sections for background and signal processes affect the
discovery/exclusion potential of the channels under investigation. For all channels the uncertainty of the
tt̄ background is particularly interesting since this is the dominant background. A 12% uncertainty on
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Table 9: gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb: Selection cut flow. The cross-
sections in fb are given after each cut and for tanβ = 35 as well as the relative cut efficiencies.
The backgrounds are shown for a charged Higgs mass boson hypothesis of mH+ = 250 GeV.

Channel All events Trigger Preselection Reconstruction 4 b tags Selection
200 GeV [fb] 105 64 2.3 2.2 0.18 0.16

[/] 0.61 0.036 0.93 0.08 0.89
250 GeV [fb] 170 108 8.1 7.3 1.06 0.65

[/] 0.63 0.075 0.88 0.11 0.61
400 GeV [fb] 65 45 4.5 3.9 0.43 0.26

[/] 0.69 0.10 0.88 0.11 0.59
600 GeV [fb] 22 16 1.8 1.7 0.27 0.18

[/] 0.75 0.12 0.92 0.16 0.67
tt̄ + jets [fb] 112000 74400 1040 875 35.0 11.7

[/] 0.66 0.014 0.84 0.04 0.33
tt̄ bb̄ (QCD) [fb] 2240 1575 130 117.8 17.6 6.8

[/] 0.70 0.083 0.90 0.15 0.38
tt̄ bb̄ (EW) [fb] 244 155 14.4 13.0 2.0 0.39

[/] 0.63 0.09 0.90 0.15 0.19

Table 10: gg/gb→ t[b]H+ → t[b]tb→ bW [b]bWb→ b`ν [b]bqqb: Event selection results. The
cross-sections after all cuts are given in fb and for tanβ = 35 as well as the global selection
efficiencies.

Channel Signal tt̄ + jets tt̄ bb̄ (QCD) tt̄ bb̄ (EW)
[fb] [/] [fb] [/] [fb] [/] [fb] [/]

200 GeV 0.16 0.0015 21.0 0.00019 12.2 0.0054 1.05 0.0043
250 GeV 0.65 0.0038 11.7 0.00010 6.76 0.0030 0.74 0.0030
400 GeV 0.26 0.0039 15.9 0.00014 8.91 0.0040 1.05 0.0043
600 GeV 0.18 0.0084 19.8 0.00018 10.5 0.0047 1.21 0.0049

the NLL calculations is expected3 leading to σtt̄ = 833± 100 pb [17]. Other backgrounds considered
have similar or smaller uncertainties.

The branching ratios BR(t → H+b) and BR(H+→ τν ,cs, tb) have been determined with the Feyn-
Higgs package, and similar systematic uncertainties apply [18]:

• ∆BR(t→ H+b)/BR < 10%

• ∆BR(H+→ τν)/BR < 5%

• ∆BR(H+→ cs, tb)/BR < 10%

In the high-mass region, the dominant systematic uncertainties on the charged Higgs boson production
cross-section stem from the renormalization scale and factorization scale dependence and are calculated
to be smaller than 20% in the whole MSSM space. The decrease of the cross-section due to supersym-
metry loop corrections has been taken into account by adjusting the cross-sections with an additional

3The tt̄ cross-section will be measured in early LHC studies and transform this theoretical uncertainty into a much smaller
experimental uncertainty, despite possible H+ effects in the measurement.
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Figure 14: gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb: Reconstructed H+ mass. The value
of tanβ has been chosen such that the pure statistical significance results in a value of 5.

factor as proposed in Reference [19], reflecting the altered relation between the bottom quark mass and
its Yukawa coupling, ∆mb. Remaining supersymmetry loop corrections are shown to be negligible.

5.1.2 Experimental Systematic Uncertainties

Several quantities are subject to experimental systematic uncertainties: Tagging and reconstruction ef-
ficiencies, energy scales, energy resolutions and the luminosity determination. A detailed list of the
systematical uncertainties considered, including their numerical value, is given in Table 11. Each sys-
tematic effect has been evaluated individually using the given uncertainty on an event-by-event basis.

The systematic uncertainty of the missing transverse energy is indirectly considered by taking the
effects of the other systematic effects in the missing transverse momentum calculation into account.
The systematic uncertainty estimates are generally conservative, in particular for the results assuming an
integrated luminosity of 30 fb−1. However, due to the usage of control samples to estimate the tt̄ back-
ground, the uncertainty values have a negligible impact on the H+ discovery sensitivity. Furthermore,
tests have shown that even for the exclusion sensitivity the effect is very small: Assuming that the total
experimental systematic uncertainty on the results could be halved, the change in sensitivity would only
be of the order of 0.1 in tanβ for fixed values of mH+ .

The dominant systematic uncertainty for all H+ channels is the jet energy scale, with values between
10% and 30%. Similarly, channels with hadronic τ decays are strongly affected by the τ jet energy scale.
The channel H+ → tb, requiring 4 b-tags, is strongly affected by uncertainties in b-tagging efficiency
and rejection of light jets. The total experimental systematic uncertainty for the different H+ channels
is between about 15% and 40% for the signal, affecting mainly the exclusion sensitivity. Similar values
apply for the main background, tt̄ , which would remove most of the discovery potential. Thus a tech-
nique for a data-driven estimation of the background has been developed, greatly reducing the systematic
uncertainty on the background. These “tt̄ control samples” are discussed in the following section.
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Table 11: Effects of systematic uncertainties for all channels under investigation. The num-
bers are given in terms of percentage changes in cross-section. The channels are: 1: tt̄ →
bH+bW → bτ(had)νbqq (see Section 3.1), 2: tt̄ → bH+bW → bτ(lep)νbqq (see Section 3.2),
3: tt̄ → bH+bW → bτ(had)νb`ν (see Section 3.3), 4: gg/gb→ t[b]H+ → bqq[b]τ(had)ν (see
Section 4.1) and 5: gg/gb→ t[b]H+→ t[b]tb→ bW [b]bWb→ b`ν [b]bqqb (see Section 4.2).

Uncertainty Value 1 2 3 4 5
S B S B S B S B S B

τ E Resolution 0.45×
√

E -2 +3 - - +8 -3 -4 -1 - -

τ E Scale −5% -2 +5 - - 0 -9 -15 -21 - -
+5% -5 -5 - - +8 +1 +4 +28 - -

τ-tag Efficiency ±5% -5 -2 - - -8 -1 -8 -5 - -

Jet E Resolution 0.45
√

E, |η |< 3.2 -2 -3 -8 +5 +8 +3 -12 -3 -2 -4
0.63
√

E, |η |> 3.2

Jet E Scale +7(15)%,|η |< (>)3.2 -9 +12 +29 +22 +35 +19 +4 -18 +9 +8
-7(15)%,|η |< (>)3.2 -5 -5 -21 -12 -19 -17 -31 +15 -8 -6

b-tag Efficiency ±5%εbtag 0 -14 +4 -6 0 -3 -7 +3 -8 -10

b-tag Rejection -10% -7 +10 0 +1 0 0 -2 -3 -4 +6
+10% +7 -2 0 0 0 -1 -3 -1 0 -5

µ E Resolution 0.011/PT ⊕0.00017 0 0 -4 +1 0 +1 0 0 -4 -5

µ E Scale -1% 0 0 0 +1 +4 -1 0 0 -4 -6
+1% 0 0 -4 -1 0 0 0 0 +4 +7

µ Efficiency ±1% 0 0 0 -1 0 0 0 -2 -2 -1
e E Resolution 0.0073×ET 0 0 0 0 0 -1 0 0 -4 -4

e E Scale -0.5% 0 0 0 +1 0 -1 0 0 -4 -5
+0.5% 0 0 0 -1 +4 -1 0 0 +4 +6

e Efficiency ±0.2% 0 0 0 0 0 0 0 0 0 -1

Luminosity -3% -3 -3 -3 -3 -3 -3 -3 -3 -3 -3
+3% +3 +3 +3 +3 +3 +3 +3 +3 +3 +3

5.2 tt̄ Control Samples

The tt̄ process, in particular with one or more τ leptons in the final state, is the dominant background
to all analyses presented in this note. As the relative contributions from this background in different
jet multiplicities are not known, the subtraction of these backgrounds using a data-driven method is
necessary.

The method is data-driven in the sense that it uses tt̄ →WbWb→ µνbµνb and tt̄ →WbWb→
µνbqqb events collected by ATLAS to model the tt̄ backgrounds with one or more taus in the final state.
After applying a minimal set of event selection criteria on the data (optimized for both efficiency and
purity), one or two leptons from the events are removed and the 4 momenta of the removed objects are
scaled into tau leptons with corrections for the mass. The tau leptons are fed into TAUOLA [20] for decay
and the decay products are passed to the ATLAS detector simulation and reconstruction software. Finally
the result is merged with the original event from which the leptons were removed to constitute a control
sample.

The result is a data-driven control sample for each of the tt̄ final states which potentially constitute
a background to one of the H+ analyses, using events from data that can be easily and efficiently
triggered. With this method both the shape and the normalization of these backgrounds for all τ decays
(i.e., leptonic and hadronic decays, or in the case of analyses requiring two taus the lepton-hadron and
hadron-hadron modes) can be modelled.
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5.2.1 Obtaining tt̄ Control Samples from Data

To extract the tt̄ control samples from data a set of selection criteria is applied. These are designed to
optimize the efficiency and purity of the samples.

Dimuonic channel In order to extract the tt̄ →WbWb→ µνbµνb sample, events with at least two
isolated muons with pT > 20 GeV are selected. To reject muons coming from Z decays, events with a
dimuonic invariant mass in the range 70-110 GeV are rejected. A further requirement is that the missing
transverse energy in the event is larger than 40 GeV.

Table 12 summarizes the result of the above selection. The efficiency of the signal (dimuonic tt̄
events) to survive this selection is 28% and the sample purity is estimated to be 71%.

Table 12: Efficiency and purity for collecting tt̄ dimuonic events. Each mu20 indicates a generator
level cut requiring one muon with pT > 20 GeV.

Process cross-section [fb] efficiency events [fb-1]
tt̄ signal 9310 0.284 2641
tt̄ background 823690 4.96 ·10−4 407
W+Jets 202400 1.61 ·10−4 33
Z+Jets 210290 1.45 ·10−3 305
bb(mu20mu20) 261000 1.23 ·10−3 322
Total background - - 1067

µ+jet channel The selection criteria for the tt̄ →WbWb→ µνbqqb sample are designed to reject
bb→ 1µ +X events which have a large cross-section. Events are accepted if an isolated muon is found
and two jets in the event with transverse momenta above 40 GeV have an invariant mass within 20 GeV
of the nominal W mass. Events with high pT muons in the jets are rejected. A missing transverse energy
cut of 40 GeV is applied, as well as a requirements of least two more jets with transverse momenta above
40 GeV. At least one of these jets is required to be a b-tagged. The overall transverse energy of the event
is required to be larger than 250 GeV and events with a high pT isolated electron are rejected.

The results of the above selection are summarized in Table 13. The selection efficiency for signal
events is 8.6% and the signal purity is 74%.

Table 13: Efficiency and purity for collecting tt̄ muon+jets events.

Process cross-section [fb] efficiency events [fb-1]
tt̄ signal 119040 8.62 ·10−2 10263
tt̄ background 713960 1.80 ·10−3 1287
W+Jets 202400 5.61 ·10−3 1134
Z+Jets 210290 2.84 ·10−4 74
bb(mu20) 13600000 8.40 ·10−5 1147
Total background - - 3642
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5.2.2 Method Validation

To thoroughly test the tt̄ control sample method, the produced events have to be run through the different
analyses and the obtained shapes and normalizations have to be compared to the ones obtained in these
analyses. However, a global check can be done by comparing various distributions from the two cases
(a) “real” tt̄ events and (b) “scaled” tt̄ control sample events where muons have been replaced by τ
leptons. This has been done separately for three final states of interest.

Basic preselection cuts on quantities like transverse momenta have been applied, lower than or at
most equal to the preselection cuts applied in the analyses which use the quantities plotted in the follow-
ing. The MC@NLO event weights have not been taken into account in order to increase the available
statistics since this has been shown not to bias the comparison.
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Figure 15: tt̄ → bτ(lep)νbqq: Left: W → τ(lep)ν transverse mass, both for the real and the scaled tt̄
events. Right: The corresponding bin-by-bin ratio. The gray band represents ±10% around a ratio of 1.
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Figure 16: tt̄→ bτ(had)νbqq: Left: t→ bτ(had)ν momentum, both for the real and the scaled tt̄ events.
Right: The corresponding bin-by-bin ratio. The gray band represents ±10% around a ratio of 1.

In Fig. 15, the W → τ(lep)ν transverse mass is shown for the tt̄→ bτ(lep)νbqq mode. Here, for the
scaled events, a muon has been replaced by a leptonically decaying τ . For the modes tt̄→ bτ(had)νbqq
and tt̄→ bτ(had)νb`ν , in the scaled events a muon has been replaced by a hadronically decaying τ . The
t→ bτ(had)ν momentum is shown in Fig. 16, demonstrating the success of this replacement.

The presented plots demonstrate that the dominant background of all H+ studies, tt̄ , can be mod-
elled with the tt̄ control sample method. Even without the intended further refinement of the method, in
the regions of interest quantities of the H+ analyses can be modelled within a 10% error margin. This is
remarkable in particular for complex quantities, i.e. variables extracted from the combination of several
objects (like the top quark mass), and gives confidence that the tt̄ control sample method allows to re-
produce the relevant correlations in the event. Thus for all results a systematic tt̄ background uncertainty
of 10% is assumed (while the signal systematic uncertainty is extracted from Monte Carlo events, see
Section 5.1).
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6 Combined Results
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Figure 17: Scenario A: Combined Results. Left: Discovery contour, Right: Exclusion contour. System-
atic and statistical uncertainties are included.
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Figure 18: Scenario B (mh-max): Combined Results. Left: Discovery contour, Right: Exclusion contour.
Systematic and statistical uncertainties are included.

The sensitivities for discovery and exclusion are calculated with the Profile Likelihood method [21–
23], which includes statistical and systematic uncertainties. The results are summarized in combined
discovery and exclusion contours for all H+ channels for two MSSM Scenarios A and B [1], and
three different integrated luminosities (1, 10, and 30 fb−1). Figure 17 shows the result for the MSSM
Scenario A. 5σ discovery contours and 95% CL exclusion contours are shown. Figure 18 shows the
same results for the MSSM Scenario B (mh-max). Previous studies have shown that the dependence of
the H+ discovery sensitivity on the specific choice of the MSSM parameter values is generally very
small, with the exception of the Higgsino mixing parameter µ [24, 25]. The discovery significance is
calculated for both cases assuming a systematic background uncertainty of 10% following the study of
tt̄ control samples (Section 5.2). The signal systematic uncertainties are discussed in Section 5.1. The
statistical uncertainties arising from the use of Monte Carlo samples with a finite number of events have
been consistently taken into account.

A discovery sensitivity is given for a large part of the mH+ -tanβ space for both scenarios, but
the difficult intermediate tanβ region, where the H+ cross-section has its minimum, is not covered.
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Figure 19: Scenario B (mh-max): Combined Results. Left: Discovery contour, Right: Exclusion contour.
Statistical errors arising from simulation statistics are neglected.
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Figure 20: Model-independent: Combined light H+ results in the (mH+ , BR(t → H+b))-plane. Left:
Discovery contour, Right: Exclusion contour. Systematic uncertainties and statistical uncertainties are
included. BR(H+→ τν) = 1 is assumed.
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However, a charged Higgs boson in this region could be excluded for values up to the top quark mass.
Additional integrated luminosity does not give any further H+ sensitivity for a low-mass H+ after a
few fb−1 have been recorded. The reason is the statistical error from the small tt̄ Monte Carlo sample
which is equivalent to about 1 fb−1 at the LHC and makes extrapolation to higher luminosities difficult.
Repeating the low-mass H+ studies with larger Monte Carlo samples is thus expected to lead to a
significantly larger discovery and exclusion reach, as can be seen in Fig. 19 in which the statistical
uncertainty arising from simulation statistics is neglected (i.e. it is assumed that the number of simulated
events is much larger than the number of expected real-data events).

Figure 20 shows the discovery and exclusion contour in terms of the branching ratio t → H+b as a
function of mH+ . With one year of low luminosity data, it will be possible to discover the charged Higgs
boson if BR(t → H+b) is larger than about 1-3%, and to exclude it even if this branching ratio is well
below the percent level. Similar contours for a heavy H+ are presented in Fig. 21; here the y-axis shows
the cross-section for the process gg/gb→ t[b]H+ → t[b]τν . Sensitivity is given for a cross-section of
the order of 0.1pb. Both figures are model-independent in the sense that they can be interpreted in the
context of any MSSM, other SUSY, or even non-SUSY scenario.

7 Conclusions

The ATLAS potential for discovering or excluding the existence of a charged Higgs boson in two dif-
ferent MSSM scenarios has been evaluated for five different final states of the H+ signal. Significant
improvements of present day constraints can already be achieved with limited data (less than 1 fb−1,
about one month at low luminosity at the LHC) although it may not qualify as early physics due to its
dependency on higher level reconstruction objects.

Below the top quark mass charged Higgs bosons are predominantly produced in top quark decays
and the main decay mode is H+→ τν . Three different signal final states have been studied and analyzed
separately, each of them separately outperforming the present sensitivity from the Tevatron experiments
already with 1 fb−1 of data. The combined performance of the three channels yields a discovery reach
for 10 fb−1 which covers tanβ values down to 20 and up to 4 for all charged Higgs boson masses up to
about 150 GeV. For intermediate tanβ region (around tanβ = 7), no discovery sensitivity is present, but
a charged Higgs boson could be excluded in this region. The current sensitivity is primarily limited by
simulation statistical uncertainties, it is thus expected that a larger production of simulated events will
greatly improve the situation and give access to the intermediate tanβ region.

Two analyses have been conducted in the search for a heavy charged Higgs boson (mH+ > mt), a
region presently uncovered in direct searches. Here, the main production mode is through gb fusion
(gb→ tH+) and the decay into a top and a b quark dominates. However, the dominant tb decay mode
suffers from large irreducible backgrounds, and the combinatorial background. Consequently the dis-
covery potential for a heavy charged Higgs boson is dominated by the τν decay mode, which despite its
significantly smaller branching ratio allows for more efficient background suppression. The discovery
reach in the context of the MSSM (mh-max) strongly depends on the charged Higgs boson mass and
reaches from (mH+ = 200 GeV, tanβ = 28) to (mH+ = 350 GeV, tanβ = 58) for an integrated luminosity
of 30 fb−1. Additionally, the model-independent discovery reach for a charged Higgs boson as a function
of its production cross-section has been evaluated. A light H+ sensitivity for a BR(t → H+b) down to
the percent level is given for a discovery, and well below that level for an exclusion. For a heavy H+

decaying to τν , sensitivity is given for cross-sections of the order of 0.1pb.
The results presented in this note give confidence that the LHC and the ATLAS detector will be

able to probe an extended Higgs sector over a sizable region of the MSSM parameter space. For a high
SUSY mass scale, the charged Higgs boson could be the first signal of New Physics (and indication for
Supersymmetry) discovered.
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Statistical Combination of Several Important Standard
Model Higgs Boson Search Channels

Abstract
In this note we describe statistical procedures for combination of results from
independent searches for the Higgs boson. Here only the Standard Model
Higgs is considered, although the methods can easily be extended to non-
standard Higgs models as well as to other searches. The methods are ap-
plied to Monte Carlo studies of four important search channels: H → τ+τ−,
H →W+W− → eνµν , H → γγ andH → ZZ(∗) → 4 leptons. The statistical
treatment relies on a large sample approximation that is expected to be valid
for an integrated luminosity of at least 2 fb−1. Results are presented for the
expected statistical significance of discovery and expected exclusion limits.

1 Introduction

Higgs searches will exploit a number of statistically independent decay channels. One wishes to combine
all of the information from them to provide a single measure of the significance of a discovery or limits
on Higgs production. The approach taken in this paper is based on frequentist statistical methods, where
effects of systematic uncertainties are incorporated by use of the profile likelihood ratio.

The statistical procedures used for establishing discovery and setting limits are described in Section 2.
These methods are very general and can be applied to the combination of results of essentially any search
that will be carried out at the LHC. Section 3 summarizes the four search channels for the Standard Model
Higgs boson considered in this note:H → τ+τ−, H →W+W− → eνµν , H → γγ andH → ZZ(∗) →
4 leptons.

The statistical treatment requires knowledge of the distribution of a test statistic based on the profile
likelihood ratio. To determine these distributions by Monte Carlo so as to establish discovery at a high
level of significance would require an enormous amount of simulated data, which is not practical at
present. Therefore the distributions have been estimated using the functional form expected to hold in
the large sample limit. Investigations shown in Section 3 indicate that this approximation should be
reliable for an integrated luminosity above 2 fb−1.

In Section 4 we show the result of the combination. For different values of the integrated luminosity
and hypothesized Higgs mass, we present the signal significance expected assuming the Standard Model
Higgs production rate, as well as expected upper limits on the Higgs production cross section, under the
hypothesis of no Higgs signal.

The channels considered here focus on the search for a Higgs boson in the low-mass range. It is
planned to include other channels in the future, e.g., further final states from the W+W− andZZ modes.
This will improve sensitivity especially at higher Higgs mass values.

2 Statistical methods

In this section we describe the general statistical model and likelihood function, first for a single channel
and then generalized to multiple channels. In Section 2.2 wegive the procedure used to establish discov-
ery based on a frequentist significance test, where the effects of systematic uncertainties are incorporated
by use of theprofile likelihood ratio. Section 2.3 covers the corresponding methods for setting limits. For
both discovery and exclusion one requires the sampling distribution of the statistic used in the test; this
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is described in Section 2.4. Section 2.5 discusses a series of approximations used to determine expected
values of the discovery significance and exclusion limits.

The approach taken in this note is to carry out tests for discovery and exclusion for fixed values of
the Higgs massmH . In principle the entire procedure is then repeated for all masses, resulting in limits
on or a measurement ofmH . In practice, an interpolation is made between finite steps in mH .

2.1 The statistical model and likelihood function

First we consider the case of a single search channel. The measurement results in a set of numbers
of events found in kinematic regions where signal could be present. These typically correspond to a
histogram of a variable such as the mass of the reconstructedHiggs candidate, with the numbers of
entries denoted byn = (n1, . . . ,nN). In some cases one may consider a histogram with only one bin,i.e.,
the measured outcome is simply a number of candidate events found. The number of entries in bini, ni ,
is modeled as a Poisson variable with mean value

E[ni] = µLεiσiB +bi ≡ µsi +bi , (1)

whereL is the integrated luminosity,εi, σi andB are the signal efficiency, Higgs cross section, and
branching ratio, andbi is the expected number of background events. Hereµ is a signal strength parame-
ter defined such thatµ = 0 corresponds to the absence of a signal;µ = 1 gives the signal ratesi expected
from the Standard Model. If we consider a fixed Higgs massmH , the only parameter of interest isµ . All
other adjustable parameters needed to specify the model arecallednuisance parameters.

In principle the expected background valuesbi can be predicted using Monte Carlo models for Stan-
dard Model processes. In the measurements considered here,however, the systematic uncertainty in the
Standard Model prediction is in many cases quite large, and this would severely limit the sensitivity of
the search. Therefore data regions where one expects only a very small amount of signal (control regions)
are used to constrain the background in the signal region (see also below).

For theith bin of a histogram of a discriminating variablex, the expected signal and background can
be written

si = stot

∫

bin i
fs(x;θ s)dx , (2)

bi = btot

∫

bini
fb(x;θ b)dx , (3)

wherestot andbtot are the total expected numbers of events in the histograms,fs(x;θ s) and fb(x;θ b) are
the probability density functions (pdfs) ofx for signal and background, andθ s andθb represent sets of
shape parameters.

The parametric forms of the pdfsfs(x;θ s) and fb(x;θ b) are determined from Monte Carlo simula-
tions or data control samples. In the following we will useθ = (θ s,θ b,btot) to refer to all of the nuisance
parameters. The signal normalizationstot here is not an adjustable parameter, but rather is fixed equalto
the Standard Model prediction.

In addition to the measured histogramn, some search channels also make use of a set of subsidiary
measurementsm = (m1, . . . ,mM) in control regions where one expects mainly background events. These
can be modeled as being Poisson distributed with mean values

E[mi] = ui(θ ) , (4)

where theui are calculable quantities depending on a set of parameters,at least some of which are the
same as those entering into the predictions forsi andbi above. In practice the subsidiary measurements

2
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are constructed so as to provide information on the background normalizationbtot and sometimes also
on its shape.

If the measurement is based on counting events in a given kinematic region, i.e., without using the
shape of a distribution, in the formalism above the histograms have a single bin. The values= stot is
then the Standard Model prediction for the signal andb = btot is the (unknown) expected background.
There are then no shape parameters, andb itself plays the role ofθ as the single nuisance parameter. In
this case the subsidiary measurementm is made in a control region where signal is absent (or can to good
approximation be neglected), and has an expectation value

E[m] = u = τb , (5)

whereτ is a scaling constant whose value can be estimated from a Monte Carlo simulation.
The likelihood function is the product of Poisson probabilities for all bins:

L(µ ,θ ) =
N

∏
j=1

(µsj +b j)nj

n j !
e−(µsj+bj )

M

∏
k=1

umk
k

mk!
e−uk . (6)

Equivalently the log-likelihood is

lnL(µ ,θ ) =
N

∑
j=1

(n j ln(µsj +b j)− (µsj +b j)) +
M

∑
k=1

(mk lnuk−uk)+C , (7)

whereC represents terms that do not depend on the parameters and thus can be dropped. Here and in (6)
the parametersθ enter through Eqs. (2), (3), and (4).

In the case where the presence of signal in the histogramn gives a peak sitting on a smooth back-
ground, one does not need a subsidiary measurementm. Rather, as long as the number of parameters in
the models for the signal and background distributions is smaller than the total number of bins measured,
one can determine the strength parameterµ from the histogramn alone. Here the regions away from
the peak (the sidebands) play the role of the subsidiary measurement by providing information on the
background level. Of course if an additional subsidiary measurement is available, this will improve the
accuracy of the background determination, which will increase the sensitivity of the analysis.

In the case of several independent search channels, the method described above is generalized in a
straightforward manner. For each channeli there is a likelihood functionLi(µ ,θ i). Its general form is
given by Eq. (6), except that all quantities carry an additional index i to label the channel except the
global strength parameterµ , which is assumed to be the same for all channels. Since the channels are
statistically independent, the full likelihood function is given by the product

L(µ ,θ ) = ∏
i

Li(µ ,θ i) , (8)

whereθ here represents all of the nuisance parameters.
Systematic uncertainties are effectively included in the analysis through the nuisance parameters

θ . The model must be sufficiently flexible, i.e., it must contain enough parameters, so that for at least
some point in its parameter space it can be regarded as representing the truth. One must exercise some
restraint in achieving this, however, as an increasing number of nuisance parameters leads to a decrease in
sensitivity to the parameters of interest. Some of the components ofθ may be common among different
channels, e.g., parameters relating to uncertainty in the integrated luminosity. These then represent a
common (correlated) systematic uncertainty.

As an example, consider the signal efficiencyε that enters in the relation between the cross section
and expected number of signal events. Suppose the efficiencyhas been estimated to have a valueε̂ and
systematic uncertaintyσε̂ . To incorporate this uncertainty into the model, we can regard the measured

3

HIGGS – STATISTICAL COMBINATION OF SEVERAL IMPORTANT STANDARD MODEL HIGGS . . .

286

1482



valueε̂ as a random variable whose true valueε is treated as a nuisance parameter. For the pdffε(ε̂ ;ε ,σε̂)
one could use, e.g., a Gaussian distribution centred aboutε , or for a quantity such as the efficiency which
must lie in the range 0≤ ε ≤ 1 one could use a pdf that automatically satisfies this constraint (e.g., a beta
distribution). For whatever choice is deemed appropriate,the likelihood (6) is multiplied byfε(ε̂;ε ,σε̂),
evaluated with the best estimateε̂ , and the parameterε is included in the set of nuisance parametersθ .

To test a hypothesized value ofµ we construct the profile likelihood ratio,

λ (µ) =
L(µ , ˆ̂θ )
L(µ̂ , θ̂ )

. (9)

Here ˆ̂θ in the numerator denotes the value ofθ that maximizesL for the specifiedµ , i.e., it is the
conditional maximum-likelihood estimator (MLE) ofθ (and thus is a function ofµ). The denominator
is the maximized (full) likelihood function, i.e.,̂µ and θ̂ are the MLEs. The presence of the nuisance
parameters broadens the profile likelihood ratio as a function of µ relative to what one would have if
their values were fixed. This reflects the loss of informationaboutµ due to the systematic uncertainties.

The likelihood ratio (9) and procedures for incorporating systematic uncertainties applied here differ
somewhat from those used for the searches carried out at LEP.Some of these differences are discussed
further in Appendix A.

From the definition of the profile likelihood ratio one can seethat 0≤ λ ≤ 1, withλ (µ) = 1 implying
good agreement between the data and the hypothesized value of µ . Equivalently it is convenient to work
with the quantity

qµ =−2lnλ (µ) , (10)

so that high values ofqµ correspond to poor agreement between the data and the hypothesizedµ . The
statisticqµ will have a sampling distributionf (qµ |µ ′). Hereµ refers to the strength parameter used
to define the statisticqµ , entering in the numerator of the likelihood ratio, andµ ′ is the value used to
define the data generated to obtain the distribution (i.e., the ‘true’ value). For the special caseµ ′ = µ and
for a sufficiently large data sample, the pdff (qµ |µ) approaches a limiting form related to the chi-square
distribution, discussed further in Section 2.4. Forµ ′ 6= µ , the distribution ofqµ is shifted to higher values,
reflecting the decreased agreement between the data generated withµ ′ and the hypothesis tested byqµ ,
as indicated in Fig. 1. The two cases of particular interest are µ = 0, the background-only hypothesis,
andµ = 1, the hypothesis of background plus signal present at the Standard Model rate.

The level of compatibility between data that give an observed valueqµ ,obs for qµ and a hypothesized
value ofµ is quantified by giving thep-value

pµ =
∫ ∞

qµ ,obs

f (qµ |µ)dqµ . (11)

This is the probability, under the assumption ofµ , of seeing data with equal or greater incompatibility,
as measured byqµ , relative to the data actually obtained. This is illustrated in Fig. 1, where the shaded
area indicates thep-value of the hypothesizedµ . The figure also indicates the median value ofqµ under
the assumption of a different value of the strength parameter µ ′ used to generate the data. Forµ andµ ′
values that are increasingly different, the median med[qµ |µ ′] moves further to the right. An observed
value ofqµ at this median would give a correspondingly smallp-value forµ .

2.2 Establishing discovery

To establish discovery we try to reject theµ = 0 (background-only) hypothesis, i.e., that there is no
Higgs signal present. To do this we use the statisticq0 = −2lnλ (0). One expects to find a low value

4
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Figure 1: Illustration of the determination of
the p-value of a hypothesized value ofµ. The
left-hand curve indicates the pdf ofqµ for data
generated with the same value ofµ as was used
to define the statisticqµ ; this is used to deter-
mine thep-value ofµ, shown as the shaded re-
gion. The right-hand curve indicates the pdf of
qµ for data generated with a different value of
the strength parameter,µ ′.

of λ (0) (high q0) if the data include signal. Here even though one is testing the hypothesis that the
Higgs does not exist, the definition ofq0 depends on the hypothesized Higgs massmH . It enters through
the denominator of the likelihood ratio (9), which containsthe maximum-likelihood estimator̂µ for the
strength of a Higgs signal at the massmH . By defining the test statistic in this way one maximizes the
probability of rejecting theµ = 0 hypothesis if the Higgs boson exists at the specified mass. This search
procedure is then carried out for all values ofmH (in practice an interpolation is carried out between finite
steps inmH).

A given data set will result in an observed valueq0,obs of q0. The level of compatibility between the
data and the no-Higgs hypothesis is quantified by giving thep-value

p0 =
∫ ∞

q0,obs

f (q0|0)dq0 . (12)

This is the probability, under the assumption ofµ = 0 (background only), of seeing data as signal-like
or more so relative to the data actually obtained. A small value is interpreted as evidence againstµ = 0,
i.e., a discovery of the signal.

One can define thesignificancecorresponding to a givenp-value as the number of standard deviations
Z at which a Gaussian random variable of zero mean would give a one-sided tail area equal top. That is,
the significanceZ is related to thep-value by

p =
∫ ∞

Z

1√
2π

e−x2/2 dx= 1−Φ(Z) , (13)

whereΦ is the cumulative distribution for the standard (zero mean,unit variance) Gaussian. Equivalently
one has

Z = Φ−1(1− p) , (14)

whereΦ−1 is the quantile of the standard Gaussian (inverse of the cumulative distribution). In (13) and
(14) the subscript 0 was dropped as these relations hold for all p-values, not only those of theµ = 0
hypothesis. The relation betweenZ andp is illustrated in Fig. 2.

A significance ofZ = 5 corresponds top = 2.87× 10−7. For a sufficiently large data sample, one
would obtain ap-value of 0.5 for data in perfect agreement with the expected background. With the
definition of Z given above, this givesZ = 0. If the data fluctuate below the expected background,Z
becomes negative.

Note that according to the definition (14), ap-value of 0.05 corresponds toZ = 1.64. This should not
be confused with a 1.96σ fluctuation of a Gaussian variable that gives 0.05 for the two-sided tail area.

The significance of a discoveryZ depends on the data obtained. To quantify our ability to discover a
hypothesized signal in advance of seeing the data, we reportthemediansignificance under the assump-
tion that the signal is present at the Standard Model rate,µ = 1. SinceZ is a monotonic function ofp0,
andp0 is also a monotonic function ofq0, we have for the median significance,

5
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Figure 2: Illustration of the corre-
spondence between the significanceZ
and ap-value.

Zmed= Φ−1(1− p0med) = Φ−1(1− p0(q0med)) . (15)

This can be obtained from the median value ofq0 found using data generated under the assumption of
µ = 1.

A complete evaluation of the median significance is computationally difficult, as it requires a large
number of repeated simulations of the full set of experimental outputs and determination ofZ(q0) from
the combination of all channels. Therefore in this note we have used the approximate methods described
in Section 2.5, which allow one to estimate quickly the median significance.

2.3 Setting limits

In addition to establishing discovery by rejecting theµ = 0 hypothesis, we can consider the alternative
hypothesis of some non-zeroµ and try to reject it. Ap-value is computed for eachµ , and the set ofµ
values for which thep-value is greater than or equal to a fixed value 1−CL form a confidence interval
for µ , where typically one takes aconfidence levelCL = 95% . The upper end of this intervalµup is the
upper limit (i.e.,µ ≤ µup at 95% CL).

To compute thep-value for a hypothesizedµ we first consider again the test statisticqµ =−2lnλ (µ)
as initially defined in (9) and (10). For purposes of computing limits, we introduce a modification to this
definition as described below.

If the data are incompatible with the hypothesizedµ , one expects a large value of−2lnλ (µ), i.e.,
λ (µ) close to zero. If a data set generated according to the hypothesisµ gives a large value of−2lnλ (µ),
this can be the result of either an upward or downward fluctuation in µ̂ relative toµ . This is illustrated
in the scatterplot of̂µ versus−2lnλ (µ) shown in Fig. 3(a), which is from a toy Monte Carlo study with
µ = 0.8. The projection of the points on thêµ axis is shown in Fig. 3(b). Note thatµ̂ ≥ 0 is imposed;
the reasons for and consequences of this requirement are discussed in Section 2.4.

For purposes of setting an upper limit, however, we want to determine the smallestµ such that there
is a fixed small probability (one minus the confidence level) to find data as compatible with that value of
µ or less, relative to the degree of compatibility found with the real data. Therefore the data with upward
fluctuations inµ̂ are not counted when computing thep-value, because they would be compatible with
some largerµ . Therefore for purposes of computing limits we redefineqµ to be1

qµ =

{
−2lnλ (µ) µ̂ ≤ µ ,

0 otherwise.
(16)

The distribution of the newqµ thus corresponds to the lower branch only of the U-shaped scatterplot
shown in Fig. 3(a).

1Equivalently, one could retain the definitionqµ =−2ln(L(µ, ˆ̂θ)/L(µ̂, θ̂ )) by placing an upper bound on̂µ equal toµ, i.e.,
by imposing 0≤ µ̂ ≤ µ. In this way, whenµ̂ = µ then one hasqµ = 0 just as in the case of discovery when testingµ = 0.

6

HIGGS – STATISTICAL COMBINATION OF SEVERAL IMPORTANT STANDARD MODEL HIGGS . . .

289

1485



0 2 4 6 8 10 12 14

0

0.5

1

1.5

2

2.5

3

µ

)µ(λ-2 ln 
0 0.5 1 1.5 2 2.5 30

100

200

300

400

500

600

µ

(a) (b)

Figure 3:(a) Scatterplot of̂µ versus−2lnλ (µ); (b) the distribution ofµ̂ (see text).

Using the new definition (16), thep-value is given by the integral off (qµ |µ) from the observed
valueqµ ,obs to infinity as in Eq. (11) and as illustrated in Fig. 1. Thep-value is computed in this manner
for all values ofµ , and the upper limitµup at 95% confidence level is the largest value ofµ for which the
p-value is at least 0.05.

The result can be summarized by giving the upper limit onµ as a function of the Higgs massmH .
Specifically, if we can reject the hypothesisµ = 1 at a certain confidence level, then the corresponding
value ofmH is regarded as excluded for a Standard Model Higgs. The lowest mass value not excluded is
the lower limitmlo.

One is also interested in the median limit under the assumption that there is no Higgs. As in the case
of the discovery significance, a full calculation of the median limit is difficult as it requires a large number
of repeated simulations based on the full profile likelihoodratio. For purposes of this note, therefore, we
use the approximation techniques described in Section 2.5.

2.4 Sampling distribution of the likelihood ratio

To determine thep-values required for both discovery and exclusion we need the sampling distribution,
assuming data generated according to a given value ofµ , of the statisticqµ , i.e., f (qµ |µ). For the case of
discovery significance we useq0 =−2lnλ (0), and for setting limits we useqµ =−2lnλ (µ) for µ̂ ≤ µ
andqµ = 0, otherwise.

To claim discovery we requirep-values forµ = 0 down to around 10−7, and therefore to do this with
a Monte Carlo simulation requires an extremely large numberof simulated measurements. In practice
this is only carried out for simple test cases. Even for setting limits at 95% confidence level, it is often
not practical to use Monte Carlo.

Under a set of regularity conditions and for a sufficiently large data sample,Wilks’ theoremsays that
for a hypothesized value ofµ , the pdf of the statistic−2lnλ (µ) approaches the chi-square pdf for one
degree of freedom [2]. More generally, if there aren parameters of interest, i.e., those parameters that do
not get a double hat in the numerator of the likelihood ratio (9), then−2lnλ (µ) asymptotically follows
a chi-square distribution forn degrees of freedom. A proof and details of the regularity conditions can
be found in standard texts such as [3].

In the searches considered here, the data samples are generally large enough to ensure the validity of
the asymptotic formulae for the likelihood-ratio distributions. In our case, however, the distributions are
modified because of constraints imposed on the expected number of events.

Usually when searching for a new type of particle reaction one regards the mean number of events
contributed to any bin from any source, signal or background, to be greater than or equal to zero. In
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some analyses it could be meaningful to consider a new effectthat suppresses the expected number
of events, e.g., the presence of a new decay channel could mean that the number of decays to known
channels is reduced. Here, however, we will regard any contribution to an expected number of events as
non-negative.

Assuming only non-negative event rates, the maximum-likelihood estimators for the parameters are
constrained, e.g.,̂µ ≥ 0. As a consequence, if the observed number of events is belowthe level predicted
by the background alone, then the maximum of the likelihood occurs forµ = 0, i.e., negativeµ is not
allowed. We can consider the effect of havingµ̂ = 0 on the distribution ofqµ for two cases:µ = 0 and
µ > 0.

For µ = 0, i.e., when computing the discovery significance, ifµ̂ = 0 one has (see (9)),

λ (0) =
L(0, ˆ̂θ )
L(µ̂ , θ̂ )

=
L(0, ˆ̂θ )
L(0, θ̂ )

= 1 , (17)

sinceµ̂ = 0 and thereforê̂θ = θ̂ . The statisticq0 = −2lnλ (0) is therefore equal to zero. This can be
seen in the scatterplot ofq0 versusµ̂ in Fig. 4(a). Figure 4(b) shows the correspondingq0 distribution
with the peak visible atq0 = 0. The superimposed curve is a chi-square distribution multiplied by one
half, corresponding to the half of the events withµ̂ > 0.
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Figure 4:(a) Scatterplot of̂µ versusqµ from a Monte Carlo study withµ = 0; (b) the distribution ofq0 (see text).

From Fig. 4(b) one can see that except for the spike atq0 = 0 (whenµ̂ = 0), the pdf ofq0 can be well
approximated by the chi-square pdf. Assuming a fractionw for the cases witĥµ > 0 one has the pdf

f (q0|0) = w fχ2
1
(q0)+ (1−w)δ (q0) . (18)

In the usual case where upward and downward fluctuations ofµ̂ are equally likely we havew= 1/2. The
p-value of the background-only hypothesis given an observation q0,obs greater than zero is therefore

p =
∫ ∞

q0,obs

w fχ2
1
(q0)dq0 = w(1−Fχ2

1
(q0,obs)) , (19)

whereFχ2
1

is the cumulative chi-square distribution for one degree offreedom.
The second case to consider isµ > 0, e.g., when one wants to set an upper limit onµ . Under the

hypothesisµ , one obtainŝµ > µ and µ̂ ≤ µ with approximately equal probability. Figure 5 shows the
distributions ofqµ for both caseŝµ > µ andµ̂ ≤ µ obtained from the scatterplot Fig. 3(a), from a Monte
Carlo study withµ = 0.8.
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Figure 5: Distributions of−2lnλ (µ) for (a) µ̂ > µ and (b)µ̂ ≤ µ . The superimposed curves are chi-square
distributions for one degree of freedom normalized to half the number of entries in the original distribution (see
Fig. 3(a)).

From Fig. 5(a) one can see that forµ̂ > µ , the data follow the chi-square pdf quite accurately. This
portion of the distribution is ignored, however, when setting upper limits onµ , because of the modified
definition ofqµ (20) used for limits,

qµ =

{
−2lnλ (µ) µ̂ ≤ µ ,

0 otherwise.
(20)

Suppose noŵµ ≤ µ with a probabilityw; in practice this is close to one half. (Note for the case ofq0,
w is the probability ofµ̂ > µ . The different definitions ofw are used so as to give similar forms for
f (q0|0) and f (qµ |µ).) Thus forµ̂ > µ one has from (20)qµ = 0, and therefore the distribution has a
delta function atqµ = 0 with weight 1−w. The pdf of f (qµ |µ) can therefore be written

f (qµ |µ) = w f(qµ |µ , µ̂ ≤ µ)+ (1−w)δ (qµ) . (21)

where f (qµ |µ , µ̂ ≤ µ) is the conditional pdf forqµ given µ̂ ≤ µ .
For µ̂ ≤ µ , one may sometimes find̂µ equal to zero, i.e., the lower edge of the allowed range, as can

be seen in the scatterplot ofµ̂ versusqµ shown in Fig. 3(a). Although for the caseµ = 0 this gave a peak
atq0 = 0, here it gives

λ (µ) =
L(µ , ˆ̂θ )
L(µ̂ , θ̂ )

=
L(µ , ˆ̂θ )
L(0, θ̂ )

, (22)

which in contrast to (17) is not equal to unity. The effect of having µ̂ = 0 on the distribution ofqµ is
therefore more complicated than was the case forq0.

In general forµ̂ ≤ µ , the distribution ofqµ falls off more steeply than the chi-square distribution.
This is seen in Fig. 5(b). Therefore ap-value based on the chi-square formula will be larger than the
true p-value, and the corresponding significanceZ will be smaller. The upper limits obtained forµ are
therefore larger, i.e., a smaller set ofµ values is excluded.

If µ is sufficiently large, then̂µ is very rarely pushed to zero andf (qµ |µ , µ̂ ≤ µ) approaches a
chi-square distribution for one degree of freedom. For purposes of the present study, the chi-square
approximation is adequate, but gives somewhat conservative limits. That is, we take the distribution of
qµ to be

f (qµ |µ) = w fχ2
1
(qµ)+ (1−w)δ (qµ) (23)
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and usew = 0.5. One has therefore the same pdf forqµ using the modified definition (20) as was found
in (18) for q0 based on the original definition,q0 =−2lnλ (0).

To summarize the result above, the pdf ofqµ can be approximated by a mixture of a chi-square pdf
for one degree of freedom with weightw and a delta function at zero with weight 1−w. This holds both
for discovery (µ = 0) and setting limits (µ > 0).

Consider now the variable

u =
√

qµ =
√
−2lnλ (µ) , (24)

which has the pdf

f (u) = Θ(u)w

√
2
π

e−u2/2 +(1−w)δ (u) , (25)

whereΘ(u) = 1 for u≥ 0 and is zero otherwise. The second term in (25) follows from the fact that the
valuesq0 = 0 andu = 0 occur with equal probability, 1−w. Furthermore if a variablex follows the
standard Gaussian distribution, then one can showx2 follows a chi-square distribution for one degree of
freedom. Therefore ifx2 follows aχ2 distribution, then

√
x2 follows a Gaussian scaled up by a factor of

two for x > 0 so as to have a total area of unity.
The p-value of the hypothesisµ for a non-zero observationqµ ,obs is therefore

p = P(qµ ≥ qµ ,obs) = P(u≥√qµ ,obs) = 2w
∫ ∞

√
qµ ,obs

1√
2π

e−u2/2 du= 2w(1−Φ(√qµ ,obs)) . (26)

Combining this with Eq. (14) for the significanceZ gives

Z = Φ−1(1−2w(1−Φ(√qµ ,obs))) . (27)

In the usual case where the weights of the chi-square and delta-function terms are equal, i.e.,w = 1/2,
Eq. (27) reduces to to the simple formula

Z =
√

qµ ,obs . (28)

2.5 Approximate methods

To determine the discovery significance or to set limits using a given data set, one must carry out the
global fit described above. For this one needs first to combinethe likelihood functions for the individual
channels into the full likelihood function containing a single strength parameterµ , and use this to find
the profile likelihood ratio. It is possible, however, to findapproximate values for themediandiscovery
significance and limits in a way that only requires as input the separate profile likelihood ratio values
from each of the channels. This is very useful especially in the planning phase of a search that combines
multiple channels.

The procedure relies on two separate approximations. First, we estimate the median value of the pro-
file likelihood ratioλ (µ) by evaluating the likelihood function with a single, artificial data set in which
all statistical fluctuations are suppressed, as described in Section 2.5.1. Second, to determine the signif-
icance values from the likelihood ratios, we use the asymptotic form of the distribution of−2lnλ (µ)
valid for sufficiently large data samples. This is describedin Section 2.5.2, and its validity is checked
for the individual channels in Section 3. Here the limitations of the approximation are investigated and
for one case where it is found to be insufficiently accurate (the discovery significance for the channel
H →W+W− plus no jets), an alternate procedure is followed.

10
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2.5.1 Approximation for the median likelihood ratio

To find the median discovery significance and limits, the median likelihood ratiosλi(µ) are first found
for each channel separately, and then combined to give the full median likelihood ratio. One can estimate
the medianλi(µ) by the value of the likelihood ratio evaluated with a single artificially constructed data
set, in which all statistical fluctuations are suppressed and the data valuesn andm are replaced by their
expectation values for a given integrated luminosity and a hypothesized strength parameterµA . We refer
to this as an ‘Asimov’ data set.2 It replaces having to simulate a large number of experimentsfrom which
one would determine the median.

As before,µA = 0 is the background only hypothesis andµA = 1 corresponds to background plus
signal present at the Standard Model rate. The median referred to thus pertains to what one would obtain
with a large number of experiments generated under the assumption of µA . The approximation is in fact
more accurate if one uses noninteger values for numbers of events in the log-likelihood (the factorial
terms are in any case absent) so that the Asimov likelihoodLA is found by substituting

n j = µAsj +b j (29)

mk = uk , (30)

into the likelihood function (6) for each channel. Here forsj , b j and uk, one needs in principle the
expectation values, i.e., these quantities should have no statistical errors. In practice they are estimated
using a Monte Carlo sample corresponding to an integrated luminosity substantially larger than what is
considered for the data. The numbers of signal and background events are then scaled to the desired
luminosity. The other nuisance parameters such as shape parameters are estimated as would be done
with any other data set; we refer below to the resulting values asθ A . Because the Asimov data set has
no statistical fluctuations, theθ A are simply the values one would derive from a very large MonteCarlo
data sample.

The estimate of the median likelihood ratio used for theith channel is therefore

λA,i(µ) =
LA,i(µ , ˆ̂θ )
LA,i(µ̂ , θ̂ )

≈ LA,i(µ , ˆ̂θ )
LA,i(µA ,θ A)

, (31)

whereLA,i denotes the likelihood function (6) evaluated with the Asimov data values (29) and (30). The
approximation used for the final step in (31) exploits the fact that ML estimate of̂µ is very close to the
input valueµA when the likelihood function is constructed using the Asimov data set.

Note that if the likelihood functions for the individual channels were to be constructed with data
containing statistical fluctuations rather than with the artificial Asimov data, then the ML estimate of the
strength parameter,̂µ , would in general be different for each channel. The full likelihood function (8)
used for the combination, however, contains a single globalµ . We can now exploit the fact that for the
Asimov data one haŝµ ≈ µA for all of the channels and thus obtain the median likelihoodratio for the
combination as the product of the individualλA,i(µ),

λA(µ) = ∏
i

λA,i(µ) . (32)

Monte Carlo studies show that Eq. (32) provides an excellentapproximation to the median value one
would find from data generated withµA as the strength parameter.

2The name of the Asimov data set is inspired by the short storyFranchise, by Isaac Asimov [1]. In it, elections are held by
selecting a single voter to represent the entire electorate.
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For purposes of quantifying how likely we are to discover theHiggs if it exists, we report the signif-
icance obtained from thep-value ofµ = 0 with an Asimov data set that corresponds toµA = 1,

λs+b(0) = ∏
i

Ls+b,i(0, ˆ̂θ )
Ls+b,i(1,θ A)

. (33)

Here the subscripts+b refers to the Asimov data set; the argument 0 denotes the value of µ being tested.
That is, Eq. (33) approximates what one would obtain with data generated with signal and background
for the median value ofλ (0), which is used to test the background-only (µ = 0) hypothesis. Equation
(33) provides the medianq0med = −2lnλs+b(0), and from this thep-value and significanceZ are found
using equation (15).

To determine the limits onµ that we expect to set if the Higgs does not exist (or is beyond our
reach), we find thep-value of a hypothesizedµ using the likelihood ratioλ (µ) based on Asimov data
for background only (µA = 0),

λb(µ) = ∏
i

Lb,i(µ , ˆ̂θ )
Lb,i(0,θ A)

. (34)

That is,λb(µ) approximates the median value ofλ (µ) one would obtain from data generated according
to the background-only hypothesis. The value ofλb(µ) is used to determine the medianqµmed, which is
used to find the medianp-value,pµmed. This is computed for allµ and the point wherepµmed = 0.05 gives
the 95% CL upper limit.

Becauseµ̂ ≈ µA holds for each channel individually when using Asimov data,it is possible to de-
termine the values of the likelihood ratio entering into (32) separately for each channel, which simplifies
greatly the task of estimating the median significance that would result from the full combination. It
should be emphasized, however, that the discovery significance or exclusion limits determined from real
data require one to construct the full likelihood function containing a single parameterµ , and this must
be used in a global fit to find the profile likelihood ratio.

Furthermore, some systematic errors, e.g., the uncertainty in the integrated luminosity, are common
to all channels and correspond to a common nuisance parameter. When using Asimov data, the values of
such parameters will be fitted to the same values in all channels. Thus the correlations between common
systematics are taken into account just as they would be in a global fit of all channels.

A limitation of the procedure with Asimov data is that it onlyprovides an estimate of the median
likelihood ratio. To obtain an uncertainty band on the expected (median) discovery and exclusion sensi-
tivities as a function ofmH one would have to simulate a large number of experiments.

2.5.2 Approximate relation between likelihood ratio and significance

To compute thep-values we need the distributionf (qµ |µ) of qµ = −2lnλ (µ). For a sufficiently large
data sample the pdf ofqµ takes on a well defined limiting form related to the chi-square distribution, as
discussed in Section 2.4. Assuming this form, thep-value of the hypothesisµ is found to be

pµ ≈ 1−Φ(√qµ) , (35)

and the significanceZ is given by the formula

Z = Φ−1(1− pµ)≈
√
−2lnλ (µ) . (36)

For estimating the median discovery significance we use equations (35) and (36) together with the equa-
tion (33), the likelihood ratio based on Asimov data containing signal and background. To find the
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median limit onµ , we use again equations (35) and (36) but with the likelihoodratio based on Asimov
background data only, equation (34).

The validity of this approximation is investigated for eachchannel by generating distributions of
qµ for µ = 0,1 using a fast Monte Carlo simulation and comparing the resulting histograms with the
expected asymptotic form. These comparisons are shown in Section 3.

2.6 Consequences of testing many Higgs mass values

The statistical significance of a potential discovery is quantified by giving thep-value of the no-Higgs
hypothesis, i.e., the probability, under the assumption ofbackground only, that that one would see data
with equal or less compatibility with this hypothesis relative to the data obtained. Finding this proba-
bility below a specified threshold (e.g., the 5σ threshold, orp < 2.87×10−7) corresponds to claiming
discovery of a Higgs boson.

The approach taken in this analysis is to compute thep-value of the no-Higgs hypothesis separately
as a function of the Higgs mass. The thresholdp-value is thus the false discovery rate for Higgs boson
of a given mass. Further one should also estimate the probability, under the assumption of background
only, that thisp-value will fall below the discovery threshold foranymass within the range considered.
By searching for the Higgs within a broad range of hypothetical masses, one increases the probability of
observing what appears to be a signal at some mass, and so the effective significance of the discovery is
reduced. In HEP this is sometimes referred to as the “look-elsewhere effect”.

To first approximation the effective increase in the false-discovery rate is given by the number of
statistically separate mass ranges explored. If a certain data set would give ap-value ofmH below the
discovery threshold, then the same data would in general also indicate discovery for other masses very
close by. Roughly speaking, the mass range in which a given data set would indicate discovery is set by
the mass resolution for the Higgs candidate. So the factor bywhich thep-value is inflated is given by the
mass range explored divided by the average mass resolution.Monte Carlo studies can be used to validate
and refine this approximation; this approach is planned for future analyses.

An alternative to considering fixed Higgs masses is to treat both the strength parameterµ and the
Higgs massmH as free parameters in the likelihood ratio. For example, to establish discovery one com-
putes thep-value of the no-Higgs hypothesis. As before, this is the probability, under the assumption of
no Higgs, of finding data with equal or lesser compatibility with µ = 0 relative to the data obtained. In
contrast to the fixed-mass case, however, “less compatible”here means having a lower likelihood ratio
for any allowed value of the Higgs mass; the lowest value comes when the denominator contains the
fitted maximum-likelihood estimator ˆmH. In practice the fitted value of the Higgs mass is restricted to
lie within a stated range. This has been done for the Higgs searches using theγγ [4] and W+W− [5]
channels, with the aim of extending this method to a combination of all channels.

3 Combination of Higgs search channels

In this section a brief description of each of the four searchchannels is given. For each channel, the
method used to obtain the likelihood ratio is described, andvalues of the test variableqµ as defined
by Eq. (10) for discovery and by Eq. (16) for limits are tabulated for several values of the integrated
luminosityL and Higgs massmH. For the discovery sensitivity where one testsµ = 0, the median value
of q0 is given under the assumption ofµ = 1; for exclusion sensitivity, the median ofq1 is given under
the assumption ofµ = 0.

In addition, for each channel we show distributions ofqµ under the assumption ofµ for the two
casesµ = 0 andµ = 1. For the approximations used in this note to be valid, theseshould be close to the
asymptotic form described in Section 2.4. This limiting form for the distributionf (qµ |µ) is a mixture of
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a delta function atqµ = 0 and a chi-square distribution for one degree of freedom, where each component
has equal weight. We refer to this as a1

2χ2
1 distribution. For the case ofµ = 0 we compare directly the

Monte Carlo distribution ofq0 with the 1
2χ2

1 distribution and the delta-function term atq0 = 0 is clearly
visible. Forµ = 1 we show the equivalent comparison but for reasons of convenience only the events
with µ̂ ≤ µ are shown, i.e., the events witĥµ > µ that contribute to the delta function atq1 = 0 are left
off. That is, for exclusion it is the conditional pdff (q1|µ = 1, µ̂ ≤ 1) that is compared to a chi-square
distribution for one degree of freedom; there is no delta function term.

All channels use data driven background estimation methods. This way, the uncertainties in the back-
ground shape and normalization are treated within the framework of the profile likelihood as nuisance
parameters. Using control samples the effect of many uncertainties like energy scales and fake rates on
the background estimate can be constrained by the control samples. Uncertainties on the signal efficiency
do not affect the discovery sensitivity which is testing thepresence or absence of a signal; however, this
is not the case for exclusion sensitivity. As one would expect, uncertainty in the signal efficiency does
reduce the exclusion sensitivity. This uncertainty was incorporated into the profile likelihood calculation
by adding an extra term to the likelihood function for every channel as described in Section 2.1: a Gaus-
sian relating the nominal efficiency estimated in an auxiliary measurement, the true efficiency, and the
uncertainty of that auxiliary measurement.

3.1 H → γγ

Details on theH → γγ channel are given in Ref. [4]. We perform an unbinned maximum-likelihood
fit to extract the signal and background event yields by usingthe diphoton invariant mass,mγγ , as a
discriminating variable. TheH → γγ distribution of mγγ forms a Gaussian peak with tails to lower
values from photon energy losses before the calorimeter. Itis well modelled by aCrystal Ball function.
The signal probability density function,pH(mγγ), is given by

pH(mγγ) = N ·
{

exp
(
−t2/2

)
, for t >−α ,

(n/|α |)n ·exp
(
−|α |2/2

)
· (n/|α |− |α |− t)−n , otherwise,

(37)

wheret = (mγγ −mH − δmH)/σ(mγγ), N is a normalisation parameter,mH is the Higgs boson mass,
δmH is an offset andσ represents the diphoton invariant mass resolution. The non-Gaussian tail is
parametrised byn and α . We include an additional, broader Gaussian term in Eq. 37 toimprove the
description of the tails of the distribution. Within a sufficiently narrow mass window, the background of
mγγ is modeled by an exponential distribution with a single slope parameterξ .

The resulting median profile likelihood ratios for discovery, λ (µ = 0) (using toys+b Monte Carlo
experiments and taking the median of theλ (µ = 0) distribution ) are given in Table 1 for a few Higgs
masses at some given luminosities.

The distribution of the test statisticq0 under the null background only hypothesis, formH = 120 GeV
with an integrated luminosity of 2 and 10 fb−1, is shown in Fig. 6. A1

2χ2
1 distribution is superimposed,

showing the validity of the asymptotic approximation.
The median profile likelihood ratio for exclusion,−2lnλ (µ) (using toy background-only Monte

Carlo experiments and taking the median of theλ (µ) distribution) is given in Table 2 for a few Higgs
masses at several integrated luminosities and for a signal strengthµ = 1, corresponding to a Standard
Model Higgs Boson.

The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypotheses formH = 150 GeV with
an integrated luminosity of 2 and 10 fb−1 is shown in Figures 7. Aχ2

1 distribution is superimposed,
showing the validity of the asymptotic approximation.
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Table 1: Median values of−2lnλ (µ) (evaluated atµ = 0) obtained from fits to simulated data generated with
H → γγ signal plus background (µ = 1) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 115 120 130 140

1 0.35 0.55 0.75 0.67
2 0.75 1.07 1.45 0.95
5 1.95 2.95 3.65 2.55
10 3.95 5.86 7.35 5.05
30 11.85 17.72 21.99 15.05
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Figure 6: The distribution of the test statisticq0 (for H → γγ), under the null background only hypothesis, for
mH = 120 GeV with an integrated luminosity of 2 (a) and 10 (b) fb−1. A 1

2χ2
1 distribution is superimposed.

Table 2: Median values of−2lnλ (µ) (evaluated atµ = 1) obtained fromH → γγ background-only (µ = 0)
simulated data for several values of the Higgs mass and integrated luminosities.

L mH (GeV)
(fb−1) 115 120 130 140

1 0.72 0.73 0.91 0.67
2 0.97 1.21 1.39 0.97
5 2.11 2.59 3.13 2.23
10 3.55 4.87 5.71 4.04
30 8.47 10.50 11.63 9.00
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Figure 7:The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypothesis (forH → γγ), for mH = 120
GeV with an integrated luminosity of (a) 2 fb−1 and (b) 10 fb−1. A χ2

1 distribution is superimposed.

3.2 H →W+W−

TheH →W+W− search is divided into two topologies, production of a Higgswith no jets (H +0 j) and
with two additional jets (H + 2 j), using in both cases the decay modeH →WW→ eνµν . The present
study does not yet consider the final stateseνeν or µνµν , nor those with hadronic W decays. Future
inclusion of these channels is expected to improve the search sensitivity particularly for the high Higgs
mass region. The search is described in detail in Ref. [5].

3.2.1 H +0 j

The analysis of theH + 0 j channel uses a two dimensional maximum-likelihood fit of thetransverse
mass and the transverse momentum of the WW system in two bins of the dilepton opening angle in the
transverse plane. The fit includes control samples to measure the backgrounds fromtt and Z→ ττ .

The QCD WW background requires particular attention. Its distributions of Higgs-candidate trans-
verse mass andpT are described with functions containing several adjustable (nuisance) parameters, and
several others whose values are determined from a full MonteCarlo simulation and thereafter treated as
fixed. The distribution of the test statisticq0 under the background-only (µ = 0) hypothesis is shown in
Fig. 8(a) formH = 150 GeV for an integrated luminosity of 10 fb−1. The same fixed QCD WW shape
parameters are used both to generate the data and for calculating the likelihood ratio. A1

2χ2
1 distribution

is superimposed, showing the level of agreement of the asymptotic approximation.
For this channel, further investigation of the systematic uncertainties was carried out. For the fixed

shape parameters related topT and transverse mass distributions for the QCD WW background, the val-
ues used to generate the data were varied relative to what wasused when determining the likelihood ratio.
This was done in a manner that minimized the sensitivity of the resultingq0 distribution to variations in
other fixed parameters such as the QCDQ2 scale. The resulting distributions ofq0 are thus no longer
expected to follow the12χ2

1 form, as can be seen in Fig. 8(b).
Because the chi-square approximation is not valid in this case, thep-values are calculated using the

q0 distribution obtained directly from the Monte Carlo. An exponential is fitted to the tail region in
order to extrapolate to largeq0 values, and the median value ofq0 under the hypothesis of signal plus
background is determined using the same variation of the background parameters. It was found that the
medianp-value of the background-only hypothesis, with the median computed under assumption of the
s+b hypothesis, is very similar to the original case where the QCD shape parameters are not varied and
the 1

2χ2
1 distribution is used.
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Figure 8:The distribution of the test statisticq0 for H +0 j →WW+0 j, under the background-only hypothesis,
with the same fixed QCD WW shape parameters used at both the generator and the fit level, formH = 150 GeV
and for an integrated luminosity of 10 fb−1 (a) with the same shape parameters for event generation and fitting; (b)
with altered shape parameters. A1

2χ2
1 distribution is superimposed.

For the combination of results for discovery (i.e., testingµ = 0), we have used thep-values as
described above for the case of theH + 0 j channel. The same variation of QCD WW parameters was
also investigated for the case of exclusion (i.e., testingµ > 0, and in particularµ = 1), and it was done
as well for theH + 2 j channel. In those studies, however, the distributions, under the assumption of
µ , of the test statisticqµ were found to agree quite well with the expected1

2χ2
1 distribution, even after

the parameter variation. Therefore for these cases we have based the combination of results on the
asymptotic approximations for theqµ distributions (as done in this paper for the other Higgs channels).

To simplify the comparison with the other channels, the median p-values of the background-only
(µ = 0) hypothesis for theH + 0 j channel were converted into effective values of the variable q0 =
−2lnλ (0) according toq0 = Z2 =

(
Φ−1(1− p)

)2
. These are given in Table 3 for several Higgs masses

and integrated luminosities.

Table 3:Median values of−2lnλ (µ = 0) obtained fromH + 0 j fits using data simulated under the assumption
of signal plus background (µ = 1) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 130 140 150 160 170 180 190

1 1.64 4.30 9.56 16.52 15.39 7.37 3.17
2 2.87 8.60 19.36 34.67 30.58 13.73 5.63
5 6.55 20.15 42.77 74.39 63.58 31.54 13.54
10 11.52 33.27 70.67 113.33 103.44 51.06 22.78

The median profile likelihood ratio for exclusion,λ (µ) (using background-only MC experiments and
taking the median of theλ (µ) distribution), is given in Table 4 for several Higgs masses and integrated
luminosities for the signal strengthµ = 1.0, corresponding to a SM Higgs Boson.

The distribution of the statisticq1 for µ̂ ≤ 1 under thes+b hypothesis is shown in Fig. 9 formH = 150
GeV and for an integrated luminosity of 2 and 10 fb−1. A χ2

1 distribution is superimposed, showing the
validity of the asymptotic approximation.
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Table 4: Median values of−2lnλ (µ = 1) obtained fromH + 0 j fits using simulated background-only (µ = 0)
data for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 130 140 150 160 170 180 190

1 1.37 3.93 8.69 14.83 14.23 7.26 3.26
2 2.57 7.47 15.59 25.20 23.65 12.91 5.84
5 5.85 15.26 30.05 45.60 41.13 25.41 12.02
10 10.01 24.69 45.24 62.13 57.69 37.42 20.03
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Figure 9:The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypothesis forH +0 j →WW+0 j, for
mH = 150 GeV with an integrated luminosity of (a) 2 fb−1 and (b) 10fb−1. A χ2

1 distribution is superimposed.
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3.2.2 H +2 j

TheH +2 j analysis uses a two-dimensional fit based on the transverse mass and the output of a Neural
Network, which takes as input several kinematic variables related to the jet activity in the event. The fit is
performed simultaneously in signal-enriched and background-enriched regions distinguished by lepton
angular variables, which are nearly uncorrelated to the jetvariables used in the Neural Network.

The median profile likelihood ratios for discovery,−2lnλ (µ = 0) (using toys+b MC experiments
and taking the median of theλ (µ = 0) distribution), are given in Table 5 for several Higgs massesand
integrated luminosities.

Table 5: Median values of−2lnλ (µ) for µ = 0 obtained fromH + 2 j fits to simulated data with signal plus
background (µ = 1) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 130 140 150 160 170 180 190

1 0.39 0.89 1.61 2.73 2.89 1.85 1.23
2 0.70 1.75 3.22 5.34 5.67 3.66 2.07
5 2.01 5.29 8.87 14.20 14.58 9.22 5.71
10 3.82 9.14 16.56 26.35 26.05 16.68 9.93

The distribution of the statisticq0 under the background-only hypothesis is shown in Fig. 10 for
mH = 150 GeV and for an integrated luminosity of 2 and 10 fb−1. A 1

2χ2
1 distribution is superimposed,

showing the validity of the asymptotic approximation.
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Figure 10: The distribution of the test statisticq0 (for H + 2 j → WW+ 2 j), under the null background only
hypothesis, formH = 150 GeV and for an integrated luminosity of 2 (a) and 10 (b)f b−1. A 1

2χ2
1 distribution is

superimposed.

The median profile likelihood ratio for exclusion,−2lnλ (µ) with µ = 1, where the median is com-
puted using background-only MC data, is given in Table 6 for several Higgs masses and integrated
luminosities.

The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+ b hypothesis is shown in Figures 11
for mH = 150 GeV with an integrated luminosity of 2 and 10fb−1. A χ2

1 distribution is superimposed,
showing the validity of the asymptotic approximation.
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Table 6:Median values of−2lnλ (µ) for µ = 1 obtained fromH +2 j fits to simulated background-only (µ = 0)
data for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 130 140 150 160 170 180 190

1 0.37 0.75 1.31 2.29 2.44 1.99 0.95
2 0.87 2.49 5.06 8.18 7.74 3.85 1.90
5 1.40 3.13 5.86 9.58 9.90 7.89 4.59
10 2.80 6.56 10.72 16.14 16.62 13.94 8.74
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Figure 11:The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+ b (µ = 1) hypothesis (forH + 2 j →
WW+ 2 j), for mH = 150 GeV with an integrated luminosity of (a) 2 fb−1 and (b) 10fb−1. A χ2

1 distribution is
superimposed.
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3.3 H → τ+τ−

The sensitivity of the ATLAS detector to a Higgs boson produced via Vector Boson Fusion and decaying
to tau leptons has been investigated [6].

Two tau decay channels are considered:ll andlh. Although there are several neutrinos in the event,
it is possible to reconstruct theτ+τ− invariant mass,mττ , by making the collinear approximation, in
which the decay products of theτ are assumed to be collinear with theτ direction in the laboratory
frame. After other event selection criteria are imposed, the spectrum ofmττ is used to extract the signal.
Particular care has been given to the incorporation of uncertainty in both the rate and shape for the signal
and backgrounds.

A data-driven background estimation technique has been established for the major backgrounds.
Each technique has been developed to address the aspects of the background estimation which are most
relevant for the analysis: the shape of themττ tail from the irreducibleZ→ ττ , the fake tau contribution
in the lh-channel, and the normalization of the QCD backgrounds.

In addition to themττ spectrum from theZ → ττ and QCD control samples, a track multiplicity
distribution is used to constrain the fraction of QCD eventsin the lh-channel. This likelihood term is
denotedLtrack(rQCD, rtau), wherertau (rQCD) denotes the fraction of real taus (fakes from jets) in the
sample. The track multiplicity distribution for the QCD jets is modelled from samples of QCD di-jets
that produce tau candidates.

The shape of themττ distribution for signal andZ→ ττ events is dictated by the resolution of/ET and
the kinematics of the collinear approximation. The parameterization ofmττ for the signal andZ → ττ
background are based on the kinematics of the collinear approximation and reproduces an asymmetric
distribution with non-Gaussian tails. This distribution is dependent on the overall width width,σH/Z, and
a mean,mH/Z.

A Z→ ττ control sample is used to constrain the mean,mZ, and the overall width of the distribution,
σZ, which are the only free parameters in theZ → ττ background model. The error bars in the control
sample were scaled to 10% to account for the 10% shape uncertainty in theµ → τ rescaling method.

The shapes forW+jets andtt̄ are very similar and are modelled with a single distribution. A con-
servative 50% error is applied to each bin in the combined QCD(i.e., tt̄ andW+jets) control sample to
reflect uncertainty in how this shape changes as the remainder of the analysis cuts are applied.

The shape of the QCD background was parametrized with the following equation:

LQCD(mττ |a1,a2,a3) = N

(
1

mττ +a1

)a2

ma3
ττ . (38)

The form is motivated by a competition between the parton distribution functions and the matrix element.
In the lh-channel, the normalization of the backgrounds with fake taus can be constrained by using the
track multiplicity method described above. We apply a conservative 50% systematic on this fraction.

By fitting themττ spectrum to a model that accurately describes the signal andvarious backgrounds
it is possible to directly incorporate uncertainty in the background shape and take advantage of the shape
of the signal within the mass window. We utilize the profile likelihood ratio as our test statistic. The
likelihood function corresponding to the simultaneous fit is simply a product of the likelihoods from the
individual measurements:

L(data|µ ,mH ,ν) = Ltrack(track multiplicity|rQCD)×LZ(Z+ jets control|mZ,σZ)
× LQCD(QCD control|a1,a2,a3)
× Ls+b(signal candidates|µ ,mH ,σH ,mZ,σZ, rQCD,a1,a2,a3), (39)

where theai are the parameters used to parametrize the QCD background and ν represents all nuisance
parameters of the model:σH ,mZ,σZ, rQCD,a1,a2,a3.
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The data-driven background estimation methods described above have been developed so that un-
certainty in the background shape and normalization are included directly into the significance calcu-
lation. Because the discovery criterion is simply testing the presence or absence of the signal, it is not
sensitive to some of the sources of systematic uncertainty.In contrast, measurement and exclusion of
σ(pp→ qqH)×BR(H → ττ) are sensitive to the uncertainty on the signal selection efficiency. Both
experimental and theoretical sources of uncertainty on thesignal efficiency have been evaluated. The jet
energy scale uncertainty dominates in this channel, and a signal efficiency uncertainty of 18% was used
when estimating the exclusion sensitivity.

The median profile likelihood ratios for discovery,λ (µ = 0) (using the Asimov data sets withµA =
1), are given in Table 7 for a few Higgs masses at some given luminosities. The distribution of the test
statisticq0 under the null background only hypothesis, formH = 130 GeV with an integrated luminosity
of 2 and 10fb−1, is shown in Figure 12. A1

2χ2
1 distribution is superimposed, showing the validity of the

asymptotic approximation.

Table 7: Median values of−2lnλ (µ = 0) obtained fromH → τ+τ− simulated data generated with signal plus
background (µ = 1) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 110 120 130 140

1 0.59 0.88 0.72 0.46
2 1.18 1.74 1.40 0.89
5 2.91 4.43 3.34 2.08
10 5.81 8.23 6.37 3.91
30 17.2 23.6 17.6 10.6

The resulting median profile likelihood ratio for exclusion, λ (µ) (using the Asimov data sets,µA =
0), is given in Table 8 for a few Higgs masses at some given luminosities and signal strengthµ = 1.0
corresponding to a Standard Model Higgs Boson.

The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypotheses formH = 130GeV with
an integrated luminosity of 2 and 10 fb−1 is shown in Figures 13. Aχ2

1 distribution is superimposed,
showing the validity of the asymptotic approximation.

Table 8:Median values of−2lnλ (µ = 1) obtained fromH → τ+τ− background-only (µ = 0) simulated data for
several values of the Higgs mass and integrated luminosities.

L mH (GeV)
(fb−1) 110 120 130 140

1 0.64 0.71 0.52 0.32
2 1.31 1.41 1.03 0.64
5 3.30 3.42 2.52 1.56
10 6.93 7.79 7.18 3.48
30 15.3 16.6 12.8 8.48
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Figure 12: The distribution of the test statisticq0 for H → τ+τ− under the null background-only hypothesis,
for mH = 130GeV with an integrated luminosity of 2 (a) and 10 (b) fb−1. A 1

2χ2
1 distribution is superimposed.

Figures (c) and (d) show 1−F(q0) whereF(q0) is the corresponding cumulative distribution. The small excess
of events at highq0 is statistically compatible with the expected curves, as can be seen by comparison with the
dotted histograms that show the 68.3% central confidence intervals forp = 1−F(q0|0). The lower dotted line at
2.87×10−7 shows the 5σ discovery threshold.
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Figure 13: The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+ b hypothesis forH → τ+τ−, for
mH = 130GeV with an integrated luminosity of (a) 2 fb−1 (b) and 10 fb−1. A χ2

1 distribution is superimposed.
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3.4 H → ZZ(∗) → 4l

Details of theH → ZZ(∗) → 4l channel can be found in Ref. [7]. The main challenge of this channel
for what concerns statistical analysis is its relevance over a very wide mass range (frommH around
120GeV up to 700GeV), over which the shapes and cross sections of both signal and background show
considerable variations.

While in principle it would be possible to divide the mass range in different regions and use sepa-
rate models for each of them, using a unique background modelfor the whole phase space is a better
approach, since it allows to estimate discovery and exclusion significance at any mass, without having
to worry about boundaries between different models. This will be needed of course when the analysis is
performed using real data, wheremH is unknown.

The main background after event filtering in this channel is the irreducibleZZ→ 4l process. Re-
ducible backgrounds such asZbb̄→ 4l +X or tt̄ give a negligible contribution to the overall shape, with
the only exception of themH = 120GeV case, whereZbb̄→ 4l + X modifies the background shape in
the low mass region, and it must therefore be taken into account.
The irreducible background has been modelled using a combination of Fermi functions which are suit-
able to describe both the plateau in the low mass region and the broad peak corresponding to the second
Z comingon shell. The chosen model is described by the following function:

p0

(1+e
p6−MZZ

p7 )(1+e
MZZ−p8

p9 )
+

p1

(1+e
p2−MZZ

p3 )(1+e
p4−MZZ

p5 )
. (40)

The first plateau, in the region where only one of the two Z bosons ison shell, is modelled by the
first term, and its suppression, needed for a correct description at higher masses, is controlled by thep8
andp9 parameters. The second term in the above formula accounts for the shape of the broad peak and
the tail at high masses. This function can describe with a negligible bias the ZZ background shape with
good accuracy over the full mass range.

As already mentioned, theZbb̄ contribution is relevant only when searching for very lightHiggs
bosons (in this study, onlymH = 120GeV). In this case, an additional term is added to the ZZ continuum,
with a functional form similar to the second part of equation40. For what concerns signal modelling, a
simple Gaussian shape has been used formH ≤ 300GeV, while a relativistic Breit-Wigner formula was
needed to properly describe the big tails arising at higher values of the Higgs mass.

In the fits to determine the profile likelihood ratio,mH is fixed to the hypothesized value, whileσH

is allowed to float in a±20% range around the value obtained from the signal Monte Carlo distributions.
All the parameters describing the background shape are floating within sensible ranges. Given the com-
plexity of the model involved, the fit can from time to time gettrapped into local minima. While there is
no easy way to avoid this problem, the fake measurements obtained in this case are easy to distinguish
from the correct ones, and a repetition of the fit from a different starting point is enough to solve the
problem.

The resulting median profile likelihood ratios for discovery, −2lnλ (µ = 0), with the median com-
puted using toys+b MC data (i.e., withµ = 1), are given in Table 9 for several values of the Higgs mass
and integrated luminosity.

The distribution of the test statisticq0 under the null background-only hypothesis, formH = 200 GeV
with an integrated luminosity of 2 and 10fb−1, is shown in Fig. 14. A1

2χ2
1 distribution is superimposed,

showing the validity of the asymptotic approximation.
The resulting median profile likelihood ratio for exclusion, λ (µ) (using toy background-only MC

experiments and taking the median of theλ (µ) distribution), is given in Table 10 for several Higgs
masses and luminosities using a signal strengthµ = 1.0 corresponding to a Standard Model Higgs boson.

The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypothesis formH = 200 GeV with
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Table 9:Median values of−2lnλ (µ = 0) obtained fromH → ZZ(∗) → 4l simulated data generated with signal
plus background (µ = 1) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 120 130 140 150 160 165 180 200 300 400 500 600

1 0.22 1.20 3.98 5.35 1.65 0.49 0.86 6.86 5.20 3.55 0.88 0.31
2 0.44 2.40 7.96 10.7 3.30 0.98 1.71 13.7 10.4 7.68 1.74 0.62
5 1.05 5.97 19.9 26.7 8.26 2.46 4.27 34.3 25.8 17.8 4.34 1.54
10 2.18 12.0 39.8 53.5 16.5 4.9 8.55 68.7 51.6 35.5 8.47 3.11
30 6.56 35.8 120 160 48.9 14.8 25.6 206 162 108 27.9 10.9
60 13.1 71.6 239 321 99.1 29.5 51.3 407 310 213 52.6 18.6
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Figure 14: The distribution of the test statisticq0 (for H → 4l ), under the null background only hypothesis,
for mH = 200 GeV with an integrated luminosity of 2 (a) and 10 (b) fb−1. A 1

2χ2
1 distribution is superimposed.

Figures (c) and (d) show 1−F(q0) whereF(q0) is the corresponding cumulative distribution. The small excess
of events at highq0 is statistically compatible with the expected curves, as can be seen by comparison with the
dotted histograms showing the 68.3% central confidence intervals for p = 1−F(q0|0). The lower dotted line at
2.87×10−7 shows the 5σ discovery threshold.
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Table 10:Median values of−2lnλ (µ = 1) obtained fromH → ZZ(∗) → 4l simulated data generated with back-
ground only (µ = 0) for several values of the Higgs mass and integrated luminosity.

L mH (GeV)
(fb−1) 120 130 140 150 160 165 180 200 300 400 500 600

1 0.16 0.93 2.25 3.12 1.23 0.39 0.51 4.86 2.86 2.36 0.87 0.28
2 0.33 1.85 4.50 6.22 2.4 0.75 1.90 9.64 5.68 4.69 1.74 0.56
5 0.83 4.60 11.2 15.4 6.09 2.28 4.74 23.5 14.0 11.6 4.32 1.39
10 1.60 9.14 22.0 30.3 12.1 3.86 5.05 45.2 27.3 22.7 8.57 2.77
30 4.78 26.8 63.0 85.3 35.1 11.4 14.7 105 74.1 63.0 24.9 8.22
60 8.90 51.7 117 155 66.9 22.3 28.0 174 129 113 47.6 16.1

an integrated luminosity of 2 and 10fb−1 is shown in Figures 15. Aχ2
1 distribution is superimposed,

showing the validity of the asymptotic approximation.
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Figure 15:The distribution of the test statisticq1 for µ̂ ≤ 1 under thes+b hypothesis (forH → 4l ), for mH = 200
GeV with an integrated luminosity of (a) 2 fb−1 and (b) 10fb−1. A χ2

1 distribution is superimposed.

3.5 Limitations of the approximations used

The distributions shown in Sections 3.1 through 3.4 show varying levels of agreement between the
asymptotic chi-square form and the results of Monte Carlo simulations. For theWW (0 jet) channel
(Fig. 8), the discrepancy in the distribution ofq0 is very large, and this is understood to arise from the
special manner in which the systematic uncertainties for this channel were treated. The distribution ofq0

for theWW (0 jet) channel therefore does not use the asymptotic formula. This is the only channel for
which the approximation was not applied.

For other cases such as the distribution ofq1 for theH → γγ channel shown in Fig. 7, the Monte Carlo
distribution falls off significantly faster than the chi-square curve. This means that the significance with
which one excludes the tested hypothesis will be less when estimated from the chi-square curve, leading
to conservative limits. As the integrated luminosity increases, one expects to the asymptotic formula to
become more accurate.

In some of the distributions such as that ofq0 for theH → ZZ(∗) → 4l channel shown in Fig. 14, the
Monte Carlo simulation indicates a slight excess over the chi-square curve in the tail region. The level of
the excess is not statistically significant in the part of thedistribution that can be meaningfully assessed
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given the amount of Monte Carlo data available (out toq0 between around 9 to 16, i.e., to the level of a
3 to 4σ discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5σ level (i.e., out toq0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5σ level.

The validation exercises carried here out indicate that themethods used should be valid, or in some
cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statisticqµ at different values ofµ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined,λs+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel,λs+b,i(0), found either by generating toy experiments
under thes+b hypothesis and calculating the median of theλs+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets withµA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e.,Z ≈

√
−2lnλ (0),

whereλ (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined oneare shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16:The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

The median discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5σ contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however,the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusionfor a signal strengthµ , λb(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, λb,i(µ), calculated, either by generating
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Figure 17: Significance contours for different Standard Model Higgs masses and integrated luminosities. The
thick curve represents the 5σ discovery contour. The median significance is shown with a colour according to the
legend. The hatched area below 2 fb−1 indicates the region where the approximations used in the combination are
not accurate, although they are expected to be conservative.

toy experiments under theb-only hypothesis and calculating the median of theλb,i distribution or ap-
proximating the median likelihood ratio using the Asimov data sets withµA,i = 0. Both approaches were
checked to agree with each other. A signal strengthµ = 1 corresponds to the Standard Model Higgs
boson.

Any exclusion ofµ(mH) smaller than 1 corresponds to an exclusion of a Standard Model Higgs
boson with a massmH . To probe the median sensitivity for excluding a Standard Model Higgs boson we
follow Eq. 35 and calculate the correspondingp-value forµ = 1, p1 for a given luminosity at a given
Higgs mass. Ap-value of 0.05 corresponds to a significance (Eq. 36) of 1.64. The resultingp1 for the
various channels as well as for the combination, for a luminosity of 2fb−1, are shown in Fig. 18. Note
that anyp-value below 0.05 indicates an exclusion. We therefore conclude that with aluminosity of 2
fb−1 ATLAS has the median sensitivity to exclude a Standard ModelHiggs boson heavier than 115 GeV
at the 95% Confidence Level. This can also be seen from Fig. 19,which shows the luminosity required
to exclude a Higgs boson with a massmH at a given confidence level from the combination of the four
channels explored in this note.

The sharp increase in the required luminosity for lowermH seen in Fig. 17 reflects the decrease in
sensitivity to the Higgs when using only the set of channels considered here. Further developments will
increase the sensitivity in this region. For example, improved analysis methods for theH → γγ channel
are described in Ref. [4], including a separation of the events into those with zero or two accompanying
jets. Additional final states such asttH with H → bb will help somewhat, although the contribution to
the sensitivity will be small because of the large uncertainties in the background.

For theWW channel, the present study includes only theeνµν decay mode, but it is planned to
includeeνeν , µνµν andqqlν as well. TheZZ(∗) channel here only includesZ decays toeeandµµ , but
in future analysesqqνν will be included. The additionalWW andZZ(∗) modes have been found to have
sensitivity for a high-mass Higgs. Finally, combination with the results from ATLAS with those of CMS
will of course result in an overall increase in sensitivity.
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Figure 18:The medianp-value obtained for excluding a Standard Model Higgs Boson for the various channels
as well as the combination for (a) the lower mass range (b) formasses up to 600 GeV.
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in the combination are not accurate, although they are expected to be conservative.
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5 Conclusions

The procedure for combination of search results based on theprofile likelihood ratio has been applied
to a study of the search for the Standard Model Higgs boson using four search channels:H → τ+τ−,
H →W+W− → eνµν , H → γγ andH → ZZ(∗) → 4 leptons. The combination method is very general
and can be applied to essentially any search that will be carried out at the LHC.

The study here has not exploited all of the search channels that will be investigated and therefore the
current estimates of the sensitivity can be regarded as conservative. For example, using further decay
modes in theZZ andWWchannels will provide additional sensitivity especially for a Higgs boson in the
higher mass range.

The studies have exploited a series of useful approximations that allow one to determine the median
discovery and exclusion sensitivities from a combined fit ina manner that only requires separate input
ingredients from the individual channels. The determination of the significance for a given (e.g., real)
data set, however, will require a simultaneous fit of all of the channels.

It is not practical at present to generate enough Monte Carlodata to verify directly that the tail of
the profile likelihood distribution is well described to thelevel required for discovery at the 5σ level,
corresponding to an upper tail area of 2.87× 10−7. The estimates of discovery significance presented
here therefore rely on the assumption that the large-sampleapproximation used remains valid out to this
level.

The validation studies shown in Section 3 indicate that the approximations used should be reasonably
accurate or lead to conservative limits for an integrated luminosity of at least 2 fb−1. For the earlier
stages of the experiment it is expected that one will need to rely on Monte Carlo methods, which should
be feasible for exclusion limits at the 95% confidence level.

The profile likelihood ratio treats systematic errors by associating the uncertainties with adjustable
(nuisance) parameters. Other methods for treating systematic uncertainties can also be considered. Us-
ing Bayesian methods, for example, one would associate a prior probability density with the nuisance
parameters. We plan to develop and use this and other approaches in parallel with the profile likelihood
method for searches at the LHC.

The study presented in this paper provides the discovery significance for a Higgs boson of a specific
mass. That is, the traditional discovery thresholdp-value of 2.87× 10−7 corresponding to a 5σ effect
for a given hypothesized Higgs mass refers to the false discovery rate for a Higgs of that mass. The false
discovery rate for a Higgs ofanymass is higher, and several approaches are being pursued to quantify this
(the so-called ‘look-elsewhere effect’). The most mature of these methods involves using a simultaneous
fit of the Higgs massmH and the strength parameterµ (or equivalently the Higgs production rate), as has
been discussed in the studies ofH → γγ [4] andH →W+W− [5].

To summarize, the studies based on the four channels considered in this note confirm the good dis-
covery and exclusion sensitivities already shown in the ATLAS Technical Design Report (TDR) [10].
Furthermore the results here are based on better knowledge and a more realistic simulation of the detec-
tor than what is described in the TDR. Because of the approximations used, the present studies are valid
only for luminosities above 2fb−1. With a luminosity of 2fb−1 the expected (median) sensitivity is at the
5σ level or greater for discovery of a Higgs boson in the mass range between 143 and 179 GeV, and the
expected upper limit at 95% confidence level on the Higgs massis 115 GeV.

A Comparison with procedures used at LEP

In this appendix we compare the procedures described in the present analysis with those used in searches
carried out at LEP. More details on these methods be found in [8]. The important differences involve
the definition of the test statistic used and the treatment ofsystematic uncertainties. In addition, the LEP
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analyses adopted a special procedure to prevent spurious exclusion due to a downward fluctuation of the
number of events (the CLs method, see below).

In the LEP Higgs searches, a hypothesized value of the Higgs massmH was tested by constructing
the statistic

Q =
Ls+b

Lb
=

L(µ = 1)
L(µ = 0)

, (41)

where as beforeb (µ = 0) represents the background-only hypothesis ands+ b (µ = 1) refers to back-
ground plus signal at the rate predicted by the Standard Model. For convenience the equivalent logarith-
mic variableq =−2lnQ was used.

The sampling distribution ofQ was determined by Monte Carlo simulation. The Monte Carlo was
also used to incorporate systematic errors by sampling values of the corresponding nuisance parameters
from pdfs that reflected their uncertainties. That is, one effectively integrated the product of the likelihood
and prior pdfs for the nuisance parameters.

For a give observed valueqobs = −2lnQobs, the p-values for thes ands+b hypotheses were deter-
mined as

ps+b =
∫ ∞

qobs

f (q|s+b)dq≡CLs+b , (42)

pb =
∫ qobs

−∞
f (q|b)dq≡ 1−CLb . (43)

Having determine thep-values, the LEP analyses then based exclusion of thes+b hypothesis not on the
p-value ofs+b but rather on the ratio CLs, defined as

CLs =
CLs+b

CLb
=

ps+b

1− pb
. (44)

The signal-plus-background hypothesis was said to be excluded at confidence level CL= 1−α = 0.95
if one finds

CLs < α . (45)

Since CLb ≤ 1, one has CLs ≥ CLs+b. Therefore the CLs method will not exclude as large a region of
parameter space as that based on the signal-plus-background p-value (CLs+b method). As the CLs+b

method was designed to provide an interval that brackets thetrue value of the parameter with a proba-
bility of at least 1−α , the CLs limit must cover the true parameter with a greater probability; it is in
this sense conservative. The CLs method was devised so as to avoid the problem where a downward
fluctuation in the number of background events can lead to exclusion of the Higgs mass considered, even
for hypothesized mass values where one does not expect to be sensitive to Higgs production [9].

In contrast, in the present analysis we test a hypothesized value of the strength parameterµ using

qµ =−2ln
L(µ , ˆ̂θ )
L(µ̂ , θ̂ )

, (46)

as described in Section 2. With this definition, the samplingdistribution of the test statisticf (qµ |µ)
approaches a well defined form related to the chi-squared distribution for a sufficiently large data sample.
The ability to exploit this approximate form is very useful as the relevantp-value for a 5σ discovery
is 2.87× 10−7, and therefore to determine this from Monte Carlo would require an extremely large
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number of simulated experiments. At LEP this was not a crucial issue as the statistical treatment focused
primarily on exclusion limits at 95% CL, not on discovery at the 5σ level.

Systematic uncertainties here have been incorporated using the profile likelihood, rather than with
the integrated likelihoods used at LEP. For the uncertainties most relevant to the analyses at the LHC, the
broadening of the likelihood function obtained by both procedures is similar. It is the profile likelihood
ratio and not the ratio of integrated likelihoods, however,that approaches the chi-squared form in the
large sample limit in accordance with Wilks’ theorem.

The CLs method has not been applied in the present analysis but studies of its application to searches
in ATLAS are ongoing.

A final difference with the LEP procedures concerns the definition of significanceZ. Here we have
defined its relation to thep-value as the number of standard deviations of a Gaussian variable that would
give a one-sided tail area ofp, as described in Section 2.1. A significance ofZ = 5 corresponds to
p= 2.87×10−7. The LEP Higgs group defined this relation using a two-sided fluctuation of a Gaussian
variable, i.e., a 5σ significance corresponded top = 5.7×10−7.
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Supersymmetry Searches
Abstract
This chapter serves as an introduction to a collection of six articles that detail
the strategy foreseen to search for Supersymmetry with the ATLAS detector
at the Large Hadron Collider, concentrating on the initial data taking period
with an expected integrated luminosity of about 1 fb−1 . We review here the
phenomenology of Supersymmetry with ATLAS and discuss how events are
simulated and reconstructed, concentrating on aspects related to Supersymme-
try searches. We also introduce many of the experimental variables that are
used throughout this collection.

1 Introduction

Supersymmetry (SUSY) is one of the theoretically favoured candidates for physics beyond the Standard
Model. The main motivation is to protect the Higgs boson mass from quadratically diverging radiative
corrections, in a theory where the Standard Model is valid only up to a high scale Λ. The proposed
solution postulates the invariance of the theory under a symmetry which transforms fermions into bosons
and vice-versa.

The basic prediction of SUSY is thus the existence, for each Standard Model particle degree of
freedom of a corresponding sparticle, with spin different by half a unit. The SUSY generators commute
with the SU(2)×U(1)× SU(3) symmetries of the Standard Model, and with the Poincaré group. It
follows that with unbroken SUSY the partner particles would have the same quantum numbers and
masses as the Standard Model particles. Since no superpartner has been observed to date, SUSY must be
broken. A common approach to the phenomenological study of SUSY is to assume the minimal possible
particle content, and to parametrise the SUSY-breaking Lagrangian as the sum of all the terms which
do not reintroduce quadratic divergences into the theory. The model thus obtained is called Minimal
Supersymmetric Standard Model (MSSM) and is characterised by a large number of parameters (∼ 100).
In order to warrant the conservation of baryonic and leptonic quantum numbers, a new multiplicative
quantum number, R-parity, is introduced, which is 1 for particles and -1 for the SUSY partners. Models
where R-parity is violated can be formulated, but in the current volume we concentrate on models with
R-parity conservation.

The consequences of R-parity conservation are that sparticles must be produced in pairs, and that
each will decay to the lightest SUSY particle (LSP) which must be stable. Cosmological arguments
suggest that stable LSPs should be weakly interacting and so would escape direct detection at ATLAS,
resulting in the characteristic feature expected for SUSY events – an imbalance of the transverse energy
measured in the detector, abbreviated here as Emiss

T . The associated signatures will provide sensitivity
to a large class of models. The aim of the simulation studies is to ensure that the ATLAS experiment
will have rapid sensitivity to a large ensemble of SUSY models, and to develop a general search strategy.
It is not possible to explore in full the 100-dimensional parameter space of the MSSM. It is therefore
necessary to adopt some specific assumptions for the SUSY breaking, resulting in models defined by a
small number of parameters at the SUSY breaking scale. Two models will be studied in detail:

• mSUGRA, where SUSY breaking is mediated by gravitational interaction;

• GMSB, where SUSY breaking is mediated by a gauge interaction through messenger gauge fields.

These two models give quite different topologies, due to the different nature of the lightest SUSY particle,
which is the lightest neutralino for the mSUGRA case and the gravitino for the GMSB case. For each
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of these models a set of benchmark points has been defined, on which full simulation studies have been
performed.

The analysis work presented in the different SUSY notes is a coherent body of work based on an
agreement among the many groups performing the analyses on many subjects both theoretical and ex-
perimental. All of the analyses are based on a common implementation of the SUSY model, common
background datasets have been used, and all of the analyses apply a common definition of the physics
objects in the detectors, optimised for the specific environment of the SUSY searches. In the following
sections a quick overview of these common issues will be given, which should be read before approach-
ing the detailed studies documented in the different notes.

2 Signal and Background generation

The simulated data used for the studies documented here have been produced by Monte Carlo simulation
inside the official ATLAS software and production frameworks, and for all of the samples a detailed
simulation of the detector has been performed.

2.1 Signal samples

For the detailed SUSY analysis a set of benchmark points in the mSUGRA and GMSB frameworks were
chosen, with the aim of exploring sensitivity to a wide class of of final-state signatures.

For the mSUGRA points, the principle that the predicted cosmological relic density of neutralinos
should be consistent with the observed density of cold dark matter was used for guidance. In order
to reproduce the observed relic density, the model parameters must result in a spectrum which ensures
efficient annihilation of the neutralinos in the early universe. In the mSUGRA scenario this is possible
only in restricted regions of the parameter space where annihilation is enhanced either by a significant
higgsino components in the lightest neutralino or through mass relationships. The points chosen are
defined in terms of the mSUGRA parameters at the unification scale:

SU1 m0 = 70 GeV, m1/2 = 350 GeV, A0 = 0, tanβ = 10, µ > 0. Coannihilation region where
χ̃0

1 annihilate with near-degenerate ˜̀.
SU2 m0 = 3550 GeV, m1/2 = 300 GeV, A0 = 0, tanβ = 10, µ > 0. Focus point region near

the boundary where µ2 < 0. This is the only region in mSUGRA where the χ̃0
1 has a high

higgsino component, thereby enhancing the annihilation cross-section for processes such
as χ̃0

1 χ̃0
1 →WW .

SU3 m0 = 100 GeV, m1/2 = 300 GeV, A0 = −300 GeV, tanβ = 6, µ > 0. Bulk region: LSP
annihilation happens through the exchange of light sleptons.

SU4 m0 = 200 GeV, m1/2 = 160 GeV, A0 = −400 GeV, tanβ = 10, µ > 0. Low mass point
close to Tevatron bound.

SU6 m0 = 320 GeV, m1/2 = 375 GeV, A0 = 0, tanβ = 50, µ > 0. The funnel region where
2mχ̃0

1
≈ mA. Since tanβ � 1, the width of the pseudoscalar Higgs boson A is large and τ

decays dominate.
SU8.1 m0 = 210 GeV, m1/2 = 360 GeV, A0 = 0, tanβ = 40, µ > 0. Variant of coannihilation

region with tanβ � 1, so that only mτ̃1−mχ̃0
1

is small.
SU9 m0 = 300 GeV, m1/2 = 425 GeV, A0 = 20, tanβ = 20, µ > 0. Point in the bulk region with

enhanced Higgs production
The SUSY particle mass spectra for each of these points are listed in Table 2.

The leading-order and next-to-leading-order cross-sections at 14 TeV center of mass for the chosen
points are given in Table 1. These have been calculated with the program PROSPINO 2.0.6 [1–3], using
the default settings, and the parton distribution set CTEQ6M [4].
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Table 1: Production cross-sections at leading order (σLO) and next-to-leading order (σNLO), numbers
of Monte Carlo events simulated (N) and corresponding integrated luminosity for the SUSY benchmark
points used by ATLAS.

Label σLO (pb) σNLO (pb) N L (fb−1)
SU1 8.15 10.86 200 K 18.4
SU2 5.17 7.18 50 K 7.0
SU3 20.85 27.68 500 K 18.1
SU4 294.46 402.19 200 K 0.50
SU6 4.47 6.07 30 K 4.9
SU8.1 6.48 8.70 50 K 5.7
SU9 2.46 3.28 40 K 12.2

Table 2: Particle mass spectrum (in GeV) for the SUSY benchmark points.

Particle SU1 SU2 SU3 SU4 SU6 SU8.1 SU9
d̃L 764.90 3564.13 636.27 419.84 870.79 801.16 956.07
ũL 760.42 3563.24 631.51 412.25 866.84 797.09 952.47
b̃1 697.90 2924.80 575.23 358.49 716.83 690.31 868.06
t̃1 572.96 2131.11 424.12 206.04 641.61 603.65 725.03
d̃R 733.53 3576.13 610.69 406.22 840.21 771.91 920.83
ũR 735.41 3574.18 611.81 404.92 842.16 773.69 923.49
b̃2 722.87 3500.55 610.73 399.18 779.42 743.09 910.76
t̃2 749.46 2935.36 650.50 445.00 797.99 766.21 911.20
ẽL 255.13 3547.50 230.45 231.94 411.89 325.44 417.21
ν̃e 238.31 3546.32 216.96 217.92 401.89 315.29 407.91
τ̃1 146.50 3519.62 149.99 200.50 181.31 151.90 320.22
ν̃τ 237.56 3532.27 216.29 215.53 358.26 296.98 401.08
ẽR 154.06 3547.46 155.45 212.88 351.10 253.35 340.86
τ̃2 256.98 3533.69 232.17 236.04 392.58 331.34 416.43
g̃ 832.33 856.59 717.46 413.37 894.70 856.45 999.30

χ̃0
1 136.98 103.35 117.91 59.84 149.57 142.45 173.31

χ̃0
2 263.64 160.37 218.60 113.48 287.97 273.95 325.39

χ̃0
3 466.44 179.76 463.99 308.94 477.23 463.55 520.62

χ̃0
4 483.30 294.90 480.59 327.76 492.23 479.01 536.89

χ̃+
1 262.06 149.42 218.33 113.22 288.29 274.30 326.00

χ̃+
2 483.62 286.81 480.16 326.59 492.42 479.22 536.81

h0 115.81 119.01 114.83 113.98 116.85 116.69 114.45
H0 515.99 3529.74 512.86 370.47 388.92 430.49 632.77
A0 512.39 3506.62 511.53 368.18 386.47 427.74 628.60
H+ 521.90 3530.61 518.15 378.90 401.15 440.23 638.88

t 175.00 175.00 175.00 175.00 175.00 175.00 175.00
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Even though the SUSY benchmark points are all based on the mSUGRA scenario, they provide a
rather wide range of possible decay topologies. They share some common features, for example for all
these points the gluino mass is less than 1 TeV, and the ratio mg̃/mχ̃0

1
= 6–8. For all points except SU2,

the squark and gluino masses are comparable. Hence gluinos and squarks would be copiously produced
and would decay giving relatively high pT jets, possibly leptons, and Emiss

T . These features are relatively
general – although not guaranteed – but the cold dark matter density predictions are very specific to
mSUGRA.

The signatures from GMSB models are often very different because the χ̃0
1 is no longer the lightest

supersymmetric particle, so it would be expected to decay, and (depending on its lifetime) may do so
within the detector. Given its particular experimental signature, a dedicated article of this chapter is
devoted to the relevant signatures [5], where the GMSB benchmarks are discussed in detail.

2.2 Backgrounds

The Standard Model background processes most relevant to SUSY searches are tt̄, W + jets, Z + jets, jet
production from QCD processes and diboson production.

Different Monte Carlo generators were used for different processes, in the attempt of optimising
the reliability of the estimate for the Standard Model backgrounds. See Ref. [6] for a more detailed
description.

For tt̄ production, which is the dominant background for many of the signatures, the MC@NLO [7,8]
generator was used. It includes full next-to-leading order QCD corrections, affording a quite stable
absolute cross-section prediction and a good description of the final state kinematics for events with up
to one additional QCD jet. QCD showering and fragmentation are performed using the HERWIG [9,10]
program. Single top production is expected to add a very small contribution [11], but has also been
investigated.

Typically SUSY analyses require large jet multiplicities. It is very important to simulate correctly
the kinematics of the additional jets for processes like W + jets and Z + jets. For these processes we
therefore used the ALPGEN [12] generator, which at leading order in QCD and electroweak interactions,
calculates the exact matrix elements for multiparton hard processes in hadronic collisions. Showering
and hadronisation are provided through the HERWIG program. In order to achieve a correct description
of the jet multiplicities, it is necessary to perform a correct match between the jets produced by the
matrix-element generator and the ones produced by parton showering. This topic is the subject of active
theoretical work. Background samples of W and Z containing at least four jets were produced with
ALPGEN, using MLM matching [13] and with the jet matching cut set at 40 GeV. Contributions from
processes with matrix-element parton multiplicities between one and five were summed to produce the
multi-jet sample. A filter was applied at the generator level requiring at least four jets with transverse
momentum above 40 GeV, with at least one of these having a transverse momentum above 80 GeV, and
with missing transverse energy above 80 GeV.

The leading-order cross-sections were normalised to the results from next-to-next-leading-order cal-
culations by applying a k factor of 1.15 (1.27) for W (Z) production respectively. The k factor was
calculated by comparing the inclusive leading-order cross-section to the NNLO calculation of [14]. For
topologies involving fewer than four jets, the PYTHIA generator [15] was used for the generation of the
W and Z boson backgrounds.

For the simulation of QCD multi-jet samples, ALPGEN would also be an appropriate choice. For
practical reasons, however, it was impossible to generate ALPGEN samples with sufficiently large num-
bers of events to simulate the backgrounds for these studies. As a backup solution we have used a shower
Monte Carlo, PYTHIA, for which adequate statistics could be generated by producing samples in slices
the of pT of the hard scattering. A filter at generation level is applied to the PYTHIA events, requiring
for the hardest jet a transverse momentum above 80 GeV, for the second jet transverse momentum above

4
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Table 3: Kinematic boundaries, number of events and integrated luminosity of the PYTHIA QCD back-
ground samples.

Label pT range (GeV) N Int. Lumi (pb−1 )
J4 140-280 18 k 19.6
J5 280-560 60 k 168.4
J6 560-1120 20 k 296.6
J7 1129-2240 4 k 754.7
J8 >2240 4 k 181000

40 GeV and missing transverse energy above 100 GeV. The numbers of events which were used for
detailed simulation, and the corresponding integrated luminosity for each pT slice are shown in Table 3.

The contributions of the diboson processes WW , ZZ and WZ are almost negligible for multi-jet
analyses as they are strongly suppressed by typical SUSY selections requiring a large number of jets
with high transverse momenta and large missing transverse energy. However they are very important
when searching for direct gaugino production [16]. The corresponding data samples were generated at
leading order with the HERWIG Monte Carlo, including the full off-shell structure for Z/γ . The cross-
sections were then normalised to the next-to-leading-order cross-sections calculated with the MCFM
code [17].

For all the samples except QCD jet production a sample corresponding to at least 1 fb−1 of integrated
luminnosity was simulated.

Pile-up and cavern background simulations were generally not included in the signal and background
samples except in a few cases where this is specifically indicated.

3 Object Identification for SUSY analysis

Supersymmetric events are expected to be characterised by several high-momentum jets and missing
transverse energy. Leptons1 and taus are also present in a large fraction of the events for the benchmark
points considered. The analyses documented in this Chapter use common particle identification criteria,
which are briefly described in this section.

3.1 Jets

Because of the relatively large multiplicity of jets in SUSY events, a narrow cone is preferable in the
reconstruction of jets. The algorithm used to reconstruct jets in the analysis documented here is the cone
algorithm [18] with a cone size of 0.4. Most analyses presented do not rely on secondary-vertex tagging
(“b tagging”) but when it is applied, standard ATLAS algorithms [19] are used.

3.2 Missing transverse energy

The measurement of the transverse energy imbalance in the detector plays a crucial role in the searches
for Supersymmetry with R-parity conservation, and the requirement of a large value of Emiss

T is a com-
mon feature of all the analyses presented in this chapter.

1Except where explicitly indicated, in this Chapter the word “lepton” and the corresponding symbol ` should be understood
to mean ` ∈ {e,µ}, i.e. they do not include taus.
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For the studies presented here, the Emiss
T is calculated from the calorimeter cells, with calibration

weights derived separately for cells associated to different objects (jets, electrons, photons, taus, and
non-associated clusters due to the soft part of the event) [20]. Sources of fake missing energy, such as
dead or noisy parts of the calorimeter, fake muons, beam-gas and beam-halo events, cosmic rays and
electronics problems are not considered here. A detailed discussion of the strategies to remove sources
of fake Emiss

T in early data and to measure the Emiss
T resolution and scale can be found in [20].

The contribution from non-gaussian tails in the Emiss
T measurement can be strongly suppressed by

requiring a minimum angular separation between the Emiss
T vector and the jets in the event. This cut also

suppresses the contributions from jets containing hard neutrinos from the leptonic decays of charmed
and beauty mesons. This issue is discussed in detail in Ref. [21].

3.3 Electrons

In SUSY searches, the requirement of a high pT electron is normally associated with additional require-
ments on jets and Emiss

T . For typical SUSY analyses the background from the production of QCD jets
can be reduced by cuts other than those requiring any lepton(s). Therefore stringent rejection against jets
is not needed in SUSY studies, and relatively mild electron identification cuts can be applied, leading to
a significant gain in efficiency especially for searches involving many leptons. Jets reconstructed within
a cone2 of ∆R = 0.2 of an identified electron are discarded from the jet list. This procedure prevents the
same object being reconstructed both as a jet and as an electron.

A standard algorithm called “eGamma” [22] was used for the electron identification and reconstruc-
tion, using the “medium” purity cuts.

The transverse isolation energy in a cone of ∆R < 0.2 around the electron, computed using the calori-
metric information, is used to select isolated electrons. This quantity is required to be smaller than
10 GeV. In the available data-sets this variable was incorrectly calculated, but a significant bias is intro-
duced by this problem only in the crack region 1.37 < |η |< 1.52. In this region the electron identification
and measurement are also degraded because of the large amount of material in front of the calorimeter
and the crack between the barrel and extended barrel of the calorimeters [23]. Events with an electron
reconstructed in this region are therefore rejected.

Finally, an electron is rejected if it is found within a distance 0.2 < ∆R < 0.4 of a jet, since such
candidates are likely to be associated with the decay of a particle within that jet.

3.4 Muons

Muons were reconstructed using an algorithm (STACO), which performs a statistical combination of a
track reconstructed in the muon spectrometer with its corresponding track in the inner detector [24]. A
reasonable quality of combination was guaranteed with a loose requirement that the tracks should match
with χ2 < 100. If more than one Inner Detector track matched a track from the Muon Spectrometer, only
the one with best match (smallest distance ∆R) was kept. The total calorimeter energy deposited in a
cone of ∆R < 0.2 around the muon was required to be less than 10 GeV. Finally, muons found within a
distance ∆R < 0.4 of a jet were discarded.

3.5 Taus

As will be described in subsequent analyses, final states containing taus are one of the possible signatures
to be expected within the SUSY rich phenomenology. Taus are challenging objects to identify. When taus
undergo leptonic decays, their products can be detected in electron- or muon-specific analyses. However,
in approximately 65% of cases, a tau decays hadronically and the resultant jet needs to be disentangled

2The cone is defined by ∆R2 = ∆η2 +∆φ 2, where η and φ are the pseudorapidity and azimuthal angle respectively.
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from the overwhelming jet backgrounds expected in ATLAS. In addition, tau signatures always contain
an important source of missing energy in the form of neutrinos which usually make it impossible to fully
reconstruct the tau-jet energy.

Elsewhere in this volume [25] two tau reconstruction algorithms, one calorimeter-based and the
other one track-based, are described. Unless otherwise stated, taus being used in this Chapter follow the
recommendations from [25], with a likelihood discriminant of 4, within the fiducial region |η |< 2.5 and
pT > 15 GeV. In addition, although not crucial for the results, an overlap removal procedure has been
applied. Since the electron identification efficiency is higher than the tau identification efficiency, a tau
object found in a vicinity (∆R < 0.4) of an electron object (following the prescriptions defined in the
electron performance section of the present note) is considered to be a fake and is removed. Also, since
hadronically decaying taus are also usually reconstructed as jets, when a calorimeter jet is found within
∆R < 0.4 of a reconstructed tau-jet, then the non-tau jet is disregarded.

3.6 Treatment of systematic uncertainties

3.6.1 Detector uncertainties

Supersymmetry searches and measurements will inevitably be subject to uncertainties due to the im-
perfect understanding of the behaviour of the detector. Many of the performance characteristics of the
detector will be constrained from the data themselves, with an accuracy which will depend on the size
of the data-set available. In this chapter, we have used estimations of these uncertainties based on the
precision which is likely to be achievable with 1 fb−1 of integrated luminosity. The detector systematics
– energy scale, resolution, or efficiency variations – are applied both to the “true” backgrounds and to the
control samples; data-driven methods will therefore be less sensitive to detector systematics than purely
Monte Carlo-driven estimates.

Jets and Emiss
T We assume an overall uncertainty on the jet energy scale of 5%. We apply this as a

global uncertainty, independently of jet pT and η , and identically for light-quark jets and jets from b
quarks.

The jet energy resolution will be studied on di-jet samples and jets from W boson decay in tt̄ events.
After such measurements we expect a residual uncertainty of 10% on the resolution.

The missing transverse energy of the event, Emiss
T , is calculated from the transverse vector sum of

high pT objects like leptons and jets with a further component from unclustered energy. Part of the
uncertainty in Emiss

T is thus correlated with jet energy scale uncertainties, but also a wrong calibration of
unclustered energy can affect Emiss

T . When jets are rescaled or smeared, the Emiss
T is recalculated with

the new jets. This takes into account the part of the Emiss
T uncertainty that is correlated with the jets. For

the low pT part related to the unclustered energy, we first subtract leptons and jets with pT > 20 GeV
from the Emiss

T , apply a 10% uncertainty on the remainder, and then add the leptons and jets back in.

Electrons For electrons we estimate an uncertainty on the identification efficiency (including the trig-
ger) of 0.5%. Furthermore, we assume an uncertainty on the electron energy scale of 0.2%, and on the
energy resolution of 1%. All these uncertainties are assumed to be independent of pT and η .

Muons For muons we estimate an uncertainty on the identification efficiency of 1% for muons with
pT < 100 GeV, plus a 3% extrapolation uncertainty to a pT of 1 TeV. Furthermore, we assume an uncer-
tainty on the muon pT scale of 0.2%, and on the pT resolution of 4% below 100 GeV, whereas the pT

resolution at 1 TeV is assumed to be 10±1%. All these uncertainties are assumed to be independent of
η .
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Heavy-flavour tagging Where b tagging is used, we assume a relative uncertainty of 5% on the b-
tagging efficiency, and 10% on the light-quark rejection.

3.6.2 Monte Carlo uncertainties

Although data-driven background estimation methods try to use Monte Carlo simulations as little as
possible by construction, some dependence remains for example when trying to understand the compo-
sition of control samples when Monte Carlo-based corrections, distribution shapes or redecay methods
are used.

We estimate uncertainties from the use of Monte Carlo samples by comparing different event gen-
erators, particularly Alpgen and MC@NLO, and by variation of generator parameters. For the vector
boson (V ∈W,Z) + jets Alpgen samples used in this note, the standard value for the renormalization and
factorization scales was Q2 = M2

`` + p2
T (V ) where the two leptons are the vector boson decay products.

The pT threshold of the partons in the matrix-element calculation was 40 GeV, the minimum distance
∆R j j between partons was 0.7, and the parton distribution function used was CTEQ6L.

For systematic studies we vary:

• The renormalization and factorization scales between 0.5Q and Q as defined above. We have also
used a sample with a different scale definition Q2 = ∑ p2

T (partons).

• The pT threshold of partons in the matrix-element calculation, between 15 and 40 GeV.

• The distance in ∆R between partons in the matrix-element calculation, between 0.35 and 0.7.

• The parton distribution function, comparing CTEQ6L to MRST2001J.

4 Global Variables

The SUSY analyses use some global event variables, built out the momenta of jets, leptons and pmiss
T ,

which have a good signal discriminating power. We give here a detailed definition of these variables as
used in the work described in the SUSY notes.

4.1 Effective mass

The effective mass (Meff ) is a measure of the total activity in the event. It is defined as:

Meff ≡
4

∑
i=1

pjet,i
T + ∑

i=1
plep,i

T +Emiss
T

where the sums run respectively over the four highest pT jets within |η | < 2.5, and over all of the
identified leptons. This variable is useful in discriminating SUSY from Standard Model events. It has
also the interesting properties that for SUSY events it the Meff distribution peaks at a value which is
strongly correlated with the mass of the pair of SUSY particles produced in the proton-proton interaction.
It can therefore be used to quantify the mass-scale of SUSY events [26].

4.2 Transverse sphericity

The transverse sphericity (ST ) is defined as:

ST ≡
2λ2

(λ1 +λ2)
(1)
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where λ1 and λ2 are the eigenvalues of the 2×2 sphericity tensor Si j = ∑k pki pk j . The tensor is computed
using all jets with |η |< 2.5 and pT > 20 GeV, and all selected leptons.

SUSY events tend to be relatively spherical (ST ∼ 1) since the initial heavy particles are usually
produced approximately at rest in the detector and their cascade decays emit particles in many different
directions. QCD events are dominated by back-to-back configurations (ST ∼ 0).

4.3 Transverse mass

The transverse mass MT is defined by:

M2
T (pα

T ,pmiss
T ,mα ,mχ)≡ m2

α +m2
χ +2

(
Eα

T Emiss
T −pα

T ·pmiss
T
)

(2)

where
Eα

T ≡
√

(pα
T )2 +m2

α , Emiss
T ≡

√
(pmiss

T )2 +m2
χ , (3)

mα and pα
T are the mass and transverse momentum of some visible particle and pmiss

T is the missing-
transverse-energy two-vector. The parameter mχ is the mass of the invisible particle, which is usually
assumed to be zero.

This variable is useful when one parent particle decays to one visible and one invisible daughter
particle, for example W → eν where it is clear that the mass of the invisible particle (neutrino) can
indeed be safely neglected.

4.4 Stransverse mass

The stranverse mass mT2 variable can be defined in terms of the transverse mass (Eq. (2)) by:

m2
T 2(p

α
T ,pβ

T ,pmiss
T ,mα ,mβ ,mχ)≡ min

/q(1)
T + /q(2)

T =pmiss
T

[
max

{
M2

T (pα
T , /q(1)

T ;mα ,mχ), M2
T (pβ

T , /q(2)
T ;mβ ,mχ)

}]

(4)
where mχ is the trial mass for the lightest SUSY particle and pα,β

T are the transverse momenta of two
visible particles (each of which is a canididate decay product of one of the two SUSY parent particles).
The vector sum of the dummy variables q(1)

T and q(2)
T is constrained to equal the total pmiss

T 2-vector, so
the missing transverse momentum is required as an input to the mT2 calculation. One can consider mT2
to be a variable formed from dividing pmiss

T into two parts in all possible combinations that satisfy the
kinematics of the event (for some mχ , which is here taken to be zero) and calculating the transverse mass
for each decay branch. The resulting value is the best lower limit on the mass of a pair-produced SUSY
particle that could have decayed to the observed final state with the given pα

T , pβ
T and pmiss

T .
The original purpose for mT2 was to provide information on the masses of pair-produced SUSY

particles, decaying semi-invisibly [27, 28]. The variable was first proposed to determine SUSY particle
masses in “simple” two-body decays, such as two-jet or two-lepton final states, but it can also be used
in more complicated cases, especially if it is possible to unambiguously determine which particles came
from which branch of the decay.

5 SUSY Studies in ATLAS

In this collection of papers we review the techniques that will be used to search for SUSY with ATLAS
at the LHC turn-on. Most of the studies presented are based on a total integrated luminosity of 1fb−1 that
may be collected during the first year of operation of the LHC. Larger datasets are assumed for studies
that investigate SUSY models with a lower cross-section as an illustration of studies that can be carried
out once the LHC is in full operation.
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The first two articles in this collection concentrate on the background estimation for SUSY searches:

• “Data-driven determinations of W , Z, and top backgrounds to Supersymmetry” [11],

• “Estimation of QCD backgrounds to Searches for Supersymmetry” [21].

The following two articles discuss SUSY searches and measurements:

• “Prospects for Supersymmetry Discovery Based on Inclusive Searches” [29],

• “Measurements from Supersymmetric events” [30].

The last two papers focus on searches for specific signatures:

• “Multi-lepton Supersymmetry searches” [16],

• “Supersymmetry signatures with high-pT photons or long-lived heavy particles” [5].
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Data-Driven Determinations ofW , Z and Top Backgrounds to
Supersymmetry

Abstract
The Standard Model processes ofW boson,Z boson and top quark production
each in association with jets constitute major backgroundsto searches for Su-
persymmetry at the LHC. In this note, we estimate the contribution of these
backgrounds for a basic SUSY selection, and discuss methodsto derive them
from the initial 1 fb−1 of integrated luminosity at ATLAS.

1 Introduction

1.1 Motivation

The Large Hadron Collider (LHC) will provide excellent opportunities to search for new physics beyond
the Standard Model, and the ATLAS detector [1] is a general purpose experiment to explore such new
physics. Supersymmetry (SUSY) is a theoretically attractive model for new physics beyond the Standard
Model, and searching for Supersymmetry is one of the main objectives of ATLAS. The actual search
strategy is described elsewhere in this volume [2].

It is clear, however, that any discovery of new physics can only be claimed when the Standard Model
backgrounds are understood and are under control. It is expected that at the LHC, Monte Carlo pre-
dictions will not be sufficient to achieve this: the backgrounds will have to be derived from the data
themselves, possibly helped by Monte Carlo. The development and description of such data-driven
background estimation is the topic of this note. We note thatfor a complete understanding of the back-
grounds, multiple, independent methods are desired. Each of these may be sensitive to a specific back-
ground source, and affected by specific systematic effects.Only their consistency in combination allows
for sufficient confidence in the control of the background to claim a discovery when a signal appears to
be present.

1.2 Data-driven methods: scope of this note

The general aim of data-driven methods is to estimate from the data the Standard Model backgrounds
and their uncertainties in a “signal” region, in which new physics may be present. Such a signal region is
typically obtained after applying selection cuts, or multivariate methods, and the new physics is searched
for as an excess in the number of selected events over background, or as an excess in certain regions of
certain distributions.

The background estimation is performed by selection of “control samples”, from which predictions
in the signal region are derived. Good control samples should be as close as possible to the signal
region, yet free of SUSY signal, give an unbiased estimate ofbackground in the signal region, have
sufficient statistics, and small theoretical uncertainties. This note intends to describe a number of ideas
on selection of such control samples for SUSY searches. Goodcontrol of the composition of control
samples is important for a correct extrapolation into the signal region.

The methods described in this note should not be regarded as the final word on these procedures, but
rather present a number of ideas. Each of these ideas will have to be pursued further, and the effect of
other systematic uncertainties will need to be studied. Furthermore, SUSY selection cuts will evolve, and
so the methods will need to evolve too. We do believe, however, that a first indication of the uncertainties
that can be expected can be given.
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This note deals with top, W and Z backgrounds to SUSY searcheswith primary squark or gluino
production, and assumingR-parity conservation. The initial priority is to simulate results for 1 fb−1 of
integrated luminosity, and for the understanding of the detector expected. The other important QCD
background of quark (other than top) and gluon jet production is treated elsewhere in this volume [3].
Backgrounds to alternative production models are also described elsewhere: direct gaugino produc-
tion [4], and photonic and long-lived particle (such asR hadron) signatures [5].

1.3 SUSY contamination

If SUSY is discoverable, it is likely that SUSY events will creep into the control samples, thereby affect-
ing the background estimates. In general, SUSY events, mistakenly regarded as Standard Model physics,
will lead to an overestimation of the background, and thus toa reduced SUSY event excess. The extent
to which this happens will be analysis- and SUSY model-dependent.

Since we do not know whether SUSY exists, we quote the SUSY contamination effects separately
from the other systematics. We will do so by running each data-driven estimation method not only over
background samples, but also on a number of SUSY signal samples [6]. The samples represent various
regions of mSUGRA parameter space, and together give an impression of the effects. The SU1 sample is
a point in the stau coannihilation region, the SU2 sample in the focus point region, and the SU3 sample
in the bulk region. The SU4 point is a low-mass point, just above the Tevatron limits. It has a very large
cross-section, and kinematic distributions that are typically only slightly harder than the Standard Model
background. As will be shown, this model has the largest SUSYcontamination effect on the background
estimates.

There are a number of ways that the data-driven methods can take the presence of SUSY into account:

1. Iteration. The Standard Model background is evaluated under the assumption that there is no
SUSY. This will overestimate the background if there is SUSY, and reduce any excess. Neverthe-
less, if an excess is seen, the underlying assumption in the background estimation has been proven
wrong, and a correction can be applied. This correction can be derived from the properties of the
observed excess, and will lead to a new background estimate.An example of such a procedure is
the “new MT method” described in section 3.3.3. However, other implementations are possible,
and perhaps necessary, as well.

2. A combined fit determining the composition of the control sample, allowing for a possible SUSY
contribution.

Both methods are investigated in this note. Nevertheless itis clear that these are preliminary ideas
that require further investigation. Most likely, some formof iteration on the background determinations
will be necessary.

1.4 Layout of this note

A number of important prerequisites for the studies presented here are described in an introductory
note [6]:

• the physics processes that form the background to SUSY searches and how they are simulated, as
well as a few SUSY event samples (SU1–SU8) that serve to estimate the effect of SUSY on our
background estimates;

• the definition of objects like electrons, muon, taus, jets and missing transverse energy, and common
variables like the effective massMeff ;
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• the origin and common treatment of various systematic uncertainties, both from the simulation and
from the performance of the detector.

Furthermore, the trigger menu that was used is described elsewhere [7]. In this note we then discuss the
W, Z, and top-quark backgrounds and their data-driven estimation for two different SUSY search modes:

1. the mode with one isolated electron or muon (section 2);

2. the no-lepton mode, with a veto against isolated leptons (section 3).

2 One-lepton search mode

2.1 Selection

The one-lepton search mode is expected to play a major role inthe SUSY search, since the requirement
of an isolated lepton will be effective in suppressing QCD background. In this search mode, we require
one isolated electron or muon, with apT of more than 20 GeV. We veto events with a second identified
lepton with apT of more than 10 GeV, so that we have no overlap with the di-lepton search mode.

We demand at least four jets with|η | < 2.5 and pT > 50 GeV, at least one of which must have
pT > 100 GeV. The transverse sphericityST should be larger than 0.2, and the missing transverse energy
Emiss

T should be larger than 100 GeV and larger than 0.2Meff, whereMeff is the effective mass1. The
transverse massMT reconstructed from the lepton andEmiss

T should be larger than 100 GeV.

2.2 Backgrounds in Monte Carlo

In many SUSY models after the selection cuts have been applied clear excesses will be observed in the
high Emiss

T and high effective mass regions, as shown in Figure 1. The dominant background process
for the one-lepton mode istt̄ (90%), withW±+ jets (10%) being the subdominant process. The neutrino
emitted from theW± decays produces theEmiss

T in the both processes. Smaller contributions come from
Z + jets, diboson and single top events and from QCD processes. It is interesting to note that the majortt̄
background does not come from the semileptonic (tt̄ → bb̄ℓνqq̄′) top pair events which are reduced by
theMT andEmiss

T cuts, but rather from the double leptonic (tt̄ → bb̄ℓνℓν) top decay where one lepton is
not identified.

2.3 Data-driven estimation strategies

We discuss a variety of different methods to estimate the background from data. These methods differ
in their approach and therefore are influenced by different systematic uncertainties, and they focus on
different aspects of the background:

1. estimation of W andtt̄ background from a control sample formed by reversing one of the selection
cuts (onMT ) (section 2.3.1);

2. estimation of the semileptonictt̄ background by explicit kinematic reconstruction and selection on
top mass (“top box”) (section 2.3.2);

3. estimation of the double leptonictt̄ background, where one lepton is missed, by explicit kinematic
reconstruction of a control sample of the same process with both leptons identified (section 2.3.3);

1The variablesST , Meff andMT are defined elsewhere in this volume [6].
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Figure 1: TheEmiss
T and effective mass distributions for the background processes and for an example

SUSY benchmark point (SU3) in the one-lepton mode for an integrated luminosity of 1 fb−1. The black
circles show the SUSY signal. The hatched histogram show thesum of all Standard Model backgrounds;
also shown in different colours are the various components of the background.

4. estimation of that same double leptonictt̄ background from a control sample derived by a cut on a
new variable HT2 (section 2.3.4);

5. estimation oftt̄ background by Monte Carlo redecay methods (section 2.3.5);

6. estimation of W andtt̄ background using a combined fit to control samples (section 2.3.6).

2.3.1 Creating a control sample by reversing theMT cut

The transverse massMT is constructed from the identified lepton and the missing transverse energy. In
the narrow-width limitMT is constrained to be less thanmW for the semileptonictt̄ and theW± processes.
Figure 2 shows thatMT is only weakly dependent onEmiss

T . This variable is therefore suitable for the
estimation of the background distribution itself. Events with smallMT (< 100 GeV) are selected as the
control sample, in which thett̄ (∼ 84%) andW± (∼ 16%) processes are enhanced over the SUSY and
the other background processes. The largeMT (> 100 GeV) region is referred to as the signal region.
Since, for the control sample, the other selection criteriaare identical to those for events in the signal
region, the same kinematic distributions includingEmiss

T can be obtained. The number of events for the
various processes in signal region and control sample is summarized in the Table 1.

Table 1: Number of background events and estimated numbers for tt̄, W± and QCD processes without
SUSY signal, normalized to 1 fb−1.

Signal Region Control Sample
tt̄(ℓνqq̄) 51 (25%) 1505 (77%)
tt̄(ℓνℓν) 140 (70%) 132 (7%)
W±(ℓν) 10 (5%) 305 (16%)
SUSY(SU3) 450 317

The normalization factor is obtained from the event numbersof the signal region and the control
sample (100< Emiss

T < 200 GeV), in which the SUSY signal contribution is expected to be relatively
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Figure 2: TheEmiss
T distribution fortt̄ (left) and SUSY (SU3, right) signal. In both figures, the solid and

dashed histograms show theEmiss
T distribution forMT > 100 GeV and< 100 GeV, respectively. The

numbers are normalized to 1 fb−1.

small. Figure 3 shows theEmiss
T andMeff distributions which are obtained using this method to estimate

the size of these backgrounds, and, for comparison, the truebackground distributions. The numbers of
events withEmiss

T > 100 GeV and> 300 GeV are listed in Table 2. The prediction and the true values
agree within the uncertainties, although somewhat less well for high Emiss

T .
Thett̄ event composition of the control sample differs from that ofthe signal sample, since theMT

cut removes a much larger proportion of the semileptonictt̄ events. The control sample is still able to
predict the background in the signal sample within statistical uncertainties. Nevertheless, the resulting
systematic shift needs to be investigated, and would be desirable to obtain independent estimates of the
fully-leptonic and semileptonictt̄ backgrounds separately.
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Figure 3: TheEmiss
T and effective mass distributions of the background processes for the one-lepton

mode with an integrated luminosity of 1 fb−1. The open circles show the estimated distributions with the
MT method. The hatched histogram shows the true sum of all Standard Model backgrounds; different
symbols show the various contributions to the background.

SUSY signal contamination If supersymmetric particles are produced they are also likely to contribute
to the control samples. The estimatedEmiss

T distribution with the presence of a SUSY signal (SU3 point)
is shown in Figure 4 (left), and the numbers are listed in Table 3. The background is overestimated due
to the SUSY contamination, and the inferredEmiss

T distribution is biased towards larger values. However,
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Table 2: Numbers of background events and estimated numbersfor the sum of all background processes
without SUSY signal, normalized to 1 fb−1

Emiss
T > 100 GeV Emiss

T > 300 GeV
True BG 203± 6 12.4± 1.6
Estimated BG 190± 8 9.4± 0.7
Ratio(Est./True) 0.93± 0.05 0.76± 0.11

the amount of the over-estimation is smaller than the SUSY signal itself, and a clear excess can still be
observed, as shown in the figure. The same exercise was repeated for other SUSY signal points, as also
shown in Table 3.
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Figure 4: Left: theEmiss
T distribution of the background processes for the one-lepton mode with an

integrated luminosity of 1 fb−1. The red dots show the estimated distributions with theMT method, with
SUSY signal (SU3) present. The hatched histogram shows the sum of all Standard Model backgrounds,
and the OPEN histogram shows the SUSY signal (SU3). Right: the transverse mass distributions of
the various SUSY signals (SU1, SU2 and SU3) with an integrated luminosity of 1 fb−1. Background
processes are superimposed for comparison. The hatched histogram shows the sum of all Standard
Model backgrounds.

Correcting for SUSY signal: “New MT method” If, even for overestimated backgrounds, the pres-
ence of a concrete SUSY excess is observed in data, we can try to correct the background estimates.

One possible procedure is described here, referred to as the“new MT method”. More advanced
implementations of such a correction procedure are possible and should be studied.

The new MT method makes use of the observation that in the one-lepton search mode, theMT

distribution of backgrounds falls off steeply beyond∼ 100 GeV, whereas for many SUSY signal models
this distribution falls only slowly. This is illustrated inFigure 4 (right). By making a general ansatz for
the shape of the SUSYMT distribution, and neglecting to first order the Standard Model background
at highMT , the SUSY contamination can be subtracted from the control sample. Obviously, remaining
Standard Model background in the highMT region and variations in theMT shape for various SUSY
signals are to be treated as systematic uncertainties on themethod. Nevertheless, the data itself will tell
what theMT shape is.
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Table 3: Number of background events and estimated numbers for all background processes with SUSY
signal, normalized to 1 fb−1. Also the total number of events (SUSY + background) is shown.

Emiss
T > 100 GeV Emiss

T > 300 GeV Emiss
T > 100 GeV Emiss

T > 300 GeV

True BG 203± 6 12.4± 1.6 203± 6 12.4± 1.6

SU1 SU4
Estimated BG 225± 9 21.6± 1.1 2366± 102 165± 12.7
True BG+SUSY 463± 7 194± 4 3177± 79 415± 29

SU2 SU6
Estimated BG 200± 9 10.9± 0.7 213± 9 16.3± 0.9
True BG+SUSY 249± 7 34± 2 365± 9 129± 5

SU3 SU8
Estimated BG 296± 10 33.3± 1.4 206± 9 13.7± 0.8
True BG+SUSY 653± 8 245± 4 354± 8 115± 5

In the simplest ansatz used here, the ratio of SUSY signal between the control sampleMT < 100
GeV and signal regionMT > 100 GeV is assumed to be constant for all SUSY signal samples.The
normalization factor is obtained from the number of events in the signal region and the corrected control
sample in the interval 100 GeV< Emiss

T < 150 GeV (instead of 100 – 200 GeV) to suppress the SUSY
contribution in the normalization region. The statisticalerror becomes relatively larger when the narrow
band is used for normalization, but the over-estimation of the normalization factor due to the SUSY
signal can be suppressed. A lowerEmiss

T region, such asEmiss
T = 70−100 GeV, could be used for the

normalization in future studies.
Figure 5 shows theEmiss

T and the effective mass distributions of the estimated background processes.
The true distributions of the background processes are alsosuperimposed. The numbers in regions of
Emiss

T > 100 GeV and 300 GeV are listed in Table 4. A reasonable agreement between the prediction
and the true values is observed. For high values ofEmiss

T , the method tends to subtract too much SUSY
contamination and underestimates the background. More study is needed. The SU4 benchmark point is
a special case because it has a particularly light SUSY particle spectrum.
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Figure 5: TheEmiss
T and effective mass distributions of the background processes for one lepton mode

with an integrated luminosity of 1 fb−1. The red dots show the estimated distributions with the “new
MT ” method. The hatched histogram show the sum of all Standard Model backgrounds. The open
circles indicate the SUSY (SU3) signal.
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Table 4: Numbers of background events and estimated numbersfor all background processes in the
presence of various SUSY signals, using the new MT method. The numbers are normalized to 1 fb−1.

Emiss
T > 100 GeV Emiss

T > 300 GeV Emiss
T > 100 GeV Emiss

T > 300 GeV

True BG 203± 6 12.4± 1.6 203± 6 12.4± 1.6

SU1 SU4
Estimated BG 186± 11 8.9± 0.8 1382± 98 48.3± 12.7
True BG+SUSY 463± 7 194± 4 3177± 79 415± 29

SU2 SU6
Estimated BG 183± 11 8.8± 0.8 185± 11 8.1± 0.9
True BG+SUSY 249± 7 34± 2 365± 9 129± 5

SU3 SU8
Estimated BG 212± 11 12.3± 1.0 180± 11 6.6± 0.8
True BG+SUSY 653± 8 245± 4 354± 8 115± 5

The systematic uncertainties2 for the MT method are summarized in Table 5. As well as variation
of jet energy scale and lepton identification efficiency, theALPGEN Monte Carlo was compared to
MC@NLO, and parameters in ALPGEN (minimumpT of partons and minimum∆R between partons)
were varied. This method is stable against these systematicuncertainties at the∼ 15% level. More work
is needed to estimate the SUSY contamination effects.

Table 5: Systematic uncertainties of the one-lepton background estimations with the MT method, ex-
cluding those related to SUSY signal contamination. Numbers are normalized to 1 fb−1

Syst. error
Jet energy scale < 5%
Lepton ID efficiency 7%
MC@NLO vs ALPGEN 8%
Monte Carlo parameter variation (ALPGEN) < 5%

2.3.2 Topbox: a control sample for semileptonic top-pair background

Top mass reconstruction and “topbox” cuts This section describes a data-driven method, denoted
the “topbox method”, for estimating thett̄ background where one top decays leptonically, and the other
hadronically.

For semileptonictt̄ events, the invariant mass of the leptonically decayingW boson can usually
be reconstructed by assuming that the neutrino from theW decay is responsible for all missing energy.
This is a fair assumption; after removal of fakeEmiss

T (noisy/dead calorimeter cells etc.) in the event-
cleaning procedure, the resolution onEmiss

T is expected to be approximately equal to 0.55
√

∑ET [1],
which is much smaller in a typicaltt̄ event than theEmiss

T from the escaping neutrino. The fact that the
mass of the leptonically decaying top can be reconstructed satisfactorily (see below) further justifies the
assumption.

The core of the method is to construct both the semileptonic and the hadronic top decays in att̄ event
following the procedure below:

2Throughout this note systematic uncertainties have been calculated according to the procedures outlined in the introduction
to this chapter [6].
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• The leptonicW is assumed to decay into the observed lepton and a neutrino which is responsible
for all missing energy. Thepx and py components of the neutrino momentum are hence taken to
be thex andy components ofEmiss

T . The pz component of the neutrino can be calculated using
a W mass (mW ) constraint. The four-vector of the leptonicW is the sum of the four-vectors of
the lepton and the reconstructed neutrino. For events with transverse massMT less thanmW , two
solutions can be found. In the case ofMT > mW no real solution is possible and, in such cases,
the momentum of the leptonicW is taken from the transverse components of the lepton andEmiss

T .

• The leptonic top is then reconstructed by taking the solution with the best reconstructed top mass
(mtop-lep ) from combinations of a jet and one of the above leptonicW solutions. The jet is taken
from the pool of the four highest-pT jets in the event. The best reconstructed top mass is defined
to the one that is closest to the nominal top massmt .

• The hadronicW is then taken to be formed from the best reconstructedW mass (mW-had ) among
the two-jet combinations from the remaining three jets in the pool. The best reconstructedW mass
is defined to be the invariant closest tomW .

• Finally, the hadronic top is taken to be the one with the best reconstructed top mass (mtop-had )
among combinations of the hadronicW and one of the remaining jets.

The plots in Figure 6 show the distributions of the reconstructed massesmtop-lep , mW-had , and
mtop-hadafter the mass reconstruction procedure described above. The distributions are made fortt̄ ,
SU3 andW + jets event samples with standard one-lepton cuts, except for a modifiedMT requirement
(see below in the control sample section). As expected, the topbox mass reconstruction procedure offers
a very good separating power betweentt̄ and other processes.

The topbox cuts are then defined as follows:|mtop-lep −mt |< 25 GeV,|mW-had −mW |< 15 GeV,
and|mtop-had−mt |< 25 GeV.

Topbox control sample To make the topbox control sample, events are selected with the standard
SUSY search cuts in the one-lepton mode, with the exception thatMT > 100 GeV is replaced byMT <
mW . In addition, the above topbox cuts are applied.

Table 6 shows the number of events of various processes in thetopbox control sample. Thett̄ + jets
process makes up more than 95% of the topbox control sample ifno SUSY signal is present.

Table 6: Composition of the topbox control sample. Numbers shown correspond to an integrated lumi-
nosity of 1 fb−1 . The last five columns show the numer of SUSY events which would enter into the
topbox control sample.

Process tt̄ + jets W +Jets SU1 SU2 SU3 SU4 SU6
Events 340.9 6.8 1.8 0.4 4.9 243.6 0.4

SUSY signal contamination Table 6 also shows the number of SUSY events, for various signal sam-
ples, in the topbox control sample, for 1 fb−1. In this method, SUSY contamination is in general small.
This fact makes the topbox method a good supplement to the other methods (e.g. the MT method). The
exception is the SU4 benchmark point, which has a larger contribution because its light spectrum makes
it rather similar to thett̄ background.
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Figure 6: Normalized distributions for reconstructedmtop-lep , mW-had , andmtop-had for tt̄ , W + jets,
and SU3 SUSY events, using the “topbox” method.

Estimation of the tt̄ background in the signal region The tt̄ contamination in the signal region is
estimated by multiplying the number of events in the data topbox by a scaling factorRtt . Rtt is defined
as the ratio of the number of Monte Carlott̄ events in the signal region (those that pass the one-lepton
cuts) to that in the topbox control sample. The procedure is summarized by the following equations:

Nsignal-region
tt̄ (data) = N topbox

tt̄ (data) ·Rtt (1)

Rtt ≡ Nsignal-region
tt̄ (MC)/N topbox

tt̄ (MC) (2)

With fully simulated Monte Carlo samples,Rtt is determined to be 0.386 . The model dependence
(variation of Monte Carlo generator and generator parameters) of this number is treated as a systematic
uncertainty.

Systematics The systematic uncertainties of the topbox method are summarized in Table 7. The largest
source of uncertainty is from the jet energy scale uncertainty; this is expected since the method relies
heavily on the reconstruction of top andW masses. The Monte Carlo model dependency ofRtt is
estimated by comparing MC@NLO and ALPGEN, and by variation of the ALPGEN parameters, and
amounts to 8%. Finally, it is expected that extra jets due to event pile-up may affect the mass recon-
struction resolution. However, this is relevant only in high luminosity scenarios, beyond the scope of this
note. The statistical uncertainty on the topbox control sample normalization is estimated to be 5% for
1 fb−1 given that the effective cross-section oftt̄ in the topbox is about 400 fb.
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Table 7: Systematic uncertainties of the topbox method for 1fb−1.

Source Contribution [%]
Jet energy scale 20
Emiss

T scale 2
Monte Carlo Model dependence ofRtt 8
Total 22

2.3.3 Di-leptonic top with one lepton missed: kinematic reconstruction

Introduction Fully leptonic tt̄ events may contribute to the one-lepton SUSY search sample if one
of the two leptons originating from theW decay is not identified. Such events can be classified as: (1)
events with one tau (51%); (2) events where one lepton is misidentified due to inefficiency of the lepton
identification algorithms (20%); (3) events where one lepton is lost inside a jet (17%); (4) events where
one lepton is not in thepT or η acceptance (9%); and (5) events with two tau leptons (3%).

The method discussed here is based on the selection of a sample enhanced intt̄ → bb̄ℓνℓν events
by requiring that the events satisfy a set of kinematic constraints particular to thett̄ → bb̄ℓνℓν process.
This sample, denoted as the control sample, with two isolated identified leptons, is used to estimate the
contribution from the first two categories of events listed above. The contribution from category (1) is
estimated by replacing one of the leptons in the control sample with a tau, and category (2) is estimated
by removing one of the two leptons. The contribution from thecategories (3)–(5) is not estimated from
the control sample. Events were required to fire either the 4j50 multi-jet trigger or the j80xE50 jet plus
Emiss

T trigger [7].

Selection of the control sample The following requirements are imposed to select events in the control
sample: two isolated oppositely-charged leptons (electron or muon), withpT > 10 GeV and at least one
with pT > 20 GeV; at least three jets with|η |< 2.5 andpT > 50 GeV at least one of which must have
pT > 100 GeV. Note that in contrast to the SUSY one-lepton search selection given in Sec. 2.1 only
three jets are required, since the misidentified lepton or tau can produce the fourth jet.

For tt̄ → bb̄ℓνℓν events the two leptons, twob jets and thex- andy-components of theEmiss
T -vector

satisfy the following kinematic constraints:

(pν + pℓ+)2 = m2
W ,

(pν̄ + pℓ−)2 = m2
W ,

(pν + pℓ+ + pb)
2 = m2

t ,

(pν̄ + pℓ− + pb̄)
2 = m2

t ,

pνx + pν̄x = Emiss
T,x ,

pνy + pν̄y = Emiss
T,y , (3)

wherepℓ±, pν/ν̄ , pb/b̄ are the lepton, neutrino andb-quark momenta respectively andmW andmt are the

W boson and top quark masses. We assume that the only source ofEmiss
T is a pair of neutrinos, which is

a fair assumption as shown in the previous section.
The final state contains two unknown neutrino momenta and theabove system of equations has a two-

or four-fold ambiguity, as the solution is given by a quarticequation which can be solved with standard
analytical techniques [8]. Since there are at least three jets in each event, all possible combinations of
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jet pairs made from the three highestpT jets are considered. Jet pairs for which the above system of
equations has real solutions are denoted asb-jet pairs3. Figure 7 (left) shows the number ofb-jet pairs
for the various processes contributing to the control sample.

b-jet pairsN
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Figure 7: Left: distribution of number ofb-jet pairs for events passing the control sample requirements in
the kinematic reconstruction method. The fraction oftt̄ → bb̄ℓνℓν events with nob-jet pairs is dominated
by events with at least oneb jet which is not among the three highest-pT jets. Right: distribution ofEmiss

T
for tt̄ → bb̄ℓνℓν events with one tau lepton and events with a misidentified lepton compared to the
estimation from resimulated events with an integrated luminosity of 1 fb−1. The requirement on the
number ofb-jet pairs is not applied to the resimulated events. The distribution of all tt̄ → bb̄ℓνℓν events
is also shown.

Replacement procedure Each event in the control sample is used as a seed for producing a series of
resimulated events. One of the two identified leptons in the seed event is replaced by tau lepton and a set
of 1000 tau decays are simulated using the TAUOLA package [9]. The same procedure is repeated for the
second lepton in the seed event, yielding a total of 2000 events for every seed event. Each resimulated
event is weighted by a factor of 1/ε , whereε , the identification efficiency for the replaced lepton, is
estimated from simulations.

The contribution of events where one lepton evades identification is estimated as follows. If the
replaced lepton is an electron then a jet with the same momentum is substituted instead of it. If the lepton
is a muon it is replaced by a so-called stand-alone muon (defined as a track in the muon spectrometer
with no match to a track in the inner detector) justified by thefact that most muons not passing the muon
definition are stand-alone muons. This procedure is appliedto each of the two leptons in the seed events,
resulting in two resimulated events for each seed event. Theresimulated events are re-weighted with
1−ε

ε .
For both kinds of resimulated events, the SUSY one-lepton search selection are subsequently applied.
As a closure test of the replacement procedures described above, theEmiss

T distribution for resim-
ulated tt̄ → bb̄ℓνℓν events passing the control sample selection apart from the requirement ofb-jet
pairs, is compared to the Monte Carlo prediction. The resultis shown in Fig. 7 (right) and shows good
agreement.

Normalization The number oftt̄ → bb̄ℓνℓν events in the signal region is estimated by scaling of
the sum of described above contributions with two scaling factors. The first factor takes into account
the other categories oftt̄ → bb̄ℓνℓν events that are not estimated by this method. This first factor is

3Note that within this section only kinematical conditions have used to identify theseb-jet pairs – no secondary-vertex
requirement is used.
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Table 8: Estimated background corresponding to an integrated luminosity of 1 fb−1 for different
mSUGRA benchmark points. The second column shows the relative increase of the estimated back-
ground with respect to the estimation without contamination from the SUSY signal. The third column
shows the number of SUSY events. The Monte Carlo prediction of tt̄ → bb̄ℓνℓν background in the one
lepton search mode is 136 events. The errors in the first column are statistical only.

SUSY point Estimated Relative change True Signal
Background [%] Events

No signal 120±14
SU1 137±15 15 260
SU2 127±15 5.9 45
SU3 176±18 47 454
SU4 604±38 405 2960
SU6 129±16 7.8 162
SU8 124±14 3.8 100

estimated from Monte Carlo to beRMC = 1.4±0.1. The second normalization factor,Rb-jetpair, takes
into account the efficiency oftt̄ → bb̄ℓνℓν events to pass the requirement on the number ofb-jet pairs;
it is defined as the ratio of resimulated events before and after theb-jet pair selection in a normalization
region, 80≤ Emiss

T ≤ 120 GeV, and found to have the valueRb-jetpair = 1.4±0.1(stat)±0.1(syst).

Presence of SUSY A possible SUSY signal could have an effect on the backgroundestimation in two
ways: 1) by satisfying the kinematic constraints in Eq. 3 andtherefore enter the control sample and 2) by
entering the normalization region giving a systematic contribution to the scale factorRb-jetpair. In Fig. 8
the estimatedtt̄ → bb̄ℓνℓν background is shown with and without the contamination of a SUSY signal
(SU3) while Tab. 8 gives the estimated number oftt̄ → bb̄ℓνℓν events in the presence of different SUSY
signals.
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Figure 8: TheEmiss
T (left) andMeff (right) distributions for the estimated and truett̄ → bb̄ℓνℓν contri-

bution for the one-lepton SUSY search. Black points (red area) represent the estimation without (with)
the presence of a signal from SUSY (SU3).

Systematic Uncertainties The systematic uncertainties for this method are summarized in Tab. 9. The
uncertainty from the replacement procedure is estimated bycomparing number of resimulated events
to the Monte Carlo prediction, see Fig. 7(right). The uncertainty of RMC is estimated by comparing
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Table 9: Breakdown of systematic uncertainties in the kinematic reconstruction method.

Source Contribution [%]
Replacement 10
RMC 10
Jet Energy Scale 9
Rb-jetpair stat. 9
Rb-jetpair syst. 8
Background Subtraction 3
Jet Energy Resolution 1
Emiss

T scale 1
Total 21

MC@NLO and ALPGEN. The statistical uncertainty ofRb-jetpair is calculated using binomial errors.
The systematic uncertainty of this factor takes into account the difference in the shapes betweenEmiss

T
distribution of the resimulated samples with and without applying the kinematical constraints in Eq. 3.
The uncertainty due to background subtraction is dominatedby the presence oftt̄ → bb̄qq̄ℓν events
in the control sample. The systematic effects resulting from uncertainties in the lepton identification
efficiency, the trigger efficiencies and the energy scale andresolution are expected to be much smaller.

2.3.4 Dileptonic top with one lepton missed: HT2

Introduction In this section we describe a method, denoted the “HT2 method”, to estimate background
from dileptonictt̄ production where one of the leptons is not identified. It relies on the (near) indepen-
dence ofEmiss

T and the variable HT2. This variable is defined as:

HT2≡
4

∑
i=2

pjeti
T + plepton

T . (4)

In the HT2 method, the shape of theEmiss
T distribution is estimated from dileptonictt̄ events with low

HT2. This distribution is then normalized to the number of events at large HT2, but with low missingET

, and can then be used to estimate the remaining backgrounds in the signal region of large HT2 and large
Emiss

T .
For this method to work, the shape of theEmiss

T distribution needs to be independent of HT2. Note
that in Equation 4, the leading jetpT was excluded from the sum in order to reduce the correlation with
Emiss

T . The correlation between the hightest-pT jet andEmiss
T is likely to be due to simple kinematics, i.e.

to first approximation, the rest of the event recoils againstthis leading jet. This is illustrated in Figure 9
which shows theEmiss

T distribution (at Monte Carlo “truth level”) in slices of leading and sub-leading jet
pT . The reduced dependence of theEmiss

T shape on the jetpT in the second-leading jet case is apparent,
and will be further diminished by detector resolution effects.

To further reduce the correlation between HT2 andEmiss
T , theEmiss

T significance was used. This is
to remove the correlation which arises from the fact that theEmiss

T resolution depends on∑ET, where
∑ET is clearly related to HT2. A simple form ofEmiss

T significance was used here, defined asEmiss
T

significance =Emiss
T /[0.49·√∑ET].

The results shown here are from a data sample consisting of the sum oftt̄ (semi-leptonic and dilep-
tonic decay modes) plus W(lν)+jets (wherel = e,µ ,τ). The trigger used in this analysis was the logical
OR of the 4j50 multi-jet, the e22i single electron and the mu20 single muon triggers [7].

A control sample defined by HT2< 300 GeV was used to estimate the shape of theEmiss
T significance.

The assumption is that this shape is independent of HT2 so it can be used to predict the shape of theEmiss
T
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Figure 9: MissingET distribution in “lepton+jet”tt̄ events withMT > 100 GeV at Monte Carlo “truth”
level. Left: as a function of truth leading-jetpT . Right: as a function of truth second-leading jetpT .

Table 10: Predicted and actual background levels as a function ofEmiss
T significance cut for an integrated

luminosity of 1 fb−1 in the HT2 analysis. A rough equivalentEmiss
T cut is listed, but theEmiss

T cut is not
sharp.

Emiss
T sig. cut Rough equivalentEmiss

T cut [GeV] Predicted BG Actual BG
14 180 57.3± 5.5 60.6± 3.2
16 200 34.8± 4.5 39.2± 2.6
18 220 19.1± 3.1 23.6± 2.0
20 240 10.1± 2.1 15.1± 1.5
22 260 6.2± 1.8 9.8± 1.2
24 280 3.8± 1.5 6.2± 0.9
26 300 1.3± 0.7 3.5± 0.6

significance in the signal “band” defined by HT2> 300 GeV. The normalization of the prediction in the
signal band was obtainined by the number of events with HT2> 300 GeV, but at lowEmiss

T , specifically
8 <Emiss

T significance< 14. A comparison of this predicted background with the correct background is
shown in Figure 10 (left). The agreement between the predicted background and the actual background
in Fig. 10 is reasonable, indicating that the correlation between HT2 andEmiss

T significance is small. A
numerical comparison of predicted and actual background levels can be seen in Table 10. For each value
of theEmiss

T significance cut, a rough equivalent inEmiss
T is listed as a guide, but it should be emphasized

that the cut inEmiss
T is not sharp. The number of events is for HT2> 300 GeV, which corresponds

approximately to a cut on the effective mass ofMeff > 600 GeV.
The ratio of observed to predicted backgrounds for aEmiss

T significance cut of 14 is 1.06±0.12; while
the ratio is consistent with unity, we take the uncertainty on the ratio (12%) as a systematic uncertainty
due to possible correlations between HT2 andEmiss

T significance. Monte Carlo samples with larger
numbers of events would provide one possible way to further study the potential for correlations.

The distribution of the “orthogonal” variable, namely HT2,was predicted in a similar way. The HT2
distribution was measured in a control region defined by 8< Emiss

T significance< 14. This distribution
was then normalized to the number of events at largeEmiss

T significance and low HT2, specifically,Emiss
T

significance> 14, and 150 GeV< HT2 < 300 GeV. The results are shown in Fig. 10 (right).
The near independence of HT2 andEmiss

T significance should provide an important tool in under-
standing jet energy andEmiss

T performance in the complex events that make up the background to SUSY
searches. After all the SUSY selection cuts have been applied, the jet energy performance can be studied
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Figure 10: Left: Points: PredictedEmiss
T significance distribution in att̄ plusW + jets sample. His-

togram: actualEmiss
T significance distribution. Right: Predicted HT2 distribution in the same sample.

Histogram: actual HT2 distribution.

Table 11: Predicted and actual background levels (for 1 fb−1, HT2 method) forEmiss
T significance> 14

as a function of systematic effects applied to the reconstructed objects.

Modification Predicted BG Actual BG Actual/predicted
Baseline 57.3± 5.5 60.6± 3.2 1.05± 0.12
Energy scaled up 64.1± 5.5 79.3± 3.7 1.24± 0.12
Energy scaled down 45.5± 4.5 47.3± 2.7 1.04± 0.12
Jet resolution smearing 55.5± 5.1 65.3± 3.4 1.18± 0.12

by looking at the HT2 distribution for lowEmiss
T events; conversely, theEmiss

T distribution can be studied
by selecting events with low HT2. Events in the tails of thesedistributions can be examined for signs of
detector problems.

Systematic uncertainties due to detector miscalibrations The results of systematic uncertainties due
to detector performance are summarized in Table 11. The energy scale variations change the background
level by about 30% while the worsening jet energy resolutionresults in about a 10% increase in back-
ground. However the predictions tend to change in the same direction as the actual backgrounds, and
generally continue to provide reasonable determinations.We assign a 20% systematic uncertainty due to
detector effects.

Systematic uncertainties due to event generation parameters The systematic uncertainties in the
method due to changes in Monte Carlo event generation parameters were studied with ALPGEN. The
partonpT cut in ALPGEN was changed from 40 to 15 GeV and the renormalization scale was reduced
by a factor of 2. The results of the studies are summarized in Table 12. We assign a 20% systematic
uncertainty due to event generation uncertainties.

Background estimation in the presence of SUSY In this section, we repeat the background estimation
in the presence of SUSY signal. Figure 11 (left) shows theEmiss

T significance distributions for the true
background, true signal, and the estimated background, as well as the observed distribution of signal plus
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Table 12: Predicted and actual background levels (for 1 fb−1, HT2 method) forEmiss
T significance> 14

as a function of changes in the Monte Carlo generation parameters.

Modification
tt̄ W + jets Predicted BG Actual BG Actual/predicted

PT40, scale 1.0 PT40, scale 0.5 73.3± 5.8 63.9± 3.2 0.87± 0.11
PT40, scale 0.5 PT40, scale 0.5 133.8± 7.2 109.2± 3.6 0.82± 0.05
PT15, scale 1.0 PT40, scale 0.5 91.1± 12.6 72.5± 6.0 0.80± 0.13

Missing Et significance
0 5 10 15 20 25 30 35 40 45 50

E
ve

nt
s/

1 
fb

-1

1

10

210
observed ttbar+Wjets+SUSY  

true SUSY 

true ttbar+Wjets 

estimated ttbar+Wjets 

ATLAS

Missing Et significance
0 5 10 15 20 25 30 35 40 45 50

E
ve

nt
s/

1 
fb

-1

0

5

10

15

20

25
true SUSY 

estimated SUSY  

ATLAS

Figure 11: Left: Histogram: observedEmiss
T significance distribution for the sum oftt̄ plusW + jets

background plus SUSY signal. Open circles: SUSY signal. Blue triangles: truett̄ plusW + jets back-
ground. Black filled circles: estimated background. The SUSY signal shown here is the “1 TeV SUSY”
point (see text). Right: Open circles: true SUSY signal as a function ofEmiss

T significance. Black: es-
timated SUSY yield, obtained from the difference of the observedEmiss

T significance distribution minus
the estimated background distribution.

background. The SUSY signal here is the so-called “1 TeV SUSY” point (m0 = m 1
2
= 400 GeV, tanβ =

10, A=0,µ > 0).
Because of the signal contamination in the control region, the background level is overestimated,

leading to an underestimation in the excess of signal over background. Nevertheless, it is clear that by
cutting harder onEmiss

T significance, for example, the signal can still be clearly seen over the estimated
background. A comparison of the estimated signal yield to the true signal is shown in Figure 11 (right).

The results for all the tested SUSY points are summarized in Table 13.

2.3.5 Top background estimation with top redecay simulation

Introduction It is possible to isolate a pure biased sample of fully-leptonic tt̄ events by selecting low
Emiss

T (to reduce SUSY signal) opposite sign dilepton events whereone and only one pair of invariant
mass combinationsmℓ j between the two leptons and two hardest jets (b jets if tagging available) gives

values below the expected endpoint fromt →Wb → ℓνb decays:mmax
ℓ j =

√
m2

t −m2
W (neglectingmb).

A possible use of such a sample is to estimate the background of fully-leptonic tt̄ events to SUSY
searches. One can reconstruct the kinematics of the decaying particles (W ’s or top quarks), remove
their inferred decay products from the reconstructed event(including the eventEmiss

T ), redecay the re-
constructedW ’s or top quarks using an event generator (e.g. PYTHIA) and then merge the simulated
re-decay products back into the parent (‘seed’) event. By redecaying particles earlier in the decay chain
(i.e. the top rather than theW ) the kinematic bias obtained from the event selection can beminimised.
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Table 13: True and estimated background and signal, using the HT2 method, when the background
estimation is performed in the presence of SUSY signal. The numbers are for an integrated luminosity
of 1 fb−1 except for the SU4 point where 100 pb−1 is used.

SUSY Emiss
T sig. True Estimated

point cut True BG Est. BG True signal Est. signal S/
√

B S/
√

B
SU1 16 39.2± 2.6 100.5± 10.4 219.7± 8.7 158.4± 13.8 35.1 15.8

20 15.1± 1.5 53.1± 7.8 167.0± 7.6 128.9± 11.0 43.0 17.7
24 6.2± 0.92 33.1± 6.5 120.8± 6.4 93.8± 9.2 48.6 16.3

SU2 14 60.6± 3.2 69.1± 6.4 30.4± 2.3 21.9± 7.5 3.9 2.6
16 39.2± 2.6 43.1± 5.3 24.0± 2.1 20.2± 6.2 3.8 3.1
18 23.6± 2.0 24.1± 3.7 18.3± 1.8 17.9± 4.6 3.8 3.6
20 15.1± 1.5 13.9± 2.7 13.5± 1.6 14.7± 3.5 3.5 3.9

SU3 16 39.2± 2.6 198.1± 22.5 328.1± 14.9 169.2± 27.2 52.4 12.0
20 15.1± 1.5 119.9± 18.5 228.9± 12.5 124.1± 22.4 59.0 11.3
24 6.2± 0.92 62.9± 13.7 144.7± 9.9 88.0± 16.9 58.3 11.1

SU4 16 3.92± 0.26 120.7± 8.7 76.4± 4.0 -40.4± 9.6 38.6 -3.7
20 1.51± 0.15 47.4± 5.5 37.4± 2.8 -8.5± 6.1 30.4 -1.2
24 0.62± 0.09 17.8± 3.3 18.8± 2.0 1.6± 3.9 23.9 0.4

SU6 16 39.2± 2.6 71.5± 7.2 140.5± 5.3 108.2± 9.3 22.4 12.8
20 15.1± 1.5 36.5± 5.0 108.8± 4.7 87.4± 7.0 28.0 14.5
24 6.2± 0.92 25.1± 4.3 79.3± 4.0 60.3± 6.0 31.9 12.0

1 TeV 16 39.2± 2.6 61.1± 6.8 155.0± 5.7 133.1± 9.2 24.7 17.0
20 15.1± 1.5 27.6± 4.4 118.1± 5.0 105.6± 6.8 30.4 20.1
24 6.2± 0.92 15.6± 3.5 84.5± 4.2 75.1± 5.6 34.0 19.0

This technique has a number of advantages over conventionalMonte Carlo techniques. In particular the
event generator is used purely for modelling relatively well-understood decay and hadronisation pro-
cesses – initially poorly understood aspects of process generation, such as parton distributions and the
underlying event model, are effectively obtained from the data. In principle this technique is applicable
also to other background processes such asZ → τ+τ−, which could be modelled by replacing identified
electrons or muons inZ → ℓ+ℓ− control sample events with redecayed taus.

It should be noted that this technique is at best an approximation, assuming as it does the factorisation
of eachtt̄ event into two independent tops, and hence neglecting effects such as colour connection and
spin correlations between the tops and other partons in the event. It is therefore unlikely to be competitive
with a detailed Monte Carlo study using a fully tuned generator and validated parton distribution func-
tions. In the early days of data-taking however it potentially provides a route to a rapid direct estimate of
tt̄ background from data complementary to, and independent from, more conventional estimates.

Seed event selection Seed events were selected from the ‘data’ with cuts designedto maximise the
number of fully leptonictt̄ (‘2ℓ-tt̄’) events while minimising the number of Standard Model backgrounds
or SUSY signal events. Events were required to pass the j45xE50 jet + Emiss

T trigger [7]. Single
and dilepton triggers were not included in this study, but are planned to be added in future analyses.
Subsequently, the following criteria were applied:Njet ≥ 2, pT (jet2) > 20 GeV, two Opposite Sign (OS)
isolated leptons should be present,pT (ℓ2) > 10 GeV, if the two leptons are of the same flavour|mℓℓ−mZ|
> 15 GeV andmℓℓ > 10 GeV is required,|mττ −mZ| > 15 GeV, wheremττ is calculated assuming the
neutrinos travel parallel to their parents, andEmiss

T < 1
2(pT (ℓ1)+ pT (ℓ2)). The upper limit onEmiss

T as
a function of leptonpT rejects SUSY signal events. For the purposes of this early-data studyb-tagging
was assumed to be either not available or not well-understood.
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Figure 12: Distributions ofmℓ j values for various different Standard Model backgrounds and SUSY
signal. The histograms show distributions of ‘data’ eventsselected with the 2ℓ-tt̄ selection. The data-
points show the equivalent distribution estimated with redecay simulation, normalised to the peak.

Kinematic Reconstruction and Redecay Simulation The mℓ j distribution of selected events (the
histogram in Figure 12) contains a prominent edge at the expected positionmmax

ℓ j = 155.4 GeV (mt =
175 GeV). Events were further selected in which one and only one of the two possible pairs ofℓ j com-
binations obtained from the two leptons and two hardest jetsgavemℓ j values which were both less than
mmax

ℓ j .

For 2ℓ-tt̄ signal events the two (b) jets, two leptons andEmiss
T components satisfy the constraints of

Eq. 3 given in section 2.3.3. These constraints, assuming massless neutrinos, leptons and jets, may be
solved for the 8 unknown 4-momentum components of the neutrinos. The constraints together give a
quartic equation which can be solved with standard analytical techniques. If no solution was obtained
then to maximise statistics the real part of the least imaginary solution was taken. If multiple solutions
were obtained the solution with the smallest mean|pz| of the reconstructed top was used.

This selection results in 2207 dileptonictt̄ events for 1 fb−1. The contamination by other Standard
Model processes and SUSY signal events was 912 events, dominated by semileptonictt̄ events, as shown
in Figure 12. The SUSY contamination in the sample is small, due to the tight selection cuts.

Four-vectors of the two reconstructed top quarks from each event were passed to a modified version
of PYTHIA 6.4 [10]. 1000 redecayed tops were produced from each reconstructed seed top, with eachW
forced to decay toe, µ or τ . This ‘recycling’ of seed events increases the statistics of decay resimulated
events for the finalEmiss

T estimation process but leads to correlations between resimulated events derived
from the same seed event. These correlations were taken intoaccount in the final uncertainties quoted
below. Decay products were passed to the ATLAS fast simulation program, and then merged back into
their parent seed events.

As a cross-check of the estimation procedure redecayed events were passed through the same selec-
tion as their parent seed events and the distribution ofmℓ j constructed and normalised to the seedmℓ j

distribution. This is shown in Fig. 12 and indicates good agreement belowmmax
ℓ j .

Use in one-lepton search background estimateDecay resimulated events were subjected to the stan-
dard one-lepton SUSY search selection described in section2.1, with one modification:MT (ℓ,Emiss

T ) >
150 GeV.
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Figure 13: Emiss
T (left) and Meff (right) distributions of events passing the basic one-lepton SUSY

selection cuts described in the text. Note thatZ + jet andW + jet backgrounds are under-represented in
these plots forEmiss

T < 80 GeV orMeff < 350 GeV due to filter requirements applied to the respective
Monte Carlo samples.

The remaining background at highEmiss
T following such cuts is dominated by semi-leptonictt̄ events,

and to a lesser extent leptonicW + jets,Z + jets, single-top and di-boson events. For all these backgrounds
one expects primarily a Jacobian peak in the eventMT (ℓ,Emiss

T ) distribution nearMW (MZ for Z + jets).
This 1ℓ-Jacobian background was estimated with theEmiss

T distribution of events selected with the same
cuts, with the exception of theMT (ℓ,Emiss

T ) cut, which was reversed to requireMT (ℓ,Emiss
T ) < 100 GeV.

The 1ℓ-Jacobian and the 2ℓ-tt̄ background estimates were compared to ‘data’ events subjected to the
one-lepton selection criteria described above. The two estimates were simultaneously normalised to the
‘data’ Emiss

T distribution in two bins: 40< Emiss
T < 100 GeV and 100< Emiss

T < 140 GeV. The total (2ℓ-tt̄
+ 1ℓ-Jacobian) normalised estimate is plotted in Fig. 13(left)together with the ‘data’Emiss

T distribution.
For Emiss

T > 200 GeV the agreement between the estimate and the ‘data’ is good: 30.7± 9.8 (30%)
estimated, versus 39 ‘observed’.

In Fig. 13(right), theMeff distribution is shown, with the estimate normalised with the same factors
as used in Fig. 13(left). The semi-leptonictt̄ forms a larger fraction of the background at largeMeff

compared to at largeEmiss
T because it produces a larger number of jets than fully-leptonic tt̄.

SUSY contamination The shape of the estimated distribution is effectively insensitive to the presence
of SUSY signal, primarily due to the lowEmiss

T requirement in the 2ℓ-tt̄ selection.
However, there may be SUSY signal in the normalisation region. The bias in the estimate will be

proportional to the amount of SUSY in the normalization region, which is largest for the samples with
the highest SUSY cross-section: SU3 and SU4. The effect of admixture of SU3 or SU4 signal events is
shown in Table 14. In case of SU3, the background estimate is 60% higher, in case of SU4 as large as a
factor 15. For both samples, however, the excess of signal events is still significant.

In principle the contamination effect could be reduced by normalization to more signal-free re-
gions. The 2ℓ-tt̄ and 1ℓ-Jacobian estimates could be normalized for example to the tail and peak of
theMT (ℓ,Emiss

T ) distribution at lowEmiss
T .

2.3.6 Combined fit method

The fit-based method for measuring the background, as described in this section, aims to improve upon
the plainMT sideband subtraction method for the one-lepton SUSY searchmode. By analysing data in
a L-shaped region at both low-Emiss

T in the full MT range and at lowMT in the full Emiss
T range, and
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Table 14: Estimated and true background with the redecay method, in case of no SUSY signal, or
presence of SU3 or SU4 SUSY signals. For the latter, also the amount of observed signal plus background
events is shown, proving that although the background is overestimated, the excess is still present.

Sample Estimated BG True BG Observed signal + BG
No SUSY 30.7±9.8 39 39
SU3 50.8±13.6 39 392
SU4 456±102 39 1230

performing a two-dimensional extrapolation into the SUSY signal region we hope to enhance the back-
ground estimation. In a fit, correlations betweenEmiss

T andMT can be taken into account. Furthermore,
an explicit assumption can be put in that there is a finite SUSYcontamination in the control sample.

For our purposes, we define in this analysis a sideband (SB) region and a SUSY signal (SIG) region.
For both regions, we apply the standard SUSY one-lepton selection cuts defined in section 2.1, with the
exception of the cut onMT . The SB region is defined by the following additional cut:Emiss

T < 200 GeV
or MT < 150 GeV. In this analysis, the SIG region is defined by:Emiss

T > 200 GeVand MT > 150 GeV.
This classification assumes that the mass scale of SUSY is much higher than 200 GeV, which is true for
all SUSY points considered in this note except SU4.

The analysis described here has been applied to electron + jets events only, but we expect the muon
+ jets analysis to be completely analogous.

The main Standard Model backgrounds we expect are single-leptonic tt̄ decays, double-leptonic
tt̄ decays, andW + jets events. Other backgrounds, such asZ + jets, diboson production or single top
are negligible for 1 fb−1. The trigger used was an OR of the e22i single electron trigger, and the 4j50
multi-jet trigger [7].

Shape of the backgrounds We will try to fit the contributions of the backgrounds in three observables:
MT , Emiss

T andmtop. Heremtop is the invariant mass of the three jets in the event with the largest vector-
summedpT [11].

We construct probability density functions (p.d.f.’s) that model the major contributing processes in
the three observables after the event selection. We have done this both with and without explicitly taking
into account correlations between the three observables. Most of these correlations are in any case
consistent with zero.

Figure 14 shows the distribution of the three observables for each type of background we consider, as
well as for one SUSY signal sample (SU3). The empirical modelthat we use to describe each background
type is overlaid on the data. This comparison of shapes demonstrates that there is sufficient information
in these three observables to be able to measure each of them in a combined fit.

We perform the procedure of constructing an empirical modelfrom Monte Carlo for multiple SUSY
data points. A striking feature of a comparison ofEmiss

T andMT distributions of these SUSY pointsin
the SB region is that, with the exception of lower mass SUSY point SU4, theyare all quite similar in
shape. We can thus construct a model-independent ’Ansatz’ shape to describe the SUSY contamination
at low energy.

To validate this procedure, we perform fits to a “data” sampleconsisting of either background only,
or background plus SU3 SUSY signal. The yields we find in a fit to1 fb−1 are listed in Table 15 and are
in agreement within errors with the truth values of the fittedevent mix. If, in contrast, a SU3 SUSY signal
would be present in data, but the fit would not allow for SUSY (see table), the fit would overestimate
dileptonictt̄ andW + jets, and underestimate semileptonictt̄ . This is as expected, as the SUSY signal
has a long tail inMT , but no substantial peak in the top mass.
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Figure 14: Distributions in missingET (left), MT (middle) andmtop (right) of single leptontt̄ (top row),
double leptontt̄ (second row), W + jet events (third row) and SUSY SU3 (last row). Each distribution
is overlaid with a projection of the three-dimensional model that is fitted to that sample.

The same table also lists the yields obtained from a fit in which all components are taken as a simple
uncorrelated product of three one-dimensional p.d.f.’s. The yields and their uncertainties are very similar
to those from the fit with models that include correlations and indicates that the effect of correlations in
the description of the background components is minor.

Fitting the data The fit with fixed shapes relies on simulated events to determine the shapes of the
various background components, while all yields are fitted from the data. The next step is to release as
many of the shape parameters in the fit to the data; in total there are 15 of these parameters. In the limit
that all parameters can be floated, with the exception of the SUSY ansatz shape, the method becomes
almost independent on simulation input and fully data driven. It turns out that on a 1 fb−1 sample we can
float all but two of theW + jets and 1-leptontt̄ shape parameters. These two are the fraction of events
that give the correct top quark mass inmtop for single leptontt̄ and the fraction of events with a correctly
constructedW boson inMT in single leptontt̄ .

Floating the 2-leptontt̄ shape parameters in addition causes the fit to become unstable because the
shapes of the dilepton component and that of the SUSY ansatz model are very similar. We are currently
investigating the possibility of introducing additional constraints on the shape of the di-leptontt̄ events
in order to solve this.

The result of the 1 fb−1 fit with floating parameters is shown in Figure 15.
The final step in the analysis is to extrapolate the yields of the standard model background compo-

nents from the sideband region to the signal region. Table 16shows the yields from the combined fit with
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Table 15: Yields from the combined fit with fixed shapes for thevarious modeled physics processes.
The leftmost column lists the yield fitted with models that include correlations in the model structure.
The middle column shows these yields for models in which correlation terms have been disabled. The
rightmost column gives the true yields in the fitted event mix.

Component Fitted Yield Fitted Yield w/o correlations True Yield

no SUSY in data, no SUSY component in fit
W + jets 186±33 200±27 173
1-leptontt̄ 507±32 482±32 502
2-leptontt̄ 53±13 55±16 70
SUSY - - 0

no SUSY in data, SUSY component in fit
W + jets 185±33 201±27 173
1-leptontt̄ 507±32 482±32 502
2-leptontt̄ 52±15 56±16 70
SUSY 4.4±3.0 −7.1±16.0 0

SU3 in data, no SUSY component in fit
W + jets 292±35 261±34 173
1-leptontt̄ 386±30 356±31 502
2-leptontt̄ 338±25 389±34 70
SUSY - - 271

SU3 in data, SUSY component in fit
W + jets 181±40 194±35 173
1-leptontt̄ 521±36 509±35 502
2-leptontt̄ 35±23 15±30 70
SUSY 280±22 293±24 271

floating shapes extrapolated to the signal region while propagating all (correlated) parameter uncertain-
ties; for comparison the same table also shows the results with shapes kept fixed. The fits describe the
data within the statistical uncertainties.

Table 16: Yields from the combined fit with either fixed or floating shapes in the sideband region extrap-
olated to the full parameter space, the truth yields in full parameter space, the extrapolated yields into
the signal region and the truth yields in the signal region.

Component Extrap. Yield in FULL True Extrap. Yield in SIG True
Shape Fixed Shape Floating FULL Shape Fixed Shape Floating SIG

W + jets 205±45 227±68 173 0.5±0.4 −1.2±2.7 2
1-leptontt̄ 476±35 485±59 502 0.4±0.2 −1.1±3.9 0
2-leptontt̄ 62±38 17±54 70 4.5±2.9 4.7±7.9 5
SUSY SU3 273±33 287±38 271 92.7±2.8 95.6±4.0 91

Effect of SUSY signal While table 16 shows the results of the fit for the various backgrounds and the
SUSY signal in the case of the SU3 sample, Table 17 shows results, for fits with floating shapes, for other
SUSY signal samples.

As has been noted earlier, SU4 is a special case. It is too close to the background for the Ansatz of
the shape to be valid, and it can not be fitted very well.
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Figure 15: Distribution of missingET (left), MT (center) andmtop (right) of a 1 fb−1 mix of tt̄ , W +
jets standard model events and SUSY SU3 events overlaid withprojections of the combined model on
these observables that was fitted to this mix of events with floating yield parameters and floating shaped
parameters. For each projection the contributions of the 1-lepton tt̄ ttbar contribution (dark blue), 2-
leptontt̄ ttbar contribution (light blue),W + jet contribution (red) and ansatz SUSY constribution (black)
are shown.

Table 17: Yields from the combined fit with floating shapes in the sideband region extrapolated to the full
parameter space, the truth yields in full parameter space, the extrapolated yields into the signal region
and the truth yields in the signal region, for various SUSY samples.

Component Extrap. Yield in FULL True in FULL Extrapolated Yield in SIG True in SIG

SU1
W + jets 215±56 173 1.8±2.0 2
1-leptontt̄ 486±54 502 0.6±0.6 0
2-leptontt̄ 19±35 70 0.5±1.7 5
SUSY SU1 154±30 129 50.1±2.6 46

SU2
W + jets 226±51 173 1.3±1.0 2
1-leptontt̄ 452±49 502 0.7±0.5 0
2-leptontt̄ 81±32 70 8.0±5.0 5
SUSY SU2 0±10 14 1.0±6.1 4

SU6
W + jets 215±54 173 0.5±0.8 2
1-leptontt̄ 469±52 502 0.2±0.6 0
2-leptontt̄ 29±34 70 2.6±2.7 5
SUSY SU6 117±29 86 38.8±2.5 35

SU8
W + jets 239±53 173 2.5±2.4 2
1-leptontt̄ 485±51 502 1.0±1.2 0
2-leptontt̄ 66±45 70 15.1±12.0 5
SUSY SU8 34±26 79 34.5±13.0 46

Systematics Table 18 summarizes the results of a series of systematic studies. These studies are quan-
tified in terms of relative variations of the measured SUSY cross-section, which we define as the counted
number of events in the data in the SIG region minus the fitted and extrapolated number of SM model
events expected in that same region, and divided by the efficiency for the selection of SUSY events,
including the SIG region cuts, as measured from a pure sampleof simulated SU3 SUSY events.
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The second column of Table 18 lists the relative variation under the influence of each systematic
variation if no extrapolation is applied in the fit and the analysis is performed without the SIG region cut.
This column thus quantifies the effect on the shape fit stability only. The third columns shows the effect
of each systematic study on the fitted yield in the signal region using extrapolation. Most effects are here
of the order of 5-7%. The uncertainties due to Monte Carlo statistics are explicitly listed in the table.

Table 18: List of studied systematic uncertainties for the combined-fit method.

Systematic variation w/o extrapolation± MC-error [%] in SIG± MC-error [%]
Jet energy scale 1.9±0.7 3.1±1.1
Jet energy resolution 3.7±0.5 0.5±0.1
Electron energy scale 4.8±0.6 5.6±1.4
Electron energy resolution 9.0±1.2 7.2±1.4
Electron identification efficiency 0.5±0.2 3.6±2.3
SoftEmiss

T scale 8.1±1.8 7.4±3.4

3 No-lepton search mode

3.1 Selection

In the no-lepton search mode, we veto all events with an identified electron or muon with apT of more
than 20 GeV. We demand at least 4 jets with|η | < 2.5 and pT > 50 GeV, one of which must have
pT > 100 GeV. The transverse sphericityST should be larger than 0.2, and the missing transverse energy
Emiss

T should be larger than 100 GeV and larger than 0.2 Meff , whereMeff is the effective mass. We
add one more cut against the QCD background: the minimum value of the difference in azimuthal angle
between theEmiss

T vector and the three highest-pT jets should be larger than 0.2. This cut is futher
discussed in a dedicated note on QCD background estimation [3].

3.2 Backgrounds in Monte Carlo

Figure 16 shows the distributions ofEmiss
T andMeff after all the selections are applied.

3.3 Data-driven estimation strategies

In this section we discuss data-driven estimation strategies for the no-lepton search mode. The strategies
we have studied are:

1. estimation ofZ (→ νν̄) plus jets fromZ (→ ℓ+ℓ−) plus jets, purely from data (replace method,
section 3.3.1);

2. estimation ofZ andW in an analogous way, but also helped by Monte Carlo (section 3.3.2);

3. estimation ofW andtt̄ background from a one-lepton control sample derived by reversing one of
the selection cuts (onMT ) (section 3.3.3);

4. estimation of the cross-section of thett̄ → bb̄qq̄′τν process with hadronic tau decay (section 3.3.4).
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Figure 16: TheEmiss
T and effective mass distributions of the SUSY signal and background processes

for the no-lepton mode with an integrated luminosity of 1 fb−1. The open circles show the SUSY signal
(SU3 point). The shaded histogram shows the sum of all Standard Model backgrounds; different symbols
show the various components.

3.3.1 Replace method:Z → νν̄ from Z → ℓ+ℓ−

Introduction TheZ→ νν̄ background is one of the main background process in the no-lepton channel.
In order to estimate and reproduce the number of expected background events, as well as the shape of
the Emiss

T andMeff distributions,Z → ℓ+ℓ− events are selected, and the charged leptons are replaced
by neutrinos. However, as the ratio of branching-ratios Br(Z → ℓ+ℓ−)/Br(Z → νν̄) is small, statistical
uncertainties will tend to be relatively large. Two solutions are proposed :

1. Taking the distribution shape fromZ → ℓ+ℓ− data but constraining it via a fit plus the assumption
of a smooth evolution of the fitting parameters when relaxingthe cuts. This is the method described
in this section.

2. Taking the distribution shape from Monte Carlo simulation as described in the next section ( Sec-
tion 3.3.2).

The Monte Carlo method is more sensitive to generator-leveland detector systematic uncertainties, but
does not suffer from the larger statistical uncertainties,whereas the replace method precision is limited
by the number of events in the control sample, but less sensitive to systematic uncertainties from the
detector. Both methods have to account for the fact that the detected charged lepton pairs will not cover
the full phase space of the neutrinos.

Control Sample Selection The control sample selection is identical to the no-lepton SUSY search
selection, except that two electrons or two muons are required, and that the missingET (Emiss

T ) is replaced
by pT (ℓ+ℓ−)≃ pT (Z). Thus it is assumed that neutrinos are the main contributionto Emiss

T when theZ
boson decays into two neutrinos, such thatEmiss

T is roughly equivalent topT (Z) for this physics process.
TheEmiss

T resolution of ATLAS is sufficient for this to be a good approximation. In addition to pairs of
isolated charged leptons, a sample composed ofZ → e±X is added, whereX is a non-isolated electron
or an electron-like object with very loose cuts. This additional sample is used to increase the statistics
and measure the electron identification efficiency via the “tag-and-probe” method. The goal of the tag-
and-probe method is to select on one side a good electron (tag) and look at the other side to the nature
of the object (the probe) which matches the constraint on theZ mass. Two cuts are added to reject the
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remaining backgrounds : 81< MZ(ℓ+ℓ−) < 101 GeV, and MissingET < 30 GeV. After all cuts the
number of selected events is summarized in Table 19. In particular, Table 19 shows the effect of an
upper cut onEmiss

T in order to rejecttt̄ background in theZ → e±X channel. It has been verified that
the efficiencies measured with the tag-and-probe method agree with efficiencies obtained directly from
Monte Carlo, confirming thatX is indeed dominated by electrons rather than hadronic jets.

Table 19: Number of selectedZ → ℓ+ℓ−+≥ 4 jets events in 1 fb−1 in the replace-method analysis.

Process No Emiss
T cut Emiss

T < 30 GeV
Z → e+e−+n jets 18.2 14.1
Z → e±X +n jets 25.6 19.6
Z → µ+µ−+n jets 33.2 26.1
Z → τ+τ−+n jets 1.6 0.
tt̄ → bbℓνℓν +n jets 56.2 0.3
tt̄ → bbℓνqq +n jets 506.6 2.5

Lepton identification and acceptance corrections A number of correlations must be applied in order
to deriveZ → νν̄ distributions fromZ → ℓ+ℓ−: (1) a fiducial correction, since we cannot detecte and
µ leptons beyond|η |= 2.5; (2) a kinematics correction for the additional cuts used to selectZ → ℓ+ℓ−,
including theZ invariant-mass window, thepT cut on the leptons, and theEmiss

T cut; and (3) a correction
for the lepton identification efficiency. The first two effects have to be computed from simulation whereas
the lepton identification efficiency can be measured from collision data using the tag-and-probe method.

After all corrections, the distribution can be summarized by the following formula:

NZ→νν̄(Emiss
T ) = NZ→ℓ+ℓ−(pT (ℓ+ℓ−))× cKin(pT (Z))× cFidu(pT (Z))× Br(Z → νν̄)

Br(Z → ℓ+ℓ−)
, (5)

whereNZ→νν̄(Emiss
T ) is the corrected number of events per bin of missingET , NZ→ℓ+ℓ−(pT (ℓ+ℓ−)) is

the raw number of control sample events as a function ofpT (Z), cKin andcFidu are the kinematic and
fiducial corrections. TheEmiss

T andMeff distributions ofZ → e+e−+ e±X andZ → µ+µ− events after
all corrections are compared toZ → νν̄ distributions in Figure 17.

For very high values ofEmiss
T andMeff , statistics is low. In order to present a smooth prediction of

the background, for example as a function ofMeff , a fit of the shape has been performed. Of course, the
fit is also affected by the low statistics in the tail, but by relaxing the jetpT andEmiss

T cuts and observing
how the fit parameters evolve with the cuts, a smooth prediction can be made.

Systematic uncertainties The effects of various Monte Carlo generator and detector systematic uncer-
tainties are summarized in Table 20. The main generator systematic uncertainty is due to the variation of
the renormalization scale and affects the acceptance correction, whereas the principal detector systematic
uncertainty is related to the soft part of the missing transverse energy which is not taken into account
when replacing neutrinos by charged leptons.

SUSY contamination in the control sample Due to the tight control sample selection cuts, in partic-
ular Emiss

T < 30 GeV, the SUSY contamination in the control sample in 1 fb−1 is negligible: 0.1 events
for SU1, 0.4 events for SU2, 0.9 events for SU3, and< 0.07 events for SU6.
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Figure 17: (Left)Emiss
T distribution after all corrections forZ → νν̄ , Z → e+e−+ e±X andZ → µ+µ−

processes. The number of events corresponds to an integrated luminosity of 1 fb−1. (Right) Meff distri-
bution for the same physics processes.

Table 20: Summary of systematic uncertainties for the replace method.

Description Relative uncertainty∆N/N [%]
MC generator systematics

ALPGEN parameter variation 6.3
Detector systematics

Electron energy scale 0.05
Electron energy resolution 0.03
Electron id efficiency 0.50
Muon energy scale 0.30
Muon energy resolution 0.39
Muon id efficiency 1.00
Emiss

T scale (soft part) 4.5
Total systematics (quadratic sum) ∼ 8
Total statistics ∼ 13
Total uncertainties ∼ 15

3.3.2 Z and W background estimates fromZ → ℓ+ℓ− plus Monte Carlo shape

A modification of the method of the previous section is described here. Denoted the “MC method”, it
uses only the number of events in theZ(→ ℓ+ℓ−)+ jets control sample for normalization, but otherwise
relies on Monte Carlo simulation of kinematical distributions of events. The same normalization factor is
used for both theZ(→ νν̄) background and theW (→ ℓν) background since the production mechanism
is very simliar.

Control sample The event selection of the control sample demands: two opposite-sign same-flavour
leptons withpT > 20 GeV;Emiss

T < 40 GeV; a di-lepton massMℓℓ within± 10 GeV ofmZ . Subsequently,
the standard no-lepton SUSY cuts are applied after replacing ℓ+ℓ− with νν̄ .

The number of events selected with 1 fb−1 is summarized in Table 21. The contamination fromtt̄
events is about 10−2 and therefore not significant. The number of events estimated by a full simulation
sample (with event filterpZ

T > 80 GeV) is 72±3 for 1 fb−1, which leads to a statistical uncertainty on
the estimation of 12%.

The method has been tested with a pseudo data sample preparedwith Monte Carlo parameters set

28

SUPERSYMMETRY – DATA-DRIVEN DETERMINATIONS OF W , Z AND TOP BACKGROUNDS . . .

40

1552



Table 21: Number of events in the MC method control sample (for 1 fb−1).

process µ mode e mode µ + e (sum)

Z(→ ℓ+ℓ−) 51±1 34±1 85±1
Z(→ τ+τ−) < 0.1 < 0.1 < 0.1
tt̄ 1.0±0.3 0.5±0.2 1.5±0.4

Table 22: Systematic uncertainty from variation of Monte Carlo generator parameters (ALPGEN) for the
MC method. The pseudo data sample is discussed in the text.

Z(→ νν̄) Emiss
T > 300 GeV Meff > 800 GeV

pseudo data sample 5% 3%
half renormalization scale 2% 0%
lower partonpT 9% 4%

W (→ ℓν) Emiss
T > 300 GeV Meff > 800 GeV

pseudo data sample 16% 7%
half renormalization scale 4% 2%
lower partonpT 12% 15%

Table 23: Systematic uncertainty from detector performance in the MC method.

Emiss
T > 300 GeV Meff > 800 GeV

Jet energy scale 6% 6%
Jet energy resolution 1% 1%
Emiss

T soft component scale 1% < 1%
Lepton energy scale < 1% < 1%
Lepton identification efficiency 2% 2%

differently from the standard Monte Carlo sample4. In this pseudo data sample, the shape ofEmiss
T and

Meff distributions is not affected; only the normalization changes significantly. The MC method is able
to recover such a change and predict the background correctly.

Systematic uncertainty The MC method relies on Monte Carlo for the shapes of the background
distributions. The systematic uncertainty from the Monte Carlo is estimated by using samples with
different Monte Carlo parameters (pseudo real data, half renormalization scale sample, lower parton
threshold sample). The results are summarized in Table 22; the deviation of the samples is 16% at most.

Other potential sources of systematic error in the background estimation from uncertainties in detec-
tor performance are summarized in Table 23. Since Monte Carlo is used, an uncertainty in the experi-
mental jet energy scale affects the MC method prediction significantly more than for the replace method
(Section 3.3.1).

SUSY contamination of the control sample The tight selection cuts of the control sample makes any
SUSY contamination negligible (as was also the case for the replace method discussed in Section 3.3.1).

4renormalisation and factorisation scale 0.8 times the default, a minimum partonpT of 30 GeV (rather than 40 GeV), and
separation between partons∆R j j = 0.6 (rather than 0.7).
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3.3.3 Control sample constructed from anMT -selected one-lepton sample

W and top backgrounds The tt̄ andW± + jets processes contribute to the background in the no-
lepton mode, when the lepton emitted in theW± → ℓν process is not identified. The reasons why the
emitted lepton is missed are summarized in Table 24. Hadronic decay ofτ ’s and the lepton being out
of acceptance (thepT of the lepton is required to be larger than 20 GeV) are the dominant reasons, and
similar reasons/ratio’s are observed in bothtt̄ andW±+ jets processes.

Table 24: Numbers of events in which leptons are missed for various reasons in the semi-leptonic and
leptonic decays of top andW±. The numbers are normalized to 1 fb−1 and listed after the SUSY no-
lepton selection is applied.

tt̄ W±+ jets
W±→ τ → hadron 1993 (43%) 773 (42%)
Out of acceptance 1805 (39%) 762 (41%)
Isolation (close to jet) 807 (18%) 322 (17%)

The production processestt̄ andW± with W± → ℓν where the lepton is identified constitute good
control samples from which to estimate these background processes in the no-lepton mode, since similar
kinematic distributions are expected except for the presence of the lepton. For the control sample, the
same kinematic selections as for the signal in the no-leptonmode are applied. In addition, exactly one
isolated lepton (e orµ with pT larger than 20 GeV) is required and the transverse mass between this
lepton and theEmiss

T is required to be smaller than 100 GeV to enhance thett̄ andW± processes. After
these selections, this identified lepton is treated as if hadbeen missed and all kinematic variables are
recalculated.

The distributions oftt̄ andW±+ jets events differ after the SUSY selections are applied. The Emiss
T

for W± tends to be larger than fortt̄ events, since the boost factor of theW± is larger forW±+ jets after
several highpT jets are required. Therefore the reproduced distributionsare sensitive to the mixture of
the tt̄ andW± + jets events in the control sample. The fractions of thett̄ andW± + jets processes in
the control sample are 81% and 19%, respectively, close to the actual backgrounds in the signal region,
which are 73% and 27% respectively. The systematic errors due to the uncertainties in the cross-section
of tt̄ andW±+ jets will be discussed later.

The estimated distribution is normalized with the data at 100 GeV< Emiss
T < 200 GeV, where the con-

tribution of the SUSY signal is expected to be small. The estimated distributions are slightly harder than
the true distributions of the background processes, but similar distributions are obtained. The number of
estimated background events is summarized in the two top rows in Table 25. Reasonable agreement is
observed at highEmiss

T .

QCD, W and top background without and with SUSY signal In a dedicated note within this vol-
ume [3] various methods for the estimation of QCD backgroundfrom data are discussed.

In this section, we include QCD background, and estimate it as follows. It has been shown that
after the removal of events with mismeasuredEmiss

T (e.g. noisy or dead calorimeter cells), as discussed
elsewhere in this volume [12], semi-leptonic heavy quark (b,c) decays are the dominant contribution to
largeEmiss

T in the QCD background. A function is derived to represent themomentum fraction taken
by the neutrino inb andc quark decays. This function is then applied to a control sample taken from
data (at least four jets withpT larger than 50 GeV,pT of the leading jet larger than 100 GeV,Emiss

T
smaller than 100 GeV) dominated by light-quark QCD events. The resulting distributions are normalized
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to data in the region of∆φmin < 0.2, where∆φmin is the minimum value of the difference in azimuthal
angle between theEmiss

T vector and any of the three highestpT jets, as discussed in section 3.1 and the
dedicated note [3].

TheW± andtt̄ background processes can also be estimated from the data, asdiscussed in the previous
paragraph. Since all these processes are present in the datasimultaneously, the background estimations
should be done together. The same holds true for the presenceof SUSY signal, which would contaminate
the control samples.

Figure 18 (top row) shows the estimated and true distributions of Emiss
T and the effective mass for

the combined background processes, without SUSY signal. The background distributions are reproduced
well and the correct normalizations are obtained for all thebackground processes. The numbers of events
are also summarized in Table 25.

Table 25: Number of true and estimated (MT method) background events in the no-lepton mode, fortt̄,
W± and QCD processes without SUSY signal, normalized to 1 fb−1.

Emiss
T > 100 GeV Emiss

T > 300 GeV

tt̄ andW± only
True BG (top andW±) 6894± 83 276± 17
estimated BG (top andW±) 7018± 269 311± 28

QCD, tt̄ andW±

True BG (QCD, top andW±) 8077± 90 300± 17
Estimated BG 8158± 273 327± 28
Ratio(Est./True) 1.01± 0.04 1.09± 0.11

If SUSY exists, SUSY signal can contaminate the background estimations. This is illustrated in
Figure 18 (middle row) and Table 26. In the figure, the SUSY SU3signal point is used; the table shows
the variation over a number of SUSY samples. The figure and thetable show that SUSY contamination
causes a decrease of SUSY event excess by typically 30%, but that the considered points, with the
exception of SU2, are still observable with 1 fb−1.

Table 26: Number of background events and estimated (MT method) numbers fortt̄, W± and QCD
processes, as well as various SUSY signals, in the no-leptonmode, normalized to 1 fb−1.

Emiss
T > 100 GeV Emiss

T > 300 GeV Emiss
T > 100 GeV Emiss

T > 300 GeV

True BG (QCD,top andW±) 8077± 90 300± 17 8077± 90 300± 17

SU1 SU4
Estimated BG 8493± 283 510± 39 27527± 588 1409± 83
True BG + SUSY signal 9152± 96 1078± 33 34209± 185 3535± 59

SU2 SU6
Estimated BG 8198± 274 329± 30 8362± 279 431± 35
True BG + SUSY signal 8193± 91 351± 19 8930± 95 924± 30

SU3
Estimated BG 9188± 299 633± 44
True BG + SUSY signal 11333± 106 2113± 46
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Figure 18: The estimated distributions ofEmiss
T and the effective mass of thett̄, W± and QCD back-

grounds in the no-lepton mode with a luminosity of 1 fb−1. In the plots in the top row, no SUSY signal is
present in the data, and black/red histograms show the true/estimated (MT method) background distribu-
tions. In the plots in the middle and bottom rows, a SUSY SU3 signal is present in the data, and the blue
histograms show the background plus the SUSY signal. In the two plots in the middle row, no correction
was applied. In the two bottom plots, a correction with the “new MT method” was performed.

New MT method The “new MT method”, discussed in section 2.3.1, provides a first rough method to
correct for the presence of SUSY signal in the control sample, once a SUSY excess has been observed
in data. With this method, the distributions shown in the bottom row of Figure 18 are obtained. The
figure shows the estimated background distributions with the new MT method, compared to the true
background distributions, when SU3 SUSY signal is present in data.
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Systematic uncertainties The systematic errors of this method are summarized in Table27. The
ALPGEN parameter variation includes a variation of the relative fraction of tt̄ and W + jets in the
sample. Although the actual number of background events varies with jet energy scale and Monte Carlo
generator parameters by some 25%, the data-driven MT methodis able to predict the background in the
signal region to within an assigned systematic error of 15%.

Table 27: Systematic uncertainties of the MT-method background estimations in the no-lepton mode
without SUSY signal. Also changes of the absolute background numbers are listed. Numbers are nor-
malized to 1 fb−1.

Syst. error Change in background level
Jet energy scale < 5% 25%
Lepton energy scale < 5% 0%
Lepton Efficiency < 5% < 1%
MC@NLO vs ALPGEN < 5% 16%
ALPGEN parameter variation < 5% 8%

3.3.4 Top pairs with τ decay

Introduction The precise determination of the cross-section for the process of top-pair production with
one tau that decays hadronically,tt̄ →W (qq̄′)W (τhadντ)bb̄, is relevant because it constitutes an important
background to SUSY searches with no leptons and significantEmiss

T . In fact, if no tau veto is applied,
about 65% of the totaltt̄ background in the no-lepton mode corresponds to events containing one tau.

Event reconstruction and selection The topology oftt̄ →W (qq′)W (τhadν)bb̄ events consists of two
light–quark jets, one tau, and twob jets.

The control of the tau fake rate is very important in a busy environment likett̄ where the purity
of the reconstructed tau sample is low due to the large jet multiplicity. A high tau purity is needed
in order to reduce the internal combinatorial background and the background from the semileptonic
(tt̄ →W (ℓνℓ)W (qq̄′)bb̄ whereℓ ∈ {e,µ}) decays oftt̄. In this analysis, we use a calorimeter-based tau
reconstruction algorithm [1], and require a minimum visible pT of the identified tau of 25 GeV.

The event is built independently on the hadronic side and theleptonic side, and topology variables
useful to identifytt̄ events and reject QCD andW + jet background are extracted. On the hadronic side, a
hadronicW invariant mass is built choosing, among all the combinatorial possibilities of di-jets, the pair
of jets with closest invariant mass to its PDG value. The hadronic top is built combining this hadronicW
with the closest identifiedb jet in ∆R. Theb-jet identification is loose, with a 75% efficiency forb jets
from top decay.

The Emiss
T is combined with the identified tau in order to build a leptonic W transverse mass. We

assume a collinear approximation for the decay of the tau (the visible products of the hadronic decay of
the tau and the associated̄ντ are collinear), and determine the invariant transverse mass of the leptonic
W . The resulting leptonicW is then combined with the closest (in∆R) b jet to constitute the leptonic top.

For each event, a reconstructed tau will build a leptonicW (and top) in combination withEmiss
T , and

will have an associated hadronicW (and top). If there is more than one reconstructed tau we select the
one that is associated with the jet pair that gives the hadronic W invariant mass closest to its PDG value.

Once the event is built, topology variables suitable fortt̄ selection are computed and selection cuts are
applied:Emiss

T > 35 GeV, no identified electron or muon withpT > 15 GeV should be present in the event,
the angle∆φ between the two reconstructed top quarks should be larger than 2.5, the ratio between the
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transverse momentum of the two reconstructed top quarks should be smaller than 2, the angular distance
(∆R) between the reconstructedb jets should be larger than 1, and the angle∆φ between the missing
momentum vector and the hadronicb jet should be larger than 0.5.
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Figure 19: MissingET of tt̄ events with(qq̄′,τhad) for (circles) tt̄ selection as in this analysis (control
sample) and (squares) for the SUSY no-lepton mode selection.

With the looseb tagging used here, 2910tt̄(qq̄′,τhad) events are selected for 1 fb−1. The background
consists of QCD andW + jets, for which 110 and 100 events respectively are selected. Therefore, with
looseb tagging a good signal-to-background ratio can already be reached, although the uncertainty on
the QCD background number is large. If one were to use tighterb tagging (60% efficiency), 1650
tt̄(qq̄′,τhad) events would be selected, against 2 QCD events and noW + jet events.

In the presence of SUSY, the numbers of SUSY signal events that would pass the event selection
with the looseb tag for 1 fb−1 are given in Table 28. They are generally small, with the exception of the
SU4 point.

Table 28: The number of SUSY events remaining aftertt̄(qq̄′,τhad) selection for different SUSY points,
for 1 fb−1.

SU1 SU2 SU3 SU4 SU6 SU8
Nevt 22± 1 5± 1 155± 5 1700± 60 70± 4 45± 3

Estimation of the tt̄ with (qq̄′,τhad) background to SUSY. Figure 19 shows that the selection ap-
plied in order to identify thett̄ events with(qq̄′,τhad) introduces little bias in theEmiss

T distribution, as
compared to the SUSY no-lepton mode selection.

Applying the SUSY no-lepton mode cuts, we estimate 210tt̄ (qq̄′,τhad) events as remaining back-
ground to the SUSY no-lepton mode for 1 fb−1.
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Systematic uncertainties In the data-driven analysis oftt̄ decays in the(qq̄′,τhad) final state, the most
relevant contributions to the detector uncertainties are the jet andEmiss

T energy scale,b-tagging efficiency
andτ identification efficiency.

Table 29: Systematic variation of thett̄(qq̄′,τhad) cross-section due to detector-related uncertainties.

Systematic variation Cross-section variation [%]
Jet energy scale 2.5
b-tagging efficiency 7.5
Light quark rejection in b-tag 1.3
τ-identification efficiency 3.4
Light quark rejection inτ-identification 4.5

Theb-tagging efficiency plays an important role in thett̄(qq̄′,τhad) reconstruction, since one of the
selection criteria is that the twob jets expected in the final state should be reconstructed and correctly
identified5.

The systematic contribution to the measurement of thett̄(qq̄′,τhad) cross-section due to theτ iden-
tification efficiency has been estimated by varying theτ identification efficiency and the light quark
rejection factor by 10%.

The uncertainty on the QCD background in thett̄(qq̄,τhad) sample is large due to the limited number
of Monte Carlo events which could be generated. Probably tight b tagging is required in this analysis.
Further study is needed on this topic.

4 Multi-lepton and tau search modes

As well as the one-lepton and no-lepton search modes described earlier, there is considerable SUSY
discovery potential in the multi-lepton and tau search modes, as discussed elsewhere in this volume [2,4].

The data-driven estimation of backgrounds in these modes, particularly the opposite-sign dilepton
and the tau modes, can use the methods that have been described earlier in the context of the one-
lepton search mode have also proven to be useful. These include the MT method, the HT2 method,
the kinematic reconstruction method and the redecay method. Furthermore, for the same-sign dilepton
mode, a technique based on lepton isolation, as described inthe note on QCD backgrounds [3] could be
further developed.

5 Discussion

The methods presented in this note represent a number of ideas on how top,W andZ backgrounds to
SUSY searches can be extracted from the data, with appropriately chosen control samples. The results
indicate that we expect, with 1 fb−1, to be able to measure in the no-lepton mode:

• theZ → νν̄ background with two different methods to 8–13% stat. error,10–15% syst. error;

• the tt̄ background with hadronic tau decay to< 6% stat. error, 10–15% syst. error (but with a
caveat for the QCD background);

• and the sum of top,W and QCD backgrounds with the MT method to 4–8% stat. error, and 15%
syst. error.

5This is in fact the only analysis in this note whereb tagging is used.
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In the one-lepton mode:

• the MT method gives the sum oftt̄ and W background to 4–8% stat. error, 15% syst. error;

• the semileptonictt̄ background can be estimated to 5% stat. error, 22% syst. error;

• we can determine the fully leptonictt̄ background to 10% stat. error, 20% syst. error in at least
three independent ways;

• and we have a combined fit method to extract all components.

These methods can also be applied to the multi-lepton and tausearch modes.
The results obtained with the MT method in this note are stable with respect to systematic variations

in detector performance and Monte Carlo parameters and cross-sections to the 15% level. However, the
MT method measures a sum of semileptonic and fully leptonictt̄ andW/Z + jets background; it relies
on a control sample with different composition than the signal sample, and there is a subtle interplay
between thett̄ andW/Z + jets components of the background. More work is needed to understand
possible systematic effects. It is desirable to understandthe individual components of the backgrounds
as well, and the various other methods discussed in this noteappear to succeed in this.

The presence of SUSY signal would affect the background estimates, at a level that depends on the
SUSY signal properties, as well as on the method. Methods with very tight control samples (replace
method, topbox method) see almost no effect. For the other methods, the background is overestimated
by typically 20–30% for samples like SU1, SU2, SU3 and SU6. Ifa SUSY excess is nevertheless
observed (which is possible with 1 fb−1), a correction for the background overestimation can be applied.
First ideas have been presented in this note, using the MT method, and the combined fit method. More
work is needed in this area. The SU4 benchmark point is a special case because of its light spectrum.
It produces events with kinematics which are similar to the Standard Model backgrounds and its cross-
section is high, so many methods would struggle to provide background predictions. It would, however,
not be missed [11].
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Estimation of QCD Backgrounds to Searches for
Supersymmetry

Abstract
This note deals with techniques for estimating QCD multijetbackgrounds to
inclusive jets +Emiss

T + leptons searches for Supersymmetry. The note doc-
uments how the backgrounds may be estimated using a data set with an in-
tegrated luminosity of 1 fb−1 or less. The likely systematic and statistical
uncertainties in such estimates are also discussed. Data-driven approaches dis-
cussed include jet smearing with functions derived from data and techniques
for background estimation using control samples. Monte Carlo based tech-
niques using a variety of generators and simulation tools are also discussed
with a view to establishing their likely precisions and hence the optimum sim-
ulation strategy.

1 Introduction

In searches for supersymmetry in events containing jets andmissing transverse energy (Emiss
T ) the biggest

background-determination challenge will be in understanding QCD jet events. Although fast simulation
studies [1] indicate that such backgrounds should be sub-dominant in the highEmiss

T and large jet mul-
tiplicity region, the situation with real data is still uncertain, and likely to be less favourable for SUSY
searches. In particular non-Gaussian tails to the detectorjet response function, which can be caused by
dead material, jet punch-through, pile-up of machine backgrounds and other effects, can dramatically
increase the cross-section of highEmiss

T QCD background. QCD jet events in which such processes have
occurred shall be referred to in this note as “fake”Emiss

T events in what follows, since in such events the
net pT of non-interacting particles measured in a perfect detector is inherently small. Events in which
the Emiss

T vector is dominated by contributions from non-interactingparticles such as neutrinos or the
Lightest Supersymmetric Particle (in the case of SUSY signal) shall be referred to as “real”Emiss

T events.
Accurate estimation of QCD jet backgrounds is difficult for anumber of reasons. Processes gener-

ating fakeEmiss
T from event mis-measurement are expected to be poorly modeled in currentGEANT4 [2]

simulations – this situation will improve once validation has been performed with real data. Furthermore
theoretical and experimental uncertainties will conspireto decrease further the systematic precision of
Monte Carlo estimates while the large QCD cross-section will limit statistical precision by rendering
production of unbiasedGEANT4 samples corresponding to more than a few pb−1 unfeasible. This note
addresses these problems, assessing the relative magnitudes of some of the uncertainties, identifying
techniques for minimising the contribution of such backgrounds in the SUSY signal region and studying
novel Monte Carlo- and data-driven approaches to accurate background estimation. It should be under-
stood that the background estimates presented here are not intended to be definitive; rather the focus is on
developing and evaluating the performance of tools for future use. This note should be read in conjunc-
tion with the notes outlining ATLASEmiss

T performance [3], data-driven estimation strategies forW , Z
and top backgrounds [4] and inclusive SUSY searches [5]. Themain variables sensitive to the presence
of SUSY signal which have been considered in this note areEmiss

T and the ‘effective mass’ defined by
Meff = ∑4

i=1 |pT ( ji)|+ Emiss
T [5], where the sum runs over the four leading jets satisfyingthe conditions

described below.
Wherever possible events appearing inEmiss

T or Meff distributions have been selected with a standard
jet selection requiring at least four jets withpT > 50 GeV and|η |< 2.5, at least one of which must have
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pT > 100 GeV. In some sections describing studies of new simulation techniques with limited available
simulation statistics these cuts have been relaxed – these cases are highlighted in the text. In addition
the performance of the different background estimation techniques has been compared by assessing the
uncertainties of the background estimates for events passing a standard baseline set of cuts for the jets+
Emiss

T + 0-lepton (1-lepton for Section 5.2) channel described elsewhere in this volume [5].

2 FakeEmiss
T rejection

2.1 Jet fiducialisation inη

In QCD multijet events the generation of large fakeEmiss
T from jets falling in poorly instrumented regions

of the detector is a significant mechanism by which such events mimic SUSY signal. Conversely the large
number of such events means they can provide a useful in-situprobe of the the ability of the detector to
measureEmiss

T . Here we consider the use of such events for defining non-fiducial regions where jets may
be expected to be poorly measured and hence capable of generating significant fakeEmiss

T .
The Emiss

T resolution of the ATLAS detector is known to scale with
√

ΣET [6], whereΣET is the
scalar sum over the transverse energies of all calorimeter objects. For this reason theEmiss

T -significance
defined byS = Emiss

T /
√

∑ET is frequently used to distinguish realEmiss
T from fakeEmiss

T . Because QCD
multijet events typically have little energy in invisible particles the value of〈S〉 is determined by theEmiss

T
resolution of the detector. Much of the variance inS is due to intrinsic shower fluctuations, but because
the reconstructedEmiss

T is dominated by the transverse energy near the highest-pT jets, some is due to
the non-uniformity in energy resolution of the detector. A measurement of〈S〉 in a sample of events in
which one of the highest-pT jets points into a particular region of the calorimeter can therefore be used
as a measure of the relative performance of that region.

In this study, theEmiss
T -significance of QCD jet events was used to calculate〈S〉 in η bins across the

calorimeter. Each eventS value was used in twoη bins – one for each of the two highest-pT jets. The
same techniques could be used generate a full(η ,φ) map of the calorimeter. A sample ofPYTHIA [7]
simulated QCD jet events withpT > 280 GeV and corresponding to an integrated luminosity of 23.8 pb−1

was used for the study [8]. Events were required to pass the 160 GeV high-level single-jet trigger [9]
and to possess at least two high-pT jets with pT ( j1) > 100 GeV andpT ( j2) > 50 GeV. These two jets
were required to be back-to-back in the transverse plane such thatπ −|∆φ( j1, j2)| < 0.4. Events were
vetoed if they contained an isolated lepton withpT > 10 GeV and|η |< 2.5 or if Emiss

T was greater than
80 GeV. The∆φ andEmiss

T cuts eliminate contamination from events with significant trueEmiss
T , eg. Z

(→νν̄ ) + jets and heavy quark jets. While theEmiss
T cut does, in principle, prohibit the identification of

catastrophically unresponsive regions with this method, regions with consistently poor response would
be readily identifiable via the relative deficiency of eventswith jets pointing into them.

The resulting calorimeter map is shown in Fig. 1. The degraded response in the tile barrel and tile
barrel-extended barrel gaps (η ∼ 0 and 0.6 < |η | < 0.8) and the LAr barrel-endcap and hadronic LAr-
forward calorimeter transition regions (1.3 < |η |< 1.5 and 3.1 < |η |< 3.3) are all clearly visible. The
principal application of these data is to define non-fiducialregions of the detector, such that events with
jets pointing into these regions can be rejected. Defining a cut value〈S〉min on 〈S〉, a region is defined
to be non-fiducial if〈S〉 > 〈S〉min in all of the corresponding bins in the calorimeter map (Fig.1) and if
〈S〉− 〈S〉min > 3ε in at least one of those bins, whereε is the uncertainty on the mean〈S〉. Fig.1 also
shows the non-fiducial regions obtained in this way with〈S〉min = 0.95.

The jet fiducialisation process has been tested on the QCD jetsample which was used to define
the regions and also on SUSY events from model point SU3 [10].Events were required to satisfy the
jet cuts listed in Section 1 and events with a jet withpT > 40 GeV pointing into one of the non-fiducial
regions depicted in Fig.1 were rejected. The efficiency of these cuts for the QCD and SUSY samples was
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Figure 1:〈Emiss
T /

√
ΣET 〉 vs. η j, where j is the first or second highest-pT jet in each event (points). The

non-fiducial regions selected with a cut at 0.95 (dashed line) are also shown (shaded areas; see text).
These regions correspond to the LAr barrel-endcap and HEC-forward transition regions.

(74.8±0.4)% and(75.4±0.6)% respectively forEmiss
T > 0 GeV, and(67.5±3.7)% and(75.5±0.7)%

for Emiss
T > 100 GeV. The effect of these cuts on the simulated data-samples is clearly small however

they may be of more use with real data acquired with an imperfect detector, and the technique could be
used as an on-line monitor of calorimeter performance.

2.2 Jet–Emiss
T φ correlations

One of the main methods used to reduce the QCD multijet background inEmiss
T + jets inclusive SUSY

searches at the Tevatron has been the elimination of events in which theEmiss
T is closely associated with

one of the leading jets in the transverse plane [11, 12]. Thissection provides a brief exploration of this
method of background elimination in ATLAS.
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Figure 2: The|∆φ( j1,Emiss
T )| − |∆φ( j2,Emiss

T )| plane for QCD multijet (left) and SUSY SU3 events
(right) passing SUSY jet cuts andEmiss

T > 100 GeV.

Fig. 2 shows the|∆φ( j1,Emiss
T )| − |∆φ( j2,Emiss

T )| plane for events from the QCD multijet sample
described in Section 2.1 which pass the jet cuts described inSection 1 and possessEmiss

T > 100 GeV
(note that this sample has at least one jet withpT > 280 GeV – significantly higher than the SUSY
leading-jetpT requirement of 100 GeV). Almost all events are confined to small regions around(π,0)
and(0,π), with a small number of events in which theEmiss

T is not associated with one of the two highest-
pT (reconstructed) jets lying outside these regions. For comparison, the|∆φ( j1,Emiss

T )|− |∆φ( j2,Emiss
T )|

plane for events from a SUSY (SU3 model) sample [8] passing the above cuts is shown in Fig. 2. No
such correlation withEmiss

T is observed for this SUSY benchmark point.
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Figure 3: The∆φmin distribution for QCD multijet (solid line) and SU3 SUSY (dashed line) events
passing the SUSY jet cuts and withEmiss

T > 100 GeV, as described in the text. Good discrimination is
achieved with a cut at∆φmin = 0.2 (vertical dotted line).

For the purposes of background reduction, this technique can be generalised by considering three
correlations between theEmiss

T vector and the leading three jets by defining∆φmin as:

∆φmin = min(∆φ( j1,E
miss
T ),∆φ( j2,E

miss
T ),∆φ( j3,E

miss
T )). (1)

The∆φmin distribution for the QCD and SUSY samples passing the SUSY jet cuts and withEmiss
T > 100

GeV are shown in Fig. 3. Also shown is the position of a cut at∆φmin > 0.2 used in Ref. [5].

2.3 Calorimeter and tracking cuts

Events in which jet reconstruction problems lead to fakeEmiss
T can be identified with several variables [3].

Cuts on the fraction of the total energy of the jet (ETotal) deposited in the outermost layers of the tile
calorimeterETile2 and in the hadronic endcap calorimeterEHEC can be defined to veto events with likely
problems in jet containment. Additional cuts on the fraction of the jet energy deposited in the cryostat
between the tile and the liquid argon (ECryo – estimated from the energy in the closest calorimeter layers)
and in the gap and crack scintillators (EGap) can be used to reject events with large depositions in dead
material. It is also possible to identify events in which there have been problems reconstructing the
missing transverse momentum by comparing the value calculated from charged tracks (Emiss

T,Trk ) with the

usual calorimetricEmiss
T .

Table 1: Cross-section of SUSY SU3 signal and QCD jet backgrounds before and after application of the
selection and cleaning cuts proposed in the text. Quoted statistical uncertainties in cross-sections after
cuts derive from statistics of the Monte Carlo samples used.

Sample No cuts [pb] Selection cuts [pb] Cleaning cuts [pb]
SUSY SU3 27.51 9.654±0.019 6.792±0.016
QCD (280 GeV< pT < 560 GeV) 1.25×104 17.2±1.3 9.7±1.0
QCD (560 GeV< pT < 1120 GeV) 360.0 4.22±0.13 1.805±0.082
QCD (1120 GeV< pT < 2240 GeV) 5.71 0.434±0.003 0.130±0.002

Table 1 shows the cross-section of SU3 signal and multijet background following application of
the SUSY jet cuts described in Section 1 together with a cut requiring Emiss

T >100 GeV, and in addition

4
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applying the fakeEmiss
T cleaning cuts discussed above. The latter cuts were appliedto jets withpT > 150

GeV with the following acceptance criteria :ETile2/ETotal < 0.1, ECryo/ETotal < 0.2, EGap/ETotal < 0.2,
EHEC/ETotal < 0.5 andEmiss

T,Trk−Emiss
T < 50 GeV. Note that the specific cut values are analysis dependent

and should be adapted for other cases. The table shows that the cleaning cuts are effective at removing
between 40% (lowpT ) and 70% (highpT ) of the multijet background, while rejecting∼30% of the
remaining signal after selection cuts.

2.4 Cosmic backgrounds and rejection cuts

Searches for supersymmetry must contend with backgrounds in which fakeEmiss
T arises from a variety

of sources. Examples in which the fakeEmiss
T is generated independently from a hard scatter include

dead or noisy calorimeter channels, accelerator-related background and cosmic rays in which a muon
undergoes a hard bremsstrahlung. A range of data-cleaning tools is being prepared to reject fakeEmiss

T in
ATLAS; here we focus on timing information from the hadronictile calorimeter (TileCal). As one gains
a better understanding of the first data, this will be combined with information from other subdetectors.

Calorimeter timing can be a powerful tool to remove fakeEmiss
T backgrounds from cosmic rays [13].

Timing in ATLAS is defined such that particles from the nominal interaction point (x = 0, y = 0, z = 0)
will arrive in the calorimeter cells at timet = 0. Cosmic ray events, however, will arrive at random times
with no correlation to the LHC beam structure. One of the methods to reject cosmic rays is to calculate
the “up-minus-down” time, in which one divides the TileCal into two segments, an upper segment, with
φ > 0 and a lower segment withφ < 0, whereφ is the angle in the transverse plane. One then calculates
the average time of cells in each segment, weighted by the energy of each celli:

tup(down) = ∑
i

(Eup(down)
i × ti)/∑

i

Eup(down)
i . (2)

The difference between the two quantitiestup and tdown, should reflect the average time-of-flight. The
resulting “up-minus-down” time should be centered att = 0 for particles from the interaction point, as
demonstrated in Fig. 4. In this figure, the “up-minus-down” time is calculated for a simulated Monte
Carlo QCD dijet sample. As expected, the signal distribution peaks near zero. Note that the simulation
includes electronic noise, and so the timing distribution has a spread of several ns.

Depending on their trajectory, cosmic ray muons traveling from the top to the bottom of ATLAS
at near the speed of light will have a time-of-flight of typically 18-20 ns over their travel distance of
approximately 6-7 m [14] in the TileCal. This is demonstrated in Fig. 5 for a simulated Monte Carlo
sample of cosmic ray muons. In this case, the distribution peaks near -18 ns (the time of flight is negative
as expected for a particle traveling from the top to the bottom). The width of the simulated distribution is
3 ns, allowing for a good separation of the background from the signal peaking att = 0. Further details
of calorimeter timing studies with cosmic rays in ATLAS can be found in Ref. [14].

3 Monte Carlo systematics

3.1 Generator systematics: proton PDF and underlying event

In this section, uncertainties on the Monte Carlo generation of QCD events arising from proton parton
distribution functions (PDFs) and modeling of the underlying event are briefly investigated. These un-
certainties provide a limit to the precision with which the novel detector simulation strategies described
in Sections 4.1 and 4.2 can model QCD backgrounds to SUSY. Dueto the large number of Monte Carlo
samples required for this study, each with different PDF or underlying event parameters, it was unfeasible
to work with GEANT4 detector simulation samples. Therefore dedicated samplesof events were gener-
ated in the samepT ranges as theGEANT4 samples used elsewhere in this note [8] and passed through
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Figure 4: “Up-minus-down” timing distribu-
tion in TileCal for a simulated Monte Carlo di-
jet sample. As expected, the distribution peaks
near 0.
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Figure 5: “Up-minus-down” timing distribu-
tion in TileCal for a simulated Monte Carlo
cosmic ray sample. As expected, the distribu-
tion peaks near -18 ns.

the ATLAS fast detector simulation [15]. For all distributions shown in this section, QCD events were
selected with the common jet cuts described in Section 1.
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Figure 6: TheMeff distribution for simulated QCD events satisfying SUSY jet cuts described in Section 1.
The left plot shows the number of events per bin, scaled to 1fb−1 and the right plot shows the fractional
difference with respect to CTEQ6.1M. In each case, the solidhistogram and shaded band shows the
results from the CTEQ6.1M proton PDF. The dashed and dotted histograms show the results from the
MRST2004 and CTEQ6L1 PDFs, respectively. The error bars reflect the Monte Carlo statistics.

Proton Parton Distribution Functions All calculations of cross-sections at the LHC rely on a knowl-
edge of the proton parton distribution functions (PDFs). High-pT QCD events will be particularly sensi-
tive to the gluon PDF at largex which, in current global fits [16–19], is relatively poorly known. In this
section, the impact of the PDF uncertainties on distributions of observables sensitive to the presence of
SUSY signal is estimated.
Events were generated usingPYTHIA 6.403 [7], with the following PDFs: CTEQ6L1 [20], CTEQ6.1M [17]

6

SUPERSYMMETRY – ESTIMATION OF QCD BACKGROUNDS TO SEARCHES FOR . . .

55

1567



and MRST2004nlo [21]. Note that CTEQ6L1 is a leading order (LO) PDF, while CTEQ6.1M and
MRST2004nlo sets are both next-to-leading-order (NLO) sets. CTEQ6.1M provides a set of error PDFs
(S±i ), corresponding to theN eigenvector directions. Note that theS±i only reflect the experimental un-
certainties on the data, and do not include any information on theoretical assumptions used in the fit.
The total PDF uncertainty arising from experimental sources, on a given observable,Σ, can then be
constructed according to:

∆Σ± =

√
N

∑
i=1

(
max

(
±Σ(S+

i )∓Σ(S0),Σ(±S−i )∓Σ(S0),0
))2

; (3)

where∆Σ+(∆Σ−) are the upper (lower) uncertainties on the observable andS0 represents the central (best
fit) PDF value. For CTEQ6.1M, there are 40 error PDF sets,S±i , corresponding toN = 20 eigenvector
directions. Since the uncertainty band obtained from CTEQ6.1M only reflects the uncertainties of the
experimental data, the predictions of this PDF are also compared here to those from MRST2004nlo (an
alternative, independent NLO PDF) and to CTEQ6L11.

The distribution ofMeff for the different PDFs considered, and the fractional uncertainty with respect
to the central prediction of CTEQ6.1M, is shown in Fig. 6. TheCTEQ6.1M uncertainty band ranges from
∼ 20−50%, asMeff increases. The largest contribution to this band comes fromeigenvector 15, which is
mainly sensitive to the gluon at largex. The results from MRST2004nlo lie well within the CTEQ6.1M
uncertainty band across the whole range of the distribution. The prediction from CTEQ6L1, a LO PDF,
lies below those of the NLO PDFs. ForMeff & 1 TeV, the difference is approximately constant and at
the level of∼ 20%. The validity of using NLO versus LO PDFs, with LO matrix-element generators,
is discussed in a recent publication [22]. However, these results indicate that the difference between the
results from LO and NLO PDFs is smaller than the CTEQ6.1M uncertainty band.
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Figure 7: TheMeff distribution for simulated QCD events satisfying SUSY jet cuts described in Section 1.
The left plot shows the number of events per bin and the right plot shows the fractional uncertainty
with respect to the “PYTHIA – ATLAS default” model for the underlying event. In each plot, the
solid histogram shows the results from the “PYTHIA – ATLAS default”, the dotted histogram shows
“PYTHIA – Tune A”, the dashed histogram shows “PYTHIA – no MPI” and the dot-dashed histogram
shows “JIMMY – ATLAS default”. The error bars reflect the Monte Carlo statistics.

1Note that thePYTHIA parameters used by default within ATLAS are tuned to the CTEQ6L1 proton PDF. Strictly, if a
different PDF is used, a retuning of the Monte Carlo parameters to data should be performed. This has not been done in the
current study, and this should be bourne in mind when interpreting the results.
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Underlying Event Monte Carlo generation of QCD events is also sensitive to theunderlying event.
Multi-parton interactions are modelled in several Monte Carlo generators. For this study, thePYTHIA
6.403 [7], andHERWIG 6.507 [23] (used in conjunction withJIMMY v4 [24]) are used. Further details
of the underlying-event models compared are summarised below. Note that, unless otherwise stated,
CTEQ6L1 is used as the proton PDF.

The underlying event models considered are briefly summarised below:

• “PYTHIA – ATLAS default” : the ATLAS default underlying-event tune forPYTHIA 6.4 [8].

• “PYTHIA – Tune A” : a model based on the “PYTHIA-TuneA” [25] to Tevatron data. Note that
since underlying-event tunes also depend on the PDFs, CTEQ5L [26], appropriate to Tune A, has
been used here.

• “PYTHIA – no MPI” : a model in which multi-parton interactions have been switched off. All
other parameters were left at thePYTHIA 6.403 defaults. This model does not describe the Teva-
tron data, but is included for comparison.

• “JIMMY – ATLAS default” - the ATLAS default underlying eventtune forHERWIG 6.5 + JIMMY
4 [8].

The distribution ofMeff is shown in Fig. 7. The left plot shows the number of events perbin (scaled
to 1 fb−1) while the right plot shows the fractional ratio with respect to “PYTHIA – ATLAS default”.
As expected, the model with no underlying event contribution, “PYTHIA – no MPI”, lies below the
predictions of all otherPYTHIA models. The highest model prediction is given by the “PYTHIA– Tune
A” model, based on “PYTHIA-TuneA” to Tevatron data. The ATLAS default tunes, “PYTHIA –ATLAS
default” and “JIMMY – ATLAS default”, show differences of∼ 20%. However, some of this difference
may come from the different normalisations ofPYTHIA andHERWIG and not totally due to the underlying
event model. The overall spread in predictions from these models, is∼ 40% and is approximately
constant across the range ofMeff shown.

3.2 Jet energy scale uncertainty

A significant source of irreducible experimental uncertainty in Monte Carlo QCD background estimates
will arise from the uncertainty in the jet-energy-scale (JES). In this section, a simple estimate of the
impact of the JES uncertainty is performed. For each event, the energy and momentum of each jet has
been scaled by a constant factor, corresponding to a 10%, 5%,3% and 1% uncertainty on the JES. The
Emiss

T has also been adjusted accordingly, by an amount corresponding to the change in the sum of the
jet momenta in thex andy directions. All such scaling is performed prior to any selection cuts. For this
study, the QCD dijet events generated withPYTHIA have been used, with a fakeEmiss

T filter applied to
enhance the rate of potentially mismeasured events [3,8].

Figure 8 shows the resultingMeff distribution. The shaded bands show the uncertainties on the distri-
bution for the four different values of the JES uncertainty considered. For a 10% value, the uncertainty
on theMeff distribution ranges from∼ 50−150%. An improved understanding of the JES to a level of
5% reduces the uncertainty onMeff by more than a factor of two, while a 3% value shows an improved
uncertainty onMeff of between∼ 10−30%. If the challenging goal of a 1% JES uncertainty is achiev-
able, the results indicate that the uncertainty on high-pT events could be much reduced, to a level of
∼ 5−10%.

3.3 Generator comparison: PS vs. ALPGEN

The recent development of event generators in which regionsof phase-space populated by a multi-
parton matrix-element calculation are matched to those populated by a parton shower algorithm offer
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Figure 8: TheMeff distribution for simulated QCD events satisfying SUSY jet cuts described in Section 1.
The left plot shows the number of events per bin and the right plot shows the fractional uncertainty with
respect to the central prediction. The shaded bands show theestimated uncertainty on the observable for
assumed JES uncertainties of 10% (light), 5% (medium-light), 3% (medium) and 1% (dark).

the prospect of improved simulation of highpT QCD jet events. In this section we compare the physics
performance of such a generator, namely the leading-orderALPGEN [27] code, with that of a conventional
stand-alone parton-shower generator (PYTHIA 6.403 [7]).

Multijet QCD events were generated withALPGEN 2.05+JIMMY and withPYTHIA 6.403 and the re-
sulting distributions of observables sensitive to SUSY signal events compared using fast simulation [15].
PYTHIA events were generated in differentpT ranges of the two leading partons to study the high energy
tails with sufficient statistics (see Ref. [8]). Such sliced-sample production is also possible inALPGEN.
Only events satisfying the standard SUSY jet cuts describedin Section 1 were studied. The number of
PYTHIA events passing the jet selection cuts is 2.1 times larger than the number ofALPGEN events for the
same integrated luminosity2. To facilitate comparison of the two samples, they were bothnormalized
to 1 fb−1 andALPGEN samples were further multiplied by a factor of 2.1. Error bars on each histogram
below are based on the Monte Carlo statistics used in this study.

Figure 9 shows thepT distribution of the leading four jets forALPGEN andPYTHIA events. The new
parton shower scheme available inPYTHIA 6.403 can produce hard subleading jets with similarpT to
those produced byALPGEN while the two leading jets are somewhat softer. Even thoughPYTHIA also
generates 2→ 2 scattering using matrix-element calculations, the two highest-pT jets are softer because
additional partons are emitted from the leading partons using splitting functions.

The use of fast detector simulation for the comparison of event generators described in this section
prevents accurate study of the impact of generator differences on ‘fake’Emiss

T distributions. Neverthe-
less, ‘real’Emiss

T events in which heavy quark decays generate neutrinos can potentially dominate in
the tail of theEmiss

T distribution following application of the cuts described in Section 2 and Ref. [3].
Fast detector simulation can legitimately be used to study this background permitting comparison of
PYTHIA andALPGEN predictions ofEmiss

T andMeff distributions. Figure 10(a) shows theEmiss
T distri-

butions obtained fromPYTHIA andALPGEN while Figure 10(a) shows the relative difference between the
distributions of theEmiss

T .

2No bb̄ or cc̄ pair production events where the heavy quark pair is produced in the hard scatter rather than through gluon
splitting were generated inPYTHIA. This contribution is 10 % of the totalbb̄ cross-section and negligible compared to the total
multi-jet cross-section.
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Figure 9: ThepT distributions of the four highest-pT jets; (a) the leading, (b) the second (c) the
third and (d) the fourth jet forPYTHIA (open circles) andALPGEN (open histogram) events.

PYTHIA predicts somewhat largerEmiss
T thanALPGEN, although limited Monte Carlo statistics prevent

firm conclusions from being drawn at largeEmiss
T . This effect likely originates from the fact that multi-jet

events containing gluon splitting are not fully included inALPGEN because of the requirements of matrix
element – parton shower matching.3 The equivalentMeff distributions and the relative differences
between generators are shown in Figure 11. TheMeff distribution ofALPGEN events is harder than that of
PYTHIA events, as expected from Figure 9(a) and (b).

4 Monte Carlo estimates

4.1 Jet smearing with Transfer Function

Introduction In this section, a Monte Carlo based detector simulation technique is described which
models the response function of the ATLAS calorimeter to jets as a function of energy andη using
Monte Carlo “truth” information, and then uses this response function to smear the energies of jets and
other objects in Monte Carlo QCD jet events. The truth-derived response function used here is referred
to as the particle-jet transfer function (PJTF) and in principle may be measured also from data using
techniques such as those described in Section 5.1.

3To avoid double counting of partons generated by the matrix element calculation and parton shower algorithm, the MLM
matching scheme employed byALPGEN requires that matrix element partons satisfy cuts onpT (>40 GeV) and∆R between
partons (> 0.7). As a result of these requirements, processes such asggbb generating multiple partons with∆Rbb < 0.7 are
rejected during matching. Events with gluon splitting generated in the parton shower algorithm are however kept.
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Figure 11: (a) ATLFASTMeff distribution forPYTHIA(circles) andALPGEN (histogram) and (b)
the relative difference (NPYTHIA-NALPGEN)/NALPGEN of theMeff distributions. The shaded band is the
Monte Carlo statistical error.

Modeling jets – reconstruction of the PJTF In this section we use the following terminology for
two different types of jets formed from Monte Carlo events – “particle jets”, made from all the generated
particles in the event except muons and neutrinos, and “calorimeter jets” formed from topological clusters
in the calorimeter.

In general there is a high efficiency for reconstructing jetsin the calorimeter, even though their energy
can potentially be mis-measured by a large amount. Jet fragmentation to particles of different types and
the response of the detector material to these particles in different η regions can produce tails in the
PJTF. It is possible for there not to be a one-to-one match between generator-level jets and calorimeter
jets even though the same jet clustering algorithms are used.

To reconstruct the PJTF it is necessary to measure the response of the calorimeter to generator-level
jets. This is accomplished by matching these to calorimeterjets, and requiring a good jet isolation in
both jets (separation from nearest jet∆R > 0.8), to ensure that accidental jet overlaps do not contribute
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to the tails in the PJTF. Jet energy responses are modeled with double Gaussians. The ratio of the
1st and 2nd Gaussian components is empirically known to follow the ratio of energy deposits in the
electromagnetic and hadron calorimeter and hence the 1st/2nd Gaussian ratio is fixed to the mean value
of Ehad/(Eem+ Ehad) with a fitting procedure.GEANT4 simulatedPYTHIA dijet samples withpT > 17
GeV [8] are used to estimate the PJTF. Reconstructed jet energies are corrected with an energy-density
based weighting scheme [28]. The fits are performed before the jet energy corrections have been applied,
i.e. the PJTF is obtained at the calorimeter cell energy calibration level. To use the PJTF on reconstructed
jets, cell-to-jet energy corrections are applied after thePJTF. For theEmiss

T calculation the cell-level
correction is used directly to retain consistency with fullGEANT4 simulationEmiss

T .

Modeling Emiss
T All truth jets (formed from stable truth particles expectedto shower in the calorimeter)

with energy greater than 10 GeV are smeared with the PJTF. This avoids double counting of interact-
ing particles (electron, photon, tau) due to the potentially different treatment of merging and splitting
of objects, for example when the photon is close to a jet. Thissimplification of reconstructing jets
from all stable showering particles mis-measures the energy scale of isolated electrons, photons and
taus by a small amount, however the ATLAS procedure of identifying and calibrating electromagnetic
and hadronic showers separately ensures that the resultingbias is minimised. This study is additionally
focussed on QCD jet events and hence any such bias is still less important. Muons in the event are
simulated with theATLFAST fast simulation code [15] due to the prohibitive time overhead associated
with full simulation of the ATLAS tracking systems. Finallyin order to account for the potentially large
fluctuation in the underlying event, we vectorially sum all the particles that are not part of jets above
10 GeV to form a “soft jet”. This soft jet is added to the above jet sum to compensate for the contribution
from soft particles outside of the jet cones. Once all the objects in the event are defined, theEmiss

T in the
event is calculated by summing their four-vectors, enabling comparison of the performance of the PJTF
technique with fullGEANT4 simulation.

Performance The performance of the PJTF technique was assessed by comparing PJTF predictions
with those obtained from fullGEANT4 simulation using thepT > 17 GeV dijet samples described above.
The event-by-event comparison was performed using bothATLFAST and fully reconstructed objects in
theGEANT4 simulation samples.

The jet multiplicity difference between fullGEANT4 simulation and PJTF, and between fullGEANT4
simulation andATLFAST are shown in Fig. 12. Only jets withpT > 50 GeV and|η |< 2.5 were used, but
no event selection based on the jet multiplicity was performed.
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Figure 12: Event by event difference in number of jets between full GEANT4 simulation and PJTF
(blue,solid) and between fullGEANT4 simulation andATLFAST (red,dashed). The left plot is for
140 GeV< pT < 280 GeV events, and the right one is for 560 GeV< pT < 1120 GeV events.
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There is good agreement in jet multiplicity between the fullGEANT4 simulation and the PJTF events.
TheATLFAST events have a somewhat higher multiplicity due to the simplified calorimeter map used for
jet reconstruction. For the PJTF technique to be effective,it is important that the multiplicity at recon-
struction level is not biased. This is clearly demonstratedin Fig. 12. Good agreement was found for jet
pT > 40 GeV, which can be explained as follows. The topological clustering jet algorithm has a∼100%
efficiency so if the transfer function is correctly scaling and smearing the energy the jet multiplicity could
only be biased by jets splitting and/or merging.

Another performance check is the comparison of the scalarpT sum of the four leading jets obtained
from full GEANT4 simulation, PJTF, andATLFAST events. Events passing the typical SUSY jet cuts listed
in Section 1 are used. Fig. 13 shows the comparisons for 140 GeV < pT < 280 GeV and 560 GeV<
pT < 1120 GeV events. Good agreement is observed between the fullGEANT4 simulation and PJTF
events, whileATLFAST events have significant deviations for the same reasons as for Fig. 12.
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Figure 13: Top: distributions of the scalarpT sum of the four leading jets in PJTF (black, solid),ATLFAST
(red, solid) and fullyGEANT4 simulated jets (blue, points). The left plot is for 140 GeV< pT < 280 GeV
events, and the right plot is for 560 GeV< pT < 1120 GeV. Bottom: the ratio with respect to the fully
GEANT4 simulated jets.

In order to check the performance ofEmiss
T modeling the typical SUSY jet cuts described in Section 1

were applied, with noEmiss
T cut applied initially. We define fakeEmiss

T as follows:

Emiss,fake
T = |pmiss,reco

T |− |pmiss,true
T |

wherepmiss,reco
T is the missing transverse momentum vector reconstructed using either the PJTF tech-

nique,GEANT4 simulation, orATLFAST, andpmiss,true
T is the transverse vector of the sum of the neutrino

momenta.
Fig. 14 shows the fakeEmiss

T distribution obtained from the PJTF technique and from fullGEANT4
simulation. Also shown are theATLFAST results, and the PJTF results without the soft-jet corrections.
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Figure 14: FakeEmiss
T distributions fromATLFAST (red hatched), PJTF technique (black, solid) and

full GEANT4 simulation (blue, points). Also shown with the dashed greenline is the PJTF distribution
without soft-jet correction. The left plot is for 140 GeV< pT < 280 GeV events, and right plot is for
560 GeV< pT < 1120 GeV. Bottom plots are the ratio of each distribution with respect to the full
GEANT4 simulation.
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Figure 15:Emiss
T (left) andMeff (right) distributions of 560< pT < 2240 GeVPYTHIA QCD jet events

simulated withATLFAST (light/red solid), the PJTF technique (dark/black, solid)and full GEANT4 simu-
lation (points). Events were required to pass the SUSY jet cuts described in Section 1.
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Table 2: Numbers of 560< pT < 2240 GeVPYTHIA QCD jet events passing cuts for 1 fb−1 data, starting
from an original total of 3.5×105 events. Errors are also normalized to 1 fb−1. The cut definitions are
described in the text.

Method Cut 1 Cut 2 Cut 3
Full simulation (103.8±0.3)×103 (65.7±0.3)×103 4.3±2.1
PJTF technique (104.9±0.3)×103 (62.3±0.2)×103 2.2±1.5
ATLFAST (120.0±0.3)×103 (86.1±0.3)×103 2.1±1.5

It can be seen from the figure thatEmiss
T estimated with the PJTF technique and with fullGEANT4

simulation agree at the 20% level for fakeEmiss
T < 80 GeV (200 GeV) for 140–280 GeV (560–1120

GeV) dijet events. The figures highlight the improvement in performance relative to the naiveATLFAST
estimate ofEmiss

T , with the agreement between PJTF and fullGEANT4 simulation persisting down into
the tail region a factor 10−3 below the peak.

Fig. 15 shows the performance of the PJTF technique for estimating QCD backgrounds to theEmiss
T

andMeff distributions obtained following application of the SUSY jet cuts described in Section 1. In
these plots the event-weights and errors are normalized to 1fb−1. Good agreement is seen between the
PJTF distributions and the full simulation distributions over the full pT range, while the naiveATLFAST
distributions show larger deviations from the full simulation results.

Additional cuts equivalent to the full SUSY cuts described in Section 1 were applied to assess further
the consistency between the PJTF results and those obtainedwith full GEANT4 simulation. In Table 2 the
remaining numbers of events after each stage in the event selection are shown.Cut 1 is the standard
SUSY jet cut applied above.Cut 2 adds the requirement∆φmin > 0.2 (see Section 2.2) whileCut 3
requires additionallyEmiss

T > max(100 GeV, 0.2Meff) andMeff > 800 GeV. Despite limited statistics the
results show that the PJTF approach provides reduced event selection bias in comparison with the naive
ATLFAST simulation.

4.2 FastGEANT4 simulation

Introduction The simulation of the ATLAS detector is currently based onGEANT4 v.4.8.3 [2].
GEANT4 simulation is very time consuming however and so its use for QCD background simulation
at moderate or lowpT is not viable. The fullyGEANT4-based approach (refered to as full simulation in
the following) is especially slow in the simulation of electromagnetic cascades in the calorimeters due
to their complicated geometry. A fast simulation tool (ATLFAST [15]) based on Gaussian smearing is
also available, and is used for studies of systematic uncertainties elsewhere in this note, but it does not
reproduce with sufficient accuracy the tails of distributions interesting for SUSY analysis, i.e.Emiss

T or
Meff. For this reason, an intermediate approach to the simulation of the ATLAS detector, based on the
parameterisation of the calorimeters’ response, is under study [29]. In the so-called ‘fast’GEANT4 sim-
ulation, electrons entering the calorimeters may receive different treatments according to their energy.
For high energy particles a shower parameterisation is usedwhile for medium energy particles (below 1
GeV) the detector response is taken from a shower library (“frozen showers”), and low energy particles
(below 10 MeV) are “killed” by depositing their energy in a single spot in the calorimeter.

Performance We tested fastGEANT4 simulation algorithms by simulatingPYTHIA [7] dijet events with
moderate transverse momentum (280 GeV< pT < 560 GeV). The fastGEANT4 simulation can be per-
formed using different options, which differ in the treatment applied to electromagnetic particles (shower
parameterization, frozen showers or “killing”) in different parts of the calorimeters (for more details,
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see [29]). In the following, the fastGEANT4 options are numbered from 1 to 3, the first one being the
most conservative option, i.e., the closest to full simulation, and the third one the fastest option currently
available. The measured fastGEANT4 simulation time is∼60% lower than that required for full simula-
tion. The three fastGEANT4 options differ among themselves by only a few percent of the full simulation
time. To study the effect of the fastGEANT4 simulation algorithms in SUSY searches, we compared the
distributions of typical quantities, i.e. the jet multiplicity and transverse momentum,Emiss

T , transverse
sphericity, and effective mass in 5000 fastGEANT4 simulated events with the ones obtained from full
simulation (see Figs. 16, 17 and 18). We reconstructed jets with pT > 50 GeV and|η | < 2.5. Due to
the limited number of Monte Carlo events, no requirement wasapplied to the jet multiplicity, except in
theEmiss

T andMeff distributions, where the standard SUSY jet cuts described in Section 1 were applied.
Transverse sphericity and effective mass quantities were calculated only for events with at least 2 jets.

Whilst the largest jet transverse momentum is well reproduced in the fast simulated samples, the
average jet multiplicity is lower than that of the fully simulated sample by 1-2%. The most conservative
sample (option 1) is in agreement with the full simulation distribution inside the statistical uncertainty.
The width of the jetpT resolution is consistent across the samples, however the jet energy scale is too
low by 1-2% (see Fig. 17). Due to the limited number of events available only a qualitative comparison
is possible in regions of interest for SUSY searches forEmiss

T (higher than 100 GeV) and transverse
sphericity (larger than 0.2). Within the statistical precision possible the fast simulated distributions agree
well with those obtained from fullGEANT4 simulation. The size of the available samples preclude a full
assessment of performance for the baseline SUSY cuts described in the introduction, since no events pass
all cuts when using any of the three options. Similarly, froman equivalent number ofGEANT4-simulated
events, none pass all the cuts.
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Figure 16: Reconstructed jet multiplicity (left) and highest jet pT (right) for PYTHIA dijet samples simu-
lated with different options. The statistical uncertaintyonly is shown for the full simulation sample.

Overall, the fastGEANT4 simulation has been shown to be a promising faster alternative to the full
GEANT4 based simulation. The reconstructed quantities in fastGEANT4 simulated samples are in good
agreement with full simulation. Work is on-going to furtherreduce the simulation time, and to improve
the modeling of the jet energy scale.
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Figure 17: Leading jetpT resolution (left) andEmiss
T (right) for PYTHIA dijet samples simulated with

different options. The statistical uncertainty only is shown for the full simulation sample.
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Figure 18: Transverse sphericity (left) andMeff (right) for PYTHIA dijet samples simulated with different
options. The statistical uncertainty only is shown for the full simulation sample.

5 Data-driven estimates

5.1 Jet smearing in the zero-lepton mode

Introduction The inherent systematic and statistical uncertainties in Monte Carlo based QCD back-
ground estimates will limit their use until sufficient data have been acquired to understand both the
ATLAS detector and the underlying physics of QCD processes at 14 TeV. For this reason data-driven
background estimates with minimal reliance on Monte Carlo simulation will be a priority for the early
phase of data-taking.

The method described in this section reduces dependence on Monte Carlo simulation by smearing jet
transverse momenta in lowEmiss

T QCD multijet data with a data-measured jet response function R defined
as the distribution of event-by-event ratios of measured jet pT to true jetpT . This response function could
potentially be used inter-changeably with the Monte Carlo-truth derived Particle Jet Transfer Function
(PJTF) discussed in Section 4.1. Consequently the method described below provides a route to practical
realisation of the PJTF technique for use with real data. Thetechnique can be broken down into three
distinct parts which are outlined below.

17

SUPERSYMMETRY – ESTIMATION OF QCD BACKGROUNDS TO SEARCHES FOR . . .

66

1578



Step 1: Gaussian response function measurementThe “Emiss
T projection method” [30] applied toγ

+ jet events allows a measurement of the Gaussian responseRG of the ATLAS calorimeters to jets. The
limited number of events prevent the measurement of the non-Gaussian tail with this technique (see Step
2). The method uses transverse momentum conservation to constrain thepT of all activity associated with
a reconstructed jet with thepT of a hard photon.RG is obtained from the distribution of the photon-jet
pT balanceR1:

R1 = 1+
pmiss

T ·pT (γ)
|pT (γ)|2 , (4)

wherepT (γ) is the photon transverse momentum, andpmiss
T is the missing-transverse-momentum two-

vector.
A GEANT4-simulatedPYTHIA [7] sample equivalent to 23.8pb−1 of γ + jets events was used, with

events required to pass a 60 GeV single-photon trigger [9]. With the additional requirement that events
should contain one and only one reconstructed jet, the jet response was measured with the distribution
of R1 values defined above. TheR1 distribution was measured in a number of photonpT bins, and each
was fitted with a Gaussian function. The standard deviationsfrom these fits to the response distributions
are shown in Fig. 19 with the statistical error bars derived from the fit errors. ThepT dependence of the
widths of theR1 distributions was fitted with the parametric form

σR = A +
B√
pT

+
C
pT

, (5)

shown in the figure to describe well theGEANT4 simulated data. The sampling (A) and stochastic (B)
terms in the above formula were used to calculate the width ofRG as a function of jetpT , while the
constant term (C) was used to estimate the additional smearing ofEmiss

T not associated with jets (see
Step 3 below).
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Figure 19: Standard deviations of Gaussian fits to measured response distributions vs.pγ
T . The fit is of

the functional formσR(pT ) = A + BpT
−1/2 +CpT

−1.

Step 2: Full (Gaussian + non-Gaussian) response function measurement In order to reproduce the
tail of the QCD multijetEmiss

T distribution it is necessary to characterise the non-Gaussian response of
the calorimeters to jets. The next stage in the technique therefore uses events in which theEmiss

T vector
can be unambiguously associated inφ with a single jetJ to measure that response. The response of the
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ATLAS calorimeters to jetJ if its pT lies in the non-Gaussian tail can be obtained from

R2 =
pT (J) ·pT (J, true)
|pT (J, true)|2 , (6)

wherepT (J) denotes the reconstructed transverse momentum of jetJ. If it is assumed that theEmiss
T in

these events is dominated by fluctuations inpT (J) thenpT (J, true) can be approximated by

pT (J, true)≃ pT (J)+pmiss
T . (7)

The non-Gaussian response of ATLAS,RNG, is measured with the distribution of eventR2 values.
QCD jet events from the sample described in Section 2.1 were required to pass one of the high-pT

multijet or Emiss
T triggers [9], and required to contain at least three jets with pT > 250, 50 and 25 GeV,

respectively. Events were also required to possessEmiss
T > 60 GeV. Events were further required to

contain a jet unambiguously associated with theEmiss
T vector - i.e. events with one and only one jet

parallel or anti-parallel to theEmiss
T vector. Of the remaining jets in each event, the two with the highest

pT were required to havepT > 250, 50 GeV. In this way, the selected events predominantly had a
‘Mercedes’ type configuration, withEmiss

T parallel or anti-parallel to thepT of one of the jets. The
pT of this jet was used in Eqn. 6 to measureR2. The estimate of the jet response non-Gaussian tail
RNG obtained from the distribution ofR2 values is plotted as the histogram in Fig. 20(right) with a
normalisation obtained with the procedure described below. Although not considered in detail here, the
W (→ τν)+ 2 jet background could have been removed with a cut on the multiplicity of inner detector
tracks per jet.

Next we combine the Gaussian and non-Gaussian components ofthe jet responseR measured pre-
viously. The relative normalisation of the Gaussian (RG) and non-Gaussian (RNG) components can be
measured using the balance of transverse momenta of jets in dijet events. The relative normalisation can
be obtained from the ratio of the numbers of dijet events withrespectively one and zero jets withpT lying
in the non-Gaussian tail of the jet response function. We therefore need to define a variable which can
classify dijet events according to the number of jets withpT lying in the non-Gaussian tail. A suitable
variable is provided byR3( j), defined as the projection of the transverse momentum of eachjet j′ in the
event onto the eventEmiss

T :

R3( j) = 1+
pmiss

T ·pT ( j′)
|pT ( j′)|2 , (8)

which measures the response to the other jetj in the event (cf. Eqn. 4). IfR3( j) lies below some threshold
then jet j can be considered to lie in the non-Gaussian tail.

Events were selected from the QCD jet event sample used abovewith the requirement that they
passed a 160 GeV single-jet trigger requirement [9] and contained two and only two jets, back-to-back in
the transverse plane. The distribution ofR3( j) for these events is plotted as data-points in Fig. 20(right).
The ratio of the integral of the low tail of theR3( j) distribution to the integral of a Gaussian function fitted
to the peak is used to obtain the relative normalisation of the non-Gaussian and Gaussian components of
the jet response function. The full jet response function including normalised Gaussian and non-Gaussian
components is plotted in Fig. 20 (left).

As a ‘closure test’ of the reconstruction of the full response function, jets in a subset of the selected
dijet events with lowEmiss

T -significance (see Section 2.1) were smeared to reproduce the R3( j) distribu-
tion. The resulting distribution is shown in Fig. 20 (right)for comparison with ‘data’.

Step 3: Seed event selection and jetpT smearing In order to estimate theEmiss
T andMeff distributions

of QCD multijet events the jet response functionR measured in Step 2 was used to smear jet transverse
momenta in multijet events with lowEmiss

T (referred to below as ‘seed events’). Seed events were
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Figure 20: Left – smearing function for a jet of 250 GeV (thickline), with Gaussian and non-Gaussian
components (right and left facing hatches respectively) shown separately. Right – dijet balance distribu-
tion (points) compared with the equivalent estimated distribution obtained from the jet response function
to provide a ‘closure test’ of the technique. Also shown are aGaussian fit to the region 0.8< R3( j) < 1.15
(thick line), and the non-Gaussian tail distribution (dashed histogram) measured with ‘Mercedes’ events
normalised to the tail of the dijet balance distribution.

selected from the samePYTHIA jet sample used in Step 2. Seed event candidates were required to pass
one of the ATLAS high-pT jet triggers [9] together with the standard SUSY jet selection cuts described
in Section 1 with a reduced jetpT threshold (pT ( ji) > 45 GeV fori = 2,3,4) in order to avoid biasing the
final estimate after smearing. Both theEmiss

T significance (see Section 2.1) and the equivalent quantity
constructed fromEmiss

T derived only from in-cone jet energy were required to be lessthan 0.5 GeV1/2

and 0.7 GeV1/2, respectively. The latter of these two cuts ensures that thehadronic activity in the selected
seed events is well contained in the jets that will be smeared.

Smeared events were constructed from each selected seed event by smearing the transverse momenta
of their constituent jets with the jet response functionR determined in Step 2. TheEmiss

T of smeared
events was calculated by replacing the contribution to theEmiss

T from the pT of seed jets with a contri-
bution from thepT of the equivalent smeared jets. An additional contributionpmiss

T,C to pmiss
T generated

by the constant term measured in Step 1 was also taken into account. The smearedEmiss
T was therefore

given by the magnitude of
pmiss

T
′
= pmiss

T,C −∑
i

p′T ( ji)+∑
i

pT ( ji), (9)

where primed quantities are smeared.
Fig. 21 shows theEmiss

T andMeff distributions for 23.8pb−1 of GEANT4 simulated ‘data’ and smeared
seed events passing the SUSY jet cuts listed in Section 1. Theestimate was normalised toGEANT4
simulatedPYTHIA QCD jet events (‘data’) withEmiss

T < 50 GeV and somewhat tighter jet cuts (pT ( j4) >
60 GeV) imposed to ensure a reasonable sample of ‘data’ events obtained with the multi-jet triggers [9].

The dominant sources of systematic uncertainty in the estimate werepT bias in the selection of events
and finite statistics in the non-Gaussian tail measurement.Uncertainties on theA, B, andC parameters in
Eqn. 5 and the relative normalisation of the Gaussian and non-Gaussian parts of the jet response function
were also considered.

Good agreement can be seen between the estimated andGEANT4 ‘data’ Emiss
T andMeff distributions.

Applying the full SUSY cuts described in Section 1, 2.36±0.09(stat)±1.44(syst) events are estimated
versus 1 ‘observed’. The uncertainty in the estimate is therefore∼ 60% for 23.8 pb−1. If these figures
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Figure 21:Emiss
T (left) andMeff (right) distributions for smeared events andGEANT4 ‘data’ passing 0-

lepton SUSY jet cuts. Also included for comparison are 23.8 pb−1 of SUSY (SU3) and the summed
contribution fromZ →νν̄ + jets,W → ℓν + jets andtt̄ + jets.

are extrapolated to 1 fb−1 then the equivalent calculated uncertainties are∼ 0.6% (stat.) and 12.6%
(syst.), with the systematic uncertainty reduced through access to increased statistics at step 2. However,
residual Standard Model (e.g.W (→ τν)+ 2 jets) contamination of the ‘Mercedes’ control sample has
not been included in these uncertainty estimates and therefore we conservatively assume the same 60%
systematic uncertainty for 1 fb−1 of data. Systematic bias in the background estimate caused by the
presence of SUSY signal is expected to be small – in particular the fractional contribution of SUSY
events to theEmiss

T normalisation region is. 10−4.

5.2 Lepton isolation in the one-lepton mode

Introduction Although QCD multijet background is not expected to be significant after application of
SUSY signal cuts in the 1-lepton mode [5], it still must be estimated. This will be particularly impor-
tant when preparing control samples for data-driven background estimates of other backgrounds; it is
important to ensure that such samples (which will have looser cuts than the final SUSY selection) are not
significantly contaminated by QCD background. The technique studied here is also relevant for QCD
backgrounds in other lepton+jets channels, such asW (→ lν)+jets ortt̄ in the semileptonic channel, al-
though the kinematic cuts used in searches for Supersymmetry (e.g. lepton +Emiss

T transverse mass,MT

> 100 GeV) might select different background mechanisms.
The method, which has been used at the Tevatron, relies on the(near) independence ofEmiss

T and
lepton isolation. The shape of theEmiss

T distribution is estimated from multijet events containinga
non-isolated lepton. This distribution is then normalizedto the number of events containing an isolated
lepton, but with lowEmiss

T . The method, if valid, would be complementary to the jet-smearing technique
described in Section 5.1 applied to one-lepton events, thereby allowing an important crosscheck of the
systematic uncertainties of the two methods.

In evaluating this method, it is important to understand potential correlations between isolation and
Emiss

T . One possible mechanism can arise when there are multiple sources of leptons in QCD multijet
events; if the sources each have a differentEmiss

T shape, and the relative mixture of the sources changes
with lepton isolation, this will appear as a correlation betweenEmiss

T and isolation. A possible example
involves electrons arising from jet mis-identification andelectrons from heavy-flavour decay. Another
example might involve leptons from charm versus leptons from bottom quark decays. Another possible
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source of correlation arises from the kinematics of the heavy quark itself; thepT of the lepton, the
associated neutrino, and the remainder of the heavy quark fragmentation (which will be related to the
isolation) are all coupled.

Preliminary indications from studies ofGEANT4 simulated QCD dijet samples suggest that the pri-
mary source of electrons is a jet faking an electron, while the muon case is dominated by the decay of
B hadrons. Thus the issue of multiple background sources alluded to above is not a serious concern
according to these Monte Carlo studies, but should be kept inmind for real data.

We first study the applicability of the lepton isolation technique in a pure sample ofbb̄ + jets. We
then move to a more realistic sample containing a mixture oftt̄ andW + jets events in addition to thebb̄
+ jets sample, focussing on the muon channel. The dominant systematic is found to be contamination of
control samples bytt̄ events.
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Figure 22: Points:Emiss
T distribution for the non-isolated lepton sample. Histogram: Emiss

T distribution
for the isolated lepton sample. The two distributions have been normalized to the same area in the region
Emiss

T = [10,20] GeV.

Lepton isolation versusEmiss
T for bb̄ + jets The dependence ofEmiss

T on lepton (e,µ) isolation was
studied with a sample ofbb̄ + jets events generated withALPGEN [27], corresponding to an integrated
luminosity of about 200 pb−1. At the event generator level, one of theb quarks was forced to undergo
semileptonic decay toe or µ ; also applied at the event generator level were filters requiring trueEmiss

T
> 30 GeV, four or more truth jets withpT > 40 GeV, a leading truth jet withpT > 80 GeV and truth
lepton with pT > 10 GeV. In the offline analysis, the events were required to satisfy the SUSY jet cuts
described in Section 1. The events were required to have one and only one lepton withpT greater than 20
GeV, where the lepton could be either an electron or muon. Events with additional leptons (withpT >10
GeV) were rejected.

A (non-isolated) control sample was defined by the requirement Econe
T = [10,20] GeV, whereEcone

T
is theET inside anη − φ cone of radius 0.2 centered around the lepton, excluding thelepton pT . The
(isolated) signal sample was defined asEcone

T < 10 GeV. TheEmiss
T distribution of the control sample was

normalized in the regionEmiss
T = [10,20] GeV to the signal sample. This normalizedEmiss

T distribution
was used to estimate theEmiss

T distribution for isolated leptons. Fig. 22 shows theEmiss
T distribution for

the isolated and non-isolated samples. The agreement is good, suggesting that the correlation between
Emiss

T and lepton isolation inbb̄ + jets events is small.
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It is also apparent from Fig. 22 that the absolute level of background is low, even though typical
SUSY selection cuts onEmiss

T , transverse mass and effective mass (typicallyEmiss
T > 100 GeV,MT

> 100 GeV, andMeff > 800 GeV) have not yet been applied. We will return to this point later. The
Meff distribution after the jet and lepton selection cuts is shown in Fig. 23(left). Ideally, one would like
to demonstrate that the lack of correlation between lepton isolation andEmiss

T still holds even after the
other SUSY selection cuts, such as those onMT andMeff, have been applied. This was not possible in
this study with fully simulated data due to the limited number of events available.
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Figure 23: Left: distribution of the effective mass in thebb̄ +jets sample after the jet and lepton selection
cuts. Right:Emiss

T distributions fortt̄ isolated muon sample (black filled circle),tt̄ non-isolated muon
sample (red filled square),W + jets isolated muon sample (black open circle),W + jets non-isolated muon
sample (black open square),bb̄ isolated muon sample (blue open triangle),bb̄ non-isolated muon sample
(magenta filled triangle).

Contamination from W + jets and tt̄ An important systematic effect comes from the contamination
of the control samples byW + jets andtt̄ events. This was studied with fast simulation samples whichhad
no generator-level cuts. The sample sizes corresponded to integrated luminosities of approximately 200
pb−1, 6 fb−1 and 3 fb−1 for bb̄+ jets,tt̄ andW + jets, respectively. TheEmiss

T distribution, after the event
selection cuts described above is shown in Fig. 23(right) for thebb̄, tt̄ andW + jets samples for isolated
and non-isolated muons defined as above. Looking first just atthebb̄ events, there is good agreement in
the shape of theEmiss

T distribution for the isolated and non-isolated samples; this reinforces the findings
from theGEANT4-simulatedbb̄+ jets samples on the independence of muon isolation andEmiss

T . It is also
clear that the non-isolated sample is dominated bybb̄ at lowEmiss

T . However, theEmiss
T tail is dominated

by tt̄ andW + jets events, even in the non-isolated sample.4 This implies that the shape of theEmiss
T

distribution in the control sample will be distorted by the high Emiss
T tail. It is possible to increase the

number ofbb̄ events in the control sample by further loosening the isolation requirement, however this
has the disadvantage of extrapolating into the isolated signal region over a large range, which could be
susceptible to correlations between isolation andEmiss

T . Furthermore, even if the isolation requirement
in the control sample were successfully loosened, there is the problem of normalization. In the isolated
sample,tt̄ andW + jets completely dominate, even at very lowEmiss

T ; this means that the normalization
of theEmiss

T distribution will be distorted when extrapolating from thecontrol to the signal region.
One might consider correcting the event yields in the control regions for the presence oftt̄ and

W + jets events. An early CDFtt̄ cross-section analysis from Run2 [31] made corrections based on an
assumedtt̄ cross-section. D0 [32] used the so-called “matrix method” where additional input on the

4As an added complication the shape of this tail will change after the application of theMT cut which selects primarily
dileptonictt̄ decays.
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efficiency fortt̄ andbb̄ events to pass the isolation cuts was used to extract the multijet background. The
utility of these methods for the SUSY search could be furtherstudied.

Despite the limitations of the technique in the presence oftt̄ andW + jets events background it should
be noted that this study also indicates that QCD backgroundsare unlikely to be dominant in the 1-lepton
channel. Even with application of just the standard SUSY 4-jet and lepton selection cuts, the QCD mul-
tijet background in the 1-lepton channel is significantly smaller than thett̄ andW + jets backgrounds
and applying the remaining SUSY selection cuts further suppresses the QCD multijet background. Con-
sequently in the baseline analysis the accuracy of QCD multijet background estimates is less important
than that of the estimates other backgrounds described in Ref. [4]. It should be kept in mind however
that for some background studies the jet or lepton selectioncuts may be further loosened, in which case
the the lepton isolation technique might be applicable without the problem of contamination from other
backgrounds.
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Figure 24: Black circles:Emiss
T distribution fortt̄ plusW + jets samples where the lepton is non-isolated

(Econe
T = [10,20] GeV). Histogram:Emiss

T distribution fortt̄ plusW + jets samples with isolated leptons
(Econe

T < 10 GeV).

Upper limit on Emiss
T distribution for bb̄ + jets If the multijet background is large compared to the

background fromtt̄ (either because the existing Monte Carlo simulation happens to underestimate the
contribution or because the selection cuts were further loosened), then issues oftt̄ contamination will
become negligible and the methods described in the previoussections should work well to estimate the
multijet background. On the other hand, if the multijet background is small compared tott̄ as expected,
one can obtain theEmiss

T distribution from the control region (Econe
T = [10,20] GeV) as an upper limit on

the multijet background; the (reasonable) assumption here(confirmed in Monte Carlo) is that theEcone
T

distribution for multijet background is flat (or falling) asEcone
T approaches zero. After theMT cut, this

control region is expected to be dominated bytt̄ andW + jets events containing non-isolated leptons with
the QCD multijet contribution playing only a very small role. Thus this will be an upper limit on the
multijet background, but the number of events so obtained will in any case be many fewer than from the
maintt̄ andW + jets backgrounds (with isolated leptons) and so are likely to be negligible.

The contribution frombb̄ + jets has been compared toGEANT4-simulatedALPGEN tt̄ andW + jets
samples (corresponding to integrated luminosities of about 3 fb−1). In addition to the event selection
cuts listed above (jet and lepton selection), the events were required to haveMT > 100 GeV andMeff >

24

SUPERSYMMETRY – ESTIMATION OF QCD BACKGROUNDS TO SEARCHES FOR . . .

73

1585



800 GeV. TheEmiss
T distribution for the sum oftt̄ andW + jets samples for events with non-isolated

(Econe
T = [10,20] GeV) leptons is shown in Fig. 24; the contribution ofbb̄+ jets cannot be seen compared

to that fromtt̄ plusW + jets. Furthermore, all contributions are negligible compared to thett̄ plusW + jets
background with isolated leptons. Counting the number of non-isolatedtt̄ plusW + jets with Emiss

T >
100 (200) GeV, one would find an upper limit on the multijet background in the lepton channel of 10±2
(5± 1) events for an integrated luminosity of 1 fb−1. The true number of multijet background events
would be estimated to be roughly an order of magnitude lower.

6 Summary

This paper has examined a wide range of techniques for estimating QCD backgrounds in searches for
Supersymmetry at ATLAS. The focus of the paper has been on outlining the strategies which could
be used and assessing the likely uncertainties associated with them. It is important to note that only
by comparing uncorrelated results from a number of such independent techniques can a robust QCD
background estimate be obtained.

Given the difficulty of obtaining accurate estimates of QCD jet backgrounds generating fakeEmiss
T it

will be essential to reduce this source of background using the techniques described in Section 2 and also
the more general cuts described in Ref. [3]. The remaining backgrounds can be estimated using Monte
Carlo (Section 3 and 4) or data-driven (Section 5) techniques.

All Monte Carlo based estimates will be subject to systematic effects arising from parton distribution
and underlying event uncertainties (Section 3.1), likely to be of order 20% in each case for events satis-
fying the baseline SUSY cuts described in Ref. [5]. A jet energy scale uncertainty of 5% (Section 3.2)
will contribute a further∼ 30%. While the precision with which Monte Carlo generators model QCD jet
physics at 14 TeV is difficult to assess prior to data-taking,the difference (Section 3.3) between a ‘tra-
ditional’ parton shower dijet estimate and that obtained from one of the newer matched matrix-element
+ parton-shower generators for the baseline SUSY cut set is of order 50% if an accurate normalisation
to data can be obtained. To these effects must be added luminosity uncertainties ranging from 20–30%
at start-up (from machine parameters) reducing to<3–5% (from total cross-section measurements and
W /Z counting).

In addition to the above systematic effects, Monte Carlo simulation-based estimates will be subject
to detector simulation uncertainties – due to the imperfectdescription of the response of ATLAS to QCD
jets, and statistical uncertainties caused by the large QCDcross-section and access to finite computing
resources. It is impossible to assess the accuracy of current full (GEANT4) or fast (ATLFAST, ‘fast G4’–
Section 4.2 or PJTF–Section 4.1) detector simulations without recourse to data, however the results
of Section 4.1 suggest that uncertainties∼ 100% in the understanding of the response of the ATLAS
calorimeters to jets may lead to similar uncertainties in the background estimate.

Data-driven background estimates have the advantage that they are less prone to input systemat-
ics, and can in some cases benefit from large statistics in control channels used to measure detector
performance. However, additional systematic uncertainties have to be considered due to the potential
contamination of control samples with non-QCD events, and from relying on Monte Carlo simulation
to extrapolate from the control into the signal region. The data-driven estimate for the jets +Emiss

T +
0-leptons channel described in Section 5.1 could potentially give a combined uncertainty of. 60% for
1 fb−1 of integrated luminosity and the baseline SUSY cut set, although a precise figure is difficult to
obtain without further Monte Carlo data. In the jets +Emiss

T + 1-lepton channel the QCD jet background
is potentially far less significant, in which case the technique described in Section 5.2 is likely to generate
a very conservative upper limit on the background a factor∼10 above the true background for 1 fb−1.
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Prospects for Supersymmetry Discovery Based on Inclusive
Searches

Abstract
This note describes searches for generic SUSY models withR-parity conser-
vation in the ATLAS detector at the CERN Large Hadron Collider. SUSY
particles would be produced in pairs and decay to the lightest SUSY parti-
cle, χ̃0

1 , which escapes the detector, giving signatures involving jets, possible
leptons, andEmiss

T . The integrated luminosity simulated is 1 fb−1 . This arti-
cle relies on work published elsewhere in this collection, where the Standard
Model backgrounds for SUSY are discussed.

1 Introduction

This note describes the search for generic SUSY withR parity, so that SUSY particles are produced in
pairs and decay to the lightest SUSY particle,χ̃0

1 , which escapes the detector, giving signatures involving
jets, possible leptons andEmiss

T , an imbalance in the transverse energy measured in the detector. Most of
the introductory information necessary to the understanding of this document is given in the introductory
SUSY note [1], which should be read before this one. These include a brief description of the theoretical
framework, a definition of the SUSY benchmark models SUn studied in the detailed analyses, a descrip-
tion of the Monte Carlo samples used for signal and background. Common identification criteria for jets,
taus and leptons have been adopted throughout the analyses in this note, and are also described in [1] as
well as the definition of a few global variables relevant for the analysis, such as effective mass (Meff),
stransverse mass (mT2) and transverse sphericity (ST ). The background uncertainties used throughout
this work are based on Standard Model background studies documented in [2, 3]. Special signatures
associated, e.g., with Gauge Mediated SUSY Breaking are treated elsewhere [4].

Two different approaches have been used to develop the inclusive search strategy described here.
Firstly, detailed studies have been carried out for varioussignatures (jets +Emiss

T + 0 leptons, jets +Emiss
T

+ 1 lepton, . . . ) using data-sets fully simulated with Geant 4for specific SUSY signal parameters and for
the relevant Standard Model backgrounds. These detailed studies are used to develop deeper understand-
ing of how best to reconstruct these relatively complex events and to define strategies for separating the
signal from the Standard Model backgrounds. In order to simplify the procedure of combining the results
from the different analyses, the various leptonic signatures have been defined so that they are exclusive.
For example the 1-lepton signature rejects all events in which more than one lepton is present. However,
no attempt is made to combine the different analyses in the present document.

Secondly, the insight gained from studying specific points has been applied to several scans over
subsets of the SUSY parameter space, Since large numbers of signal points must be studied, these scans
are of necessity based on fast, parameterized simulation. The goal is to verify that the different sets of
basic cuts studied on benchmark points provide sensitivityto a broad range of SUSY models. The results
shown in this document will be used as a basis for the development of a strategy for SUSY discovery
with early ATLAS data.

1.1 Trigger

The trigger efficiency for the inclusive SUSY signals at the benchmark points has been studied based on
the complete simulation of all three trigger levels of ATLAS. For all the analyses we adopted the trigger
thresholds defined for 2×1033 cm−2s−1 in the High Level Trigger TDR [5]. These triggers are discussed
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futher elsewhere [6] in this volume, where a detailed explanation of the naming convention for the trigger
menu items appearing in Table 1 can be found.

The jet triggers, denoted by “JETS”, consist of the logical “or” of the following triggers:

• j400: 1 jet withpT > 400 GeV;

• 3j165: 3 jets withpT > 165 GeV;

• 4j110: 4 jets withpT > 110 GeV.

The Emiss
T trigger “j70 xE70”, requiresEmiss

T > 70 GeV accompanied by a jet withpT > 70 GeV. The
lepton triggers are “e22i”: an isolated electron efficient for pT > 25 GeV; “2e12i”: two isolated electrons
efficient for pT > 15 GeV, “mu20”: a muon withpT > 20 GeV and “2mu10”: two muons withpT >
10 GeV.

Since the goal of this note is to develop a generic SUSY search, only the basic trigger building blocks
have been considered. More complex triggers combining different objects can be easily implemented in
the trigger menus. Also, only triggers which are not prescaled have been used.

The trigger efficiencies for the signal events passing the the 0, 1, 2, and 3-lepton selections defined
in the following sections are listed in Table 1 for differentrequirements on jet multiplicity. In general the
j70 xE70 is highly efficient, although there is some loss for SU4,the low-mass point with a very large
cross-section. The j70xE70 trigger is also very efficient for theτ andb modes, described in Sections 6
and 7 below.

The basic performance of the leptonic and j70xE70 triggers will be determined from Standard Model
events such asZ and t̄t using the methods described in [6]. It may be useful to check that performance
by comparing (Monte Carlo) samples of SUSY events selected with multiple triggers. For the 0-lepton
selection, the efficiency for JETS trigger alone is in the range 30-70%, except for the very low mass point
SU4. This provides a useful redundancy in the early phases, as theEmiss

T trigger may require a longer time
than the other triggers to be completely understood, but only j70 xE70 has an efficiency close to one. For
the topologies involving leptons, both the single lepton triggers and j70xE70 have typical efficiencies in
excess of 80%, so comparing them should be quite effective.

1.2 Systematic uncertainties and statistical procedure

To assess the discovery potential of the different analysesit is necessary to take into account systematic
uncertainties. SUSY searches will address very complex topologies, typically with many jets in the final
state. The prediction of the Standard Model backgrounds to these topologies will require a complex
interplay of Monte Carlo and data-driven methods. The development of these methods and the estimate
of the corresponding uncertainties are described in detailin [2] and [3]. The approximate uncertainties
for an integrated luminosity of 1fb−1 are estimated to be:

• 50% for the background from QCD multijet events,

• 20% for the background fromtt̄, W + jets,Z+ jets, andW/Z pairs.

The limited Monte Carlo statistics is also taken into account and all systematic uncertainties are
added in quadrature. The background can never be known exactly. Uncertainties on the background are
incorporated in the significance by convoluting the Poissonprobability that the background fluctuates to
the observed signal with a Gaussian background probabilitydensity function with meanNb and standard
deviationδNb (see e.g. [7,8] and references therein). Given these assumptions, the probabilityp that the
background fluctuates by chance to the measured valueNdataor above is given by

p = A
∫ ∞

0
db G(b;Nb,δNb)

∞

∑
i=Ndata

e−bbi

i!
,

2
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Table 1: Average event trigger efficiency (in %) for events passing various lepton and jet selection criteria
described in detail in the indicated sections.

Trigger SU1 SU2 SU3 SU4 SU6 SU8.1

0-lepton, 4-jet selection [Section 2.1]
JETS 44.6 51.0 33.8 7.7 51.7 48.2
j70 xE70 99.7 98.7 99.5 97.2 99.6 99.7

0-lepton, 3-jet selection [Section 2.2]
JETS 64.9 71.1 54.9 34.3 71.8 66.8
j70 xE70 100. 99.8 100. 99.9 100. 100.

0-lepton, 2-jet selection [Section 2.2]
JETS 44.1 39.9 30.1 8.8 53.6 47.6
j70 xE70 100. 100. 100. 99.9 100. 100.

1-lepton, selection [Section 3]
JETS 41.8 50.5 31.7 8.1 48.4 45.6
j70 xE70 99.6 99.0 98.9 95.6 98.9 99.1
1LEP (mu20 OR e22i) 81.2 81.0 79.9 80.3 80.4 79.5

OS 2-lepton, selection [Section 4.1]
JETS 36.7 47.3 34.0 6.7 47.2 40.8
j70 xE70 99.2 100.0 98.9 94.3 99.6 100.0
1LEP (mu20 OR e22i) 87.0 90.0 87.5 84.8 79.6 86.4
2LEP (2mu10 OR 2e15i) 20.5 35.5 27.0 18.0 26.0 14.6

SS 2-lepton, selection [Section 4.2]
JETS 39.9 48.8 29.2 1.6 46.6 34.5
j70 xE70 99.3 100.0 98.9 84.1 98.3 100.0
1LEP (mu20 OR e22i) 94.2 92.7 95.9 95.2 89.7 96.6
2LEP (2mu10 OR 2e15i) 32.6 41.5 32.2 25.4 25.9 31.0

3-lepton, selection [Section 5]
JETS 43.7 60.2 40.1 17.6 46.4 48.3
j70 xE70 95.6 85.4 93.5 79.8 96.4 98.3
1LEP (mu20 OR e22i) 95.2 94.2 95.8 94.7 94.6 96.7
2LEP (2mu10 OR 2e15i) 49.1 60.2 51.0 44.7 47.3 53.3

whereG(b;Nb,δNb) is a Gaussian and the factor

A =




∞∫

0

db G(b;Nb,δNb)
∞

∑
i=0

e−bbi/i!



−1

ensures that the function is normalised to unity. If the Gaussian probability density functionG is replaced
by a Dirac delta functionδ (b−Nb), the estimatorp results in a usual Poisson probability.

The probabilityp is transformed into “standard-deviations”, denoted in this note by the symbolZn,
using the formula

Zn =
√

2 erf−1(1−2p)

The Root [9] library provides functions to calculatep andZn.
If many different data selections are considered, it becomes more likely that statistical fluctuations

would be misinterpreted as new phenomena if the number of selections is not considered in the statistical
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Table 2: Number of events surviving subsequent selection cuts as defined in the text for 4-jets analysis
normalized to 1fb−1 using NLO cross-sections.

Sample Cut 1 Cut 2 Cut 3 Cut 4 Cut 5 Meff Cut
SU3 9600 7563 5600 5277 4311 3349
SU1 3485 2854 2004 1907 1401 1229
SU2 604 369 308 279 169 131
SU4 79618 57803 46189 42408 34966 8507
SU6 2551 2062 1468 1383 1080 956

SU8.1 3118 2540 1778 1686 1448 1284

MC@NLO tt̄ 12861 8798 6421 5790 4012 305
Pythia QCD 29230 7044 4667 848 848 13

AlpgenZ 1626 1045 732 660 644 162
AlpgenW 4066 2393 1654 1499 1147 228

HerwigWZ 22 15 9 8 4 1
Total Standard Model 47805 19294 13483 8806 6655 708

SU3S/B 0.2 0.4 0.4 0.6 0.6 4.7
Zn 0.5 1.3 1.4 2.6 2.7 13

SU3 eff (excl) 35.1% 78.8% 74.0% 94.2% 81.7% 77.9%
SU3 eff (incl) 35.1% 27.7% 20.5% 19.3% 15.8% 12.3%

procedure. This is known in statistics as the problem of “multiple comparisons”. The probability values
are therefore corrected for multiple comparisons via a Monte Carlo method. The effect is the reduction
of approximately half a unit ofZn for Zn = 3, decreasing with increasingZn. In the last section of the
note the significance always corresponds to the correctedZn.

2 Zero-lepton mode

A SUSY signal at the LHC is typically dominated by the production of squarks and gluinos. In the
R-parity conserving case, at the end of each sparticle decay chain one finds an undetected LSPs, which
can together generate largeEmiss

T . The least model-dependent SUSY signature is therefore thesearch
for events with multiple jets andEmiss

T . Traditionally searches have been performed requiring at least
four jets; the high multiplicity helps to reduce the background from QCD andW/Z+ jets. Both for this
topology and for the leptonic topologies in the following sections we adopt very simple sets of cuts,
similar to the ones used in the ATLAS Physics TDR [10]. In addition to the four-jet signatures we have
also addressed signatures with lower jet multiplicity. These signatures have more backgrounds, but might
be favoured in some SUSY models, and should be more cleanly reconstructed in the detector, because of
their less-complex topologies. This may be an advantage in the early phases of the experiment.

2.1 Four or more jets in final state

The basic selections applied for this channel are:

1. At least four jets withpT > 50 GeV at least one of which must havepT > 100 GeV; andEmiss
T >

100 GeV.

2. Emiss
T > 0.2Meff.

4
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Figure 1: Meff distribution for events surviving successive selection cuts: cut 1 (top left), cut 2 (top
right), and cuts 3-5 (bottom left). The open circles represent point SU3, and the different background
contributions are shown according to the legend. The last plot (bottom right) show all of the SUSY
benchmark points and the total Standard Model background after cuts 1-5. Open circles represent the
SUSY SU3 signal as predicted by Monte Carlo simulation, while the shaded area shows the total Standard
Model background.

3. Transverse sphericity,ST > 0.2.

4. ∆φ(jet1−Emiss
T ) > 0.2, ∆φ(jet2−Emiss

T ) > 0.2, ∆φ(jet3−Emiss
T ) > 0.2.

5. Reject events with aneor aµ .

6. Meff > 800 GeV.

Most of the background samples have been filtered at generation level with various requirements onEmiss
T

and jet multiplicity. The first cut in the analysis flow applies harder requirements than any of the ones
applied at the filter level to minimise the bias to the study from the use of filtered samples.

The main background at this point from QCD events whereEmiss
T is produced either by a fluctuation

in the measurement of the energy of one or more jets, or by a real neutrino from the decay of aB hadron
produced in the fragmentation process. Since the statistical fluctuation on theEmiss

T measurement grow
with increasingMeff, the second cut above eliminates the Gaussian part of theEmiss

T measurement fluctu-
ations. In SUSY events the jets are produced from the decay ofheavy particles produced approximately
at rest, and are thence distributed isotropically in space,whereas for the QCD events the direction of the
two partons from the hard scattering provides a privileged direction. The cut on sphericity is intended
to exploit this fact. Both for jet mismeasurement and forb decays, theEmiss

T vector will be close the
direction of one jets, and so the∆φ cuts are very efficient in reducing the QCD background. The lepton
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veto is applied in order to facilitate the combination with analyses requiring leptons, but it is not expected
to significantly modify the signal-to-background ratio.

The number of events surviving each of the cuts for an integrated luminosity of 1fb−1 is shown in
Table 2 for all of the considered benchmark points and for thebackgrounds. The number of events in the
last column includes the effect of the j70xE70 trigger, which, as shown in Table 1, has an efficiency in
excess of 97% for all considered signal benchmarks.

The distribution of the final selection variableMeff, for signal and background, is shown in Fig. 1
for point SU3 at different stages of the analysis. The QCD background is dominant after the first cut
but is reduced to a similar level to the backgrounds containing real neutrinos by subsequently requiring
Emiss

T > 0.2Meff (cut 2). The cuts on event sphericity and∆φ strongly reduce the QCD background, which
becomes concentrated in the region of lowMeff. After all cutstt̄ is the dominant background, but there
are also significant contributions fromW + jets andZ+ jets. The final cut,Meff > 800 GeV, reduces the
background to below the level of the signal for all considered benchmark points except for SU2. For this
point to be found in the 0-lepton channel, one would have to select larger values ofMeff to enhance the
signal-to-background ratio, and a greater integrated luminosity would be required.

The statistical significanceZn for 1fb−1 was calculated using the prescription in Section 1.2 including
the systematic uncertainty on the background [2, 3]. The significance for point SU3 after each cut is
shown in Table 2. The significancesZn after all cuts are 13 for SU3, 6.3 for SU1, 0.9 for SU2, 25
for SU4, 6.3 for SU6, and 6.5 for SU8.1. Evidently only point SU2, for which the cross section is
dominated by direct gaugino production (which is investigated elsewhere in this volume [11]), would not
be accessible for the assumed set of cuts, integrated luminosity and level of background understanding.

These numbers should be taken as indicative. The uncertainty on the background used in the calcu-
lation is the estimate of what one would obtain using complicated procedures for background evaluation
based on a combination of data-driven and Monte Carlo methods. The absolute value of the backgrounds
used for this study is derived only from Monte Carlo, and the present uncertainty on this value is much
higher. An idea of the robustness of the analysis can be obtained by studying the significance for the
benchmark points if the background would be increased by a factor 2. In this case the significance for
SU3 would drop to 7.8, and the one for SU6 to approximately 3.1. The significance for SU6 would be,
in this situation, dominated by the systematic uncertaintyon the background evaluation. Therefore an
increase in integrated luminosity would result in an increased reach only if it can be used to reduce the
uncertainty on the background evaluation.

2.2 Inclusive two-jet and three-jet final states

The analyses based on lower jet-multiplicities are based onvery similar requirements to the 4-jet analysis
above. The differences are: higherpT requirements on the remaining jets to cope with the increased
QCD background, and a slightly harderEmiss

T cut. The sphericity cut is less relevant in the case of low
jet multiplicities and is dropped. For the two (three)-jet analysis the cuts are respectively:

1. At least two (three) jets, the hardest withpT > 150 GeV and the second (and third) withpT >
100 GeV;Emiss

T > 100 GeV

2. Emiss
T > 0.3(0.25)Meff .

3. ∆φ(jet1−Emiss
T ) > 0.2, ∆φ(jet2−Emiss

T ) > 0.2, (∆φ(jet3−Emiss
T ) > 0.2)

4. Reject events with aneor aµ

5. Meff > 800 GeV.

6
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The Meff variable is different from the one defined in [1] in that only the 2(3) highestpT jets for the
2–(3–)jet analysis are used.

Since the ALPGENW+ jets andZ+ jets background samples have a filter at generation level requir-
ing 4 jets, samples produced with the PYTHIA generator were used in this case.
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Figure 2: Meff distribution for the 0-lepton plus 2-jet analysis, after final cuts. Left: The open circles
show the SUSY (SU3) signal Monte Carlo prediction, while thetotal Standard Model background is
shown by the shaded histogram. The individual background contributions are shown by the points, as
described in the legend. Right: The points show the distribution of the signal for a number of SUn points.

Table 3: Number of events surviving the selection cuts defined in the text for the 2–jet analysis. Entries
are normalized to 1 fb−1 using next-to-leading-order cross-sections.

Sample Cut 1 Cut 2 Cut 3 Cut 4 Meff Cut

SU3 18660.7 12519.8 12217.5 10055.2 6432.2
SU1 7699.9 5427.5 5318.1 3996.8 3196.0
SU2 642.4 319.7 301.2 185.1 90.4
SU4 123219 64502.4 62172.9 52108.0 9434.4
SU6 4483.1 3133.5 3041.7 2418.5 1987.0

SU8.1 6384.7 4482.5 4381.8 3804.5 3067.7

tt̄ 17666.6 6273.8 5778.6 3556.7 304.8
QCD 124513.9 7341.7 1983.7 1983.7 107.6

Z+ jets 3222.5 2192.2 2109.5 2056.1 391.6
W + jets 8887.2 4504.5 4072.4 2775.5 395.1
Diboson 150.4 71.2 66.0 32.1 6.8

Standard Model 154440.5 20383.4 14010.1 10404.1 1205.8

SU3S/B 0.12 0.61 0.87 0.97 5.3
SU3S/

√
B 47.5 87.7 103.2 98.6 185.2

SU3 eff (cum) 67.4% 45.2% 44.1% 36.3% 23.2%
SU3 eff (excl) 67.4% 67.1% 97.6% 82.3% 64.0%

The cut flow for the 2-jet analysis is given in Table 3, and theMeff distributions before theMeff cut
for the different background contributions and for the different signal points are shown in Figure 2. The
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number of events after all cuts includes the effect of the j70xE70 trigger, which, as shown in Table 1,
has an efficiency in excess of 99% for all considered SUSY benchmark points. After the∆φ cuts the
tt̄, W + jets,Z + jets and QCD all give comparable contributions to the background. After all cuts the
surviving events are approximately doubled both for signaland background, as compared to the 4-jet
analysis, except for the low-mass SU4 points for which the harder kinematic cuts reduce the signal
efficiency.

Assuming the estimated systematic background errors are the same as for the 4–jet case, the estimated
significances are 13.3 for SU3, 8.0 for SU1, 17.2 for SU4, 5.5 for SU6, and 7.7 for SU8.1, for 1 fb−1

of integrated luminosity. The significance for SU2, for which direct gaugino production is dominant, is
less than 1.0. The equivalent numbers for the 3–jet analysisare: 17.0 for SU3, 9.5 for SU1, 25.7 for
SU4, 7.3 for SU6 and 9.6 for SU8. Although the signal over background ratio is equivalent or better (for
the three-jet topology) than for the 4-jet analysis this is only partially reflected in the significances when
the systematic uncertainty is taken into account. This is due to the increased contribution of the QCD
background, which has an estimated uncertainty on QCD is of 50%, as compared to 20% for the other
backgrounds. Therefore, since the uncertainties of the backgrounds were evaluated for a 4-jet analysis,
a dedicated background study would be needed to obtain a correct estimate of the discovery potential in
this topology.

The 2-, 3- and 4-jet analyses are based on very similar cuts and therefore have a large overlap in the
selected events. About 40% of all 2-jet events are also contained in the 3-jet slection and about 35%
in the 4-jet selection. The biggest overlap is for the 3 jet events: about 59% of all 3-jet events are also
contained in the 4-jet analysis and about 97% in the 2-jet analysis.

An alternative strategy was explored where cuts 2 and 3 of theMeff analysis are dropped, and a cut
on themT2 variable [12,13],mT2 > 400 GeV, is applied as the only discriminating observable. ThemT2

variable, has the interesting properties that it takes low values for events where either the visiblepT or
Emiss

T are small, and in the case of small∆φ . It can therefore replace these topological cuts. For semi-
invisibly decaying particlesmT2 is related to the difference in mass between the particles produced in
the interactions and their invisible decay products. It cantherefore take a larger value for SUSY events
than for top orW events. Taking the estimates of the systematic background errors into account, the
significances for the 2-jetmT2 analysis are: 15.6 for SU3, 11.5 for SU1, 10.9 for SU4, 8.3 forSU6, and
11.1 for SU8.1, somewhat better than the equivalent analysis based onMeff. The most effective strategy
will be ultimately defined by how well the systematic uncertainty on the background evaluation can be
controlled in the different approaches.

3 One-lepton mode

While the 0-lepton mode with multiple jets plusEmiss
T is probably the most generic search mode for

SUSY withR-parity conservation, it is sensitive to backgrounds from mismeasured QCD multijet events.
Requiring one lepton in addition to multiple jets andEmiss

T greatly reduces the potential QCD multijet
background; the remaining backgrounds are under better control. Even ifτ decays of gauginos are dom-
inant, leptonicτ decays provide a significant 1-lepton rate, at least for highmasses. It is not surprising,
therefore, that the reach in the 1-lepton and 0-lepton modesare comparable.

The cuts in this analysis are similar to those used in the ATLAS Physics TDR [10] but also include
a cut on the transverse mass1, MT , formed from the lepton andEmiss

T which has the role of suppressing
theW + jets andtt̄ backgrounds. TheST cut is included for historical reasons, but its effectiveness is
questionable:

1Note the distinction between the transverse mass,MT , which is a function of the momentum of one visible particle and the
missing transverse momentum and thestransversemass which is a function of the momenta of two visible particles and the
missing transverse momentum.
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Table 4: Number of events surviving the selection cuts defined in the text for the 1-lepton analysis.
Entries are normalized to 1 fb−1 using NLO cross-sections. The last column reports a simpleS/

√
B

calculation of the corresponding significance of an observation for the SUSY benchmark points (SUn).

Sample Cuts 1–4 Cut 5 Cut 6 Cut 7 S/
√

B

SU1 571.7 423.0 259.9 232.3 36.0
SU2 86.7 75.6 46.1 39.6 6.1
SU3 995.7 767.9 450.5 363.6 56.4
SU4 7523.6 6260.4 2974.4 895.8138.9
SU6 342.3 250.9 161.9 147.9 22.9
SU8.1 296.4 214.4 151.4 136.3 21.1
tt̄ 2028.5 1546.8 131.7 36.0
W 425.2 314.8 9.9 5.4
Z 39.0 27.3 1.7 0.2
Diboson 7.3 5.1 0.8 0.0
QCD 0.0 0.0 0.0 0.0
Standard Model BG 2500.1 1894.0 144.1 41.6

1. Exactly one isolated lepton withpT > 20 GeV satisfying the selection criteria described earlier.

2. No additional leptons withpT > 10 GeV. This ensures no overlap with the 0-lepton, 2-lepton,and
3-lepton analyses.

3. At least four jets withpT > 50 GeV at least one of which must havepT > 100 GeV.

4. Emiss
T > 100 GeV andEmiss

T > 0.2Meff.

5. Transverse sphericity,ST > 0.2.

6. Transverse mass,MT > 100 GeV.

7. Meff > 800 GeV.

Cuts 1–2 define the 1-lepton analysis, while Cuts 3–4 both reduce the Standard Model backgrounds and
ensure compatability with the Standard Model filter cuts. Distributions without these four cuts are not
meaningful and so are not shown. Cut 5 reduces theEmiss

T background from mismeasured dijet events;
Cut 6 reduces the background from events in which theEmiss

T comes fromW → ℓν ; and Cut 7 selects
high-mass final states.

The cut flow table for these cuts is shown in Table 4. The numberof events after all cuts includes
the effect of the j70xE70 trigger, which, as shown in Table 1,has an efficiency of around 99% for all the
benchmark points considered other than the low mass SU4 point, for which the efficiency is still above
95%. Note that the QCD background is reduced to a negligible level by the lepton andEmiss

T cuts as
expected. The background after all cuts is dominated bytt̄ andW + jets, both of which are expected to
be better understood than the QCD background. Therefore, while the 1-lepton mode may not have better
reach than the 0-lepton mode given the calculated backgrounds, its reach seems more robust against
background uncertainties.

The Meff distribution for point SU3 after each cut is shown in Figure 3. TheEmiss
T andMeff distri-

butions for all the SUn points after all cuts are shown in Figures 4. It is clear from these figures and
from Table 4 that the only significant backgrounds to the 1-lepton mode are fromtt̄ andW + jets, as one
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Figure 3: ExpectedMeff distributions after Cuts 1–4 (left), and Cut 6 (right) for the 1-lepton analysis.
Compare with Table 4.
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Figure 4: TheMeff distributions for each of the SUn benchmark points, and for the sum of the Standard
Model backgrounds with 1fb−1 for the 1-lepton analysis. All the cuts except onMeff are applied.

would expect. The estimated error on both of these backgrounds using data-driven methods is±20% [2].
Given this and the calculated signal and background rates inTable 4, it is evident that all the SUSY points
considered except SU2 could be discovered with good significance in the 1-lepton mode. For SU2, the
production cross-section is dominated by gaugino pair production, so a different analysis [11] is required.

To make this conclusion more quantitative, the significanceZn defined in Section 1.2 was calculated.
The central value of each background is taken from the current Monte Carlo simulation; the studies
of data-driven background estimation [2, 3] provide estimated errors of±50% for QCD multijet back-
grounds and±20% fortt̄, W + jets, and all other backgrounds. The results of this calculation are shown
in Table 5 for an integrated luminosity of 1fb−1. Each of these points except SU2 would haveZn > 5 for
just 100pb−1 if the same 20% background uncertainty could be obtained with that luminosity.

The significances,Zn, (Table 5) for 1fb−1 are much smaller than theS/
√

B values in Table 4. This
reflects the fact that, unlikeS/

√
B, the Zn measure of significance includes the estimated systematic

uncertainty on the background. Table 5 also indicates that,provided the relative uncertainties in the
background determiations did note increase, harderMeff cuts would lead to better significances after
systematic uncertainties in the background are taken into account.
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Table 5: SignificanceZn for the 1-lepton plus 4-jet analysis with 1fb−1 including the systematic uncer-
tainty in the background estimation.

Sample Meff > 400 GeV Meff > 800 GeV Meff > 1200 GeV
Events Zn Events Zn Events Zn

Standard Model BG 144 42 2
SU1 260 7.6 232 12.3 114 18.0
SU2 46 1.5 40 3.4 15 6.0
SU3 450 9.5 364 16.7 110 17.7
SU4 2974 33.7 896 29.4 99 16.6
SU6 162 4.9 148 8.9 76 14.2
SU8.1 151 4.6 136 8.4 66 13.1
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Figure 5:Meff distribution for events with one lepton and: 2 jets (left) or3 jets (right) after all cuts were
applied.

Supersymmetry events need not contain large numbers of jets. For example, in mSUGRA the process

q̃L + q̃R→χ̃±1 q′+ χ̃0
1q

−−−→ χ̃0
1ℓ±ν

can have a large rate and gives one lepton and just two hard jets. An alternative 1-lepton analysis has
been performed requiring just two or three jets rather than four. Because a 4-jet selection was applied to
the Alpgen samples at the generator level, Pythia was used for theW + jets backgrounds. The jet cuts
employed are harder: 150 GeV for the leading jet and 100 GeV for the others. The missing energy cut
is also harder,Emiss

T > max(100 GeV,0.3Meff) and max(100 GeV,0.25Meff) for the 2-jet and 3-jet case
respectively. TheMeff distributions after all cuts are shown in Figure 5. Evidently an analysis requiring
a smaller number of jets with harder cuts also can be effective.

11

SUPERSYMMETRY – PROSPECTS FOR SUPERSYMMETRY DISCOVERY BASED ON INCLUSIVE . . .

87

1599



Table 6: The number of events surviving the selection cuts defined in the text for the opposite-sign
dilepton analysis, normalized to 1fb−1 using next-to-leading-order cross-sections. The last twocolumns
give theS/B ratio and theZn significance, the latter of which includes the systematic uncertainties on the
Standard Model backgrounds.

Sample Cuts 1-3 Cut 4 S/B Zn

SU3 200.8 159.8 1.88 3.55
SU1 91.0 72.6 0.86 1.65
SU2 22.5 18.8 0.22 0.43
SU4 948.0 809.5 9.56 22.5
tt̄ 111.1 81.5

W + jets 2.47 1.97
Z+ jets 1.77 1.20

QCD (J3-J7) 0 0
Total Standard Model 115.34 84.67

4 Two-lepton mode

4.1 Opposite sign dileptons

Supersymmetry events with two opposite-sign leptons can arise from neutralino decays, especiallyχ0
2 →

l±l∓χ0
1 , either directly or through an intermediate slepton. Such dileptons must have the same flavour to

avoid inducingµ → eγ and other lepton-flavour-violating interactions at one loop. By contrast leptons
produced from independent decays can give either same-flavour (OSSF) or different-flavour (OSDF)
dilepton pairs, again withℓ ∈ {e,µ}.

The opposite-sign dilepton analysis uses the following cuts:

1. Two isolated, opposite-sign leptons withpT > 10 GeV and|η | < 2.5 which satisfy the cuts de-
scribed in the introductory SUSY note [1]. Events containing additional leptons were vetoed.

2. At least four jets withpT > 50 GeV at least one of which must havepT > 100 GeV.

3. Emiss
T > 100 GeV andEmiss

T > 0.2Meff.

4. Transverse sphericity,ST > 0.2.

Cut 1 defines the opposite-sign dilepton sample, while Cuts 2and 3 both suppress the Standard Model
backgrounds and provide consistency with the Monte Carlo generator cuts on those backgrounds. After
Cuts 1–3 the dominant background by far istt̄, as one would expect. TheST cut only increases theS/B
ratio by about 8% while reducing the signal by 20%.

The signals and backgrounds after the cuts, and the corresponding significances, are shown in Table 6.
The number of events after all cuts includes the effect of thej70xE70 trigger, which, as shown in Table 1,
has an efficiency of around 99% for all considered signal benchmarks, except for the low mass SU4
point, for which the efficiency is above 95%. The benchmark points SU3 and SU4 both have high
discovery potential in the dilepton channel. While SU1 has fairly large dilepton branching ratios, many
of the leptons are soft because of the small mass gaps betweensupersymmetric particles. An improved
analysis based low-pT lepton reconstruction algorithms would help greatly for this point.

It is instructive to see how the significances,Zn, vary with the cut on the leading jet and onEmiss
T . This

is shown in Figure 6 for each of the points SU1 – SU4. It can be seen that the significance improves with
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Figure 6: Significance of signal events for the four benchmark points, as a function of the cut on trans-
verse missing energy (left) and the transverse momentum of the leading jet (right), for an integrated
luminosity of 1fb−1.

Table 7: The optimized cuts for each point and correspondingsignal, background, and significance.
Compare with Table 6.

Sample Emiss
T cut Leading jet cut signal background Significance

SU1 100 GeV 320 GeV 37.97 6.30 6.94
SU2 140 GeV 200 GeV 13.74 22.68 1.07
SU3 140 GeV 200 GeV 125.34 22.68 11.45
SU4 110 GeV 100 GeV 772.53 66.80 24.70

harder cuts than those given in the above cut list even for thelow-mass point SU4. The optimal cuts for
each point and the signal, background and significance are shown in Table 7. Systematic errors of 50%
on on all Standard Model backgrounds are included. Of courseone should not optimize an analysis for
a single point, but the table suggests that, provided the systematic uncertainties on the Standard Model
background determinations do not significantly increase, harder cuts would be preferred. Optimization
for wider ranges of points is discussed in Section 8.

Observing an non-resonant excess of OSSF dilepton events over OSDF events would be a clear
indication of new physics. In SUSY leptonic̃χ0

2 decays can produce this excess, and have a charac-
teristic endpoint set by the masses involved. The significance of the difference, calculated as(NOSSF−
NOSDF)/

√
NOSSF+NOSDF, is shown in Table 8. This significance calculation assumes that the relative

e andµ acceptances are well understood, which is not unreasonablegiven that all Standard Model pro-
cesses satisfye/µ/τ universality. For SU1 the combined branching ratio forχ̃0

2 → ℓ̃±L,Rℓ∓ is 11.7%, but
the acceptance is reduced by the small mass gaps. For SU2 gaugino pair production dominates, so the
jet cuts suppress the signal.

4.2 Same sign dileptons

In the Standard Model the rate for prompt, isolated, same-sign dileptons is small. Of course some
leptons from hadronized heavy or light quarks can also pass the isolation cut and contribute like-sign
backgrounds. In SUSY, on the other hand, the gluino is a self-conjugate Majorana fermion, so events
containing like-sign dileptons can be common. Thus, same-sign dileptons are a good signature for SUSY
and a characteristic feature of it.

The cuts used for the same-sign dilepton analysis are:
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Table 8: The number of OSSF and OSDF dilepton events passing the optimized cuts and the correspond-
ing statistical significance for 1fb−1.

Sample Emiss
T cut Leading jet cut NOSSF NOSDF Significance

SU1 220 GeV 100 GeV 90.69 58.53 2.63
SU2 140 GeV 100 GeV 31.64 29.95 0.22
SU3 160 GeV 160 GeV 93.75 38.58 4.80
SU4 120 GeV 100 GeV 392.45 281.55 4.27

Table 9: The number of events surviving the selection cuts (as defined in the text) for the same-sign dilep-
tons analysis, normalized to 1fb−1 using next-to-leading-order cross-sections. No background events
pass the final cut; the 90% upper limit fortt̄ background is given.

Process Cuts 1–3 Cut 4 Zn

SU1 30.1 21.9 7.2
SU2 13.0 6.6 1.9
SU3 37.9 24.9 7.7
SU4 251.8 138.8 19.9
SU6 18.0 13.9 4.5
tt̄ 2.1 < 2.3
W + jets 0.7 0.0
Z+ jets 0.0 0.0

1. Exactly 2 same-sign leptons withpT > 20 GeV satisfying the usual isolation and other cuts [1].

2. At least four jets withpT > 50 GeV at least one of which must havepT > 100 GeV.

3. Transverse missing energyEmiss
T > 100 GeV.

4. Emiss
T > 0.2Meff.

The first cut defines the same-sign dilepton sample, while Cuts 2-4 suppress the Standard Model back-
grounds. Cuts 1 and 2 are used in the Monte Carlo generator filters for some of the backgrounds.

The cut flow table for these cuts is shown in Table 9. The numberof events after all cuts includes
the effect of the j70xE70 trigger, which, as shown in Table 1,has an efficiency of around 99% for all
considered signal benchmarks, except for the low mass SU4 point, for which the efficiency is 84%.

Since theW + jets andZ + jets backgrounds have been filtered at the generator level, the results
for these are biased until after Cut 3, but evidently they aresmall. A number of other backgrounds
were examined and found to be negligible compared to those listed in the table. None of the Monte
Carlo events generated for the Standard Model background determination passed all the cuts. A 90%
confidence upper limit of 2.3 Monte Carlo events gives the indicated upper limit on thett̄ background
after cut 4. This is used as the estimate of the total background sincett̄ is expected to dominate;b jets
can produce a second lepton of the same sign and that lepton has a non-negligable probablility of being
well-isolated. The assumption oftt̄ dominance is consistent with the results after Cut 3 in Table9. Two
possible backgrounds,W±W± andtt̄tt̄, are probably small but have not been studied.

TheEmiss
T distributions after the other cuts are shown in Figure 7. While the rates are small, theS/B

ratio is good and the signal is distinctive. TheEmiss
T cut was varied and the value in the cuts used here
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Figure 7:Emiss
T in the same sign dilepton events after all cuts except theEmiss

T cut.

found to be appropriate.
It is clear that the Standard Model same-sign dilepton background is small and is probably dominated

by tt̄. A data-driven analysis of this background has not yet been done. It is expected that it will be
possible to measure the background from processes such ast → ℓ+X, b̄→ µ+X as a function of the
isolation cut and to extrapolate to the cut used here. Forb̄ → e+X, where thee identification cuts
impose an implicit isolation cut, it will be necessary to extrapolate from theµ result using Monte Carlo
techniques. In the absence of such studies the significance for the same-sign dilepton analysis has been
calculated using the 90% upper limit fortt̄ given in Table 9 with the standard systematic uncertainty of
±20%. This gives theZn values listed in the same table. Although the systematic error on the background
is uncertain, certainly SU4 and very likely SU1 and SU3 wouldbe observable with a significance greater
than 5σ with 1fb−1.

More work on the same-sign dilepton background, and more generally on estimates of leptons from
b andc decays passing isolation cuts, is clearly needed.

5 Three-lepton mode

The trilepton signal from direct gaugino production [14] isperhaps the best search mode for SUSY at
the Tevatron [15,16]. The corresponding search with ATLAS is described elsewhere in this volume [11].
The analyses discussed here are aimed at trilepton production from all sources, not just from direct
production. Two approaches have been followed. The first, the 3-leptons+ jet selection makes explicit
use of a high-pT jet, similar to the 1- and 2-lepton analyses described above. The second, the 3-leptons+
Emiss

T selection, relies on track isolation cuts to select prompt leptons and is similar to the exclusive
analysis [11]. The 1LEP trigger typically gives an efficiency of >∼ 95% for these modes (see Table 1).

5.1 Three-lepton + jet analysis

The 3-leptons+ jet selection requires:

1. At least three leptons withpT > 10 GeV satisfying the usual identification and isolation cuts [1].

2. At least one jet withpT > 200 GeV.
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No Emiss
T cut is made, so this analysis could be used even if detector problems seriously degraded the

Emiss
T performance. The jet cut is sufficient to suppress theWZ andWγ∗ backgrounds, so cuts on the

invariant mass of opposite-sign same-family dilepton pairs are also not required.

Table 10: The numbers of surviving SUSY and Standard Model events for the benchmark points SU2,
SU3 and SU4, as the “3-leptons+jet” inclusive trilepton selection is applied. All numbers are nomalized
to 1 fb−1 of integrated luminosity.

Sample Cut 1 Cut 2 S/B S/
√

B Zn

SU2 35 13 1.1 3.7 2.7
SU3 139 94 7.8 27.1 11.5
SU4 1284 312 26.0 90.0 24.4
tt̄ 455 11 – – –
ZZ 59 0 – – –
ZW 193 1 – – –
WW 3 0 – – –
Z+ γ 9 0 – – –
Zb 656 0 – – –

The cut flow for this selection is shown in Table 10. The numberof events after all cuts includes
the effect of the 1LEP trigger, which, as shown in Table 1, hasan efficiency of around 95% for all of
the benchmark points considered. The jet cut (Cut 2) particularly reduces theZW andZb backgrounds
in which the jets tend to be soft. The dominant background after all cuts istt̄, but there is also a small
remaining background fromWZ. The same table shows the statistical significanceS/

√
B and the signif-

icanceZn including a background uncertainty of 20%. As has already been discussed for the same-sign
dilepton selection, the key issue for background determination is the estimation of leptons fromb→ ℓX
passing the isolation cut intt̄ events. We expect that this could be measured as a function ofthe isolation
cut for µ and then applied toe using Monte Carlo simulation. Given the largeS/B in Table 10, even a
100% background uncertainty would yieldZn > 5 for points SU3 and SU4.

Adding a cut onEmiss
T to this analysis was investigated. The surviving background events after the

trilepton and jet cuts have a wide range ofEmiss
T , so a cut to reduce them would also reduce the already

rather small signal.

5.2 Three-lepton +Emiss
T analysis

The 3-leptons+Emiss
T selection does not require (or veto) jets, so it is sensitiveto direct gaugino produc-

tion as well as to trileptons produced in the decays of squarks and gluinos. The analysis cuts have been
somewhat optimized for SU2, for which gaugino pair production dominates. Since the dominant source
of trileptons in SUSY includes a decaỹχ0

2 → χ̃0
1ℓ+ℓ−, at least one OSSF lepton pair is required among

the three leptons.
The cuts for this analysis are:

1. Nℓ ≥ 3 leptons withpT > 10 GeV satisfying the usual identification and isolation cuts [1].

2. At least one OSSF dilepton pair withM > 20 GeV to suppress low-massγ∗, J/ψ , ϒ, and conver-
sion backgrounds.

3. Lepton track isolation:p0.2
T,trk < 1 GeV for muons and< 2 GeV for electrons, wherep0.2

T,trk is the
maximumpT of any additional track within a coneR= 0.2 around the lepton.
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Table 11: Expected event numbers for the 3-leptons +Emiss
T analysis for 1fb−1 for signal and background

processes. TheWW andZγ backgrounds are small and so are not listed.

Process Cuts 1-2 Cut 3 Cut 4 Cut 5
SU1 42.2 33.0 32.6 24.1
SU2 29.8 24.1 21.1 17.6
SU3 130.1 101.2 98.6 63.9
SU4 968.1 691.5 654.3 544.9

SU8.1 10.2 8.0 8.0 5.3
WZ 188.3 166.2 122.5 22.8
ZZ 55.9 46.4 10.3 1.6
Zb 582.5 221 1.3 0
tt̄ 283.2 59.9 56.6 47.9

Table 12: Number of signal (S) and background (B) events surviving the 3-leptons+Emiss
T selection and

the corresponding values forS/
√

B andZn. All numbers are normalized to 1 fb−1 .

SU1 SU2 SU3 SU4 SU8

S 24.1 17.6 63.9 544.9 5.3
B 73.5

S/
√

B 2.8 2.1 7.5 63.5 0.6
Zn 1.3 1.0 3.5 16.4 0.3

4. Emiss
T > 30 GeV.

5. M < MZ−10 GeV for any OSSF dilepton pair.

Cut 3 provides an additional rejection of leptons fromb andc decays beyond the calorimeter isolation
cut, while Cut 4 reduces Standard Model backgrounds containing aZ.

The significancesS/
√

B andZn for this second analysis are shown in Table 12, where theZn signifi-
cance includes the standard 20% background systematic uncertainty. A detailed study of the performance
of the lepton isolation cuts is needed to understand the uncertainty on thett̄ background in particular.
Since this analysis does not require jets, one might hope that it would be sensitive to the dominant gaug-
ino pair production for SU2, but only SU4 gives a signal withZn > 5 for 1fb−1. For all of the benchmark
points studied the 3-leptons+ jet analysis is more sensitive than the 3-leptons+Emiss

T one.

6 Tau mode

SUSY models generically violatee/µ/τ universality; τ decays can even be dominant, especially for
tanβ ≫ 1. Hence it is worthwhile to look for signatures involving hadronic τ decays even though the
fake background from jets is much larger than that fore or µ . Leptonicτ decays are indistinguishable
from prompt leptons and are already included in the previousanalyses.

The cuts used in this analysis are:

1. At least four jets withpT > 50 GeV and at least one withpT > 100 GeV.
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Table 13: The number of signal (S) and background (B) events after tau selection and corresponding
values of significance, normalised to 1fb−1.

Sample S B S/B S/
√

B Zn

SU3 259 51 5.1 36.3 12
SU6 119 51 2.3 16.7 6.8

2. Emiss
T > 100 GeV.

3. ∆φ( j i ,Emiss
T ) > 0.2 for each of the three leading jetsj i , i = 0,1,2.

4. No isolated leptons using the standard cuts [1].

5. At least oneτ with pT > 40 GeV and|η |< 2.5 reconstructed by the highpT τ algorithm [17] with
a likelihood,L > 4.

6. Emiss
T > 0.2Meff.

7. MT > 100 GeV, whereMT is calculated using the visible momentum of the hardestτ andEmiss
T .

Cuts 1, 2, and 6 are standard. Cut 3 requires a large∆φ betweenEmiss
T and the leading jets, thus reducing

the background both from mismeasured jets and fromb andc decays. Cut 4 makes this analysis disjoint
from the 1, 2, and 3-lepton analyses described above. There is still overlap with the 0-lepton analysis
described in Section 2. Cut 5 defines theτ sample; these cuts give an efficiency of∼ 50% with a purity
of ∼ 80% for the SU3 sample. Finally, if theEmiss

T comes from oneW → τν decay, thenMT used in
Cut 7 should satisfyMT < mW. The applied cuts are a superset of the basic cuts for the inclusive 4-jet
0-lepton analysis, which does not employ aτ veto and therefore the events selected for this analysis will
have an almost complete overlap with the ones selected in theanalysis described in the corresponding
section. For the same reason, the efficiency of the j70xE70 trigger is expected to be between 97% and
∼100% for all the benchmark points, as was the case for the inclusive multi-jet analysis.

The effect of these cuts is indicated graphically in Figure 8. The requirement of a reconstructedτ
(Cut 5) eliminates the QCD background. After theMT cut theS/B ratio is high. The resulting signal,
background, and significance for points SU3 and SU6 are givenin Table 13 assuming the usual 20%
systematic uncertainty for the background, which is dominated bytt̄ with some contribution fromW +
jets.

The data-driven uncertainty onτ SUSY backgrounds has not yet been studied. Clearlyτ reconstruc-
tion is difficult. However, it should be possible to simulaterealτ backgrounds by selecting backgrounds
with reconstructedeandµ and replacing the leptons with simulatedτ decays. Fake backgrounds can be
similarly determined using reconstructed events combinedwith the measured jet→ τ fake rate. If the
resulting uncertainty on the background is about 20%, as is assumed in Table 13, then both points SU3
and SU6 would be observable in theτ mode.

7 b-jet mode

SUSY signals are typically rich inb quarks because thẽb andt̃ tend to be lighter than first- and second-
generation squarks and because Higgsino couplings enhanceheavy flavour production. In the benchmark
points studied the fractions of events containingb jets range from 14.4% for SU2 to 72.8% for SU4. In
QCD eventsb quarks typically occur at the percent level. Thus, requiring ab quark suppresses the QCD
background, which may be difficult to control, just as requiring aneor µ does.
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Figure 8: TheMeff distributions for SUSY signals and Standard Model backgrounds in theτ analysis
after Cuts 4, 5, 6, and 7.

In this section an analysis of signatures withb jets is performed for SUSY points SU1, SU3, SU4 and
SU6 using full simulation both for the signal and for the Standard Model backgrounds. Isolated leptons
may also be present, and all channels with and without leptons are summed. SUSY processes almost
always will givebb̄ pairs, and this is taken into account. No equivalent analysis was performed in the
Physics TDR.

The cuts used in this analysis are as follows:

1. At least 4 jets in the event withpT > 50 GeV.

2. Leading jetpT > 100 GeV.

3. Missing transverse energy,Emiss
T > 100 GeV.

4. Missing transverse energy,Emiss
T > 0.2Meff.

5. Transverse sphericity,ST > 0.2.

6. At least 2 jets are tagged asb jets, as described below.

7. Meff > 600, 800, or 1000 GeV.

Note that Cuts 1–3 are also used in Monte Carlo generator filters for some of the background samples.
Cut 7 is used to optimize the signal-to-background ratio in the selected events.
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Table 14: Number of events surviving selection cuts as defined in the text for the inclusive search with
b jets normalized to 1fb−1 using NLO cross-sections. The results are shown for three different values of
theMeff cut (Cut 7).

Sample Cuts 1–3 Cut 4 Cut5 Cut 6 Cut 7
600 GeV 800 GeV 1000 GeV

SU1 3469 2806 1994 456 442 375 263
SU2 608 358 299 170 166 141 87
SU3 9357 7279 5474 1158 1086 818 425
SU4 79761 56697 45661 16478 10204 3186 926
SU6 2557 2049 1467 505 495 436 340

tt̄ 12864 8273 6117 2182 836 215 61
QCD 29435 7402 5171 740 259 79 5

W + jets 4068 2309 1600 23 16 7 2
Z+ jets 1249 680 432 5 3 1 1
Diboson 22 13 8 2 1 0 0

BSM 47527 18676 13328 2950 1115 303 69
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Figure 9:Meff distributions forb-jet analysis. Left: Standard Model backgrounds. Right: SUSY signals
with total background.

Jets withpT > 20 GeV are selected asb jets using the default tagging algorithm based on the 3-
dimensional impact parameter and secondary vertex detection [18] with a cut weight> 6.75, giving a
nominal efficiency of 60%. Above aboutpT = 100 GeV both the efficiency and the light-jet rejection
decrease as discussed in the introductory SUSY note [1] and references therein. Naively one would
expect that the increase of theB decay length withγ = EB/MB ≫ 1 would offset the 1/γ decrease of
the angles since the multiple scattering angular errors also decrease similarly. There is also a substantial
dependence ofb tagging on theη of the jet. Many of theb jets in SUSY events have highpT : the
typical pT of the leading jet in SU3 is about 300 GeV, for which the light-jet rejection duringb tagging
is O(100).

Events with zero or more leptons and at least two taggedb jets were combined in a single inclusive
analysis. Inevitably this means that there is overlap with the analyses in Sections 2–5. The cut flow is
shown in Table 14. After Cut 6 (Nb ≥ 2) thett̄ background is dominant, as one might expect, but the
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Table 15: S/B ratio and signal significanceZn including systematic effects for theb-jet analysis with
0.1fb−1 and 1fb−1 with Meff > 1000 GeV.

S/B Zn for 0.1fb−1 Zn for 1fb−1

SU1 3.8 6.0 9.3
SU2 1.3 2.3 5.0
SU3 6.2 7.5 13.0
SU4 13.4 12.6 21.7
SU6 4.9 7.1 11.2

QCD background remains substantial. Theb-tagging performance at highpT is clearly an important
issue for this analysis. As the applied cuts are a superset ofthe basic cuts for the inclusive 4-jet analyses,
the efficiency of the j70xE70 trigger is, as quoted in the corresponding section, between 97% and∼100%
for all the considered benchmark points.

To calculate the significance in this channel an uncertaintyof 50% for the QCD background and 20%
for the other backgrounds is assumed for 1fb−1. The uncertainty on theb-tagging efficiency of 60% is
5% [2, 18]. This is assumed to be included in thett̄ uncertainty and is ignored for the other, smaller
backgrounds.

The hardest effective mass cut,Meff > 1000 GeV, was found to be the most effective, so only results
for it are shown here. The resulting significances,Zn, including the above systematic effects, are shown
in Table 15, for two luminosities: 0.1 and fb−1, where the same systematic uncertainty is assumed to
be the same for both luminosities. All background uncertainties are added linearly. The low-mass point
SU4 and perhaps also SU3 could be discovered using this analysis with only 0.1fb−1 assuming that the
background could be understood adequately. All points except SU2 could be discovered with 1fb−1, for
which the background uncertainties are realistic. This analysis seems to be particularly useful compared
to some other analyses for point SU6.

8 Scans and optimization

The SUSY points studied so far were chosen to give a variety ofsignatures, but there is no reason to
think that they are representative of what might be found at the LHC. This section uses scans over the
parameters of several models for SUSY breaking – all withR parity conservation – in order to sample
a wider range of possibilities. The goal is to develop one or more search strategies covering as wide a
subset of the scanned models as possible. Since each scan includes hundreds of points, this section must
rely on ATLFAST [19], the fast parameterized simulation of the ATLAS detector.

Data-driven methods [2,3] will be used to determine the Standard Model backgrounds to the possible
SUSY signatures. For 1fb−1 the estimated errors [2, 3] are typically 50% for QCD jets and20% for the
W, Z, andt backgrounds. Several approaches were considered to look for an excess above a cut onMeff

or Emiss
T after basic jet and lepton selections. The significance is corrected for multiple cuts as described

in Section 1.2. Results are shown here only for theMeff cut, that yielded best performance. A multivariate
optimization using TMVA [20] gave a minor improvement with the available Monte Carlo statistics. This
and other cut procedures are still being studied.

The analyses described above in this note have used signal and background cross-sections normalized
to next-to-leading-order calculations [1]. This was impractical for scans over many points, each involving
many subprocesses. The goal here is not to determine the exact limit or exclusion value but rather to test
whether the proposed approaches work for a wide range of models. It was therefore decided to normalize
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the signal cross-sections for all scans to the leading-order HERWIG values but to use next-to-leading-
order normalizations for the backgrounds. Since next-to-leading-order corrections generally increase
cross-sections, the resulting reach estimates are conservative.

8.1 SUSY signal samples

It is impossible to scan the 105-dimensional parameter space of the MSSM or even the 19 dimensional
subspace with flavour andCPconservation and degeneracy of the first two generations. Hence a number
of SUSY-breaking models with many fewer parameters were used.

Several of these scans (e.g. the first two mSUGRA scans listedbelow) ignore dark matter and other
existing constraints. Of course any true theory must obey such constraints. It is possible, however,
to modify the SUSY breaking model to satisfy the constraintswhile keeping the basic phenomenology
unchanged. One such example, the non-universal-Higgs model (NUHM), is discussed below. Since there
is no unique model of SUSY-breaking, all these scans should be viewed only as possible patterns of LHC
signatures, not as complete theories.

mSUGRA fixed grid, tanβ = 10, A0 = 0, µ > 0: A 25×25 grid was made varyingm0 from 60 GeV
to 2940 GeV in 25 steps of 120 GeV, andm1/2 from 30 GeV to 1470 GeV in 25 steps of 60 GeV. SUSY
spectra were generated using ISAJET 7.75 [21] with a top quark mass of 175 GeV. Out of the 625
possible points, a spectrum could be successfully generated for 600; the other 25 failed for theoretical
reasons. For each good point 20k events were produced using ATLFAST. Constraints other than from
direct searches were ignored. While constraints such as thedark-matter relic density constrain specific
SUSY-breaking models such as mSUGRA, they are much less restrictive for generic models.

mSUGRA fixed grid: tanβ = 50, A0 = 0, µ < 0: Large tanβ increases the mixing of̃bL,R and τ̃L,R,
leading to enhancedb andτ production. A grid of 25×25 points with was generated withm0 varied from
200 to 3000 GeV in steps of 200 GeV and withm1/2 varied from 100 to 1500 GeV in steps of 100 GeV.
The top mass was fixed at 175 GeV. Constraints other than from direct searches were again ignored.

mSUGRA random grid with constraints: In this sample all mSUGRA parameters were varied in two
regions2 previously found [22] to be compatible with dark-matter andother constraints withµ > 0 and
mt = 175 GeV.

The mSUGRA parameters were chosen randomly (withµ > 0) and their properties calculated using
ISAJET 7.75. All selected points satisfy the LEP Higgs mass limit, mh > 114.4 GeV [23]; the WMAP
total dark matter limit,Ωh2 < 0.14 [24]; within 3σ the branching ratio limitsB(b → sγ) = (3.55±
0.26)×10−4 [25] within 3σ andB(Bs→ µ+µ−) < 1.5·10−7 [26]; and withδaµ less than the 3σ upper
limit from the muon anomalous magnetic moment measurementaµ = (11659208±6)×10−10 [27].

GMSB grid: Mmess= 500 TeV, Nmess= 5, Cgrav = 1: With Nmess= 5 the NLSP is a slepton which
decays promptly to leptons orτ ’s. A fixed grid was made varyingΛ was varied from 10 TeV to 80 TeV
in steps of 10 TeV and tanβ from 5 to 40 in steps of 5.

NUHM grid: The NUHM model is similar to the mSUGRA model but does not assume that the Higgs
masses unify with the squark and slepton ones at the GUT scale. This allows more gaugino/Higgsino
mixing at the weak scale and so relaxes the mSUGRA dark matterconstraints. The scan uses a step size

2The parameters are varied within{0 < m0 < 2 TeV, 0.5 < m1/2 < 1.3 TeV,−0.34< A0 < 2.4 TeV, 39< tanβ < 55} and
{1 < m0 < 3 TeV ,m1/2 < 0.5 TeV ,−2.0 < A0 < 2.0 TeV, 20< tanβ < 55}
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Figure 10: Efficiencies for electrons as a function ofpT for the SU3 sample (left) andη for the ALPGEN
sampleZ → ee (right). The solid red line corresponds to the Geant 4 simulation, the solid circles to
uncorrected ATLFAST, and the open circles to the corrected version of ATLFAST used for the reach
analyses.

of 100 GeV in bothm0 andm1/2. For each point the values ofµ andMA at the weak scale are adjusted
to give acceptable cold dark matter.

8.2 ATLFAST corrections

ATLFAST is a fast parameterized simulation of the ATLAS detector. The version used here is rather
idealized. Corrections to the efficiency fore reconstruction were applied as a function ofpT andη . An
example of the effect of these corrections is shown in Figure10. In addition, the ATLFAST algorithm
finding reconstructed cone jets was missing the split-mergestep, so jets matched to the same truth jet
were combined. With these corrections the ATLFAST and full simulations agree reasonably well. All
results shown here use ATLFAST with these corrections.

8.3 Discovery reach

The reach plots in this subsection are all based on analyses that require a certain number of jets and
leptons (e or µ) and then find an optimalMeff cut (in steps of 400 GeV) to maximize the significanceZn

corrected for multiple cuts of the signal over the Standard Model background, using background errors
estimated from studies of data-driven methods [2,3]. Not all modes were studied because of limited time
or Monte Carlo statistics.

The analysis most similar to that in the Physics TDR [10], requires four jets withpT > {100, 50, 50, 50}
GeV andEmiss

T > max(100 GeV,0.2Meff). The 5σ discovery reach for the analyses reqiring zero, one,
or two opposite-sign leptons for mSUGRA with tanβ = 10 are shown in Figure 11. The plot also shows
the trilepton reach with just one jet. The 0-lepton mode has the best estimated reach, close to 1.5 TeV for
the smaller ofmg̃ andmq̃. The 1-lepton estimated reach is somewhat less, but it is more robust against
QCD backgrounds which might result from detector problems.Figure 11 also shows that the reach for
tanβ = 50 is similar for the zero- and one-lepton channels. Despitethe enhancedτ decays for tanβ ≫ 1,
the one-τ reach is slightly worse than the reach for zero and one leptons. This reflects the lower efficiency
and purity forτ reconstruction. Compared toτ + 4 jets, the reach forτ + 3 jets is slightly better, while
τ +2 jets is about the same. The curves for theτ +2-jet and theτ +3-jet analyses are not shown.

Requiring four jets is not necessarily the best choice. The 5σ reach contours for the 0-lepton plus
Emiss

T and the 1-lepton plusEmiss
T analyses for various jet multiplicities are shown in Figure12, again for
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Figure 12: The 1 fb−1 5σ reach contours for the 0-lepton and 1-lepton plusEmiss
T analyses with various

jet requirements as a function ofm0 andm1/2 for the tanβ = 10 mSUGRA scan. The horizontal and
curved grey lines indicate the gluino and squark masses respectively in steps of 500 GeV.

the tanβ = 10 mSUGRA scan. For the 0-lepton mode the choice of four jets seems best, while for the
1-lepton mode the 2-jet, 3-jet and 4-jet reaches are all comparable. The reaches (not shown here) for the
opposite-sign dilepton plusEmiss

T signature requiring at least 2, 3, or 4 jets are comparable and in all cases
are less than the reaches for the 0-lepton and 1-lepton modes. Observing a signal in multiple channels
would provide further confidence that the observed excesseswere evidence for new physics.

The mSUGRA “random” scan with low-energy constraints samples only a limited range of parame-
ters and hence of gluino and squark masses. The results of this scan are shown as a scatter plot of points
in Figure 13 compared to those for the mSUGRA scans. The reachfor those mSUGRA points which are
compatible with low-energy constraints is comparable to that for generic points. This is not surprising
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given that the SUSY production cross-sections are mainly controlled by the gluino and squark masses,
but it adds support to the approach used in this section.

The mSUGRA model is only one possible mechanism for SUSY breaking. The non-universal-Higgs
model has qualitatively similar phenomenology but different patterns of masses and decay modes. The
reach plots with four jets, zero or one leptons, andEmiss

T for the NUHM are shown in Figure 14. The
reach with zero and one leptons is virtually identical to that for mSUGRA. This is as expected: adding
some Higgsino mixing allows̃χ0

1 annihilation but has a minor effect on the other decays.
Another alternative often considered, Anomaly Mediated SUSY Breaking (AMSB), is not examined

here. Previous studies [28] have found an overall reach comparable to mSUGRA with similar assump-
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tions. The reach in the one-lepton modes is less because the lightest chargino is almost degenerate with
the LSP and so does not give visible leptons.

The models considered in the GMSB scan all have at least two leptons orτ ’s at the Monte Carlo
generator level, so the signatures are easier to distinguish from Standard Model backgrounds. The reach
plots for this scan are shown in Figure 15. The reach for threeleptons is significantly better than for two
leptons and extends well beyond 2 TeV for gluinos for large tanβ and is close to 2 TeV for all tanβ .
Special signatures that can result from GMSB models are discussed elsewhere in this volume [4].

8.4 Summary

The results of the scans presented in this section together with the full simulation analyses presented ear-
lier indicate that ATLAS should discover signals forR-parity conserving SUSY with gluino and squark
masses less thanO(1 TeV) after having accumulated and understood an integrated luminosity of about
1fb−1. For favorable models the mass reach could be greater. The luminosity required to discover a given
SUSY scenario is greater than that estimated previously [29]. The main differences in this analysis are
that the uncertainty in the background (derived from data-driven methods) is taken into account and that
the signal and background simulations are more realistic. Given the admittedly qualitative naturalness
arguments about SUSY masses, it is plausible that SUSY couldbe found with 1fb−1 if it exists at the
TeV scale. Conversely, if SUSY is not found with 1fb−1, it might still eventually be discovered at the
LHC, but it will be difficult to study in detail.
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Measurements from Supersymmetric Events
Abstract
We review the techniques used to reconstruct the decay of supersymmetric par-
ticles and measure their properties with ATLAS at the LHC, concentrating on
strategies to be applied to a data set of integrated luminosity of 1 fb−1 that can
be expected after the first year of operation of the LHC. Thesetechniques are
illustrated using several benchmark points chosen in the mSUGRA parameter
space, but they are applicable to a broader range of supersymmetric (and other
similar) models. The most appropriate methods will be selected and fine-tuned
once (and if) signatures consistent with Supersymmetry areestablished. Su-
persymmetric cascade decays typically have large transverse missing energy
due to the presence of undectected neutralinos, and have characteristic edges
and thresholds in the dilepton, dijet and lepton-jet invariant mass distributions.
The reconstruction of such edges is the focus of the first partof the paper. The
second part of the paper concentrates on the reconstructionof more specific de-
cay channels, involving light stops, staus and Higgs bosons. The final section
indicates how sparticle masses and other supersymmetric parameters could be
constrained using such measurements.

1 Introduction

Supersymmetry (SUSY) can be discovered by the ATLAS experiment at the LHC during the initial run-
ning period if some coloured sparticles have masses of the order hundreds of GeV and hence production
cross-sections of the order of a few pb. A strategy to establish SUSY discovery is outlined in another
paper in this collection [1], while here we concentrate on parameter measurements that can be performed
with the early data. The same particle identification conventions and selection criteria as in [2] are used
in this paper.

Once a signature consistent with Supersymmetry has been established, the experimental emphasis
will move on to measuring the sparticle mass spectrum and constraining the parameters of the model. In
the case of R-parity-conserving models, the decay chain of sparticles cannot be completely reconstructed,
as sparticles eventually decay into LSPs that can not be detected. For this reason edge positions, rather
than mass peaks, are measured in the invariant mass distribution of sparticle decay products. In R-parity-
violating models sparticles can have long lifetimes and canbe detected by studying their decay in-flight
within the detector. These types of signatures are discussed in [3].

A complete coverage of all allowed SUSY models is impossible, so we limit this study to a subset
of the models where SUSY breaking is mediated by gravity (mSUGRA), and to the points in parameter
space described in [2], however the measurement techniquesand fit methods developed can be adapted
for many models. During initial data-taking, the error on such measurements will be limited by statistics,
making measurements possible only for models with moderate(. 1 TeV) values of the SUSY mass scale
where enough events can be isolated. In this paper we study the cases of a total integrated luminosity
of 0.5 fb−1 for the “Low Mass” point (SU4) and of 1 fb−1 for the “Bulk” point (SU3), with the idea of
developing the experimental analyses which might be performed after the first year or so of data taking.
Some benchmark points require somewhat larger datasets in order to perform kinematic measurements;
as an example we show a measurement of the dilepton mass edgesfor the “Coannihilation” point (SU1)
with a dataset corresponding to 18 fb−1.

In sections 3 and 4 we study the decay chain:

q̃L → χ̃0
2q(→ ℓ̃±ℓ∓q)→ χ̃0

1ℓ+ℓ−q (1)
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in events containing two opposite-sign isolated electronsor muons, hard jets and missing energy. Kine-
matic endpoints in the invariant mass spectra of lepton pairs and lepton+jet combinations are fitted and
used to derive relations between the masses of sparticles. In the case of first- and second-generation
squarks, it will often not be possible to experimentally determine squark flavour, so we definemq̃L to be
the average of the masses of the ˜uL andd̃L squarks, andmq̃R, the average mass of ˜uR andd̃R.

Events with tau leptons in the final state are studied in Section 5 and di-tau mass edges in theχ̃0
2

decay chain reconstructed. This signature is particularlyimportant in the co-annihilation region where
the decay into tau stau pairs is favoured.

In Section 6 we analyse events with two hard jets and missing energy in order to to measure the jet
“stransverse mass”. This variable is sensitive to the mass of the right-handed squark in events where a
pair of squarks are produced, each decaying as:

q̃R → qχ̃0
1 (2)

A kinematical edge depending on the mass of the light stop is reconstructed in Section 7 by exploiting
the decay:

g̃→ t̃1t → χ̃±
1 bt (3)

and reconstructing thetb invariant mass.
The reconstruction of the lightest Higgs bosons, produced by the χ̃0

2 decay followed by the Higgs
decay into a pair ofb quarks, is investigated in Section 8. Simulations of the “Higgs” point (SU9) show
that if these decays are allowed, then the Standard Model Higgs boson may be initially detected as a
SUSY decay product rather than by signatures that involve its production via Standard Model processes.

In Section 9 the parameters measured in sections 3 to 8 are combined to extract information about the
SUSY model such as the sparticle mass spectrum and the mSUGRAparameters (under the hypothesis
that mSUGRA is realised).

All of these studies use a realistic detector geometry with residual misalignments, and all relevant
Standard Model backgrounds are taken into account, as are the trigger efficiencies. The reconstruction of
final state objects, the event selection criteria, the strategy used to simulate both signal and background
events, and the methods for estimating systematic uncertainties are common across all SUSY analyses
and are discussed in the introduction to this chapter [2].

2 Measurement of endpoints

The decay chain in Eq. (1) is particularly suited to measure the mass of SUSY particles, as the presence in
the final state of charged leptons, missing energy from the escaping neutralino and hadronic jets ensures
a large signal to background ratio. Thus, fit results are not very dependent on the precise measurement of
the Standard Model background. Although we discuss the reconstruction of edges and thresholds within
the mSUGRA framework, the same methodology can be applied tothe large variety of SUSY models
where the ˜qL decay channel in Eq. (1) is open. In the following we indicatewith ℓ only electrons and
muons (withℓ̃ being their superpartners) whileτ leptons are indicated explicitly.

The endpoint in the di-lepton invariant mass distribution is a function of the masses of the particles
involved in the decay. If the sleptons are heavier than theχ̃0

2 then the decay proceeds through the three
body channel̃χ0

2 → χ̃0
1ℓ+ℓ− as in the SU4 model. In this case, the distribution of the invariant mass of

the two leptons has a non-triangular shape described in [4,5] with an endpoint equal to the difference of
the mass of the two neutralinos:

medge
ℓℓ = mχ̃0

2
−mχ̃0

1
(4)

2

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS

106

1618



If at least one of the sleptons is lighter than theχ̃0
2 then the two-body decay channelχ̃0

2 → ℓ̃±ℓ∓→
χ̃0

1ℓ+ℓ− dominates. The distribution of the invariant mass of the twoleptons is triangular with an endpoint
at:

medge
ℓℓ = mχ̃0

2

√√√√1−
(

mℓ̃

mχ̃0
2

)2
√

1−
(mχ̃0

1

mℓ̃

)2

. (5)

For the SU3 point, where thẽℓR and theτ̃1 are lighter than thẽχ0
2 , such an endpoint is expected in the

ℓ+ℓ− (τ+τ−) distribution formedge
ℓℓ = 100.2 GeV (medge

ττ = 98.3 GeV). For the SU1 point both̃ℓR and

ℓ̃L as well asτ̃1 and τ̃2 are lighter thanχ̃0
2 , resulting in a double triangular distribution for the dilepton

invariant mass with two edges.
Measuring the dilepton endpoint allows us to establish a relationship between the masses of the two

lightest neutralinos and any sleptons that are lighter thanthe χ̃0
2 . For a determination of the masses of

all the particles involved in the decay chain Eq. (1), further mass distributions involving a jet are used:
mℓℓq, mthr

ℓℓq, mℓq(low) andmℓq(high). Since it is not possible to identify the quark from the ˜qL decay, we
make the assumption that it generates one of the two highestpT jets in the event, as is normally the case
if the q̃L is much heavier than thẽχ0

2 . Hence only the two leading jets are considered. For themℓℓq

distribution a maximum value of the distribution is expected so the jet giving the lowestmℓℓq value is

used. Themthr
ℓℓq distribution is defined by the additional constraintmℓℓ > medge

ℓℓ /
√

2, giving a non-zero
threshold value [6, 7]. Since a minimum is sought, the jet giving the highestmℓℓq value is used in this
distribution. The distributionsmℓq(low) andmℓq(high) are formed from the lower and highermlq value of
each event using the same jet as formℓℓq. Both distributions have well-defined endpoints.

The theoretical values of the kinematic threshold and endpoints listed above can be calculated using
the analytical expressions given in [6, 7]. The theoreticalpositions of the end points for the SU1, SU3
and SU4 models are summarised in Table 1.

Table 1: Value of the end points of the invariant mass distributions for the three benchmark points
considered in this section. For SU1 the two endpoints correspond to the two available decay chains of
the χ̃0

2 involving a right or left slepton.

Mass Distribution SU1 end point (GeV) SU3 end point (GeV) SU4end point (GeV)

medge
ℓℓ 56.1, 97.9 100.2 53.6

medge
ττ 77.7, 49.8 98.3 53.6

medge
ℓℓq 611, 611 501 340

mthr
ℓℓq 133, 235 249 168

mmax
lq(low) 180, 298 325 240

mmax
lq(high) 604, 581 418 340

Another advantage of the decay chain in 1 is the possibility of estimating both the SUSY combina-
torial background and the Standard Model background from the data with high accuracy. The technique,
known asflavour subtraction, is based on the fact that the signal contains two opposite-sign same-flavour
(OSSF) leptons, while the background leptons come from different decay chains, which can be of the
same flavour or of different flavour with the same probability. The background thus cancels in the sub-
traction:

N(e+e−)/β + βN(µ+µ−)−N(e±µ∓) (6)

3
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whereβ = 0.86 is an efficiency correction factor equal to the ratio of theelectron and muon reconstruc-
tion efficiencies. The value ofβ is taken from [8, 9], and is assumed in the following to be known with
an uncertainty of 10%.

3 Dilepton edges

3.1 Event Selection

Events with two or three isolated leptons (electrons or muons) with pT > 10 GeV and|η | < 2.5 are
selected. If two leptons are selected, they are required to have opposite signs. If three leptons are
present, the two opposite-sign combinations are considered and treated independently in the rest of the
analysis.

In order to select SUSY events and reject the Standard Model background it is necessary to require
the presence of energetic jets and missing energy. The variables used to discriminate SUSY from the
SM background are the transverse missing energy, the transverse momenta of the four leading jets, the
ratio between the transverse missing energy and the effective mass, and the transverse sphericity (ST ). In
order to optimise the cuts on these variables, the value of:

S≡ (NOSSF−NOSDF)/
√

NOSSF+NOSDF (7)

is maximized for each SUSY point, whereNOSSFandNOSDFare the number of same-flavour and different-
flavour lepton pairs respectively.

TheS variable can be computed from collider data, since no Monte Carlo information is used. By
maximizing the value ofSwe are maximizing the selection efficiency for signal eventswhile suppressing
the Standard Model and the SUSY combinatorial backgrounds.

In order to improve the sensitivity to the signal, only lepton pairs with an invariant massmℓℓ <
medge

ℓℓ + 10 GeV are considered. Since the true value of the endpoint isa priori unknown, this choice
implies that the edge has already been observed, and that afterwards the selection cuts are optimised as
described here in order to improve the separation between signal and background and the measurement
of the endpoint. We are thus focusing here on determining selection cuts that would allow a precise
measurement of the endpoint with moderate statistics, rather than on finding the first evidence for an
excess of different-flavour lepton pairs or the first evidence for the presence of the edge.

In Table 2 the optimal selection resulting from the scan is shown. For all three points a 2-jet selection
is preferred, leaving out cuts on the third and fourth jets, on ST and on the ratioEmiss

T /Meff. For the
“Coannihilation” point (SU1) and the “Bulk” point (SU3) theS-value is found to be stable in an interval
around the maximum value. For the “Low Mass” point (SU4) the bestS-value is found for the loosest
cut allowed by the available Monte Carlo samples. Hence evenlooser cuts may be preferred as far as the
value ofS is concerned. The cuts onEmiss

T and thepT of leading jet are however required in order to
have a high trigger efficiency1.

The number of signal and background lepton pairs passing theselection cuts is shown in Table 3. All
numbers are for 1 fb−1. The main Standard Model background is alwaystt̄ accounting for about 95% of
the total background. The remaining background events are from W, Z and WW, WZ, ZZ production.
The background due to QCD jets is negligible. The fraction ofSUSY events in the selected sample with
OSSF leptons is 59% for SU1, 77% for SU3, and 80% for SU4.

4
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Table 2: Results of the event-selection optimisation for the S-variable Eq. (7) for signal (s) and Standard
Model background (b) with range limitmℓℓ < medge

ℓℓ + 10 GeV, for SU1, SU3 and SU4 for 1 fb−1. The
best selection is shown.

pj1
T pj2

T pj3
T pj4

T Emiss
T Emiss

T /Meff ST sOSSF sOSDF bOSSF bOSDF S

SU1 200 150 - - 120 - - 120 64 69 53 5.1

SU3 180 100 - - 120 - - 615 149 93 92 15.1

SU4 100 50 - - 100 - - 3048 1574 411 419 19.9

Table 3: Number of lepton pairs passing the selection cuts optimized for the SUSY sample SU1 (above),
SU3 (middle) and SU4 (below), for 1 fb−1 of integrated luminosity. The contribution fromtt̄ produc-
tion is indicated separately as it constitutes most of the Standard Model background. The remaining
background events are from W, Z and WW, WZ, ZZ production. Thebackground due to QCD jets is
negligible.

Sample e+e− µ+µ− OSSF OSDF
SUSY SU1 56 88 144 84
Standard Model (tt̄) 35 (35) 65 (63) 101 (99) 72 (68)

SUSY SU3 274 371 645 178
Standard Model (tt̄) 76 (75) 120 (115) 196 (190) 172 (165)
SUSY SU4 1729 2670 4400 2856
Standard Model (tt̄) 392 (377) 688 (657) 1081 (1035) 1104 (1063)

3.2 Reconstruction of the dilepton edge

The distribution of the invariant mass of same-flavour and different-flavour lepton pairs is shown in
Fig. 1 for the SUSY benchmark points and backgrounds, after the selection cuts optimized for SU3 (left
plot) and SU4 (right plot), and for an integrated luminosityof 1 fb−1 and 0.5 fb−1 respectively. It can
be seen from regions where the signal does not contribute (i.e. for the Standard Model backgrounds
and formℓℓ > medge

ℓℓ for SUSY) that the different-flavour distributions are similar to the same-flavour
backgrounds.

The invariant mass distribution after flavour subtraction is shown in the left plot of Fig. 2 in the
presence of the SU3 signal and for an integrated luminosity of 1 fb−1. The distribution has been fitted
with a triangle smeared with a Gaussian. The value obtained for the endpoint is(99.7±1.4±0.3) GeV
where the first error is due to statistics and the second is thesystematic error on the lepton energy scale
and on theβ parameter [2]. This result is consistent with the true valueof 100.2 GeV calculated from
Eq. (5).

The right plot of Fig. 2 shows the flavour-subtracted distribution in the presence of the SU4 signal for
an integrated luminosity of 0.5 fb−1. The fit was performed using the function from [5] which describes
the theoretical distribution for the 3-body decay in the limit of large slepton masses, smeared for the
experimental resolution. This function vanishes near the endpoint and is a better description of the true
distribution for SU4 than the triangle with a sharp edge. Theendpoint from the fit is(52.7± 2.4±

1For this channel, both the lepton triggers and the trigger based onEmiss
T may be relied upon. The latter are however less

efficient, and they would imply differentpT thresholds for electrons and muons.
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Figure 1: Left: distribution of the invariant mass of same-flavour and different-flavour lepton pairs for
the SUSY benchmark points and backgrounds after the cuts optimized from data in presence of the SU3
signal (left), and the SU4 signal (right). The integrated luminosities are 1 fb−1 and 0.5 fb−1 respectively.
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Figure 2: Left: Distribution of invariant mass after flavoursubtraction for the SU3 benchmark point with
an integrated luminosity of 1 fb−1. Right: the same distribution is shown for the SU4 benchmarkpoint
and an integrated luminosity of 0.5 fb−1. The line histogram is the Standard Model contribution, while
the points are the sum of Standard Model and SUSY contributions. The fitting function is superimposed
and the expected position of the endpoint is indicated by a dashed line.

0.2) GeV, consistent with the theoretical endpoint of 53.6 GeV.
Since the true distribution will not be known for data, the distribution was also fitted with the smeared

triangle expected for the 2-body decay chain. This also gives a goodχ2 with an endpoint of(49.1±
1.5± 0.2) GeV. A larger integrated luminosity will be required to use the shape of the distribution to
discriminate between the two-body and the three-body decays.

In Fig. 3 the flavour-subtracted distribution of the dilepton mass is shown for the SU1 point at an
integrated luminosity of 1 fb−1 (left) and 18 fb−1 (right) 2. While there is already a clear excess of
SF-OF entries at 1 fb−1 , a very convincing edge structure cannot be located. At 18 fb−1 the two
edges are visible. A fit function consisting of a double triangle convoluted with a Gaussian, the latter

2Only 1 fb−1 of simulated Standard Model background was available. To scale the Standard Model contribution to higher
luminosities a probability density function for the m(ll) distribution was constructed by fitting a Landau function to the 1 fb−1

distribution, assuming statistically identical shapes for e+e−, µ+µ− ande±µ∓ and normalisation according to aβ of 0.86. The
systematic uncertainty on the endpoint determination fromthis procedure was estimated to be a small fraction of the statistical
uncertainty.
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Figure 3: Distribution of invariant mass after flavour subtraction for the SU1 point and for an integrated
luminosity of 1 fb−1 (left) and 18 fb−1 (right). The points with error bars show SUSY plus Standard
Model, the solid histogram shows the Standard Model contribution alone. The fitted function is super-
imposed (right), the vertical lines indicate the theoretical endpoint values.

having a fixed width of 2 GeV, returns endpoint values of 55.8±1.2±0.2 GeV for the lower edge and
99.3±1.3±0.3 GeV for the upper edge, consistent with the true values of 56.1 and 97.9 GeV. As can
be seen from Fig. 3 (right) themℓℓ distribution also contains a noticeable contribution fromthe leptonic
decay ofZ bosons present in SUSY events. Even though the upper edge is located close to theZ mass,
adding aZ peak of fixed mass and width to the fit function only affects theendpoints at the 0.2-0.3 GeV
level. However theZ peak changes the normalisation of the upper triangle so for considerations of
couplings and branching ratios it should be included.

4 Leptons+Jets edges

In events selected for the dilepton analysis in the previoussection, jets are added to construct further
distributions as described in Sect. 2. Additional selection cuts are applied to refine the distributions:

mℓℓ < medge
ℓℓ + ∆1 (all distributions) (8)

mℓℓq < medge
ℓℓq + ∆2 (mℓq distributions) (9)

Heremedge
ℓℓ andmedge

ℓℓq refer to experimental values found in this and the previous section. The value∆1

is a small number, 10 (3.3) GeV for SU3 (SU4), to account for the fact that the edge stretches slightly
beyond the fitted endpoint. One can see from Fig. 1 that this cut should be very effective for SU4, but
much less so for SU3. The value∆2 serves a similar purpose, but since the determination ofmedge

ℓℓq is less
reliable, a looser cut is used, 155 (37) GeV for SU3 (SU4).

The invariant mass distributionsmℓℓq andmℓq are shown in Figures 4 and 5 for both the “Bulk” point
(SU3) and the “Low Mass” point (SU4) after efficiency-corrected flavour subtraction.

While the Standard Model background causes considerable bin-by-bin fluctuations for integrated lu-
minosities. 1 fb−1, the net contribution of entries beyond the endpoints is mainly due to combinatorics
from choosing the wrong jet in a true SUSY event. For the distributions where a clear tail is visible, a
straight line is assumed for the background, otherwise it isset to zero. (The statistics box of the plots
indicates which background hypothesis is used.) Since the tail is due to SUSY events, it will not be
known beforehand and a data-driven approach (not describedhere) would be required.

The lepton+jet distributions have shapes which depend on the sparticle masses [10]. Depending on
the sparticle spectrum, the edge region may contain non-trivial features such as experimentally unde-
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Figure 4: Efficiency-corrected flavour-subtracted distributions ofmℓℓq (top) andmthr
ℓℓq (bottom) for SU3

(left) for 1 fb−1 and SU4 (right) with 0.5 fb−1 of integrated luminosity. The points with error bars show
SUSY plus Standard Model, the solid histogram shows the Standard Model contribution alone. The fitted
function is superimposed, the vertical line indicates the theoretical endpoint value.

tectable ‘feet’ containing very few events or vertical drops. For all the relevant distributions of two-body
scenarios, analytic formulas describing the shape in termsof the sparticle masses are known [11, 12].
With low statistics a straight-line fit is likely to give to give a sufficiently good description in many cases.
All the edges and thresholds were fitted with the following formula,

f (m) =
1√
2πσ

∫
exp
(
− (m−m′)2

2σ2

)
max{A(m′−mEP),0} dm′+max{a+bm,0} , (10)

wheremEP represents the endpoint (or threshold),A is the slope of the signal distribution, whilea and
b are the background parameters. The Gaussian smearing givesa smooth transition between the two
straight lines and mimics in a simple way the smearing of an edge due to mismeasurement of jet mo-
menta. The smearing parameterσ was fixed to 15 GeV. The fitted endpoint values were found not tobe
very sensitive to the choice ofσ in the range 0–20 GeV. Formℓℓq and themℓq distributions the integration
range is (0,mEP). For themthr

ℓℓq distribution the lower integration limit ismEP while some 100–200 GeV
above the upper fit range is a safe upper integration limit. The endpoints resulting from the fits to the
distributions in Figures 4 and 5 are summarised in Table 4.

For the “Bulk” point (SU3) the edges are found to be sufficiently well described by a straight line
in Eq. (10) for the signal region, however describing the background region by a straight line results in
large systematic uncertainties in the endpoint fit. In particular, themℓℓq distribution does not have a clear
edge. Even though themℓℓq cut in Eq. (9) removes a considerable amount of background for themℓq(low)
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Figure 5: Efficiency-corrected flavour-subtracted distributions ofmℓq(high) (top) andmℓq(low) (bottom) for
SU3 (left) with 1 fb−1 and SU4 (right) with 0.5 fb−1 of integrated luminosity. The points with error bars
show SUSY plus Standard Model, the solid histogram shows theStandard Model contribution alone.
The fitted function is superimposed, the vertical line indicates the theoretical endpoint value.

distribution there is still some background left for themℓq(high) distribution. A systematic uncertainty is
assigned to account for the background estimation for both fits. In case ofmℓq(low) a background-free fit
can be made resulting in a few GeV uncertainty. Themthr

ℓℓq distribution is expected to be concave, so a
systematic uncertainty is added in the estimation when fitting the threshold by a straight line fit.

For SU4, themℓℓq and both of themℓq distributions have edges which are well described by the fit
function Eq. (10). This is confirmed by the dominance of the statistical errors over the systematics ones.
Themthr

ℓℓq fit is more problematic resulting in somewhat larger errors.This could be expected since the
contributions from different-family and non-signal same-family peaks in this mass region, whereas they
are close to vanishing in the edge regions of the other distributions. Another reason (although probably
of less importance at 0.5 fb−1 ) is that the threshold edge is concave and only moderately well described
by a straight line.

While the fit values ofmedge
ℓℓq andmthr

ℓℓq are compatible with the theoretical values, the fittedmmax
lq(high)

andmmax
lq(low) are off by 2σ and 4σ , respectively. This comes from the fact that in SU4 the decayof χ̃0

2 is a
three-body decay. In such scenarios themℓq distributions, and in particularmℓq(low) are often so sparsely
populated towards the high mass values that the endpoints are not experimentally deducible from the
edges. Note, however, that there is no hint from theχ2 of themℓq(low) fit that we are in such a situation.
This topic is discussed further in Sect. 9.1 where endpoint relations are inverted to give sparticle masses.
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Table 4: Endpoint positions for SU3 and SU4, in GeV. The first error is statistical, the second and third
are the systematic and the jet energy scale uncertainty, respectively. The theoretical values are also given
for ease of comparison to the left of the fitted values. The integrated luminosity assumed is 1 fb−1 for
SU3 and 0.5 fb−1 for SU4.

Endpoint SU3 truth SU3 measured SU4 truth SU4 measured

medge
ℓℓq 501 517±30±10±13 340 343±12±3±9

mthr
ℓℓq 249 265±17±15±7 168 161±36±20±4

mmax
lq(low) 325 333±6±6±8 240 201±9±3±5

mmax
lq(high) 418 445±11±11±11 340 320±8±3±8

5 Tau signatures

5.1 Determination of the di-tau endpoint position

The endpoint of the invariant mass distribution from two taus emerging from ãχ0
2 decay,

χ̃0
2 → τ̃1τ → χ̃0

1τ±τ∓ , (11)

depends on the masses of theχ̃0
2 , the χ̃0

1 and theτ̃1, and therefore can contribute to the determination of
SUSY parameters.

Taus play an important role in scenarios like mSUGRA whereχ̃0
2 is mostly wino, and therefore

preferentially couples toL-type sfermions. The largeL-Rmixing in the stau sector significantly enhances
the branching ratio for the decaỹχ0

2 → τ̃±1 τ∓ with respect to other leptons. In the scenarios SU1 and
SU3 studied here, for example, the branching ratio for the decays into taus is a factor of 10 larger than
for decays into electrons or muons. Since in many models (including mSUGRA) theτ̃1 is the lightest
slepton, for certain values of the SUSY parameters the only allowed two body decay is̃χ0

2 → τ̃τ as
χ̃0

2 → χ̃0
1h, χ̃0

2 → χ̃0
1Z, andχ̃0

2 → ẽeor µ̃µ are kinematically forbidden.
Finally, whereas mass information aboutχ̃0

1 and χ̃0
2 can often be obtained more precisely fromχ̃0

2

decays into electrons and muons (if these decays are open), decays into taus are needed to probe theτ̃
mass parameters.

In contrast toχ̃0
2 decays into electrons or muons, the di-tau invariant mass spectrum does not have a

sharp endpoint at the maximum kinematic value. Due to the presence of neutrinos from the tau decays,
the mττ distribution (wheremττ indicates the invariant mass of the visible decay products of the tau
pair) falls off smoothly below the maximum value given by either Eq. (4) or Eq. (5). Only hadronic tau
decays are considered for tau identification: the tracking-seeded reconstruction algorithm [13] is used
to reconstruct taus in the “Coannihilation” point (SU1), while the calorimeter-seeded algorithm [13] is
used for the “Bulk” point model (SU3). This choice is motivated by the higher efficiency of the former
in reconstructing the lowpT taus that are present in the SU1 model.

The SU1 point also has a considerably lower cross-section than the SU3 point, so different selection
procedures are used to maximize the signal significance. Forthe SU3 point events are selected with two
taus,Emiss

T > 230 GeV, and at least four jets withpT greater than 220, 50, 50, 30 GeV respectively. For
the SU1 point the cut onEmiss

T is relaxed to 100 GeV and at least two jets withpT greater than 100 and
50 GeV respectively. In addition, an elliptical cut in the space ofEmiss

T and the sumpT(1)+ pT(2) of the
two highestpT jets is applied to SU1. The semi-axes of the ellipse are 450 GeV for Emiss

T and 500 GeV
for the sum of jetpT. This cut exploits the anticorrelation betweenEmiss

T and (pT(1)+ pT(2)) which is
different for the signal and the Standard Model background.
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Figure 6: Invariant mass distribution of opposite-sign taupairs with same-sign tau distribution subtracted,
for the SU1 (18 fb−1, left) and SU3 scenarios (1 fb−1, right). The dashed histogram in the left plot shows
the distribution at the generator level, while points show the reconstruction-level distribution.

The invariant mass distribution emerging after the above cuts are applied is shown in Figure 6 for the
SU1 and SU3 scenarios, where the corresponding distribution of two taus with the same sign of electric
charge is subtracted from tau pairs with opposite sign in order to reduce combinatorial background. This
is possible because uncorrelated and fake taus should ariseabout as often with the same charge as with
opposite charges. To decrease the SUSY background further,the two taus arising from the same decay
chain are required to have a maximum separation∆R< 2 in theη-φ -plane.

The following log normal function with three parameters, inspired by [14], is used to fit themττ
distribution:

f (x) =
p0

x
·exp

(
− 1

2p2
2

(ln(x)− p1)2
)

(12)

This function does not contain the endpoint position explicitly, but approaches the x-axis asymptotically.
The endpoint is then derived from the inflection pointmIP of the fit function:

mIP = exp

(
−1

2
p2

2

(
3−
√

1+
4

p2
2

)
+ p1

)
(13)

using a Monte Carlo-based calibration procedure.
The inflection point obtained for 14 SU3-like models is plotted against the theoretical endpoint value

for each of these models. The SU3-like points are generated using the ATLAS fast simulation program
[15] and varying the masses of theχ̃0

2 , the τ̃1 and theχ̃0
1 separately, while keeping the other two masses

fixed. In Figure 7 the inflection point is plotted as a functionof the endpointmEP and fitted with a straight
line, yielding the following calibration function:

mIP = (0.47±0.02)mEP+(15±2) GeV (14)

The covariance between the slope and the axis intercept is−0.034 GeV.
The fit using function Eq. (12) for the SU1 and SU3 models is shown in Fig. 6 giving an inflection

point atmIP = 48±3 GeV andmIP = 62±8 GeV respectively, which translates into endpoints atmEP =
(70±6.5stat±5syst) GeV (SU1) and(102±17stat±5.5syst) GeV (SU3) using the calibration relation in
Eq. (14). The systematic uncertainty is dominated by the fitting procedure and is evaluated by changing
the binning and fit ranges. The effects of 1% and 5% jet energy scale uncertainies have been tested and
found to introduce an additional systematic uncertainty onthe endpoint measurement well below 3%, so

11
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Figure 7: Calibration curve showing the relation between the position of the inflection point (measured
and fitted with function Eq. (12) after ATLFAST based detector simulation) and the endpoint (calculated
with equation Eq. (5)) of the di-tau mass distribution. The SU3 point is not included.

they are negligible compared to the systematic error introduced by the fitting procedure. The theoretical
expectation for the SU1 (SU3) endpoint is 78 GeV (98 GeV). Thedifference between the theoretical
and the extracted endpoint comes from the fitting and fit-calibration procedure rather than from detector
effects. As Fig. 6 (left) shows, the generator-level distribution of the visible products is close to the
reconstruction-level distribution and after fitting givesan endpoint value of 70 GeV for the SU1 scenario
which is the same as for the reconstructed distribution.

5.2 Impact of the tau polarization on the di-tau mass spectrum

The method discussed in the previous section assumes a fixed polarization of the two taus from thẽχ0
2 and

therefore neglects the effect of the polarization on the invariant mass spectra. However, the polarization
of the taus from the decay cascade can vary significantly between different SUSY models. Polarization
effects on the di-tau mass distribution are studied by simulating samples of events where the polarization
of the two taus from the decay Eq. (11) is allowed to vary. The ATLAS fast simulation program [15] is
used to simulate a data sample equivalent to 51 fb−1 of data.

Parity violation in weak interactions in conjunction with momentum and angular momentum conser-
vation leads to a correlation between the visible tau energyand the polarization of the tau. In case of the
decayτ− > ντ π−, since the pion is a scalar particle the neutrino spin is forced to be parallel to that of
the tau and therefore the fixed neutrino helicity determinesthe neutrino momentum direction. Thus, to
conserve momentum, the direction of the pion momentum is forced to be parallel or antiparallel to that of
the tau depending on the tau polarization. This leads to the pion getting a boost parallel or antiparallel to
the tau momentum resulting in harder and softer pions. This affects the di-tau mass spectrum, as shown
in Fig. 8. The curves in the plot are theoretical predictionsfrom [16]. The invariant masses of taus with
left chirality (LL) are on average smaller than for right (RR) taus.

For decays via the vector mesonsρ anda1, the momentum of the vector meson has the same (oppo-
site) direction as in the case of pions for longitudinal (transverse) polarization of the vector meson.

Adding all hadronic tau decay modes finally yields the invariant mass distributions shown in Figure 8
for the chirality optionsLL, RR and LR/RL. The position of the trailing edge is clearly shifted for
different polarizations whereas the shape difference calculated in [16] is barely visible after detector
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Figure 8: Left: Di-tau invariant mass spectrum forτ → πντ decays as obtained from Monte Carlo truth
information together with the expectation from theory. Right: Di-tau invariant mass spectrum for all
hadronic decays after an ATLFAST based detector simulation. Both plots show the mass distributions
for the chirality statesLL, RRandLR/RL.

As a consequence, the inflection point of the distribution isshifted due to polarization effects. The
maximum difference in the inflection point measurement∆mIPA(RR−LL) has been found to be 7 GeV
which is comparable to the statistical error on the positionof the inflection point presented in the previous
section. Without additional information on the tau polarization we might quickly reach a point where it
is not possible to improve the di-tau endpoint measurement.In this case the achievable precision for an
integrated luminosity of 1 fb−1 for the SU3 model is:

mmax
ττ = 102±17stat±5.5syst±7pol

The uncertainty due to the polarization effects dominates over the other systematic uncertainties and
therefore needs special attention. A study of the differentpolarization dependencies of the decay kine-
matics for different decay modes of the tau might be helpful.As the emission direction of vector mesons
is opposite for longitudinal and transversal states the neteffect is determined by the branching ratio into
the two states. It turns out that for thea1 there are as many longitudinal as transverse polarized whereas
for theρ there are more longitudinal vector mesons, leading to different polarization dependencies.

6 q̃R pair reconstruction

Events where a pair of ˜qR particles is produced, and where each decays through the process

q̃R → χ̃0
1q (15)

lead to a characteristic signature with two high-pT jets and largeEmiss
T from the escaping neutralinos. ˜qR

pair production represents about 10% (5%) of the total SUSY production cross-section for the “Bulk”
point SU3 (“Low Mass” SU4). For both points (and more generally in most of mSUGRA parameter
space) the ˜qR decays almost entirely through the process in Eq. (15).

Events with largeEmiss
T and a pair of high-pT jets are selected by requiring:

• Emiss
T > max(200 GeV, 0.25Meff) andMeff > 500 GeV

• Two jets withpT > max(200 GeV,0.25Meff), |η |< 1 and∆R> 1
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Table 5: The total event yield and the number of Standard Model background events satisfying selection
criteria for mT2 reconstruction, signal-to-background ratio and signal statistical significance. Only errors
from the detector systematic uncertainties are quoted.

Integrated luminosity (fb−1) Event yield Standard Model S/BSM S/
√

BSM

SU3 1.0 282± 20 18 14.7±1.1 62.2±4.7
SU4 0.5 258± 65 9 27.7±7.2 83.0±21.7

• No additional jet withpT > min(200 GeV, 0.15Meff)

• No isolated leptons and no jets tagged asb jets

• Transverse sphericityST > 0.2

These selection cuts are tuned using the information from the event generation to select ˜qR pair produc-
tion.

The systematic uncertainty originating from the jet andEmiss
T energy scale and resolution [2] change

the event yield by 7% for the case of SU3 and by 25% for the case of SU4. The systematic effect on the
energy scale and resolution of leptons is negligible.

The total event yield and the number of Standard Model background events satisfying the selection
criteria for 1 fb−1 for SU3 and 0.50 fb−1 for SU4 are given in Table 5 together with the signal-to-
background ratio and the signal statistical significance.

To reconstruct the ˜qR mass we use the themT2 variable [2, 17, 18], sometimes referred to as “stran-
verse” mass. This variable uses the kinematic features of the q̃R decays to reconstructmq̃R

3 making the
assumption thatmχ̃0

1
is known from the measurements in Section 4. ThemT2 distributions for the SU3

and SU4 points are shown in Figure 9. As is common for SUSY measurements, the distribution is ex-
pected to have an edge atmq̃R rather than a peak. A linear fit is applied to the right part of the distribution
to determine the edge position at 590±9(stat)+13

−6 (sys) GeV for SU3 and 421±17(stat)+10
−3 (sys) GeV for

SU4. This can be compared to the expected positions ofmq̃R = 611 GeV for SU3 andmq̃R = 406 GeV
for SU4. The systematic error accounts for the choice of the fit limits as well as the jet energy scale
systematic.

7 Light stop signature

In the “Low Mass” benchmark point (SU4), the SUSY masses are all in the rangemχ̃0
1

= 60 GeV< m<

mt̃2 = 445 GeV. The stop̃t1 is light (mt̃1 = 206 GeV) and always decays byt̃1→ χ̃±
1 b. A detailed analysis

of the phenomenology of this point can be found in [19].
At this SU4 benchmark point the light stop is produced in the gluino decay Eq. (3) which has a

branching ratio of 42%. Associated gluino production with aq̃L or q̃R followed by the decay in Eq. (3)
occurs in∼ 18% of all SU4 events. In the decay Eq. (3) the final statetb invariant mass distribution has

3For the benchmark point considered here, the effect of the SUSY background (i.e. events other than the ˜qR pair production
which pass the event selection) on the position of the edge issmall. This has also been shown to be true for other benchmark
points [10]. However, the identification of the edge as a measurement of the ˜qR mass may not hold for all the SUSY parameter
space.
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Figure 9: Fit of the sum of the reconstructed mT2 distributions in the selected SUSY and the remaining
Standard Model background events with 1 fb−1 for SU3 and 0.5 fb−1 for SU4.

the upper kinematic endpoint:

Mmax(tb) =

[
m2

t +
m2

t̃1
−m2

χ̃±1
2m2

t̃1

(
(m2

g̃−m2
t̃1−m2

t )+
√

(m2
g̃− (mt̃1 −mt)2)(m2

g̃− (mt̃1 +mt)2)
)]1/2

. (16)

With mg̃ = 413 GeV,mχ̃±1
= 113 GeVand a top mass of 175 GeV, Eq. (16) gives

Mmax(tb) ∼ 300 GeV. (17)

The other significant decays at this benchmark point which lead to the same final state are:

g̃ → b̃1b→ χ̃±
1 tb, (18)

g̃ → b̃1b→ t̃1Wb→ χ̃±
1 bbW, (19)

g̃ → b̃2b→ χ̃±
1 tb, (20)

g̃ → b̃2b→ t̃1Wb→ χ̃±
1 bbW. (21)

The final states from the decays Eq. (19) and Eq. (21) are equivalent to the final state from the decay
Eq. (3) if thebW invariant mass is close to the top mass. Associated gluino production with left or
right squark followed by these decays occurs in 4% (Eq. (18)), 9% (Eq. (19)), 0.1% (Eq. (20)) and 0.9%
(Eq. (21)) of all SU4 events. Due to the small mass differencebetween ˜g and theb̃1 or b̃2, the final states
Eq. (18) and Eq. (19) can be suppressed by imposing a minimum cut on thepT of theb jet, while the final
states Eq. (20) and Eq. (21) are suppressed becauseb jets originating from the gluino decay ˜g→ b̃2b are
on the average below the detection threshold.

In order to extract light stop signal from the ˜gq̃ events where gluino decays to stop and top, the final
statetb invariant mass distribution in Eq. (3) is reconstructed fortop quark decays into hadronic final
states only:

t →Wb→ qqb (22)

making no assumptions about theχ̃±
1 decay modes which dominantly produce two additional light-quark

jets. The hardest jet in the event is assumed to be the light-quark jet originating from the decay of the
left or right squark produced in association with the gluino.

We select jets withpT > 20 GeVand|η |< 2.5. In this range theb-tagging efficiency is about 60% [1].
The event selection requires the following:
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• At least 5 jets in the event withpT > 30 GeV, where

– The hardest jet is a light-quark jet withpT > 100 GeV,

– 2 and only 2 jets are tagged asb jets and they havepT > 50 GeV and

– At least 2 of the light-quark jets havepT > 30 GeV

• Emiss
T > 150 GeV,Meff > 400 GeV,Emiss

T /Meff > 0.2

• ST > 0.1 .

Of the Standard Model backgrounds simulated, only events from ourtt̄ and QCD samples satisfy
these selection criteria. NoW + jets orZ+ jets events pass the cuts.

The dominant detector-performance systematic uncertainties come from the jet andEmiss
T energy

scale and resolution. Assuming that the uncertainties for 200 pb−1 are the same as for 100 pb−1, i.e.
10% uncertainties on the jet andEmiss

T energy scale and resolution [20], and including 5% uncertainty
on theb-tagging efficiency, the resulting systematic uncertaintyin the number of selected events would
be∼ 40% for SU4 and∼ 50% fortt̄ .

The top-bottom invariant mass is reconstructed for events satisfying the selection criteria for the light
stop search:

• Excluding the hardest jet, all light-quark jets withpjet
T > 30 GeV are combined into dijet pairs.

• All such pairs with invariant mass within the window|mj j −mW| < 15 GeV are combined with
each of the twob jets and theb j j combination with invariant mass closest to the top mass is
selected.

• The four-vectors of this dijet pair are rescaled such thatmj j = mW andmb j j is recalculated and
accepted as top candidate if|mb j j −mtop|< 30 GeV.

• The sameb j j combination is combined with the otherb jet andmtb calculated, with the require-
ment that the angle between top and bottom be∆R(t,b) < 2.

TheW sideband method [21–23] is used to estimate SUSY combinatorial background originating
from supersymmetric processes in which jet pairs accidentally have an invariant mass within ourW-
mass window, and so fakeW bosons. The sidebands used are the regions of dijet invariant mass 30 GeV
below and 30 GeV above ourW-mass window. The fakeW boson contribution to themtb distribution is
evaluated as the average contribution of the jet pairs from theW sidebands after they have been scaled
linearly to theW mass zone and the procedure ofmtb reconstruction has been repeated.

The numbers of signal and the remaining Standard Model background events, together with the total
event yield at 200 pb−1, are listed in Table 6. Themtb distribution reconstructed in signal events without
the subtraction of the SUSY combinatorial background and the SUSY combinatorial background itself
are plotted in Figure 10. The contribution of fakeW bosons in SU4 is higher than the number of events
remaining after subtraction.

The mtb distributions before and after the subtraction of the SUSY combinatorial background are
shown in Figure 10. The background-subtracted distirbution is fitted in order to extract the endpoint.
The resultingmtb distribution is fitted with a triangular function smeared with a Gaussian:

f (M) = A
∫ 1

−1
e−

(M−Mmax
√

1+x
2 )2

2σ2 dx+(a+bM),

where the kinematic endpoint,Mmax, and the smearing,σ , are two of the five fit parameters. The smear-
ing, σ , models the experimental resolution of the reconstructedmtb. The position of the upper kinematic
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Table 6: The number of signal and remaining Standard Model background events and the total event
yield at 200 pb−1. The last row gives the signal-to-background ratio. The errors quoted are from detector
sources of systematic uncertainty.

L = 200 pb−1 Initial selection |mb j j −mt|< 30 GeV ∆R(t,b) < 2

without with without with
W sub. W sub. W sub. W sub.

SU4 963 537 224 267 120
tt̄ 99 28 13 9 4

QCD 6 3 2 3 2
Total 1068± 426 568± 225 239± 95 279± 109 126± 50

SU4 / (tt̄ +QCD) 9.2± 4.1 17.3± 7.3 14.9± 6.3 22.3± 9.1 20.0± 8.3

endpoint obtained from the 5-parameter fit (Figure 10) isMmax = 297± 9 GeV with σ = 28± 7 GeV
corresponding to∼ 10% of theMmax value. The position of the upper kinematic endpoint obtained from
the 4 parameters fit isMmax = 298± 6(stat)+16

−41(sys) GeV with σ set to 10% ofMmax. The expected
value ofmtb given by Eq. (17) is 300 GeV.
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Figure 10: Left: Reconstructedmtb distributions in signal and SUSY combinatorial backgroundevents.
Right: The 5 parameters fit of the sum of the reconstructedmtb distributions in signal and the remaining
Standard Model events after the subtraction of the SUSY combinatorial background; all at 200 pb−1.

8 Higgs signatures in SUSY events

In the context of supersymmetric models, Higgs bosons at theLHC can be produced in proton collisions
either through direct interaction of Standard Model particles, such as gluon-gluon fusion, or through the
decay of a supersymmetric particle produced in the initial interaction.

We will consider the possibility of observing the lightest CP-evenh boson via the second mechanism.
In this case, a missing transverse energy signature, typical of R-parity conserving SUSY scenarios, can
be reconstructed in association with the Higgs boson and exploited to reduce the background, making it
possible to study the dominant decay channelh→ bb̄, which is otherwise hidden by the enormous QCD
continuum.
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Within mSUGRA the most promising source of Higgs productionis the decay of a second-lightest
neutralino. Indeed,̃χ0

2 → χ̃0
1h, if open, dominates thẽχ0

2 → χ̃0
1Z mode, because the two lightest neu-

tralinos are basically gauginos, so that the higgsino-gaugino-Higgs vertex is enhanced with respect to
the higgsino-higgsino-gauge one. However, if the sleptonsare lighter than thẽχ0

2 , the decay channels
ℓ̃±ℓ∓ and ν̃ℓν̄ℓ open up, dominating thẽχ0

2 width. As a consequence, we expect that mSUGRA points
interesting for Higgs searches will not show a clear di-lepton signature. The benchmark point chosen for
this analysis is SU9, at whichBR(χ̃0

2 → χ̃0
1h)∼ 87%.

Exploiting the capabilities of the ATLAS detector in missing transverse energy measurement andb
tagging, the passage of weakly interacting particles may berevealed and abb̄ pair with invariant mass
peaking around the Higgs mass can be reconstructed.

Standard Model events with similar signatures which are backgrounds for this analysis, include
events with neutrino production causing a genuineEmiss

T signal and QCD events with fakeEmiss
T gen-

erated by instrumental effects. SUSY events can themselvesconstitute a background, as they contain
manyb-jet candidates, both true and mistagged. These can be divided into two categories: SUSY cas-
cades without and with production of a Higgs decaying tobb̄. In the latter case potential signal events
may be incorrectly reconstructed as the selectedbb̄ pair is not the one coming from the Higgs decay.
We will refer to the former type simply as “SUSY background” and to the latter as “combinatorial back-
ground”.

The following selection cuts are applied:

1. Emiss
T > 300 GeV;

2. two light-flavoured jets withpT > 100 GeV;

3. twob jets with pT > 50 GeV;

4. no leptons withpT > 10 GeV.

The first two cuts are typical of SUSY analyses, while the pupose of the last cut is to suppress back-
grounds fromtt̄ andW production.

When three or moreb jets with transverse momentum greater than 50 GeV are found in a single event,
the second and third leading-pT b-jets are chosen as the candidate Higgs decay pair. This is because an
important source ofb jets is the decay of a bottom squark toχ̃0

2 andband sincemb̃−mχ̃0
2
∼ 500 GeV> mh

the sbottom daughters get more allowed phase space than the Higgs daughters and thus, in general, higher
pT.

In Figure 11 (left) the invariant mass of the selectedb jet pairs is shown assuming 10 fb−1 of collected
luminosity. The shaded histogram corresponds to the sum of the Standard Model backgrounds, the
dashed and dotted lines are the SUSY and combinatorial backgrounds respectively. These last two,
together with thett̄ production, are the most important backgrounds. The black curve is the result of
a least squares fit to a Gaussian function, representing the Higgs resonance, superimposed on a second
degree polynomial background. The estimated number of signal and background events is obtained by
counting theb pairs with invariant mass inside a±25 GeV range around the fitted peak centre. The
signal significance, computed in the Gaussian approximation as the number of signal events over the
square root of the background, is about 14.

Table 7 summarises the expected event rates after the application of the selection cuts and after the
additional mass window request.

SUSY mass spectrum information is reconstructed in the SU9 model by studying the decay:

q̃L → χ̃0
2q→ χ̃0

1hq. (23)
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Figure 11: Invariant mass of the selectedb-jet pairs (left) and invariant mass of the system consisting of
the Higgs plus the jet minimisingmhq (right) for 10 fb−1 of integrated luminosity.

Table 7: Summary of the number of expected SUSY and Standard Model events after the application of
the different selection cuts, for 10 fb−1 of integrated luminosity.

SU9 Signal Comb BG Susy BG
No cuts 11050 21950
Cut1, 2, 3 356 946 908
Cut4 230 449 433
±25 GeV mass window 179 76 76

Standard Model tt̄ Z W b̄b
Cut1, 2, 3 133 12 22 43
Cut4 53 8 10 21
±25 GeV mass window 11 2 4 4

As a consequence of two-body kinematics, the invariant massof the Higgs-quark system shows both a
minimum and a maximum value, related to different combinations of the masses of the SUSY particles
involved.

The events passing the previous selection cuts, including the mass window cut, are also required to
have at least oneb jet with pT > 100 GeV. Furthermore, a veto is imposed on additionalb-tagged jets
with pT > 50 GeV. This will result in fewer signal events, but also in a reduced background contamina-
tion yielding a clear distribution shape, albeit with lowersignal significance. As in Section 4 the quark
from the q̃L is expected to produce one of the two highest-pT jets and the two distributionsmmin

hq and
mmax

hq are reconstructed using the jet that maximises and minimises themhq value, respectively. Since

the background events will tend to concentrate toward low mass values, themmin
hq (Figure 11, right) is

used to determine the mass upper limitmhq,edge. Themhq,thresholdvalue can determined from themmin
hq

distribution.
The mass edge value is obtained by fitting a triangular shape convolved with a Gaussian:

mhq,edge= 695±15 (stat)±3 (syst)±35 (JES),

to be compared to the true value of 732 GeV. The statistical uncertainty is the error on the fitted parameter,

19

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS

123

1635



while the systematic comes from the parameter dependence onthe fitting boundaries. An additional 5%
systematic error is expected from the jet energy scale (JES)uncertainty.

The mass threshold evaluation is more challenging, since background events tend to populate the low
mass region. For an integrated luminosity of 10 fb−1, it was not possible to fit to the mass distribution.
However, high-statistics studies performed with a fast simulation of the ATLAS detector show that a
mass threshold value could be extracted from 300 fb−1 of collected data, expected after 3 years of LHC
running at design luminosity.

9 Mass and parameters measurement

This section is devoted to the extraction of SUSY mass spectra and parameters from the measurements
described in the previous sections of this note. As an example, the mSUGRA benchmark points SU3
(with a luminosity of 1 fb−1) and SU4 (with 0.5 fb−1) are chosen to give a flavour of what might be
expected in the initial phase of the experiment in case of a rather optimistic SUSY scenario. The small
luminosity at this stage results in a limited number of available measurements and rather large uncertain-
ties. In such a situation only models with few parameters canbe fitted. In Section 9.1 the masses of the
decay chain Eq. (1) are derived from the measurement of the kinematic endpoints described in Section 3
and 4. In Sections 9.2 to 9.4 the parameters of the mSUGRA model are derived instead.

9.1 Measurement of masses from SUSY decays

We use the information from the experimentally measured endpoints to extract the masses of the SUSY
particles. As described earlier in this paper, in many casesanalytic expressions have been deduced for
the endpoints expressed in terms of the masses. Examples areshown in Eq. (4) and Eq. (5). If sufficient
endpoints are known, then the masses can be deduced. Here we use a numericalχ2 minimization based
on the MINUIT package to extract the SUSY particle masses from a combination of endpoints. We
define theχ2 as

χ2 =
n

∑
k=1

(mmax
k − tmax

k (mχ̃0
1
,mχ̃0

2
,mℓ̃R

,mq̃L ))
2

σ2
k

. (24)

For each of then endpoint measurements,k, the quantitiesmmax
k and σk denote the fit value and its

uncertainty respectively. Thetmax
k are the theoretical endpoint expressions [6, 10], which contain as

parameters the masses of the two lightest neutralinos, the scalar quark ˜qL , and (for the two-body decay
chain only) the scalar leptoñℓR . As a starting point for the fit the generated masses are used.The masses
are constrained to be positive in the fit and the mass hierarchies from the model input are enforced.

With the statistics expected for an integrated luminosity of 1 fb−1 (0.5 fb−1) for SU3 (SU4) we
observe instabilities in the fit. Depending on the fluctuation and precision of the endpoint measurements
the fit does not converge. Some of the measured endpoints haveshown possible deviations from the
generated values of up to several standard deviations. Systematic effects to explain such discrepancies
are identified in earlier sections of this article. Significant deviations distort the results and also negatively
affect the fit convergence, especially in the presence of degenerate kinematic endpoint equations. We also
note large correlations (typically larger than 95%) among the fitted parameters. This is expected, since
the endpoints are most sensitive to mass differences. The correlations can also lead to difficulties with
convergence and result in larger uncertainties for the fitted masses.

To show a potential result with early data, we quote here the results from converging fits for both
the SU3 and SU4 points. We use the endpoints from the lepton+jets edges summarized in Table 4 and
the dilepton edge fit from Section 3 (99.7±1.4±0.3 GeV for SU3 and 52.7±2.4±0.3 GeV for SU4).
For the SU3 fit, all dilepton+jets edges are used. In the SU4-fit, we discard themℓq(low) measurement
as it has been shown not to be very reliable and does not provide additional constraints in three-body
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Table 8: Resulting SUSY particle masses and mass differences within SU3 and SU4 from theχ2 mini-
mization fit using the dilepton and lepton+jets edges. Shownare the measured massesmmeasand mass
differences∆mmeas followed first by the parabolic errors as returned by MIGRAD and then by the jet
energy scale errors. When the measured parameter is anticorrelated with the jet energy scale variation,
this is indicated by a∓ sign. The input Monte Carlo massesmMC and mass differences∆mMC are also
shown. The integrated luminosity assumed is 1 fb−1 for SU3 and 0.5 fb−1 for SU4.

Observable SU3mmeas SU3mMC SU4mmeas SU4mMC

[GeV] [GeV] [GeV] [GeV]
mχ̃0

1
88±60∓2 118 62±126∓0.4 60

mχ̃0
2

189±60∓2 219 115±126∓0.4 114
mq̃ 614±91±11 634 406±180±9 416
mℓ̃ 122±61∓2 155
Observable SU3∆mmeas SU3∆mMC SU4∆mmeas SU4∆mMC

[GeV] [GeV] [GeV] [GeV]
mχ̃0

2
−mχ̃0

1
100.6±1.9∓0.0 100.7 52.7±2.4∓0.0 53.6

mq̃−mχ̃0
1

526±34±13 516.0 344±53±9 356
mℓ̃−mχ̃0

1
34.2±3.8∓ 0.1 37.6

decay scenarios such as SU4. Themℓq(high) endpoint can be measured more reliably and its kinematic
expression only differs from the one ofmℓq(low) by a constant factor. The di-tau edges are not used here.

The masses resulting from theχ2 fit are shown in Table 8 (upper part). The parabolic errors arethe
first errors shown in the table and the jet energy scale errorsare the second. Asymmetric errors show
a large uncertainty on the positive side. The jet energy scale errors are determined by varying all the
endpoints along with their fully correlated jet energy scale uncertainties and refitting the masses. The
difference in the central values of the fit is taken as the jet energy scale uncertainty for Table 8. One can
see that the jet energy scale errors are small compared to theerror on the masses, but might be relevant
to the mass difference measurements.

We note that a fit with SU3 kinematic assumptions applied to the SU4 endpoints also returns consis-
tent masses. The decision about the mass hierarchy would thus have to be based on additional information
from collider data. A possible source is the shape of the dilepton edge as discussed in Section 3.

Besides the masses we can also extract differences of SUSY particle masses. These are more directly
related to the endpoints and we expect to be able to determinethem more reliably than the masses of
individual sparticles. For mass differences, aχ2 similar to Eq. Eq. (24) is used, where the parameters are
written in terms of mass differences to the neutralinoχ̃0

1 . We obtain the results shown in Table 8 (bottom
part).

We conclude that a first look at sparticle masses is possible with early data, although with large
uncertainties. Appropriate model assumptions and additional information will probably have to be used
to constrain the fits.

9.2 Observables and fit assumptions

To demonstrate the feasibility of parameter determinationwith initial data, we show the constraints one
would obtain for our benchmark points if one assumed an mSUGRA framework.

The SUSY parameter-fitting package Fittino version 1.4.1 [24] is used, interfaced to a beta version
of SPheno3 [25] to perform the theoretical calculations fora given set of parameters.
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Figure 12: Two-dimensional Markov chain likelihood maps for mSUGRA parametersM0 andM1/2 (left)
as well as tanβ andA0 (right) for signµ = +1, for benchmark point SU3, with integrated luminosity of
1 fb−1. The crosses indicate the actual values of the parameters for that benchmark point.

The fit is given the measurements presented in sections 3, 4 and 6. The lepton and the jet energy
scale uncertainties are each considered to be 100% correlated between measurements. Uncertainties on
the theoretical predictions are not taken into account. Forillustration purposes an additional parame-
ter determination is performed where – following a prescription used in [26] – 1% (0.5%) uncertainty
on the theoretical calculation of the pole masses of coloured (un-coloured) sparticles is assumed. No
correlations between the theoretical uncertainties on thepole masses are considered.

9.3 Markov chain analysis

To obtain a first glimpse of the possible parameter space a Markov chain analysis is performed. With this
technique it is possible to efficiently sample from a large-dimensional parameter spaces. This allows us
to check whether there are several topologically disconnected parameter regions which are favoured by
the given measurements.

Figure 12 shows two-dimensional likelihood maps forM0 andM1/2 (left) as well as tanβ andA0

(right) for sign µ = +1 obtained for the given set of measurements. The plots demonstrate that for a
given signµ preferred parameters are found around the true parameter points independent of the starting
point. No further preferred regions occur. ForM0 andM1/2 a clearly preferred region is found around
the SU3 values of 100 GeV and 300 GeV, respectively. As expected, given the measurements used, the
determination of tanβ andA0 is more difficult. Nevertheless, here too the region around the nominal
SU3 values is the preferred one.

9.4 Parameter determination

In order to determine the derived central values of the parameters and their uncertainties, for each as-
sumption of the sign ofµ a set of 500 toy fits are performed. For each fit the observablesare smeared
using the full correlation matrix. Simulated annealing followed by a Minuit fit started with the best
parameter estimates from simulated annealing is subsequently run using the smeared observables. The
four-dimensional distribution of parameters obtained from the toy fits is used to derive the parameter
uncertainties and their correlations. Figure 13 shows the one-dimensional projections of parameter dis-
tributions forM0, M1/2, tanβ andA0. The mean and RMS values of the results of the fit are reported in
Table 9. As already indicated by the Markov chain analysisM0 andM1/2 can be derived reliably with
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uncertainties± 9.3 GeV and± 6.9 GeV (RMS of the toy fit results), respectively whereas fortanβ and
A0 only the order of magnitude can be derived from these measurements. Theχ2 distribution of the toy
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Figure 13: Distributions of the mSUGRA parameters obtainedwith the fits to pseudo-experiment results.

fits can be used to evaluate the toy fit performance. The observed meanχ2 = 12.6± 0.2 for sign µ =
+1 is compatible with the expected value ofNdo f = 11. The solutions for the wrong assumption sign
µ =−1, also reported in Table 9, cannot however be ruled out as theobserved meanχ2 = 15.4±0.3 is
also acceptable.

10 Conclusions

If the supersymmetric partners of quarks and gluons exist ata moderate mass scale (. 1 TeV) they will
be abundantly produced inpp collisions at the LHC centre-of-mass energy of 14 TeV. In this scenario,
a few fb−1 of ATLAS data will allow the discovery of the new particles [1], once the commissioning of
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Table 9: Results of a fit of the mSUGRA parameters to the observables listed in Sections 3, 4 and 6 for
the SU3 point. The mean and RMS of the distribution of the results from the toy fits is reported. The two
possible assumptions for the digital parameter sign(µ) = +1 sign(µ) =±1 have been used, resulting in
different preferred regions for the other parameters. The effect of different assumptions on theoretical
uncertainties is also shown.

Parameter SU3 value fitted value exp. unc.

sign(µ) = +1
tanβ 6 7.4 4.6
M0 100 GeV 98.5 GeV ±9.3 GeV
M1/2 300 GeV 317.7 GeV ±6.9 GeV
A0 −300 GeV 445 GeV ±408 GeV

sign(µ) =−1
tanβ 13.9 ±2.8
M0 104 GeV ±18 GeV
M1/2 309.6 GeV ±5.9 GeV
A0 489 GeV ±189 GeV

the detector has been completed and the Standard Model backgrounds have been well understood.
The next step after discovery will be to select specific supersymmetric decay chains to measure the

properties of the new particles. Here we have focused on those measurements that will be possible using
1 fb−1 of integrated luminosity. Specific benchmarks in parameterspace have been used to demonstrate
the precision that can be expected from these measurements,but the same (or similar) techniques can be
applied to much of the SUSY parameter space accessible with early LHC data.

For the benchmark points considered, the most promising decay chain involves the leptonic decay
of the next-to-lightest neutralino (χ̃0

2 → χ̃0
1ℓ+ℓ−). The invariant mass of the two leptons shows a clear

kinematic maximum (Section 3) which could already be measured with a precision of a few per cent with
the limited data set considered. The combination of one or both leptons with the hardest jets in the event
would allow observation of several other kinematic minima and maxima (Section 4).

For high values of tanβ the decays into taus will be far more abundant than those involving electrons
or muons; the excellent performance expected for the identification and measurement of hadronicτ
decays in ATLAS will also allow observation of the dilepton edge in theτ+τ− invariant mass distribution
(Section 5).

The leptonic decays will not be the only channel for early measurements with supersymmetric de-
cays. The ˜qR → qχ̃0

1 decay can be used to determine the ˜qR mass (Section 6). The combination of
hadronically decaying top quarks andb-jets in supersymmetric events is also a promising possibility for
low-scale Supersymmetry with decay chains involving scalar top and bottom quarks, as shown by the
reconstruction of the edge of thetb invariant mass discussed in Section 7.

If the χ̃0
2 → χ̃0

1h decay is open, it will provide a substantial source of Higgs bosons. Since the
Standard Model backgrounds can be suppressed by the usual SUSY cuts, it will then become possible to
observe theh→ bb̄ decay with moderate (5 fb−1) integrated luminosity (Section 8).

The different channels will provide complementary information about the SUSY mass phenomenol-
ogy. The various measurements will have to be combined to reconstruct the SUSY mass spectrum and
attempt to understand the SUSY-breaking mechanism. In Section 9 it is discussed how a selected set
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of early studies can be combined to obtain the first measurements of supersymmetric masses and of the
parameters of the mSUGRA model. With 1 fb−1 the reconstruction of part of the supersymmetric mass
spectrum will only be possible for favourable SUSY scenarios and with some assumptions about the
decay chains involved. Larger integrated luminosity will help to overcome these limitations, as more
measurements become possible and the precision of each increases.
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Multi-Lepton Supersymmetry Searches

Abstract
We investigate the potential of the ATLAS detector to discover new physics
events containing three leptons and missing transverse momentum. Such final
states are predicted in a variety of extensions to the Standard Model. In the
context of supersymmetric models, they could result from direct production of
gaugino pairs. Using Monte Carlo simulations we present thediscovery poten-
tial for several benchmark Supersymmetry points. We pay particular attention
to the case where all strongly interacting sparticles are heavy. We investigate
trigger and reconstruction efficiencies and discuss methods for measuring var-
ious systematic uncertainties. A solid discovery is expected with an integrated
luminosity of the order of several inverse fb. If coloured particles are heavy
direct production of gauginos dominates. In such scenarios, discovery would
require about an order of magnitude larger luminosity.

1 Introduction

If supersymmetric (or other partner) particle production at the LHC is dominated by particles without
colour charge, then one of the most promising discovery channels is in multi-lepton + missing transverse
momentum (Emiss

T ) final states with little hadronic activity. In this sectionwe investigate the ability of the
ATLAS experiment to discover new physics in events containing three (or more) leptons – either electrons
or muons – of which two must have opposite signs but the same flavour (OSSF). We determine the
sensitivity which would be obtained for discovery of five benchmark points with an integrated luminosity
of 10 fb−1.

While an analysis of this channel is clearly sensitive to other models, in this section we use Su-
persymmetry as our example signature, we assume R-parity conservation, and that the lightest SUSY
particle (LSP) is the weakly interacting̃χ0

1 , which provides the missing transverse energy signal.
In the supersymmetric case, the final states of interest could come from leptonic decay of pairs of

heavy gauginos (such asχ̃0
2 and χ̃+

1 ) through real or virtualW±, Z0 or sleptons to leptons and a pair of
LSPs. The heavy gauginos may be produced directly, or in the decay of heavier partner particles.

The primary aim is to make the most realistic determination which is possible at this time of the
discovery potential in this channel. We also wish to identify the most important Standard Model back-
grounds, so that analyses can be prepared to measure them in control regions with the ATLAS data.

Throughout this study we use the inclusive Supersymmetry production Monte Carlo samples de-
scribed in [1]. The points lie in various regions of mSUGRA parameter space in which the LSP relic
density is broadly consistent with the observed cold dark matter density.

The Standard Model backgrounds simulated are listed in Table 1. The most important backgrounds
are found to bett̄ , Zb andZW. Fully leptonicZW events represent one significant source of events
containing three leptons and missing energy. Their contribution can be reduced by rejecting OSSF lepton
pairs with invariant masses consistent with theZ mass. Leptonic decays oftt̄ , andZb are expected to
produce two leptons but can generate a third from leptonicb quark decay. These backgrounds have large
cross-sections, but can be reduced by the introduction of stringent cuts on the isolation of the lepton
tracks – as we will discuss in Section 3.

A particularly important benchmark point for the trileptonanalysis is the point SU2 [1]. This point
lies within the ‘focus point’ region of mSUGRA parameter space which is characterised by very large
masses for squarks and sleptons and relatively light gauginos. The heavy squarks and sleptons (see
Figure 1 and Table 2 for the SUSY mass hierarchy at SU2), will have very small production cross-sections
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Table 1: List of the background samples used, with Monte Carlo generator cross-sections (σ ), next-to-leading-
order to leading-orderk factors (where known for leading-order generators), average weights (〈w〉) and corre-
sponding integrated luminosities. The cross-sections forWW, WZ, ZZ, Zγ and Zb are quoted after a filter is
applied on the generator output requiring at least one lepton with pseudorapidity,|η |< 2.8 and transverse momen-
tum,pT > 10 GeV. The diboson (WW,WZ, ZZ) samples have a different cross-section than the diboson MC@NLO
samples (found elsewhere in this volume) because they also include contributions from (and interference with) the
photon pole.

Process σ [pb] k factor 〈w〉 ∫
dt L [fb−1]

WW 24.5 1.67 1 1.22
WZ 7.8 2.05 1 2.98
ZZ 2.1 1.88 1 12.7
Zγ 2.6 1.30 1 2.98
Zb 154 1 0.66 0.75
tt̄ 450 - 0.73 0.92

at the LHC and make it a difficult region in which to discover SUSY using the analyses described in [2]
based on the selection of hadronic jets and missing transverse momentum [3]. However, gaugino and
gluino production will still be abundant, so we expect good discovery potential in multi-lepton events.
The branching ratios of gauginos for SU2 can be found in Table31.
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Figure 1: SU2 sparticle mass spectrum.

Table 2: Particle masses for SU2.

Sparticle Mass [GeV] Sparticle Mass [GeV]
χ̃0

1 103 g̃ 857
χ̃0

2 160 ũL 3563
χ̃0

3 180 ũR 3574
χ̃0

4 295 d̃L 3564
χ̃±1 149 d̃R 3576
χ̃±2 287 b̃1 2925
ℓ̃L 3548 b̃2 3501
ℓ̃R 3547 t̃1 2131
ν̃L 3546 t̃2 2935

The total cross-section times branching ratio for chargino-neutralino direct pair production and decay
to a trilepton final state is 32.6 fb. Table 4 shows the contribution from eachχ̃± χ̃0 pair production to a
trilepton final state. The contribution from̃χ± χ̃∓ andχ̃0 χ̃0 pair production to a trilepton final state
is not tabulated, but also adds a small contribution to the signal. Exclusive trilepton signal for SU2 is
dominated by the pair productioñχ±1 χ̃0

2 followed by χ̃±1 →χ̃0
1 ℓν andχ̃0

2 →χ̃0
1 ℓ+ℓ− decays.

The trilepton signal may include contributions both from direct gaugino pair events and from other
SUSY events. The latter can lead to trilepton final states when cascades initiated by heavier sparticles
decay via gauginos or sleptons. In a search it is not necessary to distinguish between the various contri-
butions to new physics and so both classes of event form part of the signal. However in this study we are
particularly interested in the scenario in which all strongly interacting particles are heavy, since in those
cases other analyses (requiring jets) will have more difficulty making a discovery. Since we want to be
sensitive to SUSY even in this harder case, we define the signal in two different ways:

1The masses and branching ratios were calculated using Isajet v7.71 [4] using a top mass of 175 GeV.
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Table 3: Some important branching
ratios for the benchmark point SU2.

Sparticle Decay Mode B.R.
χ̃0

2 χ̃0
1ℓ+ℓ− 7%

χ̃0
3 χ̃0

1ℓ+ℓ− 7%
χ̃0

4 χ̃±1 W∓ 81%
χ̃0

3Z 12%
χ̃±1 χ̃0

1ℓν 22%
χ̃±2 χ̃0

2W± 38%
χ̃0

3W± 18%
χ̃±1 Z 30%

Table 4: Leading-order cross-sections and num-
ber of trilepton events for integrated luminosity of
10 fb−1 for SU2.

Production σ [fb] Trilepton events /10 fb−1

χ̃±1 χ̃0
2 1138.0 175

χ̃±1 χ̃0
3 679.3 105

χ̃±1 χ̃0
4 51.4 6

χ̃±2 χ̃0
2 58.5 7

χ̃±2 χ̃0
3 61.6 7

χ̃±2 χ̃0
4 310.3 26

TOTAL 326

• “Inclusive SUSY” : Inclusive supersymmetric particle pairproduction (any sparticles)

• “Direct gaugino” : Direct production of charginos and neutralinos only

Inclusive SUSY represents the signal we would obtain at the benchmark points. Direct gaugino rep-
resents a more pessimistic scenario, where coloured sparticles are heavy so have no significant LHC
cross-section.

2 Lepton selection

The final selection will require three leptons – electrons ormuons – which must consist of an OSSF pair
and a further third lepton. The initial lepton selection requirements are based on the ATLAS standard
criteria. The main definitions are summarised in Table 5, andare briefly discussed below. The relatively
low pT threshold for electrons and muons of 10 GeV in these analysesis an attempt to increase the
number of trilepton events, despite lower lepton reconstruction efficiencies at lowpT .

• Muons must satisfypT > 10 GeV and|η |< 2.5, and tracks found in the muon spectrometer must
match inner detector tracks. For each muon spectrometer track only the best matching track in the
inner detector is taken. It is required that theχ2 for the match of the muon track to the points on
the track [5] is less than 100. A primary isolation criterionrequires less than 10 GeV of transverse
energy2 in the calorimeter in a cone of radius∆R= 0.2 around the muon3.

• Electrons must satisfypT > 10 GeV and|η |< 2.5. They must satisfy shower shape and isolation
requirements as described in [6]. The entire event is rejected if any electron candidate is found
in the barrel-endcap transition region (1.37< |η | < 1.52) due to the lower electron identification
performance in this region. A primary isolation criterion is that electrons must have less than
10 GeV of transverse energy in an annulus of radius∆R=0.2 surrounding the electron.

Electrons and muons are then subject to further vetoes as follows: electrons and muons within∆R<
0.4 of a jet are removed from the event, along with OSSF pairs with invariant massMOSSF< 20 GeV,
which are likely to have been produced from photon conversions or hadronic decays.

2Transverse energy,ET = Esinθ , whereE is the energy andθ is the polar angle relative to the beam direction.
3∆R≡

√
∆η2 +∆φ2 where∆η is the pseudorapidity difference, withη ≡ − log tan(θ/2), and ∆φ is the difference in

azimuthal angle.
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Table 5: Selection criteria for muons, electrons and jets.

Muon Electron Jet

pT cut > 10 GeV > 10 GeV > 10 GeV

η cut |η|< 2.5 |η|< 1.37 |η|< 2.5

or 1.52< |η|< 2.5

Calorimeter |E|< 10 GeV |E|< 10 GeV -

Isolation in ∆R= 0.2 in ∆R= 0.2 -

2.1 Single lepton selection efficiencies

Searches for SUSY final states with three leptons require both a high lepton reconstruction efficiency
and low fake rates. There are few Standard Model processes with similar signatures, but the high cross
section backgroundstt̄ andZbcan pass the trilepton requirement as there are both primaryleptons in the
event and a number of jets, in particularb jets which can introduce secondary leptons. Good isolation
criteria are therefore important in order to reduce the fakerate and thus the background. This section
presents a study of the lepton efficiency, fake rate and purity for the common object definition which
includes a calorimeter based isolation criterion as well asthe performance of a track-based alternative.

When collision data are available, the best determination of these quantities will be made from the
ATLAS data using the methods described in [7]. Since most of our events of interest will have a similar
environment – isolated leptons and little jet activity – we may expect that the values found in those studies
should closely match the corresponding quantities in our search. However since those measurements
require collision data, in this section we present the efficiencies, fake rates and purities as determined
from Monte Carlo information only.

The following isolation criteria have been studied:

• No isolation cut - showed as a reference;

• Calorimeter-based isolationE∆R=0.2
cal < 10 GeV.E∆R=0.2

cal is the energy deposited in a cone with
∆R= 0.2 around the lepton candidate;

• Maximum- pT track-based isolationp∆R=0.2
Ttrack,max(ℓ) < 2/1 GeV fore/µ , wherep∆R=0.2

Ttrack,max(ℓ) is the
maximumpT of any track in a∆R= 0.2 cone around the lepton;

• Sum-pT track-based isolation p∆R=0.3
Ttrack,Σ(ℓ) < 4 GeV, wherep∆R=0.3

Ttrack,Σ is the sum of thepT of all
tracks above 1 GeV in a∆R= 0.3 cone around the lepton.

The lepton reconstruction efficiency is defined to be

Eℓ ≡
nmatch

ℓ

nMC
ℓ

, (1)

wherenmatch
ℓ is the number ofgenerator-levelleptons matched to a reconstructed candidate andnMC

ℓ is
the total number of generator-level leptons.

In this study generator-level leptons are defined to be charged leptons (ℓ ∈ {e,µ}) which have come
from decays of SUSY particles (sleptons and gauginos), Standard Model gauge bosons and tau leptons,
but donot include leptons from other sources (such as hadronic decays, bremsstrahlung, or photon con-
versions). No isolation cut has been applied on these generator-level leptons. Generator-level particles
are matched to reconstructed candidates which have passed kinematics cuts and object selection accord-
ing to the definition in Section 2. A match is required to be found within ∆R= 0.02. Figure 2 shows
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Figure 2: The efficiency for electrons (a,b) and muons (c,d) to be reconstructed and to pass various
isolation criteria, for the SU2 sample. The plots are shown as a function of thepT (a,c) andη (b,d) of
the matched Monte Carlo lepton.
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Figure 3: The fake rate for electrons (a,b) and muons (c,d) inthe tt̄ sample as function of thepT (a,c)
andη (b,d) of the fake lepton.

the reconstruction efficiency for electrons and muons from the SU2 sample using different isolation
requirements as function of thepT andη of the matched Monte Carlo lepton.

The requirement that leptons should be separated from selected jets by∆R> 0.4 (referred to as the
∆R(ℓ, jet) > 0.4 cut) is already a strong isolation requirement which reduces the efficiency by∼ 5% for
electrons and∼ 15% for muons. For the case oftt̄ events (not shown in the figures) the effect is even
larger as there are more jets in the events.

For the muons, one can see that after introducing the∆R(ℓ, jet) > 0.4 cut, the efficiency decreases
with increasingpT , while the|η | distribution decreases in the central region|η |<∼ 1.4. A clear drop in
electron efficiency can be found near|η | ≈ 1.4 which is the barrel-endcap transition region.

After applying only the∆R(ℓ, jet) > 0.4 cut (referred to as “no isolation” in the plots), the total
efficiency is(65.5± 0.5)% and(75.2± 0.5)% for electrons and muons respectively. The calorimeter-
based isolationE∆R=0.2

cal < 10 GeV reduces the electron efficiency by≈ 3% to (63.6±0.5)% while leaving
the muon efficiency almost unchanged. The track-based alternative has similar effect on both lepton
flavours causing a loss of about 7 to 8% with respect to the “no isolation” performance.

The fake rate is defined as

Fℓ ≡
nMC,match

ℓ

nMC
jet

, (2)

wherenMC,match
ℓ is the number of reconstructed leptons which arenotmatched to a generator-level lepton

andnMC
jet is the number of jets at the generator level4.

Only generator-level jets with|η |< 2.5 are considered. They are rejected if there is an overlap with
an electrons within∆R< 0.2, but in general include photons, hadronic tau jets andb jets. The generator

4i.e. jets found by running a jet algorithm over the Monte Carlo generator final state, before detector simulation.
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jet must have energy,E > 7 GeV. AsymmetricpT cuts are applied to the reconstructed objects compared
to their Monte Carlo equivalents. For the efficiency calculation pT

MC
ℓ > 10 compared topTℓ > 5 GeV,

while for the fake rate calculationpT
MC > 5 andpTℓ > 10 GeV. This reduces the number of mismatches

which would be found near the edge of the fiducial region from small mismeasurements ofpT .
Figure 3 shows the fake rate as function of thepT andη of the fake lepton for thett̄ sample (one

of the major backgrounds). ThepT distribution is clearly peaked at low values typical for leptons from
b-jet decays. Theη distribution follows the detector layout with higher fake rate in the transition region
between the barrel and end caps.

The∆R(ℓ, jet) > 0.4 requirement provides a reduction in the fake rate of about≈ 80% for muons and
≈ 5% for electrons (as compared to leptons passing the standard selection withE∆R=0.2

cal < 10). With no
isolation other than the∆R(µ , jet) > 0.4 requirement one obtains a fake rate of(4.1±0.1)×10−3 and
(1.1±0.1)×10−3 for electrons and muons respectively. The isolation criteria provide a similar relative
suppression of the electron and muon fake:≈ 20% for I∆R=0.2

cal < 10 and≈ 74% for p∆R=0.2
Ttrack,max(ℓ) <

2/1 GeV fore/µ . The effect of the isolation cuts is very similar in the case of the SU2 sample, but the
fake rates are almost an order of magnitude lower than intt̄ events.

We define purity by:

Pℓ =
nmatch

ℓ

nℓ
, (3)

wherenℓ is the number of reconstructed leptons, and the matching criteria are as described above. The
lepton selection described in Section 2 provide samples with a purity of 92% (e) and 97% (µ) with very
similar results for both the SU2 andtt̄ samples. However after requiring at least 3 leptons in the event
there is a clear difference between the two. The purity is almost unchanged for SU2, while, intt̄ trilepton
events the purity drops to∼ 50% for electrons and∼ 70% for muons.

3 Event selection

Events are required to pass either of the two single-lepton triggers, labelled L2e22i and L2mu20, which
are well-suited for the tri-lepton analysis atL = 1031−32 cm−2s−1. A more detailed discussion of the
motivation for using these triggers can be found in Section 5.

Distributions of some important event variables for Standard Model backgrounds and for the bench-
mark point SU2 (both for inclusive SUSY and direct gaugino) can be found in Figure 4. We show thepT

distributions of reconstructed leptons (electron or muon)and jets. Requiring at least three leptons in the
event results in mainlytt̄ andZbStandard Model backgrounds, with larger contributions from dibosons
in four lepton events. It can seen in Figures 4a and 4b thatpT distributions of the two hardest leptons
in three lepton events are similar in SU2 andtt̄ , with Zb adding a significant contribution in the lowpT

region. ThepT distributions for the third-hardest leptons are plotted inFigure 4c where it can be seen
that whilsttt̄ andZbare the major backgrounds in the lowpT region, there is a large contribution from
the dibosons across the entirepT range. This is because the third leptons fromtt̄ andZbare soft leptons
from leptonicb-quark decay, whereas all the leptons from dibosons are fromZ/W± boson decays. The
pT distributions of the reconstructed jets are plotted in Figure 4d for events with three or more leptons.

Since an OSSF lepton pair is expected from theχ̃0
2 decay, a selection requiring two OSSF leptons is

applied (i.e. we requiree+e− + ℓ or µ+µ− + ℓ, whereℓ ∈ e,µ)5. A further cut requires three or more
leptons in the event.

A stringent cut on the isolation of the tracks of the leptons is made next, using thep∆R=0.2
Ttrack,max variable

described in Section 2.1. The purpose is to reduce backgrounds from bremsstrahlung, hadron decays and

5Trilepton events where all three leptons have the Same Sign,(SS,ℓ±ℓ±ℓ±, whereℓ ∈ e,µ) have also been investigated,
however due to the very low statistics associated with the channel in the signal samples investigated, it is not considered further
here.
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Figure 4: Transverse momentum of the leading three leptons (a-c) and leading-jetpT (d) after an initial
three-lepton requirement has made.
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Figure 5:p∆R=0.2
Ttrack,max for (a) electrons and(b) muons.

 [GeV]SFOSM
0 50 100 150 200 250 300

-1
E

ve
nt

s/
10

 fb

-110

1

10

210

310

tt 
Zb

Dibosons
γZ 

inclusive SUSY 
direct gaugino 

ATLAS

(a)

 [GeV]
T

p
0 50 100 150 200 250 300 350 400 450 500

-1
E

ve
nt

s/
10

 fb

-110

1

10

210

ATLAS

(b)

 leading jet [GeV]
T

p
0 50 100 150 200 250 300 350 400 450 500

-1
E

ve
nt

s/
10

 fb

-110

1

10

210 ATLAS

(c)

Figure 6:(a) OSSF dilepton invariant mass distribution.(b) Emiss
T distribution after theZ mass window

cut. (c) The pT distribution of the leading jet after theEmiss
T cut is applied.

photon conversions. The relevant distributions for electrons and muons are plotted in Figure 5a and 5b.
The plots contain negative entries when no track is found within ∆R. We requirep∆R=0.2

Ttrack,max < 1 GeV for
muons and< 2 GeV for electrons. This reduces the number of background events to 23% (tt̄ ) and 37%
(Zb) of their previous levels, whilst keeping 82% (inclusive SUSY), 86% (direct gaugino) of the signal
for our SU2 benchmark point.

The diboson andZb backgrounds will produce the two OSSF leptons mainly fromZ decays, which
will not be the case for three-body decays of neutralinos. The dilepton invariant mass distribution is
shown in Figure 6a, (after applying the cuts already described) and shows the expected peak at theZ
mass. A simple way to reduce the these backgrounds is to discard events which have any OSSF dilepton
pair with invariant mass in the mass window 81.2 GeV< MOSSF< 101.2 GeV. Note that this exclusion
window also offers an excellent control region in which to measure the size of these backgrounds from
the data. It is however somewhat model-dependent. Some points in SUSY parameter space preferentially
decay throughreal Z bosons, rather than through three-body decays. At those points the OSSF dilepton
mass distribution would also be strongly peaked at theZ mass.

A large missing-transverse-momentum cut is used in most SUSY analyses, but in this analysis a
smaller cut at 30 GeV is applied since in direct gaugino production the two invisibleχ̃0

1s are often almost
back-to-back in the transverse plane, resulting in a lower overall Emiss

T (Figure 6b). Missing transverse
momentum is calculated as described in [8].

Finally there is the possibility of adding a cut can be made onthe hadronic activity in the event. This
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could be useful in the case where direct gaugino production dominates, since it can be expected to reduce
thett̄ background to a greater extent than the signal. Whether thiscut is appropriate will depend on the
SUSY scenario presented by nature, so analyses both with andwithout this cut will be necessary.

Selected jets must satisfypT > 10 GeV and|η | < 2.5, and are reconstructed based on calorimeter
tower signals [9] using a seeded cone algorithm with radius∆R= 0.4. Jets are initially selected with
pT > 10 GeV and|η |< 2.5. Jets are not considered if they overlap with a reconstructed electron within
∆R< 0.2.

The pT distribution of the leading jet in the event is plotted in Figure 6c, where it is seen that the
direct gaugino production has jets with lowerpT than the Standard Model backgrounds. The level of
this cut is chosen atpT > 20 GeV.

The complete event selection is then:

1. At least one pair of OSSF leptons (e+e− or µ+µ−)

2. Nℓ >= 3 (ℓ ∈ {e,µ}), and where allℓi satisfy the requirements in Section 2

3. p∆R=0.2
Ttrack,max < 2 GeV for electrons,p∆R=0.2

Ttrack,max < 1 GeV for muons

4. No OSSF dilepton pair has invarint mass in the range 81.2 GeV < MOSSF< 102.2 GeV

5. Emiss
T > 30 GeV

6. Optional – no jet withpT > 20 GeV

In Figure 7 we show distributions of the invariant mass of thedilepton pair after all cuts. The
distributions have been flavour subtracted; the quantity plotted is

nOSSF−nOSSF, (4)

wherenOSSFis the number of events in the signal selection (containing OSSF dilepton pairs) as described
earlier in this section, andnOSSF is the number of events in which there are three leptons, but no OSSF
pair. The non-OSSF events give an indication of the expectedbackground size since many background
sources do not necessarily produce OSSF pairs.

4 Discovery potential

The numbers of events and the resulting significance at each stage of the analysis are listed in Table 6 for
the benchmark point SU2. We use the following definition of signal signficance,

S =
S√

S+B
(5)

whereS is the number of signal events andB is the number of background events. After applying the
event selection above (including the jet veto), 29 events remain for SU2 inclusive SUSY all of which are
direct gaugino, with an expected background of 210 events (mainly ZW production). This corresponds
to S of 1.87 for 10 fb−1 . This yields a 5σ discovery signal after∼80 fb−1 of integrated luminsity.
With the jet veto selection,ZW is the dominant remaining Standard Model background. Without the jet
veto, 177 signal events (95 of them direct gaugino) remain. Statistical significances of 5.94 and 3.34 are
found for the inclusive SUSY and direct gaugino signals respectively.

The expected statistical significances for various mSUGRA benchmark points are summarised in
Table 7 excluding the jet veto unless indicated otherwise by“SUx+JV”.
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Figure 7: Distributions of the OSSF dilepton invariant massafter all selections have been applied
(a) without the jet veto and(b) including a jet veto.

Table 6: Numbers of events and statistical significance as selection is applied for the benchmark point
SU2, for integrated luminosity of 10 fb−1.

Kinematic Cut No Cuts NL >= 2 OSSF NL >= 3 TrackIsol mℓℓ Emiss
T JetVeto

SU2 gauginos 64.0k 1647 1108 178 153 120 95 29
SU2 other 7081 776 353 127 95 85 82 0

tt̄ 4.41M 234k 104k 2812 634 507 476 42
ZZ 38.2k 10.4k 9984 580 476 57 13 6
ZW 156k 17.2k 14.5k 1910 1682 322 218 154
WW 400k 22.7k 10.7k 25 8 8 8 8
Zγ 32.8k 7184 6970 91 27 7 3 0
Zb 1.59M 57.4k 559k 6523 2409 386 0 0

inclusive SUSYS 2.60 1.74 2.76 3.36 5.31 5.94 1.87
direct gauginoS 1.77 1.32 1.61 2.09 3.20 3.34 1.87

The discovery prospects for inclusive SUSY, reflected in columns titled “SUx”, are rather encourag-
ing: a 5σ discovery can be expected with several fb−1 of integrated luminosity6. The direct gaugino pair
production is highlighted in columns marked as SU2χ and SU3χ . Both for SU2 and SU3 we see a drop
in significance which roughly corresponds to the fraction ofthe direct gaugino production compared to
the total SUSY cross-section. In fact, the drop is somewhat higher, since thepT spectrum tends to be
softer for direct gaugino pair production compared to strong SUSY production with its characteristic
decay chains. Here, a discovery can be expected with severaltens of fb−1.

5 Lepton trigger study

Unlike most SUSY searches, in this channel we cannot rely on jet orEmiss
T triggers. We have studied a

variety of triggers at the second level7, after the first level trigger has been applied. Other studies [10,11]

6Taking into account statistical errors only. Systematic uncertainties are discussed in Section 6.5.
7ATLAS has three trigger levels: a first level (L1) hardware trigger, a software-based second level trigger (L2) that examines

regions of interest within the decector, and finally a software-based event filter (EF). More details about the electromagnetic [10]
and muon [11] triggers may be found elsewhere in this volume.
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Table 7:Discovery potential, and integrated luminosity required for 5σ discovery. The jet veto is only applied in
columns headed ‘+JV’. For a fuller description of the notation, see the text.

SU1 SU2 SU3 SU4 SU8 SU2χ SU3χ SU2+JV SU3+JV
S ,10 fb−1 7.7 5.9 17.2 69.3 1.9 3.3 1.6 1.9 1.4∫
dt L for 5σ 4.2 7.1 0.8 0.1 70.5 22.4 92.9 66.9 119.3

Table 8: Fraction of events triggered at L2 at three selection stages of the selection for the heavy coloured
sparton scenario in SU2 (first block), the direct gaugino production in SU3 (second block), and the
inclusive SU3 signal (third block). “

⋃
” stands for the OR-combination of L2e22i and L2mu20.

Selection SU2χ SU3χ SU3 incl.
Stage L2 e22i L2 mu20

⋃
L2 e22i L2 mu20

⋃
L2 e22i L2 mu20

⋃

OSSF pair 41% 54% 89% 42% 54% 92% 51% 51% 94%
OSSF+3rdℓ 58% 67% 93% 59% 63% 95% 66% 68% 98%
after all cuts 57% 66% 92% 58% 57% 94% 66% 64% 97%

demonstrate that objects passing L2 have a high efficiency for passing EF.
As a figure of merit, the fractions of triggered events

• after selecting for an OSSF pair;

• after requiring a further third lepton;

• after all cuts, including the jet veto;

are studied.
We have identified two single-lepton triggers, labelled L2e22i and L2mu20, that are well-suited for

the tri-lepton analysis atL = 1031−32 cm−2s−1. At high luminosity it is planned to have corresponding
triggers with additional isolation criteria (e22itight and mu20i) which will remain unprescaled. The
resulting event-triggering efficiencies are listed in Table 8. OR-combined, they have≈92% probability
for direct gaugino production for the benchmark point SU2. They have sufficiently highpT thresholds
to be easily studied with leptonicZ decays.

The same trigger set was studied for the direct gaugino and inclusive SUSY for another bechmark
point, SU3, that has lighter squarks than SU2. Again the OR-combination of L2e22i and L2mu20
shows a good performance of∼92, 95, 94%. Their individual L2 event efficiencies are summarised in
the middle block of Table 8.

In addition we have studied the performance of the L2e22i and L2mu20 triggers for the tri-lepton
analysis, outside of the heavy coloured sparton scenario, for inclusive SU3 production. Again in this
case we find L2 event efficiencies of around∼94, 98, 97%.

The efficiency is relatively high for lepton triggers even though the trigger thresholds are fairly high
compared to the offline cuts on lepton transverse momenta. The reason for that is simple combinatorics:
since the 3 leptons are ordered by their transverse momenta,it is likely that the leading lepton has a high
pT if the third one passes the offline threshold. On the other hand, cases whereall the three leptons are
below 20−30 GeV but above 10 GeV are unlikely.

We have investigated how the leptonic trigger efficiencies for the inclusive SUSY and direct gaugino
for the benchmark point SU2 change as a function of the progressive event selection stages described
in Section 3. In both cases, the trigger efficiencies reach their approximate maxima after the three-
lepton selection stage. Beyond this cut stage, the efficiency values plateau, indicating that our event
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selection requirements should not bias signal trigger efficiencies. It can be concluded that the L2e22i and
L2 mu20 single lepton triggers provide a good performance for the tri-lepton analysis in the early days
of ATLAS running atL = 1031 cm−2s−1. Di-leptonic triggers with lower thresholds like 2e12i, 2mu10,
and e15imu10 can be used to recover events where all three leptons have low transverse momenta around
20 GeV.

6 Systematic uncertainties

The dominant sources of systematic uncertainty for this search are different to other SUSY search chan-
nels that focus on final states containing jets. For our multi-lepton search the main sources of uncertainty
in the backgrounds are described below.

6.1 Background rates

The production rates for the majority of background processes such as diboson production andtt̄ are
known at the parton level at better than next-to-leading order. However, it is generally better to deter-
mine the rate of these backgrounds from the ATLAS data themselves, reducing any uncertainty from
luminosity, PDFs and other systematics (e.g. from acceptances, efficiencies etc). The background rate
measurements should be made in “control regions” in which they dominate. For theWZ background a
sensible control region is the region of phase space where the OSSF lepton pair has an invariant mass
near themZ [12]. For thett̄ background, one would examine single lepton and OSSF dilepton chan-
nels [13]. Any statistical uncertainty in the background measurements forms a systematic uncertainty
in our analysis. The expected integrated luminosities for cleanly measuring each background and the
resulting statistical uncertainties can be found in Table 9.

Any further systematic uncertainties in the background rates are not considered here so as not to
double-counting their effects8. One must be careful that the extrapolation from the ‘control’ to the
‘measurement’ region of parameter space is well understood. The extrapolation for the backgrounds
involving theZ peak relies on theZ line-shape, which is theoretically well-known. The extrapolation
from dilepton to trilepton final states fortt̄ relies on a good knowledge of the rate at whichb quarks
(from top decays) produce isolated leptons. A method of determining this rate from the ATLAS data is
presented in Section 6.3.

Table 9: Expected rates to cleanly select background samples in control regions, and the corresponding
statistical uncertainties.

Background Statistical uncertainty Reference
after 10 fb−1 [%]

WW 1.3 [12]
WZ 2.6 [12]
ZZ 6.6 [12]
tt̄ ≪ 1 [13]

One can see from Table 6 that, after event selection and jet veto, theWZandtt̄ backgrounds are most
significant in the signal region. The systematic uncertainty in measuring the rate of the backgrounds in

8In fact, uncertainties on background rates that positivelycorrelate between the selection region and the control region will
actually tend to cancel.
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the control regions is expected to be of the order of a few percent maximum for theWZand even smaller
for the tt̄ (Table 9). Our estimate for the total systematic uncertainty due to statistical fluctuations in
the background control sample is therefore dominated by theWZ background. When multiplied by the
fraction of the final background that comes fromWZ, this generates 1.9% (0.8%) uncertainty in the
background rate for the analysis with (without) the jet veto.

6.2 Trigger and reconstruction efficiencies

Lepton trigger and reconstruction efficiencies can be determined using the “tag-and-probe” method for
electrons and muons coming fromZ→ ℓℓ [7].

Table 10: Expected systematic uncertainties on backgroundrates from other ATLAS measurements using
the tag-and-probe method, and resultant estimated uncertainties for this analysis. The label ‘reco’ refers
to combined reconstruction and selection efficiencies.

Source Tag-and-probe [7] This analysis (10 fb−1)
(1ℓ±, 1fb−1) 1ℓ± 3ℓ±

e (trigger) ≪ 1% }
0.5 %



 2.3%

µ (trigger) 0.4 %
e (reco) 0.5 % 1 %
µ (reco) ≪ 1% ≪ 1%

The precision with which lepton trigger and reconstructionefficiency can be determined has been
studied in [7] for an integrated luminosity scaled to 1 fb−1. The statistical uncertainty on the trigger
efficiency for 1 fb−1 is very small (≪ 1%) and is negligible for 10 fb−1. The systematic uncertainties
in determining the trigger efficiencies are shown in Table 10. The trigger efficiency uncertainty for our
analysis, for which the highest-pT lepton has similar kinematics to the sample used in [7], is therefore
estimated to be<∼ 0.5% for

∫
dt L = 10 fb−1.

Reconstruction and selection efficiencies have also been studied using a similar method [7]. The
estimates of the uncertainties in the efficiencies are also contained in Table 10. We have increased the
expected uncertainty in the electron reconstruction efficiency from the “tag-and-probe” value of 0.5% to
our own estimate of 1% to reflect a somewhat larger uncertainty for our lowerpT electrons.

In the final column of Table 10 we estimate the resulting systematic uncertainty for the trilepton
selection efficiency of this analysis. Since we propose using single lepton triggers (Section 5), only
the highestpT lepton contributes, and our event trigger uncertainties are the same as the single-lepton
trigger ones. All three leptons are assumed to contribute toreconstruction and selection uncertainties,
with equal contributions from electrons and muons. Our resulting uncertainty from combined trigger,
reconstruction and selection efficiencies is 2.3%.

For this study we assume that similar uncertainties will apply with and without the jet veto, but we
note that there may be larger systematic uncertainties in lepton efficiencies if jets are permitted in the
final state.

6.3 Lepton fake rates

The tt̄ and Z + b backgrounds contribute to the trilepton final state when (along with a lepton pair
from dileptonictt̄ decay orZ decay) aB hadron decays leptonically, producing a third isolated lepton.
The third lepton requirement reduces each of these backgrounds by a large factor – about two orders
of magnitude in each case. About one order of magnitude of reduction can be accounted for by the
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branching ratio ofB hadrons to leptons, while the other factor of about ten arises from our rejection
of non-isolated leptons. We are therefore sensitive to the rate at which leptons fromb decays pass the
isolation criteria, which we denoteRb→ℓ (it should be understood to include leptons both from direct
b→ ℓ and also fromb→ c→ ℓ).

We hereby propose a method by whichRb→ℓ could be measured in the ATLAS data, and estimate
the remaining systematic uncertainty after that measurement. The control sample we suggest is semi-
leptonictt̄ decays in which a lepton from one (probe)b decay generates a same-sign dilepton pair. To
cleanly select the control sample we would require events with tt̄ kinematics (e.g.consistent invariant
masses fort andW) and one clean vertex tag from the other (probe)b jet. This sample has the further
advantage that theb quarks have the correct kinematical distributions for the background of interest
(dileptonic tt̄ ). The same-sign dilepton requirement removes contamination from normal dileptonictt̄
decays since the latter will produce opposite-sign lepton pairs.

Dedicated studies [13] suggest that we can expect to cleanlyselect aboutntt̄−>ℓ = 5× 104 semi-
leptonictt̄ events (e andµ combined) for

∫
dt L =10 fb−1. The fractional statistical uncertainty,δ , that

we could expect from the proposed measurement ofRb→ℓ is then,

δ (Rb→ℓ) =
1√

Rb→ℓ×ntt̄−>ℓ
. (6)

From examination of the event record in our Monte Carlo samples, we foundRb→ℓ to be approximately
5×10−3. If a similar rate were to be found from measurements of the semi-leptonictt̄ events, then the
corresponding value forδ (Rb→ℓ) would be 6%.

With a jet veto,tt̄ forms about 20% of the background after full selection (andZ+ b a very small
contribution), and there is a resulting≈ 1.2% uncertainty in the total background. Without the jet veto,
thett̄ contribution is much larger (about 66%) and a 4% systematic uncertainty results.

6.4 Jet and missing energy scales

The global uncertainty on the jet energy scale is currently conservatively expected to be about 5%, but
the true value is difficult to determine without collision data. In events in which the missing transverse
momentum is dominated by hadronic activity, the fractionaluncertainty inEmiss

T will be of a similar
size, since the two measurements will be highly correlated.We therefore determined the effect of a 5%
systematic uncertainty in the missing energy when no jet veto is used.

For the analysis which includes a jet veto, we expect missingenergy scale uncertainty to be rather
smaller than 5%, since the majority of the missing energy will recoil against the (well-measured) leptons.
We also assume that in this case the systematic uncertainties in the jet energy scale and the missing energy
should also be largely uncorrelated (for the same reason). Measurements of recoil of jets againstZ bosons
and photons allow the missing energy resolution to be well-determined as a function of jet energy [8].
Any residual uncertainty in the missing energy scale is estimated by us to be about 2% at low hadronic
energies (based on systematic differences between methodsin [8]).

For the jet-veto analysis, we determined the effects of a 5% variation in the hadronic energy scale
and (an independent) 2% variation in the missing energy scale. The results are shown along with the
systematic uncertainties from other sources in Table 11.

As well as the uncertainty from the energy scales, there can be some contribution to the uncertainty
in the number of events failing the jet veto from our lack of knowledge of initial-state radiation (ISR) in
electro-weak processes (such asWZ production). However the ISR spectrum can be readily determined
from other electroweak production control regions (as described in [14] for single electroweak gauge
boson production). The resulting statistical uncertainties in those control measurements will be small,
and the systematic effects tend to cancel with those described in this section, so no additional systematic
uncertainty is added here.
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6.5 Summary of systematic uncertainties

Table 11: Estimates of the dominant uncertainties in the background determination for
∫
dt L = 10 fb−1.

Source
Uncertainty

No jet veto With jet veto
Background production rates 0.8% 1.9%
Lepton Efficiency 2.3% 2.3%
Fakes (Rb→ℓ) 4.0% 1.2%
Hadronic energy scale – 1.8%
Missing energy scale 1.5% 1.0%
Total systematic 4.9% 3.8%
Statistical 3.7% 6.9%

Statistical + Systematic 6.2% 7.9%

Our best current estimates of the various sources of uncertainty are summarised in Table 11. One can
see that with the full selection, including the jet veto, andif the supporting measurements can be made
with the precision expected, then the SUSY-search analysiswill be limited by statistical fluctuations in
the background samples (about 6.9%) rather than by systematic sources of uncertainty (about 3.8%).

Without the jet veto, the statistical uncertainty is smaller, however the systematic contribution to the
total uncertainty increases to 4.9%, largely because we have an increased sensitivity toRb→ℓ since the
top background is much larger if no jet veto is applied.

7 Conclusions

The ATLAS experiment will have sensitivity to new physics, including supersymmetry, in events with
three leptons in association with missing transverse momentum. For most of the SUSY benchmark
points studied, a discovery of new physics could be made in this channel with integrated luminosity of
several fb−1 . Models in which all strongly interacting partner particles are heavy would have smaller
cross-sections, but could also be discovered with integrated luminosity of the order of several tens of
fb−1 .

The major sources of systematic uncertainty were indicatedand methods for determining these from
data discussed. While the actual sizes of these uncertainties can only be estimated reliably with collision
data, estimates based on existing information were presented. In particular, knowledge of the rate at
which whichb jets lead to seemingly-isolated leptons was found to be an important element in under-
standing Standard Model backgrounds. A method of measuringthis rate from the data usingtt̄ events
was proposed.
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Supersymmetry Signatures with High-pT Photons or
Long-Lived Heavy Particles

Abstract
In certain Supersymmetry breaking scenarios, characteristic signatures can be
expected which would not necessarily be found in generic SUSY searches for
events containing highpT multi-jets and large missing transverse energy. This
paper describes the expected response of the ATLAS detectorto four signa-
tures: high-pT photons which may or may not appear to point back to the
primary collision vertex and long-lived charged sleptons and R hadrons. Such
processes often have the advantage of small Standard Model backgrounds
and their observation could provide unique constraints on the different SUSY
breaking scenarios. Using these signatures discovery potentials are estimated
for either Gauge-Mediated Supersymmetry Breaking or Split-Supersymmetry
scenarios. Using Monte Carlo samples of SUSY and backgroundprocesses
corresponding to integrated luminosity of about 1 fb−1 we study all aspects
of the analysis, including the expected trigger response and offline data recon-
struction.

1 Introduction

Supersymmetry (SUSY) is one of the most widely investigatedtheories of physics beyond the Standard
Model [1–4]. Searches for signatures of new physics processes predicted within SUSY models are thus
central to the physics program of the ATLAS experiment [5], which will be sensitive to the production
of SUSY particles with masses up to several TeV [6]. To facilitate the exploitation of early LHC data,
a number of preparatory studies have been undertaken by the ATLAS SUSY group to estimate the re-
sponse of the ATLAS detector to a variety of physics processes and to optimise and test the software
which is necessary for the analysis of collider data. As a part of this exercise, the ATLAS SUSY group
has performed a number of studies. Techniques to estimate Standard Model backgrounds have been de-
veloped [7, 8] and calculations have been made of the discovery potential for generic inclusive SUSY
signatures [9], based largely on the minimal SUGRA model [10–14] for which the principal observables
are high-pT jets and missing transverse energy. However, there exist a number of SUSY scenarios which
predict specific final state topologies which may not be observed by generic searches, such as prompt
photons and long-lived stable massive particles. In this work, the response of the ATLAS detector to
such signatures is studied and, where appropriate, calculations are made of discovery potentials for early
LHC running for which an integrated luminosity of around 1 fb−1 is assumed. Although the work is
performed within the framework of SUSY searches, the techniques which have been developed are more
generally applicable to searches for new phenomena.

The theoretical models used in this work are based on the minimal Gauge Mediated Supersymmetry
Breaking (GMSB) model [6,15–21] , the Split-SUSY model [22–25] and the gravitino LSP model [26].
A description of the models is given in Section 2.1 while specific choices of parameters are found in the
sections devoted to each of the studied signatures. Four signatures are investigated and are described
below.
Two high-pT photons +Emiss

T : In a GMSB scenario in which the next lightest supersymmetric particle

(NLSP) is theχ̃0
1 , two high-pT photons are expected in each signal event each arising from the decay

of a χ̃0
1 to a G̃ and photon. Such events with two isolated high-pT photons plus largeEmiss

T have
small Standard Model backgrounds and a high mass discovery reach is expected even in the early LHC
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running. In the high mass regime, however, the production cross-section for SUSY events and the signal
is of the same order as the instrumental background which includes misidentified photons arising from
electrons or jets, and the irreducible background of radiation from leptons. Earlier experiments have
exclusions limits of 93 GeV iñχ0

1 mass and 167 GeV iñχ±1 mass [27].
Non-pointing photons: In certain GMSB scenarios, thẽχ0

1 could be relatively long-lived. When the
decay length is comparable to the size of ATLAS inner-detector, high-pT photons could enter the elec-
tromagnetic calorimeter surface at large incident angles with respect to a pointing direction to the beam
interaction point. An estimation of how the photon reconstruction and identification efficiency is de-
graded for such non-pointing photons is essential in any measurement of thẽχ0

1 lifetime, which is di-
rectly connected to the SUSY breaking scale. Current lower limits on the mass and lifetime are 101 GeV
and 5 ns, respectively [28].
Stable sleptons: Stable1 heavy charged sleptons appear in certain regions of parameter space in GMSB
scenarios. This signature consists of a penetrating charged track. Since interactions with detectors are
ionizations only, the observed tracks will look more like muons, except for their higher energy deposition
and longer time of flight than muons. The ATLAS muon system provides a time of flight measurement
with an excellent time resolution (σto f ≈ 0.7ns) [29], which allows for a precise particle mass mea-
surements for slow particles. Owing to the very high LHC bunch crossing rate, the development of an
appropriate triggering scheme is critical to the ensuring the detection of such particles. Previous experi-
ments have provided a lower limit of around 105 GeV in sleptonmass [30]
Stable R hadrons: Stable massive supersymmetric hadrons (R hadrons) are predicted in Split-SUSY
models or in the gravitino LSP scenario of SUGRA models [26].The signature ofR hadrons is sim-
ilar to that of stable sleptons although multiple nuclear interactions before reaching the muon system
lead to characteristic event topologies, such as the appearence of high-pT tracks in the muon system
with no matching track in the inner-detector, or the electric charge flipping between the inner-detector
and the muon system. Lower mass limits of around 200 GeV have already been established by other
experiments [31].

This paper is organized as follows. Section 2 provides an overview of the different models and a
description of the Monte Carlo datasets which were used in this work. Sections 3-6 describe the studies
of signatures described above. Finally, a conclusion is given in Section 7.

2 Overview of the SUSY models and Monte Carlo datasets

The signal Monte Carlo data samples used in this paper are based on the specific supersymetry breaking
scenarios. These models are described in Section 2.1. Some technical details and parameter values used
in individual datasets are summarized in Section 2.2. Common background samples are used which
are described in the introduction to this chapter [32]. In some cases, fast simulation (ATLFAST-I [33])
samples are also used when estimating the background contributions.

2.1 SUSY scenarios considered in this paper

• GMSB (Gauge-Mediated Supersymmetry Breaking) scenarios:in GMSB, SUSY breaking which
takes place in hidden sector is transmitted to visible MSSM fields through a messenger sector
whose mass scale is much below the Planck scale (Mm≪ MP) via the ordinary Standard Model
gauge interactions. The gravitino is very light (in general≪ 1 GeV) and is always the LSP. In
the minimal model of GMSB, all Supersymmetry breaking interactions are determined by a few

1The term stable is used throughout this chapter to refer to particles which, although they may possess finite lifetimes, do
not decay during their traversal of the ATLAS detector.
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parameters. The phenomenologies studied in this paper are based on this minimal model. Discus-
sions of the non-minimal GMSB models are found elsewhere [34,35].

The squarks, the sleptons, and the gauginos obtain their masses radiatively from the gauge inter-
actions with the massive messengers; their masses therefore depend on the number of messenger
generations,N5 (the index 5 comes from the fact that the messenger fields formcompleteSU(5)
representations).

The gaugino masses scale likeN5 while the scalar masses scale like
√

N5. Hence forN5 = 1, the
NLSP is the lightest neutralino (χ̃0

1 ) which decays into photon and a gravitino (G̃ ). For N5 ≥ 2,
the NLSP is a charged stau (τ̃1). When tanβ is not too large, the mass splitting between theτ̃1

and the right-handed selectrons, smuons ( ˜eR, µ̃R) is small, rendering them co-NLSP’s which decay
into leptons and gravitinos. In contrast, in the large tanβ region, the stau is the sole NLSP.

The effective SUSY breaking order parameterFS, felt by the messengers, may not coincide with the
intrinsic underlying SUSY breaking order parameterF, which determines the coupling strength.
When FS is smaller, the NLSP decay length becomes longer. The dimensionless factorCG =
F/FS(≥ 1) is introduced to control the NLSP decay length with all the other parameters fixed. The
decay length is proportional to the square of the control parameter, i.e. scales asC2

G.

The effective visible sector SUSY breaking parameter,Λ(= FS/Mm) sets the overall mass scale for
all the MSSM superpartners, which scales linearly withΛ. On the other hand, these masses only
depend logarithmically on the messenger scaleMm. The MSSM masses are therefore predomi-
nantly determined by the scaleΛ.

• Split-SUSY scenario: Stable exotic hadrons feature in a number of SUSY scenarios. Split-SUSY is
one such model. Within this approach the hierarchy problem and the fine tuning of the Higgs mass
is accepted, or assumed to be set by another, as yet unknown, mechanism. Phenomenologically,
within Split-SUSY scenarios the gauginos and higgsinos have light masses of order the weak
scale, which are protected by the chiral symmetry while the scalars have a mass scalems which
can be near the GUT scale. Since gluino decays proceed via internal squark lines, gluinos can be
meta-stable. A meta-stable gluino will form a bound state, aso-calledRg̃-hadron.

• A gravitino LSP and a stop NLSP scenario: in addition to stable gluinos, meta-stable stops are also
features of some SUSY models. Here, the stops are usually theNLSP and decay to a gravitino LSP
with gravitational strength interactions. The generic possible candidate for NLSP is the lightest
stopt̃1, which, like the gluino case in split SUSY scenario, would form stable bound states, denoted
Rt̃ .

2.2 Parameter values used in this work

The basic feature of the samples used in this paper are similar to those introduced in [32]. However,
our studies also investigate sparticles which decay with a measurable decay length, and new techniques
have been introduced to allow these to be simulated. As in Ref. [32], ISAJET7.74 [36] was used to
generate the sparticle mass spectrum in the context of minimal GMSB scenarios. The leading order (LO)
and the next-to-leading order (NLO) cross-sections were assessed independently using PROSPINO2.0
[37–39]. The mass spectrum tables from ISAJET were used by HERWIG/JIMMY [40,41] to generate
the sparticle cascade decays, parton showers, hadronisations, and underlying events. The HERWIG
optionpltcut (lifetime threshold above which the Herwig does not decay the particles) was set to 3.3×
10−11 s, hence sparticles with finite decay length are not decayed at event generator level2. In the detector

2the value is set in order not to decayK0 andΛ at event generator level, but at detector simulation level.
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Table 1: Summary of the neutralino NLSP samples. Dataset GMSB1 is a prompt photon decay sample,
while dataset GMSB2 and GMSB3 are the non-pointing photon samples.N5 = 1, tanβ = 5,sgn(µ) = +
are used at each point.

name NLO (LO) σ [pb] Λ [TeV] Mm [TeV] CG cτ [mm] Mχ̃0
1

[GeV]

GMSB1 7.8 (5.1) 90 500 1.0 1.1 118.8
GMSB2 7.8 (5.1) 90 500 30.0 9.5·102 118.8
GMSB3 7.8 (5.1) 90 500 55.0 3.2·103 118.8

Table 2: Summary of the slepton NLSP sample.N5 = 3, tanβ = 5,sgn(µ) = +, and no decay of slepton
is assumed.

name NLO (LO) σ [pb] Λ [TeV] Mm [TeV] Mτ̃1 [GeV]
GMSB5 21.0 (15.5) 30 250 102.3

Table 3: R-hadron samples. Dataset R-Hadron1 – R-Hadron6 are theRg̃ samples, while dataset R-
Hadron7 – R-Hadron9 are theRt̃ samples.

name NLO (LO) cross-section [pb] sparticle Mass [GeV]
R-Hadron1 567 (335) g̃ 300
R-Hadron2 12.2 (6.9) g̃ 600
R-Hadron3 0.43 (0.23) g̃ 1000
R-Hadron4 0.063 (0.033) g̃ 1300
R-Hadron5 0.011 (0.006) g̃ 1600
R-Hadron6 0.0014 (0.00075) g̃ 2000
R-Hadron7 11.4 (7.8) t̃ 300
R-Hadron8 0.27 (0.18) t̃ 600
R-Hadron9 0.010 (0.0064) t̃ 900

simulation phase, thẽχ0
1 decaying intoG̃ and γ , decay length was passed to the ATLAS interface to

GEANT4 and the sleptons (τ̃1, ẽR and µ̃R), interaction with detector materials, i.e. ionization loss was
implemented.

In R-hadrons scenarios, the masses of the stable sparticles (Mg̃,Mt̃) fully determine the phenomenol-
ogy and other supersymmetric parameters (other sparticle masses) do not enter into any calculation. The
generated samples are therefore highly model independent,and the only parameter that varies is the mass
of the stable sparticle.

Tables 1-2 summarize the properties of the Monte Carlo signal samples used in this note. Tables
1 and 2 describe the GMSB samples with a neutralino or sleptonNLSP, respectively, while Table 3
summarizes theR-hadron samples.

3 Discovery potential of GMSB SUSY with photon signatures

In GMSB models withN5 = 1 and low tanβ the lightest neutralinõχ0
1 is the NLSP and decays to a grav-

itino G̃ and, in scenarios where the neutralino is mainly a photino, to a photon. Therefore the standard
SUSY decay cascade of squarks and gluinos is extended by the decayχ̃0

1 → γG̃, as shown in Figure 1.
Depending on the branching ratios of the squarks and gluinosdecaying to various types of SUSY parti-
cles, this decay chain may also contain multiple jets. Events with two high energy photons are expected
in pp collisions, if the NLSP lifetime is not too long (Cgrav∼ 1). These photons originate close to the
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Figure 1: Typical SUSY decay chain for a neutralino NLSP decaying to a photon and a gravitino.

primary interaction vertex (“prompt photons”). The corresponding event signatures and the discovery
potential for these models are discussed in this section. The case of largeCgrav and therefore long lived
neutralinos, resulting in non-pointing photons, is discussed in Section 3.3. For detailed reconstruction
and trigger studies we consider the GMSB1 model point as a typical example (see Table 1). For this
point the branching ratio of the decay of the lightest neutralino to a photon and a gravitino is∼ 97%, and
the total SUSY production cross-section is∼ 7.8pb.

In the following we discuss the optimisation of the signal selection, including the trigger selection,
the expected background from Standard Model processes and adetailed study of the discovery potential
with early data. Since for the latter a fast simulation approach is used, a comparison of fast and full
simulation results is also presented.

3.1 GMSB1 full simulation studies

3.1.1 Signal trigger strategy

The signal events studied here possess the standard SUSY event properties at the LHC: largeEmiss
T and

multiple jets with highpT . These can be used for triggering the events. In addition, the feature of two
high energy photons gives an additional way to trigger on these events independently ofEmiss

T and jet
triggers. In the following we consider two different trigger menus:

• The first menu is the ATLAS initial menu foreseen for data-taking at a luminosity of 1031cm−2s−1

[42]. This menu includes various combinations of jet (J) andEmiss
T triggers (XE) and photon

triggers (EM) as shown in Table 4. No prescale values are foreseen for these triggers, whereas
the selection of the EM100 trigger is based entirely on the Level-1 (L1) trigger, with no selections
envisaged at the Level-2 (L2) trigger or in the event filter. In the following, the trigger efficiency is
defined as the ratio of the number of events without any preselection passing a trigger item divided
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Figure 2: The g55 event filter trigger efficiency (see text) for the GMSB1 sample as a function of the
reconstructedpT of the leading photon.
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by the total number of events. The total efficiencies for the L1 trigger for the various triggers of
this initial menu are summarised in Table 4. It can be seen, that in addition to the standard SUSY
triggers based on jets andEmiss

T , the photon triggers have very high efficiencies for selecting
GMSB1 events and can be used for initial running.

• The second menu investigated here is the standard ATLAS trigger menu foreseen for the stable
running at a luminosity ofL = 1033cm−2s−1. In this menu all three trigger levels are used in the
selection. The triggers investigated are combinations of jet (j), Emiss

T (xE) and photon (g) signa-
tures, see Table 5. Again, no prescale values are foreseen for these items. The trigger efficiencies
for the signal at L1, L2 and event filter are summarised in Table 5, where the L2 and event filter
efficiencies also contain the efficiencies of the previous levels. It can be seen that for both of the
planned running phases the photon triggers are as efficient as theEmiss

T and jet triggers for the
case of GMSB1 signal events. The efficiency for the g55 photontrigger after the event filter as a
function of the reconstructedpT of the leading photon is shown in Figure 2. As expected, aftera
steep turn on around 55 GeV a plateau is reached. The integrated efficiency above the threshold of
55 GeV is∼ 98%.

Table 4: Trigger efficiencies and statistical errors for theGMSB1 event sample for (L = 1031cm−2s−1).

Trigger item Efficiency Trigger item Efficiency
2EM13 98.71± 0.11 XE70 81.39± 0.39
EM100 83.00± 0.38 J70+XE30 93.64± 0.25
EM18+XE15 98.79± 0.12 2J42+XE30 93.98± 0.24
J100 91.43± 0.28 4J23 92.27± 0.27

Table 5: Trigger efficiencies and statistical errors for theGMSB1 event sample for (L = 1033cm−2s−1).

Trigger item L1 L1+L2 L1+L2+EF
g55 97.18±0.60 84.47±1.32 80.47±1.44
2g17i 71.13±1.65 55.07±1.81 47.91±1.81
j65+xE70 80.66±0.40 80.63±0.40 69.53±0.46
3j65 83.63±0.37 83.55±0.37 83.37±0.37

In summary it can be said that in the GMSB1 scenario the use of photon triggers is possible for initial
running conditions, as well as at a higher luminosity. The efficiencies are as high as for the triggers based
on jets andEmiss

T and can thus provide good redundancy.

3.1.2 Signal selection

At the benchmark point GMSB1, 48.9% (16.4%) of the signal events have one (two) photons with
pT > 20 GeV in the fiducial acceptance (|η |< 2.5) used for photon identification. For the reconstruction
of photons a standard cut-based photon selection [43] is used. This is mainly based on variables using
information of the first and second samplings of the electromagnetic calorimeter. The photons are re-
quired to be isolated and those located in the transition regions between barrel and endcap calorimeters
are excluded. No track veto is applied. After a full GEANT4 simulation of the ATLAS detector, the
selection efficiency for photons withpT > 20 GeV is about 65%.
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Table 6: ALPGEN Background samples used in this section. Thecorresponding integrated luminosities
is shown.

Process Integrated luminosity (fb−1)
Top leptonic ∼ 13.4

semi-leptonic ∼ 3.5
hadronic ∼ 17.1

Electroweak Z→ e+e− ∼ 4.8
+ jets Z→ µ+µ− ∼ 8.3

Z→ τ+τ− ∼ 21.6
Z→ νν ∼ 9.1
W→ eν ∼ 3.4
W→ µν ∼ 4.7
W→ τν ∼ 3.9

QCD multiple jet production ∼ 0.03

As background to the signal, events with QCD jets, single gauge boson (W and Z) production andtt̄
production are simulated using the ALPGEN generator. The specific processes are listed in Table 6 and
the corresponding integrated luminosities are given for each process. In order to separate the signal from
the Standard Model background a standard preselection for SUSY-like signatures is first performed:

• At least four jets must be found withpT > 50 GeV (pT > 100 GeV for the leading jet).

• Missing transverse energyEmiss
T > 100 GeV andEmiss

T > 20%·Meff, where the effective massMeff

is defined as the scalar sum ofEmiss
T and the transverse momenta of the four leading jets.
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Figure 3: Distributions after preselection for 1fb−1. Left: Missing transverse energy. Right: Effective
mass for signal and Standard Model background.

The distributions ofEmiss
T andMeff after this selection are shown in Figure 3 for the Standard Model

background (histograms) and the signal (open symbols) for an integrated luminosity of 1 fb−1. No large
excess of events is seen over the Standard Model background.However, as shown in Figure 4, a cut
on the number of reconstructed photons withpT > 20 GeV and|η | < 2.5 provides an effective way to
further suppress the backgrounds. Figure 3.1.2 shows thepT distribution of the leading photon after
the initial preselection. Table 7 shows the number of selected events for signal (S) and background (B)
after requiring 0, 1 or 2 photons passing the cuts described above and either the g55 or the 2g17i trigger.
This combination of triggers has a combined efficiency for the signal of∼ 85% (∼ 99%) before (after)
applying these selection cuts. The number of events is normalized to an integrated luminosity of 1fb−1.
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In addition, the signal significance defined asSig= S/
√

B is given in the table. In the calculation ofSig
it is assumed, that there is at least one background event left. With the requirement of two high-energy
photons the selection is mainly free from Standard Model background and the significance becomes very
large.

In addition to the selection criteria listed above, checks were made to see weather a better signal
significance can be achieved by requiring an opposite sign same flavour (OSSF) lepton pair, which orig-
inates in the squark/gluino decay cascade from aχ̃0

2 to χ̃0
1 decay via a slepton, as depicted in Figure 1.

Here, only electrons and muons are accepted as leptons. The requirement of at least one OSSF lepton
pair reduces the number of selected signal and background events. The suppression factor for the signal
for the combination of one photon and one OSSF pair is larger than for the combination of two photons.
Hence, although the background is reduced to a very low level, just using the requirement of two photons
gives the largest significance. Requiring an OSSF pair in addition to two photons just reduces the signal,
because the background is already very low.
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Figure 4: Distributions after preselection for 1fb−1: Number of reconstructed photons withpT > 20 GeV
and |η | < 2.5 (left) and transverse momentum of the leading photon for signal and Standard Model
background. (right)

3.2 GMSB parameter scan with fast simulation

To investigate the discovery potential of the selection described above, over a wider range of the GMSB
parameter space, it is necessary to make use of a fast detector simulation to obtain adequate statistics
for signal event reconstruction at various points in the parameter space. The computing requirements of
the full simulation make it impractical for this study, so for this part of the analysis the fast simulation
package ATLFAST [44] has been used instead. ATLFAST performs no detailed simulation of particle
interactions with the detector material, but instead parameterizes the detector response. It has two main
features relevant to the analysis discussed here:

• every generated particle is reconstructed.

• there is no distinction between electromagnetic and hadronic calorimeter compartments and the
energy of a particle is obtained by smearing the energy of thegenerated particle with a resolution
function. No shower development is simulated.

Note that ATLFAST does not simulate either reconstruction inefficiencies nor particle misidentification
for any particles.

Figure 5(a) shows theMeff distributions of the GMSB1 event sample for full and fast simulation. In
the low energy region a small deviation of the fast simulation with respect to the full simulation can be
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Table 7: Number of selected signal and background events for1fb−1 for different cuts on the number of
photons and opposite sign same flavour (OSSF) lepton pairs.

Nγ NOSSF Signal ∑ Background Sig NW NZ Ntt̄

0 0 1287.4 929.6 42.3 274.4 21.0 632.8
0 1 283.6 73.0 33.2 8.7 1.4 63.0
1 0 902.9 51.7 126.1 19.5 2.0 30.1
1 1 189.1 1.4 161.4 0.2 0.0 1.2
2 0 252.9 0.1 252.9 0.0 0.0 0.1
2 1 37.0 0.0 37.0 0.0 0.0 0.0
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Figure 5: Signal distributions for full and fast simulation: a) effective mass, b) transverse momentum of
the leading photon.

observed, which is due to a slightly higher jet momentum in ATLFAST in the low energy region. How-
ever, of more importance for this analysis is the simulationof the photon identification and it is important
that the fast simulation provides a reliable modelling. Thetransverse momentum of the leading photon is
shown in Figure 5(b) for full and fast simulation. It can clearly be seen that some significant discrepan-
cies between both simulation approaches exist. This is a result of the photon detection efficiency, which
is not included in the fast simulation. The fast simulation assumes a 100% detection efficiency for all
truth photons which pass a certain isolation criterion. This effect is taken into account in the analysis
by imposing a realistic reconstruction probability on eachphoton by hand, depending on the transverse
momentum of the photon. The correctedpT distribution is also shown in Figure 5(b).

In Table 8 the numbers of selected signal events for full and fast simulation are shown and good
agreement can be observed after each step of the selection. The level of agreement of the fast simulation
with the full simulation is of the order of 10% which is considered to be sufficient for a rough estimation
of the discovery potential via a scan of the GMSB model parameters using ATLFAST.

Table 8: Number of selected signal events normalised toL = 1fb−1 for full and fast simulation for
GMSB1.

Nγ NOSSF Signal (full) Signal (fast)
0 0 1287.4 1597.7
1 0 902.9 1029.5
2 0 252.9 275.3
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In order to estimate the selection efficiency and the discovery potential of the two photon chan-
nel in a more model independent way, a scan of some GMSB model parameters has been performed.
The mass spectrum and branching fractions of the different GMSB model points have been calculated
using ISASUGRA 7.74 [36]. For each point 12500 signal eventshave been generated using the HER-
WIG/JIMMY [40, 41]. As discussed above, ATLFAST is used for the detector simulation of the signal
with a correction applied to the photon reconstruction efficiency. The estimates for the Standard Model
background are taken from the full simulation as described in Section 3.1.2.

For the scan, the SUSY breaking scale parameterΛ has been varied from 60 to 200 TeV in steps
of 10 TeV and tanβ has been varied from 2 to 50 in steps of 2. The other model parameters are fixed
to N5 = 1, Mmes= 500 TeV, sgnµ = +1 andCgrav = 1, as for the GMSB1 model point. In this part of
the parameter space the neutralino is usually the NLSP, which is most often not the case for largerN5

or larger tanβ . For these regions, other channels need to be used to discover GMSB SUSY. These are
discussed in Section 5. The discovery potential for the caseof differentCgrav and hence non-pointing
photons is briefly discussed in Section 3.3.

Figure 6 shows the contour lines where the significance reachesSig= 5σ for the default selection cuts
as described above for different integrated luminosities.Since it is assumed that there is 1 background
event left, these contour lines represent the lines with 5 signal events. In the regions below and left of the
lines a 5σ discovery can be made with the corresponding amount of data.In the high tanβ region above
the solid line no sensitivity is quoted for the two photon channel, since in this region thẽτ is the NLSP
and so no significant excess of photons is expected from the SUSY decay chains. Due to the fact that the
SUSY cross section decreases with increasingΛ, the significance decreases as a function ofΛ for a given
integrated luminosity. In general the discovery potentialin most parts of the GMSB model parameter
space is high, giving confidence that GMSB SUSY can be discovered in the two photon channel with
early data, if it is realised in nature.
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Figure 6: 5σ discovery potential contour lines for GMSB SUSY in theΛ - tanβ plane for different
integrated luminosities.

3.3 GMSB3 (non-pointing photon) full simulation studies

If the gravitino mass parameterCgrav is larger than unity, the NLSP will not decay promptly. In the
case where the NLSP is a light neutralino, the resulting photons in the final state will not point back
to the interaction point and may therefore be reconstructedand triggered with lower efficiency. The
reconstruction efficiency is discussed in greater detail inSection 4.1. Here, the standard photon selection
will be used to estimate the discovery potential.
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Table 9: Trigger efficiencies and statistical errors for theGMSB3 event sample for (L = 1033cm−2s−1).

Trigger item L1 L1+L2 L1+L2+EF
g55 90.19±1.08 46.04±1.81 36.88±1.75
2g17i 34.13±1.72 17.77±1.39 12.87±1.22
j65+xE70 80.38±0.56 80.24±0.56 71.18±0.64
3j65 79.80±0.57 79.66±0.57 79.62±0.57

Table 10: Number of selected signal (GMSB3) and background events for 1fb−1 for different cuts on the
number of photons and opposite sign same flavour (OSSF) lepton pairs.

Nγ NOSSF Signal ∑ Background Sig NW NZ Ntt̄

0 0 825.2 929.6 27.1 274.4 21.0 632.8
0 1 265.2 73.0 33.2 8.7 1.4 63.0
1 0 255.8 51.7 35.7 19.5 2.0 30.1
1 1 68.6 1.4 58.6 0.2 0.0 1.2
2 0 12.5 0.1 12.5 0.0 0.0 0.1
2 1 4.7 0.0 4.7 0.0 0.0 0.0

A suitable model point to study is the GMSB3 point, which has the same parameters as GMSB1, but
with Cgrav= 55. Theχ̃0

1 decay length in this point is thereforeγβcτ ≈ 3 m. Although only 12.4% (0.6%)
of the reconstructed events contain one (two) photons withpT > 20 GeV in the detector acceptance
region, this well exceeds the number of background photons.This suggests that one could also use the
above defined selection, which is based on the requirement oftwo hard photons.

Table 9 shows the trigger efficiencies for the same items listed in Table 5. For the L1 trigger, the
main source of inefficiency for the g55 trigger is from neutralino decaying to photons outside the inner-
detector volume. The larger theCgrav parameter is, the greater is the number of neutralinos that will decay
outside the inner-detector. This effect is more pronouncedfor the 2g17i trigger, which is optimized for
the production of both photons within the inner-detector volume. At L2 trigger and at the event filter,
cuts are placed on the shape of the electromagnetic showers,which are less efficient for non-pointing
photons due to their wider shower shape in theη direction compared to prompt photons. The small
difference in jet trigger efficiencies between GMSB1 and GMSB3 is again due to the difference in the
number of photons produced within the inner-detector volume. Photons in the event are treated as jets
up to the event filter, so that GMSB1 has effectively a larger number of jets, compared to the GMSB3
sample, which makes a small but significant difference in jettrigger efficiency.

The resulting numbers of selected events for 1 fb−1 are shown in Table 10. It can clearly be seen
that, although the significance, again defined asSig= S/

√
B, is smaller than in the GMSB1 case, there

are enough photons to select a large number of signal events.The difference to the prompt photon case is
that with the requirement of an OSSF lepton pair one could obtain a larger significance, which is largest
for a combination of one hard photon and one OSSF pair.

3.4 Conclusion of GMSB SUSY with photon signatures

In certain regions of the GMSB parameter space the NLSP is a light neutralino, decaying to a gravitino
via the emission of hard photons. These photons can be used toefficiently reject the Standard Model
background and to discover GMSB SUSY, if it is realized in nature. Attention must be payed to the
fact that the photons might not point back to the interactionpoint leading to losses in reconstruction and
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Figure 7: Schematic diagram of a non-pointing photon in the barrel section of the electromagnetic
calorimeter. A long lived neutralino can travel a significant distance before decaying into a photon
and a gravitino. The gravitino will escape the detector without interacting. A photon produced in this
manner can enter the calorimeter at a significantly different angle (ηγ ) than a photon produced at the
primary vertex (η1).

trigger efficiencies.

4 Prospects for neutralino lifetime determination

If GMSB SUSY is discovered, the ATLAS calorimeter can be usedto first establish whether the neu-
tralino has a long mean lifetime, and then to quantify it. Thecalorimeter can be used to both measure the
direction and the time of the electromagnetic shower. Both the capabilities can be utilised to determine
the mean lifetime of the neutralino.

If the neutralino has a significant decay length, a photon canbe observed3 that will not “point-back”
to the primary interaction point. This is shown schematically in Figure 7. The neutralino (̃χ0

1) travels
a significant distance before decaying into a photon (γ) and a gravitino (̃G). Due to the finite opening
angle between the photon andG̃, the path taken by the photon does not extrapolate back to theprimary
interaction point.

The first sampling layer can measure theη position (Cluster 1 in Figure 7) whereas the second
sampling layer can measure bothη andφ (Cluster 2 in Figure 7). A vector corresponding to the path of
the photon can therefore be constructed in ther−zplane. Although we can not measure the exact decay
point of the neutralino based on these two measurements, we can extrapolate the path of the photon back
to the beam axis, and measure the distance between this pointand the primary vertex (Z′ in Figure 7).

Since the ATLAS calorimeter has a pointing geometry, if a photon enters the calorimeter at a signif-
icant angle, the resulting electromagnetic shower can be spread out over a larger number of calorimeter
cells. This wider shower-shape can result in issues for photon reconstruction algorithms and identifica-
tion criteria. The effects of the reconstruction and identification of the non-pointing photons are discussed
in Section 4.1.

If the neutralino has a mean lifetime greater than 0.05 ns4, theZ′ value associated with the photon
can be used to establish that the neutralino has a “long” lifetime. Once this observation has been made,
theZ′ distance can also be used to measure the mean lifetime. This is discussed in Section 4.2.

The neutralino is a massive particle. This means that photons produced from long-lived neutralinos
will arrive at the calorimeter later than prompt photons from the primary vertex. A method which uses
the calorimeter timing information to calculate the mean neutralino lifetime is discussed in Section 4.3.

3As long as the neutralino decays before the calorimeter.
4For typical values assumed for the neutralino energy and mass of 200 and 100 GeV respectively, photons with aZ′ of at

least 1cm from the primary vertex were observed.
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Figure 8: Left: The distributions of the decaylength of the neutralino in thez direction. Right: The
transverse momentum of the photons they produce.

4.1 Reconstruction and identification of non-pointing photons

4.1.1 η definitions

Due to the nature of the non-pointing photons, two definitions of η are used in this section. The ‘truth
η ’ refers to theη from the particle vector from the Monte Carlo event record (shown asηγ in Figure 7).
The term ‘detectorη ’ refers to theη as measured by constructing a vector from (0,0,0) to the barycenter
of the electromgnetic shower(shown asη2 in Figure 7).

4.1.2 Photon reconstruction efficiency

The photon reconstruction efficiency is defined as the fraction of photons, produced from the decay of a
neutralino, that are reconstructed as a photon candidate. Using information from the Monte Carlo event
record, photons are selected to be used in the efficiency calculation if they satisfy the following criteria:

• originate from a neutralino decay occuring inside the outerenvelope of the inner detector,

• pT > 20 GeV,

• |detectorη |< 2.5.

Photons are declared as successfully reconstructed if a photon candidate is found within∆R< 0.2 of the
position of the truth photon in the calorimeter.

The z-component of the decay length and the momentum of the photonin the GMSB samples, as
shown in Figure 8 and 8, depend upon theCgrav parameter of the sample.

The overall efficiency for a photon to be reconstructed in thelong-lived neutralino data samples,
GMSB2 and GMSB3, is 88.3±0.2% and 83.3±0.4% respectively. This efficiency includes the recon-
struction of photons which have converted to an electron-position pair. This occurs approximately 30%
of the time and is dependent on how much material the photon travels through the inner-detector. This
means that a photon from a long-lived neutralino will have a smaller probability of converting than a pho-
ton produced at the primary vertex. The reconstruction efficiency of a photon which does not convert, is
89.3±0.2% for the GMSB2 sample and 84.2±0.5% for the GMSB3 sample.

The difference in overall reconstruction efficiency measured between the GMSB2 and GMSB3 sam-
ples is due to the distribution of neutralino lifetimes in the sample, and hence the proportion of photons
which are significantly “non-pointing”.
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Figure 9: Reconstruction efficiency as a function of∆η for the GMSB2 and GMSB3 samples.

The reconstruction efficiency is measured independently from the sample parameters as a function
the variable∆η = detectorη - truth η as shown in Figure 9.

There is excellent agreement between the two cases. The efficiency is approximately 90% for
∆η < 0.25, and falls steadily to 75% for∆η ≈ 0.5. It is clear that the reconstruction efficiency could
bias any measured neutralino lifetime distribution. This efficiency distribution is parameterised with an
approximation to the top-hat function:

Reff(∆η) =
b

1+e
|∆η|+a

c

+d (1)

with a = 4.7(6.9), b = 174(229), c = 0.779(1.16) andd = 0.545(0.351) for GMSB2 (GMSB3). The
GMSB2 fit result is used in Sections 4.2 and 4.3 (due to greaterstatistics) to account for any bias in the
neutralino lifetime determination due to inefficiency.

4.1.3 Study of photon identification efficiency

The dependence of the photon efficiency on the neutralino decay length has been studied for all of
the standard photon selection variables [43]. The efficiency for each cut is defined as the fraction of
reconstructed photons withpT > 20 GeV and|detectorη |< 2.5 that pass the standard select requirement
for the given variable. Only photons that are successfully identified with true photons that come from the
decay of a SUSY particle are used.

Figure 10 shows the efficiency of these cuts as a function of the component of the neutralino decay
length parallel to the beam axis. From this figure it can be seen that the hadronic leakage (Had/Em) is
independent of the neutralino decay length. Of the cuts forming the standard selection from the second
sampling layer of the electromagnetic calorimeter, only the ratio of energy in the 3×3 / 3×7 cells (R33)
is shown to be flat with respect to the neutralino decay length. The efficiency of the cuts on the ratio
of energy in the 3×7 / 7×7 cells (R37) and the the lateral width of the shower (weta2) are shown to
have a clear dependence on the decay length. These two cuts are removed to form an ‘unbiased photon
selection’ in the second sampling layer.

For the cuts forming the standard cut selection in the first sampling layer of the electromagnetic
calorimeter, the fraction of energy (f1) and the cuts on the search for a second minima in the first sampling
layer (DeltaE and DeltaEmax2) are shown to be relatively stable with respect to the neutralino decay
length. There is however, a significant dependence of the efficiency on the decay length for the fraction
of energy outside the shower core (fracm), the shower width in three strips (weta1) and the total width
of the shower (wtot). These three cuts are removed to form an ‘unbiased photon selection’ in the first
sampling layer.
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Figure 10: Photon identification cut efficiencies as a function of neutralino decay length in Z

Table 11 shows the effect on the overall efficiency as the five cuts which have been shown to be
dependent on the neutralino decay length cuts are excluded from the standard photon selection to form
an ‘unbiased photon selection’. For simplicity the cuts areseperated according to which calorimeter
sampling layer they are based upon.

Table 11: Summary of photons identification efficiencies forthe three different signal samples. The
hadronic, second sampling and first sampling cuts are applied sequentially.

Standard photon selection
hadronic 2nd sampling 1st sampling

GMSB1 (94.1±0.2)% (75.7±0.4)% (64.1±0.4)%
GMSB2 (94.2±0.1)% (56.4±0.3)% (41.9±0.3)%
GMSB3 (94.4±0.3)% (49.8±0.6)% (36.1±0.6)%

Unbiased selection
hadronic 2nd sampling 1st sampling

GMSB1 (94.1±0.2)% (93.4±0.2)% (85.7±0.3)%
GMSB2 (94.2±0.1)% (92.2±0.1)% (82.5±0.1)%
GMSB3 (94.4±0.3)% (92.1±0.3)% (80.7±0.5)%

The relative effect of loosening cuts on the background is shown in Table 12, which shows the
fraction of jets, from a di-jet Monte Carlo data sample, thatare reconstructed as photons, that also pass
the two different photon selections.

Table 12: The fraction of jets reconstructed as photons and passing all photon criteria. The hadronic,
second sampling and first sampling cuts are applied sequentially.

Hadronic 2nd sampling 1st sampling

Default photon selection (3.4±0.1)% (0.57±0.06)% (0.19±0.03)%
Unbiased selection (3.4±0.1)% (2.7±0.1)% (0.70±0.07)%

4.2 Projected impact-parameter method for neutralino meanlifetime measurement

The distribution of the photon’s projected longitudinal impact parameterZ′ arising from GMSB signal
events can be used to estimate the mean neutralino lifetime.
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Figure 11: Fitted slope parameters of the projected intersection distributions versus mean neutralino
lifetime from the custom-built Monte Carlo simulation for an integrated luminosity of 30 fb−1.

A distribution of the intersection points of thez-axis with the projected photon path is then created
for all reconstructed photons. Each intersection point is corrected for the vertex displacement. An
exponential function is fitted to the intersection distribution in order to extract the slope parameter which
is sensitive to the mean neutralino lifetime. The range for the fit was chosen to be 50 to 500 mm, to
remove any possible vertex effects, and to ensure that the decay occured within the volume of the inner-
detector.

Plotting the resulting slope parameters versus the mean neutralino lifetime reveals a clear correlation
(Figure 11) between the slope parameter and the neutralino lifetime. These results were obtained using
a custom-built Monte Carlo program which provides a detailed parameterisation of the response of the
transition radiation tracker and the electromagnetic calorimeter. It is envisaged that a calibration curve
such as this, created using full simulation, could be used todetermine the mean neutralino lifetime from
a measurement of the slope of theZ′ distribution. In reality this slope will also be a function of the β of
the neutralino.

For the GMSB2 data set, a slope of−4.35(6)× 10−3 was measured and for the GMSB3 data set,
a slope of−3.8(2)×10−3 was measured. These slopes were obtained before any photon identification
cuts were applied. To estimate the effect of bias due to the reconstruction efficiency, a weight (= 1

Reff(∆η) )
is applied to the events, see Section 4.1.2. By comparing theeffect of applying this correction on the
resultantZ′ slope, a−5×10−5 systematic error was obtained. Table 13 shows the values obtained when
different photon identification cuts are used.

The results from the GMSB2 and GMSB3 samples shown in Table 13demonstrate very clearly how
the slope of theZ′ distribution can be affected by photon identification cuts which are based on width
measurements of the electromagnetic shower.

4.3 Calorimeter timing

A comparison has been made of the timing of the electromagnetic shower in the calorimeter, compared
to the lifetime of the generated neutralino (in its rest frame). A Gaussian is fitted to this distribution for
different bins of true lifetime, and the resultant mean cluster-time per generated neutralino mean lifetime
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Table 13: The slope of the projected-impact-parameter (Z′) distributions of the photon, fitted from 50
to 500 mm and measured in two different fully simulated MonteCarlo samples with different photon
identification cuts.

GMSB2: Generated mean lifetime of 3.17 ns

dataset hadronic 2nd Sampling 1st Sampling

default photon selection−4.35(6)×10−3 −7.00(9)×10−3 −8.3(1)×10−3

unbiased selection −4.35(6)×10−3 −4.39(6)×10−3 −4.54(7)×10−3

GMSB3: Generated mean lifetime of 10.7ns

dataset hadronic 2nd Sampling 1st Sampling

default photon selection −3.8(2)×10−3 −6.6(2)×10−3 −7.7(3)×10−3

unbiased selection −3.8(2)×10−3 −3.9(2)×10−3 −4.1(2)×10−3

Table 14: The mean lifetimes, measured using the calibratedcalorimeter time, in two different full
simulation Monte Carlo samples with different photon identification cuts. Also shown is the generated
mean lifetime of the samples used.

GMSB2: Generated mean lifetime of 3.17ns
dataset hadronic 2nd Sampling 1st Sampling

default photon selection 2.9±0.2 ns 1.1±0.07 ns 1.33±0.05 ns
unbiased selection 2.9±0.2 ns 2.9±0.2 ns 3.0±0.2 ns

GMSB3: Generated mean lifetime of 10.7ns
dataset hadronic 2nd Sampling 1st Sampling

default photon selection 9±4 ns 3.4±0.7 ns 2.9±0.6 ns
unbiased selection 9±4 ns 8±3 ns 19±19 ns

is plotted in Figure 12. This fit to this plot is used to calibrate the calorimeter time. It has been shown that
this method is robust against photon reconstruction or identification efficiency biases. This is because it
is independent of the angle of incidence of the photon on the calorimeter. The arrival time of the photon
at the calorimeter is a function of theβ = v/c of the neutralino as well as its lifetime.

Using this calibrated calorimeter time, the neutralino lifetime is plotted for each photon. This dis-
tribution has the expected exponential shape modified by acceptance and resolution effects. In order to
remove these effects, an exponential is fitted between 0.2 and 1 ns. The mean lifetime of the sample (τ)
was calculated fromτ = 1

slope whereslopeis the slope of the exponential fitted.

To calculate the effect of bias due to the reconstruction efficiency, a weight (= 1
Reff(∆η) ) was applied

to the events (see Section 4.1.2). The systematic error on the lifetime determination due to uncertainties
on the reconstruction efficiency was determined to be 2%.

To study the effect of the photon identification on this method, the mean lifetime deduced from the
slope of the exponential is measured after different identification cuts are applied to the photon sample.
These mean lifetimes are shown in Table 14. The large errors on the calculated lifetimes from the
GMSB3 sample are due to lack of statistics available for the fit, over the limited range.

In order to obtain estimates for the systematic uncertaintydue to the predictedβ distribution of the
GMSB sample (or an error in the timing calibration), the calibration curve (Figure 12) was scaled up and
down by 5% corresponding to the difference in meanβ value between the GMSB2 and GMSB3 samples.
The effect on the measured mean lifetime determination corresponds to a systematic error of 0.4(2) ns
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Figure 12: The measured cluster time as a function of the generated neutralino lifetime, for individual
neutralinos in the Monte Carlo samples.

for the GMSB2(3) samples.
In order to obtain estimates for the systematic uncertaintyin the mean lifetime determination from

the choice of fitting region or a global shift in the timing calibration, the fit range of the exponetial
distributions was shifted by 100 ps. A systematic error of 1(10) ns was obtained for the GMSB2(3)
samples.

The shape of the observed neutralino lifetime distributionis strongly affected by geometric accep-
tance and event kinematics. To obtain a lifetime measurement unaffected by these issues, a very limited
fitting range has been used. A more accurate fit could be achieved by fitting the entire distribution. A full
acceptance correction, including model dependent effects, would then be required to relate this distribu-
tion to the mean neutralino lifetime. This work, beyond the scope of this publication, should produce a
more accurate measurement of the mean neutralino lifetime.

4.4 Conclusion of the neutralino lifetime determination

Two independent methods for determining the mean neutralino lifetime have been discussed. The two
methods are independent with different issues. For theZ′ method of Section 4.2, a study using a simple
custom-built Monte Carlo program shows that there is a good correlation between theZ′ parameter and
the mean neutralino lifetime. However, full simulation of arange of lifetime samples will be required to
get the correct parameterisation of the relationship. The calorimeter timing study (Section 4.3), shows
there is a good correlation between the calorimeter time andlifetime of the associated neutralino. The
largest errors from this studies are due to the limited statistics in the range of the measured neutralino
lifetime distribution, used for the exponential fit.

In both methods, one has to take care that the biases introduced by the reconstruction and identi-
fication of the photons are both measured and reduced, in order to prevent a distortion of the lifetime
distribution.

Both of these methods are signal dependent and rely on simulation calibration, either to produce the
Z′ calibration curve, or the timing calibration. This is because both theZ′ value and the arrival time of the
photon in the calorimeter are functions of theβ of the neutralino as well as its lifetime. One can assume
a distribution ofβ from Monte Carlo simulation (as has been done here), but constraints on the both
parameters can in principle be achieved by combining the methods. It is proposed that, if non-pointing
photons are observed, a multivariate analysis method couldbe used to combine information from the
calorimeter timing andZ′ together with information from the primary vertex and cluster positions and
energy to place model-independent constraints on theβ and lifetime of the parent of the non-pointing
photon.
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5 Trigger and reconstruction for searches of long-lived heavy particles

Heavy, charged, long-lived particles are predicted in manymodels of physics beyond the Standard Model.
One example is GMSB where for high tanβ the ℓ̃ is the NLSP which couples weakly to the gravitino.
The signal is a heavy long-lived charged particle with velocity significantly smaller than the speed of
light, β < 1. The momentum (and thereforeβ ) spectrum of these particles is model dependent. Those
which haveβ close to unity are indistinguishable from ordinary muons. Those withβ significantly lower
than 1 could be identified and their mass determined.

In ATLAS event fragments from different parts of the detector are assiged to a particular bunch
crossing (BC) using the BC identifier (BCID). The usual assumption is that the particles traverse the
detector at nearly at the speed of light (β ≈ 1). Hits from a slower particle may be lost during data
collection, or may be marked with the wrong BCID. The implications of low particle speed in the ATLAS
trigger and data acquisition design are considered below.

This note does not address the case where the decay length of heavy charged NLSP is such that a
significant number of particles will decay inside the tracking volume.

5.1 Datasets used

This analysis is based on a data sample of 10,000 events from the CSC production generated with the
characteristics of GMSB point 5:Λ = 30 TeV ,Mm = 250 TeV,N5 = 3, tanβ = 5, sgn(µ) = +, Cgrav =
5000. At this point the squarks and gluinos have masses around 700 GeV, the neutralino has a mass of
114 GeV and thẽτ andℓ̃ have masses of 102 and 100 GeV respectively. The cross-section for this point
is 23 pb and thẽτ , ẽ and µ̃ are co-NLSPs and are produced in the decayχ̃0 → ℓ̃±ℓ∓. Because of the
small mass difference between the neutralino and the slepton, theℓ̃ and lepton are nearly collinear. The
pT andβ spectra of the sleptons and accompanying leptons are shown in Figure 13.
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Figure 13: Transverse momentum and velocity spectra for sleptons and accompanying leptons from the
GMSB5 sample.

GMSB5 is a single benchmark point and cannot be taken to represent all the possibilities of long-
lived particle production. Some issues that impact our ability to discover long-lived new particles, if
they exist, depend on the mass andβ spectrum of these particles. In order to make our study less model
dependent we also used for this study additional samples of events containing a singlẽτ each, generated
at differentβ with a uniformη distribution betweenη =−3 andη = +3.

Split-SUSY events containing long-lived gluinos with masses of 300 GeV and 1000 GeV were also
used to assess the efficiency of the slow particle trigger, asdiscussed below. The generation and simula-
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tion of these Split-SUSY events is described in Section 6.
For the background study we used single muon events from the CSC production. They were produced

at constantpT with a uniformη distribution, like the singlẽτ samples. We used cross-section estimates
of 1000 pb (200 pb) for muons withpT > 40 GeV (> 100 GeV) inside the ATLAS acceptance of|η |< 2.5
[45].

The simulation of a long-lived heavy sleptons in the ATLAS detector required a special patch to
GEANT4 [46].

5.2 Trigger and DAQ issues

When trying to identify slow particles [47, 48] one must pay special attention to the dimensions of AT-
LAS. Since the detector extends over 20m in length from the interaction point to each detector side and
the bunch crossing period is 25ns, this means that particlesfrom three separate bunch crossings can
co-exist in the detector at the same time.

As described above, the matching of event fragments from different subdetectors is achieved using
the BCID. This is calibrated so that particles originating together at the interaction point and traveling at
the speed of light will have the same BCID assigned to them in all detector elements.

Whenβ is sufficiently small, the particle will take longer to reachthe detectors (especially those far
from the interaction point) and hits may be assigned a wrong BCID and thus not be read-out. Figure 14
shows the efficiency with which slepton hits in the muon trigger chambers are associated to the correct
bunch crossing as a function ofβ . This figure was produced using the singleτ̃ events described above.
It can be seen that efficiency drops sharply belowβ = 0.8(0.7) in the endcap (barrel). In order to find
particles withβ < 0.7 (β < 0.6) in the endcap (barrel), ATLAS must collect hits from the following
bunch crossing (BC). Fortunately the MDT chambers collect data over a 700 ns interval, and thus hits
from many BCs will be present. The RPC and TGC data acquisition can be set up to read out data from
±7 and±1 BCs around the triggered BC respectively. The option to read out the information about extra
BC, which was originally intended for debugging, must be switched on during routine ATLAS operation
if we want to increase our efficiency for long-lived charged particles.
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Figure 14: The efficiency, as a function ofβ , for all slepton hits in the muon trigger chambers to be
included in the same BC with fast particles, for the barrel (right)and the endcap (left).

The hits from a slow particle may fall outside the correct BC,either for all trigger stations (e.g. if the
particle is very slow and the trigger was produced by anotherfeature in the event) or hits in the low-pT

stations in the barrel may arrive in the correct BC, but the hits in the outer station may be late. In such a
case, even if thepT of the particle was high, it would produce a lowpT trigger.
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Table 15: The L1 trigger efficiencies for GMSB5 simulated events for items from the trigger menu for
L = 1033cm−2s−1. The description of the trigger items is in [42]

Trigger label Description & Efficiency in GMSB5

MU40 95%
xE200 63%
EM25i 46%

In GMSB5 the two sleptons are produced with differentβ ’s, and since most of the sleptons have high
β , at least one of the two produced sleptons will haveβ > 0.7 in 99% of the events. The level-1 [49]
muon trigger efficiency in the correct BC is very high, eitherfrom a slepton with highβ , or from one of
the accompanying leptons. Table 15 shows the level-1 trigger efficiencies for GMSB5 events, based on
the Level-1 thresholds defined in the standard ATLAS menu fora luminosity of 1033.

Nevertheless, a lowβ slepton, one with good potential for a mass measurement, could arrive to the
muon spectrometer, or more likely the outer muon station, inthe next BC. In such a case the slow slepton
will not be found by the trigger, or be identified as a lowpT muon. In order to identify such a slow
particle muon trigger chamber data from the next BC has to be collected.

In Split SUSY, the gluinos are produced directly, and there are few other features in the event. There-
fore theRhadrons themselves must trigger the event. Since both of theRhadrons may be slow, the muon
trigger may correspond to the wrong BC for the central parts of the detector. As a result, other event
information such as that from the inner detector may be lost in the previous BC. This problem may be
solved by also collecting data from the previous BC in the inner detector, but the feasibility of doing this,
from the point of view of increased data volume, has not been investigated in this work. Additional data
from the calorimeter is not required in order to find long lived heavy charged particles.

5.3 A L2 trigger for heavy sleptons
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Figure 15: Theβ measured for sleptons in the barrel at L2 for different values of trueβ . The error bar
represents the fitted sigma of the measuredβ distribution.

At L2 [50], algorithms are activated based on the Region of Interest (RoI) identified at L1. Each
algorithm has a reconstruction stage which processes the data from the relevant parts of the subdetectors,
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and a hypothesis stage which makes the decision to keep or reject the reconstructed feature. L2 and the
Event Filter run in ”trigger chains” which define the order inwhich algorithms are called and the input
and output of each processing stage.

The role of the L2 muon trigger is to confirm muon candidates flagged by the L1 and to give more
precise physics quantities of the muon candidate.

The L2 muon selection is performed in two stages. The first stage is performed by the muFast
algorithm [51], which starts from a L1 muon RoI and reconstructs the muon in the spectrometer, giving
a newpT estimate. The hypothesis cuts on the estimatedpT are set so that 90% of the muons withpT

above the nominal threshold would pass the selection. The resulting trigger element is then passed to the
next algorithm.

Track finding in the inner-detector is performed based on theregion of interest found by muFast. The
muFast candidate and inner-detector tracks then pass to thenext algorithm, muComb, which matches an
inner-detector track to the muon spectrometer track and refines thepT estimate [50].

In the muon barrel, the excellent time resolution (about 3 ns) of the RPC allows measurements of the
time of flight (TOF). A method for finding the slepton and measuring its mass at L2 has been developed.
We will show that, in the barrel, a slow particle may already be selected effectively at L2. Figure 15
shows the mean value and error of theβ reconstructed at the L2 as a function of generatedβ . This figure
was produced using the singleτ̃ events described above.

A selection based only on theβ measurement would leave too many muons in the sample. At the hy-
pothesis stage, we select usingpT(candidate)> 40 GeV,β (candidate)< 0.97 andm(candidate)> 40 GeV.
The mass is calculated from the measuredβ and the candidate’s pT andη estimated by muFast. Fig-
ure 16 show the mass distribution of signal and background resulting from the selection for an integrated
luminosity of 500 pb−1. It can be seen that the signal to background ratio is alreadygood at the L2.

At a luminosity of 1033, a slow particle trigger without further trigger selectionwould produce a rate
lower than 1 Hz coming from muons. Further refinement of the slow particle selection using subsequent
muon trigger stages can reduce this rate to 0.2 Hz. The measurement ofβ for high pT muon candidates is
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Figure 16: Mass distribution of signal and background resulting from the L2 selection for an integrated
luminosity of 500 pb−1. The shaded area is the GMSB5 signal, the dashed line is the muon background,
and the full line is the sum.

already part of the standard ATLAS L2 program MuFast, and a program to make the selection described
above is part of the ATLAS L2 trigger.

Measuringβ in the muon spectrometer at the second level trigger could beparticularly useful forR
hadrons, which have a L2 trigger efficiency of about 50% for a mass of 300 GeV. The efficiency loss
comes mainly from events where theR hadron is neutral in the inner detector (and undergoes charge
exchange before the muon spectrometer), which then fail thesecond stage of the L2 trigger requiring
matching between the candidate found in the muon spectrometer and a track in the inner detector. An-
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Figure 17: The efficiency to reconstruct sleptons as muons asa function ofβ for two ATLAS muon
reconstruction packages.

other source of loss (probably less well simulated) is the assignment of inner detector hits from the
chargedR hadron to the incorrect bunch crossing.

If the R hadron is identified in the muon spectrometer as a slow particle candidate, it could be ac-
cepted without the requirement of a matching inner detectortrack. The slow particle selection at L2
results in an efficiency of 92% to select events withR hadrons in the barrel. The corresponding muon
rate is expected to be completely negligible since all muonshave an inner detector track.

The limitations of the L2 slow particle trigger should be noted. Firstly, this selection is performed
only in the barrel of the muon spectrometer, where the RPCs are the trigger chambers. The timing
information from the endcap is in BC granularity and cannot be used to measureβ . Secondly, a slow
particle which does not produce a RoI in the correct BC will not cause the muFast algorithm to be called,
and the selection will not be performed. Therefore, slow particles in the endcap, as well as very slow
sleptons in events triggered by other objects such as highpT leptons, can only be identified offline.

The final trigger decision in ATLAS is made in the event filter,which uses algorithms adapted from
the offline reconstruction. As will be shown in the next section, the standard muon reconstruction is
not efficient for slow particles; therefore many would be rejected at this stage. The combined trigger
efficiency of L2 and the event filter for sleptons with velocity β = 0.6 is 39%.

To avoid the efficiency loss at the event filter, a specific reconstruction algorithm for slow particles,
like the one we describe below for reconstruction, is being implemented at the event filter.

Slow particle candidates found at L2 that do not have a matching inner-detector track (such as charge
flippedR-hadron candidates) should be accepted without further event filter selection. This will increase
the combined trigger efficiency of the L2 and the event filter for Rhadrons with a mass of 300 GeV from
25% to 92% in the barrel. The muon rate for this selection is completely negligible since all muons have
an inner-detector track, but the effect of cavern background on this selection has not been studied yet.

5.4 Reconstruction of heavy sleptons with the current muon reconstruction packages

In the standard ATLAS reconstruction [52], stable sleptonsare expected to be reconstructed as muons.
The efficiency to reconstruct slow sleptons is compromised due to the following issues: muons are
reconstructed by forming track segments in the three stations of the Muon Spectrometer. Segments in
theφ direction are found using the trigger chamber data. The datamay not be collected if the hits from
a slepton are in the next bunch crossing instead of the collision BC. The lack of aφ segment hinders the
reconstruction of the precision segment inη using the MDT data. Furthermore, the radii of MDT hits
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are distorted by late arrival of the slepton and may not fit well to a segment.
The efficiency of reconstructing the slepton as a muon depends on the reconstruction technique.

Figure 17 shows the reconstruction efficiency for sleptons with the two ATLAS combined reconstruction
packages, Staco and Muid which are based on the muon standalone packages MuonBoy and MOORE
respectively. It can be seen that reconstruction efficiencystarts dropping sharply forβ < 0.8. This
indicates that special reconstruction techniques will be required for the slow particles. This is discussed
in the next subsection.

5.5 Identifying heavy long-lived particles at reconstruction

Estimating the velocity and mass in the event reconstruction allows us to identify heavy long lived
charged particles, as well as to avoid the efficiency losses suffered when reconstructing them as muons.
We do this with the MuGirl package [53], which enables us to select candidates also when the segment
reconstruction is imperfect. Offline, the velocity can be also determined using the MDTs, the ATLAS
precision muon chambers. In the MDT detectors, the hit position is obtained from the particle drift time.
The drift distance is calculated assuming the particle passed the chamber withβ = 1, which is wrong
for the slow slepton. Minimizing theχ2 of fit with respect to the time of arrival to the muon detectors
yields an estimate ofβ and of the particle mass. This information is combined with estimates ofβ from
the muon trigger chambers. Figure 18 shows theβ resolution and reconstructed mass of sleptons from
GMSB5 obtained from the reconstruction with MuGirl.
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Figure 18:β resolution and reconstructed mass for sleptons from the GMSB5 sample.

5.6 Conclusion of strategies for the long-lived heavy particle search

Heavy, long-lived charged particles can be discovered in ATLAS, should they exist. However, this can-
not be done effectively using the standard ATLAS muon reconstruction tools. Furthermore, much of
the discovery must be done before the analysis stage, in the data acquisition, high level trigger and re-
construction. We have added to the standard ATLAS software components which can identify sleptons
effectively.

The efficiency to discover slow long-lived charged particles depends on collecting extra data from
the bunch crossing following the one in which the interaction occurred. This is most important for data
from the muon trigger chambers, where this possibility is included in the data acquisition design.

For the GMSB5 model, discovery would assured with low integrated luminosity, once the MDT and
RPC time calibrations are established. The discovery methods are largely independent of the model
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characteristics, with discovery for a given integrated luminosity depending primarily on the production
cross-section of the slow particles.

6 Search strategies forR hadrons at ATLAS

6.1 Introduction

The presence (or absence) of massive exotic stable hadrons will be an important observable in the search
for and quantification of any new physics processes seen at the LHC. Stable exotic coloured particles are
predicted in a range of SUSY scenarios (see, for example, Refs. [22–26, 31]). Such particles could be
copiously produced at the LHC and sensitivity to particle masses substantially beyond those excluded by
earlier collider searches (<∼200 GeV) [31] could be achieved at ATLAS even with rather modest amounts
of integrated luminosity (∼ 1fb−1). This section outlines a strategy for the detection of exotic massive,
long-lived hadrons (so-calledR hadrons) formed from either stable gluinos or stops (Rg̃ andRt̃ hadrons,
respectively). As described in section 2.1, theRg̃ hadrons (Rt̃ hadrons) are considered in the context of a
Split-SUSY (stop NLSP/gravitino LSP) scenario. Although this work is performed in the framework of
SUSY, the techniques presented here may be used in generic searches for stable heavy exotic hadrons.
As in the heavy lepton studies presented in section 4, this work relies on a signature of high-pT muon-
like track, although the distributions presented in this section provide a means of discriminating between
lepton and hadron hypotheses for any observed stable massive particle.

This section is organised as follows. First a description isgiven of the simulation ofR hadrons at
ATLAS, including both the event generation and scattering of R hadrons in matter. Final state observ-
ables associated withRg̃ andRt̃ hadrons are then presented and it is shown how it may be possible to
experimentally distinguish between these two types of particles should a discovery be made of stable
massive exotic hadrons. Finally, the discovery potential for Rg̃ andRt̃ hadrons is presented.

6.2 Physics and detector simulation

6.2.1 Event generation

The leading-order event generator PYTHIA [54] was used to produce samples of pair-produced gluino
and stop-antistop events for a range of gluino and stop masses, as summarised in Table 16. Production
mechanisms of stops and gluinos are illustrated in Figure 19, which shows leading-order Feynman dia-
grams. The effects of higher orders, which are important forthe jet selection used later in section 6.3.3,
are computed within PYTHIA using the parton shower technique.

The processes studied were selected such that they provide conservative estimates of likely rates at
the LHC, which depend principally on the mass of the heavy object under study and not other free SUSY
parameters.

For the gluino generation a Split-SUSY scenario was used in which squarks masses were set to
4 TeV. To ensure the results presented here are as model-independent as possible, only the PYTHIA
sub-processgg→ g̃g̃ was considered whilst neglecting the quark annihilation processqq̄→ g̃g̃, which is
sensitive to the squark mass. The former process is anyway the dominant production channel for gluino
masses up to∼ 1.5 TeV.

For the stable stop sample, the diagonal production of pairsof the lighter stop state (t̃1) were assumed
and the following sub-processes modelled:gg→ t̃1t̃1 qq̄→ t̃1t̃1. All sparticle masses except that of thet̃1
quark were set to 4 TeV although, at leading-order, the masses of other sparticles are not relevant for the
cross-section calculations [55].
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Table 16: Expected number of gluino and stop pair-production events for 1fb−1 of integrated luminosity
and the equivalent luminosity of signal samples.

sparticle Mass (GeV) Events/fb−1 L (fb−1)
g̃ 300 2.69×105 3.72×10−2

g̃ 600 4.84×103 2.07
g̃ 1000 138 72.5
g̃ 1300 16.4 610
g̃ 1600 2.12 4.72×103

g̃ 2000 0.230 4.35×104

t̃ 300 7.82×103 1.12
t̃ 600 1.76×102 35.2
t̃ 1000 6.4 1.5×103

g
g

~g
~g

q
q

~t
~t

g
g

~t
~t

1

Figure 19: Selection of leading-order processes illustrating the production of gluino and stop particles.

String fragmentation [56] was used to model the momenta of the R hadrons. A Peterson fragmenta-
tion function [57],

D(z) ∝
1
z
(1− 1

z
− εq̃g̃

1−z
)−2 , (2)

for which theε parameter for the heavy coloured object (εq̃g̃) has a value extrapolated from its value for
b-quarks (εq̃g̃/εb = m2

b/m2
q̃g̃) [58] was used to model the momentum distribution of theRhadron.

Following hadronisation, and based on calculations of the mass hierarchy of the lowest-lyingR-
hadron states [59], around 55% (40%) of the stableRg̃ (Rt̃) hadrons are predicted to have zero electric
charge. This difference arises principally due to the possible existence of gluino-gluon states, for which
the production probability is set to 10% here, and which are treated as mesons when propagating through
matter (Section 6.2.2).

To complement the signal samples, various background samples were used, each corresponding to
an integrated luminosity of at least∼ 1 fb−1. The generated and reconstructed number of events, and
the equivalent luminosity of each sample is given in Table 17. As the simulated trigger used for this
analysis requires a hard muon-like track, only events whichcould give rise to a highpT -muon (pT > 150
GeV) were simulated. The following processes were considered. Leading-order 2-to-2 QCD processes,
which include all quark flavours except top, and which differin the values of the internal matrix el-
ement cut-offs ( ˆpT ) were generated with PYTHIA, the predictions of which are denoted QCD when
discussed in section 6.3.2. In addition, backgrounds arising from diboson (HERWIG [40]) and single
boson (PYTHIA) production, denoted electroweak, were produced, again with matrix element cut-offs
in order to produce hard muons. A sample oftt̄ pair-production events, termed top, was also prepared
using the MC@NLO [60] program.
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Table 17: Background samples used in this work. The number ofgenerated and reconstructed events
are shown along with the equivalent integrated luminosity.Event weighting accounts for the non-integer
number of generated and reconstructedtt̄ events.

Sample Dataset ID Gen. EventsRec. Events L (fb−1)
QCD: (PYTHIA)
(140 GeV< p̂T < 280GeV) 5013 3.125×108 2572 0.98
(280GeV< p̂T < 560 GeV) 5014 2.5×107 4800 1.12
(560GeV< p̂T < 1120 GeV) 5015 3.5×105 738 1.01
(1120GeV< p̂T < 2240GeV) 5016 5×104 241 9.46
(2240GeV< p̂T 5017 1×104 42 442.29
Electroweak
ZZ (HERWIG) 5985 2.5×104 53 9.82
WW (HERWIG) 5986 2×104 50 1.21
WZ (HERWIG) 5987 1.5×104 29 2.32
Z→ µµ (PYTHIA) 5145 1.3×104 600 1.29
Z→ ττ (PYTHIA) 5106 3×103 108 9.94
W→ µν (PYTHIA) 5105 3×104 600 0.94
W→ τν (PYTHIA) 5146 3×104 120 7.82
Top
tt: (MC@NLO) 5200 1×106 4065.08 0.98

6.2.2 Simulation ofR-hadron scattering in matter

A model ofR-hadron scattering [61,62] recently implemented in Geant4[63] is used in this work. This is
an update of earlier work [59] which, in view of the inherent uncertainties associated with modelling such
processes, adopts a pragmatic approach in which the scattering rate is estimated with the geometric cross-
section and phase space arguments are used to predict the different 2-to-2 and 2-to-3 reactions. Other
approaches to modellingR-hadron scattering have been proposed, based on Regge phenomenology [24,
25, 64]. These yield predictions of energy loss and scattering cross-sections which are qualitatively
similar to those given by the model used here and any differences would not be expected to change the
conclusions of this paper.

The typical energy loss per interaction is predicted to be low (around several GeV [61]) since only the
light quarks within theR hadron should participate in interactions with matter, leaving the heavy squark
or gluino as a spectator. This implies that the fraction ofR hadrons which would be triggered (β>∼0.6,
see Section 6.3.1) and which would then be stopped during their traversal of the detector is negligible5.

In addition to energy loss, another feature ofR-hadron scattering, which has implications for experi-
mental searches, is the possibility of charge and baryon number exchange. Following repeated scattering
Rg̃ hadrons andRt̃ hadrons not containing an anti-stop should enter the muon system predominantly as
baryons. This is due to the occurence of meson-to-baryon conversion processes for which the inverse
reaction is suppressed [59]. Anti-baryons, however, wouldbe expected to quickly annihilate in matter
andRt̃ hadrons containing anti-stops would thus largely remain asmesons.

The material budget of the part of the ATLAS detector enclosed by the muon system varies as a
function of pseudorapidity between 11 and 21 interaction lengths [5,29], with the calorimeters providing
the largest contribution. It is estimated that aRg̃ hadron (Rt̃ hadron) will typically undergo 10-20 (7-15)

5Although it does not form a part of this work, the possibilityof observing the decay ofRhadrons which would be stopped
offers a promising and complementary means of searching forRhadrons at the LHC [65,66].
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nuclear interactions before reaching the muon system [62].The difference in scattering rates is due to the
smaller number of light valence quarks present inRt̃ hadrons. Owing to the large number of interactions
a substantial rate of events is thus expected in which aR hadron appears to possess different values of
the electric charge in the inner detector and muon system.

While such topologies represent a challenge for track reconstruction software, they also provide
observables useful for the discovery and characterisationof R hadrons, something which is explored in
section 6.3. For example, aRg̃ hadron can reverse the sign of its charge.Rt̃ hadrons [31] can only show
this behaviour in the case where an intermediate neutral state oscillates into its anti-particle [67,68]. Since
the expected rates of such are processes are essentially unconstrained by experimental limits on SUSY
scenarios, they are not included in the simulation used here. Instead, a conservative, zero oscillation
scenario is considered.

6.3 Event selection

6.3.1 Trigger

The selected level 1 trigger is themu6 trigger [29], which has been considered in previous studies of
R hadrons at ATLAS as the most promising trigger for this type of work [69]. This trigger is sensitive
to the ‘classic’ stable massive particle signature of a hightransverse momentum muon-like track. The
trigger efficiency after the level 2 selection for bothRg̃ andRt̃ hadrons falls from around 30% at masses
of several hundred GeV to around 20% at 2 TeV. The variation ofefficiency with mass is due to the
slowness of theR hadron. Here, we consider events in which aR-hadron track in the muon system
must be associated with the correct bunch crossing6. This leads to a rapid fall in efficiency forβ<∼0.6.
A gradual decrease in efficiency would therefore naively be expected for increasingR-hadron mass.
After including requirements that the event filter is passedand the muon-like track is well-reconstructed,
there is little mass-dependence in the overall efficiency for Rg̃ hadrons (around 10-15%) orRt̃ hadrons
(20-30%). This difference arises due to the stringent trackcuts in the event filter which, at low masses
(∼ 300 GeV) reject a substantial proportion of tracks which have reversed the sign of their charge, which,
as explained in section 6.2.2, occurs only forRg̃ hadrons. At higher masses, corresponding to higher
transverse momentum, the poorer momentum resolution allows more ‘charge flippers’ to pass. As shown
in section 6.3.3 this source of inefficiency has little effect on the discovery potential owing to the large
predicted cross-section for low massRg̃ hadrons. However, future work could involve the development
of triggers which do not rely on linked inner detector-muon chamber tracks. Should such a trigger
configuration be introduced which is based on themu40 [29] trigger at level 1, this could potentially
improve the overall efficiency by a factor of 2−3 for β>∼0.6.

6.3.2 R-hadron final state observables

Following the trigger selection, reconstructed final statequantities were used to selectR-hadron events
and suppress background. A number of variables are presented which were found to provide discrimi-
nation betweenR-hadron and Standard Model background processes. Since observables associated with
Rg̃ hadrons andRt̃ hadrons are mostly very similar, generally only theRg̃-hadron spectra are presented
in this section. Where there is a substantial difference in the spectra of the two particle species, separate
distributions are shown.

Figure 20 shows the expected transverse momenta distributions, dn
dpT

, of muon-like tracks inRg̃ and

Rt̃-hadron events, for an integrated luminosity of 1fb−1. Distributions from background events are also
shown. As expected, theR-hadron spectra become harder with larger mass, extending up to∼ 1 TeV at
the largest mass values, while the background events are comparatively softer.

6Section 5 explores possibilities of probing the lowerβ region
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Figure 20: Distributions of transverse momentadn
dpT

of hard tracks (pT > 50 GeV) as reconstructed in
the ID (left) and muon (right) system. The top, middle, and bottom plots show tracks fromRg̃, Rt̃ , and
background events, respectively. As labelled,R-hadron spectra are scaled according toR-hadron mass.
The spectra correspond to an equivalent integrated luminosity of 1fb−1.

The ratio of high and low thresholdHT/LT TRT hit multiplicities is shown in Fig 21 (top left) for
Rg̃ hadrons of mass 1000 GeV and muon candidates from backgroundevents. The different thresholds
correspond to low (∼ 200 eV) and high (∼ 6.5 keV) amounts recorded of ionisation energy for a hit.
Owing to the large mass and restrictedβ range the simulatedR-hadron data peak at lower values of
HT/LT than the background tracks.

SinceR hadrons will typically suffer only several GeV energy loss per interaction through scatter-
ing in the calorimeter, it is unlikely they will be associated with a hard calorimeter jet. Figure 21 (top
right) shows the distanceR= (∆η2 + ∆φ2)1/2 between aRg̃-hadron track and a jet (defined with thekT

algorithm) with pT > 100 GeV. Clearly for theR hadrons, the spectrum is typically larger than around
1, unlike the background sources which peak at lower values.The QCD background peaks around zero
since a large proportion of muons in this sample are producedin the decay of heavy quarks. The top
distribution peaks at values around 0.4 reflecting the higher jet multiplicity in such events compared to
R-hadron events. The distribution is not shown for the electroweak backgrounds owing to the statisti-
cal imprecision of the Monte Sample sample (very few events with high pT jets arise in the selected
kinematic region under study here).

In a leading-order picture,Rhadrons will be produced approximately back-to-back, unlike a number
of background sources, as can be seen in Figure 21 (bottom left), which shows the cosine of the angle
between twoRg̃-hadron candidates which both leave hard tracks in the muon system(cos∆Φµ ,µ); the
Rg̃-hadron sample peaks strongly at (cos∆Φµ ,µ)∼−1. Figure 21 (bottom right) shows the distribution of
the cosine of the angle between hard tracks in the inner detector and muon system(cos∆ΦID,µ), which,
for pair production events, would be expected to display peaks at∼±1.

As described in section 6.2.2, charge exchange processes can give rise to events in which a linked
track is assigned different values of electric charge in theinner detector and muon systems. This is
shown in Figure 22 which shows the variableqID pT,ID

qµ pTµ
, whereqID ,qµ , pT,ID , andpTµ are the charge as

reconstructed in the inner detector and muon system, and thereconstructed transverse momentum in
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Figure 21: Ratio of the number of high to low threshold hits inthe TRT (top left); distance between a
R-hadron candidate and a jet (top right); cosine of the angle between two highpT tracks in the muon
system (bottom left); and cosine of the angle between highpT tracks in the ID and muon systems (bottom
right). Distributions are shown forRg̃ hadrons of mass 1000 GeV and three background sources.

the inner detector and muon system, respectively. The gluino distributions show a two peak structure,
with the peak at negative values ofqID pT,ID

qµ pTµ
arising from charge ‘flipping’ processes.Rt̃-hadron spectra

indicate a very small rate (several per cent) of candidates with oppositely signed charge in the muon
and ID systems which is due to charge misidentification in themuon and ID systems. Both the stop
and gluino distributions become broader with increasing mass; this reflects the commensurate increase
in pT and hence degraded resolution of the tracking systems, which has the effect of allowing a greater
proportion of charge-‘flipping’Rg̃ hadrons to satisfy the event filter.
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Figure 22: Distributions ofqID pT,ID

qµ pTµ
for Rg̃ (left) andRt̃ hadrons (right). Predictions for a range ofR-hadron

masses are shown.

6.3.3 R-hadron selection criteria

Using the information presented in section 6.3.2R-hadron selection criteria were developed following an
optimisation procedure [62]. First, no hard muon-like track (pT > 250 GeV) can come within a distance
R< 0.36 of a hard jet (pT > 100 GeV). Furthermore a candidateR hadron must satisfy at least one of
the following conditions listed below. For consistency thesame selection is applied both forRg̃ and
Rt̃ hadrons though criteria 3-4 are only relevant forRg̃ hadrons. However, these have a negligible impact
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on the study of the stop discovery potential.

1. The event contains at least one hard muon track with no linked inner detector track. A linked track
is defined such that the distanceR = (∆η2 + ∆φ2)1/2 between the measurements in the ID and
muon systems is less than 0.1.

2. The event contains two hard back-to-back ID tracks with the TRT hit distribution satisfyingHT/LT <
0.05. A back-to-back configuration is defined such that the cosine of the angle between the two
muon tracks is less than -0.85.

3. The event contains two hard back-to-back (as defined above) like-sign muon tracks.

4. The event contains at least one hard muon track with a hard matching ID track of opposite charge
fulfilling the conditionpT,ID > 0.5pTµ .

Table 18 shows the acceptance numbers and rates for the various samples. It can be seen that for
R-hadron masses below 1 TeV ATLAS opens up a discovery window with integrated luminosity of the
order of 1 fb−1. For masses above 1 TeV the rate of signal events is small, andis comparable to the
expected background rate, so even discovery would be challenging even with larger data-sets.

Table 18: Number of events selected for the given samples. Background samples not mentioned here are
rejected by the selection.

Sample Accepted events Rate (Events / fb−1)
300 GeV gluino 235 6.44×103

600 GeV gluino 551 2.70×103

1000 GeV gluino 774 10.7
1300 GeV gluino 732 1.20
1600 GeV gluino 685 0.147
2000 GeV gluino 546 1.26×10−2

300 GeV stop 78 70.0
600 GeV stop 134 3.9
1000 GeV stop 170 0.1
J5 1 0.893
J8 1 2.26×10−3

Z→ µµ 1 0.776

6.4 Conclusion ofR-hadron search strategies

Stable massive exotic hadrons (R hadrons) are predicted in a number of SUSY scenarios. By exploiting
the signature of a hard penetrating particle which may undergo charge exchange in the calorimeter and
seemingly does not fall within a jet, ATLAS will be able to discoverR hadrons for masses below 1 TeV
with relatively low amounts of integrated luminosity (∼ 1fb−1).

7 Conclusion

Search strategies at ATLAS have been developed for a range ofsignatures of new physics processes
expected within SUSY models. Studies were made of high transverse momentum photons, which may or
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may not have been produced at the primary collision point, and of slow moving stable massive interacting
particles (sleptons andR-hadrons).

It was shown that with early LHC data, corresponding to an integrated luminosity of around 1fb−1,
ATLAS opens up a discovery window for those SUSY scenarios giving rise to the aforementioned sig-
natures. Although the studies were performed within the framework of SUSY, the techniques used can
be applied to generic searches for physics beyond the Standard Model.
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Dilepton Resonances at High Mass
Abstract
We present the discovery potential of a heavy new resonance decaying into a
pair of leptons with early LHC data with the ATLAS detector. The dilepton
final states are robust channels to analyze because of the simplicity of the event
topology. The unprecedented available center-of-mass energy will allow one
to probe regions that are inaccessible at previous experiments even with mod-
est amounts of data. After studying the Standard Model predictions and the
associated uncertainties one can then look for significant deviations as indica-
tion of beyond the Standard Model physics (BSM). The focus of the note is
to study the prospects for discovering BSM physics in the dilepton final states
with an integrated luminosity ranging from 100 pb−1 to 10 fb−1.

1 Introduction

New heavy states forming a narrow resonance decaying into opposite sign dileptons are predicted in
many extensions of the Standard Model: grand unified theories, Technicolor, little Higgs models, and
models including extra dimensions [1–4]. The discovery of a new heavy resonance would open a new era
in our understanding of elementary particles and their interactions. Because of the historic importance
of the dilepton channel as a discovery channel and the simplicity of the final state, these channels will
be very important to study with early ATLAS data. The strictest direct limits on the existence of heavy
neutral particles are from direct searches at the Tevatron [5–7]; the highest excluded mass is currently
almost 1 TeV. The LHC will have a center-of-mass energy of 14 TeV which should ultimately increase
the search reach for new heavy particles to the 5 - 6 TeV range. Many exotic models can be tested at the
LHC, but analyzing all the existing models is impossible. Instead we choose to take a different approach,
grouping the early-data analysis by their final state topologies. There have been several other ATLAS
studies evaluating the potential for discovery of a heavy resonance [8]. However, this is the first study
to include full trigger simulation, misalignments, and data driven methods. Including these experimental
issues is important to realistically estimate the analysis potential. We focus on the early data phase of the
experiment, defined roughly to include the accumulation of up to 10 fb−1 of ATLAS data.

In the remaining of this introduction, the investigated models are reviewed. In sections 2 and 3,
we explore the detector performance concerning the electron, muon and tau reconstruction abilities at
high energies and the corresponding trigger efficiencies. In section 4 we investigate the Standard Model
predictions and associated uncertainties, as well as the signal cross-section. In section 5, we proceed to
search for Exotic resonances.

1.1 Models Predicting a Z′

Several models [1,3] predict the existence of additional neutral gauge bosons. In particular, grand unified
theories, as well as “little Higgs” models, predict their existence as a manifestation of an extended sym-
metry group. Generically, there are no predictions for the mass of these particles. Since the experimental
consequences are very similar in the dilepton final state, we examine only some representative models:
the Sequential Standard Model (SSM)1, the E6 and the Left-Right Symmetric models [9]. The partial
width of the Z′ boson is given by Γ(Z′→ `+`−)≈ [(gR

` )2 +(gL
` )

2] mZ′
24π where gR

` and gL
` are the right and

left handed couplings of the charged leptons to the Z′ boson and mZ′ is the mass of the Z′ boson. For

1The Sequential Standard Model includes a new heavy gauge boson with exactly the same couplings to the quarks and
leptons as the Standard Model Z boson.
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Z′ Model Indirect Searches (GeV) Direct Searches (GeV)
e+e− Colliders p+p− Colliders

Z′χ 680 781 864
Z′ψ 481 366 853
Z′η 619 515 933

Z′LRSM 804 518 –
Z′SSM 1787 1018 966

Table 1: 95% C.L. limits on various Z′ models.

the masses and couplings considered here the natural width is typically around 1% of the mass of the
resonance.

The strictest limits from direct searches come from the D0 and CDF experiments at the Tevatron [5–
7]. Indirect searches have also been undertaken by the LEP experiments [10]. The direct limits range
from several hundred GeV to approximately 1 TeV and are shown in Table 1. These limits are not
expected to improve much beyond 1 TeV [11]. It should be noted that for models where the Z′ couples
preferentially to the third generation the limits are lower, therefore we consider it important to look at a
lower invariant mass region in this channel.

1.2 Randall-Sundrum Graviton

The Randall-Sundrum model [4] addresses the hierarchy problem by adding one extra-dimension linking
two branes, the Standard Model brane and the Planck brane. The hierarchy is solved by assuming for the
fifth dimension a warped geometry in which the size of the ordinary coordinates decreases exponentially
from the Planck scale to the TeV scale. The Randall-Sundrum model predicts the existence of a tower
of Kaluza-Klein excitations of the graviton. These should be observable as resonances which decay into
lepton pairs at the LHC. The current limits depend on the parameters of the model, and range from several
hundred GeV to one TeV [5]. We consider the observability of a Randall-Sundrum graviton decaying into
electron pairs. The width of the graviton resonance would be very small. For the parameters considered
here it ranges from 10−4 to a few 10−3 times the mass.

1.3 Technicolor

Strongly interacting theories, like Technicolor and Extended Technicolor, provide a dynamical solution
to the problem of Electroweak Symmetry Breaking. Many new technifermions which are bound together
by a QCD-like force are predicted. One of the most promising search channels is the dilepton decay
of the ρTC and ωTC. We study the “Technicolor Strawman Model” or TCSM [12, 13] as a benchmark
model for generic strongly interacting theories. The most stringent limits on technihadrons in the TCSM
framework come from the CDF collaboration, who rules out ρTC and ωTC with masses below 280 GeV
for a particular choice of the TCSM parameters [14]. The width of the techni-mesons depends on the
number of technicolors, but is generally assumed to be small, of the order of a few percent of their mass.
More details on the exact values of the parameters considered are discussed in a later section.

2 Object Identification and Performance

This section describes the requirements used to select objects for the analyses and summarizes findings on
the performance using Monte Carlo simulations of the production and decay of new dilepton resonances.

2
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2.1 Electron Identification

The electron identification and performance is described in detail elsewhere [15]; here we summarize
the results concerning very high transverse momentum2 (pT ). electron identification and reconstruction.
The background to very high pT electron pairs is expected to be low, therefore only minimal selection
criteria need to be applied, in order to maximize efficiency. These minimal criteria are called loose. On
the other hand, when trying to select very high pT τ lepton pairs, where one τ decays hadronically, a
tighter selection on the electron from the other τ decay is needed.

On top of the minimal requirements that the reconstructed clusters should have an absolute pseudo-
rapidity (η) less than 2.5 and should be associated with a track reconstructed in the inner detector, two
electron selections were studied (both described in detail in [15]):

• A loose selection based on hadronic leakage and shower shape variables. This selection achieves
very high efficiency while maintaining rejection against highly energetic pions with wide showers.

• A medium selection, which makes further requirements to obtain better rejection against π0→ γγ
background by exploiting the very fine granularity of the first compartment of the electromagnetic
calorimeter, and tighter requirements on the associated track.

Figure 1 shows the reconstruction efficiency together with the efficiency of the two selections in a
sample Z′→ e+e− events with mZ′ = 1 TeV as a function of transverse momentum and pseudo-rapidity,
normalized to truth electrons with pT greater than 50 GeV and |η | smaller than 2.5. The efficiency of the
reconstruction is dominated by the efficiency of the cluster to track association and is on average slightly
below 80%. It must be noted that this efficiency has improved in the more recent software version used
in [15]. The loose selection criteria have a relative efficiency close to 1, whereas the medium selection
leads to an overall average efficiency between 65% and 70%.

The energy resolution for electrons at high pT is about 1% except in the crack region between the
forward and central calorimeters where the resolution is about 5% . The probability to assign the wrong
charge to an electron ranges from 1% to at most 5% as the transverse momentum goes from 100 GeV to
1 TeV [16]. For a 1 TeV Z′ a dielectron mass resolution of (0.80±0.02)% is obtained.

2.2 Muon Identification

Here we discuss the requirements used to select muons, as well as a method to extract the identification
efficiency from data. The ATLAS detector has an excellent standalone muon spectrometer: muon tracks
can be found both in the inner detector and the muon spectrometer. A “combined” muon track consists
in matched tracks from both the muon spectrometer and inner detector. We require that a muon, with
pT ≥ 30 GeV,

• forms a combined track (inner detector and muon spectrometer) with |η | ≤ 2.5,

• has a match χ2 < 100.0 (5 D.O.F) between the parameters of the inner detector and muon spec-
trometer tracks.

The muons in the 1 TeV Z′ sample have a most probable pT of about 500 GeV. An efficiency of (95 ±
0.2)% with a resolution of approximately 5% is found with this selection. The results are consistent with
previous studies [17, 18].

The muon identification efficiency as a function of pT has been determined using two methods. The
first method is the ’tag and probe’ method, which has been used successfully at the Tevatron. In this
method one uses a ’standard candle’ as an in situ calibration point. It involves selecting Z→ µµ events

2The transverse momentum is defined as the momentum projected on the plane transverse to the beam axis.

3

EXOTICS – DILEPTON RESONANCES AT HIGH MASS

4

1698



 (GeV)Tp
200 400 600 800 1000

E
ff

ic
ie

n
cy

0

0.2

0.4

0.6

0.8

1 ATLAS

Reconstructed electron
Loose selection
Medium selection

|η|
0 1 2

E
ff
ic
ie
n
cy

0

0.2

0.4

0.6

0.8

1 ATLAS

Reconstructed electron
Loose selection
Medium selection

Figure 1: Efficiency of the loose and medium selection criteria in Z′ → e+e− events with mZ′ = 1 TeV as
a function of pT (left) and η (right). The reconstruction efficiency is normalized to truth electrons inside the
geometrical acceptance |η |< 2.5 and with pT > 50 GeV.

and evaluating the reconstruction efficiency from data on these events. One combined muon is used as
the tag while an inner detector track is used as a probe track. One can then study how often the probe
muon also has a combined track to get an unbiased measurement of the combined muon reconstruction
efficiency. The reconstruction efficiency was measured by fitting to the dimuon invariant mass spectrum
and finding the fraction of events where the probe track was found as a combined track. A comparison
between this tag and probe method and Monte Carlo truth is shown in Fig. 2. The Monte Carlo truth
efficiency is determined by counting the number of generated muons with successfully reconstructed
inner detector tracks that also have a combined muon track. This study demonstrates that we should be
able to use this method to extrapolate into the very high pT range.

2.3 Tau Identification

The algorithm to reconstruct hadronically decaying τ lepton candidates is described in [19]. It is
calorimeter based; it starts from a reconstructed cluster with a transverse energy3 ET > 15 GeV and
then builds identification variables based on information both from the electromagnetic and hadronic
calorimeters, as well as the inner tracker. Finally, an electron and a muon veto are applied, which means
that hadronically decaying τ candidates which are matched (which “overlap”) with an identified electron
or muon are removed.

The reconstruction efficiency, defined as the probability of a true hadronically decaying τ to be
reconstructed as a cluster, and normalized to all true hadronically decaying τ leptons with ET >15 GeV
inside the η acceptance, is flat as a function of η and φ . The average efficiencies are summarized in
Table 2. Efficiencies for electron and muon vetoes are given with respect to all reconstructed τ leptons.

A likelihood is computed for each τ candidate. The τ likelihood combines information from the
calorimeter describing the shower shape and tracking information in a multivariate likelihood to maxi-
mize the discrimination from background. Detailed studies were done to optimize the τ lepton efficiency

3The transverse energy is defined as the energy multiplied by sinθ , where θ is the angle between the beam axis and the
direction from the interaction point to the cluster.
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Figure 2: Efficiency of muon reconstruction and identification as a function of pT from two different
methods (see text).

Events in |η | ≤ 2.5 (87.1 ± 0.1) %
Events in |η | ≤ 2.5 AND ET >15 GeV (85.6 ± 0.2) %
Reconstruction (98.8 ± 0.1) %
Electron veto (99.3 ± 0.1) %
Muon veto (99.9 ± 0.0) %

Table 2: Reconstruction efficiency, efficiency of e/µ-τ-jet overlap removal for hadronically decaying τ
leptons from Z′ boson decays. The efficiencies for kinematic requirements are also given.
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Requirement Efficiency (%)
ET > 60 GeV 89.8 ± 0.2

AND 1≤ Ntrk ≤3 79.2 ± 0.3
AND likelihood requirement 51.0 ± 0.3

Table 3: Preselection and identification efficiency for Z′→ ττ (m = 600 GeV). Efficiency is given with respect to
reconstructed hadronically decaying τ leptons (after removal of overlap with electrons or muons).

and jet rejection for the Z′ boson search. The result (shown in Table 3) was to impose a pT -dependent
likelihood requirement, a requirement on the number of tracks, and a requirement on the transverse
energy.

3 Trigger

The aim of the trigger system is to reduce the rate of events flowing through the data acquisition to 200
Hz while maintaining a highly efficient selection for rare signal processes. Even at the initial luminosity
of L = 1031 cm−2s−1, it will be a challenge to keep the trigger highly efficient for all important final
states. Several detailed trigger studies were undertaken for the dilepton final state. In this section we
summarize those results.

3.1 Electron Triggers

There are several proposed triggers which in principle can be used for the dielectron analysis. We studied
four triggers: e55 - requiring one electron with pT ≥ 60 GeV, e22i - requiring one isolated electron with
pT ≥ 25 GeV, 2e12 - requiring two electrons with pT ≥ 15 GeV, and 2e12i - requiring two isolated
electrons with pT ≥ 15 GeV.

Table 4 shows the efficiency at the three ATLAS trigger levels [20]: level 1 (L1), level 2 (L2), and
the event filter (EF) for a sample of graviton events. As can be seen in this table, the most efficient
triggers are the high pT triggers that do not require isolation. The low pT triggers (2e12, 2e12i) will
not be considered any further.

Signature Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
e55 99.9±0.0 95.9±0.2 94.6±0.3 90.8±0.3
e22i 85.9±0.3 96.4±0.4 83.9±0.3 80.9±0.4
2e12 99.9±0.1 84.9±0.5 85.5±0.3 72.6±0.6
2e12i 59.1±0.7 86.1±0.7 86.2±0.3 43.9±0.7

Table 4: Trigger level efficiencies on G→e+e−(m = 500GeV) events with respect to loose electron offline selec-
tion. The last column shows the overall trigger efficiency after all levels.

3.2 Muon Triggers

For the dimuon channel we investigated the trigger efficiency for dimuon events using the single muon
20 GeV pT trigger mu20 [20] . Results for various signal samples are shown in Table 5. Detailed studies
on ways to estimate the trigger efficiency were carried out and presented in [21]. It was found that a tag
and probe method, similar to the method described for the offline muon reconstruction, could be used to
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Sample mu20 Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
m = 400 GeV ρT /ωT 97.6 ± 0.1 98.8 ± 0.1 99.5 ± 0.1 96.0 ± 0.1
m = 600 GeV ρT /ωT 98.1 ± 0.1 98.5 ± 0.1 99.2 ± 0.1 95.9 ± 0.1
m = 800 GeV ρT /ωT 97.6 ± 0.1 98.7 ± 0.1 99.2 ± 0.1 95.6 ± 0.1
m = 1 TeV ρT /ωT 97.6 ± 0.1 98.7 ± 0.1 99.2 ± 0.1 95.6 ± 0.1
m = 1 TeV Z′χ 97.8 ± 0.1 98.9 ± 0.1 99.5 ± 0.0 96.3 ± 0.1
m = 2 TeV Z′SSM 97.6 ± 0.1 98.7 ± 0.1 98.9 ± 0.1 95.3 ± 0.2

Table 5: Simulated trigger level efficiencies of dimuon resonance samples with respect to offline selec-
tion. The last column shows the overall trigger efficiency after all levels.

extrapolate Z→ µµ results to high pT . In addition, efficiencies were obtained using orthogonal triggers,
giving a sample which was minimally biased with respect to the muon triggers. It was found in [21] that
these estimates agreed with both the tag and probe method and the results from the simulated samples
shown here. As can be seen from Table 5 the single muon triggers are highly efficient for any of our
signal samples with a total trigger efficiency around 95%.

3.3 Triggers for Taus

The τ lepton decays to hadronic states in 65% of the cases, and the rest of the time to lighter leptons (e or
µ). In our studies of ditau final states we select events triggered with a single lepton (e/µ) trigger. Thus,
we consider two true final states, which we denote eτh and µτh.

For the eτh channel we consider two triggers: e22i and e55, as studied in section 3.1. The µτh
events are selected using the mu20 trigger already used in section 3.2. Note that the efficiencies shown
here are lower than for the dimuon or dielectron channel. This arises because there is only one electron or
muon in the final state considered here while in the dielectron or dimuon final state either electron/muon
can satisfy trigger requirements. Table 6 summarizes the trigger efficiencies.

Signature Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
e22i 85.2 ±0.5 89.8 ±0.4 90.2 ±0.3 69.1 ±0.6
e55 90.0 ±0.3 74.2 ±0.4 78.7 ±0.6 52.6 ±0.8
e22i or e55 96.7 ±0.1 88.7 ±0.4 88.9 ±0.3 75.5 ±0.5
mu20 79.8 ±0.6 90.7 ±0.4 97.5 ±0.4 70.6 ±0.5

Table 6: Trigger level efficiencies for different triggers for τ leptons from m = 600 GeV Z′ bosons
decaying to eτh and µτh final states with respect to offline selection. The last column shows the overall
trigger efficiency after all levels.

4 Standard Model Predictions and Other Sources of Systematic Uncer-
tainties

In this section, we investigate the main background sources and we show the dominance of the neutral
Drell-Yan process. Then we investigate the uncertainties in the Standard Model predictions for Drell-Yan
production, as well as for an extra neutral gauge boson. Finally, we discuss the experimental sources of
uncertainties, including a dedicated study of the effect of the muon spectrometer alignment.
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4.1 Background Sources

The neutral Drell-Yan (DY) process constitutes the irreducible background in the search for new heavy
dilepton resonances.

The dielectron reducible background results from events in which one or two electrons come from
the jet→electron or photon→electron contamination. In addition, true isolated electrons can produced
by W → eν or Z → ee decays. By combining these effects in the dielectron case, one can list the re-
ducible background sources: inclusive jets, W+jets, W+photon, Z+jets, Z+photon, photon+jet and pho-
ton+photon. For a first estimation of these backgrounds, we have used the event generator PYTHIA [22]
to compute the differential cross-sections as a function of the invariant mass of the object pair. The re-
sults are shown on the left of Fig. 3. The neutral Drell-Yan process has a much lower cross-section than
most of the backgrounds. For each electron-candidate leg originating from a jet (photon), we then apply
a rejection factor4 of Re− jet = 4×103 (Re−γ = 10) [15]. We apply an additional requirement to take into
account the geometrical acceptance in which the electrons are identified, i.e. |η | < 2.5, and require at
least one object with pT ≥ 65 GeV. The resulting differential cross-sections are shown on the right of
Fig. 3. One can see that each contribution represents at most 25% of the neutral Drell-Yan process. The
sum of all contributions does not exceed 30%. Both the transverse momentum and the rapidity require-
ments play an important role in reducing the QCD-jet background because it is produced mainly in the
t-channel resulting in jets with high rapidities. Further reduction of these backgrounds may be obtained
by requiring opposite electric charges.

The WW , WZ, ZZ and top pair processes can also produce two opposite sign electrons. Whereas
the cross-sections of the diboson processes are of the same order as the smallest backgrounds above,
the top pair cross-section is not negligible. As the topology of the events is not as simple as in the
above backgrounds, no conclusion can be drawn without a full simulation study. Using a sample of fully
leptonic and semi-leptonic tt̄ events, it was checked that the tt̄ background was of the order of 10% of
the Drell-Yan contribution for di-object masses above 500 GeV after applying electron identification and
the same rejection factor as above to the most energetic jet.

M (GeV)
500 1000 1500 2000 2500 3000

]
-1

/d
m

 [f
b 

G
eV

σd

-310

-210

-110

1

10

210

310

410

510

610

710

jj            

      γj+

W+j           

Z+j           

 γ+γ

      γW+

DY            

      γZ+

M (GeV)
500 1000 1500 2000 2500 3000

]
-1

/d
m

 [f
b 

G
eV

σd

-510

-410

-310

-210

-110

DY            

jj            

      γW+

 γ+γ

W+j           

      γj+

      γZ+

Z+j           

Figure 3: Background contribution to the e+e− invariant mass spectrum: before selection requirements (left) and
after selection requirements (right).

4This number is given for the medium selection while the loose selection was used here. However, this corresponds to an
efficiency of (80.6± 0.2)%, which is higher than our average efficiency using loose criteria, due to the better performance of
the more recent release used in [15].
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The rejection factors µ-jet and µ-photon are higher than the ones corresponding to the electrons and
the resulting reducible backgrounds are lower.

All these assumptions will have to be checked with the real data. One can use for instance electron-
muon or same charge samples, in which no signal is expected.

In the following, only the neutral Drell-Yan is considered as a source of background in the dilepton
channel. The ditau case is treated later.

4.2 Controlling the Dilepton Cross-Section

The background estimations in the last section were performed with the PYTHIA event generator which
uses tree-level calculations of the cross-sections. The tree-level dilepton cross-sections are subject to
large higher order electroweak and QCD corrections. These are known at least to next-to-leading order
(NLO) of perturbation theory, not only for the Standard Model Drell-Yan process, but also for a number
of new physics processes. They have the additional benefit of reducing the uncertainty induced by the a
priori unknown renormalization and factorization scales µR,F . In the following, we discuss in detail the
various known radiative corrections and the remaining theoretical uncertainties, focusing on the Standard
Model Drell-Yan process and the corrections to the tree-level cross-section.

4.2.1 NLO Electroweak Corrections

The electroweak corrections to the Drell-Yan process are known to NLO in the fine-structure constant
α [23, 24]. Initial-state photon radiation must be factorized into the parton density functions (PDFs),
which in principle modifies the DGLAP evolution of quarks and gluons, but has in practice little effect
on the quality of the global fit [25]. Only at very large x and µ2

F can the correction become of the order
of 1%. Multiple initial-state photon emission can also be resummed, leading to a 0.3% modification of
the cross-section [26], or matched to parton showers [27]. The remaining initial-state QED contributions
are also small, whereas the photon radiation emitted by the final state leptons can have a significant
impact on their mass (M) and transverse momentum spectra as well as the forward-backward asymmetry
AFB [28].

In the vector-boson resonance region(s) these and the universal parts of the weak corrections, which
can amount to +80 (+40) % for muon (electron) pairs below and −18 (−10) % above the resonance,
can be taken into account by using a running value of α(M2) or, more generally, effective vector and
axial vector couplings in the Effective Born Approximation. The corrections are then reduced to +6
(+2) % for muon (electron) pairs below and +1 (< +1) % above the resonance. While the presence of
new physics can modify the running of the weak parameters, the QED corrections remain unaffected.

The electroweak corrections coming from non-factorisable box diagrams with double-boson ex-
change are small in the Z (and Z′) resonance region(s), but they can be quite large away from these
resonances (−4 to −16 % for electron pairs, −12 to −38 % for muon pairs of invariant mass 300 GeV
to 2 TeV at the LHC, see Fig. 4).

4.2.2 NLO QCD Corrections

The QCD corrections to the Standard Model Drell-Yan process are known at NLO [29] and next-to-
next-to-leading order (NNLO) [30,31] in the strong coupling constant αs. The latter include in principle
non-factorisable corrections through qq and gg initial states, which remain, however, smaller than 1% in
practice, even at small values of x, where the gluon density is large. The effects of multiple soft-gluon
radiation have been resummed simultaneously in the low-pT and high-mass (above 500 GeV) regions
at next-to-leading logarithmic (NLL) accuracy not only for Standard Model Z-bosons [32], but also for
Z′ bosons [33]. They were shown to be in good agreement with the NNLO result as well as the one
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Figure 4: NLO electroweak corrections in the high-mass region for Standard Model electron and muon
pair production at the LHC [23]. In the presence of a new resonance, these relative corrections would be
largely reduced (see text).

obtained by matching NLO QCD to parton showers in MC@NLO [33, 34]. In contrast, the match-
ing of tree-level matrix elements to parton showers in PYTHIA [22] requires the ad hoc application of
a (slightly) mass-dependent correction (K) factor and leads to an unsatisfactory description of the pT

spectrum. For resonant spin-2 graviton production, which involves not only color-triplet quark, but also
color-octet gluon initial states, the NLO QCD corrections are substantially larger (K ' 1.6) [35,36] than
those for Standard Model or extra neutral gauge bosons (K ' 1.26, see Fig. 5). In this case, the matching
of matrix elements to parton showers has only been performed at the tree-level [37], and resummation
has only been performed in the low-pT region [36].

While the NLO total cross-sections for vector bosons and gravitons still change substantially when
the renormalization and factorization scales are varied simultaneously around the resonance mass M by
a factor of two (±9%) [33,36], the scale uncertainty is reduced to the percent-level at NNLO [30,31] or,
alternatively, to +6 and −3 % after joint resummation at the NLL order [33].

The theoretical uncertainty coming from different parameterizations of parton densities is estimated
in Fig. 5 [33] for invariant masses above 500 GeV. Since the invariant mass of the lepton pair is corre-
lated with the momentum fractions of the partons in the external protons, the normalized mass spectra
(left) are indicative of the different shapes of the quark and gluon densities in the CTEQ6M5 parameter-
ization [38]. The latter also influence the transverse-momentum spectra (right). The shaded bands show
the uncertainty induced by variations, added in quadrature, along the 20 independent directions that span
the 90% confidence level of the data sets entering the CTEQ6 global fit [39]. With about ±5% at 1 TeV
(±11% at 3 TeV), the PDF uncertainty is slightly larger than the scale uncertainty [33, 40].

5CTEQ collaboration has recently proposed new sets of PDFs. Using them, both the central values and uncertainties may
change by several percents.
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Figure 5: Mass (left) and transverse-momentum (right) spectra after matching the NLO QCD corrections
to joint resummation with CTEQ6M parton densities. The mass spectra have been normalized to the LO
QCD prediction using CTEQ6L parton densities. The shaded bands indicate the deviations allowed by
the up and down variations along the 20 independent directions that span the 90% confidence level of the
data sets entering the CTEQ6 global fit.

The uncertainty at low transverse momenta coming from non-perturbative effects in the PDFs is usu-
ally parameterized with a Gaussian form factor describing the intrinsic transverse momentum of partons
in the proton. Three different parameterizations of this form factor have been proposed [41–43]. In
all three cases the transverse-momentum distribution is changed by less than +3 and −6 % for pT >
5 GeV [33].

Combining the three contributions (from the scales, the PDFs and the non-perturbative form factor),
the total theoretical QCD uncertainty is ±8.5% at 1 TeV, ±14% at 3 TeV. It must be noted that these
uncertainties are common to the signal (heavy resonance) and background (Standard Model Drell-Yan).

4.3 Effect of Muon Spectrometer Misalignment

At large pT (≥ 100 GeV), an important contribution to the muon momentum resolution is the alignment
of the muon spectrometer. In the early data period, the resolution is expected to be dominated by the
alignment. The ultimate goal of the alignment system is to determine the position of the chambers in the
muon spectrometer to about 40 µm and σrot(mrad) = 0.5σtrans(mm).

A detailed study was carried out in order to determine the effect of possible larger uncertainties in the
position of the chambers to the Z′ search. For the analysis, in addition to the ideal case of no misalignment
at all, we have chosen 7 different hypotheses of misalignment: (40µm,20µrad), corresponding to the
target value of the alignment system, (100 µm, 50 µrad), (200 µm, 100 µrad), (300 µm, 150 µrad),
(500 µm, 250 µrad), (700 µm, 350 µrad) and (1000 µm, 500 µrad). In the last two cases, the alignment
resolution is of the same order or greater than the track sagitta we want to measure.

As shown in Fig. 6, the dominant effect leading to a wash out of the signal is the resolution loss6. The

6The slight excess of events around 600 GeV is due to mis-reconstructed Z bosons. In later versions of the software, this
effect is not present anymore.
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loss of resolution due to misalignment will deteriorate our ability to determine the charge of the muon.
This was also studied as a function of the misalignment and is summarized in Table 7.
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Figure 6: Left: reconstructed invariant mass distribution of Drell-Yan events for different misalignment
hypotheses. The numbers corresponds to an integrated luminosity of 100 pb−1. Right: reconstructed
invariant mass of the Z′χ model for the seven misalignment scenarios.

Misalignment (µm) Ideal 40 100 200 300 500 700 1000
Relative efficiency 0.984 0.984 0.984 0.98 0.973 0.948 0.918 0.877

Table 7: Loss in signal efficiency due to the charge misidentification for seven misalignment hypotheses.

4.4 Other Systematic Uncertainties

Additional experimental systematic uncertainties must be taken into account, listed as follows:

• the uncertainty in the efficiency of object identification was assumed to be 5% for muons, 1% for
electrons, and 5% for τ leptons;

• the uncertainty in the energy scale was assumed to be 1% for muons, 1% for electrons, and 5% for
τ leptons;

• the uncertainty in the resolution of the objects is as follows: σ( 1
pT

) = 0.011
pT
⊕0.00017 for muons,

20 % for electrons, and 45% for τ leptons.

• the uncertainty in the luminosity was assumed to be 20% with an integrated luminosity of 100 pb−1

of data and 3% for 10 fb−1.

The effect of all the above on the discovery potential is discussed in the next section for individual
channels.
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5 Search for Exotic Physics

In this section we present the discovery potential for several resonant signatures in the early running of
ATLAS. We focus on the reach with an integrated luminosity of up to 10 fb−1 of data.

The statistical significance of an expected signal can be evaluated in several ways. The simplest
approach, “number counting” is based on the expected rate of events for the signal and background
processes. From these rates, and assuming Poisson statistics, one can determine the probability that
background fluctuations produce a signal-like result according to some estimator; e.g. the likelihood
ratio. In the “shape analysis” approach, a detailed knowledge of the expected spectrum of the signal and
background for one observable (like the invariant mass distribution for example) can be used to improve
the sensitivity of the search by treating each mass bin as an independent search channel, and combining
them accordingly.

The resulting sensitivity is in general higher in the shape analysis than the estimation given in the
number counting approach. In the shape analysis, the data is fitted or compared to two models: a
background-only model and a signal-plus-background model. These are also called “null hypothesis”,
noted H0 and “test hypothesis”, noted H1, respectively. The input signal and background shapes are
given to the fitting algorithms either as histograms in the non-parameterized approach [44] or as func-
tions in the parameterized approach. For each of the models, a likelihood or a χ2 distribution is computed
and the log of the ratio of the two likelihoods (LLR) or the difference of two χ2s are estimated and used
to compute the confidence levels. Either CLb = CLHO alone, or CLs = CLH1/CLH0 (in the “modified
frequentist approach” [44]) can then be used to compute the significance S:

S =
√

2×Er f−1(1−CLb) or S =
√

2×Er f−1(1− 1
CLs

) (1)

in the double tail convention7.
A convenient way to compute the LLR is to use the Fast Fourier Transform (FFT) method presented

in [45]. The advantage of this method is that it does not require the generation of millions of pseudo-
experiments needed for high significances and which can be time consuming. The sources of systematic
uncertainties can then be incorporated as nuisance parameters.

The above methods have been used to investigate the discovery potential of the Z′ boson in the
dilepton (e, µ , τ) channels, of the graviton in the dielectron channel, and of Technicolor in the dimuon
channel. This is presented in the following sections.

5.1 Background Estimation

As discussed in the previous section, neutral Drell-Yan production of lepton pairs is expected to be the
dominant background for all the analyses (but τ+τ−) and other contribution will be neglected here. Since
different techniques are used to estimate the signal significance we also treat the Drell-Yan background
in a few different but entirely consistent ways:

• In the “number counting” approach, we simply count the expected number of events under the
resonance peak from various background sources, including the Drell-Yan process.

• In the non-parameterized CLs method, we use the number and shape of the mass distribution by
producing a histogram for the background.

• For several analyses, we perform a fit to the Drell-Yan background parameterizing the shape which
allows to estimate the number of background events and extrapolate it to higher masses.

7In this convention, 1−CLb has to be lower than 2.87×10−7 to correspond to a 5σ significance.
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Each of these methods produces a complementary and consistent approach to estimating the main
background. When the Drell-Yan fit is needed, we parametrize the shape of the background by the for-
mula ae−bMc

, where M is the invariant mass of the lepton pair and a,b,c are parameters of the fit. Fits to
the Drell-Yan spectrum presented in section 4.2 suggest that the parameterization exp(−2.2M0.3) used
by [46] describes the background shape well. It is this one which is used in the Z′→ µµ , G→ ee and
technicolor analyses. In the Z′→ ee analysis, these parameters are allowed to vary in the individual en-
semble tests. The fit to the entire spectrum letting all parameters float is consistent with this prescription.

5.2 Z′→ ee Using a Parameterized Fit Approach

5.2.1 Event Selection

The selection of events with two electrons coming from a Z′ has been studied in samples of fully simu-
lated Z′χ → e+e− events with Z′ boson masses of 1, 2 and 3 TeV, corresponding respectively to integrated
luminosities of 21 fb−1, 204 fb−1 and 2392 fb−1.

The first requirement is that the two highest pT clusters in the event be in the geometrical acceptance.
The next requirement is that these clusters be associated with a track; its efficiency is 67% at 1 TeV and
decreases for higher masses. The third requirement is that these two reconstructed electron candidates
be identified as loose electrons. The relative efficiency of such a selection is at least 94% and increases
with invariant mass. The trigger studies have been normalized to events with two loose electrons. As
shown in section 3.1, the highest trigger efficiency is obtained with a non-isolated single electron trigger
(e55). Its efficiency is 90.8% per event. The last requirement is that the two electrons have opposite
electric charges. The requirement flow is presented in Table 8, where the events are counted in a window
of ±4 ΓZ′ around the center of the resonance. Although the opposite charge requirement is optional in
the absence of a large background, especially at very high invariant mass, it allows to have a control
sample (made of same sign dielectrons) for the background. The resulting overall efficiency is 48% at
m = 1 TeV, 42% at m = 2 TeV and about 34% at m = 3 TeV.

Selection Signal DY Signal DY Signal DY
at 1 TeV at 1 TeV at 2 TeV at 2 TeV at 3 TeV at 3 TeV

347. 3.56 14.7 0.16 1.22 0.015
2 generated e±, |η |< 2.5 299. 3.07 13.7 0.15 1.16 0.013

2 clusters with a track 201. 2.06 8.0 0.09 0.62 0.009
2 loose electrons 190. 1.96 7.2 0.08 0.52 0.008

At least one pT > 65 GeV 190. 1.96 7.2 0.08 0.52 0.008
Event triggered 173. 1.77 6.6 0.07 0.47 0.007

2 opposite charges 166. 1.70 6.2 0.07 0.43 0.007

Table 8: Requirement flow table for the Z′→ e+e− analysis: cross-sections in fb. The events are counted
in a window of ±4 ΓZ′ around the resonance.

The above efficiencies, normalized to events in the geometrical acceptance (|η |< 2.5), are shown in
Fig. 7 (left) as a function of the invariant mass of the electrons. They do not depend on the model used
to generate the Z′ samples. Only the requirement that the two electrons be in the geometrical acceptance
depend on the model. Indeed, the relative proportions of initial quark flavors depend on the couplings of
the Z′ to the quarks. The PDF of the up quarks being harder than that of the down quarks, Z′ produced
by a uū pair tend to be slightly more boosted, and therefore the electrons stemming from their decay
tend to be produced at slightly higher pseudo-rapidities. This effect is visible in Fig. 7 (right) showing
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the efficiency of the |η | selection for uū and dd̄ events separately, and for a number of benchmark Z′

models: the Sequential Standard Model (Z′SSM), the E6 models Z′ψ , Z′χ , Z′η , and the left-right symmetric
model (Z′LR). It is therefore possible to generalize the efficiencies that have been measured in the fully
simulated samples to models which haven’t been simulated as well as to intermediate masses.

5.2.2 Discovery Potential

Modeling of the dilepton invariant mass spectrum. In order to compute the significance for several
Z′ models, a parameterization of the mass spectrum of the signal and of the background has been used.
The differential cross-section can be factorized with a good precision in a parton-level term dσ̂

dm and a
PDF-dependent term GPDF(m):

dσ
dm

(m) =
dσ̂
dm

(m)×GPDF(m) (2)

Using this factorization, one can write:

dσ
dm

∣∣∣∣
DY

(m) =
1

m2 ×GPDF(m) (3)

dσ
dm

∣∣∣∣
Signal

(m) =
1

m2 ×GPDF(m)

+ Apeak×
Γ2

Z′

m2
Z′

m2

(m2−m2
Z′)

2 +m2
Z′Γ

2
Z′
×GPDF(m) (4)

+ Ainterf×
Γ2

Z′

m2
Z′

m2−m2
Z′

(m2−m2
Z′)

2 +m2
Z′Γ

2
Z′
×GPDF(m)

where Apeak is the amplitude of the Z′ process and Ainterf is the amplitude of the interference Z′/Z and
Z′/γ , both normalized to the Drell-Yan process. This parameterization only depends on four parameters:
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mZ′ , ΓZ′ , Apeak and Ainterf. The differential cross-section is then multiplied by the appropriate K-factor
(see section 4.2). The detector performance is accounted for as follows: the differential cross-section
is multiplied by the efficiency computed above and convoluted by the invariant mass resolution (see
section 2.1). The agreement between this parameterization and the full simulation is shown in Fig. 8
(left) for a Z′χ at 1 TeV.
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and the parameterization (solid line). The dashed line corresponds to the parameterization of the Drell-Yan process
(irreducible background). Right: Log-likelihood ratio densities with 1 fb−1 for a m = 2 TeV Z′χ for the signal and
background hypotheses. The vertical line is the median experiment in the H1 hypothesis.

Results Using the parameterization presented above to generate mass spectra for signal (γ/Z/Z′ →
e+e−) and background (γ/Z → e+e−), one can compute the distributions of the log-likelihood ratio of
the signal (H1) and background (H0) hypotheses.
Figure 8 (right) shows the LLR distributions obtained for a 2 TeV Z′χ with 1 fb−1 as well as the median
signal experiment used to calculate CLs. The FFT method [45] was used in the computation of the LLR
distributions. It is important to note that the mass window used to perform the analysis does not affect
the result.

Figure 9 (left) shows the integrated luminosity needed for a 5σ discovery of the usual benchmark
Z′ models as a function of the Z′ mass. Only statistical uncertainties were taken into account. The
systematic uncertainties are discussed in the next paragraph. A fixed mass window of [500 GeV−4 TeV]
was used to compute the significance. Roughly speaking, less than 100 pb−1 are needed to discover a
1 TeV Z′, about 1 fb−1 are needed to discover a 2 TeV Z′, and about 10 fb−1 are needed to discover a
3 TeV Z′.

Systematic Uncertainties The sources of systematic uncertainties were listed in section 4. Since the
main background is the Drell-Yan process, the systematic uncertainties from both the efficiencies and
the theoretical predictions on the cross-section will affect the number of signal and background events
in the same way, and can be added in quadrature. The uncertainties in the event selection efficiency
mainly come from the electron identification and the geometrical acceptance. The former amounts to
2×±1% = ±2% for two electrons. Taking the extreme efficiencies for pure uū and dd̄ events as a
conservative estimate, the latter goes from±3 to±0.5%. Overall, this represents a systematic uncertainty
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Figure 9: Integrated luminosity needed for a 5σ discovery of Z′ → e+e− as a function of the Z′ mass. Left:
for various benchmark models with statistical uncertainties only; right: for the Z′χ with systematic uncertainties
included.

of ±3.6% to ±0.6% from the event selection. This is small as compared to the theoretical uncertainties,
which range from±8.5% to±14%. The effect of these combined uncertainties on the luminosity needed
to discover 1, 2 and 3 TeV Z′s is +9

−10%, +14
−10%, +15

−13% (respectively).
The uncertainty in backgrounds other than the Drell-Yan process is another type of uncertainty. How-

ever, given that the Drell-Yan contribution is at the level of about 1% of the signal, any variation of the
level of non-Drell-Yan background, which is more than ten times smaller, is negligible.

The uncertainty in the electron energy resolution is another type of uncertainty. In addition to the
expected uncertainties in the energy resolution as measured in the calorimeter (see section 4), we have
conservatively assumed that there was no increase in precision on the measured dielectron invariant mass
coming from the angle measurement provided by the tracker. In this case, the resolution of invariant
mass increases from about 1% (see section 2.1) to about 1.5%. The effect of these uncertainties on the
luminosity needed for a discovery is +5

−2%, independent of the Z′ mass.
The last type of uncertainty which has been considered is the electron energy scale. When varied

within the expected uncertainties, the discovery luminosity varies by +2.5
−0 %, independent of the Z′ mass.

Combining all the above systematic uncertainties, the luminosity needed to discover, for example, a
Z′χ is shown in Fig. 9 (right). It must be noted that the systematic effect coming from the fact that we
do not know a priori the mass of the signal was not taken into account. This is adressed separately in
appendix A.

5.3 Z′→ µµ Using a Parameterized Fit Approach

The dimuon channel represents an important complement to the dielectron channel. Although the reso-
lution is expected to be up to an order of magnitude worse in the kinematic regime of interest, reducible
backgrounds are expected to be considerably lower as discussed in Section 4.1. This feature makes the
dimuon channel competitive, especially with early data where the design background rejection may not
be achieved. In this section we consider two signal models decaying into dimuons - the Z′SSM and the Z′χ
boson.
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5.3.1 Event Selection

To select events from the Z′ → µµ process we require two muons of opposite charge. The muons are
required to fulfill the muon identification criteria studied in Section 2.2, including pT ≥ 30 GeV and
|η | ≤ 2.5 . Events are triggered using the mu20 trigger described in Section 3.2. As seen in Section 4.1,
this should select a sample which consists mainly of Z/γ → µµ with limited contamination from other
sources of the order of a few percent. Table 9 indicates the effects of the various requirements on both
the signal and background samples.

Sample Z′SSM (1 TeV) Z′χ (1 TeV) Drell-Yan

Generated 508.6 380.6 13.5
|η | ≤ 2.5 366.8 271.5 10.8

pT ≥ 30 GeV 364.0 270.1 10.7
Muon identification 342.3 256.0 10.0

Trigger 325.2 243.2 9.5
Opposite charge 324.8 243.0 9.5

Table 9: Selection requirement flow for the Z′→ µµ analysis - cross-sections in fb. Events are counted
in a mass window of ±50 GeV of the resonance mass (signal) and for mµµ > 800 GeV (background).

5.3.2 Discovery Potential

To evaluate the discovery potential, we use the FFT method [45], as in section 5.2. The amount of
data required to discover a Z′ boson is computed from the log-likelihood ratio (LLR) of the signal (H1)
and background (H0) hypotheses. Figure 10 shows the 1−CLb obtained as a function of the integrated
luminosity for the two studied Z′ boson models at m = 1 TeV. The largest expected systematic uncertainty
(from misalignment of the muon spectrometer) is shown separately. One can see that the amount of
luminosity needed for a 5σ discovery ranges from 20 to 40 pb−1, which is competitive with the dielectron
channel.
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Figure 10: Results of the FFT computation of 1−CLb for m = 1 TeV Z′SSM (left) and Z′χ (right) bosons.
The horizontal line indicates the 1−CLb value corresponding to 5σ .
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Systematic Uncertainties Section 4 describes the systematic uncertainties that were considered. As
can be seen from Fig. 10 the effect of the nominal systematic uncertainties is modest in this channel.
The largest theoretical uncertainty entering this study is the knowledge of the Standard Model Drell-
Yan cross-section. In the dimuon channel, the largest experimental uncertainty is the resolution for high
pT muons which will be initially dominated by the alignment of the muon spectrometer. As already dis-
cussed, the nominal alignment precision may not be achievable with the integrated luminosities presented
here and hence could significantly alter the conclusions. Figure 10 shows that the integrated luminosity
needed to reach 5σ increases from 13 to 20 pb−1 if the muon spectrometer is aligned with a precision of
300 µm. This takes into account an uncertainty of 150 µm on the alignment precision estimate, which
will have to be measured in data (e.g. from the Z → µµ sample) and which is treated as a nuisance
parameter in the sensitivity computation.

5.4 Z′→ ττ Using a Number Counting Approach

The ditau signature is an important component to the high mass resonance search. In particular, there
are models in which a hypothetical new resonance couples preferentially to the third generation [47].
For these models the branching ratios are such that the dielectron and dimuon channels are not viable -
hence it is critical that we consider all possible channels including ditaus. In this section we discuss the
discovery potential for such a resonance. Because of finite resources we restrict ourselves to the process
Z′→ ττ with a single mass point m = 600 GeV although much of the discussion generalizes to a generic
ditau resonance search. The ditau final state can be divided into three final states: hadron-hadron (where
both τ leptons decay hadronically), hadron-lepton (where one τ lepton decays hadronically and one
decays leptonically), and lepton-lepton (where both decay leptonically). Here we consider the hadron-
lepton (h− `) final state. The possibility of observing the hadron-hadron final state using a hadronic τ
trigger will be examined later.

5.4.1 Event Selection

To select events in the hadron-lepton final state, we select events with a “hadronic τ” candidate, a charged
lepton (muon or electron), and missing transverse energy 8 (/ET ). As opposed to the dielectron or dimuon
channel, the backgrounds to the ditau channel are considerably larger and include Drell-Yan production,
W+jets, tt̄ and dijet events. After the initial object selection several additional requirements are needed
to maximize the expected signal significance.

We consider hadronic τ candidates with pT > 60 GeV and impose a requirement on the likelihood as
a function the τ transverse energy as described in Section 2.3. Candidates which overlap with an electron
or muon are removed.

For electron candidates we require medium electron selection criteria in this analysis (see Section
2.1). The initial muon selection is the same as described in Section 2.2. Since this channel only requires
one high pT lepton the backgrounds are considerably higher than for the dielectron or dimuon final
states. To address this we impose additional requirements on the isolation of the lepton. The isolation
requirement imposed on electron candidates is ∑E∆R<0.2

TEM
/pT < 0.1 where ∑E∆R<0.2

TEM
is the sum of the

energy deposits in the electromagnetic calorimeter within a cone of ∆R = 0.2 from the location in η-φ of
the electron, less the electron candidate energy. Isolated electrons are required to have pT > 27 GeV. We
impose an isolation requirement similar to that of electrons on muon candidates: ∑E∆R<0.2

TEM
< 0.1. For

isolated muons we require that the χ2 lie between 0 and 20 and to be considered by the analysis muons
must have pT > 22 GeV.

8The missing transverse energy was reconstructed using the cell based algorithm described in [48].
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Selection Signal tt̄ Drell-Yan Multijet W+jet
Trigger 1356. 213600. 2.3950 107 4.19000 106 6.69400 106

Lepton 905. 150900. 1.2600 107 1.08230 106 120400.
τ selection 368. 7818. 145680 40080 4587.

Opposite charge 315. 2498. 5306 23240 771.
/ET >30 GeV 270. 2040. 2562 835 162.

mT < 35 GeV 203.2 302.4 388.0 436.4 83.8
ptot

T < 70 GeV 155.0 106.7 331.5 221.6 28.4
mvis > 300 GeV 132.5 26.2 105.6 33.8 15.0

cos∆φ`h >−0.99 13.3 2.1 5.5 2.3 2.7

Table 10: Requirement flow table for the m = 600 GeV Z′SSM → ττ → `h analysis - cross-sections given
in fb. The Drell-Yan process includes all flavors of leptons (e+e−, µ+µ−, τ+τ−) with an invariant mass
of at least 60 GeV.

After making the τ candidate selection we make several further requirements to maximize the signal
significance. First, we require that /ET≥ 30 GeV. To greatly help with the rejection of the tt̄ backgrounds
we employ a requirement on the total event pT which is defined as the sum of /ET and the vector sum of
the hadronic τ with the lepton transverse momentum. We require ptot

T < 70 GeV.
The transverse mass of the event is determined by using the lepton kinematics and the event /ET .

Defining a four-vector for the missing energy: /pT = (/ET x, /ET y,0, |/ET |), the transverse mass is calculated
as:

mT =
√

2pT,` /pT (1− cos∆φ
`,/pT

).

We require that mT < 35 GeV.
In the case of the lepton-hadron channel one cannot simply reconstruct the invariant mass of the

resonance as energy is taken away from the event by the neutrinos. However, two quantities can be
constructed

• A visible mass variable is calculated as defined by CDF [49] using the hadronic τ and the lepton
four-vector information:

mvis =
√

(p` + ph + /pT )2

• The collinear approximation is used to build up the event-by-event invariant mass. The fraction
of the τ momentum carried by the visible decay daughters, x` and xh, are calculated with the
following formulas:

x` =
px,`py,h− px,h py,`

py,h px,` + py,h p/x−px,h py,`− px,h p/y
, xh =

px,`py,h− px,h py,`

py,h px,` + px,` p/y−px,h py,`− py,`p/x
.

The reconstructed mass is then calculated as mττ = m`,h√
x`xh

.

To greatly help the background rejection and to restrict our search to the region of interest we require
mvis > 300 GeV. Since the collinear approximation breaks down when the two τ leptons are back-to-
back, we impose the requirement that cos∆φ`h > −0.99. Of course, since a very heavy particle tends
to be produced at rest, the decay objects are mostly back-to-back, leading to a highly inefficient mass
reconstruction.
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Figure 11: Left: the visible mass distribution in the Z′→ ττ→ `h analysis for signal and background pro-
cesses (1 fb−1 of data is assumed). Right: the reconstructed invariant mass obtained using the collinear
approximation.

5.4.2 Discovery Potential for 1 fb−1 of Data

Table 10 shows the effect of the various selection requirements for the signal as well as all background
processes considered. Distributions of the visible and reconstructed masses for signal and background
are shown in Fig. 11. Here we assume a 600 GeV Z′ and the SSM cross-section. In 1 fb−1 of ATLAS
data we estimate 132. signal events and 181. background events after imposing the event selection up to
the requirement on visible mass. Using S/

√
B we estimate the signal significance to be 9.9. The collinear

approximation breaks down when the two τ leptons are back-to-back, so that even a loose requirement
(such as cos∆φ`h > −0.99) reduces the signal by a large factor. Hence, we expect that the search will
proceed by looking at the visible mass. If a significant excess over background is seen, the collinear
approximation will then be used to help establish the presence of a new resonance.

Systematic uncertainties The systematic uncertainties that were considered are described in Section 4.
For an analysis of 1 fb−1 of data the dominant systematic source on the signal, just over ±18%, comes
from the uncertainty in the luminosity. The second most dominant systematic, the hadronic τ energy
scale, affects the signal at the ±10% level. Summing in quadrature the effect of all systematic uncer-
tainties on the signal Monte Carlo sample results in a total systematic uncertainty of about ±20%. The
current Monte Carlo samples available for the backgrounds to the ditau analysis are statistically limited
and hence prevent a rigorous evaluation of the systematics at this time. As a conservative estimate, we
assume that the total systematic uncertainty in the backgrounds is identical to that observed in the signal
Monte Carlo. This is a conservative estimate because the majority of the backgrounds in the data have
very large cross-sections (dijets, W+jets, etc.) and in principle the evaluation of systematic uncertain-
ties there should be less sensitive to statistical fluctuations than for the signal events. Summing these
systematic uncertainties in quadrature and using the formula S/

√
B+δB2 gives a significance of 3.4 in

1 fb−1.
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5.5 G→ e+e− in a Parameterized Fit Approach

In this section we present a sensitivity study for the Randall-Sundrum G→ ee final state. In this channel,
it is assumed that there is no interference between the G and the dilepton background. Table 11 shows
the parameters of the different G samples used in this analysis. ΓG is the simulated graviton resonance
width and σm stands for the width of the observed resonance after convolution with detector resolutions.
For k/M̄pl < 0.06 the resonance is narrow compared to the experimental resolution.

The main Standard Model background is neutral Drell-Yan production. Other backgrounds such as
dijets with both jets misidentified as electrons are expected to be small and neglected at this time.

Model Parameters ΓG σm σ ·BR(G→ e+e−)

mG k/M̄pl [GeV] [GeV] [fb]

500 GeV 0.01 0.08 4.6 187.4

750 GeV 0.01 0.10 6.4 27.7

1.0 TeV 0.02 0.57 7.9 26.0

1.2 TeV 0.03 1.62 10.3 22.4

1.3 TeV 0.04 2.98 11.4 25.3

1.4 TeV 0.05 5.02 13.1 26.8

Table 11: Parameters of the G→ ee samples used: natural width (ΓG), Gaussian width after detector
effects (σm) and leading order cross-section.

5.5.1 Event Selection

In reconstructing the resonance mass, we require a pair of electrons – we do not make any charge re-
quirements – with pT ≥ 65 GeV using the loose electron selection criteria described in Section 2.1. We
require that the events pass the e55 single electron trigger (see section 3.1). Finally we require that
the two electrons are roughly back-to-back in φ with cos∆φee < 0 between the two electrons. Table 12
shows the remaining cross-section at each stage of the selection and the total eficiency for different mass
points. The efficiency decreases at high graviton masses, due to the track match requirement, which is
consistent with the Z′ boson analysis (see section 5.2). Table 13 shows the same requirement flow for
the Drell-Yan.

The Drell-Yan background distribution after this event selection is shown in Fig. 12 along with signal
at mG = 1 TeV and coupling k/M̄pl = 0.02. The exponential described in Section 5.1 has been used to
model the shape of the background.

5.5.2 Discovery Potential

We search for an excess of events in the mass range from 300 GeV up to 2 TeV and study the signal
sensitivity by use of “extended maximum likelihood” fitting. We consider two hypotheses. The null
hypothesis, H0, is the hypothesis that the data are described by the Standard Model. The test hypothesis,
H1, is that the data are described by the sum of the background and a narrow Gaussian resonance.

To investigate the potential for discovery pseudo-experiments are generated from both the null and
test hypothesis. Each pseudo-experiment is fit twice. The first fit assumes the data are described by
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Selection / Sample 500 GeV 750 GeV 1.0 TeV 1.2 TeV 1.3 TeV 1.4 TeV

Generated 187.4 27.7 26.0 22.4 25.3 26.8

Acceptance 172.4 25.9 24.7 21.2 24.0 25.4

Trigger 168.7 25.0 22.6 19.1 21.4 22.3

Electron Id. 127.9 18.3 16.4 12.8 14.6 14.7

pT ≥ 65 GeV 125.7 18.2 16.3 12.7 14.5 14.6

cos∆φee < 0 123.0 17.8 16.0 12.6 14.3 14.4

Selection efficiency (%) 65.6±1.1 64.4±1.1 61.7±1.1 56.3±1.1 56.4±1.1 53.9±1.1

Table 12: Requirement flow for the G→ ee analysis. The remaining cross-section (in fb) is given at each
stage. The mass window is chosen as ±4σm around the signal peak.

Selection/Sample 500 GeV 750 GeV 1.0 TeV 1.2 TeV 1.3 TeV 1.4 TeV

Generated 20.33 4.91 1.43 0.90 0.51 0.51

Acceptance 18.53 4.50 1.36 0.87 0.48 0.49

Trigger 18.45 4.25 1.16 0.80 0.45 0.44

Electron Id. 14.13 3.18 0.88 0.58 0.38 0.33

pT ≥ 65 GeV 13.85 3.15 0.88 0.57 0.38 0.33

cos∆φee < 0 13.41 3.09 0.85 0.56 0.36 0.33

Table 13: Remaining Drell-Yan cross-section (in fb) at each stage of the G→ ee analysis. The mass
window is chosen as ±4σm around the signal peak.
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Figure 12: Left: expected (histogram) and “observed” (filled circles) Drell-Yan spectrum from full sim-
ulation. The observed distribution includes a graviton with mass of 1 TeV and coupling k/M̄pl = 0.02.
Note that for the purposes of this plot the vertical axis has been rescaled: the error bars correspond to an
integrated luminosity of 100 fb−1. Right: Log likelihood ratio curves for one million pseudo-experiments
generated with background only (filled circles), and signal plus background (empty circles) for the same
m = 1 TeV signal point.

the Standard Model using the function described in Section 5.1. The second fit assumes the data are
described by the sum of a Gaussian and the shape describing the Drell-Yan background. During this
second fit the mean of the Gaussian is allowed to float throughout the entire mass region considered, and
the width is fixed to the detector resolution.
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Figure 13: 5σ discovery potential (full squares) as a function of the graviton mass. The 3σ evidence
potential is also shown (full circles). Left: shown with cross-sections as calculated by PYTHIA (LO) and
multiplied by a K factor of 1.6 for several values of the coupling; right: dependence of the discovery
potential on the coupling.

We can then compare the likelihood of the signal and background hypotheses. The distribution of
the logarithm of the likelihood ratio between H0 and H1 is constructed, and shown for one signal point
in Fig. 12. Based on this, we calculate the average expected discovery potential from the fraction of
the likelihood ratio distribution for background-only pseudo-experiments that extends beyond the mean
of the distribution for signal plus background experiments. Figure 13 shows the 5σ discovery and 3σ
evidence reach in cross-section and k/M̄pl coupling constant as a function of graviton mass, estimated
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for an integrated luminosity of 1 fb−1.
The LO cross-sections are multiplied by the K-factors discussed in section 4.2.2 for both signal and

Drell-Yan background. Various sources of systematic uncertainties for signal and background are con-
sidered in the evaluation of the experimental sensitivity, including luminosity, energy scale, energy reso-
lution, electron identification efficiency and Drell-Yan background uncertainties as listed in section 4.4.
The combined effect of the systematic uncertainties is to increase the amount of integrated luminosity
needed for discovery between 10 and 15 percent for the different parameter sets.

5.6 Technicolor Using a Non-Parameterized Approach

Topcolor-assisted Technicolor models with walking gauge coupling predict new technihadron states that
would be copiously produced at the LHC. The lowest mass states are the scalar technipions (π±,0

T ) and
the vector technirho and techniomega (ρ±,0

T and ω0
T ). The vector mesons decay into a gauge boson plus

technipion (γπT , WπT or ZπT ,) and fermion-antifermion pairs. This analysis searches for the decays
ρT → µ+µ− and ωT → µ+µ−. The dimuon mode has a lower branching fraction than the modes involv-
ing technipions but the signal is clean, straightforward to trigger on, and can be readily observed with
early ATLAS data.

The particular model studied here is the “Technicolor Strawman Model” or TCSM [12, 13]. In the
TCSM, it is expected that techni-isospin is an approximate good symmetry and therefore the isotriplet
ρT and isosinglet ωT will be nearly degenerate. We will assume for what follows that mρT = mωT .
The technipions are also expected to be nearly degenerate. In the TCSM, the technipion masses are
generically not small. In particular, if mπT > mρT /2 the decays of the ρT and ωT to technipions would
be kinematically forbidden [50]. The dimuon rate is expected to come dominantly from the ωT with a
smaller contribution from the ρT .

The event selection is summarized in Table 14. The technivector meson natural widths are less than
a GeV, so the observed width σ(m) is entirely due to detector resolution.

In principle, the best search sensitivity is not obtained by examining the entire dimuon mass distribu-
tion for a bump all at once but by using an optimized mass window that maximizes the signal significance
for a given assumed signal mass. A prescription for the optimal window size is taken from an analytic
calculation in Ref. [51]. Assuming a narrow Gaussian peak on a linear background, the optimal window
was found to be ±1.4σ about the peak mass. Since we are not really in the narrow resonance regime,
we did a study using full-simulation ATLAS Monte Carlo for a Technicolor signal on a Drell-Yan back-
ground. Taking S/

√
B as our measure of significance, Fig. 14 (left) shows that a window size of±∼ 1.5σ

or a bit larger is optimal. For this study, a window size of ±1.5σ about the peak mass is used.
Figure 14 (right) shows the integrated luminosity necessary to observe either 3σ evidence or a 5σ

discovery, using the modified frequentist approach [44], of technimesons in this channel. The systematic
uncertainties summarized in section 4.4 were included in this calculation of technimeson search sensitiv-
ity. It should be noted that the integrated luminosity needed for 5σ discovery will be affected by the level
of misalignment of the muon spectrometer. The contours in Fig. 14 were computed assuming the level
of alignment we expect to achieve. The studies in sections 4.3 and 5.3 show that for an initial precision
of 300 µm with an uncertainty of 150 µm the amount of data needed to reach 5σ would increase by
approximately 50%.
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mρT ,ωT (GeV) 400 600 800 1000
Peak mass (GeV) 403 603 804 1004
σ(m) (GeV) 13 22 34 46
Requirement
Generated 201 60.8 23.0 10.1
|η |< 2.5 116 39.8 15.8 7.3
pT > 30 GeV 114 39.5 15.7 7.2
L1 MU20 112 38.7 15.3 7.0
L2 mu20 110 38.0 15.1 6.9
EF mu20 109 37.5 14.9 6.8
Match χ2 < 100 104 35.7 14.0 6.4
Opposite charge 104 35.7 14.0 6.4
Mass window 78.2 26.3 10.3 4.7
Drell-Yan background 46.9 14.1 6.1 2.8
Selection efficiency (%) 38.9±0.5 43.2±0.5 44.8±0.5 46.8±0.5

Table 14: Selection requirement flow for the analysis - cross-section in fb.
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Figure 14: Left: for two different ρT ,ωT signal masses, S/
√

B is plotted as a function of mass-
window size for windows centered on the peak mass. Right: integrated luminosity needed for 3σ
evidence or 5σ discovery as a function of ρT ,ωT mass. The dashed lines include only statistical
uncertainties while the solid lines contain the systematic uncertainties as well.
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6 Summary and Conclusions

Several models which lead to resonances in the dilepton final state have been studied. Various systematic
studies have been undertaken which estimate the effect of uncertainties from both theoretical knowledge
of Standard Model processes as well as expected and assumed early detector performance. Data-driven
methods have been developed to evaluate efficiencies, backgrounds, and uncertainties. It has been shown
that even with early data the discovery potential can be dramatically increased from current limits. The
discovery potential with an integrated luminosity of 10 fb−1 depends on the particular model and varies
in the m = 1.0 to 3.5 TeV range. It should be noted that resonance masses above 1 TeV which are
unreachable by the Tevatron experiments could be discovered with 100 pb−1 of data already.

A Effect of the Unknown Location and Rate

When estimating the significance of a local excess of events, the size of the region considered and un-
certainties in the shape of the background can significantly reduce the sensitivity of the search. This
appendix presents an assessment of the size of this effect for the Z′ boson to dilepton searches. If an
excess is found in the dilepton invariant mass, its significance needs to be evaluated in a way that takes
into account the possibility of background fluctuations of different masses, cross-sections and widths.
One possible way to do this is through the use of maximum likelihood fits, where these quantities are
free parameters.

To estimate the effect on the sensitivity of the unknown rate and location of a dilepton resonance,
the decay Z′SSM → ee and Z′SSM → µµ were both generated for 16 true Z′ masses between 1 and 4 TeV
(evenly spaced every 200 GeV), with a lower cut on the true dilepton mass of 0.5 TeV in all cases. Each
sample was simulated and reconstructed using fast simulation, and events were required to have two
back-to-back (∆φ > 2.9) leptons of opposite charge with pT > 20 GeV and within |η | < 2.5. For an
estimation of the expected background, Standard Model Drell-Yan production was used.

The dilepton resonance was modeled using an ad-hoc parameterization that models appropriately the
shapes of both the Z′→ ee and Z′→ µµ modes, consisting of a product between a Breit-Wigner and a
Landau distribution with a common mean, and where the width of the Landau was parameterized as a
function of the width of the Breit-Wigner9. The common mean, the width parameter and the amplitude
of the signal are allowed to float in the fits.

Figure 15 shows the likelihood ratio distributions for an m = 3 TeV Z′SSM → ee fit-based signifi-
cance, where the signal rate, the peak’s width and the mean mass all float in the fit, corresponding to
an integrated luminosity of 4 fb−1. The distributions of the log-likelihood ratio for fits to H0 pseudo-
experiments and for fits to H1 pseudo-experiments are shown. The fraction p of the H0 distribution
that has a likelihood ratio larger than the mean of the H1 distribution is shaded. The value of p is then
transformed into a significance following the convention under which p = 2.87× 10−7 corresponds to
5σ (see section 5). The fraction shown in the plot corresponds to a significance of 4.29σ .

Several million pseudo-experiments were generated and fit, covering different masses and luminosi-
ties. Figure 16 shows the significance for different approaches in the case of an m = 3 TeV Z′SSM for
both the dielectron (left) and the dimuon (right) cases. The plots compare the significance as obtained
from number counting (circles), fixed mass fits (dots) and floating mass fits (squares). The floating-mass
significances are on average 20% lower than the fixed-mass calculations for Z′ → ee, and about 15%
lower in the dimuon case (in obtaining these numbers, we exclude the region below 2.25 fb−1, which is
affected by low statistics effects).

9The best motivated shape is a Breit-Wigner convoluted with a Gaussian resolution. Unfortunately, the convolution fit is
very time consuming and for this study millions of fits were performed. Empirically the combination of a Breit-Wigner and a
Landau were found to give essentially identical results.
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sponds to background-only pseudo-experiments; the one on the right, to signal plus background.
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Lepton plus Missing Transverse Energy Signals at High Mass
Abstract
The prospects for the discovery of heavy lepton-neutrino resonances with the
ATLAS detector are evaluated using full detector simulation. The performance
of large missing transverse momentum measurement is studied. Its impact on
the lepton-neutrino transverse mass reconstruction, and on the backgrounds
rejection, is then discussed. As benchmark, the sensitivity to a Standard Model
like W ′ is evaluated. Emphasis is put on the discovery potential of ATLAS with
early data, namely with an integrated luminosity of 10 pb−1 to 10 fb−1.

1 Introduction

The Standard Model of particle physics has been able to predict or describe, within errors, almost all
measurements performed within its domain. However, several fundamental questions remain unresolved.
Its mechanism for electroweak symmetry breaking has not been experimentally confirmed. The model
parameters still lack a theoretical explanation. There are indications, therefore, that the Standard Model
is not a fundamental theory, but a good approximation of nature at the energy ranges that have been so far
accessible to experiment. Thus, the search for physics beyond the Standard Model is an important part
of the ATLAS physics program. In this document, a study is presented of the potential for the search of
final states comprised of one electron or muon (lepton, in what follows) plus missing transverse energy.

A large variety of theories beyond the Standard Model, predict additional gauge bosons. Any
charged, spin 1 gauge boson which is not included in the Standard Model is called W ′ boson and accord-
ing to several predictions there is at least one W ′ boson detectable at the LHC. These theories and mod-
els which predict new charged gauge bosons range from the Grand Unified Theories [1–3], the various
Left-Right Symmetric Models [1, 4–10], Kaluza-Klein theories [11–15], Little Higgs models [16–18],
dynamical symmetry breaking models [19] and even models inspired from superstrings [20–22]. As an
example, the 45 decompositions of the SO(10) gauge group, which is a candidate for large GUT sym-
metries, under the SU(3)C× SU(2)L× SU(2)R×U(1)B−L gives rise to a (1,1,3,0) triplet coming from
the SU(2)R group. That is, a triplet of right-handed W±,0 fields, which carry weak (V+A) interactions.
A theoretical model, based on the gauge group SU(3)C× SU(2)L× SU(2)R×U(1)B−L which is called
a Left-Right Symmetric Model (LRSM), after spontaneous symmetry breaking, predicts a right-handed
WR gauge boson mixes with the left-handed WL boson of the Standard Model. The WR gauge boson is
a very attractive W ′ boson candidate. The search for these particles is an important part of the studies
for new physics to be performed at LHC. Studies presented here are based on predictions of a “Stan-
dard Model-like” W ′ boson from so-called extended gauge models [23]. This W ′ boson has Standard
Model-like couplings to fermions and its decays to WZ bosons are suppressed.

The D0 experiment, at Fermilab, has set the present lower limit for the W ′ boson mass [24] to
mW ′ > 1 TeV at 95% C.L. The LHC, with a centre-of-mass energy of 14TeV, is expected to increase
the search reach even at early stages of data taking. Other ATLAS studies have evaluated the potential
for discovery of W ′→ `ν` where ` = µ,e [25]. This study is based on the most recent realistic detector
description, including a complete simulation of the trigger chain.

The remaining of this paper is organized as follows. The Monte Carlo samples which were used
are summarized in section 2. Section 3 discusses the expected performance on lepton reconstruction,
as well as on missing transverse energy. Section 4 briefly describes the triggers which were used in this
study. The event selection is discussed in section 5. The discovery potential of a W ′ with Standard Model
couplings is assessed in section 7, after examining the systematic uncertainties in section 6.
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2 Monte Carlo Samples

Table 1 summarizes the samples used in this study; a detailed account of the procedures, generators and
settings used is given in [26]. Signal samples for masses other than 1 and 2 TeV were produced locally
and validated against central production samples.

For the signal, samples of W ′→ `ν events were generated with PYTHIA v6.403 [27], based on the
leading order cross sections and the parton distribution functions CTEQ6 [28], where ` can be any type
of lepton (τ included), for true W ′ boson masses ranging from 1 to 4 TeV.

The main background for a W ′-type state is the high-mass tail of Standard Model W boson produc-
tion; in order to provide enough background to study also the higher W ′ boson masses, two samples of
Standard Model W boson events were produced, with different requirements on the true invariant mass
of the W boson: one with 200 GeV < mW < 500 GeV, and one with mW > 500 GeV. In these stud-
ies, the alignment and calibration of the detector is assumed to be well described in the reconstruction
algorithms.

Process Generator σ ×BR [fb] Comments Events
1 TeV W ′→ `ν PYTHIA 9430. 30K

1.5 TeV W ′→ `ν PYTHIA 1786. 2.8K
2 TeV W ′→ `ν PYTHIA 437. 30K

2.5 TeV W ′→ `ν PYTHIA 146. 2K
3 TeV W ′→ `ν PYTHIA 54. 10K

3.5 TeV W ′→ `ν PYTHIA 20. 2.8K
Standard Model W → `ν PYTHIA 18721.1 200 GeV< mW <500 GeV 20K
Standard Model W → `ν PYTHIA 708.26 mW >500 GeV 20K

tt̄ MC@NLO 452000 340K
Dijet J0 PYTHIA 1.76×1013 p̂T = 8−17 GeV 380K
Dijet J1 PYTHIA 1.38×1012 p̂T = 17−35 GeV 380K
Dijet J2 PYTHIA 9.33×1010 p̂T = 35−70 GeV 390K
Dijet J3 PYTHIA 5.88×109 p̂T = 70−140 GeV 380K
Dijet J4 PYTHIA 3.08×108 p̂T = 140−280 GeV 390K
Dijet J5 PYTHIA 1.25×107 p̂T = 280−560 GeV 370K
Dijet J6 PYTHIA 3.60×105 p̂T = 560−1120 GeV 380K
Dijet J7 PYTHIA 5.71×103 p̂T = 1120−2240 GeV 430K

Table 1: Monte Carlo samples used for the study of W ′ bosons. p̂T represents the transverse
momentum of the partons in their rest frame. The tt̄ sample includes only fully leptonic and
semi-leptonic channels.

3 Reconstruction Performance

3.1 Muon Reconstruction

Muon reconstruction in ATLAS uses all main detector subsystems. The Muon Spectrometer (MS) is
designed to provide efficient and precise stand-alone momentum measurement for muons of transverse
momentum up to O(pT = 1 TeV). During the back-tracking of the muon to the production vertex, energy
loss fluctuations can be measured with the use of the calorimeters, which can also provide independent
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Figure 1: Inverse pT resolution for muons from W ′ boson decays; left: pT < 400 GeV (muons
from m = 1 TeV W ′ bosons), right: pT > 800 GeV (muons from m = 2 TeV W ′ bosons).
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Figure 2: Muon transverse momentum resolution as a function of η (left) and pT (right) in W ′

boson decays. Filled circles represent muons from m = 1 TeV W ′ bosons, while open circles
correspond to muons from m = 2 TeV W ′ bosons.

muon tagging to increase the identification efficiency. For optimum performance in momentum resolu-
tion, the MS information is combined with the track information obtained in the Inner Detector (ID). A
full description of the algorithms for muon performance and identification can be found in [29] and [30].

Figure 1 shows the inverse transverse momentum (1/pT ) resolution for muons from decays of a W ′

boson for muons below pT = 400 GeV and above pT = 800 GeV. Especially relevant for the analysis
are the negative tails in these plots, since they correspond to reconstructed muon candidates that have
a pT larger than that of the true particle. The relative contribution of these tails can be assessed by the
fraction of muon candidates separated by more than 2σ from the mean of the distribution (which in
both cases is consistent with zero, as it should). The fraction in that negative tail is (4.9± 0.3)% for
muons with pT < 400 GeV, and (3.8± 0.4)% for pT > 800 GeV (to be compared with 2.275% for
a gaussian distribution). The transverse momentum resolution achieved is shown as a function of the
pseudo-rapidity η and pT in Fig. 2. On average a resolution of 4.5 and 5.5% is recorded for muons from
W ′ bosons of m = 1 TeV and 2 TeV respectively.

Figures 3 and 4 show the efficiency for combined muon reconstruction as a function of pseudo-
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Figure 3: Combined muon reconstruction efficiency as a function of η and φ for muons from W ′

boson decays.
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Figure 4: Combined muon reconstruction efficiency as a function of pT for muons from W ′ boson
decays.

rapidity (η), azimuthal angle (φ ) and transverse momentum (pT ) for muons from fully simulated W ′

boson decays. An overall efficiency of 93.6% and 92.4% is measured for m = 1 TeV and 2 TeV W ′

boson samples, respectively. The regions with lower efficiency in muon reconstruction are observed, as
expected, in the middle plane (η = 0) and in the transition regions between the barrel and the end-cap
sections of the MS (at |η | ∼ 1.2). The regions with low efficiency in φ correspond to the feet of the
detector (φ '−2, −1) and to passages for services.

One important issue in this study concerns the background that can rise from badly reconstructed
muons. Their momentum being wrongly estimated upwards, can cause both the presence of a high
pT muon and, correspondingly, large missing transverse energy. In the definition of the muon, extra
quality criteria may be imposed in order to diminish this probability. In this study, the following mild
requirements are adopted:

• A matching χ2, between MS and ID tracks, smaller than 100 (further discussed in [30]).

• An impact parameter in the z-axis (i.e. the beam axis) smaller than 200 mm.

• An impact parameter significance in the transverse (R-φ ) plane smaller than 10.
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W ′ boson decays. Filled circles represent electrons from m = 1 TeV W ′ bosons, while open circles
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Figure 6: Electron pT resolution in W ′ boson decays; left: pT < 400 GeV (muons from m =
1 TeV W ′ bosons), right: pT > 800 GeV (muons from m = 2 TeV W ′ bosons).

3.2 Electron Reconstruction

Electron candidates are built starting from clusters of calorimeter cell energy depositions, which are
matched to a track from the inner detector. Electron identification and reconstruction are described in
detail in [31] and [32], where three standard selections were developed to be used in physics searches.
The present study uses the medium set of selection requirements, which consists in several requirements
on the clusters used (size, containment, association with a track, shower shapes and quality of the track
match).

Figure 5 shows the electron energy resolution (in percentage) as a function of pseudo-rapidity (|η |)
and true energy. The average energy resolution for electrons in this energy range is close to 1%, and is
worse in the transition region between the two calorimeter systems. Figure 6 shows the relative differ-
ence between reconstructed and true transverse momenta of isolated electrons with true pT lower than
400 GeV and higher than 800 GeV. The fractions of events in the upper tails (more than 2σ over the
fitted mean) are (11.8± 0.6)% and (5.3± 0.5)%, respectively. These non-Gaussian tails are due to the
amount of material in the inner detector and are, therefore, η-dependent.
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Figure 7: /ET resolution in muonic W ′ boson decays. mW ′ = 1 TeV (left) and 2 TeV (right).
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Figure 8: /ET resolution in W ′ boson decays to electrons. mW ′ = 1 TeV (left) and 2 TeV (right).

3.3 Reconstruction of the Missing Transverse Energy

The final state under consideration includes a neutrino, whose momentum information can be inferred
only partially from the energy imbalance in the detector (since the total transverse momentum of the
event has to add up to zero). The reconstruction of the missing transverse energy (/ET ) in ATLAS is
described in detail in [33].

The resolution of /ET reconstruction in W ′ boson events containing muons can be seen in Fig. 7. An
average resolution of about 18 GeV is observed for mW ′ = 1 TeV (25 GeV for mW ′ = 2 TeV). In the
case of mW ′ = 2 TeV the non-Gaussian tails in the resolution are more pronounced, and come from the
degraded performance of muon reconstruction at high pT .

Figure 8 shows the /ET resolution for events that contain one high-pT electron from a W ′ boson
decay. The left plot corresponds to the m =1 TeV W ′ boson, and the right plot to 2 TeV; the resolutions
are around 10 and 14GeV, respectively. These values agree well with the expected /ET resolution from
the mean of the scalar sum of transverse energy (< ∑ET >) in each case; for the m = 1 TeV sample,
< ∑ET > for the selected events is 439GeV, which yields an estimated σ(/ET )∼ 0.5

√
∑ET = 10.5 GeV;

for m = 2 TeV, the expected value (based on < ∑ET >) is 13.3GeV.
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Figure 10: As Fig. 9, for m = 2 TeV W ′ bosons, filled: from true information; outline: recon-
structed transverse mass.

3.4 Transverse Mass Reconstruction

In the W ′ boson search, the transverse momentum pT of the single lepton in the event and the missing
transverse energy /ET are combined to obtain the transverse mass as follows:

mT =
√

2pT /ET (1− cos∆φ
`,/ET

) (1)

where ∆φ
`,/ET

is the angle between the momentum of the lepton and the missing momentum, in the
transverse plane. Figures 9 and 10 show the transverse mass distributions for m = 1 and 2 TeV signals,
respectively, as obtained from truth information (light gray filled histograms) and the degradation due to
detector resolution and efficiency (black hollow histograms). As can be expected from Figs. 2 and 5, the
shape of the transverse mass spectrum has a larger distortion in the muon channel than in the electron
channel, with larger tails for higher W ′ boson masses. On the other hand, the reconstruction efficiency is
higher in the muon channel (over 86% for each mass) than in the electron channel (about 72%).

Figures 11 and 12 show the distribution of the difference between the “true” transverse mass (i.e. as
obtained from the true momenta of the lepton and the neutrino) and its reconstructed value, for electron
and muon modes, and for m = 1 and 2 TeV W ′ boson masses. In Fig. 11, single Gaussian fits are shown;
a fitted width of about 12 GeV is obtained for the electron channel, while the muon channel, besides
having much larger non-Gaussian tails, has a fitted width of about 23 GeV.
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Figure 11: Distribution of the event-by-event difference between the reconstructed and “true”
transverse mass for the electron and muon channel, for m = 1 TeV W ′ bosons.
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Figure 12: As Fig. 11, for m = 2 TeV W ′ bosons.

Figure 12 shows the corresponding comparison for a 2 TeV signal; however, in this case, the muon
channel (on the right) has a stronger non-Gaussian character, which is why no fit was performed. The
quadratic mean of the distribution is about 84 GeV.

4 Trigger

The ATLAS trigger [34] has three levels: events passed by the L1 (level 1) hardware trigger are partially
reconstructed in L2 (level 2) processors and, if accepted there, are fully processed in the EF (event filter)
processor farm. Only events accepted by the EF (and thus also by L1 and L2) are recorded for later
reconstruction and analysis.

Trigger rates are estimated in separate studies of the electron [35] and muon [36] trigger systems.
However, this studies were performed with a more recent version of the software than the one used here1.
Therefore, we have measured some of the rates directly in simulation using the dijet and top samples
described earlier in this note. We additionally measured L1 rates and efficiencies for single-electron and
single-muon triggers with thresholds higher than those defined in the simulated trigger menu. The errors
we assign to our rate estimates are purely statistical.

1Especially for electrons, the trigger menu and algorithms in the simulated samples are quite different from those in the
above notes which are much closer to those expected to be used during actual data acquisition.
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4.1 Electron trigger

For a single electron trigger with an ET threshold of 100 GeV, we measure a L1 rate of 14± 1 Hz at
an instantaneous luminosity of 1032 cm−2s−1, similar to the electron trigger study estimate of 10 Hz.
The efficiency to trigger on W ′→ eν events for |η | < 2.5 is 98% for a mass of either 1 or 2 TeV. If the
threshold is raised to 250 GeV, we measure a rate of 25±4 Hz at 1033 cm−2s−1 and an efficiency of 96%
for the 2 TeV mass.

Loose requirements in L2 and EF can further reduce these rates with a moderate degradation of
the efficiency. For definiteness in the calculations in the following sections, we assume that a trigger
efficiency (applied after all requirements) of 0.90± 0.10 is achieved with an acceptable rate for all W ′

boson masses.

4.2 Muon trigger

The trigger menu and algorithms in the simulation samples are similar to those in the muon trigger study
and those expected for data acquisition. In contrast to the electron case, lower thresholds can be applied
thanks to the lower fake rates. A significant decrease in rate is then obtained thanks to an improved
measurement of pT at each level. Applying a threshold of 20 GeV at each trigger level, we obtain an
EF rate of 20±10 Hz for an instantaneous luminosity of 1032 cm−2s−1, consistent with the muon study
prediction of 13 Hz. We measure a W ′→ µν trigger efficiency for |η |< 2.5 of 74% for m = 1 TeV and
73% at 2 TeV. At 1033 cm−2s−1, we apply a pT threshold of 40 GeV, the maximum L1 value, and obtain
a trigger rate of 4.1±0.7 Hz close to the 5.6 Hz obtained in the trigger study. The corresponding trigger
efficiency for the m = 2 TeV W ′ boson is 69%.

It should be noted that most of the efficiency loss comes from holes in the coverage of the muon
system, where the reconstruction is also inefficient.

5 Event Selection

The decay W ′ → `ν provides a rather clean signature consisting of a high-energy isolated lepton and
large missing transverse energy. The largest backgrounds are the high-pT tail of the W → `ν decays and
tt̄ production. Both these final states are accompanied by significant jet activity, but contain also leptons
that are as isolated as those expected from W ′→ `ν decays.

A potentially dangerous background is the one arising from fake leptons; since this issue is more
likely to be significant for electrons than for muons, the backgrounds will be presented separately for
W ′→ eν and W ′→ µν final states.

5.1 Event Preselection

In addition to the electron and muon identification criteria described above, events are required to have:

• Only one reconstructed lepton with pT > 50 GeV within |η |< 2.5.

• Missing transverse energy /ET > 50 GeV.

Figure 13 shows, on top, differential cross-section as a function of the lepton pT for the m = 1
TeV and 2 TeV signal samples, Standard Model W boson, tt̄ and dijet production. The dashed vertical
line shows the requirement value (50 GeV). The bottom plots in Fig. 13 show the /ET distributions for
the same processes after requiring only one lepton with pT > 50GeV; again, the requirement value (at
50 GeV) is shown with the dashed vertical line. This selection provides a relatively clean signal in the
high transverse mass region, as shown in Fig. 14, which shows the differential cross-section as a function
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Figure 13: Top: leading lepton pT distributions (left: electron events, right: muon events). Bottom:
/ET distribution of events with only one reconstructed lepton with pT > 50 GeV (left: electron
events, right: muon events).

of the transverse mass after the requirements on pT and /ET . The background can be further rejected
by exploiting additional observables, described in next sections: lepton isolation, lepton fraction and jet
veto criteria.

5.2 Background Rejection

After the kinematic requirements are applied, the tt̄ and dijets backgrounds are still larger than the high-
mass tail of the Standard Model W boson close to the threshold value on the lepton pT and on /ET .
Since the uncertainties on the rate of these backgrounds are large, it is desirable to bring them below the
irreducible background from W bosons. To achieve this, additional requirements are imposed on lepton
isolation and on the lepton fraction, described below. A simpler selection strategy, based on a jet veto, is
also explored, since it could prove useful during the first stages of data taking.

5.2.1 Lepton Isolation

As the lepton from a W ′ boson decay is expected to be isolated, only events without high energy tracks
around the lepton trajectory are accepted. The tracking isolation is done by requiring that the sum of the
pT of tracks in a ∆R-cone around the lepton be below a threshold; ∆R is defined as

∆R≡
√

(∆φ)2 +(∆η)2,

where ∆φ and ∆η are the distances in azimuthal angle and in pseudo-rapidity, respectively, from the
lepton under consideration.
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Figure 14: Transverse mass spectrum after the basic kinematic requirements for background and
signal (mW ′ = 1 and 2 TeV). Left: electron mode; right: muon mode.
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Figure 15: tt̄ background rejection and signal efficiency for different requirement values on the
∑ pT (open markers) and (∑ pT )/pT lepton (filled markers), for the muon channel. Each marker type
corresponds to a different value for ∆R, from 0.1 to 0.5.

Calorimeter isolation was also explored (the calorimetric energy deposited within the volume be-
tween two ∆R-cones is required to be below a threshold).

Besides requiring a maximum value of ∑ pT tracks (of 10 GeV to 1 GeV), the use of a normalized
isolation requirement was also explored, in which the requirement is applied to the ∑ pT tracks/pT lepton
ratio. This ratio is required to be smaller than 0.1 to 0.01. Five different ∆R values were used in both
cases; as shown in Fig. 15 for muons, the normalized isolation selection achieves a higher tt̄ rejection for
the same efficiencies. The efficiencies and rejections achieved for electrons are similar.

The calorimeter energy difference in two cones is not only of use in the electron case, but also in
the muon one. High pT muons coming from W ′ boson decays can also radiate a lot inside the material
preceding the MS. This radiation appears as energy depositions close to the muon in the calorimeters.
As can be seen in Fig. 16 (right), the energy deposition in a cone of ∆R < 0.1 around the muon is much
higher, around 30 GeV on average, than the deposition in a cone of ∆R < 0.5 when the inner cone is
subtracted (in this case the average is aboout 7 GeV). Moreover, in Fig. 16 (left) it is shown that in the
majority of the cases, a high reconstructed energy deposition indicates the existence of high final state
radiation. Therefore, the energy deposition in an inner cone (e.g. ∆R < 0.1) must be subtracted also in
the case of muons when isolation criteria based on calorimetry are applied. Also on track based isolation
criteria an inner cone containing the muon track itself must be subtracted. In this case however, the
inner cone can be much narrower, since it only needs to be able to exclude the track associated with the
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Figure 17: Left: distribution of an absolute track based isolation variable for muons. Right:
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cone of ∆R=0.1 is subtracted.

lepton under consideration. Figure 17 shows the distributions of the isolation energy for different event
categories. For these plots, muons with pT > 20 GeV are considered.

For the analysis, a loose requirement of 0.05 is used on the normalized track-based isolation for
both channels (electron and muon), and no requirement on the calorimeter-based isolation is applied.
Tracks are included in the sum if 0.02 < ∆R(track, lepton) < 0.3. This requirement keeps about 99% of
the signal for both masses (mW ′ = 1 and 2 TeV), rejects about 10% of the tt̄ events left after the basic
selection and rejects over 99% of the dijet background.

5.2.2 Lepton Fraction

Another variable that can be used to reduce the dijet and tt̄ backgrounds is the ”lepton fraction” of the
event, which can be expressed as ∑ pleptons

T /(∑ pleptons
T + ∑ET ), where the scalar sum on the lepton pT

sums over /ET as well. Essentially this variable measures the fraction of energy that can be attributed to
leptons (including neutrinos, which are assumed to be the main contribution to /ET ) in an event. Here,
out of the visible leptons, only the most energetic one is included in the sum (its pT is added to the /ET to
form ∑ pleptons

T ). The distribution of this variable is shown for different event categories in Fig. 18 (left).
As expected, it shows a much lower value for tt̄ events (in pink) than for the rest of the samples used
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Figure 18: Left: distribution of the lepton fraction variable (see text) for different event categories.
Right: signal efficiency versus tt̄ efficiency for different requirement values on the lepton fraction
variable.

(W ′ boson signals and Standard Model W bosons). The efficiency for signal versus tt̄ events for different
values of the variable, is shown in Fig. 18 (right). A requirement at 0.5 results in a signal efficiency of
∼ 96% in both channels and a rejection factor of ∼45 against the tt̄ background, and it suppresses all the
remaining dijet events. This value will be used subsequently.

5.2.3 Jet Veto and Jet Multiplicity Requirements

A selection procedure based solely on veto-ing events with high jet activity could provide an alternative
way to extract a signal in this search. Several requirements on jet activity were explored; in some, events
are rejected if they include any jet over an energy threshold, in others, jet multiplicity information is used.
The jet veto was applied just after the basic selection (i.e., lepton identification, pT and /ET requirements).

Figure 19 shows the distribution of the pT of the leading jet after the basic selection; the distribution
on the left corresponds to the electron channel and the one on the right to the muon channel. Tables 2
and 3 show the expected rates for several jet veto criteria .

Figure 20 shows how after a 200GeV jet veto requirement (and without isolation or lepton fraction
requirements), most of the tt̄ and dijet background is rejected, and the signal to background ratio is good
for high transverse mass values. Although the signal is reduced by between 5 and 10% with respect to
selecting on isolation and lepton fraction, a jet veto requirement may be a good tool if the calibration of
the ∑ET (used to compute the lepton fraction) is not well understood in early data. However, in what
follows, this requirement is not used.

5.3 Event Selection Results

Figure 21 shows the expected transverse momentum spectra for signal and background for both channels
after all requirements (preselection, isolation, and lepton fraction). The selection requirement flow is
shown in Tables 4 and 5. The transverse mass requirement has been chosen by minimizing the luminosity
needed to get a 5σ excess. The initial cross-sections for the W ′ boson signals and for the high mass W
boson tail include the K-factor obtained in section 6.1.
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Figure 19: Distributions for the pT of the leading jet after the basic selection. Left: electron
selection. Right: muon selection.
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Figure 20: mT spectrum after preselection requirements and a jet veto of ET < 200 GeV. Left:
events with a high-pT electron; right: events with a high pT muon.
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Figure 21: Expected transverse mass spectra after all requirements. Left: electron channel; right:
muon channel.
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σ [pb]
Requirement W ′ 1TeV W ′ 2TeV W tt̄ Dijets
No jets with pT > 100GeV 2.71(4) 0.112(2) 4.74(5) 7.07(7) 17±16
No jets with pT > 200GeV 3.13(4) 0.132(2) 5.09(5) 15.7(1) 27±16
No jets with pT > 500GeV 3.38(4) 0.146(2) 5.18(5) 18.7(1) 44±17
Less than 4 jets with pT > 40GeV 3.38(4) 0.148(2) 5.18(5) 14.0(1) 43±17
Less than 3 jets with pT > 100GeV 3.39(4) 0.148(2) 5.18(5) 17.8(1) 44±17
Less than 2 jets with pT > 200GeV 3.38(4) 0.148(2) 5.18(5) 18.4(1) 44±17
200GeV veto, mT > 0.7TeV 1.73(3) 0.0290(8) – –
200GeV veto, mT > 1.4TeV 0.066(1) 0.0013(1) – –

Table 2: Cross-sections for signal and backgrounds for dijets, tt̄, W and W ′ boson samples for different
requirements on jet content for the electron channel. The number in brackets is the error on the least
significant digit.

σ [pb]
Requirement W ′ 1TeV W ′ 2TeV W tt̄ Dijets
No jets with pT > 100GeV 3.22(4) 0.141(2) 5.50(5) 8.77(8) 2(1)
No jets with pT > 200GeV 3.70(4) 0.166(2) 5.92(5) 19.1(1) 17(4)
No jets with pT > 500GeV 3.96(4) 0.182(2) 6.04(5) 22.7(1) 39(5)
Less than 4 jets with pT > 40GeV 3.98(4) 0.184(2) 6.03(5) 16.9(1) 53(5)
Less than 3 jets with pT > 100GeV 3.98(4) 0.185(2) 6.04(5) 21.5(1) 73(5)
Less than 2 jets with pT > 200GeV 3.98(4) 0.185(2) 6.04(5) 22.3(1) 73(5)
200GeV veto, mT > 0.7TeV 2.07(3) 0.040(1) 0.005(2) –
200GeV veto, mT > 1.4TeV 0.084(1) 0.0033(8) 0.0008(8) –

Table 3: Cross-sections for signal and backgrounds for dijets, tt̄, W and W ′ boson samples for different
requirements on jet content for the muon channel. The number in brackets is the error on the least
significant digit.

6 Systematic Uncertainties

6.1 Generator-level Systematic Uncertainties

The input for the full simulation studies described in earlier sections was obtained by generating W ′ boson
events using PYTHIA [27]. Events in the high-mass tail of the W boson were generated using PYTHIA

as well. Both use the default PYTHIA parton distribution functions (PDFs), CTEQ6l, the CTEQ6 [37]
LO (leading-order) fit with NLO (next-to-leading-order) αS. Here we report on generator-level studies
which examine the effects of making use of the NLO matrix elements and varying the PDFs.

6.1.1 Higher Orders

To evaluate contributions from higher order diagrams, we used MC@NLO [38] input to the HER-
WIG [39] event generator. Both W and W ′ boson events were generated using the W boson production
process with the W boson mass set to the W ′ boson value for the latter. The W ′ boson widths were set
to the values calculated by PYTHIA. The masses and widths used are listed in Table 6. Both MC@NLO
and HERWIG were run using the default HERWIG PDFs, MRST2004nlo, the MRST 2004 fit using the
standard MS scheme at NLO [40].

One million events were generated for each generator at each of the masses. The cross-section is
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σ [pb]
Requirement W ′ (1 TeV) W ′ (2 TeV) W tail tt̄ Dijets[1-7]

(No requirement) 4.99 0.231 10.28 452 1.91×1010

Preselection 3.67±0.04 0.160±0.002 6.80±0.06 150.57±0.40 (13.6±0.2)×106

pT > 50 GeV 3.43±0.04 0.150±0.002 5.53±0.05 51.13±0.23 (7.23±0.6)×103

/ET > 50 GeV 3.40±0.04 0.149±0.002 5.19±0.05 25.78±0.16 45.33±16.65
Isolation 3.36±0.04 0.148±0.002 5.01±0.05 23.30±0.16 0.65±0.13
Lepton fraction 3.25±0.04 0.145±0.002 4.10±0.04 0.50±0.02 –
mT > 700 GeV 1.86±0.03 0.0317±0.0008 0 –
mT > 1400 GeV 0.0740±0.001 0.0014±0.0002 0 –

Table 4: Cross-section for signal and backgrounds after each requirement. Electron mode.

σ [pb]
Requirement W ′ (1 TeV) W ′ (2 TeV) W tail tt̄ Dijets[1-7]

(No requirement) 4.99 0.231 10.28 452 1.91×1010

Preselection 4.28±0.05 0.199±0.002 7.77±0.06 205.30±0.46 (11.2±0.19)×106

pT > 50 GeV 4.03±0.04 0.187±0.002 6.40±0.06 61.71±0.25 (1.24±0.26)×103

/ET > 50 GeV 4.00±0.04 0.186±0.002 6.04±0.05 31.34±0.18 74.32±23.28
Isolation 3.95±0.04 0.185±0.002 5.99±0.05 28.70±0.17 1.00±0.82
Lepton fraction 3.81±0.04 0.181±0.002 4.85±0.05 0.64±0.03 (1.96±1.38)×10−3

mT > 700 GeV 2.20±0.03 0.043±0.002 0.007±0.003 0.001±0.001
mT > 1400 GeV 0.094±0.0001 0.0031±0.0006 0.001±0.001 0.001±0.001

Table 5: Cross-section for signal and backgrounds after each requirement. Muon mode.

calculated for transverse mass above 70% of the W ′ boson mass, i.e. above the values listed in Table 6.
We define the K-factor to be the ratio of the MC@NLO cross-section to that from PYTHIA. These

are shown as functions of η in Fig. 22.
Integrals of the W ′ boson and W boson tail differential cross-sections are given in Table 7. The NLO

predictions are 30-40% higher than those from PYTHIA, with little change with the variations in scale.
Although the NLO/LO cross-section and acceptance ratios are of order 40%, the uncertainties on the
NLO values are expected to be significantly smaller. Also, the QED corrections are partially included
through PHOTOS [41] for FSR, and should have a small impact on the measurements in case of the
observation of a signal.

6.1.2 Parton Distribution Functions

The LHC will take data in a new energy regime and so we expect significant uncertainty in signal and
background predictions due to our uncertainty in knowledge of the PDFs.

The CTEQ6.1 fits include 40 error PDFs corresponding to the two limits on each of 20 eigenvectors.

M (GeV) Γ (GeV) Minimum mT (GeV)
1000 34.739 700
2000 70.540 1400
3000 106.390 2100

Table 6: Masses and widths used as input to MC@NLO/HERWIG generation of W ′ boson events.
The third column gives the lower limit for the masses used to calculate cross-sections.
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Figure 22: W ′ boson K-factors (ratios of MC@NLO and PYTHIA cross-sections) as functions of η
for positive (left) and negative (right) charge for masses of 1 (top), 2 (middle) and 3 TeV (bottom).
S is the common scale factor. The errors are statistical.
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Process Min. mT PYTHIA σ (fb) NLO σ (fb) K-factor S=0.5 S=2.0
W ′(m = 1 TeV)+ 700 534. (1) 742. (1) 1.389 (4) 1.8% (2) -1.8% (2)
W ′(m = 1 TeV)- 700 1204. (1) 1644. (2) 1.365 (3) 1.7% (2) -1.8% (2)
W ′(m = 2 TeV)+ 1400 62.6 (1) 83.0 (1) 1.327 (3) 2.7% (2) -1.6% (2)
W ′(m = 2 TeV)- 1400 20.3 (6) 27.7 (4) 1.362 (4) 3.0% (2) -1.4% (2)
W ′(m = 3 TeV)+ 2100 6.73 (1) 8.69 (1) 1.292 (3) 3.7% (2) 4.4% (2)
W ′(m = 3 TeV)- 2100 1.791 (6) 2.540 (4) 1.370 (5) 3.7% (2) 4.4% (2)
W+ 700 20.22 (7) 27.66 (8) 1.368 (6) 2.2% (4) -0.6% (4)
W - 700 8.93 (5) 12.56 (4) 1.407 (9) 2.6% (5) -0.8% (5)
W+ 1400 1.042 (4) 1.424 (4) 1.366 (7) 2.2% (5) -1.5% (5)
W - 1400 0.354 (2) 0.499 (2) 1.41 (1) 1.8% (6) -1.6% (5)
W+ 2100 0.1231 (3) 0.1657 (3) 1.346 (4) 3.0% (3) 2.4% (3)
W - 2100 0.0346 (1) 0.0492 (1) 1.421 (6) 3.1% (3) 2.5% (3)

Table 7: Integrated W ′ boson and W boson tail cross-sections for PYTHIA and MC@NLO with
common scale factor S=1. Integral is over the full η range −2.5 < η < 2.5. The listed K-factors
are the ratios of the integrated MC@NLO and PYTHIA cross-sections. The last two columns give
the change in the MC@NLO cross-section when the common scale factor is changed by a factor
of two. The statistical error in the last digit of each calculated quantity is shown in parentheses.

These can be used to estimate the uncertainty in predictions obtained with the fit. Figure 23 shows the
PYTHIA prediction for the m = 1 TeV W ′ boson differential cross-section as a function of η for the
CTEQ6.1 central value and each of the 40 error sets. Events are required to have transverse mass above
the threshold in Table 6. The difference in shape between the positively and negatively charged bosons is
a consequence of the parton distribution functions since W ′+ are from ud̄ fusion and W ′− from dū fusion.

η
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 (
fb

)
η

/dσd

0

100

200

300

400

500 plus
Error sets

minus
Error sets

Figure 23: Muon η distributions for positively- and negatively-charged m = 1 TeV W ′ bosons
using the CTEQ 6.1 PDF central value (black) and 40 error sets.

We calculated cross sections for W ′ boson production with mass of 1 TeV using the CTEQ6.1 cen-
tral value and error PDFs by integrating over the full η range (|η | < 2.5) in Fig. 23. To estimate the
overall uncertainty, the positive and negative deviations for each eigenvector were summed separately in
quadrature for each charge sign. Where both deviations for an eigenvector had the same sign, only the
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larger magnitude was included in the sums. Table 8 shows the results.

Process Min. mT W+ W -
W ′ (m = 1 TeV) 700 -4.1% (5), +8.2% (5) -11.1% (7), +3.5% (8)

Table 8: CTEQ6.1 combined error set deviations for W ′ boson cross-sections. The statistical error
on the last digit is shown in parentheses.

Combining all the above, we assign a common K-factor of 1.37 for all masses and charges and assign
an 8% uncertainty on this factor.

6.2 Instrumental Uncertainties

Detector related uncertainties for these studies can be divided in two categories: the ones related to the
reconstruction of the leptons and the ones corresponding to the global event activity as the /ET and the
jet characteristics. However, the lepton reconstruction uncertainties can be the dominant factor in the /ET

resolution.

6.2.1 Lepton Reconstruction

Three main contributions can be identified in this category. The efficiency of lepton identification, as
well as the fake rates associated with this, the pT or ET scale and its measurement resolution.

Systematic errors on the momentum scale of the muons can arise for instance due to the non-perfect
knowledge of the magnetic field. To take into account such effects, a variation of ±1% is applied to the
pT of the reconstructed muons. Positive and negative variations are considered separately. In a similar
way but for energy, a variation of ±0.5% was made for electrons.

An incomplete understanding of the material distributions inside the detector as well as possible mis-
alignments in the MS can lead to an additional smearing of the momentum measurement resolution of
muons. To evaluate the impact of such contributions on the analysis, a smearing, based on early cali-
brations of σ(1/pT ) = 0.011/pT ⊕0.00017 is applied. The first term enhances the Coulomb scattering
smearing, while the second enhances the alignment contribution, and is the crucial factor in this study.

For the energy measurement resolution for electrons, the total σ(ET ) is smeared by 0.0073×ET ,
which enhances the constant term only.

Lepton identification efficiency is obviously important for this analysis. The identification efficiency
can be estimated from the data, using the tag-and-probe method described in [42] for muons in the region
20 < pT < 50 GeV and extrapolated to higher pT using simulated data. A value of±5% has been chosen
for the evaluation of this uncertainty, corresponding to the early running period of integrated luminosities
L < 100 pb−1. In the case of electrons a ±1% variation has been applied.

6.2.2 Jet Reconstruction

An uncertainty on the jet energy scale of±7% was imposed, together with an uncertainty on its resolution
of σ(ET ) = 0.45×√ET ⊕5%.

6.2.3 Missing Energy

If jets or leptons are systematically shifted, then missing transverse energy should be systematically
shifted in a known direction. Based on the jet and leptons performance, the missing energy is shifted as
follows:
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• /ET (shi f ted)(x) = /ET (x)+E lepton/ jet(x)−E lepton/ jet
shi f ted (x)

• /ET (shi f ted)(y) = /ET (y)+E lepton/ jet(y)−E lepton/ jet
shi f ted (y)

• ∑ET (shi f ted) = ∑ET +E lepton/ jet
T −E lepton/ jet

T (shi f ted)

In the case of muons, momentum is used instead of energy.

6.2.4 Summary of Experimental Systematic Uncertainties

The effects of the experimental uncertainties are summarized in Tables 9 and 10. In the high-pT range

electrons muons
Description of systematic δs [%] δb [%] δs [%] δb [%]
Lepton energy scale + +0.8 +1.8 +1.2 +4.6
Lepton energy scale - -0.7 -2.1 -1.2 -4.4
Lepton energy resolution +0.1 +0.2 -1.0 +3.7
Lepton identification efficiency + +1.0 +1.0 +5. +5.
Lepton identification efficiency - -1.0 -1.0 -5. -5.
Jet energy scale + +0.1 -0.2 -0.1 +0.1
Jet energy scale - +0.1 -0.2 +0.1 +0.7
Jet energy resolution +0.0 +0.1 -0.1 +0.3
Luminosity ±3. ±3.

Table 9: Effect of the detector systematics in percentage for mW ′ = 1 TeV. δs is the uncertainty on
the signal, δb is the uncertainty on the background.

electrons muons
Description of systematic δs [%] δb [%] δs [%] δb [%]
Lepton energy scale + +0.7 +1.2 +1.5 +3.4
Lepton energy scale - -0.4 -3.7 -1.7 -2.5
Lepton energy resolution -0.03 0.0 -4.2 +6.8
Lepton identification efficiency + +1.0 +1.0 +5. +5.
Lepton identification efficiency - -1.0 -1.0 -5. -5.
Jet energy scale + +0.1 1.2 +0.1 +0.8
Jet energy scale - -0.1 0 -0.3 -0.1
Jet energy resolution -0.1 0 +0.1 -0.1
Luminosity ±3. ±3.

Table 10: Effect of the detector systematics in percentage for mW ′ = 2 TeV. δs is the uncertainty
on the signal, δb is the uncertainty on the background.

under consideration, the systematic uncertainties on the quality of single lepton reconstruction have a
stronger effect on the muon channel, for which there are comparable contributions from energy scale,
resolution and identification efficiency (with the resolution uncertainty becoming more important for a
higher W ′ mass); out of these three, the energy scale uncertainty dominates in the electron channel for
mW ′ = 1 TeV, but becomes less important for mW ′ = 2 TeV. Jet uncertainties do not play a strong role
on either channel.
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7 Discovery Potential

In order to assess the ATLAS discovery potential in the search for a W ′→ `+ /ET signal, the luminosity
needed for a 5σ excess is obtained as a function of the mass of the W ′ boson.

The significance is obtained from the expected number of signal and background events in the region
mT > 0.7mW ′ , where mW ′ is the mass of the hypothesized W ′ boson. Calling these expected numbers s
and b, respectively, the significance S is obtained as

S =
√

2((s+b) ln(1+ s/b)− s)

which gives a good approximation to the likelihood-ratio based significance in the low statistics regime.
Figure 24 shows the expected integrated luminosity needed for a 5-sigma excess as a function of the
mass of the W ′ boson.

Higher order corrections for W ′/W → `ν processes are taken into account as stated in section 6.1.
Systematic uncertainties listed in Tables 9 and 10 are taken into account by increasing the expected
background by the sum in quadrature of its positive expected variations, and by reducing the signal by
the sum in quadrature of its expected negative variations; this assumes no correlations of the expected
signal and background expectations and, as a result, produces a conservative estimate.

For comparison, the integrated luminosity values for a 5σ significance were also obtained taking
into account the shape of the signal and background mT distributions. This was done using a technique
in which, instead of an ensemble of Monte Carlo pseudo-experiments [43], a Fast Fourier Transform
(FFT) is used to calculate the experimental estimator distributions [44]. This method allows a fast de-
termination of the probability that background fluctuations produce a signal-like result, but it depends
on the assumption that both the location of the signal and its shape are well known. Treating each bin
of the transverse mass distribution as an independent search channel, and combining them accordingly,
the resulting sensitivity is in general higher than the estimation given in the number counting approach.
With this method, the luminosity required for a 5σ effect was reduced between 20 and 35% with respect
to the values shown in Fig. 24.

Even for very low integrated luminosities (of the order of picobarns), a W ′ boson with a mass above
the current experimental limits could be found with a significance in excess of 5σ , while, with 1 fb−1,
masses of the order of 3 TeV can be reached. As an illustration, Figs 25 and 26 show Monte Carlo
outcomes of pseudo-experiments corresponding to 10 pb−1 and 100 pb−1, respectively, for both channels.
The solid line histograms depict the expected background, those in dotted lines the m = 1 TeV W ′ boson
signal and the dashed-dotted line histograms show possible m = 2 TeV W ′ boson signals.

8 Summary and Conclusion

The potential for the ATLAS experiment to reconstruct and identify the decay of a heavy, charged gauge
boson into a lepton and a neutrino has been studied. Various systematic and theoretical uncertainties
have been considered, as well as plausible estimations of our uncertainties about the performance of the
detector in the early stages of data taking. These studies show that, even with integrated luminosities
as low as 10 pb−1 of data, it would be possible to discover this type of bosons, should they exist not
far beyond the current experimental limits and have Standard Model like couplings. With an integrated
luminosity of a few fb−1, ATLAS has the potential to discover these particles for masses up to 4 TeV.
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Figure 25: Monte Carlo pseudo-experiment for 10 pb−1. Left: electron channel; right: muon
channel.
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Figure 26: Monte Carlo pseudo-experiment for 100 pb−1. Left: electron channel; right: muon
channel.
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Search for Leptoquark Pairs and Majorana Neutrinos from
Right-Handed W Boson Decays in Dilepton-Jets Final States

Abstract
Final states with high-pT leptons and jets are predicted by many Beyond the
Standard Model scenarios. Two prominent models are used here as guides
to understanding the event topologies: the scalar leptoquarks and the Left-
Right Symmetry. In contrast to many SUSY signatures, their topologies rarely
contain missing energy. Their discovery potential with early ATLAS data,
corresponding to an integrated luminosity of a few hundred inverse picobarns,
is discussed.

1 Introduction

Grand Unification has inspired many extensions of the Standard Model. Such models introduce new,
usually very heavy particles, and previous searches for Grand Unification Theory (GUT) signatures have
placed limits on masses and interaction strengths of the new particles. The LHC will probe new regions
of parameter space, allowing for a direct search for these particles. Decays characterized by final states
with two highly energetic leptons, two jets and no missing transverse energy are studied in this note.
The models for new physics considered for this note are described below. The simulation of signal and
background processes is described in section 2. In section 4 the baseline selection that is used for all
analyses is explained. After the trigger requirements are given (section 3), section 5 details the specifics
of each of the analyses. The systematics are described in section 6 and the final sensitivity estimates are
given in section 7.

1.1 Leptoquarks

The experimentally observed symmetry between leptons and quarks has motivated the search for lepto-
quarks (LQ), hypothetical bosons carrying both quark and lepton quantum numbers, as well as fractional
electric charge [1–5]. Leptoquarks could, in principle, decay into any combination of a lepton and a
quark. Experimental limits on lepton number violation, flavor-changing neutral currents, and proton de-
cay favour three generations of leptoquarks. In such a scenario, each leptoquark couples to a lepton and
a quark from the same Standard Model generation [6]. Leptoquarks can either be produced in pairs by
the strong interaction or in association with a lepton via the leptoquark-quark-lepton coupling. Figure 1
shows the Feynman diagrams for leptoquark production processes accessible at the LHC.

This note describes the search for leptoquarks decaying to either an electron and a quark or a muon
and a quark. The branching ratio of a leptoquark to a charged lepton and a quark is denoted as β .
Decays to neutrinos are not considered, and events are not explicitly selected based on the flavor of the
quark. The experiments at the Tevatron have searched for first (decaying to eq), second (decaying to µq),
and third (decaying to τq) generation scalar leptoquarks. For β = B(LQ→ `±q) = 1, the DØ [7] and
CDF [8] collaborations have set 95%CL limits for first generation scalar leptoquarks of mLQ1 > 256 GeV
and mLQ1 > 236 GeV, respectively. These limits are based on integrated pp̄ luminosities of approxi-
mately 250 pb−1 and 200 pb−1. The results for second generation leptoquarks, mLQ2 > 251 GeV and
mLQ2 > 226 GeV, were obtained with 300 pb−1 and 200 pb−1 by the DØ [9] and CDF [10] experiments,
respectively.

The Tevatron exclusion limits are expected to reach 300-350 GeV in the near future.
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Figure 1: Feynman diagrams for leptoquark production.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the
nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity
at high energies by introducing three new heavy right-handed Majorana neutrinos Ne, Nµ and Nτ . The
smallest gauge group that implements an LRSM is SU(2)L× SU(2)R×U(1)B−L. At low energies, the
left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos
explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton
number L could be violated in processes that involve the Majorana neutrinos. This opens a window to the
very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers
B and L are violated but B−L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate
vector bosons WR and Z′, Higgs bosons, and a left-right mixing parameter. The most restrictive lower
limit on the mass of the WR boson comes from the KL −KS mass difference which requires mWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-
handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data
from supernova SN1987A. Such heavy neutrinos would allow for a WR boson at the TeV mass scale.
This scenario would also be consistent with LEP data on the invisible width of the Z boson. Present
experimental data on neutral currents imply a lower limit on the mass of a Z′ boson of approximately
400 GeV. Recent direct searches [13] for the WR boson at DØ give a lower mass limit of 739 GeV and
768 GeV, assuming the WR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,
respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as
jets) were not searched for in those analyses.

The new intermediate vector bosons WR and Z′ would be produced at the LHC via the Drell-Yan
(DY) process like Standard Model W and Z bosons. Their decays would be a source of new Majorana
neutrinos. The Feynman diagram for WR boson production and its subsequent decay to a Majorana
neutrino is shown in Fig. 2. This note describes an analysis of WR boson production and its decays
WR→ eNe and WR→ µNµ , followed by the decays Ne→ eq′q̄ and Nµ → µq′q̄, which can be detected in
final states with (at least) two leptons and two jets.

2
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Figure 2: Feynman diagram for WR boson production and its decay to a Majorana neutrino N`.

mLQ in GeV σ(pp→ LQ ¯LQ) (NLO) in pb
300 10.1 ± 1.5
400 2.24 ± 0.38
600 0.225 ± 0.048
800 0.0378 ± 0.0105

Table 1: NLO cross-sections for scalar leptoquark pair production at the LHC [16].

2 Simulation of Physics Processes

2.1 Leptoquarks

The signals have been studied using samples of first generation (1st gen.) and second generation (2nd gen.)
scalar leptoquarks simulated with the Monte Carlo (MC) generator PYTHIA [14] and using the CTEQ6L1
parameterization [15] of the parton density functions (PDFs). A leptoquark-lepton-quark coupling λ =
0.8 was used in the event generation leading to a natural width of the leptoquarks of 0.63 GeV and
1.3 GeV for leptoquark masses of 400 GeV and 800 GeV respectively. The next to leading order
(NLO) cross-sections for leptoquark pair production at 14 TeV pp centre-of-mass energy were taken
from Ref. [16] and are shown in Table 1 for the four simulated leptoquark masses.

2.2 Left-Right Symmetry

Studies of the discovery potential for WR bosons and the Majorana neutrinos, Ne and Nµ produced in their
decays, were performed using datasets simulated with the MC generator PYTHIA according to a particu-
lar implementation [17] of an LRSM described in [18]. The Standard Model axial and vector couplings,
the CKM matrix for the quark sector, no mixing between the new and Standard Model intermediate vector
bosons, and phase space isotropic decays of Majorana neutrinos are assumed for the right-handed sec-
tor in this model. The products of leading-order production cross-sections σ(pp→WRX) and branching
fractions to studied final states WR→ `N`→ `` j j are 24.8 pb for mWR = 1800 GeV,mNe = mNµ = 300 GeV
and 47.0 pb for mWR = 1500 GeV,mNe = mNµ = 500 GeV. In the rest of this note, these samples are re-
ferred to as LRSM 18 3 and LRSM 15 5, respectively. The Majorana nature of the new heavy neutrinos
allows for same-sign and opposite-sign dileptons.

3
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2.3 Background Processes

The main sources of background for the analyses presented here are tt̄ and inclusive Z/γ∗ production pro-
cesses. Multijet production, where two jets are misidentified as leptons, represents another background.
In addition, minor contributions arise from diboson production. Other potential background sources,
such as single-top production, were also studied. Their contribution was found to be insignificant.

• Z/γ∗ background was studied using a combination of two MC samples with generator-level dilep-
ton invariant mass preselections of m`` > 60 GeV and m`` > 150 GeV, the latter sample corre-
sponding to a much larger integrated luminosity than the former. The samples were normalized to
the given luminosity using their partial cross-sections and the NLO estimate σ(pp→ Z)×B(Z→
`+`−) = 2032 pb, obtained with the MC generator FEWZ [19, 20]. A lepton filter was applied at
the event generation, requiring at least one electron or muon with transverse momentum greater
than 10 GeV and absolute pseudo-rapidity smaller than 2.7, resulting in an effective cross-section
of 1808 pb.

For logistical reasons, the sample with the lower mass preselection was generated using the MC
generator PYTHIA [14], and the sample with higher mass preselection was generated using HER-
WIG [21]. In both cases, the CTEQ6L1 [15] parton distribution functions were used. The consis-
tency between the two samples was verified at high dilepton masses.

• tt̄ background was simulated using the MC generator MC@NLO [22] using the CTEQ6M [15]
parton distribution functions. It was normalized to the given integrated luminosity using a produc-
tion cross-section of 833 pb estimated to the next-to-leading order (NLO+NLL) [23]. In addition,
a lepton filter was applied, requiring at least one electron or muon with transverse momentum
greater than 1 GeV, which resulted in an effective cross-section of 450 pb.

• The diboson samples were generated using HERWIG with a generator-level preselection on the
invariant mass of Z/γ∗ > 20 GeV. With this requirement, the NLO partial cross-sections for WW ,
WZ and ZZ boson pair production processes were numerically estimated (using MC@NLO) to be
117.6 pb, 56.4 pb, 17.8 pb, respectively. The CTEQ6L1 parton distribution functions were used
for event generation. Again, a lepton filter was applied, with a transverse momentum threshold
of 10 GeV and a maximum absolute pseudo-rapidity of 2.8. This resulted in a total effective
cross-section of 60.9 pb.

• The multijet background was simulated using PYTHIA with the CTEQ6L1 structure functions.
The normalization was based on PYTHIA cross-section estimates. The statistics of these samples
are very limited, such that no reliable estimate of this background could be made at this time.

3 Trigger Requirements

The trigger system [24] of the ATLAS experiment has three levels, L1, L2 and the Event Filter (EF). To
ensure high overall trigger efficiencies, our analyses rely on single lepton trigger streams with relatively
low thresholds. The dielectron analyses rely on the single electron-based trigger called e55 which has a
threshold of around 60 GeV [24]. When selected events fail this trigger, the analyses rely on the lower-
threshold (about 25 GeV) single electron trigger called e22i [24] in which the electron is required to be
isolated. A single muon trigger with threshold about 20 GeV (mu20 [24]) is used in the dimuon analyses.

Final states studied in this note always contain two high-pT leptons. While the baseline selection
described in section 4 requires two leptons with pT > 20 GeV, most signal events contain at least one
lepton with significantly higher pT . As a result, the overall trigger efficiency for events that satisfy all

4
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analysis selection criteria (section 5) exceeds 95%. The trigger efficiencies for signal MC events that
satisfy all selection criteria are shown in Table 2.

Process L1 L2 EF L1*L2*EF
1st gen. leptoquarks mLQ = 400 GeV 100.0% 99.4% 97.6% 97.0%
2nd gen. leptoquarks mLQ = 400 GeV 97.7% 99.1% 99.7% 96.5%

LRSM (ee) mWR = 1800 GeV, mNe = 300 GeV 100.0% 99.2% 97.2% 96.4%
LRSM (µµ) mWR = 1800 GeV, mNµ = 300 GeV 96.8% 98.7% 98.9% 94.5%

Table 2: Overall trigger efficiencies for signal events that satisfy all selection criteria.

4 Baseline Event Selection

The baseline event selection, common for all analyses presented in this note, requires two leptons and
two jets. All analyses use the same selection criteria for signal electron, muon, and jet candidates. The
baseline selection criteria for these reconstructed objects are summarized below. Performance studies
are described elsewhere [25–28].

Electron candidates are identified as energy clusters reconstructed in the liquid argon electromagnetic
calorimeter that match tracks reconstructed in the inner tracking detector and satisfy the medium electron
identification requirements [25].

Muon candidates are identified as tracks reconstructed in the muon spectrometer [26] that, when
extrapolated to the beam axis, match a track reconstructed in the inner detector, and satisfy relative
isolation energy requirements E iso

T /pµ
T ≤ 0.3. pµ

T is the muon candidate’s transverse momentum and E iso
T

is the energy detected in the calorimeters in a cone of ∆R=
√

∆η2 +∆φ 2=0.2 around the muon candidate’s
reconstructed trajectory, corrected for the expected energy deposition by a muon.

Jets are identified as energy clusters reconstructed in the calorimeters using a ∆R=0.4 cone algo-
rithm [27]. ∆R between a jet and any electron candidate (as defined above) must be larger than 0.1. This
veto is imposed to avoid electrons being misidentified as jets. It is applied in all analyses, regardless of
whether electrons are explicitly considered in the final states or not. The jet energy scale calibration is
performed using full MC simulation and requires that the average reconstructed jet energy agrees with the
average energy of the jets reconstructed with the Monte Carlo truth particles. The same jet reconstruction
algorithm, with cone size ∆R = 0.4, is used for both reconstruction and calibration.

All objects are required to have pT ≥ 20 GeV, the leptons must have an absolute pseudo-rapidity |η |
smaller than 2.5 and jets must have |η | ≤ 4.5.

To suppress contributions from Drell-Yan backgrounds, the dilepton invariant mass is required to be
at least 70 GeV. Tighter analysis-specific requirements are later applied to this and other variables in
order to achieve the best sensitivities in individual studies, as described in the following section.

5 Individual Analyses

5.1 Search for Leptoquark Pair Production

Following the baseline object identification criteria described above, the leptoquark pair analyses require
events to have at least two oppositely charged leptons of the same flavour and at least two jets. Signal
sensitivity and discovery potential are estimated using a sliding mass window algorithm: only events in
the mass region around the assumed mass of the leptoquark are analyzed.

5
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For large leptoquark masses, signal leptons and jets have, on average, larger transverse momenta
than background particles. The following kinematic quantities are used to separate the signal from back-
grounds: the transverse momentum of the leptons (pT ), the scalar sum of the transverse momenta of
the two most energetic jets and leptons (ST = ∑ |~pT | jet + ∑ |~pT |lep), the dilepton invariant mass (m``),
and lepton-jet invariant mass. The lepton-jet invariant mass represents the mass of the leptoquark if the
correct lepton-jet combination is chosen. Since there are two leptons and two jets there are two possible
combinations, and we choose the combination which gives the smallest difference between the masses
of the first and second leptoquark candidates.

Physics Before Baseline ST ≥ mee ≥ m1
l j - m2

l j window (GeV)
sample selection selection 490 GeV 120 GeV [320-480] - [700-900] -

[320-480] [700-900]
LQ (m = 400 GeV) 2.24 1.12 1.07 1.00 0.534 -
LQ (m = 800 GeV) 0.0378 0.0177 0.0177 0.0174 - 0.0075
Z/γ∗ ≥ 60 GeV 1808. 49.77 0.722 0.0664 0.0036 0.00045
tt̄ 450. 3.23 0.298 0.215 0.0144 < 0.0012
Vector Boson pairs 60.9 0.610 0.0174 0.00384 < 0.002 < 0.0014
Multijet 108 20.51 0.229 0.184 0.0 0.0

Table 3: 1st generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.
The upper limits are given at 68% confidence level.

Physics Before Baseline pµ
T≥60 GeV ST ≥ mµµ ≥ ml j window (GeV)

sample selection selection p jet
T ≥25 GeV 600 GeV 110 GeV [300-500] [600-1000]

LQ (400 GeV) 2.24 1.70 1.53 1.27 1.23 0.974 -
LQ (800 GeV) 0.0378 0.0313 0.0306 0.0304 0.030 - 0.0217
Z/γ∗ ≥60 GeV 1808. 79.99 2.975 0.338 0.0611 0.021 0.014
tt̄ 450. 4.17 0.698 0.0791 0.0758 0.0271 0.0065
VB pairs 60.9 0.876 0.0654 0.00864 0.00316 0.00185 0.00076
Multijet 108 0.0 0.0 0.0 0.0 0.0 0.0

Table 4: 2nd generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.

In both channels, the values of these selection criteria are optimized1 to achieve discovery with 5σ
significance at the lowest luminosity possible. Tables 3 and 4 show the values of the selection criteria
and resulting signal and background cross-sections for 1st and 2nd generation channels, respectively.
One important difference between the two channels is the background due to jets being misidentified
as electrons. This background can be significantly reduced by requiring both reconstructed jet-electron
masses, (m1

l j, m2
l j), to be close to the tested leptoquark mass. However, such a selection in the 2nd gen-

eration analysis would significantly reduce the signal efficiency, especially for larger leptoquark masses.
Therefore, a less strigent selection is applied, and only the average of the two muon-jet masses (mav

l j ) is
required to be near the tested leptoquark mass.

Figure 3 shows the ST variable distribution with mLQ = 400 GeV, along with the main backgrounds,
Drell-Yan and tt̄ production, after baseline selection plus, for the 2nd generation case, the requirements

1At this stage, only statistical uncertainties are taken into account.
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Figure 3: ST in leptoquark MC events (mLQ = 400 GeV) after baseline selection. Left: 1st generation, right: 2nd
generation with the additional requirements pµ

T > 60 GeV and p jet
T > 25 GeV.
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Figure 4: m`` of the selected lepton pair after ST selection in leptoquark 1st generation (left) and 2nd generation
(right) events (mLQ = 400 GeV).

The dilepton mass distribution after the ST selection is shown in Figure 4.
Figures 5 and 6 show the reconstructed invariant mass of leptoquark candidates (mLQ=400 GeV) in

signal events and the main backgrounds, Drell-Yan and tt̄ production, after the subsequent selections
on dimuon mass and ST . Due to gluon radiation, quarks produced in the decays of heavy particles are
not equivalent to standard jets. This shifts the peak of the jet energy resolution function towards smaller
energies and results in a low-mass shoulder in the distribution of reconstructed masses of heavy particles.
Figure 5 shows two entries per event corresponding to the two reconstructed electron-jet objects obtained
by adding x and y mass projections of (m1

l j, m2
l j) on a common axis, ml j.

All figures show predicted distributions for an integrated luminosity of 100 pb−1.
The trigger efficiency is not included in the plots and tables shown in this section. However events

satisfying all selection criteria would trigger with an efficiency exceeding 95%, as discussed in Section 3.
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Figure 5: Reconstructed electron-jet invariant mass in the 1st generation leptoquark (mLQ=400 GeV) analysis
for signal and background MC events after baseline selection (left) and after all selection criteria (right). All
distributions are given for 100 pb−1 of integrated luminosity.

 [GeV]ljM
0 100 200 300 400 500 600 700 800

-1
E

ve
nt

s 
/ 2

0 
G

eV
 / 

10
0 

pb

-110

1

10

210

310 ATLAS
Signal - 400 GeV

Drell-Yan

tt
WW,ZZ,WZ

Second generation

 [GeV]ljM
0 100 200 300 400 500 600 700 800

-1
E

ve
nt

s 
/ 2

0 
G

eV
 / 

10
0 

pb

0

5

10

15

20

25
ATLAS

Signal - 400 GeV

Drell-Yan

tt
WW,ZZ,WZ

Second generation

Figure 6: Reconstructed muon-jet invariant mass for 2nd generation leptoquarks (mLQ = 400 GeV) in signal and
background MC events after baseline selection (left) and after all selection criteria (right). All distributions are
given for 100 pb−1 of integrated luminosity.

5.2 Search for New Particles from Left-Right Symmetric Models

Signal event candidates are required to contain (at least) two electron or muon candidates and two or
more jets that pass the baseline selection criteria. As previously described, the minimum separation
between a jet and an electron candidate ∆R≥ 0.1 is required. The two leading pT lepton candidates and
the two leading pT jets are assumed to be the decay products of the WR boson. The signal jet candidates
are combined with each signal lepton, and the combination that gives the smallest invariant mass is
considered as the heavy neutrino (N` in Fig. 2). This assignment is correct in more than 99% of signal
MC events. The other lepton is assumed to come directly from the decay of the WR boson.

When the WR boson is at least twice as heavy as the Majorana neutrino, the daughter lepton from the
neutrino’s decay often begins to partially merge with one of the daughter jets. In the dielectron analysis,
when the separation between this lepton and a signal jet candidate is in the range 0.1≤ ∆R≤ 0.4, using
all three reconstructed objects to estimate the invariant mass of the neutrino would often result in double-
counting. To solve this problem, signal event candidates in the dielectron analysis are divided into two
groups. When the separation is outside the discussed range, i.e. ∆R > 0.4, all three objects are used.
However, when the separation is in the critical range, i.e. 0.1≤ ∆R≤ 0.4, only jets are used to estimate
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the mass of the Ne neutrino. It must be noted that this procedure has little effect on the Ne neutrino mass
resolution, because it is dominated by the resolution on the jets energy. The fraction of events falling in
the critical range depends on the ratio of WR boson and Majorana neutrino masses, and increases with
this ratio, being 8% for the 1500 GeV to 500 GeV ratio and 26% for the 1800 GeV to 300 GeV ratio
considered here. No such problem exists in the dimuon analysis because muon reconstruction is possible
even when the reconstructed trajectory’s projection into the calorimeters randomly coincides with jet
activity. The mass of the Majorana neutrino can be reconstructed with a relative resolution of about
6%, and the mass of the WR boson can be reconstructed with a relative resolution of 5% to 8%; better
resolution on the latter is achieved in the dielectron analyses because the muon spectrometer resolution
is degraded at high transverse momenta.
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Figure 7: LRSM analysis. ST distributions for signals and backgrounds normalized to 100 pb−1 of integrated
luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate the region
used in the analysis.

While the main background sources in LRSM analyses are tt̄, Z/γ∗, and vector boson pair production
processes, multijets were also identified as a source of potentially dangerous background in the dielectron
analysis. The distributions of the scalar sum of signal object candidates’ transverse momenta ST , and the
reconstructed dilepton invariant mass m`` for signal and background events, normalized to an integrated
luminosity of 100 pb−1, are shown in Figs. 7 and 8.

The choice of the selection criteria ST ≥ 700 GeV and m`` ≥ 300 GeV is made in order to maintain
good efficiency not only for mass values used in this study, but also for signals with mWR ≥ 1000 GeV.

Partial cross-sections for signal and background processes passing the selection criteria are shown
in Tables 5 and 6. Some remarks are in order concerning the selection criteria’s efficiencies. First, the
dimuon channel is more efficient than the dielectron channel. This is due to the jet-electron merging
discussed previously. This issue becomes especially important for a larger ratio of masses mWR/mNe .
However, for a very heavy WR boson, the dielectron channel could become more significant because the
WR boson mass resolution does not become as wide in the dielectron channel as it does in the dimuon
channel. Also, because of its heavy mass, the potential to discover the WR boson and the heavy neutrino
together is much better than in the inclusive search for the new heavy neutrino (assuming the same
production mechanism) because of backgrounds.
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Figure 8: LRSM analysis. The distributions of m`` for signals and backgrounds normalized to 100 pb−1 of
integrated luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate
the region used in the analysis.

Physics Before Baseline me j j mee j j mee ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.0882 0.0882 0.0861 0.0828 0.0786
LRSM 15 5 0.470 0.220 0.220 0.215 0.196 0.184
Z/γ∗,m≥ 60 GeV 1808. 49.77 43.36 0.801 0.0132 0.0064
tt̄ 450. 3.23 3.13 0.215 0.0422 0.0165
VB pairs 60.9 0.610 0.522 0.0160 0.0016 0.0002
Multijet 108 20.51 19.67 0.0490 0.0444 0.0444

Table 5: LRSM dielectron analysis. Partial cross-sections (pb) that survive the selection criteria.

Figures 9 and 10 show the distributions of the reconstructed invariant masses of the heavy neutrino
and WR boson candidates for signal and background MC samples before and after the selection criteria
are applied. All distributions are normalized to 100 pb−1 of integrated luminosity. It should be remarked
that the trigger efficiency is not included in the plots and tables shown in this section. However, events
satisfying all selection criteria would trigger with an efficiency exceeding 95%, as discussed in Section 3.

Background contributions to signal invariant mass spectra could also arise from jets that are misiden-
tified as signal electrons. In principle, such misidentified jets are efficiently suppressed because at least
two signal electron candidates are required, but at present this background remains poorly understood be-
cause larger statistics of multijet MC, or better, real data, would be necessary to evaluate its contribution
reliably. If needed, a better suppression of events with multijets that are misidentified as electrons is pos-
sible by applying a more sophisticated isolation energy requirement. The multijet background does not
pose a problem in the dimuon analysis, where estimates of the misidentification rate predict a vanishing
contribution from multijet to dimuon events.
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Physics Before Baseline mµ j j mµµ j j mµµ ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.145 0.145 0.141 0.136 0.128
LRSM 15 5 0.470 0.328 0.328 0.319 0.295 0.274
Z/γ∗,m≥ 60 GeV 1808. 79.99 69.13 1.46 0.0231 0.0127
tt̄ 450. 4.17 4.11 0.275 0.0527 0.0161
VB pairs 60.9 0.876 0.824 0.0257 0.0047 0.0015
Multijet 108 0.0 0.0 0.0 0.0 0.0

Table 6: LRSM dimuon analysis. Partial cross-sections (pb) that survive selection criteria.

Finally, the analyses described in this note do not discriminate between same-sign and opposite-sign
dileptons. Same-sign dileptons, however, are a very important signature of Majorana neutrinos, which,
being their own anti-particles, could decay to a lepton of either charge. The background contribution to
same-sign dileptons is much smaller than to opposite-sign dileptons. Of course, both channels would
have to be studied if the discovery is made. The studies of charge misidentification performed in the
framework of the presented analyses, predict a rate as high as 5% for high-pT leptons which is strongly
η-dependent.

6 Systematic Uncertainties

The following sources of systematic uncertainties have been considered in the described analyses:

• 20% uncertainty was assumed on the integrated luminosity.

• In the dielectron analyses, 1% was used for the uncertainty in overall trigger efficiency.

• For electron identification and reconstruction efficiency, an uncertainty of 1% was assumed.

• For muon identification, including trigger and reconstruction efficiencies, an uncertainty of 5%
was assumed.

• The uncertainty on the electron energy scale was assumed to be ±1%.

• The uncertainty on the muon momentum scale was assumed to be ±1%.

• The uncertainty on the jet energy scale was estimated by changing the energies of all jets simulta-
neously by ±10% and ±20%, for |η jet | ≤ 3.2 and |η jet |> 3.2, respectively.

• The 20% uncertainty in electron pT resolution was estimated using a Gaussian smearing of pT

with a relative width of 0.66∗ (0.10/
√

pT
⊕

0.007), where pT is in GeV.

• The uncertainty due to muon 1/pT resolution was estimated using a Gaussian smearing of 1/pT

with a width of 0.011/pT
⊕

0.00017, where pT is in GeV.

• The uncertainty due to jet energy resolution was estimated using a Gaussian smearing of jet
energies in such a way that the relative jet energy resolution widens from 0.60/

√
E

⊕
0.05 to

0.75/
√

E
⊕

0.07 for |η jet | ≤ 3.2, and from 0.90/
√

E
⊕

0.07 to 1.10/
√

E
⊕

0.10 for |η jet | > 3.2,
where E is in GeV.
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Figure 9: LRSM analysis. The distributions of the reconstructed invariant masses for Ne (top) and Nµ (bottom)
candidates in background and signal (LRSM 18 3 and LRSM 15 5) events before (left) and after (right) back-
ground suppression is performed in dielectron and dimuon analyses. All distributions are normalized to 100 pb−1

of integrated luminosity. LRSM 15 5 and LRSM 18 3 refer to two sets of LRSM mass hypotheses. See the text
for more information.

• Statistical uncertainties on the number of background MC events were considered as systematic
uncertainties on the number of background events.

• The systematic uncertainty on the leptoquark cross-section (NLO) [16] was calculated by taking
the 40 PDF CTEQ6M tables (two per eigenvector of PDF variations, provided by the CTEQ group
for calculating uncertainties [15]), recalculating the leptoquark cross-section with each of these
tables, and taking the largest difference of the two variations for each of the 20 eigenvectors to
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Figure 10: LRSM analysis. The distributions of the reconstructed invariant masses for WR → eNe (top) and
WR → µNµ (bottom) candidates in background and signal (LRSM 18 3 and LRSM 15 5) events before (left)
and after (right) background suppression is performed in dielectron and dimuon analyses. All distributions are
normalized to 100 pb−1 of integrated luminosity. Notice that the invariant mass of the WR boson is shown before the
requirement m`` j j ≥ 1000 GeV is imposed. This variable is strongly correlated with the background-suppressing
variables ST and m``. LRSM 15 5 and LRSM 18 3 refer to two sets of LRSM mass hypotheses. See the text for
more information.

the cross-section calculated with the standard CTEQ6M table. The estimate shown is the sum in
quadrature of these 20 differences and the relative difference in cross-section obtained by varying
renormalization and factorization scales by a factor of 2. The systematic uncertainty is between
15% and 28% for the tested leptoquark masses.

• The uncertainty of the jet modeling in Z/γ∗ events was estimated by comparing the background
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predictions obtained using MC samples produced with PYTHIA to MC samples produced with
ALPGEN. For the leptoquark pair analysis, this results in an uncertainty of about 30% on the
background from Z/γ∗ events.

• Background cross-sections for tt̄ and Z/γ∗ processes were assumed to have uncertainties of 12%
and 10%, respectively.

Systematic uncertainties affect both signal and background efficiencies, however the significance compu-
tation (next section) is mainly affected by the uncertainty on the background. The dominant systematic
effects on the background are due to the uncertainties in integrated luminosity (20%), the jet energy
scale (16%-35%), jet energy resolution (6%-28%), and the limited statistics of background MC samples
(15%-30%). Possible other sources of systematic uncertainties such as initial and final state radiation
modeling, or pile-up, were not evaluated. The total systematic uncertainties for signals and backgrounds
are summarized in Table 7.

analysis effect on signal events effect on background events
1st gen. 2nd gen. 1st gen. 2nd gen.

leptoquark ±27% ±29% ±53% ±51%
LRSM ±23% ±25% ±45% ±40%

Table 7: Summary of total systematic uncertainties (%) for 100 pb−1 luminosity.

7 Results

The program Scp [29] is used to calculate the significances of possible observations of the signals studied
in this note. The significance is defined in units of Gaussian standard deviations, corresponding to the
(one-sided) probability of observing a certain number of events exceeding the MC-predicted background
Nb at a given integrated luminosity. This probability is usually referred to as CLb(N), where N is the
number of observed events. We report the 5σ discovery potential evaluated in terms of CLb(Ns + Nb),
where Ns is the expected number of signal events. Systematic uncertainties in the number of background
events were also included in the significance calculations. For second generation leptoquarks, the signal
selection was optimized at each mass point to minimize the cross-section times branching ratio needed
to reach a 5σ discovery, while for all other analyses the selection cuts presented in earlier sections were
used.

The overall reconstruction and trigger efficiencies discussed earlier are used to estimate ATLAS’
sensitivity and discovery potential for the studied final states below. These estimates include the trigger
efficiency for signal and background events, as discussed in Section 5, Table 2.

7.1 Leptoquarks

The integrated luminosities needed for a 5σ discovery of the 1st and 2nd generation scalar leptoquark
signals are shown in Table 8 as function of leptoquark mass, assuming β = 1. Also, Fig. 11 predicts the
integrated luminosities needed for a 400 GeV leptoquark mass discovery, with various values of β 2, at a
5σ level.

Finally, Fig. 12 shows the minimum β 2 that can be probed with ATLAS with 100 pb−1 of integrated
luminosity as a function of leptoquark mass. Lighter leptoquark masses can be probed with a smaller β
because of their larger cross-section. It is evident from this figure that ATLAS is sensitive to leptoquark
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Leptoquark mass Expected luminosity needed for a 5σ discovery
1st gen. 2nd gen.

300 GeV 2.8 pb−1 1.6 pb−1

400 GeV 11.8 pb−1 7.7 pb−1

600 GeV 123 pb−1 103 pb−1

800 GeV 1094 pb−1 664 pb−1

Table 8: The integrated luminosities needed for a 5σ discovery of 1st and 2nd gen. scalar leptoquarks for different
mass hypotheses.

]-1Integrated luminosity [pb
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Figure 11: 5σ discovery potential for 1st and 2nd
gen. m = 400 GeV scalar leptoquarks versus β 2

with and without background systematic uncertainty
included.
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Figure 12: Minimum β 2 of scalar leptoquarks versus
leptoquark mass for 100 pb−1 of integrated luminosity
at 5σ (background systematic uncertainty included.)

masses of about 565 GeV and 575 GeV for 1st gen. and 2nd gen., respectively, at the given integrated
luminosity, provided leptoquarks always decay into charged leptons and quarks.

7.2 Left-Right Symmetry

The significances of studied signals versus integrated luminosity are shown in Fig. 13. Figure 14 shows
the product of signal cross-section and dilepton branching fraction versus the integrated luminosity nec-
essary for a 5σ discovery.

The overall relative systematic uncertainties on Drell-Yan and tt̄ backgrounds are approximately
45% and 40% in the dielectron and dimuon analyses, respectively. These estimates are dominated by
contributions from jet reconstruction, uncertainty in integrated luminosity and insufficient MC statis-
tics. Currently, multijet background is poorly understood and is not included in the presented sensitivity
estimates for the dielectron channel.

8 Summary and Conclusions

Studies of final states with two leptons and multiple jets have been discussed, considering both electrons
and muons. The early-data discovery potential for Beyond the Standard Model physics predicted by two
prominent GUT-inspired models has been investigated.

Both 1st and 2nd generation scalar leptoquark pair production could be discovered with less than
100 pb−1 of integrated luminosity, provided that the mass of the leptoquarks is smaller than 500 GeV
and the branching ratio into a charged lepton and a quark is 100%.
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Figure 13: LRSM analysis. Expected signal significances versus integrated luminosity for Ne, Nµ neutrino and
WR boson mass hypotheses, according to signal MC samples LRSM 18 3 and LRSM 15 5. Open symbols show
sensitivities without systematic uncertainties. Sensitivities shown with closed symbols include an overall relative
uncertainty of 45% (40%) estimated for background contributions in the dielectron (dimuon) analysis. LRSM 15 5
and LRSM 18 3 refer to two sets of LRSM mass hypotheses. See the text for more information.

Two LRSM mass points (mWR = 1.8 TeV,mN`
= 300 GeV and mWR = 1.5 TeV,mN`

= 500 GeV) for
the right-handed WR boson and Majorana neutrinos N` have been studied in the dielectron and dimuon
channels. It was found that discovery of these new particles at these mass points would require integrated
luminosities of 150 pb−1 and 40 pb−1, respectively.
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Figure 14: LRSM analysis. The product of signal cross-section and branching fraction to dielectron and dimuon
final states versus integrated luminosity necessary for a 5σ discovery. Ne, Nµ neutrino and WR boson mass hypothe-
ses are for signal MC samples LRSM 18 3 and LRSM 15 5. Horizontal lines indicate nominal cross-sections for
two signal MC samples, according to the LRSM implementation in the MC simulation. Open symbols show dis-
covery potentials without systematic uncertainties. Discovery potentials shown with closed symbols include an
overall relative uncertainty of 45% (40%) assumed for the background contribution in the dielectron (dimuon)
analysis. LRSM 15 5 and LRSM 18 3 refer to two sets of LRSM mass hypotheses. See the text for more infor-
mation.
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Vector Boson Scattering at High Mass
Abstract
In the absence of a light Higgs boson, the mechanism of electroweak symme-
try breaking will be best studied in processes of vector boson scattering at high
mass. Various models predict resonances in this channel. Here, we investigate
WW scalar and vector resonances, WZ vector resonances and a ZZ scalar reso-
nance over a range of diboson centre-of-mass energies. Particular attention is
paid to the application of forward jet tagging and to the reconstruction of dijet
pairs with low opening angle resulting from the decay of highly boosted vector
bosons. The performances of different jet algorithms are compared. We find
that resonances in vector boson scattering can be discovered with a few tens of
inverse femtobarns of integrated luminosity.

1 Introduction

In the absence of a light Higgs boson, an alternative scenario to the Standard Model, Supersymmetry,
or Little Higgs models must be invoked. In particular, Electroweak Symmetry Breaking (EWSB) could
result from a strong coupling interaction. Here, we will make no assumptions about the underlying dy-
namics of EWSB; we treat the Standard Model as a low energy effective theory, and evaluate the potential
for measuring vector boson scattering. In the Standard Model, perturbative unitarity is violated [1] in
vector boson scattering at high energy for a Higgs mass mH > 870 GeV or, if there is no Higgs (mH→∞),
for a centre-of-mass energy above a critical value of around 1.7 TeV. The only way to avoid a light Higgs
boson is therefore to presume new physics at high energy [2], possibly in the form of vector boson pair
resonances. Such resonances are predicted in many models such as QCD-like technicolour models with
the required Goldstone bosons resulting from chiral symmetry breaking [3]; Higgsless extra dimension
models [4], where Kaluza-Klein states of gauge bosons are exchanged in the s-channel [5]; as well as in
models with extra vector bosons, from GUT or from strong interaction (BESS models [6]) mixing with
the Standard Model vector bosons. The present search for resonances in vector boson scattering can be
considered generic and may be interpreted in terms of any of these models.

1.1 The Chiral Lagrangian Model

The Chiral Lagrangian (ChL) model is an effective theory valid up to 4πv∼ 3 TeV, where v = 246 GeV
is the vacuum expectation value of the Standard Model Higgs field. It can provide a description of longi-
tudinal gauge boson scattering at the TeV scale when no light scalar Higgs boson is present. Electroweak
symmetry breaking is realised non-linearly. A set of dimension-4 effective operators describe the low
energy interactions (see for example [7]). Since, at the LHC, vector boson scattering can occur at the
TeV energy scale where the interaction becomes strong, it is necessary to unitarise the scattering am-
plitudes. One popular unitarisation prescription is the so-called Padé prescription, or Inverse Amplitude
Method [8]. This is based on meson scattering in QCD, where it gives an excellent description [9],
reproducing observed resonances. Among the terms of the Lagrangian which describe vector boson
scattering, under some basic assumptions (custodial symmetry and CP conservation), only 2 parameters
(namely α4 and α5) are important for this process. Depending on the values of these two parameters, one
can obtain Higgs-like scalar resonances and/or technicolour-like vector resonances [10]. The resulting
properly-unitarised amplitudes for vector boson scattering may therefore give information in a higher
energy range. They yield poles for certain values of α4 and α5 that can be interpreted as resonances, as
shown in Fig. 1. The hashed region in the figure is forbidden by causality arguments [11].
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Figure 1: Left: regions in the (α5,α4) parameter space indicating which values exhibit vector and/or
scalar resonances in the Padé unitarisation scheme. Right: number of events per fb−1 as a function of the
di-boson invariant mass for different resonance masses studied here.

Other unitarisation procedures are possible, such as the K-matrix method [12] or the N/D method [13].
In general, resonances are not necessarily produced. In non-resonant cases, it remains vital to measure
the vector boson scattering cross section, but high luminosity and a very good understanding of back-
grounds will be required in order to measure the regularisation of the cross section.

1.2 Characteristic Signatures of Vector Boson Scattering

Discovery of the physics signals studied here will, in general, require high integrated luminosity. It
will require also extremely large samples of simulated backgrounds, fine tuning of all reconstruction
algorithms, and a good understanding of the detector performance, which will only gradually develop
after the first few years of LHC running. The main purpose of this note is not, therefore, to evaluate
with precision the discovery potential of ChL resonances, but to establish a strategy for the search of this
important signal. The main emphasis will be put on those aspects most particular to the high mass vector
boson scattering process; that is, the reconstruction of hadronically decaying vector bosons at high pT

and the reconstruction of the high rapidity tag jets.
The decay of a high mass ChL resonance will produce two highly boosted vector bosons in the central

rapidity region of the detector. For transverse momenta greater than about 250 GeV, a hadronically
decaying vector boson will be seen as one single wide and heavy jet. Methods of distinguishing such jets
from single-parton jets will be investigated with different jet algorithms.

A characteristic signature of vector boson scattering is the presence of two high rapidity and high
energy “tag” jets [14], arising from the quarks which radiate the incoming vector bosons. The process can
thus be efficiently distinguished from contributions to the production of (mostly transversely polarised)
final state vector bosons due to bremsstrahlung of these vector bosons from the quarks. In that case, the
accompanying jets are softer and more central. A further component of the signature is the suppression
of QCD radiation in the rapidity interval between the tag jets due to the fact that no colour is exchanged
between the protons in these processes [15]. This characteristic feature allows for efficient use of central
jet veto to suppress backgrounds.

The high QCD background at the LHC naturally leads us to focus on “semi-leptonic” vector boson
events; that is, those events when one W or Z boson decays leptonically, and the other decays hadron-
ically. These channels represent the best compromise in that there is only at most one neutrino, so the
diboson mass may be reconstructed with reasonable resolution, and the backgrounds can be reduced to
a manageable level by the requirement of leptons and/or missing transverse energy (/ET ). Fully-leptonic
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events are also useful in cases where clear resonances are present, where a kinematic edge may be visible
and the backgrounds may be reduced even further. The case of resonant ZZ→ `+`−νν̄ can also lead to a
clean signature. Fully hadronic events may be useable at very high diboson energies, but this possibility
is not considered further here. Thus, the study of vector boson scattering events will also require a good
understanding of detector performance for electrons, muons and /ET . Although many ATLAS analyses
will depend on the reconstruction of these objects, the quality of such reconstruction is evaluated here
for the case of high energy leptons.

The note is organised as follows. In the next section (2) we describe the Monte Carlo simulations and
the samples used. Next, the trigger is discussed (Section 3), then the detector performance with particular
focus on the challenges of this analysis (Section 4). After this, the event selections, efficiencies and
purities for the various final states are given (Section 5). An attempt to evaluate the expected sensitivity
is made (Section 6), and the systematic uncertainties are discussed (Section 7), before a final summary
and conclusion.

2 Signals and Background Simulation

2.1 Definition of Signal

In order to have a gauge invariant set of diagrams for the background, in spite of a Higgsless scenario, a
low mass Higgs will be assumed. A resonance signal will be defined here as an excess of events in the
resonance mass region over the number expected from the Standard Model continuum when the Higgs
boson mass is set at 100 GeV. This ensures that longitudinal vector boson scattering will contribute
negligibly to the process. This definition follows the prescription of [16]. We note that measurement
of even a continuum cross section for this process at such high energies would be of great importance,
but will not be considered here as it should require high luminosity and a very good understanding of
backgrounds.

2.2 Overview of Generators

The Monte Carlo (MC) generators used in the main analysis are as follows.

• PYTHIA [17] version 6.4.0.3 was used for the signal, with the CTEQ6L parton distribution function
and the renormalisation and factorisation scale Q2 = m2

W . The hard process was modified to include
new vector boson scattering amplitudes (see below).

• MADGRAPH [18], version 3.95, with PYTHIA for parton shower, hadronisation and underlying
event, was used for W+jets and Z+jets backgrounds. The default values of fixed renormalisation
and factorisation scales of Q2 = m2

Z were set and CTEQ6L1 parton distribution functions were
used.

• MC@NLO [19], with HERWIG [20], for parton shower and hadronisation and JIMMY [21,22] for
underlying event, was used for tt̄ background.

The underlying event samples were tuned to data from previous experiments [22]. All samples use
PHOTOS [23] to simulate final state radiation. WHIZARD [24] and ALPGEN [25, 26] are also used for
some generator level comparisons. WHIZARD uses PYTHIA for parton showering, hadronisation, and
underlying event. ALPGEN uses HERWIG/JIMMY.

The different choice of scales for MADGRAPH and PYTHIA is not ideal, but retained for histori-
cal reasons since large samples were generated with these choices. However, studies showed that the
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Sample name Generator σ ×Br, fb
qqWZ→ qq j j``, m = 500 GeV PYTHIA-73 25.2
qqWZ→ qq`ν j j, m = 500 GeV PYTHIA-73 83.9
qqWZ→ qq`ν``, m = 500 GeV PYTHIA-73 8.0
qqWZ→ qq j j``, m = 800 GeV PYTHIA-ChL 10.5
qqWZ→ qq`ν j j, m = 800 GeV PYTHIA-ChL 35.2
qqWZ→ qq`ν``, m = 800 GeV PYTHIA-ChL 3.4
qqWZ→ qq j j``, m = 1.1 TeV PYTHIA-ChL 3.7
qqWZ→ qq`ν j j, m = 1.1 TeV PYTHIA-ChL 12.3
qqWZ→ qq`ν``, m = 1.1 TeV PYTHIA-ChL 1.18
qqWW → qq`ν j j, m = 499 GeV (s) PYTHIA-ChL 66.5
qqWW → qq`ν j j, m = 821 GeV (s) PYTHIA-ChL 27.5
qqWW → qq`ν j j, m = 1134 GeV (s) PYTHIA-ChL 17.0
qqWW → qq`ν j j, m = 808 GeV (v) PYTHIA-ChL 29.8
qqWW → qq`ν j j, m = 1115 GeV (v) PYTHIA-ChL 17.9
qqWW → qq`ν j j, non-resonant PYTHIA-ChL 10.0
qqZZ→ qqνν``, m = 500 GeV PYTHIA-ChL 4.0
j jWZ→ j j`ν``, background MADGRAPH 96
j jZZ→ j jνν``, background MADGRAPH 45.5

σ (no Br), pb
W+ + 4 jets MADGRAPH 165 ± 0.1
Z + 4 jets MADGRAPH 87 ± 0.7
W+ + 3 jets MADGRAPH 6.2 ± 0.02
Z + 3 jets MADGRAPH 3.8 ± 0.02
tt̄ MC@NLO 833±100

Table 1: Data samples and generators used in the present study

major effect is on the cross section rather than on event shapes, and the cross section normalisation is
determined independently as described below.

Further details specific to the samples are given below.

2.3 List of samples

Table 1 lists the Monte Carlo samples, produced with full detector simulation, used in the present analy-
sis.

The first set of samples represents different reference cases of vector boson scattering signals:

• PYTHIA-73: For the samples labelled “PYTHIA-73”, the process 73 (longitudinal WZ scattering)
was selected, with MSTP(46)=5 (QCD-like model of [27] with Padé unitarisation). All other
switches were left as default. This is meant to represent a generic narrow WZ resonance.

• PYTHIA-ChL: datasets with generator labelled “PYTHIA-ChL” in the table use a modified version
of PYTHIA routine PYSGHG. The modification involves replacing the scattering amplitudes cal-
culated for processes 73–77 by those given by Dobado et al [10] with parameters a4 and a5. These
parameters were chosen so as to produce a vector or scalar (indicated by a (v) or an (s) in the table)
resonance at the desired mass, or signal with no resonances at all. Note that only vector WZ and
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scalar ZZ resonances are possible, but both scalar and vector WW resonances can be produced. A
continuum sample was also generated using this model.

Background samples include events with two vector bosons and two jets in the final state, arising
from gluon or electroweak vector boson exchange between incoming quarks. The vector bosons are here
mostly transverse and emitted more centrally than in the case of longitudinal vector boson pair scattering.

• j jWZ final state, where j is a quark or gluon: The decays of the vector bosons are performed in
PYTHIA. Note that the semi-leptonic cases are already included in samples W+jets and Z+ jets
(see below). Only the purely leptonic cases make use of this background.

• The background process: ``νν with a pair of jets (quark or gluons). The cross section shown in
Table 1 is for non-hadronic decay of the ZZ’s, with a filter requiring two leptons with pT > 5 GeV
and |η |< 2.8.

• W/Z +3 jets and W/Z +4 jets: they constitute backgrounds for the cases of high mass and lower
mass resonances respectively since, in the former case, we expect that most of the vector bosons
which decay hadronically will be reconstructed as a single jet. A correction factor of 1.38 is ap-
plied to the W++jets cross sections to account for the W−+j process. These datasets include all
tree level diagrams leading to W+4j, Z+4j, W+3j and Z+3j, with the vector bosons decaying lep-
tonically, including all QCD and electroweak contributions. To keep the cross section manageable,
preselection cuts were applied at MADGRAPH level. For the W,Z +4 jets case, we tag the highest
rapidity jet (fjet), backward jet (bjet) and 2 central jets by requiring that |η f jet |> 1.5, |ηb jet |> 1.5,
that the forward and backward jet candidates be on different hemispheres: η f jetηb jet < 0, that at
least one forward jet have energy E > 300 GeV, and that the invariant mass of the combined for-
ward jets be m j j > 250 GeV. We further require pT of at least one of the central jets to be p j

T > 50
GeV, the pT of the vectorial addition of the central jets to be p j j

T > 60 GeV and the invariant mass
of the combined central jets m j j > 60 GeV. We note that the forward jet preselection suppresses
this background by a factor of 3.5.

For the case W,Z + 3 jets, we add the requirements: pT of the W or Z boson pT > 200 GeV,
|ηW/Z|< 2, and pT of one jet (central) p j

T > 200GeV, |η j|< 2.

Additional samples were produced with fast detector simulation to improve background statistics.

2.4 Comparative studies of generators

2.4.1 Parton shower matching to matrix elements

Here, MADGRAPH was used to generate the W+jets background. A better evaluation of this background
would be obtained using a generator for which W+n partons, n=0, 1, 2, 3 or 4 inclusive, are combined in a
manner which avoids double counting of jets produced by the parton shower in PYTHIA. ALPGEN is one
such generator (and in fact such matching is now implemented in more recent versions of MADGRAPH).
However, due to time constraints, and in order to have a manageable size of background samples, it was
not practical to use this technique. In order to validate the use of MADGRAPH, a comparison was made
of the W + 4jets sample with an appropriate ALPGEN sample, with same analysis cuts applied. The
ALPGEN samples are not used in the final analysis since they lack sufficient statistics.

Distributions of the vector bosons and jets were compared. As an example, the distributions for
the forward jets are shown in Fig. 2. The overall conclusion is that the shapes of the distributions are
in reasonable agreement. Therefore, neglecting the effect of parton shower double counting does not
significantly affect the event topology. To the extent that such an error is made, the tag jets in the
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Figure 2: Distributions of the forward jets in the W + 4jet background for MADGRAPH (red) and ALP-
GEN (black) samples (area normalised). The error bars show the statistical error in each sample.

ALPGEN sample have a lower energy (leading to a depletion with respect to the MADGRAPH samples at
high energies of a few %) and so the backgrounds in this analysis can be considered to be conservatively
overestimated. The sensitivity of such backgrounds to the scales has been discussed, for example, in [28,
29]. The difference in Q2 scale of the two samples (ALPGEN uses Q2 = m2

W + pT (W )2) leads to about a
factor two discrepancy in cross section. This was confirmed by running MADGRAPH on a small sample
with the same scale as ALPGEN, yielding cross sections smaller by factors 2.05 and 1.77 for the QCD
and QED processes respectively. These factors will be applied in the present analysis.

2.4.2 Effective W Approximation

WHIZARD [24] is a relatively new event generator originally developed for the ILC. It is able to calculate
the full 2→ 6 matrix element needed for the vector boson scattering processes and it implements the
Chiral Lagrangian model with the K-Matrix unitarisation scheme [27] which does not lead to vector
boson resonances. Further unitarisation schemes in the form of arbitrary resonances are planned.

The generator does not assume an effective W approximation, whereby the bosons emitted from
the quarks are treated as partons, allowing vector boson scattering diagrams to form a gauge-invariant
subset. This approximation is made in the PYTHIA signal samples, and might be expected to particularly
affect the tag jet kinematics. Comparisons between the tag jet distributions from WHIZARD and PYTHIA

are shown in Fig. 3. The two samples are not strictly comparable since here, WHIZARD simulates
the 2→ 4 processes including non-scattering electroweak diagrams and applies K-matrix unitarisation.
Although there are differences (e.g. the tag jets from WHIZARD are somewhat harder than those from
PYTHIA) they do not strongly depend upon the vector boson centre-of-mass, and thus the effective W
approximation is unlikely to be the culprit. The harder tag jets in WHIZARD mean that if the signal looks
more like WHIZARD than PYTHIA, it would be more likely to pass the selection cuts, thus improving the
sensitivity. The potential size of the effect was investigated and estimated to be at the few per cent level.
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Figure 3: Differences between WHIZARD (red) and PYTHIA (black) for vanishing anomalous couplings
for tag jet distributions of: transverse momentum (a), pseudo rapidity (b), energy (c) and pseudo rapidity
difference (d).
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3 Trigger

As a first step in the analysis, it is important to evaluate the efficiency of the basic trigger menus for
a luminosity of 1033 cm−2s−1. The triggers chosen were based on an early menu [30] as an example,
and the real physics menu is likely to be very different. However, since the signal is at relatively high
pT , and triggering on vector bosons is a high priority, this is not likely to have a large impact. To
evaluate this efficiency, we apply the following cuts: for electrons and muons we require single leptons
to have pT greater than the value corresponding to the threshold dictated by the trigger signature and
|η |< 2.5; similarly for jets, but with a pseudorapidity cut of |η |< 3.2. This is necessary because trigger
signatures for forward jets exist separately, but unfortunately that trigger information was not available
in the simulation version used for this study. The trigger efficiency is defined as the number of times
the trigger passed (with the corresponding cuts applied) divided by the number of truth events in the
samples (with the same cuts applied). In Table 2 we present a detailed list of efficiencies for the signals
qqWZ→ qq j j`` (m = 1.1 TeV) in the left column and qqWW → qq j j`ν (non-resonant) in the right1.

The poor efficiency of the e25i (see Fig. 4, left) and 2e12i triggers is understood to be due to the
isolation criterion, which was not optimised for high energy electrons.
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Figure 4: Trigger efficiencies computed with the WW continuum signal. Left: efficiency of the e25i
trigger as a function of the pT of electrons from the true leptonically-decaying W boson. Right: efficiency
of the j160 trigger (black triangles) as a function of the pT of the true hadronically-decaying W boson.
Also shown with blue circles is the efficiency when the j160 and 2j120 triggers are logically OR’ed.

It is worth mentioning that the efficiency for the 2j120 trigger (Fig. 4, right), which requires two jets
with pT > 120 GeV suffers partly from the fact that the two jets from the vector boson decay are merged
due to the boost as described in Section 4.1. It is also significantly higher for events with true electrons
than for those with true muons, probably because the electrons themselves are also reconstructed as jets
in the calorimeter.

Finally, various combinations of the trigger signatures might be explored in the future to improve
the efficiency. For instance, the e60 trigger might be used in conjunction with the e25i to compensate
the low efficiency of the latter for high-momentum electrons (Fig. 4). Likewise, the 2j120 trigger might
be used together with j160, since the efficiency of the latter drops significantly when the hadronically-
decaying vector boson has pT < 300 GeV and decays into two distinctly resolvable jets.

1Triggers 2j120 and j160 have been removed from the menu as they are expected to give too high a rate. However, forward
jet triggering will be available, and more recent developments in the electron trigger has resulted in improved efficiency.
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WZ signal WW signal
Trigger Signature Cut Loss Efficiency Cut Loss Efficiency

Electrons
2e12i 13% 36% > 99% —
e25i 1% 78% 11% 65%
e60 5% 82% 29% 73%

Muons
mu6 5% 95% 6% 80%
mu20 5% 92% 9% 73%

Jets
2j120 67% 73% 50% 80%
j160 34% 96% 30% 86%

Table 2: Table of high level trigger efficiencies for qqWZ → qq j j`` (m = 1.1 TeV) and qqWW →
qq j j`ν (non-resonant). The “Cut Loss” columns indicate the fraction of true events that would be lost
by applying the pT requirements of each trigger signature on the true electrons, muons and jets. Since
such events are unlikely to satisfy the trigger conditions, they are not taken into account when the trigger
efficiencies are evaluated.

4 Reconstruction Challenges

In this section, we focus on those parts of the reconstruction which are most particular to vector boson
fusion at high masses. We discuss the following:

• Reconstruction of hadronically-decaying vector bosons. In our regime these typically have high
pT and the decay products are very collimated. We discuss two alternative methods, using k⊥ jets
and subjets, and using cone jets with different radii.

• Leptonically decaying vector bosons. These require good lepton and /ET measurement, but the
challenges here are not unique to these channels.

• Forward ‘tag’ jets. Measuring jets close to the edge of the detector rapidity acceptance is a chal-
lenge in common with low mass Higgs searches in vector boson fusion.

• Central jet veto. Since the vector boson scattering process involves no colour exchange between
the protons, a suppression of QCD radiation is expected. This can be used to distinguish between
signal and background, but is sensitive to underlying event and pile-up.

• Top veto. tt̄ production is a major background for the channels which do not contain leptonic Z
boson decays. A large fraction of this is removed by explicitly rejecting events containing top
candidates.

4.1 Hadronic Vector Boson Identification

At lower masses and pT , the hadronically-decaying vector bosons are identified as dijet pairs. However,
for events where a hadronically-decaying vector boson is highly boosted, the decay products are often
collimated into a single jet. Cuts such as a dijet invariant mass window are no longer applicable in this
scenario, but a single jet mass cut can be used.
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The single jet mass is defined as the invariant mass evaluated from the 4-vectors of the constituents of
the jet. In the ATLAS detector, these constituents are at present calorimeter objects, either topologically
defined clusters with some local hadronic calibration, called here topoclusters, or calorimeter towers.
For jets containing the decay products of a boosted vector boson, this single jet mass is near the mass of
the parent boson. For light quark and gluon jets this mass is generally much lower. Since the background
to hadronic vector boson identification is so severe, further cuts may be applied on the subjet structure of
the candidate jet.

In addition, the transition between the dijet and single jet case as pT increases needs to be dealt with.
Two methods are used, as follows;

1. Dynamically select the appropriate method. To do this, we first look at the highest pT jet. If this
passes the mass window cut, then the single jet selection is applied, as described below. If it does
not, then combinations of jet pairs in the event are considered. The vector boson is still expected
to be the highest pT hadronic system, and so the pT of all jet pairs is evaluated, and the highest
pT pair is taken to be the vector boson candidate. A mass window cut (dependent upon the jet
algorithm) is then applied to this pair. Thus a single analysis can be used to scan the data for signs
of resonances without bias.

2. When the single jet and jet pair cases yield very different signal to background ratios, it is prefer-
able to choose a priori which mass region is being investigated, and to use the single jet recon-
struction for high masses and the dijet reconstruction for low masses. This approach is used in the
cone algorithm analysis. For the m = 800 GeV resonance, both the dijet and single jet approaches
are tried independently.

4.1.1 K⊥ Algorithm

The k⊥ algorithm is run with an R-parameter (which determines the “jet size”) of 0.6 on calibrated
topoclusters. The algorithm [31] merges pairs of constituents.

The k⊥ analysis uses the dynamic selection technique described above to decide whether to use a
dijet or a single jet for the vector boson candidate. The fraction of vector bosons reconstructed as a
single jet, as a function of pT of the vector boson candidate, is given in Fig. 5. The transition between
dijet and single jet takes place between pT = 200 and 300 GeV for this algorithm.
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Figure 5: Fraction of W boson candidates reconstructed from a single jet, as a function of the transverse
momentum of the reconstructed vector boson, for the WW m = 1.1 TeV signal sample.

10

EXOTICS – VECTOR BOSON SCATTERING AT HIGH MASS

84

1778



Jet Mass (Reco - True) GeV
-50 -40 -30 -20 -10 0 10 20 30 40 50
0

0.02

0.04

0.06

0.08

0.1
Fast Simulation
Full Simulation

 ATLAS

Pythia 6.403
Scalar 1.1TeV
WW Signal

Y Scale (Reco - True) GeV
-50 -40 -30 -20 -10 0 10 20 30 40 50

Ar
bi

tra
ry

 U
ni

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2 Fast Simulation
Full Simulation

 ATLAS

Pythia 6.403
Scalar 1.1TeV
WW Signal

Figure 6: Single jet mass residuals (left) and Y scale residuals (right) from different detector simulations,
using the k⊥ algorithm. The truth is defined by running the jet algorithm on the hadronic final state of
the MC generator.

Single jet mode

The resolution of the single jet mass for the k⊥ algorithm has been evaluated for both detector simulations
(full and fast) for several samples. For the sample with a WW resonance at m = 1.1 TeV (Fig. 6 left)
for example, the W boson singlet jet mass resolution was found to be 7.4±0.2% GeV from full and fast
detector simulation.

A mass cut around the window from m = 68.4 GeV to 97.2 GeV is applied to W boson candidates,
and from m = 68.7 GeV to 106.3 GeV for hadronic Z boson candidates reconstructed in the single jet
mode. These mass windows are determined by considering the resolution, the tails, and the background
contamination.

The k⊥ merging is intrinsically ordered in scale, making the final merging the hardest. The algorithm
provides a y value for this final merging, which is a measure of the highest scale at which a jet can be
resolved into two subjets. The y value can be converted into a “Y scale” in GeV using the relation Y scale
= ET ×√y, where ET is the jet transverse energy. This Y scale is expected to be O(mV /2) (where mV is
the mass of the vector boson) for boosted vector boson jets, and much lower than ET for light jets [32].
At the truth and fast simulation levels this variable has been shown to have discriminating power even
after a single jet mass cut [32–35]. The resolution of the ATLAS detector for this variable is presented in
Fig. 6 (right). The resolutions, for the same sample as above, are 12.3±0.3% and 8.8±0.2% with full
and fast detector simulation, respectively.

Based on the resolution, the tails, and the background contamination, a Y scale cut around the win-
dow from 30 GeV to 100 GeV is applied to W and Z boson candidates reconstructed in the single jet
mode. To evaluate the benefit of cutting on Y scale, a sample of single jet vector boson candidates is
selected in signal and background by applying a pT > 300 GeV cut, motivated by Fig. 5, and a mass
window cut. Starting from this sample, the efficiency of the Y scale cut is given in Table 3 for full and
fast simulation. The numbers suggest that for the W+jets background, an additional rejection factor of
approximately 2 is provided by the Y scale cut even after a single jet mass cut has been applied. This is
achieved with a signal efficiency of approximately 80%.
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Figure 7: Dijet mass residuals (left) and y residuals (right) from different detector simulations, using the
k⊥ algorithm. The truth is defined by running the jet algorithm on the hadronic final state of the MC
generator.

1.1 TeV Vector Resonance W+4 jets tt̄
Jet Mass 68% (67%) 14% (14%) 28% (28%)
Y Scale 77% (84%) 29% (40%) 63% (70%)

Table 3: Efficiency of the jet mass cut and of the Y scale cut in the one-jet case for full (fast) simulation.
The Y scale cut is applied after the mass cut.

800 GeV Scalar Resonance W+4 jets tt̄
Jet Mass 17% (20%) 6% ( 7%) 14% (14%)
Y Scale 79% (83%) 48% (49%) 84% (82%)

Table 4: Efficiency of the jet mass cut and of the Y scale cut in the two-jet case for full (fast) simulation.
The Y scale cut is applied after the mass cut.
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Dijet mode

A mass cut around the window from m = 62 GeV to 94 GeV is applied to W boson candidates, and from
m = 66.6 GeV to 106.2 GeV for hadronic Z boson candidates reconstructed in the dijet mode.

A variable analogous to the y may be calculated, using the pT of the softer jet relative to the harder
one. This variable is required to be in the range 0.1 <

√
y < 0.45. The efficiency is shown in Table 4.

The mass and y windows are again determined by considering the resolution, the tails, and the back-
ground contamination.

The resolutions of the dijet mass and the y variable for dijet vector boson candidates are shown in
Fig. 7. They are found to be approximately 5% for the mass and for the y variable, and are comparable
in fast and full simulation.

4.1.2 Cone Algorithm

The problem of the two jets from a boosted hadronically decaying vector boson merging into a single
jet has also been studied for jets reconstructed using the Cone Algorithm. With this algorithm, jet re-
construction starts from seeds i.e. constituents (clusters) with pT > 1 GeV. The algorithm collects all
constituents around a seed within ∆R =

√
(∆η)2 +∆φ)2 < R0 (where R0 can be, for instance 0.4) and

adds their momenta vectorially. Then it repeats the procedure over the collection around the direction of
the sum, and computes a new sum. It continues repeating this operation until the resulting sum direction
is stable.

Single jet hadronic W boson candidates are identified with the highest pT object in the central region,
after having removed overlaps with all electrons in the event within a ∆R of 0.1. A mass cut in a window
around the reconstructed W boson mass is applied.

Figure 8 shows an example of W boson reconstruction using the cone algorithm for the jet-pair case
(m = 500 GeV resonance) and single jet case (m = 800 GeV resonance). A cone size of 0.8 is used
for selecting a single jet W boson and 0.4 for the case of a jet pair. The low mass tail is due to events
where the two jets from the W are well separated. There is a small difference in the W boson mass peak
reconstruction for the two cases. The jets chosen for this selection have a minimum pT cut of 20 GeV,
and those overlapping with electrons have been removed.
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Figure 8: Reconstructed W boson for cases where it forms two separated jets (500 GeV) and a single jet
(800 GeV). The samples used are the m = 500 GeV resonance (in green) and m = 800 GeV resonance
(in red).

The exploration of the substructure of a wide jet (typically of size 0.8) is done by searching for 2
narrow jets (size ∼ 0.2) fitting inside the big jet. Various variables can then be studied, among which
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1.1 TeV Vector Resonance W+4jets (QCD) tt̄ Z+3jets (QED)
small jets cut 76.3% 15.2% 38.6% 13.8%

Table 5: Comparison of efficiencies for the jet sub-structure selection for a typical signal and back-
grounds. Efficiencies are relative to the selection of a single jet as described in the Y scale method (Table
3). For the subjet selection, we require 2 small jets with pT > 15 GeV and invariant mass > 60 GeV (see
text).
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Figure 9: Profile histogram of the momentum of the narrow jet orthogonal to the wide jet direction vs
the invariant mass of the wide jet, for W boson hadronic decay of the resonance signal qqWj jZ`` of m =
1.1 TeV (red) and for Z+3 jets sample (black). Lower graph : normalized distributions of narrow jet
orthogonal momentum.

are the energy ratio of the narrow jets, their invariant mass, the distance ∆R between the leading narrow
jet and the wide jet, or the momentum component of this narrow jet transverse to the wide jet direction.
The discriminating power is illustrated for the WZ→ `` j j channel (1.1 TeV resonance) and its principal
background in Fig. 9 which shows the latter variable (called here ‘p transverse’) versus the invariant mass
reconstructed from two narrow jets. Cutting in the (pT , invariant mass) plane gives results comparable
to those obtained with the Y scale method above, as illustrated in Table 5. Similarly, Fig. 10 shows the
pT versus ∆R between the leading narrow jet and the wide jet.

4.2 Leptonic Vector Boson Identification

4.2.1 Lepton Reconstruction Efficiencies

All the signals studied in this note involve at least one leptonic vector boson decay. Electrons and muons
are selected using standard ATLAS criteria [36, 37] for the case of a resonance m(WZ) of 800 MeV.
Figure 11 shows the efficiency for W boson daughter leptons, where the trigger consition has not been
applied. The results for different electron selection criteria are given. The loss of efficiency occurs in the
forward regions, near the limits of the tracking detectors and at pT values close to the applied cut. The
efficiencies for the leptonic Z boson channels have been found to be similar.
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Figure 11: Efficiency of reconstructing and identifying W -daughter electrons (left) and muons (right)
as functions of true lepton momentum (top) and pseudo-rapidity (bottom). The electron plots show the
efficiency for 4 different electron selection criteria: All candidate objects (green), loose (black circles),
medium (red squares), and tight (blue triangles).
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Figure 12: Reconstructed Z boson from electron pairs (left) and muon pairs (right).

4.2.2 Leptonic Z Boson Reconstruction

The Z boson candidates are reconstructed from pairs of e+e− or µ+µ−. In the electron case, the mass
resolution is about 2.7 GeV as is shown in Fig. 12 left, suggesting a mass window selection between
m = 85 GeV and 97 GeV for mee. In the case of muons, the resolution for the Z mass reconstruction is
3.6 GeV (see Fig. 12 right), so the mass requirement is loosened to be between m = 83 GeV and 99 GeV.
Furthermore, to reduce the backgrounds (particularly the background from tt̄ events), the pT of one of
the leptons is required to be pT > 50 GeV, and that of the other pT > 35 GeV. In the unlikely case that
more than one combination of leptons satisfy all these requirements, we choose the composite Z`+`− with
the mass closest to the actual Z boson mass.

4.2.3 Leptonic W Boson Reconstruction

For the signal, after reconstruction of the hadronic vector boson candidate, the highest pT lepton corre-
sponds to the lepton from the W boson decay in 96% of cases. Attributing the missing momentum to the
neutrino, and taking the nominal W boson mass (mW = 80.42 GeV) as a constraint, a quadratic equation
is obtained for the z-component of the neutrino’s momentum. The z component is required in order to
reconstruct the diboson mass in the final analysis. Only events for which at least one real solution exists
for this quadratic equation are retained. When there are two possible solutions, one is chosen at random
to avoid kinematic bias on the resonance mass. Options such as selecting the reconstructed W boson
which is more central have also been considered, and little difference was found in the purity of the
reconstruction. In the fully leptonic case, the leptonic Z boson is reconstructed and its daughter leptons
removed before applying the above procedure.

4.3 Tagged Forward Jets

One of the well known characteristic features of vector boson scattering is the presence of high energy
forward jets [14], resulting from the primary quarks from which the vector bosons have radiated (see
Fig. 13). Such forward jets are expected to be much less prominent in processes involving gluon or
electroweak boson exchange with bremsstrahlung of vector bosons. In the latter case, these vector bosons
are mostly transverse and have a harder pT spectrum than in WLWL scattering. Correspondingly, the
outgoing primary quarks have a harder pT and are therefore less forward.
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Figure 13: Pseudo-rapidities of the forward and backward quarks in signal events after they radiate the
vector bosons, obtained from PYTHIA before any showering, fragmentation, etc.

Many different strategies are possible for implementing a tag-jet selection. A number of these were
compared, and the best rejection factors for a given efficiency were obtained as follows:

1. Require two jets with

• |η( jet)|> ηcut and pT ( jet) > pTcut
• opposite signed rapidity

• at least one of them has an energy greater than a critical value Ecut

2. If more than one jet with the same sign rapidity satisfies the above cuts, choose the most energetic,
labelled FJ1. The next one is labelled FJ2.

• Require the tag-jet with the opposite sign of rapidity to satisfy ∆η(FJ1,FJ2) > ∆ηcut and
E(FJ2) > E2cut

In addition a dijet mass cut is currently applied in the cone algorithm analyses. The specific values of the
cuts in each case are to be optimised depending upon the kinematic region under study.

4.4 Central Jet Veto

A useful analysis strategy to suppress backgrounds such as tt̄ is to apply a central jet veto [15, 38, 39].
For vector boson scattering, one expects little QCD radiation in the central region since only colourless
electroweak vector bosons are produced and the forward jets are not colour connected. Given the forward
jet cut definition, we unambiguously define the central region of the event as the η region between them.
The central jet veto then simply requires that no other high pT jet (here taken as pT > 30 GeV) other
than those resulting from the hadronically decaying vector boson lie in the central region.

Specifically, in the analyses where it is applied, the central jet veto rejects events if there are any
additional jets with a chosen maximum value for |η | and minimum value for pT .
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4.5 Top Quark Rejection

While the final states from a leptonically decaying Z boson are mostly free of background from top
processes, tt̄ and tW events form an important source of background for the WW signals. To suppress
them, events can be vetoed if a reconstructed W boson candidate, combined with another jet in the event
(excluding those overlapping with an identified electron or within ∆R < 0.8 of a W candidate), leads to
an invariant mass close to that of the top quark [32]. A typical mass window is 130 < mt < 240 GeV.

In a future analysis it is likely that this cut can be improved using b-tag information and better jet
mass reconstruction, but this has not been investigated here.

5 Event Selection

Using the tools outlined in the previous section, we now characterise the samples and outline the specific
cuts applied for each final state considered.

5.1 W+W−→ `±ν j j and W±Z→ `±ν j j

The hadronic vector boson candidates and the tag jets are obtained using the k⊥ algorithm as discussed
in Section 4.1. The leptonic W is identified as described in Section 4.2.3. Both vector boson candidates
are required to have pT > 200 GeV, |η | < 2. Tag jet cuts are made as described in Section 4.3, with
pTcut = 10 GeV, Ecut = E2cut = 300 GeV and ∆ηcut = 5. The top veto (Section 4.5) and the the central
jet veto (Section 4.4) are applied.

The kinematic distributions for the WW channel are shown in Fig. 14. Note that these are signifi-
cantly biased by the generator-level cuts. The selection efficiencies of the cuts on WW events from four
example scenarios are summarised in Table 6, along with the efficiency of the combined trigger selection
described in Section 3. No significant differences are observed between the scalar and vector resonances,
nor between the WZ and WW channels, except for the m = 500 GeV-resonant samples, where the pT re-
quirements are found to be less efficient for the WZ sample. The QCD-like model of [27] tends to predict
softer vector bosons.

Due to the small background statistics available with full simulation, the full-simulation signal sam-
ples are used together with fast-simulation background samples in obtaining the final results. The mod-
elling of the kinematics is good, as shown in Fig. 14 2. However, in general the efficiency for selecting
both signal and background is higher in fast simulation by about 25% compared to full simulation. To
account for this, a constant scaling factor is applied to the fast-simulation samples in estimating the
significance of the signal over the background (Section 6).

Figure 15 shows a comparison of the final WW mass for the signal samples using fast and full
simulation.

The final WW mass spectra obtained using this analysis are shown in Fig. 16. The backgrounds
shown have been obtained from the fast-simulation samples and the above mentioned scaling factor has
been applied.

5.2 W±Z→ j j `+`−

This channel benefits from a very good resolution on the Z boson leptonic reconstruction, which allows
good suppression of the tt̄ background.

2To achieve this agreement it was necessary to correct the lepton-finding efficiency in the fast simulation by fitting a function
to the efficiency from fast and full simulation as a function of lepton pT and correcting the fast simulation by the ratio of the
functions.
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Figure 14: Kinematic distributions for the generated signal and backgrounds (tt̄ and W+4 jets QCD) in
the 1.1 TeV W+W−→ `±ν j( j) channel. The top two plots show the pT and η for the hadronic W boson
candidate. The middle two show the same variables for the leptonic W boson candidate. The bottom
two plots show the η distribution of all jets which are at higher rapidity than the W boson candidates,
and the pT distribution of the highest-pT central jet. In each plot, the full-simulation histograms (solid
lines) have been normalised to unit area and the fast-simulation histograms (dashed lines) have been
normalised to the same cross section as their full-simulation counterparts.
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Figure 15: WW (left) and WZ (right) invariant mass spectra in the `ν j( j) semileptonic channel for the
three resonant signal samples. The WW plot shows a comparison of the fast- and full-simulation results.

For the m = 1.1 TeV WZ resonance, only the case of a single heavy jet from the W boson decay will
be considered as it constitutes the majority of the events. For the m = 800 GeV resonance, not all W
bosons are boosted sufficiently to produce a single jet. We therefore consider separately the cases of a
W boson from a single heavy jet and from a jet pair. Finally, for the m = 500 GeV resonance, we only
consider the jet pair case. In this section, the cone algorithm will be used and compared with an analysis
using the k⊥ jet algorithm.

5.2.1 W boson from a single jet

The main backgrounds will here be Z+ 3 jets and tt̄.
Table 7 shows the cut flow for the electron-based and the muon-based analyses for the ChL WZ

resonances of mass m = 1.1 TeV and m = 800 GeV. The m = 500 GeV case is not considered here since
the W and Z bosons will not be sufficiently boosted, in general, to produce a single jet. The Z→ e+e−

and Z→ µ+µ− selections are shown, which correspond each to about 50% of the sample events. After
applying electron quality cuts (medium electrons) we select the two highest pT leptons which should
satisfy respectively: pT (e,µ) > 50 GeV and pT (e,µ) > 35 GeV. The low efficiency of the lepton pair
cut is approximately consistent with the expected selection efficiency per lepton, as shown in Fig. 11,
as well as the detector acceptance. As can be seen in Fig. 17, the pT cut suppresses mostly the tt̄
background. A leptonic Ze+e− or Zµ+µ− is afterwards reconstructed as described in Section 4.2.2, almost
eliminating completely this background. The efficiency of this cut is somewhat poorer for the signal
than for the background because most of the background events have Z bosons of relatively low pT , with
different lepton pair energies and opening angle.

Using the cone algorithm, size 0.8, the hadronic W boson candidate is identified as a heavy single jet
having a mass between 70 and 100 GeV, and separated in azimuthal angle from the Z boson candidate
by ∆φ(W,Z) > 2, as described in Section 4.1 (see Fig. 18). At this stage, considering that the fraction
of single jet W bosons becomes important for pT > 250 GeV (see Fig. 5), and in order to be consistent
with the preselection cuts on the Z+3 jets background, we apply the following cuts to the reconstructed
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Figure 16: WW (top 4) and WZ (bottom 3) invariant mass spectra in the `ν j( j) semileptonic channel,
showing the total W+jets and tt̄ backgrounds and the signal for the three resonant signal samples and the
continuum sample. The error bars reflect the uncertainty from the Monte Carlo statistics.
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Figure 17: pT of the highest pT and second highest pT electrons from reconstructed Z bosons in the m =
1.1 TeV resonance sample. Distributions are arbitrarily normalised. The line indicates the cut value.
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Figure 18: Mass of the heavy jet for the m =
1.1 TeV ChL resonance and corresponding back-
grounds. No tt̄ event is left.
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Figure 19: Reconstructed W boson mass from a
jet pair for the m = 800 GeV resonance.

W and Z bosons: pW,Z
T > 250 GeV and |ηW,Z|< 2.0.

After a forward jet selection, (see Section 4.3, pTcut = 20 GeV, Ecut = E2cut = 300 GeV, ηcut = 1.5,
|η f jet | > ηcentral jet, ∆ηcut = 4.5), the invariant mass of these two jets is required to be greater than 700
GeV. Note that the efficiency of the forward jet cuts appearing in Table 7 appears artificially good for the
background because a preselection was already applied.

A central jet veto was found to be unnecessary, as no tt̄ event survived the selection. Because of
the lack of statistics for the tt̄ sample, it is not possible to exclude completely a contribution from this
background. The normalisation factor is 4.9, meaning that tt̄ is excluded, over the whole mass range,
at the level of 11.3 fb at 90% C.L. To have an estimate of the efficiency of the last two cuts at rejecting
this background, the mass window for the cut on the Z boson mass was loosened: 60 < mZ < 120 GeV,
allowing 44 events (215 fb) to pass for the Z → ee channel and 38 events (185 fb) for the Z → µµ
channel. The W boson mass cut alone is found to have an efficiency of 12% and the forward jet cut alone
lets no event survive. Assuming that the cuts are independent, the overall efficiency of the heavy jet mass
cut and forward jet tagging combined is higher than 0.15%. The exclusion limit at 95% C.L. (1.64 σ ) for
the tt̄ background is shown in Table 7 and it will be assumed that this is negligible in the mass window of

23

EXOTICS – VECTOR BOSON SCATTERING AT HIGH MASS

97

1791



mass [GeV]
400 600 800 1000 1200 1400

/1
00

G
eV

-1
E

ve
nt

s/
fb

0

0.02

0.04

0.06

0.08

0.1
Z+3j

(1.1TeV)llZjW

ATLAS

mass [GeV]
400 500 600 700 800 900 1000 1100

/1
00

G
eV

-1
E

ve
nt

s/
fb

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18 (800GeV)llZjW

Z+3j

ATLAS

Figure 20: Reconstruction of ChL resonance at m = 1.1 TeV (left) and m = 800 GeV (right) in the
channel qqWjZ`` (with ` = e,µ), where a single jet cone 0.8 has been used to reconstruct the W .

the resonance. The Z+4 jets background was not included here because it may be double-counting with
Z+3 jets with parton shower. In order to evaluate the level of this background, an average over the high
mass region was taken because of the relatively poor Monte Carlo statistics, yielding about 0.03 fb/100
GeV.

For the m = 1.1 TeV case, it was found that the trigger efficiency, based on the OR of e60, mu20
and j160, was 100% at the end of the selection.

Figure 20 shows the resonance mass resulting when the Z boson has been reconstructed from elec-
trons or muons and the W boson from a single jet of size 0.8.

5.2.2 W boson from a jet pair

As above, after applying electron quality cuts, the lepton transverse momenta are required to satisfy
pT (e1,µ1) > 50 GeV and pT (e2,µ2) > 35 GeV, and a Ze+e− (Zµ+µ−) boson having a mass between 85
and 97 GeV (83 and 99 GeV) is then reconstructed. Considering all pairs of jets with pT > 30 GeV in
the central region (|η | < 3.0) not overlapping with the electron jets from the Z decay, the one yielding
an invariant mass closest to the mass of a W boson will be the W boson candidate (see Fig. 19). The low
efficiency of this cut can be explained in part by the fact that a good fraction of events are constituted of
a single jet W boson. Forward and backward jet selection proceeds as in 5.2.1. A central jet veto is also
applied: we exclude events with an extra jet, having a pT > 30 GeV, not corresponding to the jets from
the W boson or the forward and backward jets and we require the W and Z directions to be in the central
region |η | < 2. Figure 21 show the resulting reconstructed resonance masses. Table 7 summarizes the
cut flow for this analysis. Here, by using the technique of widening the Z boson mass window as in
Sect. 5.2.1, it is estimated that the tt̄ background could be approximately 0.13 fb and it will be assumed
that this is negligible in the mass window of the resonance.

5.2.3 Comparison to k⊥ analysis

This channel was also studied with the analysis techniques described in Section 5.1, with the k⊥ algorithm
but using the leptonic Z boson identification (Section 4.2.2) instead of the leptonic W boson identification
(Section 4.2.3). The hadronically-decaying W boson is reconstructed dynamically from one or two jets
(Section 4.1).

The signal mass distributions for fast and full simulation are shown in Fig. 22. The final mass
distributions are shown in Fig. 23, and are comparable to the results from the cone algorithm method for
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Figure 21: Reconstructed ChL resonance at m = 800 GeV (left) and m = 500 GeV (right) in the channel
qqWj jZ`` (with ` = e,µ) where two jets of cone size 0.4 have been used to reconstruct the W boson. No
tt̄ events survive the selection.

W`νZ`` (m = 500 GeV) W`νZ`` (m = 1.1 TeV) W`νZ`` j j(SM)
σ (fb) eff. σ (fb) eff. σ (fb) eff.

Zee 1.47 18% 0.23 20% 20.7 16%
Zµµ 1.09 14% 0.18 15% 16.7 13%

W reconstruction 1.43 56% 0.25 61% 18.9 51%
Forward jet tagging 0.63 44% 0.14 56% 1.6 8.5%

Table 8: Cut flow for the W`νZ`` (m = 500 GeV and 1.1 TeV) signals. All the cuts are described in detail
in this section.

the 1.1 TeV case which is not sensitive to the cut on the pT of the VB’s of 200 GeV.

5.3 W±Z→ `±ν `+`−

This purely leptonic channel consists of four different signatures: W`±νZ`±`∓ with ` = e,µ . The main
background will be WZ j j production from the Standard Model. The analysis starts by identifying lep-
tonic Ze+e− (Zµ+µ−) bosons as described in Section 4.2.2, after requiring two leptons with pT greater than
50 and 35 GeV.

As a second step, we proceed to reconstruct the W boson from the highest pT lepton among those
remaining in the event, if there is one, and the measured missing transverse energy, as described in
Section 4.2.3. The solution which yields the highest pT W boson is kept.

The forward and backward jet selection follows the prescription of the Section 4.3 (pTcut = 20 GeV,
Ecut = E2cut = 300 GeV, ηcut = 1.5, |η f jet |> ηcentral jet), ∆ηcut = 4.5).

In Table 8 we present the cut flow of the reconstruction of the resonances for 1.1 TeV and 500 GeV.
Also in Fig. 24 and Fig. 25 we present the reconstructed resonance and the background WZ j j for the
same resonance mass.

5.4 ZZ→ νν `+`−

This scalar resonance can be interpreted as a Standard Model Higgs boson produced by vector boson
fusion. At leading order, the cross section times branching ratio would be 6 fb, compared to 4 fb obtained
for the ChL model. This signal is characterised by a leptonic Z boson accompanied by large /ET , yielding
a large transverse mass. The backgrounds considered are: ZZ j j→ ``νν j j and WZ j j→ `ν`` j j. Other
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Figure 22: WZ invariant mass spectrum in the `+`− j( j) channel for the three resonant signal samples
obtained using k⊥ algorithm approach. Dotted lines indicate the fast simulation results.

ZννZ``qq (m = 500GeV) W`νZ`` j j (SM) ZννZ`` j j (SM)
σ (fb) eff. σ (fb) eff. σ (fb) eff.

Zee 0.72 17.6% 20.78 22% 9.1 20%
Zµµ 0.58 15% 16.7 17% 6.6 15%

Forward jet tagging 0.58 45% 3.2 8.6% 0.47 3%
/ET > 150 GeV 0.44 75% 0.46 14% 0.12 26%

Table 9: Cut flow for the ZννZ``qq (m = 500 GeV) signal. All the cuts are described in detail in this
section.

background can result from Z+jets production, where the tail of the missing transverse energy distribution
can fake a signal.

After selecting the leptonically decaying Ze+e− (Zµ+µ−) boson as usual, with mass between 85 and
97 GeV (83 and 99 GeV), a minimum /ET of 150 GeV is required. For this high value of /ET , Z+jets
background is expected to be negligible for a Standard Model Higgs boson signal [39]. The forward jet
selection is applied (see Section 4.3, pTcut = 20 GeV, Ecut = E2cut = 300 GeV, ηcut = 1.5, ∆ηcut =
4.5).

The transverse mass, defined as:

m2
T = (

√
pT (Z)2 +m2

Z + /ET )2− (~pT (Z)+ ~/pT )2 (1)

is shown in Fig. 26 and the cut flow can be found in Table 9.

27

EXOTICS – VECTOR BOSON SCATTERING AT HIGH MASS

101

1795



 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

QCD-like 500 GeV

Z+jets
Signal

ATLAS

 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

EWChL 800 GeV

Z+jets
Signal

ATLAS

 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

 [GeV]ZWm
500 1000 1500 2000

 / 
10

0 
G

eV
-1

Ev
en

ts
 / 

1 
fb

0

0.05

0.1

0.15

0.2

0.25

0.3

EWChL 1.1 TeV

Z+jets
Signal

ATLAS

Figure 23: WZ invariant mass spectrum in the `+`− j( j) channel for the three resonant signal samples
obtained using k⊥ algorithm approach. Z+jet histogram (in red) represents a direct sum of all Z+3 or 4
jets backgrounds with no matching, and hence is a conservative estimate. The background from tt̄ events
has been found to be negligible.

mass [GeV]
200 400 600 800 1000 1200 1400

310×

/1
00

G
eV

-1
E

ve
nt

s/
fb

0

0.02

0.04

0.06

0.08

0.1

0.12

 (1.1TeV)llZνlW

 jj (SM)llZνlW

ATLAS

Resonance mass

Figure 24: Full reconstruction of ChL resonance
m∼ 1.1 TeV (W`±νZ`±`∓).
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Figure 25: Full reconstruction of QCD-like reso-
nance m∼ 500 GeV (W`±νZ`±`∓).
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Figure 26: Transverse mass of the m = 500 GeV resonance ZννZ``.

6 Results

The significance of the signals and the luminosity required for a possible discovery is estimated here.
From the reconstructed resonance mass distributions in Section 5 one can evaluate the size of the signal
and background in the resonance mass window. Table 10 summarises the approximate cross sections
expected after the analyses described above. The table also gives the luminosity required to observe a
significant excess over the background, showing the uncertainty from MC statistics only, and the signifi-
cance of a signal for an integrated luminosity of 100 fb−1. Because of the large statistical and systematic
uncertainties (see Section 7), the numbers given here must be taken as an only an approximate indication
of the reach of the LHC for such resonances.

The significance is calculated as

significance =
√

2((S +B) ln(1+S/B)−S) , (2)

where S (B) is the number of expected signal (background) events in the signal peak region, which is
defined as the three consecutive bins (of size given in the figures, chosen to represent the resolution),
with the highest total number of signal events. The background is averaged over this region.

In the WW case, only the semileptonic channel is accessible. Thus, as shown in Table 10, around 25
fb−1 is needed to start seeing indications of a resonance even in the most optimistic case studied here,
and around 70 fb−1 is needed for a discovery.

In the continuum case, the “signal” is spread over an extended mass region with a total of about 0.3
events expected for each fb−1 in the mass range m = 400–1900 GeV, compared to about 2.5 background
events. Measuring this cross-section with any accuracy using the techniques developed here would re-
quire an integrated luminosity of several hundred fb−1.

Since the mass windows for hadronic W and Z boson decays overlap, in practice these scenarios
can probably not be distinguished in this channel, and a combined analysis would in reality have to be
performed, which would then be compared to those channels containing a leptonic Z boson decay.

For each of the WZ resonances, results of the different channels, W`νZ``, Wj jZ`` and W`νZ j j can,
in principle, be combined. From Table 10, one can conclude that for two of three mass regions, m =
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Process Cross section (fb) Luminosity (fb−1) Significance
signal background for 3σ for 5σ for 100 fb−1

WW/WZ→ `ν j j,
m = 500 GeV 0.31±0.05 0.79±0.26 85 235 3.3±0.7

WW/WZ→ `ν j j,
m = 800 GeV 0.65±0.04 0.87±0.28 20 60 6.3±0.9

WW/WZ→ `ν j j,
m = 1.1 TeV 0.24±0.03 0.46±0.25 85 230 3.3±0.8

Wj jZ``, m = 500 GeV 0.28±0.04 0.20±0.18 30 90 5.3±1.9
W`νZ``, m = 500 GeV 0.40±0.03 0.25±0.03 20 55 6.6±0.5
Wj jZ``, m = 800 GeV 0.24±0.02 0.30±0.22 60 160 3.9±1.2
WjZ``, m = 800 GeV 0.27±0.02±0.05 0.23±0.07±0.05 38 105 4.9±1.1
WjZ``, m = 1.1 TeV 0.19±0.01±0.04 0.22±0.07±0.05 68 191 3.6±1.0
W`νZ``, m = 1.1 TeV 0.070±0.004 0.020±0.009 70 200 3.6±0.5
ZννZ``, m = 500 GeV 0.32±0.02 0.15±0.03 20 60 6.6±0.6

Table 10: Approximate signal and background cross sections expected after the analyses. An approxi-
mate value of the luminosity required for 3σ and 5σ significance, and the expected significance for 100
fb−1 are shown. The uncertainties, when given, are due to Monte Carlo statistics only.

500 GeV and 800 GeV, a chiral Lagrangian vector resonance can be discovered with less than 100 fb−1.
The expectations with the alternative k⊥ analysis described in Section 5.2.3 are not far from the values
in Table 10. As an example, the integrated luminosity needed for 3σ observation of the m = 800 GeV
signal is 63 fb−1, and of the m = 1.1 TeV signal is 81 fb−1.

A scalar resonance at m = 500 GeV will require about 60 fb−1 to be seen in the ZZ→ νν`` channel.

7 Systematic Uncertainties

A number of large systematic uncertainties affect the signals studied here. Because of the small cross
sections and the important backgrounds, it is difficult to estimate them with precision from Monte Carlo
simulations. Data driven tests will be required to understand better the systematic effects. Some discus-
sion of the most significant effects is given here.

7.1 Background Cross sections

As was discussed in Section 2, the renormalisation and factorisation scales, Q2, can affect the cross
section by as much as a factor of two. This is especially true at high centre of mass energies, where
the degree of virtuality of partons and choice of scale for αs are quite critical [28, 29]. At present
this represents a theoretical uncertainty on the current sensitivity estimate. While the predictions may
improve in future, in an eventual analysis, the backgrounds would have to be measured from data and
the eventual size of the associated systematic uncertainty has not been studied here.

Another consideration is that for the analyses which dynamically move between the dijet and single
jet reconstruction technique for the hadronically decaying vector boson (see Section 4.1), to evaluate
the background with the samples available both W+3 jet and W+4 jet samples must be used. This
implies some double-counting due to the lack of parton-shower matching in these samples, and so the
background will be overestimated. This is in addition to the fact that as shown in Section 2.4.1, the
MADGRAPH samples used overestimate slightly the energy of the tag jets. The effect is expected to be
at the few per cent level.
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7.2 Signal Cross sections

The PYTHIA signal generation produces softer tag jets than the more exact WHIZARD MC, and thus the
signal efficiencies are likely to be underestimated.

7.3 Monte Carlo Statistics

We are limited by the very large size of the background samples required. Fast MC simulation was
shown to be in good agreement with full simulation and was used to evaluate tt̄ background for the
WW signals. In some cases, only upper limits on the backgrounds can be given, although it is expected
that these limits are very conservative. Again, this represents a systematic uncertainty on the current
sensitivity estimates, but will not be present in a final data analysis, assuming sufficient simulated data
will eventually be available.

7.4 Pile-up and Underlying Event

Pile-up and underlying event are separate effects which have potentially similar and crucial impact on
the efficiency of the forward jet cuts, the central jet veto and the top veto, as well as on the jet mass
resolution.

Of particular concern is the fact that the top veto in the WW analysis uses jets down to pT = 10 GeV,
expected to be strongly affected by these effects [40]. Simply raising the cut to 20 GeV admits signif-
icantly larger background. Some of this can be removed for the higher mass resonances by raising the
pT cut on the vector boson. However, a more promising approach is likely to be to exploit b-tagging and
improved jet mass reconstruction to improve the veto.

7.4.1 Pile-up

Fully simulated samples with pile-up at low luminosity (1033cm−2s−1) were available, but with much
lower statistics: we restricted the analysis to one signal sample and one background sample. However
pile-up effects should be approximately independent of the underlying physics sample, and we assume
we can safely generalise the results obtained here.

We compared the same events of the Wj jZ`` at m = 1.1 TeV sample reconstructed with and without
pile-up simulation. This allows computation of the fraction of events with pile-up having tagged forward
jets with respect to corresponding non-pile-up events which fail the tagged jet criterion, thus defining a
‘fake’ rate. The reciprocal fraction defines a ‘miss’ rate. The effect of pile-up increases with increasing
jet radius and decreasing energy threshold, as would be expected. We found that both ‘fake’ and ‘miss’
effects are essentially due to the degradation of energy resolution in presence of pile-up and that their
combination contributes to an uncertainty on the efficiency of the order of 5%.

7.4.2 Underlying Event

Current simulations use underlying event models tuned to Tevatron and other data [22], but there is a
large extrapolation needed to 14 TeV. The underlying event would be have to be measured in LHC data,
and its level is not currently known.

7.5 Other Systematic Effects

Systematic effects, such as uncertainties in the luminosity, in efficiencies and resolutions, jet energy
scale, etc. are of the order of a few percent and will therefore be completely dominated by the above
effects and by statistical uncertainties.
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8 Summary and Conclusion

The Chiral Lagrangian model with Padé unitarisation provides a framework for studying vector boson
scattering at high mass, in case a light Higgs boson is not found at the LHC in the first years of running.
With full detector simulation, the search for vector and scalar resonances of masses m = 500, 800 and
1100 GeV is studied. To suppress the very high backgrounds from W+jets and Z+jets to acceptable levels
requires special techniques investigated here. In particular, at these high masses, hadronic vector boson
decay results in a single jet. The reconstruction of the jet mass is found to be generally quite efficient
at rejecting QCD jets. The k⊥ and the cone algorithms can be applied to this heavy jet to resolve it into
two light jets, suppressing further the background. Other conventional techniques for the study of vector
boson fusion are also found essential for the present analysis: forward jet tagging, central jet veto and
top-jet veto.

The cut-based analysis presented here is performed with realistic simulation and reconstruction of
leptons and jets. Improvements can be expected by more sophisticated analysis and, with real data and a
good understanding of the detector, further gains can be achieved by improvements in the reconstruction
efficiencies.

The discovery of resonances in vector boson scattering at high mass will take a few tens of fb−1, but
the different decay channels of the vector boson pairs allow a cross-check of the presence of a resonance.
These results can be considered generic of vector boson scattering and can therefore be interpreted in
terms of other theoretical models with possibly different cross-sections.
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Discovery Reach for Black Hole Production
Abstract
Models with extra space dimensions, in which our Universe exists on a 4-
dimensional brane embedded in a higher dimensional bulk space-time, offer a
new way to address outstanding problems in and beyond the Standard Model.
In such models the Planck scale in the bulk can be of the order of the elec-
troweak symmetry breaking scale. This allows the coupling strength of gravity
to increase to a size similar to the other interactions, opening the way to the
unification of gravity and the gauge interactions. The increased strength of
gravity in the bulk space-time means that quantum gravity effects would be
observable in the TeV energy range reachable by the LHC. The most spectac-
ular phenomenon would be the production of black holes, which would decay
semi-classically by Hawking radiation emitting high energy particles. In this
note, we discuss the potential for the ATLAS experiment to discover such black
holes in the early data (1–1000 pb−1)

1 Introduction

In this study we simulate the search for black holes in the first 100 pb−1 of LHC data with the ATLAS
detector and software framework.

The document’s structure is as follows: Section 2 gives an overview of the extra dimension models,
present limits on the size of the extra dimensions and a discussion of black hole production and decay. In
Section 3 the Monte Carlo simulation samples are described. Section 4 presents basic event properties,
and is followed by Sections 5 and 6 dealing with the triggering and analysis selection, respectively. The
expected systematic uncertainties are given in Section 7. Finally, the extraction of model parameters,
especially of black hole properties, is covered in Section 8. A summary is given in Section 9.

2 Theory

2.1 Theoretical Motivation

The electroweak energy scale and the Planck scale, at which gravitational interactions become strong,
differ by about sixteen orders of magnitude. This large difference between the scales of the two funda-
mental interactions is known as the hierarchy problem. Explaining the hierarchy problem is one of the
outstanding challenges in particle physics.

Arkani-Hamed, Dimopoulos and Dvali (ADD) [1–3], and Randall and Sundrum (RS) [4, 5] have
pioneered approaches to solving the hierarchy problem by using extra-dimensional space. The hierarchy
is generated by the geometry of the additional spatial dimensions. ADD models postulate additional flat
extra dimensions, while RS models invoke a single warped extra dimension. The observed weakness of
gravity is thus due to the gravitational field being allowed to expand into the higher-dimensional space
(bulk), while the Standard Model particles are confined to our familiar three-dimensional space (3-brane).
Extra-dimensional models can also be motivated by string theory.

In extra-dimensional models, the D-dimensional Planck scale MD is the fundamental scale from
which the Planck scale MPl = 1.22×1019 GeV in four dimensions is derived1. The relationship between

1Several conventions exist for the D-dimensional Planck scale in the ADD model. We denote by MD the parameter defined
by Giudice, Rattazzi and Wells [6] and used by the PDG [7]: MD−2

D = (2π)D−4/(8πGD), where GD is the D-dimensional
Newton gravity constant. In an alternative convention given by Dimopoulos and Landsberg [8] the D-dimensional Planck scale
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the two scales is determined by the volume of the extra dimensions in ADD models or by the warp factor
in RS models. For large extra dimensions or a strongly warped extra dimension, the fundamental scale
of gravity can be as low as the electroweak scale. If the Planck scale is low enough, black holes could be
produced at the Large Hadron Collider (LHC) [9,10]. Detecting them will not only test general relativity
and probe extra dimensions, but would also teach us about quantum gravity.

2.2 Experimental Limits

Assuming that low-scale gravity is due to the existence of extra dimensions2, most experimental searches
for unusual low-scale gravity effects have focused on detecting evidence for extra dimensions. Current
experimental limits allow the fundamental scale of gravity to be as low as about 1 TeV. In testing the
ADD models and deriving limits in these models, the compactification radius of all extra dimensions is
assumed to be the same. ADD models have been tested at length scales comparable to the radius of the
compactified (i.e. curled-up) dimensions R. Were the effective number of large extra dimensions to be
n = D− 4, the inverse-square law would smoothly change from the 1/r2 form for r� R to a 1/r2+n

form for r� R. Searches have been performed and constraints on the Planck scale have been set by
tabletop and particle accelerator experiments, astrophysical observations, cosmic-ray measurements and
cosmological considerations. Direct searches for black holes at collider experiments have not yet been
performed. The only direct limits on black hole production in high energy interactions were obtained
using cosmic-ray data. Table top experiments lead to an upper bound of R≤ 44 µm, at the 95% confidence
level [12]. The LEP bounds obtained with direct searches vary from 1.5 TeV for n = 2 extra dimensions
to 0.75 TeV for 5 extra dimensions [13]. The latest direct search result from the CDF collaboration has
set lower bounds with 1.1 fb−1 of Run II data on MD of 1.33 TeV for n = 2 to 0.88 TeV for n = 6 [14]. All
four LEP experiments combined set a lower limit on MD of 1.2 TeV for positive interference, or 1.1 TeV
for negative interference between Standard Model diagrams and graviton exchange [15, 16]. Indirect
searches by the DØ [17] collaboration set lower limits around 1.28 TeV3. Astrophysics places the most
stringent lower limits on MD in ADD models which however fall sharply with increasing number of
extra dimension [18–24]. Considerations of neutron star dynamics imposes the strongest constraints:
MD > 1760, 77, 9 and 2 TeV for n = 2, 3, 4 and 5 extra dimensions, respectively [18]. One should
note that all astrophysical and cosmological constraints are based on a number of assumptions, whose
uncertainties are not included in the limit derivations, so the results are reliable only as order of magnitude
estimates. Ultra high-energy cosmic-ray particles, through their interaction with the Earth’s atmosphere,
offer a complementary probe of extra dimensions. Cosmic-rays interact with the atmosphere and earth’s
crust with centre-of-mass energies of the order of 100 TeV. The particles can produce black holes deep
in the atmosphere, leading to quasi-horizontal giant air showers. So far a lower bound on MD in the
ADD model, ranging from 1.0 to 1.4 TeV for scenarios with 4 to 7 extra dimensions has been set at 95%
confidence level [25]. It is expected that the Pierre Auger Observatory will be able to set more stringent
limits during the first five years of operation; the estimates place MD & 3 TeV for n≥ 4 [26].

2.3 Working Model

Our working model for black holes uses the black disk cross-section, which depends only on the horizon
radius. The (4+n)-dimensional Myers-Perry solution [27], similar to the 4-dimensional Schwarzschild
radius, is chosen for the horizon radius rh. It depends only on the number of dimensions and the Planck

MDL is defined via MD−2
DL = 1/GD.

2See Ref. [11] for a model of TeV gravity in four dimensions.
3This lower limit uses the Hewett approach for the calculation of MD and implies a positive interference term λ with the

Standard Model diagrams.
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scale. The classical black hole cross-section at the parton level is

σ̂ab→BH = πr2
h , (1)

where a and b are the parton types. In most cases, we work with initial black hole masses at least five
times higher than the Planck scale at which the expression for the cross section should be valid.

The total cross-section is obtained by convoluting the parton-level cross-section with the parton dis-
tribution functions (PDFs), integrating over the phase space, and summing over the parton types.

Throughout this study we use the CTEQ6L1 (leading order with leading order αs) parton distribution
functions [28] within the LHAPDF framework [29]. The momentum scale for the PDFs is set equal to
the black hole mass for convenience.

The transition from the parton-level to the hadron-level cross-section is based on a factorisation
ansatz. The validity of this formula for the energy region above the Planck scale is unclear. Even if
factorisation is valid, the extrapolation of the parton distribution functions into this transplanckian region
based on Standard Model evolution from present energies is questionable, since the evolution equations
neglect gravity and possible KK states in the proton.

The details of horizon formation, and the balding and spin-down phases have been ignored4. The
important effects of angular momentum in the production and decay of the black hole in extra dimen-
sions are not accounted for in the Monte Carlo event generator. The black holes are considered as
D-dimensional Schwarzschild solutions. Only the Hawking evaporation phase is generated by the simu-
lation.

We can view the Hawking evaporation phase as consisting of two parts: determination of the particle
species and assigning energy to the decay products. A particle species is selected randomly with a
probability determined by its number of degrees of freedom and the ratio of emissivities5. The degrees
of freedom take into account polarisation, charge and colour. The emitted charge is chosen such that the
magnitude of the black hole charge decreases. All Standard Model particles are considered, including a
Higgs boson6. The particles are treated as massless, including the gauge bosons and heavy quarks.

Gravitons have not been included in the simulation, which is another drawback of the current model.
Because the graviton lives in the bulk, the number of degrees of freedom of the graviton becomes sig-
nificant for high numbers of dimensions. In addition, the graviton emissivity is highly enhanced as the
space-time dimensionality increases. Therefore the black hole may lose a significant fraction of its mass
into the bulk, resulting in missing transverse energy.

The energy assignment to the decay particles in the Hawking evaporation phase has been imple-
mented as follows. The particle species selected by the model described above is given an energy ran-
domly according to its extra-dimensional decay spectrum. A different decay spectrum is used for scalars,
fermions and vector bosons, i.e. the spin statistics factor is taken into account. Grey-body spectra are
used without approximations [30]. The grey-body factors depend on the number of dimensions. The
Hawking temperature is updated after each decay. It is assumed the decay is quasi-stationary in the sense
that the black hole has time to come into equilibrium at each new temperature before the next particle is
emitted. The energy of the particle given by the spectrum must be constrained to conserve energy and
momentum at each step.

The evaporation phase ends when the chosen energy for the emitted particle is ruled out by the
kinematics of a two-body decay. At this point an isotropic two-body phase-space decay is performed. In
our simulation, the decay is performed totally to Standard Model particles and no stable exotic remnants
survive.

4The main effects of these are to reduce the black hole production cross-section, possibly by as much as a few orders of
magnitude. Work is underway to try to estimate the magnitude of this.

5Here emissivity is the fractional emission rate per degree of freedom. Mathematically it is ratio of dE/dt for different
species, or roughly speaking the area under the black body distribution for a particular type of particle.

6Including a scalar Higgs boson is not significant since it has only one degree of freedom.
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Name Description Value
MINMSS Minimum mass of black holes 5 TeV
MAXMSS Maximum mass of black holes 14 TeV
MPLNCK Planck scale 1 TeV
MSSDEF Convention for Planck scale 2
TOTDIM Total number of dimensions 6
NBODY Number of particles in remnant decay 2
GTSCA Black hole mass used as PDF momentum scale True

TIMVAR Allow TH to change with time True
MSSDEC Use all Standard Model particles as decay products True
GRYBDY Include grey-body effects True
KINCUT Use a kinematic cut-off on the decay True

Table 1: Default parameters used in the CHARYBDIS generator.

Baryon number, colour and electric charge are conserved in the black hole production and decay in
this model. Missing transverse energy in the generator comes only from the neutrinos, while in reality
missing transverse energy is also possible due to the lost energy in inelastic production, graviton emis-
sion, a non-detectable black hole remnant and the possibility that the black hole can leave the Standard
Model brane. For the black holes we consider, only a small amount of energy, on average, is lost due to
neutrinos. If gravitons were considered, the average energy loss would be approximately 9% [31].

3 Monte Carlo Simulations

3.1 Production of Signal and Background Events

The event generator CHARYBDIS [32, 33] version 1.003 was used within the ATLAS software frame-
work to generate Monte Carlo signal samples. It was interfaced via the Les Houches accord [29] to
HERWIG [34, 35] which provides the parton evolution and hadronisation, as well as Standard Model
particle decays.

Table 1 shows the default CHARYBDIS parameters used, for which approximately 25000 events
were generated. Three other black hole signal samples were generated with variations in the number of
dimensions and in the black hole minimum mass. In all simulations, the parameter MSSDEF was set
equal to 2, setting the Planck scale MPLNCK to be the D-dimensional Planck scale MDL in the con-
vention of Ref. [8]. The above samples subsequently underwent the full ATLAS detector simulation
and reconstruction. Fast simulation using ATLFAST [36] was employed to widen the range of signal
samples studied, enabling investigation of the many theoretical uncertainties modelled by generator pa-
rameter switches (see Table 2).

Black holes decay democratically to all particles of the Standard Model, so few Standard Model
processes should produce the same particle spectrum. Black hole decays are characterised by a number
of high energy and transverse momentum objects, so the primary Standard Model backgrounds are states
with high multiplicity or high energy jets. The predominant backgrounds to our signal are described
below and their datasets and cross-sections are listed in Table 3. Sizeable samples are required due to
their large cross-sections at the LHC.

• tt̄ leptonic and hadronic decay modes. This process yields the largest contribution to the back-
ground due to its large cross-section at the LHC and the large branching ratio to hadronic final
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n mBH ( TeV) σ ( pb) Note
2 5-14 40.7
2 8-14 0.34
4 5-14 24.3
7 5-14 22.3
2 5-14 6.4 MPLNCK=2
3 5-14 28.5
5 5-14 22.7
2 5-14 40.7 KINCUT=0
7 5-14 22.3 KINCUT=0
2 5-14 40.7 TIMEVAR=0
7 5-14 22.3 TIMEVAR=0
2 5-14 40.7 NBODY=4
7 5-14 22.3 NBODY=4

Table 2: Monte Carlo datasets and their respective cross-sections used in this analysis. The first four
samples were simulated using both full and fast simulations; the lower nine samples were simulated using
the fast simulation ATLFAST. The final column shows the CHARYBDIS parameter that was changed
with respect to the reference set shown in Table 1.

states. The matrix element calculation is done with MC@NLO [37] and HERWIG is used to
perform the parton shower evolution, parton decay and their hadronisation.

• QCD dijet production. The requirements placed on the hadronic part of the signal events reduces
the contribution from low-pT QCD jets. This background is generated using PYTHIA 6.4 [38].
Note that the complete QCD inclusive jet production is not fully modelled by the PYTHIA dijet
simulation due to the lack of higher-order QCD contributions. Very low-statistics samples of
multijet samples generated by ALPGEN [39] were also used.

• W → `ν + jets production. These backgrounds, though coming from the hard process, have cross-
sections that rapidly become small compared to the signal as more jets are added. Vector boson
plus jets samples were generated using ALPGEN.

• Z→ `` + jets production.

• γ(γ) + jets production.

3.2 Detector Simulation

The detector simulation and reconstruction of both signal and background Monte Carlo events were
performed within the ATLAS offline framework.

Fast simulation (ATLFAST) was used to widen the range of signal samples studied. The primary
advantage of this is one of processing rate: since no detector interactions are modelled it requires less than
one second per event. In contrast, full simulation requires approximately 15 minutes for typical Standard
Model events, and over 30 minutes per black hole event. Despite this advantage, there are drawbacks:
the fast simulation does not include a complete treatment of lepton isolation and misidentification nor of
photon conversion.

The same generator signal samples were passed through the full and fast simulations in order to
understand the differences in black hole events. Variables ranging from simple multiplicities to event
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Process σ ( pb)
Semi/Fully Leptonic tt̄ 463

Hadronic tt̄ 370
QCD dijets 12.84×103

W → eνe + jets 281
W → µνµ + jets 279

Z→ ee + jets 25.8
Z→ µµ + jets 26.0

γ + jets 5.00×103

γγ + jets 67.6

Table 3: Background Monte Carlo datasets and their respective branching ratio times cross-sections.
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Figure 1: Total particle multiplicity and missing transverse energy distributions for signal samples from
fast and full simulation.

shapes were compared. Sample distributions of particle multiplicity and /ET are shown in Figure 1. The
multiplicity difference is due to differing default jet algorithms; we use a cone algorithm with radius
∆R = 0.4 in the full simulation, whereas ATLFAST uses a k⊥ algorithm. Using the same algorithm for
both samples gives very close agreement, nonetheless this discrepancy will have an effect in analyses
dependent purely upon multiplicity information. All other variables investigated showed concordant
results.

4 Event Properties

The high mass scale, and the thermal nature of the decay process, result in black hole events being
characterised by a large number of high-pT final state particles, including all the Standard Model fields.
Graviton emission is also expected, but is not simulated in CHARYBDIS. Of the final state particles, the
detector can measure jets, electrons, muons and photons well, and will be able to reconstruct some of the
Z and W bosons. The missing transverse energy, produced mainly by neutrino and graviton emission,
can also be measured. In this section, the data sample with two extra dimensions and black hole masses
above 5 TeV is used as the reference signal sample.

A key feature of black hole decays is that the Hawking temperature is higher for larger n, for a given
black hole mass. A higher temperature produces higher energy emissions, with the consequence that the
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Figure 2: PDG code of particles emitted from black hole decay for a minimum black hole mass of 5 TeV
and n = 2, 4 and 7 and for a minimum black hole mass of 8 TeV and n = 2 (|PdgId|= 1 – 6 are quarks,
11 – 16 leptons, and 21 – 25 gauge and Higgs bosons). The vertical axis shows multiplicity per black
hole decay.

energy is shared between fewer particles. This has a significant effect on the multiplicity and event shape
distributions. Similarly, the samples with a higher black hole low-mass cutoff produce more high energy
final state particles.

4.1 Particle Types and Multiplicities

Figure 2 shows the types of particles produced directly by black hole decay. The vertical axis shows
the average number of particles per black hole decay. From this figure, we see that a heavier black hole
has more decay products. The particle-antiparticle balance is broken by the initial state of two protons
colliding. Moreover, due to conservation of energy and momentum, colour connection etc., a perfect
democratic decay cannot be achieved, e.g., the number of top quarks is smaller than that of ligher quarks.
The possibility of identifying fermions and bosons and determining their branching ratios in black hole
decays was studied in [40].

Figure 3 shows pT and pseudorapidity (η) distributions of particles produced directly from black
hole decays. As expected, the shape depends little on particle type. Figure 4 shows the reconstructed
multiplicity of final-state jets, leptons and photons. Four signal samples are shown for n = 2, 4 and 7
with a minimum black hole mass of 5 TeV, and for n = 2 with a minimum black hole mass of 8 TeV. The
figure also compares the reference signal to the backgrounds. The multiplicity in the signal falls as n
rises, because the black holes decay at a higher temperature.

4.2 Event Shape

At first sight, one would expect black hole events to be very different from the background in event
shape variables [38, 41, 42] such as sphericity, because of the high multiplicity thermal decay. However,
the event shape of the black hole events varies considerably with n, making such variables less useful
than could be hoped. Though the background distributions show less variation, when these are scaled
by their large cross sections, there is a large degree of overlap, disfavouring their use as a cut variable.
Additionally, our ignorance of the decay modes of the final black hole remnant introduces a significant
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Figure 3: Generator pT distributions (top row): leptons (left) and Z bosons (right) emitted from the black
hole. The bottom row shows pT and η spectra for all particles emitted from the black hole.
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Figure 4: Multiplicities of reconstructed objects for (left) black hole samples and (right) backgrounds.
They are normalised to the integrated luminosity of 1 fb−1.
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Figure 5: Circularity calculated from reconstructed objects for (left) black hole samples and (right)
backgrounds.
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Figure 6: Thrust calculated from reconstructed objects for (left) black hole samples and (right) QCD
dijet and tt̄ backgrounds.

systematic effect. In our version of CHARYBDIS, once the mass of the black hole has dropped below
the Planck scale, the remnant decays to either 2 or 4 bodies. We have selected the two-body option for
our standard samples. This means that at high n, where events can reach this stage after few emissions,
the circularity of the events is reduced, and the thrust increased.

The distinguishing power between signal and backgrounds of a selection of event shape variables was
studied; Figure 5 shows the circularity distribution for the same samples as Figure 4; similarly Figs. 6
and 7 show their thrust distributions, sphericity and aplanarity. The expected bias towards more “jet-
like” events is clearly seen at high n. For this reason, we choose not to use event shape variables as a
discriminant in this analysis.

5 Trigger

The ATLAS trigger and data-acquisition system consists of three levels (L1, L2, EF) of online event
selection [43]. Each subsequent trigger level refines the decisions made at the previous level and may
apply additional selection criteria. The ATLAS trigger is described in detail in ref. [44].
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(c) Sphericity (d) Aplanarity

Sphericity
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-1
E

ve
nt

s 
/ 0

.0
5/

 fb

1

10

210

310

410

510

610
BH n=2
BH n=7
QCD
Z+jets
W+jets
ttbar

ATLAS

Aplanarity
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-1
E

ve
nt

s 
/0

.0
25

/ f
b

1

10

210

310

410

510

610

710 BH n=2
BH n=7
QCD
Z+jets
W+jets
ttbar

ATLAS

Figure 7: Different event shape variables for black hole samples and backgrounds. They are normalised
to the integrated luminosity of 1 fb−1.
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Figure 8: Simulated jet trigger efficiencies as functions of the offline reconstructed jet pT for a) L1, b) L2
and c) EF. The efficiencies are determined for different pT -thresholds: 150 GeV (black), 300 GeV (red),
400 GeV (blue), 600 GeV (magenta) and 800 GeV (cyan).

5.1 Triggering on Black Holes

Each black hole produces multiple decay products, including hadronic jets, leptons and photons, as
described in Section 4. The jets typically carry a dominant fraction of the visible decay energy and hence
provide the best option for triggering black hole events.

The response of the jet trigger, as simulated in the current version of the ATLAS detector simulation,
is demonstrated in Figure 8. The plots show the trigger efficiencies for various pT -thresholds as functions
of the jet pT reconstructed offline. For these plots, a match between the jet reconstructed offline and at
the respective trigger level is required. The matching consists of searching for the closest offline jet in
∆R =

√
(∆η)2 +(∆φ)2, where ∆η and ∆φ are the distances between the reconstructed jet and the trigger

jet in pseudorapidity η and azimuth φ , respectively. To avoid incorrect matching for L1 jets, a modified
criterion is applied: the L1 jet closest in energy to the reconstructed jet is chosen among the jets found
within the ∆R = 0.5 distance around the reconstructed jet. The shape of the L1 efficiency distribution
for the 800 GeV threshold is due to the saturation of the L1 trigger tower energies at 255 GeV. Events in
which the transverse energy in one trigger tower exceeds 255 GeV are automatically accepted, as larger
values fill up the memory of the L1 trigger analog-to-digital converters.

The efficiency at each trigger level is determined independently of the decisions at the other levels.
Were the trigger chain to have the same threshold on all levels, the total efficiency would be the con-
volution of the respective functions. The L2 algorithms are based on regions of interest provided by
L1, hence it is not possible to determine their efficiency completely independently of the L1 decisions.
The L2 algorithms were run on all L1 jet RoI starting from the lowest L1 jet pT threshold of 35 GeV.
This is much lower than the thresholds studied, making the L2 decision (shown in Figure 8b) virtually
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Figure 9: Simulated jet trigger efficiencies for black hole events from the signal sample with n = 2 and
m > 5 TeV as functions of the jet pT threshold for a) single-jet trigger, b) 3-jet trigger and c) 4-jet trigger.
The efficiencies are determined for L1 (black), L2 (red) and EF (blue).

independent of the L1 efficiency.
The total trigger efficiencies are listed in Table 4 for three signal samples and demonstrated in Fig-

ure 9 for the signal sample with n = 2 and m > 5 TeV. The highest efficiency is provided by the single-jet
trigger, which we consider to be the master trigger for the black hole events. The presence of multiple
high-pT jets per event, each of which is likely to pass the trigger, results in very high total efficiencies.
Setting this trigger threshold at 400 GeV will provide greater than 99% efficiency at all trigger levels.
The Standard Model process rate at this threshold is expected to be less than 0.1 Hz at an instantaneous
luminosity of 1031 cm−2s−1, which should allow this trigger to run at this threshold without prescaling
for the first few years of LHC data taking. The rate of black hole events is expected to be less than 5 mHz
at the 1031 cm−2s−1 luminosity. For the start-up running at the luminosity of 1031 cm−2s−1, it is planned
to set the highest threshold for the single-jet trigger at 120 GeV, guaranteeing an efficiency of almost
100% for black hole events.

Alternatively, a trigger based on the scalar sum of transverse energies of all recorded decay products
(“sum-ET trigger”) can be used. No simulation of this trigger is available in the samples used in this
study. Looking at this sum in the offline reconstruction suggests that this trigger would collect nearly
100% of black hole events for Planck scales above 1 TeV. It is foreseen to run this trigger in the start-up
data taking, unprescaled at the threshold of 650 GeV.

Based on experience from previous collider experiments, one may expect detector hardware problems
at the beginning of data taking. In particular, noisy channels in the calorimeter or trigger electronics may
cause high trigger rates for the single-jet trigger and for the sum-ET trigger, such that even the highest
threshold triggers have to be prescaled. In such cases, a multijet (3- or 4-jet) trigger is considered for use
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a) CHARYBDIS: n = 2,m > 5 TeV

Trigger L1 L2 EF
j100 1 1 1
j400 0.997 0.997 0.997
3j100 0.998 0.998 0.998
3j250 0.972 0.971 0.971
4j100 0.985 0.985 0.985
4j250 0.865 0.862 0.862

b) CHARYBDIS: n = 4,m > 5 TeV

Trigger L1 L2 EF
j100 1 1 1
j400 0.997 0.997 0.996

3j100 0.952 0.952 0.952
3j250 0.886 0.885 0.885
4j100 0.807 0.806 0.806
4j250 0.612 0.607 0.607

c) CHARYBDIS: n = 7,m > 5 TeV

Trigger L1 L2 EF
j100 1 1 1
j400 0.990 0.987 0.985
3j100 0.807 0.806 0.805
3j250 0.710 0.704 0.704
4j100 0.525 0.522 0.522
4j250 0.343 0.341 0.341

Table 4: Simulated jet trigger efficiencies for black hole events as functions of the jet-pT threshold for
different simulation samples.

until the detector problems are resolved. The efficiencies of such triggers are listed in Table 4.
In the present study, the minimum mass of a black hole is set at 5 TeV or more in order to be safely

above the Planck scale. At lower masses one may expect an increased rate of dijet events described by
a contact interaction. The single-jet trigger or the sum-ET trigger at the thresholds considered above are
well suited for detecting such signatures. Such events may not, however, be selected by multijet triggers.

The trigger efficiencies, studied here in the simulation, have to be determined from data. An unbiased
determination requires an “orthogonal” trigger, e.g. a trigger based on fully independent information
from that used by the master trigger. A muon trigger which is based solely on signals in the muon
detector should be well suited for such studies.

6 Signal Selection and Background Rejection

6.1 Event Selection

Since all types of Standard Model particles are produced from black hole decay, we make full use of
particle identification information (PID) from our detectors. First we select muons, electrons, photons
and jets, which are called objects in this section. Table 5 shows the details of their selection criteria.

The identification of objects is sometimes ambiguous: e.g., an electron could be simultaneously
reconstructed as a jet. To resolve this, we apply PID to each object, selecting muons, electrons, photons
and jets in that order of priority. Once an object passes the PID criteria in a given category, any remaining
ambiguous assignments are removed if they match the chosen object within a ∆R of less than 0.1.

Next we select black hole events using these objects as described below. Then we reconstruct a
black hole from all the identified objects for the selected event. The mass of the black hole in an event
is calculated from the four-momenta of the reconstructed final state objects and missing ET , which is

13
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included in the calculation to improve the reconstructed mass resolution:

pBH = ∑
i=objects

pi +(/ET , /ET x, /ET y,0) , (2)

mBH =
√

p2
BH . (3)

We present two methods to select black hole events. One is based on the scalar summation of pT

and the other on the multiplicity of high-pT objects. Both make use of the characteristic of a black hole
having large mass. After that, we require a high-pT lepton to reject backgrounds further.

Figure 10 shows the scalar summation of the pT of each object, ∑ |pT |, which demonstrates good
background discrimination and high signal efficiency for all black hole samples. We require ∑ |pT | to be
larger than 2.5 TeV to reject backgrounds. This requirement is relatively unaffected by changes in the
model, in particular by changes to the number of extra dimensions n. Figure 11 shows mBH distributions
after this requirement. The QCD dijet background is already well suppressed, but we also investigated
the effect of a further selection, requiring a lepton with a pT > 50 GeV. This resulted in the QCD dijet
background being rejected by a factor greater than 106 as shown in Table 6, which summarises the event
numbers for an integrated luminosity of 1 fb−1. Though the high statistics QCD samples used were
generated with PYTHIA, a leading order generator, there were also pT -sliced small ALPGEN multijet
samples available. When investigated using the ∑ |pT | and lepton cut method, a very similar, marginally
lower number of background events was predicted according to the very limited statistics available.
Larger scale studies would be needed to conclude anything more concrete. Poisson confidence limits are
used for samples where fewer than 20 events passed the requirements. Signal cross-section errors are
statistical only; the theoretical uncertainties are large as discussed in Section 2. 7

An alternative selection procedure was also used. Figure 12 shows the pT distributions of the leading,
2nd-, 3rd- and 4th-leading objects out of all the selected objects. The 4th-leading object still has larger pT

in the signal events than in the background events. We require the number of objects with pT > 200 GeV
to be equal to or greater than four. Figure 14 (left) shows mBH distributions after this requirement. Since
QCD processes still remain large, a lepton requirement is again used to decrease it. Figure 13 shows the
distribution of the highest pT lepton (muon or electron). As expected, the number of leptons from QCD
processes is small. Requiring the number of leptons (muons or electrons) with pT > 200 GeV to be equal
to or greater than one results in the mBH distributions shown in Figure 14(right).

The shape of the background in the region of high mBH was fitted with a gaussian plus an asymmetric
gaussian (Figure 15) and that function is used to estimate the number of background events.

CHARYBDIS does not include graviton emission. In practice this, and the energy lost in gravita-
tional interactions during the balding phase, would be another source of /ET . Consequently we expect

7In the case of two hadronic subsamples (tt and dijets) where very few events passed the ∑ |pT | requirement, the lepton
requirement rejection factor was applied to the ∑ |pT | requirement’s Poisson bound to estimate the background distribution
error.

(a) muon (b) electron
|η |< 2.5, pT > 15 GeV
Central track match (0≤ χ2 < 100)
Isolation ET,cone0.2 < min(100,0.2pT +20) GeV

|η |< 2.5 except for 1.00< |η |<1.15, 1.37< |η |<1.52
pT > 15 GeV
medium selection [45]

(c) photon (d) jet
|η |< 2.5, pT > 15 GeV
tight selection [45]
Isolation ET,cone0.2 < 0.2pT +20 GeV

Cone algorithm (R = 0.4) based on calorimeter towers
|η |< 2.5, pT > 20 GeV

Table 5: Particle selection
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Figure 10: ∑ |pT | distributions for (left) black hole samples and (right) backgrounds (QCD dijet, tt̄ and
vector boson plus jets), along with one signal sample for reference. They are normalised to an integrated
luminosity of 1 fb−1.

Reconstructed BH Mass [GeV]
0 1000 2000 3000 4000 5000 6000 7000 8000 900010000

-1
E

ve
nt

s 
/  

20
0 

G
eV

 / 
fb

-110

1

10

210

310

BH n=2
QCD
Z+jets
W+jets
ttbar

ATLAS

Reconstructed BH Mass [GeV]
0 1000 2000 3000 4000 5000 6000 7000 8000 900010000

-1
E

ve
nt

s 
/  

20
0 

G
eV

 / 
fb

-110

1

10

210

310

BH n=2
QCD
Z+jets
W+jets
ttbar

ATLAS

Figure 11: Black hole mass distribution with a requirement ∑ |pT |>2.5 TeV (left), and black hole mass
distribution with an additional requirement on the lepton-pT of pT > 50 GeV (right). The signal sample
with n = 2 and m > 5 TeV and backgrounds are shown.

Dataset Before selection ∑ |pT |> 2.5 TeV After requiring a lepton acceptance
(fb) (fb) (fb)

n = 2,m > 5 TeV 40.7±0.1×103 39.2±0.3×103 18.6±0.2×103 0.46
n = 4,m > 5 TeV 24.3±0.1×103 22.6±0.2×103 6668±83 0.27
n = 7,m > 5 TeV 22.3±0.1×103 20.1±0.2×103 3574±60 0.17
n = 2,m > 8 TeV 338.2±1 338.1±2.5 212±16 0.63

tt̄ 833±100×103 23.6+12.2
−6.7 8.2+2.43

−2.43 9.8×10−6

QCD dijets 12.8±3.7×106 5899+1773
−1771 5.37+3.25

−2.02 4.3×10−7

W`ν + ≥ 2 jets 1.9±0.04×106 12.3+9.0
−1.8 4.67+8.75

−0.93 2.4×10−6

Z`` + ≥ 3 jets 51.8±1×103 2.75+2.02
−2.01 2.57+0.95

−0.64 5.0×10−5

Table 6: Acceptance for each signal and background dataset in fb after requiring ∑ |pT |>2.5 TeV, and a
lepton with pT > 50 GeV.
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Figure 12: pT distributions of leading (top left), 2nd- (top right), 3rd- (bottom left) and 4th-leading
(bottom right) objects out of all the selected objects for the signal sample with n = 2 and m > 5 TeV and
backgrounds (see Table 7).
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Figure 13: pT distributions of the leading lepton (electron or muon) after requiring the number of ob-
jects (electron, muon, photon or jet) with pT > 200 GeV to be larger than 3 for the signal sample with
n = 2 and m > 5 TeV and backgrounds (see Table 7).
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Figure 14: Black hole mass distribution for the signal sample with n = 2 and m > 5 TeV and backgrounds
(see Table 7) after multiplicity requirement of at least 4 objects with pT > 200 GeV (left plot) and an
additional requirement of a lepton (electron or muon) with pT > 200 GeV (right plot).

Dataset Before selection After multi-object After lepton requirement Acceptance
(fb) requirement (fb) (fb)

n = 2,m > 5 TeV 40.7×103 38.9±0.4×103 14.0±0.2×103 0.34
n = 4,m > 5 TeV 24.3×103 17.9±0.3×103 4521±126 0.19
n = 7,m > 5 TeV 22.3×103 9953±185 1956±82 0.087
n = 2,m > 8 TeV 338 338±4 164±3 0.49

tt̄ 833×103 129±27 36+12
−9 4.3×10−5

QCD dijets 12.8×106 38.9±1.9×103 6+107
−3 5.6×10−7

W+jets 560×103 99+28
−22 56+24

−13 1×10−3

Z+jets 51.8×103 29+90
−4 19+90

−3 4×10−4

γ(γ)+jets 5.1×106 285+87
−76 0+40

−0 < 10−5

Table 7: Acceptance of the 4-object requirements for each dataset in fb. 90% confidence limits are used
when no events passed the requirements.

17

EXOTICS – DISCOVERY REACH FOR BLACK HOLE PRODUCTION

125

1819



GeVBHM
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

-1
E

ve
n

ts
/2

00
G

eV
/f

b

0

2

4

6

8

10

12

14

16

18

20

22

24

gaussian

asymmetric gaussian

sum of both

ATLAS

Figure 15: The background shape after the 4-object and lepton requirements is shown (data points). The
points were fitted by the sum (black line) of a gaussian (red line) and an asymmetric gaussian (green
line).

CHARYBDIS to underestimate this for black hole events. Nonetheless, each of the black hole samples
studied in this analysis often have very wide distributions of /ET , with tails extending out to several TeV.
This property of models with black holes is most unusual and hard to reproduce in other new physics
scenarios, and should make it possible to distinguish between Black Holes and the majority of SUSY
models for example.

A requirement on /ET above ∼ 500− 600 GeV was studied as an alternative to a lepton require-
ment for black hole signal selection. Figure 16 shows the potential of this method, and contrasts these
models with three common supersymmetric models of different cross-section and mass scale. Despite
the possibility of early evidence for the presence of black holes, there are disadvantages to relying on
such a selection. Firstly, our ability to reconstruct the black hole’s mass is aided by limiting /ET to be
under 100 GeV (Figure 22). Such a signal from high /ET events would be dominated by those events
reconstructed most poorly, limiting their use for cross-section measurement and discovery. The theo-
retical uncertainties are large and difficult to quantify, and finally there are experimental difficulties in
calibrating and accurately measuring this variable across a wide energy range.

6.2 Discovery Reach

Making a robust discovery potential for black hole events is difficult, because the semi classical assump-
tions used to model them are only valid well above the Planck scale. Close to the Planck scale, events
may occur due to gravitational effects with lower multiplicities, but without the signatures anticipated
by our event selections. As the energy rises above the threshold needed for black hole creation, our
requirements should become more efficient. Lack of theoretical understanding makes it impossible to
model this threshold region.

To account for this, we impose a lower requirement on the true mass of black holes created in our
simulated samples, BHthresh, normally set at 5 TeV, and we do not attempt to account for any additional
signal from lower masses. In order to estimate the discovery potential, two methods have been consid-
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Figure 16: The left hand plot shows the missing transverse energy distributions after a ∑ |pT |> 2.5 TeV
requirement. A requirement of /ET > 500 GeV would leave negligible background and a large number of
signal events for all samples. The right hand plot compares two black hole samples with three supersym-
metric models with a range of mass scales; the two classes of models can easily be distinguished by their
differing cross-sections and the extent of the /ET tail.

ered:

1. we keep our signal selection requirements constant, and increase the value of BHthresh. Since the
analysis requirements are unchanged, the background remains constant, while the signal drops as
the production of events occurs at higher mass. We then evaluate the luminosity required to detect
a minimum of 10 signal events, with S/

√
B > 5, assuming the production cross-section is as high

as predicted. Such a study is shown in Figure 17, using the Σ|pT | and lepton requirements. This
method produces conservative limits, taking some account of the uncertainty in the production
cross-section near the threshold.

2. We keep the production model unchanged with BHthresh = 5 TeV, but apply an additional require-
ment on the reconstructed black hole mass. This requirement reduces substantially background
events, while allowing the higher mass signal to pass unchanged. This is less conservative, since it
allows black hole signal events to be produced at low mass, but to migrate above the reconstructed
mass requirement because of the detector mass resolution, hence increasing the signal. As be-
fore, we use the nominal value of the production cross-section, and evaluate the luminosity needed
to meet our discovery criteria, this time as a function of reconstructed mass. A study using this
method is shown in Figure 18 using the 4-object and lepton requirements.

The two approaches are complementary and illustrate the uncertainties in different ways. We observe
that the search reach is limited eventually at high mass by the falling production cross-section, reflecting
the falling parton luminosity and the limited energy of the LHC. We conclude that, if the semi classical
cross-section estimates are valid, black holes can be discovered above a 5 TeV threshold with a few pb−1

of data, while 1 fb−1 would allow a discovery to be made even if the production threshold was at 8 TeV.

7 Systematic Uncertainties

7.1 Signal uncertainties

We have investigated the systematic uncertainties using fast simulation runs, having checked that the full
and fast simulations agree well for this purpose.
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Figure 17: Discovery potential using ∑ |pT | and lepton selections: required luminosity as a function of
black hole mass threshold. Error bars reflect statistical uncertainties only.
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Figure 18: Discovery potential for black holes using four-object and lepton requirements. The required
luminosity is shown as a function of the requirement on the reconstructed black hole mass. The error
bars correspond to experimental systematic uncertainties. (See text for constraints.)
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There are a number of theoretical parameters associated with CHARYBDIS which can generate
systematic errors in the estimates of the acceptance for signal events. These are:

• The kinematic cutoff. This parameter is normally true, and causes the generator to end thermal
emission if an unphysical emission is randomly selected. The generator moves immediately to the
final remnant decay phase. This approximation deteriorates at high numbers of extra dimensions
because of the high temperature and emitted particle energies. We have investigated the alternative,
where a new emission is selected until a physical one is chosen. In this case, thermal emission will
continue until the black hole mass falls below MDL.

• Temperature variation. The Hawking temperature of the black hole is normally allowed to increase
as its mass decreases, as expected if the black hole has time to equilibrate between decays. We
have investigated the alternative of keeping the temperature fixed at the initial value, as would be
the case if the black hole decayed very quickly or “suddenly” (see Table 8).

• Number of extra dimensions. In addition to our full simulation samples with n = 2, 4 and 7, we
have simulated n = 3 and 5 with the fast simulation. As noted above, the events become more
jet-like at high n and the particle multiplicity drops (see Figure 20), due to the increased Hawking
temperature. Our signal selection remains robust, as shown in Table 8.

• Planck scale. We have investigated changing the Planck scale from its default value of MDL =
1 TeV to 2 TeV. We note that, since the model is only valid for black hole masses much larger than
the Planck scale, this scenario is not well modelled in the range of masses accessible at the LHC.

• Remnant decay. We have investigated changing the remnant decay model from a two-body to a
four-body mode (see Figure 20).

Figure 19 shows the effect of changing the kinematic cutoff on the particle multiplicity and ∑ |pT |
distributions. Since the black hole is forced to decay thermally until it falls below MDL, the multiplicity
is higher, and the events have lower energy emissions. The total energy remains constant, however so the
∑ |pT | distribution is relatively stable.
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Figure 19: Particle multiplicity and ∑ |pT | distributions, showing the variation when the kinematic cut-off
parameter is changed.

The acceptance of the signal for various parameter choices are shown in Table 8. Compared to the
standard full simulation, the largest effect is observed for high n, when the kinematic cut-off parameter
is changed. This is as expected, since this parameter has a large effect on the evolution of the black hole
during its decay. Similarly changing the remnant decay from 2 to 4 bodies has a large effect at high n;
the effect of this, and of changing number of extra dimensions is shown in Figure 20.
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Figure 20: Particle multiplicity distributions, showing the variation produced by a change in the number
of extra dimensions, or the number of particles produced by remnant decay.

n Full Sim Fast Sim Kin. Cut off TH-variation off 4-body remnant
2 45.8 42.9 47.2 48.7 47.9
3 - 33.2 - - -
4 27.4 26.6 - - -
5 - 21.7 - - -
7 16.1 15.9 29.2 16.6 27.4

Table 8: Signal acceptance (%) for different model assumptions.

7.2 Uncertainties on detector performance

Two kinds of systematic uncertainties on detector performance were studied. One is an uncertainty on
lepton identification efficiency. To estimate this effect, we loosened and tightened particle identification
selections, by changing the hadronic leakage for electrons and the isolation cut for muons. The changes
in signal efficiencies are around 2%.

The effect of a 5% error in the jet energy scale (JES) was also considered. The effect of these
uncertainties on the discovery potential is shown in Figure 18.

8 Results

8.1 Search Reach for Black Hole Production at the LHC

The studies presented show that the ATLAS detector is capable of discovering the production of black
holes up to the kinematic limit of the LHC, assuming that the signal is correctly modelled. This con-
clusion is largely based on the predicted huge production cross-section, and the small background from
QCD dijets at very high-pT , especially when the presence of a high energy lepton is required. How-
ever, both of these assumptions are suspect. The high production cross-section is subject to considerable
discussion in the literature, as discussed in Section 2. Moreover, until the LHC has measured the QCD
cross-section at 14 TeV, we cannot be certain of the tails of the QCD distributions. The Monte Carlo
simulations of these tails are working at the limit of their validity, given the high energies and large
multiplicities involved.

For these reasons, we prefer not to place too much weight on the detailed search reach limits. In-
stead, we confine ourselves to the statement that, with current understanding, the black hole signature
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considered should be clearly visible if it exists.

8.2 Determination of Model Parameters

We have considered the possibility of extracting model parameters from the data, should a signal be
observed. There are two key parameters: the Planck scale MD (or MDL depending on the convention)
and the number of extra dimensions n. In Ref. [46, 47] a method was proposed to extract MD from the
cross-section data, which fixes the Planck scale (within the model assumptions), and from events with
high energy emissions.

The Hawking temperature TH of the black hole depends on n. If we detect events with emissions
near mBH/2, the energy of those emissions is a measure of the initial TH . Hence, over the sample of
black holes, the probability of such emissions is a measure of the characteristic temperature, and can
be used to extract n. This method was first put forward in Ref. [46], and here is made compatible
with the need for background rejection requirements. The requirements described in Section 6 are not
appropriate: the lepton requirement biases the selected events in favour of final states with many particles,
and hence against those events with a single high energy emission. A suitable requirement was found to
be ∑ |pT |> 3.5 TeV; this removes the background without biasing the signal events selected.

Figure 21 shows the probability of a hard emission for two samples, compared to the predictions.
The method requires accurate mass resolution, and so an additional requirement on /ET < 100 GeV is
applied. The addition of this requirement lowers the efficiency noticeably, but does improve the black
hole mass reconstruction; details of the resolution and efficiency can be found in Figure 22. The data are
consistent with the expected value of n, but due to this reduction in signal efficiency, more data would
be required to make a definitive measurement. It should be noted that this measurement requires the
Planck scale to be known. If this cannot be determined from the production cross-section, it is likely that
the threshold behaviour near the Planck scale would provide an indication of its value. At present, no
theoretical model exists to allow us to make predictions in this region.
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Figure 21: The probability of a hard emission near mBH/2 for n = 7 and n = 4. The bands show the ex-
pected range for n = 7 and n = 6, and for n = 5 and n = 4, respectively, for a luminosity of approximately
0.75 fb−1.

9 Summary

The search for black holes in the first 100 pb−1 of LHC data with the ATLAS detector and software
framework was simulated.
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Normalisation Mean (GeV) Resolution (GeV)
Without Narrow 1018±26 −217±5 276±9

/ET requirement Wide 276±30 −148±9 722±13
With Narrow 318±12 −116±8 215±9

/ET requirement Wide 108±7 118±18 635±16
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Figure 22: Black hole mass resolution distributions and their fits to double Gaussian functions, using a
∑ |pT | and lepton requirement (1 fb−1). The upper curve is without a /ET cut. The lower curve has an
additional requirement on /ET < 100 GeV.

We summarised the current experimental limits on black hole production and studied, with the help
of the black hole event generator CHARYBDIS and Standard Model Monte Carlo data sets, the basic
event properties, trigger and selection efficiencies, theoretical and experimental uncertainties of black
hole production at the LHC for a flat ADD extra dimension scenario with the Planck scale MDL = 1TeV.
We have explored the uncertainties inherent in the theoretical modelling and our understanding of the
detector. We conclude that, if the semi-classical cross section estimates are valid, black holes above a
5 TeV threshold can be discovered with a few pb−1 of data, while 1 fb−1 would allow a discovery to be
made even if the production threshold was 8 TeV.
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