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Abstract

The feasibility of discovering the Standard Model Higgs boson via Vector Boson Fusion in H →
W+W− → `νjj channel is investigated. A comprehensive strategy of Higgs mass (mH) reconstruc-
tion is developed using detector jets, lepton and missing transverse energy (Emiss

T ). At an integrated
luminosity of 30 fb−1, a 5σ discovery can be achieved for 140 < mH < 200 GeV/c2. Several
important techniques including forward jet tagging, central jet selection, hadronic and leptonic W re-
construction, Emiss

T selection, lepton-W correlation and lepton isolation, are optimized to increase the
signal to background ratio. Data driven analysis methods are developed to further identify the experi-
mental signature of the signal in addition to the reconstructed Higgs mass peak and reduce the effect
of a variety of detector systematic uncertainties.



1 Introduction
Vector Boson Fusion (VBF) is the second largest Higgs boson production process at the LHC for Higgs boson
mass (mH) above 100 GeV/c2. In the VBF process, the Higgs boson is produced with two moderate ET jets
in forward regions. The central jet activities are suppressed because of color coherence between initial quarks.
This is in contrast to most other physics processes involving multiple jet generation where the t-channel color flow
between initial quarks enhances the central hadron production. Therefore, a selection strategy based on tagging
two forward jets and vetoing central jets could dramatically suppress huge Standard Model (SM) backgrounds
whose cross sections are several orders of magnitude higher than that of the Higgs boson signal.

For the SM Higgs boson decaying via H → W+W− → `ν`ν where it is produced via either gluon-gluon fusion
or VBF, a large discovery potential [1, 2] is possible over a wide mH mass range because the di-lepton signature
can be observed over the SM background. However, the presence of two unobservable neutrinos in the final state
prevents a direct measurement of the Higgs boson mass. A precise estimation of the background is extremely
important to identify the lepton “excess” if it originated from the Higgs boson signal.

In the medium-high mass range (mH > 300 GeV/c2), the Higgs boson produced via VBF and decaying as H →
W+W− → `νjj, provides another potential route to discovery. The final state is characterized by two high ET

forward jets, two high ET central jets from the W hadronic decay, and one high pT lepton and large missing
transverse energy (Emiss

T ) from the W leptonic decay. A high jet ET threshold is feasible for both forward and
central jets of the signal events, so as to reject SM background with much lower jet ET spectra. This channel turns
out to have the best discovery potential with mH > 600 GeV/c2, because of the increase of Higgs boson mass
width as mH goes up and too small cross section of H → ZZ → 4`.

The possibility of extending the use of this channel to the low mass (mH < 300 GeV/c2) is intriguing. For
example, in the range of 160 < mH < 180 GeV/c2, the H → ZZ∗ branching ratio is highly suppressed due
to H → W+W− resonance. The direct Higgs boson mass reconstruction from H → W+W− → `νjj makes
valuable physics analysis possible and is complementary to Higgs boson search via H → W+W− → `ν`ν. The
branching ratio to `νjj is ∼ 5.5 times larger than that of `ν`ν, provided only electron and muon are considered.
The reconstruction based on the identification of hadronic and leptonic W provides extra capability to suppress
the background in addition to forward jet tagging and central jet veto, since not all the background has two Ws
intrinsically.

But these advantages come with a variety of physics analysis challenges that must be overcome:

• Many background processes of very large cross section have one lepton and multiple jets in the final states.
Simulating the requisite huge number of background events is both a computing and analysis challenge.

• Deep selection cuts and heavy exploitation of physics signal characteristics are necessary to suppress back-
ground events and enhance the statistical significance of the signal, but they can lead to a large systematic
uncertainty.

• A relatively low Higgs boson mass limits the application of high jet ET threshold that would normally be
used to suppress background events, in contrast to the situation at high mass.

• Low Emiss
T and low ET jets lead to worsened Higgs mass reconstruction.

To meet these challenges, we propose a robust reconstruction and selection strategy for VBF Higgs in H →
W+W− → `νjj that minimizes systematic uncertainties. The rest of the note is organized as following: the signal
and background are discussed in Section 2. Section 3 contains details of the basic detector reconstruction algo-
rithms for those fundamental objects (lepton, jet, and Emiss

T ). Section 4 describes the Higgs boson reconstruction
strategy. In Section 5, a set of general selection cuts is introduced. In Section 6, the intermediate result of general
selection cuts is summarized. In Section 7, the optimization of selection cuts and their efficiency are presented.
In Section 8, the result of VBF Higgs discovery potential and mass distribution are summarized and discussed. In
Section 9, experimental data analysis approaches are described. In Section 10, systematic uncertainties caused by
the detector level reconstruction bias and generator level configuration are discussed respectively. The summary is
in Section 11.
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2 Signal and Background
2.1 Physics Channels

The overall signal process of this analysis is qqH → qqW+W− → qq`±νjj with Higgs mass range from 120
to 250 GeV/c2. The cross section and branching ratio for the signal are included in Table 1. The experimental
signature of the signal includes:

• One lepton. Only muon and electron are considered in the reconstruction.

• Emiss
T from the unobserved neutrino.

• At least four jets, including two forwards jets, two central jets, and possible extra jets from initial state
radiation (ISR) and final state radiation (FSR).

Table 1: VBF Higgs branching ratio with W leptonic decay, cross section, and event simulated in `νjj final states

mH BR (H → WW(∗)) σ(`νjj) (pb) Events in 60 fb−1 Generated
120 0.122 0.1789 10734 465.8 %
130 0.279 0.3623 21738 230.0 %
140 0.480 0.5520 33120 150.9 %
150 0.685 0.7037 42222 118.4 %
160 0.918 0.8530 51180 97.70 %
170 0.967 0.8489 50934 98.17 %
180 0.929 0.7639 45834 109.1 %
190 0.778 0.5995 35970 139.0 %
200 0.735 0.5287 31704 157.7 %
210 0.727 0.4895 29370 170.2 %
220 0.719 0.4539 27234 183.6 %
250 0.700 0.3701 22206 225.2 %

Those physics channels that have similar final states in the detector level are considered as background processes:

• t̄t + jets. The t quark almost exclusively decays to W + b quark. This process is the serious background
for many new physics searches because of its large cross section and abundant leptons + multiple jets in the
final state that fake the signature of the signal.

• W + jets. Leptons come from W semi-leptonic decay. Based on the signal event’s signature, W + 4jets is the
main background process. But in the parton level, W + Njets (N=1,2,3,4 ...) can all contribute to detector
level lepton + 4jets due to ISR and FSR. In this study, we take parton level W + Njets (N=3,4) as main
background processes that are generated by the calculation of tree level matrix elements.
There is a potential over-estimation of the background due to the higher order correction of W + 3jets (based
on ISR and FSR) partially overlapping with W + 4jets. This reflects the complicate situation concerning
the event generation, in which the parton level events from a single physics process or several uncorrelated
processes are generated in the leading-order (LO) first, and ISR and FSR are used to manifest the higher
order correction. But if several physics processes are correlated (e.g. a higher order correction of one
process is partially “overlapped” with another process in a similar final state), the proper estimation of the
overall background with respect to the higher order prediction is subtle and difficult. A complete treatment
of correlated background processes is largely beyond the scope of this analysis and under a separate study.
But it should be emphasized that using both W + 3jets and W + 4jets backgrounds is more conservative than
using W + 4jets only.

• Z(γ∗) + jets. Z leptonic decay leads to a di-lepton pair but experimentally contributes to one lepton signature
(e.g. leptons in the forward region can’t be identified, or low pT leptons can’t be well reconstructed).
Especially electrons in the forward region are mis-identified as jets.
In this analysis, Z + Njets (N=3,4) are considered as the main background processes. The cross section of Z
+ jets that gives the lepton + jets final state is about two orders of magnitude lower than that of W + jets, but
its cross section can be measured precisely and used to interpret W + jets cross section.

• WW + jets. There are two main sources in WW production, electroweak (EW) and QCD. In the EW mode,
WW bremsstrahlung comes from initial quark radiation without color flow. In the QCD mode, the W pair
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comes from the continuum production with color flow between initial and final partons. Although the cross
section of the EW process is much less, it has the very similar signature as that of the signal.

• ZZ + jets and ZW + jets. In these processes, one vector boson decays hadronically and another decays
leptonically, thus faking the signature of the signal. The jet energy resolution is not good enough to reject
hadronic Z events. Mainly QCD production are considered, because the EW production cross section is too
small for these two processes.

• W + t + jets. This process is part of the inclusive W + jets, but t quark decaying to W + b quark can fake the
signal signature. In this study, W + tb̄ (̄tb) + jets is considered as main background process with a significant
overall cross section in lepton + Njets (N=2,3,4 ...) final states.
W + tb̄(̄tb) has the same final state as tt̄. In the event generation of W + tb̄(̄tb), the Feynman diagrams
that contain tt̄ are excluded. The gluon-gluon fusion dominates the cross section of W + tb̄(̄tb), which is
about 60 pb in the LO. The fusion of uū and dd̄ for W + tb̄(̄tb) is negligible. But the interference between
W + tb̄(̄tb) processes and tt̄ production processes must be considered since they are not in the calculation
of t̄t production, which is at the order of 10 pb for gluon-gluon fusion and each of quark-quark fusion. The
overall cross section of W + tb̄(̄tb) is estimated as ∼ 100 pb, which is still much smaller than that of tt̄ +
jets and W + jets.

• QCD multi-jets. QCD events with jet faked lepton or non-isolated lepton from heavy flavor decaying can be
mis-identified as isolated lepton plus jets events. In Appendix II, we estimate the possible contamination of
QCD background in the final result using a factorization model. It shows this background will not influence
the discovery potential. But due to its very large cross section, QCD events should remain a serious concern.

Cross sections of above background processes are listed in Table 2. W + jets, Z + jets, W + tb̄(̄tb) + jets and WW
+ 2jets (EW) have parton level pre-selection, which is explained in section 2.3.

Table 2: Cross section of major backgrounds and fraction of events generated with respect to an integrated lumi-
nosity of 60 fb−1

Channels σ (pb) Events in 60 fb−1 Fraction Generated
t t̄ + jets 840 50.4 million 6.9%
W + t b̄ (̄tb) 100 6.0 million 57.6%
WW + jets (QCD) 73.1 4.39 million 3.95%
WW + 2jets (EW) 1.26 75600 113.0%
WZ + jets 27.2 1.63 million 15.0%
ZZ + jets 10.7 0.642 million 68.1%
W + 4 jets (W → e/µ/τ + ν) 677.4 40.7 million 1.95%
W + 3 jets (W → e/µ/τ + ν) 1689.7 101.3 million 1.04%
Z + 4 jets (Z → ee/µµ) 44.6 2.68 million 11.2%
Z + 3 jets (Z → ee/µµ) 112.1 6.73 million 8.91%

2.2 Overview of Background Cross Section Measurement

The cross section of most background processes will be measured in a good statistic precision at LHC, due to their
high production rate. A better understanding of physics processes of backgrounds and their kinematic properties
play a big role in the search of VBF Higgs boson. Many systematic uncertainties related to next-to-leading order
(NLO) prediction and detector efficiency will be resolved experimentally. Measuring the cross section of those
background processes is a non-trivial task. Two common issues need to be handled:

1. Multiple background processes have similar final states (e.g., tt̄ + jets and W + jets contribute to lepton +
jets signature with large cross section). In order to highly suppress certain background processes, some hard
cuts are inevitable, which introduce systematic uncertainty in the reconstruction and selection. It is possible
to measure the overall cross section of several background processes together and compare to the theoretical
prediction. The feasibility needs be investigated.

2. The impact of minimum bias events on jet energy scale is very strong for the low ET jet. Clearly identifying
soft jets in the physics event and faked jets from various detector effects is a technical challenge.
A reasonable jet ET threshold is necessary to reduce those systematic effects, but this needs a careful treat-
ment in the analysis. For example, experimental Z + one hard jet event might come from Z + 1jet events or Z

4



+ multiple jets events in which soft jets can be possibly excluded by the selection. The theoretical prediction
for these two types of processes are fundamentally different, although they look the same “experimentally”.

In the following, we provide an overview of major background measurement and possible issues in the reconstruc-
tion and selection:

• W/Z + jets
These two processes have large cross section. With appropriate lepton isolation, the contamination of QCD
and top background for W + 1jet is at least an order of magnitude lower. For Z + jets, QCD background
is negligible. tt̄ + jets is a serious background for W/Z + multi-jets. In certain phase space of observables
(e.g. leading di-jet mass), a large excessive W/Z+jets rate can be observed over other backgrounds, which
provides good sensitivity for cross section measurement.

• WW/ZZ/ZW + jets
For ZZ + jets and ZW + jets, the narrow Z mass peak can be reconstructed from Z semi-leptonic decay
channels with little background. The associative jet rate in these channels can be reconstructed as well.
For WW + jets, di-lepton from both W semi-leptonic decay provides a clean signature, but tt̄ with two Ws
leptonically decaying is a serious background. Practically the measurement of WW cross section using jet
veto can be used to estimate WW + jets cross section.

• t̄t + jets and W + tb̄(̄tb) + jets
In addition to the direct reconstruction of the top quark mass and using its selection efficiency to estimate
the cross section tt̄ + jets, di-lepton + Njets (N > 1) provides the promising final state to measure these two
background together, since W + tb̄(̄tb) is an irreducible background to tt̄.
In the leading-order (LO), tt̄ + 1jet cross section is even bigger than tt̄. Due to a jet ET threshold in the
reconstruction that ignores low ET jets, a careful study on the rate of di-lepton + 2jets, di-lepton + 3jets ...
is important to measure and understand the cross section of tt̄ + Njets (N=0,1,2..).

An isolation strategy for the lepton reconstruction is necessary to identify the W or Z leptonic decay and achieve
a significant suppression factor on the lepton from heavy flavor decay. These backgrounds can be generally char-
acterized as lepton + associated jet(s). For each process, its background contamination after appropriate selection
cuts can be controlled to be at least one or two orders of magnitude lower, so that the statistical uncertainty of
measured cross section is several percent or less after the background subtraction. The accuracy can be further
improved by cross-checking correlated channels (e.g., Z + jets and W + jets), and fitting the kinematic distribution
based on combining multiple background processes due to a large number of events can be taken experimentally.

2.3 Event Generation

In addition to cross section measurement, a tuning of event generation based on the experimental data is a key
step to improve the accuracy of theoretical prediction on the kinematic properties of the signal and background
events. A lot of important new physics largely relies on a reliable estimation of standard model background and
looking for excess of selected objects. The fine tuning of theoretical model and event generator, which involves
the calculation of higher order corrections and adjusting the event generation that commonly starts from leading
order, is very important. Currently the event generation contributes non-trivial systematic uncertainties. A k-factor
(ratio of the cross section of NLO to LO) ranging from 1.0 to 1.2 is expected for those backgrounds that relate to
VBF Higgs, which gives a rough quantitative estimation of the uncertainty of event generation at 10-20 %.

The event generation for this analysis is summarized as follows:

• The Higgs boson signal, tt̄ + jets, WW + jets (QCD), WZ + jets, and ZZ + jets were generated with PYTHIA
[3] which is implemented in CMKIN [10]. All decay mode of W and Z boson in background were switched
on except the signal events with only semi-leptonic mode switched on. The number of events for each
process is listed in Table 1 and 2. The configuration of generator includes: ISR, FSR, hadronization, multiple
parton interaction and underlying event. CTEQ5M Parton Distribution Function (PDF) set was chosen.
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• W + 3jets, W + 4jets, Z + 3jets, and Z + 4jets were generated with ALPGEN [4]. Due to very large cross
section of those processes, the parton level pre-selection cuts are implemented based on jet pT threshold
(pj

T), jet η range (ηj) and minimum jet-jet distance (∆Rjj). Renormalization and factorization scales were
set to µ0 = mW and CTEQ5L PDF set was chosen. WW + 2 jets (EW) was generated by MADGRAPH [5]
with same parton level pre-selection cuts and configuration as ALPGEN. W + tb̄(̄tb) + jets was generated by
COMPHEP [6], no selection cut is applied to t quark, minimum b quark pT is set to 15 GeV/c with |η| < 5.

Events generated by ALPGEN, MADGRAPH, and COMPHEP (called Matrix Element Event Generator, or ME
generator) were then processed by PYTHIA for parton showering with the same settings described for “inclusive”
event generation except the PDF set was changed to be compatible with the ME generator. A matching technique
between the LO matrix element and parton shower can be used to better simulate the hadronic final state for NLO
prediction and avoid the double counting between various parton level final states [7]. This technique is not yet
used in the current study. The reduction of background due to the matching technique will increase the significance
of the signal. The configuration of ALPGEN and MADGRAPH is illustrated in Table 3.

Table 3: The configuration of parton level pre-selection of matrix element event generator (ALPGEN and MAD-
GRAPH)

Generator Channel pj
T (GeV/c) ηj ∆Rjj

ALPGEN Z + 3jets 25 5.0 0.5
ALPGEN Z + 4jets 25 5.0 0.5
ALPGEN W + 3jets 25 5.0 0.5
ALPGEN W + 4jets 25 5.0 0.5
MADGRAPH WW + 2 jets 25 5.0 0.5

Effects of NLO correction are not generally considered in this analysis because NLO calculations of some back-
grounds are not available, e.g., W + Njets (N ≥ 3), Z + Njet (N ≥ 3), WW/ZZ/WZ + Njets (N ≥ 2). The NLO
cross section for single W, Z or WW/ZZ/WZ production is available, but they largely overlap with leading order
calculation of vector boson + associated jets. For tt̄ process, the NLO is included based on widely used value
[8]. The k-factor for VBF Higgs is ∼ 1.1 [9], which is generally smaller than that of gluon-gluon fusion Higgs (∼
1.5-1.8) [9] and some backgrounds’ k factor. Due to relatively small NLO correction of signal events, systematic
uncertainties in this analysis with respect to NLO mainly come from the backgrounds of W + Njets (N ≥ 3) and tt̄
+ jets.

3 Detector Simulation and Reconstruction
The full CMS detector simulation based on OSCAR [11] is performed for the signal and background processes
including tt̄ + jets, WW + jets (QCD), WZ + jets and ZZ + jets. Fast CMS detector simulation based on FAMOS
[13] is performed for background processes including: W + Njets (N = 3,4), Z + Njets (N = 3,4), WW + 2 jets
(EW), W + tb̄ (tb) + jets. The pile-up condition is set for low luminosity of LHC (L = 2 × 1033cm−2s−1). The
digitization and reconstruction are based on standard CMS software ORCA [12] and FAMOS.

Jets are reconstructed with an iterative cone algorithm with cone size of ∆R = 0.6 [14]. No off-line threshold on
tower constituent is used. The jet energy correction is applied according to the jet energy response based on QCD
jets.

Emiss
T is reconstructed from all the calorimeter towers with muon momentum correction applied if muon(s) is

present in the event [15]. Jet energy correction for Emiss
T is tested. Because of we considering the low mass Higgs

boson in this study, the corrected Emiss
T scale is largely influenced by low ET central jets, which causes more bias

than that of other background processes (e.g., tt̄ + jets) that have harder jet ET spectrum and potentially benefit
more from the jet energy correction.

Electrons and muons are reconstructed using standard off-line algorithms [16, 17]. Because of the presence of
multiple jets in signal and background final states, a strong calorimeter based isolation is used to identify the
leptons from W or Z decay.

The isolation criteria for reconstructed off-line electron object includes:

• EHcal
T /EEcal

T < 0.05, where the EHcal
T and EEcal

T are calculated from the 0.2 isolation cone around electron
super-cluster in Hadronic Calorimeter (HCAL) and Electromagnetic Calorimeter (ECAL) respectively.
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• 0.9 < E/p < 1.8, where E and p are the energy of electron super-cluster measured in ECAL and track
momentum measured in Tracker respectively.

• |E0.2
T − Ee

T| < 5.0 GeV and |(E0.2
T − Ee

T)/Ee
T| < 0.3, where E0.2

T is the total ET in the 0.2 isolation cone
and Ee

T is the electron super-cluster ET.

• E0.4
T /Ee

T < 0.3, where E0.4
T is the sum of ET in the 0.2-0.4 isolation cone.

A similar isolation criterion was applied to reconstructed off-line muon object:

• |E0.2
T − pµ

T| < 9.0 GeV and E0.2
T /pµ

T < 0.3, where E0.2
T is the total ET in the 0.2 isolation cone and pµ

T is
the muon transverse momentum measured in Tracker.

• E0.4
T /pµ

T < 0.3, where E0.4
T is the sum of ET in the 0.2-0.4 isolation cone.

Detailed kinematic distributions concerning above selection cuts for reconstructed electron and muon are summa-
rized in Appendix I. The overall off-line electron and muon reconstruction efficiencies for VBF Higgs sample are
shown in Fig. 1. It can be seen that intensive jet activities cause overlapping between jets and leptons that results
in the loss of lepton efficiency, which is lower than the efficiency of benchmark physics channels (e.g., leptonic
decays of W or Z events) in which jet activities are negligible. tt̄ + jets events were used to check the performance
of the isolation. The purity of the isolated lepton with pT > 30 GeV/c is 99.73% and 99.88% for electron and
muon respectively.
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Figure 1: The overall reconstruction and selection efficiency of electron (left) and muon (right) in VBF Higgs
events

It might be argued that the lepton isolation efficiency can be further optimized by using track based isolation
methods (e.g., counting number of tracks around the lepton track in an isolation cone, setting a threshold for the
sum of transverse momentum from tracks nearby, and using vertex information to further suppress leptons from
b-quark decays), but this approach is limited in predicting the neutral energy of jets. In general, the optimization of
the isolation efficiency will not increase the signal to background ratio, because we mainly quantitatively evaluate
those backgrounds that have W or Z boson leptonic decay with isolated lepton intrinsically. To minimize the
influence of QCD background, a tight calorimeter-based isolation criterion is necessary to veto those jet-faked or
jet-induced leptons. So the track-based isolation criterion does not necessarily lead to a looser calorimeter-based
isolation criterion because of the presence of abundant jets in the final state.

4 Higgs Boson Reconstruction and Selection Strategy
The VBF Higgs boson production mechanism and its signature drives our reconstruction algorithm emphasizing
lepton selection, identification and tagging of two forward jets, hadronic W reconstruction using two central jets
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and leptonic W reconstruction using Emiss
T and the isolated lepton. From the point view of results and their

sensitivity to analysis techniques, the reconstruction of those basic objects (forward jets, central jets, lepton, Emiss
T )

can be classified in two weakly coupled groups: lepton + Emiss
T system and jet system, which mainly influence the

reconstruction of leptonic and hadronic W respectively.

4.1 Offline Lepton Selection Strategy

Only one isolated high pT lepton from W decay is in the final state of the signal events. Some consideration is
needed for the events that have one high pT lepton and one or more low pT leptons.

• If the extra lepton comes from heavy flavor decay, it is largely within the consideration of one lepton + Njets
final states for both signal and background.
Technically it is difficult to apply the isolation criterion to the low pT lepton due to the significant recon-
structed calorimeter energy from jet activities, pileup and underlying events, in which the performance of
isolation is more sensitive to those factors and has large systematic uncertainty.

• If the extra lower pT lepton comes from W or Z decays that is not the same vector boson that gives the highest
pT lepton, its effect is negligible since the cross section of producing two vector bosons is several orders
of magnitude lower than that of one vector boson. Furthermore if both vector boson decay leptonically,
the probability for passing the multiple jet selection criteria is much lower than events that have one vector
boson decaying into two jets.

• If extra lepton comes from Z decay, it is negligible because the overall Z leptonic decay rate from Z + jets is
at least two orders of magnitude lower than that of W + jets. The lepton pT spectrum for Z + jets is shown
in Fig. 2.

T
Lepton p

0 10 20 30 40 50 60 70 80 90 100

T
Lepton p

0 10 20 30 40 50 60 70 80 90 100

d
N

/N

0

0.01

0.02

0.03

0.04

0.05

T
Lepton p

0 10 20 30 40 50 60 70 80 90 100

T
Lepton p

0 10 20 30 40 50 60 70 80 90 100

d
N

/N

0

0.01

0.02

0.03

0.04

0.05

Figure 2: Lepton pT spectrum for the highest pT lepton (left) and the second highest pT lepton (right) in the Z+jets
sample with Z leptonic decay

As discussed above, the presence of one or more low pT lepton in addition to an isolated high pT doesn’t jeopardize
the W selection. We adopt a robust lepton selection strategy in this analysis, which is less influenced from various
physics and detector systematic effects:

• After the lepton trigger selection, the calorimeter based isolation is applied off-line to the lepton with pT >
10 GeV/c.

• The lepton with pT < 10 GeV/c isn’t counted.

8



• The lepton with pT > 10 GeV/c but fails isolation selection isn’t counted.

• The veto of the event is based on whether there is only one isolated lepton.

• The isolated lepton pT is required to be above 30 GeV/c, of which the threshold is optimized separately.

4.2 Properties of Multiple Jet System

The understanding of parton behavior and its corresponding jet activities in the VBF Higgs boson signal events are
very important to look for appropriate selection strategies for tagging forward jets and hadronic W reconstruction.
In order to analyze the properties of jet system, the detector jet is matched the parton with angular distance (∆R =
√

∆η2 + ∆φ2) less than 0.3. The matched jets are called quark-jet. The reconstructed quark-jet efficiency as a
function of jet ET threshold is shown in Fig. 3.
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Figure 3: Quark-jet relative matching efficiency as a function of jet ET threshold for valence quark (square) and
quark from W hadronic decay (circle) in VBF Higgs events with mH = 170 GeV/c2. The efficiency is normalized
to 1.0 for jet ET threshold of 20 GeV.

4.2.1 Forward Jet Tagging

In this section, detector jets are matched with two valence quarks using the signal events, the major target of
forward jet tagging. The η distance (∆η = |η1 − η2|) and the di-jet mass (mqq) of two jets that correspond to two
valence quarks in the signal events (mH = 170 GeV/c2) are shown in Fig. 4. There is a peak around 5.0 in ∆η
distribution, so the plausible range for minimum ∆η cut is below 5.0, otherwise the signal efficiency will decrease
dramatically. The minimum mqq can be set above 1000 GeV/c2, which need be optimized with the signal and
background efficiency.

Extra detector jet from ISR and FSR or detector effects that has higher |η| might cause mis-identification in the
forward jet tagging. For example, in those signal events that two valence quarks don’t have wide enough η distance,
extra jets can significantly enhance the chance of those events to pass the forward jet tagging, but this effect is
largely reduced by a higher jet ET threshold as shown in Fig. 5. Although this effect doesn’t influence the forward
jet tagging efficiency, it increases the chance of mis-identification of central jets in hadronic W reconstruction.

A high jet ET threshold can be used to remove those extra jets in forward regions as shown in Fig. 6. For a jet
ET threshold below 35 GeV, there is a much stronger dependency of forward jet tagging efficiency on the jet ET

threshold, which can be explained by the intensive soft jet activities. Due to this fact, the systematic uncertainty
of jet energy scale will be significantly enhanced in forward jet tagging for ET threshold below 35 GeV, which
should be considered in the optimization of the selection cuts.
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Figure 4: Two forward quark-jet properties: ∆η distribution (left) and mqq distribution (right)
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Figure 5: The relative rate of VBF Higgs events (mH = 170 GeV/c2) that pass forward jet tagging by extra jets
(but quark-jet fail) to those events that quark-jet passes tagging as a function of jet ET threshold. Intensive ISR
and FSR largely enhanced the forward jet tagging efficiency, especially for the ET threshold below 35 GeV

The increase of jet ET threshold and η distance threshold causes the reduction of tagging efficiency as shown in
Fig. 3. With a fixed quark-jet ET threshold, the increase of η distance will reduce the mis-identification rate, but it
also results in the reduction of overall tagging efficiency, as shown in Fig. 7.

4.2.2 Hadronic W Reconstruction

In the discussion of this section, jets matching with two quarks from W hadronic decay are used to study the
detector selection strategy. The detector W mass reconstructed from quark-jet is shown in Fig. 8, which provides a
basic estimation of hadronic W mass resolution of ∼ 14.8 GeV/c2. The reconstruction efficiency is very sensitive
to jet ET threshold as shown in Fig. 3. A threshold higher than 30 GeV will have serious impact on the signal
selection efficiency.

The di-jet mass scale and resolution are sensitive to the jet cone size. The result of average reconstructed W mass
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Figure 6: The rate of VBF Higgs events with mH = 170 GeV/c2 that contain extra jet(s) outside the range of two
jets matched with the valence quark with η distance bigger than 3.8 as a function of jet ET threshold. The rate
increases significantly as jet ET threshold goes below 35 GeV, which indicates a strong enhancement of the soft
jet activities via ISR/FSR and detector effects.
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Figure 7: Forward Jet Tagging efficiency for different threshold of η distance in VBF Higgs events with mH = 170
GeV/c2

(< mW >) and W mass resolution (σ(mW)) for three cone sizes (0.4, 0.6, and 0.8) is summarized in Table 4. It
shows 0.6 cone jet provides a better W mass scale and resolution, which allows a symmetric di-jet mass selection
window with respect to the true W mass.

Table 4: Reconstructed W mass resolution with various jet cone. Real W mass (81.2 GeV/c2) is used to scale the
reconstructed W mass (mW), which leads to a scaled σs(mW) = mW/81.2 · σ(mW)

Cone Size < mW > GeV/c2 Detector σ(mW) GeV/c2 Scaled σs(mW)GeV/c2

0.4 55.1 11.52 16.8
0.6 82.3 14.75 14.4
0.8 90.27 17.25 15.4
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Figure 8: Reconstructed mW using quark-jet that two quarks are identified from hadronic W decay in VBF Higgs
events with mH = 170 GeV/c2. The distribution is fitted by a Gaussian with σ = ∼ 14.8 GeV/c2.

Multiple central jets cause a combinatorial problem. In the following, an overview of several possible selection
strategies are provided:

• The pair of jets with the least error to the true W mass is used for hadronic W reconstruction. The selection
criterion about extra jets in the central region can be optimized with respect to the signal and background.

• The second approach is to require exact two jets in the central region and veto those events that have extra
jets, so there is no ambiguity in combining two jets for W reconstruction. This method results in a large
reduction of signal and background selection efficiency and makes further optimization hard to proceed
because of low statistics of our data samples. Fig. 9 shows about 60% of the VBF Higgs events have extra
jets with ET > 20 GeV in detector level.
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Figure 9: Number of extra jets in the central region excluding the quark-jet from forward jet tagging and hadronic
W reconstruction in VBF Higgs events with mH = 170 GeV/c2. A jet ET threshold of 20 GeV is used.

• A third possible approach is to look for two highest ET jets in the central region to reconstruct the hadronic
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W. Due to the low W pT of the signal, the hadronic W decay don’t necessarily provide the highest two ET

jets as shown in Fig. 10. So this strategy will cause mis-identification.
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Figure 10: The ID of extra jet, which is numbered based on jet ET from highest to lowest in VBF Higgs events
with mH = 170 GeV/c2. The quark-jet from forward jet tagging are excluded. If two highest ET central jets
are required for W reconstruction, the mis-identification rate is high, because extra jets are ∼ 17% (19 %) of the
highest (second highest) ET jets in the central region.

The optimized central jet selection strategy used in this study combines the first and second methods into a modified
central jet veto scheme by looking for a di-jet mass with least error to the true W mass and controlling the maximum
number of central jets in an event, so that the combinatorial effect is reduced and physics nature of the real jet from
W decay can be manifested.

4.2.3 Jets ET System

A proper ET threshold is important in tagging forward jet, reconstructing the hadronic W and optimizing the
selection criterion for extra jet. In the reconstruction, extra jets are those detector jets which are not used for
forward jet tagging and hadronic W reconstruction. The primary interest in extra jets relates to the jets that are
within the η range of two tagged forward jets, so the extra jets are counted only in this η range.

In the reconstruction of forward jet and hadronic W, we avoid to use highest jet ET selection criterion (e.g., using
two highest ET jets for the forward jet tagging and/or the rest two highest ET jets for the hadronic W), which
largely reduce the systematic effect of jet energy response and calibration bias between different η region of the
calorimeter. For example, jet energy response is quite different between the central and forward region. The jet
energy scale is sensitive to the jet ET spectrum, which inevitably causes systematic bias. The approach based on
highest ET selection also shows significant mis-identification rate (as previously shown in Fig. 10) and loss of the
true efficiency.

For the forward jet tagging, a robust strategy is used for this analysis that is based on the threshold of jet ET, di-jet
∆η and di-jet mass. The jet η can be measured in good precision due to the fine granularity of CMS HCAL. A
similar strategy is used for hadronic W as discussed in previous section.

The major constraint on optimizing jet ET threshold relates to a large number of low ET jets coming from various
detector effects. A 25 GeV threshold on jet ET is choosen, so that those jets below this threshold will not be
counted, which largely prevents the analysis and results from various detector effects and systematic uncertainties.
Although it is anticipated that the average detector jets ET will be lower than the quark because of ISR and FSR,
we need to keep a reasonable ET threshold to make the result less affected by generator level pre-selection cuts.

Fig. 11 shows the multiple jet selection efficiency (requiring at least 4 jets in an event) for various samples as a
function of jet ET threshold. The curve of W + 3jets is more sensitive to the threshold (as the threshold goes
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down, the passing rate of W + jets increases significantly), since soft jets from ISR and FSR plays a stronger role
in making W + 3jets pass the 4 jet selection criterion than other samples. For the threshold around 25 GeV, the
efficiency curves of various samples have almost the same slope, which indicates the ratio of signal to background
will be less affected by the systematic effects of jet energy scale and intrinsic features of various physics processes.
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Figure 11: Multiple jet selection efficiency (requiring at least 4 jets in an event) as a function of jet ET threshold.
The efficiency is normalized to the rate with jet ET threshold of 16 GeV for each sample. The physics channels
include: tt̄ + jets (solid square), W + 3jets (open circle), W + 4 jets (solid triangle), and VBF Higgs with mH =
170 GeV/c2 (open square)

5 Basic Event Selection
In this section, a number of kinematic cuts are applied to make a basic filtering of the events before the optimized
selection. The selection strategy attempts to properly manifest the true nature of VBF Higgs events and minimize
the systematic effect in the reconstruction and selection. The selection cuts are introduced according to their
sequence in the reconstruction chain.

The analysis mainly assumes both W from the Higgs boson decay are on-shell, especially for 160 < mH < 180
GeV/c2. There is small difference in the cuts for mH < 160 GeV/c2, which is described in the end.

5.1 Level-1 and High-Level Trigger for Electron or Muon (Trigger)

The lepton trigger is the only effective trigger for low mass VBF Higgs. The single electron and muon trigger
in CMS Level-1 and high level trigger (HLT) streams provide the first filtering of the events [18]. This step is
performed with standard algorithm and criterion. The HLT threshold for single electron (muon) at low luminosity
is 29 (19) GeV/c. Due to staged muon detector, the muon trigger is limited to |η| < 2.1, but off-line muon can be
reconstructed up to |η| = 2.4.

5.2 Lepton Selection (L-S)

One isolated lepton in the central detector region is the most important object to suppress hadronic events and
“leptonic” events with lepton from heavy flavor decay. In addition to the lepton isolation criterion in the off-line
reconstruction described in previous section, a lepton-jet isolation is used: ∆R`−j > 0.5, where ∆R`−j is the
distance in η-φ space between the reconstructed lepton and the nearest jet with ET > 25 GeV.

Lepton pT selection is defined by a selection window between 30 and 120 GeV/c, because VBF Higgs boson
events have a relatively higher fraction of lepton rate in this range as illustrated in Fig. 12. Especially in low pT

region, background processes have much higher lepton rate, while the signal lepton rate falls quickly. This fact
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explains that a lower pT threshold in lepton threshold will not improve VBF Higgs discovery potential in the `νjj
final state.
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Figure 12: Normalized lepton pT distribution (left) and normalized lepton η distribution (right) of signal with
mH = 170 GeV/c2 (solid), tt̄ + jets (dash), and W + 4jets (dot) respectively

5.3 Event Selection of Jet Counting and Emiss
T (E-S)

A minimum number of four jets with ET > 25 GeV are required for forward jet tagging and hadronic W recon-
struction. The jets below the threshold will not be treated as a reconstruction object due to a large number of
detector level jets that actually come from the fluctuation of electronic noise, pileup and underlying event.

The Emiss
T is required to be above 30 GeV. No jet energy correction is used for Emiss

T because of the significant
difference in the generator level Emiss

T spectrum and detector jet ET spectrum between the signal and major back-
grounds as shown in Fig. 13. This issue will be further discussed in the summary of result.

 (GeV)miss
TE

0 20 40 60 80 100 120 140

 (GeV)miss
TE

0 20 40 60 80 100 120 140

d
N

/N

-410

-310

-210

-110

 (GeV)TJet E
20 40 60 80 100 120 140 160 180 200

 (GeV)TJet E
20 40 60 80 100 120 140 160 180 200

d
N

/N

-410

-310

-210

-110

Figure 13: Normalized Emiss
T distribution (left) and normalized Jet ET distribution (right) of signal with mH =

170 GeV/c2 (solid), tt̄ + jets (dash), and W + 4jets (dot) respectively
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5.4 Forward Jet Tagging (FJT)

Forward jet tagging (FJT) leads to a strong suppression factor on those background channels that don’t have a
similar nature to the signal. Following cuts are used:

• Two jets with ET > 30 GeV, no other jets with ET > 30 GeV in the further forward region

• η1 · η2 < 0

• |η1 − η2| > 3.8

• mqq > 800 GeV/c2, where mqq is the invariant mass of two forward jets

5.5 Hadronic W Reconstruction (H-W)

Any two central jets pairs with jet ET > 25 GeV are tested as a candidate of hadronic W. The di-jet invariant mass
must be within 25 GeV window of true W boson mass. If multiple pairs satisfy the criterion, the one with least
error to true W mass is selected.

5.6 Leptonic W Reconstruction (L-W)

Lepton momentum and Emiss
T are used for the leptonic W reconstruction:

pν
x = Emiss

x

pν
y = Emiss

y (1)

pν
z =

A · p`
z ±

√

A2(p`
z)

2 − B

(p`
x)

2 + (p`
y)

2

where Emiss
x(y) is the x(y)-component of Emiss

T , pν
x(y,z) and p`

x(y,z) are the px(y.z) of neutrino and lepton from W

decay, A = m2

W

2 + p`
xp

ν
x + pl

yp
ν
y, B = [(p`

x)
2 + (p`

y)
2][(p`)2(pν

t )2 − A2]. The known W boson mass is used to
calculate the z-component of neutrino’s momentum.

Since the Higgs boson mass is very close to di-W mass (∼ 160.8 GeV/c2), two Ws are nearly static in the rest
frame of Higgs boson and flying in almost the same direction in the experimental frame. This characteristics can
be used to resolve the ambiguity of neutrino’s momentum in z direction. The ∆R between each of two leptonic W
candidates and the hadronic W is computed and compared. The one with smaller ∆R is selected as leptonic W.

5.7 Selection Criterion for Higgs Boson Mass below 160 GeV/c2

Most of the selection is the same as the case for mH ≥ 160 GeV/c2, except the hadronic W mass selection window
is between 30 and 90 GeV/c2.

6 Summary of Intermediate Results
The hadronic and leptonic Ws are two crucial objects to reconstruct Higgs boson. Using VBF Higgs boson signal
events, the resolution of the detector W with respect to the generated W is illustrated by two quantities: average
W pT error (= pdet

T − pgen
T ) and ∆R between the detector and generator W (Fig. 14 and 15). The limited Emiss

T

resolution causes the worse quality of the leptonic W than that of the hadronic W.

The reconstructed leptonic W pT has been used to evaluate the possibility of applying the jet energy correction for
Emiss

T (Fig. 16). As the mH goes up, the W pT error shifts from positive to negative. The positive value of pT error
represents over-measured Emiss

T , a common feature of intrinsic low Emiss
T events (e.g., QCD events) that various

detector effects randomly enhance the Emiss
T . In this case, jet energy correction will not work for Emiss

T . Due to
the low Higgs boson mass and induced low Emiss

T spectrum studied in this analysis, jet energy correction is not
applied.

For mH > 200 GeV/c2, the W pT error turns negative, which shows the effect of low jet energy response in the
detector that causes the under-measurement of Emiss

T . This is the common feature of high Emiss
T events. In this
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Figure 14: Hadronic W properties: pT error (left) and ∆R (right) between the detector and generator level hadronic
W. The pT error is fitted by a Gaussian with σ ∼ 15.1 GeV/c.
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Figure 15: Leptonic W properties: pT error (left) and ∆R (right) between the detector and generator level leptonic
W. The pT error is fitted by a Gaussian with σ ∼ 19.5 GeV/c.

case, random detector effects will only deteriorate the Emiss
T resolution but not change the scale of Emiss

T . The
restoration of Emiss

T scale will need jet energy correction. Roughly at mH = 250 GeV/c2, average W pT error is ∼
0 after applying jet energy correction.

But for both cases, there is no significant difference in W pT resolution between the “corrected” and “uncorrected”
Emiss

T (note that the correction using muonmentum is applied for both cases).

The distance between the hadronic and leptonic W (∆RDi−W) defined in Eq. 2 plays an important role in the
reconstructed Higgs boson mass. The error on the distance between the detector and generator level can fitted by
a Gaussian distribution with a σ of ∼ 0.25 (Fig. 17), which leads to ∼ 20 GeV variance in reconstructed Higgs
mass. The long tail is due to two factors: the wrong identification of jets in the hadronic W reconstruction, limited
Emiss

T resolution in the leptonic W reconstruction.

∆RDi−W =
√

∆η2
Di−W + ∆φ2

Di−W (2)

The selection efficiency for the signal and background with respect to two reconstruction scenarios of mH ≥ 160
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Figure 16: Leptonic W properties as a function of mH: average pT error (left) and pT resolution (right) between
the detector and generated leptonic W with uncorrected Emiss

T (solid square) and corrected Emiss
T (open square)
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Figure 17: Di-W ∆R error between detector and generator level in VBF Higgs events with mH = 170 GeV/c2. The
distribution is fitted by a Gaussian with σ = 0.25

GeV/c2 and mH < 160 GeV/c2 are included in Table 5 and 6 respectively. The summary of the selection cuts is
included in Table 7.

Higgs boson mass distribution of backgrounds and VBF Higgs signal (mH = 170 GeV/c2) under mH ≥ 160
GeV/c2 scenario is shown in Fig. 18 and 19 respectively.

18



Table 5: Selection efficiency for signal and background events with scenario of mH ≥ 160 GeV/c2

Channels Trigger L-S E-S FJT H-W L-W σ (fb)
VBF Higgs (mH=160) 0.594 0.519 0.346 0.347 0.798 0.642 16.15
VBF Higgs (mH=170) 0.607 0.539 0.372 0.353 0.795 0.552 15.99
VBF Higgs (mH=180) 0.618 0.571 0.383 0.348 0.810 0.559 16.28
VBF Higgs (mH=190) 0.629 0.586 0.400 0.366 0.809 0.542 14.16
VBF Higgs (mH=200) 0.644 0.596 0.413 0.374 0.821 0.535 13.78
VBF Higgs (mH=210) 0.652 0.603 0.424 0.370 0.810 0.549 13.43
VBF Higgs (mH=220) 0.664 0.608 0.443 0.383 0.814 0.528 13.35
VBF Higgs (mH=250) 0.682 0.610 0.411 0.383 0.835 0.542 10.71
tt̄ + jets 0.422 0.310 0.465 0.063 0.816 0.568 1494.2
WW + jets (QCD) 0.227 0.539 0.078 0.048 0.718 0.393 9.27
WW + jets (EW) 0.252 0.530 0.417 0.319 0.768 0.458 7.88
ZZ + jets 0.147 0.289 0.097 0.051 0.758 0.594 1.00
ZW + jets 0.177 0.464 0.098 0.057 0.777 0.631 7.23
W + tb̄(̄tb) 0.422 0.123 0.428 0.056 0.706 0.452 92.8
W + 4j (W → e/µ/τ + ν) 0.553 0.360 0.303 0.136 0.451 0.502 1110.8
W + 3j (W → e/µ/τ + ν) 0.479 0.330 0.116 0.107 0.406 0.523 701.8
Z + 4j (Z → ee/µµ) 0.793 0.193 0.334 0.149 0.523 0.455 82.3
Z + 3j (Z → ee/µµ) 0.750 0.220 0.160 0.105 0.455 0.513 72.4

Table 6: Selection efficiency for signal and background events with scenario of mH < 160 GeV/c2

Channels Trigger L-S E-S FJT H-W L-W σ (fb)
VBF Higgs (mH=120) 0.460 0.465 0.206 0.311 0.741 0.705 1.28
VBF Higgs (mH=130) 0.492 0.485 0.230 0.355 0.767 0.747 4.03
VBF Higgs (mH=140) 0.523 0.496 0.256 0.347 0.787 0.713 7.12
VBF Higgs (mH=150) 0.561 0.510 0.288 0.343 0.802 0.659 11.01
tt̄ + jets 0.422 0.310 0.465 0.063 0.807 0.570 1483.0
WW + jets (QCD) 0.227 0.122 0.078 0.048 0.744 0.397 9.70
WW + jets (EW) 0.252 0.530 0.417 0.319 0.781 0.454 7.94
ZZ + jets 0.147 0.289 0.097 0.051 0.758 0.565 0.954
ZW + jets 0.177 0.464 0.098 0.057 0.804 0.745 7.45
W + tb̄(̄tb) 0.422 0.123 0.428 0.056 0.741 0.471 101.5
W + 4j (W → e/µ/τ + ν) 0.553 0.360 0.303 0.136 0.457 0.488 1110.7
W + 3j (W → e/µ/τ + ν) 0.479 0.330 0.116 0.107 0.430 0.534 758.0
Z + 4j (Z → ee/µµ) 0.793 0.193 0.334 0.149 0.510 0.445 81.3
Z + 3j (Z → ee/µµ) 0.750 0.220 0.160 0.105 0.443 0.513 70.0

Table 7: Summary of basic event selection cuts

Selection Configuration
Electron: EHcal

T /EEcal
T < 0.05

0.9 < E/p < 1.8
|E0.2

T − Ee
T| < 5.0 GeV

|(E0.2
T − Ee

T)/Ee
T | < 0.3

E0.4
T /Ee

T < 0.3
Lepton selection Muon : |E0.2

T − pµ
T
| < 9.0 GeV

(L-S) E0.2
T /pµ

T
< 0.3

E0.4
T /pµ

T
< 0.3

30 < pT < 120 GeV/c
∆R`−j > 0.5

Event selection Njet > 4 jets with ET > 25 GeV
(E-S) Emiss

T > 30 GeV
ET > 30 GeV

Forward jet tagging η1 · η2 < 0
(FJT) |η1 − η2| > 3.8

mqq > 800 GeV/c2

Hadronic W reco ∆mW < 25 GeV/c2 (mH ≥ 160 GeV/c2)
(H-W) 30 < ∆mW < 90 GeV/c2 (mH < 160 GeV/c2)

select di-jet with least ∆mW

Leptonic W reco select leptonic W candidates of smaller ∆R with hadronic W
(L-W)
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Figure 18: VBF Higgs mass reconstructed from background events under high-mass scenario. Major background
include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).
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Figure 19: VBF Higgs mass reconstructed from signal events with mH = 170 GeV/c2
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7 Selection Optimization
In this section, more and optimized selection cuts are introduced to increase the significance of the signal (“tem-
porarily” defined as S/

√
S + B) and the signal to background ratio (S/B), where S and B are the number of signal

and background events respectively after the selection and scaled to an integrated luminosity of 60 fb−1. At the
starting point, S/B is less than 0.5%. The optimized selection is conducted in three steps with multiple selection
cuts for each step.

Two scenarios are used to estimate the W/Z + jets background:

• Conservative scenario (c). W + 3jets and W + 4jets are both considered as the background with respect
to their cross section in LO. An over-estimation of the background occurs due to overlap between the high
order correction of W + 3jets and W + 4jets. So the significance and S/B based on this scenario can be taken
as conservative. The same strategy is used for Z + 3jets and Z + 4jets.

• Optimistic scenario (o). Only W + 4jets are considered, which lead to an optimistic estimation of the
background.

7.1 Optimization of Forward Jet Selection (Step-1)

Forward jet tagging is optimized with four related parameters: the higher and lower ET threshold (EFH
T and EFL

T ),
the η distance (∆η), and the invariant mass (mqq) of two tagged jets.

Fig. 20 shows the ∆η distribution of the background and signal (mH =170 GeV/c2). Fig. 21 shows the S/B with
respect to different ∆η thresholds (minimum ∆η cut).
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Figure 20: ∆η distribution of backgrounds (left) and signal (right) with mH = 170 GeV/c2. Major background
processes include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).

Fig. 22 shows the mqq distribution of the background and VBF Higgs signal (mH = 170 GeV/c2) with a ∆η
threshold of 4.3. Fig. 23 shows the S/B with respect to different mqq thresholds (minimum mqq cut).

The S/B with respect to jet ET threshold are tested under mqq > 1200 GeV/c2 and ∆η > 4.3 (Table 8), which
shows that a higher jet ET threshold increases the S/B, but there is a significant loss of the signal efficiency for
EFL

T > 30 GeV.

In this step, the overall background is still several hundred times bigger than the signal. The loss of signal efficiency
is significant with modest increase of S/B. A higher jet ET threshold is preferred to reduce the systematic error
of various detector effects as part of the optimization. Following configuration of the cuts is used for the event
selection:

• EFH
T > 45 GeV, EFL

T > 35 GeV, ∆η > 4.2, and mqq > 1200 GeV/c2.
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Figure 21: S/B with respect to different ∆η threshold for Conservative (solid square) and Optimistic Scenario
(open square)
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Figure 22: mqq distribution of backgrounds (left) and signal (right) with mH = 170 GeV/c2. Major background
processes include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).

Table 8: Forward jet tagging efficiency with various jet ET threshold for Conservative (c) and Optimistic Scenario
(o)

EFH
T EFL

T S/B (c) S/B (o) Signal Efficiency
35 30 0.0064 0.0073 0.612
40 30 0.0065 0.0074 0.603
45 30 0.0067 0.0077 0.601
40 35 0.0070 0.0080 0.600
45 35 0.0072 0.0082 0.506
45 40 0.0078 0.0090 0.504
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Figure 23: S/B with respect to different mqq thresholds for Conservative (solid square) and Optimistic Scenario
(open square)

For mH < 160GeV/c2, the selection cuts are modified with slightly lower jet ET threshold:

• EFH
T > 40 GeV, EFL

T > 30 GeV, ∆η > 4.2, and mqq > 1200 GeV/c2.

After this step of the selection cuts, the overall S/B ratio with respect to various VBF Higgs boson mass is shown
in Fig. 24.
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Figure 24: S/B with respect to various VBF Higgs mass by using the Conservative Scenario

7.2 Optimization of Central Jet Selection (Step-2)

The central jet selection is optimized with four related parameters: a higher and lower jet ET threshold (ECH
T and

ECL
T ) for the jets used for hadronic W reconstruction, hadronic W mass (∆mW) selection window, and number of

extra jets (Nextra).
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The Nextra distribution of backgrounds and signal (mH = 170 GeV/c2) is shown in Fig. 25. The results of S/B
with respect to different selection cuts on the maximal number of Nextra is summarized in Table 9, that shows a
large increase of S/B by requiring fewer extra central jets.
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Figure 25: Nextra distribution of backgrounds (left) and signal (left) with mH =170 GeV/c2. Major background
processes include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow)

Table 9: Selection efficiency with various maximal number of extra jet for Conservative (c) and Optimistic Scenario
(o)

MAX(Nextra) S/B (c) S/B (o) Signal efficiency
4 0.0074 0.0085 0.889
3 0.0079 0.0091 0.871
2 0.0092 0.0110 0.828
1 0.0133 0.0167 0.732
0 0.0337 0.0517 0.517

The mW distribution of backgrounds and signal (mH = 170 GeV/c2) is shown in Fig. 26. Using Nextra <2, the
results of S/B with respect to different selection cuts on ECH

T and ECL
T are summarized in Table 10, that shows an

insensitiveness of S/B with respect to jet ET threshold.

Table 10: Selection efficiency with various jet ET threshold for Conservative (c) and Optimistic Scenario (o)

ECH
T ECL

T S/B (c) S/B (o) Signal efficiency
30 25 0.0131 0.0164 0.707
30 30 0.0127 0.0156 0.498
35 25 0.0125 0.0155 0.649
35 30 0.0125 0.0153 0.480
35 35 0.0111 0.0133 0.310

In this step, the overall background is reduced to about 80 times of the signal. The loss of signal efficiency is modest
with increase of S/B. A significant loss the signal efficiency with higher central jet ET threshold for hadronic W
reconstruction is observed because the signal has lower jets ET than that of the background. The control of Nextra

provides a large increase of S/B. Two schemes are defined with respect to Nextra:

• ECH
T > 30 GeV, ECL

T > 25 GeV, ∆mW < 20 GeV/c2, and Nextra < 2. In this scheme (called Loose
Extra Jet Veto), one extra jet is allowed, which is more “inclusive” to the configuration of ISR and FSR in
the event generation.

• ECH
T > 30 GeV, ECL

T > 25 GeV, ∆mW < 20 GeV/c2, and Nextra < 1. In this scheme (called Extra
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Figure 26: mW distribution of backgrounds (left) and signal (right) with mH = 170 GeV/c2. Major background
processes include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).

Jet Veto), no extra jet is allowed, which provides stronger suppression of background (especially tt̄ + jets
events) and achieves higher S/B.
Due to limited statistics of background events, a loose forward jet tagging cut is used: mqq > 1000 GeV/c2.

For mH < 160 GeV/c2, the selection cuts of W mass selection is modified:

• For Loose Extra Jet Veto, ECH
T > 30 GeV, ECL

T > 25 GeV, 30 < mW < 90 GeV/c2, and Nextra < 2

• For Extra Jet Veto, ECH
T > 30 GeV, ECL

T > 25 GeV, 30 < mW < 90 GeV/c2, and Nextra < 1.
A loose forward jet tagging cut is used: mqq > 1000 GeV/c2.

Using optimized selection cuts, the overall S/B and significance with respect to various VBF Higgs boson mass is
shown in Fig. 27.

7.3 Optimization of qqWW System (Step-3)

In this step, physics nature of the signal events is exploited in order to highly suppress the background processes:

• Emiss
T of di-W and forward jet system (called qqWW system, defined in Eq. 3).

Emiss
T = | ~EH

T + ~EJ1
T + ~EJ2

T | (3)

where ~EH
T is the transverse energy vector of Higgs, ~EJ1

T and ~EJ2
T are the transverse energy vectors of forward

jets. qqWW system is the key part of signal events which should contain small Emiss
T . For background

events, the existence of extra jets, extra leptons missed in the detector reconstruction, and low pT leptons or
low ET jets without being counted, will make more significant Emiss

T in qqWW system.
The Emiss

T in qqWW system of backgrounds and signal (mH =170 GeV/c2) is shown in Fig. 28. The S/B
and significance with respect to the maximum Emiss

T cut in qqWW system is shown in Fig. 29. A large
increase of S/B and significance is achieved due to fundamental difference in the Emiss

T distribution between
the signal and background.

• ∆R between the lepton and hadronic W.
A significant difference in ∆R distribution between backgrounds and signal (mH = 170 GeV/c2) is shown
in Fig. 30. The S/B and significance as a function of ∆R cut combined with Emiss

T < 40 GeV is shown in
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Figure 27: S/B verse VBF Higgs mass (left) and significance verse VBF Higgs mass (right). The higher (lower)
S/B and significance curves correspond to Extra Jet Veto (Loose Extra Jet Veto) Scheme respectively

 of qqWW System (GeV)miss
TE

0 50 100 150 200 250 300 350 400

 of qqWW System (GeV)miss
TE

0 50 100 150 200 250 300 350 400

N
u
m

b
e
r 

o
f 
E

v
e
n
ts

0

200

400

600

800

1000

1200

1400

 of qqWW System (GeV)miss
TE

0 50 100 150 200 250 300 350 400

 of qqWW System (GeV)miss
TE

0 50 100 150 200 250 300 350 400

N
u
m

b
e
r 

o
f 
E

v
e
n
ts

0

10

20

30

40

50

60

70

Figure 28: Emiss
T of qqWW system of backgrounds (left) and signal (right) with mH = 170 GeV/c2. Major

background include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).

Fig. 31. A large increase of S/B and significance is achieved with a low threshold of ∆R (maximum ∆R
cut).

• ∆R between the hadronic and leptonic W.
In the reconstruction of semi-leptonic W, a smaller ∆R with the hadronic W is selected to remove the
ambiguity caused by neutrino momentum in z-direction. For low mass Higgs boson, this parameter can also
provide a strong suppression of background events as illustrated in Fig. 32. Signal events populate in ∆R <
1.0, while background has a much longer tail. A threshold of 1.0 for ∆R is implemented with little loss of
Higgs boson efficiency. However for high mass Higgs, the ∆R is not small.

After this step of the selection, the overall background is reduced to about the same level of the signal with mH =
170 GeV/c2. Several effective selections make a significant increase of significance and S/B. This effect is more
apparent combined with Extra Jet Veto Scheme (Nextra < 1). Because the background is reduced to a very low
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Figure 29: S/B verse Emiss
T cut in qqWW system (left) and significance at 60 fb−1 verse Emiss

T cut in qqWW
system (right). The higher (lower) S/B and significance curves correspond to optimistic (conservative) scenario
respectively
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Figure 30: ∆R between leptonic and hadronic W of backgrounds (left) and signal (right) with mH = 170 GeV/c2.
Major background include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow). In these
plots, Loose Extra Jet Veto Scheme in Step-2 is used.

statistics, there is a large statistical uncertainty. Two schemes of selection cuts according the extra jet selection
schemes are adopted:

1. For Loose Extra Jet Veto, Emiss
T (qqWW) < 40 GeV, ∆R(lepton-W) < 1.6, and ∆R(Di-W) < 1.0.

2. For Extra Jet Veto, Emiss
T (qqWW) < 40 GeV, ∆R(lepton-W) < 2.0, and ∆R(Di-W) < 1.0.

In this Scheme, a stronger suppression of background and improvement of the significance and S/B can be
achieved. In order to get enough statistics to estimate the significance and S/B, several cuts are loosened.

For mH < 160 GeV/c2, the selection cuts are the same in this step.
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Figure 31: S/B verse ∆R cut (left) and significance verse ∆R cut (right). Both use Emiss
T < 40 GeV for qqWW

system and loose Extra Jet Veto Scheme in Step-2. Due to strong suppression of the W + 3jets background from
combining ∆R and Emiss

T cuts, the difference between Conservative and Optimistic Scenario is negligible.
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Figure 32: ∆R between semi-leptonic and hadronic W of backgrounds (left) and signal (right) with mH = 170
GeV/c2. Major background include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).
In these plots, Loose Extra Jet Veto Scheme in Step-2 is used.

It is anticipated, the best selection efficiency and significance will be achieved by combining the Loose Extra Jet
Veto and Extra Jet Veto with mqq < 1200 GeV/c2 in Step-1, Nextra < 1 in Step-2, and ∆R(lepton-W) < 1.6 in
Step-3.

8 Summary of the Optimization Selection Results
8.1 Discovery Potential

After optimized selection cuts, the overall S/B and significance with respect to various Higgs boson masses based
on the conservative scenario are shown in Fig. 33 which are scaled to an integrated luminosity of 30 fb−1. Several
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general methods based on the number of signal and background events after the final selection are used to compute
the significance:

• Sc = S/
√

B.

• ScP =
√

2lnQ, where Q=(1 + S/B)S+Be−S. S and B are expected average signal and background events at
a given luminosity condition [19].

Since the overall number of background events is limited, there is roughly 50% statistical uncertainty for major
backgrounds’ efficiency in the final step of selection (Section 7.3). If we combine several main backgrounds
together (treating them the same under the first order approximation), the statistical uncertainty is roughly 35%.
To account this factor into the significance calculation, we use two schemes:

• Using the predicted B to makes a “normal” estimation of the significance.

• Using a scaled B of 50% more than the predicted one to makes a “pessimistic” estimation of the significance.
The 50% takes into account the statistical uncertainty in the predicted average number of background events.

In the calculation of the significance based on ScP, the detector systematic uncertainty needs to be considered
(Section 10 summarizes the detector systematic uncertainties). Another type of statistical uncertainty that relate to
stochastic effect of event counting for the experiment measurement needs to be considered and has been taken into
account inside the algorithm[19].

8.2 Selection Efficiency

The optimized selection cuts are summarized in Table 11. Using these cuts, the efficiency for signal and back-
grounds with respect to two reconstruction scenarios of mH ≥ 160 GeV/c2 and mH < 160 GeV/c2 are included
in Table 12 and 13 respectively.

Table 11: Summary of optimization cuts for mH ≥ 160 GeV/c2 ( mH < 160 GeV/c2 )

Selection Loose Extra Jet Veto Extra Jet Veto
EFH

T > 45(40) GeV EFH
T > 45(40) GeV

Step-1 EFL
T > 35(30) GeV EFL

T > 35(30) GeV
(L-S) ∆η > 4.2 ∆η > 4.2

mqq > 1200 GeV/c2 mqq > 1000 GeV/c2

ECH
T > 30 GeV ECH

T > 30 GeV
Step-2 ECL

T > 25 GeV ECL
T > 25 GeV

(E-S) 60 < mW < 100 GeV/c2 60 < mW < 100 GeV/c2

(30 < mW < 90 GeV/c2) (30 < mW < 90 GeV/c2)
Nextra < 2 Nextra < 1

Step-3 Emiss
T (qqWW)< 40 GeV Emiss

T (qqWW)< 40 GeV
(FJT) ∆R(lepton-W)< 1.6 ∆R(lepton-W)< 2.0

∆R(Di-W)< 1.0 ∆R(Di-W)< 1.0

Due to very low statistics, some background processes get zero efficiency in the final step of selection, the estima-
tion of the upper limit of the efficiency for those processes has been made:

• For WW + jets (QCD), ZZ + jets, and ZW + jets, the selection efficiency is estimated for a reduction factor
of 100 in Step-3, because those backgrounds with non-zero efficiency have a reduction factor ranging from
100 to 300.

• For WW + jets (EW) and W + tb̄(̄tb), we estimate the upper limit of the selection efficiency by assuming
one event passing Step-3, because the number of events of those processes that corresponds to over 50% of
the luminosity in 60 fb−1 have been produced as shown in Table 2.

• For W + 3jets (Z + 3jets), the selection efficiency of W + 4jets (Z + 4jets) in Step-3 is used. It can be seen
that W + 3jets contributes a large uncertainty in the final result.
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Figure 33: significance verse mH based on Sc at 30 fb−1 (upper left), significance verse mH based on ScP at
30 fb−1 (upper right) with estimated 10% detector systematic uncertainty taken into the ScP calculation, and
significance verse mH based on ScP at 30 fb−1 (bottom) with conservatively estimated 16% detector systematic
uncertainty taken into the ScP calculation. The high (low) solid curve corresponds to Extra Jet Veto (Loose Extra
Jet Veto) Scheme. The dashed curves correspond to Extra Jet Veto and Loose Extra Jet Veto Scheme with using
50% more average background events (“pessimistic” estimation of the background).
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Table 12: Cross section (fb) of the signal and background under optimized selection cuts with mH ≥ 160 GeV/c2

for Extra Jet Veto (E) and Loose Extra Jet Veto Scheme (L)

Channels S-1 (L) S-2 (L) S-3 (L) S-1 (E) S-2 (E) S-3 (E)
VBF Higgs (mH=160) 7.639 5.482 2.564 9.531 4.580 2.989
VBF Higgs (mH=170) 8.099 5.730 2.600 9.814 4.828 3.006
VBF Higgs (mH=180) 8.006 5.635 2.165 9.916 4.711 2.738
VBF Higgs (mH=190) 7.365 5.256 1.831 9.363 4.294 2.340
VBF Higgs (mH=200) 6.963 5.145 1.520 8.626 4.341 1.983
VBF Higgs (mH=210) 6.467 4.794 1.122 8.211 4.080 1.571
VBF Higgs (mH=220) 6.655 4.847 0.824 8.227 4.128 1.259
VBF Higgs (mH=250) 5.463 3.982 0.463 6.900 3.426 0.810
tt̄ + jets 413.1 67.496 1.478 626.5 16.751 1.232
WW + jets (QCD) 0.843 0.843 < 0.008 1.265 0.422 < 0.008
WW + jets (EW) 7.747 6.170 0.0277 9.683 4.454 < 0.0277
ZZ + jets 0.171 0.098 < 0.001 0.269 0.0245 < 0.001
ZW + jets 1.668 0.667 < 0.001 2.335 0.223 < 0.001
W + tb̄(̄tb) 20.745 10.821 0.05787 35.21 4.427 < 0.05787
W + 4j (W → e/µ/τ + ν) 388.5 176.8 0.6463 583.0 72.066 0.323
W + 3j (W → e/µ/τ + ν) 142.8 86.1 < 0.3147 228.2 68.633 < 0.3147
Z + 4j (Z → ee/µµ) 32.804 8.250 0.012 43.443 1.650 0.0122
Z + 3j (Z → ee/µµ) 22.507 8.629 < 0.0095 32.383 3.263 < 0.0094
Sum of Background 1029.7 365.87 2.232 1562.3 171.92 1.567

Table 13: Cross section (fb) of signal and background under optimized selection cuts with mH < 160 GeV/c2 for
Extra Jet Veto (E) and Loose Extra Jet Veto Scheme (L)

Channels S-1 (L) S-2 (L) S-3 (L) S-1 (E) S-2 (E) S-3 (E)
VBF Higgs (mH=120) 0.711 0.447 0.184 0.951 0.363 0.231
VBF Higgs (mH=130) 2.280 1.306 0.536 3.004 1.125 0.664
VBF Higgs (mH=140) 4.405 2.898 1.380 5.520 2.369 1.656
VBF Higgs (mH=150) 6.556 4.224 1.965 8.345 3.505 2.317
tt̄ + jets 555.2 84.49 0.739 859.5 20.94 0.493
WW + jets (QCD) 2.951 0.422 < 0.004 4.215 0.422 < 0.004
WW + jets (EW) 8.770 7.110 0.0277 11.21 5.395 < 0.0277
ZZ + jets 0.294 0.0979 < 0.001 0.465 0.0979 < 0.001
ZW + jets 2.557 0.900 < 0.01 3.781 0.334 < 0.01
W + tb̄(̄tb) 33.187 16.03 0.0868 54.37 6.799 < 0.0289
W + 4j (W → e/µ/τ + ν) 520.0 264.7 0.6463 778.5 118.9 0.667
W + 3j (W → e/µ/τ + ν) 218.6 146.5 < 0.343 346.6 113.9 < 0.3147
Z + 4j (Z → ee/µµ) 40.45 10.68 0.0122 54.99 1.810 0.0222
Z + 3j (Z → ee/µµ) 30.98 14.94 0.0186 44.24 4.942 < 0.01333
Sum of Background 1414.2 546.5 1.532 2157.9 273.5 1.181

8.3 Higgs Boson Mass and Distribution in Signal Events

After the selection, the Higgs mass distribution of signal events is illustrated in Fig. 34. Using projected back-
ground, the overall reconstruction results are illustrated in Fig. 35.

Under the Conservative Scenario and Loose Extra Jet Veto Scheme, the number of background events at 60fb−1 is
estimated as ∼ 133. An estimation of the background shape in the mass distribution is performed by using a loose
Emiss

T cut of qqWW system (Emiss
T < 125 GeV) in the third step of optimization, so as to get more statistics from

the background. Other selection cuts are the same.

A loose Emiss
T cut instead of other cuts (e.g. ∆R between lepton and hadronic W, ∆R between hadronic and

leptonic W) is used because Emiss
T is highly related to extra jet activities with little impact on the reconstructed

di-W system. So the Emiss
T cut will not significantly change the reconstructed Higgs boson mass distribution for

background and signal events. Loosing the forward jet tagging criterion (e.g., di-jet mass and di-jet η distance)
also provides a way to get more statistics without heavily influencing the di-W system.

Due to the change of the selection criterion, the projection should be taken as a first-order approximation of the
background distribution. A signal-like bump in the background can be observed.
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Figure 34: Fitting of VBF Higgs mass distribution using signal events only. From left to right mH of 160 (left),
190 (middle), and 220 (right) GeV/c2 give σ of 14.1, 15.5, and 23.9 GeV/c2 respectively.

8.4 Background Shape in Higgs Mass Distribution

In the following, a quantitative estimation of the background shape in reconstructed Higgs boson mass distribution
as a function of Emiss

T is performed by using four regions of reconstructed mH:

• Region A: mH < 186 GeV/c2

• Region B: 186 < mH < 203 GeV/c2

• Region C: 203 < mH < 228 GeV/c2

• Region D: 228 < mH < 262 GeV/c2

For a given Emiss
T cut, total numbers of events in these regions and fraction of events in each region are calculated

for the signal (mH = 170 GeV/c2) and backgrounds respectively (Fig. 36):

• For the signal, the shape of the Higgs boson mass distribution is very stable, because the fraction of events
in each region does not changes with Emiss

T cut. Region A dominates the mass distribution which accounts
for ∼ 2/3 of total events.

• For background events, the change mainly occurs with Emiss
T < 80 GeV. There is a roughly 10% difference

in the fraction of events for Region A and C between the low and high Emiss
T cut. Tightening the Emiss

T cut
increases (decreases) the relative contribution of Region C (A). Between Region A and C, Region B with
width of 17 GeV (∼ Higgs boson mass resolution of the signal events) gets very little influence from the
Emiss

T cut.

We conclude that the background events are more widely distributed in different regions. A much lower bump from
the background than the signal events is expected, which mainly lies on the tail of the signal’s peak distribution.

9 Experimental Identification of VBF Higgs Boson Signature
This section addresses an issue in the experimental reconstruction and analysis: how to identify the existence of
Higgs boson signal and make the result less dependent on the uncertainty of reconstruction efficiency for different
background processes. The major result of the reconstruction is the Higgs mass distribution. Once a peak is
reconstructed experimentally, it is non-trivial to confirm that it is a real signature of the signal and not the faked
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Figure 35: Reconstructed Higgs mass distribution from signal (blue) and projected background (black) for mH =
160 (upper left), mH = 170 (upper right), mH = 180 (middle left), mH = 190 (middle right), and mH = 200
GeV/c2 (bottom)
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Figure 36: The fraction of events in different regions for the overall background (left) and VBF Higgs signal (right)
as a function of Emiss

T cuts. Region A (close square), Region B (open square), and Region C (open circle).

signature of backgrounds due to the “fluctuation” of the selection efficiency or under-estimation of background
cross section. In general, the background cross section can be measured in good precision (discussed in Section 2),
so the former factor has a bigger impact on the final result. A long selection chain and hard kinematic cuts contain
potentially large systematic uncertainties.

In additional to an accurate event generation and detector simulation, some extra signature of singal events can
be extracted from data, which is the major task of the experimental approach to confirm the existence of VBF
Higgs signal without requiring an accurate knowledge of reconstruction and selection efficiency. It is expected that
intensively using detector data to estimate the reconstruction and selection efficiency will play an important role
for VBF Higgs study.

Two types of signatures of VBF Higgs are discussed in the following, which help experimentally resolve the ambi-
guity of the origin of the reconstructed Higgs mass peak. The general strategy is based on using two uncorrelated
selection cuts to which both signal and background show good sensitivity. We can establish a two-dimensional
phase space with these two selection cuts and divide the space into several non-overlapped regions. For most
regions, background events dominate (called background region), while for some regions, signal events will be
significant (called signal region). A significant excess of events in the signal region provides an experimental
evidence of the existence of VBF Higgs. The background normalization method can be heavily exploited, since
detector reconstruction and selection efficiency can be determined and measured in background region and extrap-
olated to the signal region if the hypothesis of the signal leads to a large deviation from the predicted number based
on background only.

9.1 Signature of Emiss
T in qqWW System

The selection cut based on Emiss
T in qqWW system shown in previous section provides a strong suppression of

background. The distinct distribution of Emiss
T in qqWW system between the signal and backgrounds make it a

valuable experimental signature for this analysis. To identify the excess of signal events, a phase space is formed
by Emiss

T of qqWW system with three regions:

• Region A: Emiss
T < 40 GeV.

• Region B: 40 < Emiss
T < 55 GeV

• Region C: 55 < Emiss
T < 65 GeV

The numbers of events in each region are defined as NA, NB and NC respectively. A loose selection cuts based on
∆R between the lepton and hadronic W is applied:
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• ∆R = 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, 3.0, 3.5, 4.0, 5.0, and 6.0.

• Other selection cuts except Emiss
T and ∆R are the same as those optimized ones described in previous section

with Loose Extra Jet Veto Scheme.

Using the phase space defined above, we can investigate the correlation of the number of events in each region with
respect to various values of ∆R cut. This correlation is mainly affected by whether there is the existence of VBF
Higgs signal (called Scenario of Signal + Background) or just the background (called Scenario of Background
Only). The selection efficiency will play a less important role in the correlation. Region A will be influenced by
VBF Higgs signal, while the rest two regions get much less influence.

Fig. 37 shows the ratio of the number of events between each of two regions (RAB = NA/NB, RAC = NA/NC,
and RBC = NB/NC). RAB and RAC are highly affected by the existence of VBF Higgs between two scenarios,
while there is almost no change in RBC.

For RAC as shown Fig. 37, the value from Background Only Scenario is about 0.8, but the Signal + Background
Scenario can give a much larger ratio which can be identified easily. The scale of the ratios (defined as Rs+b/Rb,
where Rs+b is the ratio of Signal + Background Scenario, Rb is the ratio of Background Only Scenario) between
two scenarios are illustrated in Fig. 38, which shows the excess in the low Emiss

T (Region A) causes significant
increase of the scale as ∆R goes lower. In general, ratios between different regions defined by Emiss

T provide a
good probe of VBF Higgs signature.

The experimental measurement of these quantities combined with Higgs boson mass peak can also be compared
to the prediction of Monte Carlo simulation and reconstruction.

9.2 Signature of Lepton-W ∆R

In this method, two parameters (selection cuts): ∆R between lepton and hadronic W and di-jet mass (mqq) in the
forward jet tagging selection, are used to define the two-dimensional phase space. Other selection cuts are the
same as those of optimized ones with Loose Extra Jet Veto Scheme.

• Region A (background dominates): ∆R < 1.8 and 800 < mqq < 1200 GeV/c2

• Region B (signal + background): ∆R < 1.8 and mqq > 1200 GeV/c2

• Region C (background dominates): 1.8 < ∆R < 2.6 and 800 < mqq < 1200 GeV/c2

• Region D (background dominates): 1.8 < ∆R < 2.6 and < mqq > 1200 GeV/c2

The numbers of events in each region (defined as NA, NB, NC, and ND) under two scenarios: Signal + Background
and Background Only are included in Table 14.

Table 14: Summary of number of events in region A, B, C, and D with respect to Signal + Background and
Background Only scenarios (mH = 170 GeV/c2)

Region Ns+b Nb Number of signal events
A 551 482 69
B 387 213 174
C 644 619 25
D 353 304 49

Using NA, NC and ND with Signal + Background Scenario, the projected NB is ∼ 302 events and we “observe”
387 events, which makes an excess of 85 events with significance of 85/

√
302 = 4.89. This shows the evidence

of the possible existence of VBF Higgs signal in Region B.

10 Estimation of Selected Systematic Uncertainties
10.1 Detector Systematic Uncertainty

Systematic uncertainties in the jet reconstruction and selection are important issues in the analysis. These factors
also largely determines the systematic uncertainty of Emiss

T . Here we mainly consider two systematics about jets:
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Figure 37: The ratio of number of events as a function of ∆R: Region A to Region B (upper), Region A to Region
C (middle), and Region B to Region C (bottom). Two scenarios are illustrated: Signal + Background (open square)
and Background Only (solid square) respectively.
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Figure 38: The ratio of Signal + Background Scenario to Background Only Scenario as a function of ∆R for
Region A to Region B (open square), Region A to Region C (solid square), and Region B to Region C (open
circle)

jet energy scale and jet energy resolution. The first one can be determined by using several dedicated physics
channel (e.g., γ + jet and Z + jet) which leads to less than 3 % uncertainty for jet ET > 50 GeV due to plenty
of events can be taken experimentally. The bias of jet energy scale can be offset by tuning the offline jet energy
threshold. We changed the jet energy scale by ±0.03 for jet ET > 50 GeV and ±[0.1−0.07(ET−20)/30) for jets
with ET between 20 and 50 GeV (based on the jet energy scale has a systematic uncertainty of ∼10% for ET ∼
20 GeV). We found the S/B changes in ±6% and B(S) rate changes in ∼ ±14.5(10.6)%.

In the following, the discussion focuses on the second factor, especially if the experimental jet energy resolution
is not as good as the simulated one, an estimation of the sensitivity of VBF Higgs discovery potential to jet energy
resolution is critical. It should be emphasized that the absolute jet energy resolution in the off-line reconstruction
directly relates to the intrinsic detector resolution. We introduce a smearing factor (Fsmear) worsening jet σ(ET)
to study the impact of the jet energy resolution on the reconstruction and selection efficiency (Eq. 4). The Fsmear

of 0.14, 0.28, 0.41, 0.50, 0.60, and 0.67 corresponds to worsening σ(ET) by 2%, 5%, 10%, 15%, 20% and 25%
respectively. The Emiss

T is re-calculated event by event accordingly.

Esmear
T = ET(1 + Gaus(0.0, Fsmear ∗ σ(ET))) (4)

where Gaus(0.0, σ) is a randomly thrown sampling of a normal distribution with a mean of zero and a width of
σ. The impact of the smearing is illustrated in Fig. 39. The tt̄ + jets process significantly benefits from a worse
jet energy resolution, because low ET jets in tt̄ events can be mis-measured and increase the selection efficiency
based on a fixed jet ET threshold. In signal events, the jet activities are suppressed, so the influence of jet energy
resolution is much smaller. Although it shows that a large unexpected uncertainties can be introduced by jet energy
resolution, extra jet veto technique largely suppresses the background events with soft jets.

Current detector simulation is consistent with the results from Test Beam data, it is anticipated that the ultimate
detector jet energy resolution largely determined by stochastic effect of hadron response in the HCAL, will be
close to that of the simulation (< 10%), which introduce 2-3 % systematic uncertainties in the S/B.

We studied the standalone systematic effects of Emiss
T scale uncertainty by changing Emiss

T with ±5%. The S/B
varies within ±2.5% and B(S) rate changes in ±1.7%. The systematic error of lepton isolation is studied similar
to that of jet energy scale, a smaller change of B(S) rate ±1.3(1.4)% and S/B ±0.5% are observed when varies the
isolation cone energy by ±5%.

In a summary, we predict that jet and Emiss
T measurement causes ∼ 5.9% systematic uncertainty in S/B, ∼ 14.8% in
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Figure 39: Basic selection efficiency (normalized to non-smeared rate of signal and background) as a function of
jet resolution factor (left) and reconstructed Higgs boson mass resolution from signal events after basic filtering as
a function of jet resolution factor (right). tt̄ + jets background (open square) and VBF Higgs signal (solid square)

absolute rate of B and ∼ 11% in absolute rate of S (Table 15). If considering other detector systematic uncertainties
of luminosity, high level trigger, and lepton pT measurement. The total uncertainty is 6.5% in S/B, 16% in B and
6.3% in S/B.

Table 15: Systematic Uncertainties due to Jet and Emiss
T

Source S B S/B
Jet energy scale 10.6% 14.5% 5.2%
Jet energy resolution 0.1% 2.0% 2.0%
Emiss

T 2.5% 1.2% 1.7%
Lepton isolation 1.4% 1.3% 0.5%

The uncertainty of jet energy scale leads to significant change in the absolute rate. For an off-line strategy that
needs to control the overall systematic error, a loose cut can be used to find the targeted rate which is dominated
by the background instead of using a targeted jet ET threshold. In early days of the experiment we expect that the
jet ET threshold is less reliable due to uncertainties of the calibration and luminosity. However as a far as S/B is
stable for a range of jet ET threshold, we can use the measured event rate to adjust the threshold and normalize
the MC prediction, so that the final result will be much less dependent on the systematic effect of jet energy scale.
If the lowest jet ET threshold can be “measured” from data (in our study, a 25 GeV ET threshold is used for jet
counting and rejecting extra jet), the total variance in the absolute rate of background due to the uncertainty of jet
energy scale is ∼ 5.5%. So the data driven method can potentially reduce the total detector systematic uncertainty
from 16% to 10%. In the calculation of significance, we use 10% and 16% (a conservative estimation) for the total
detector systematic uncertainty respectively.

10.2 Systematic Uncertainty in Event Generation

In the event generation, systematic uncertainties will arise from various configurations of parton distribution func-
tion, QCD normalization and factorization scale, initial state radiation (ISR) and final state radiation (FSR), under-
lying event (UE) and etc.

This section summarizes several outstanding systematic issues in the theoretical side (generator level): the effect
of ISR and FSR, effect of underlying event (UE) model. W + 3 jets and W + 4 jets are mainly used for this study
as benchmark processes.

Following scenarios in the event generation other than the standard one are considered:
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• UE configuration with two pT thresholds for the multiple parton scattering cutoff: 1.9 GeV/c (default) and
2.9 GeV/c .

• ISR is switched off.

• FSR is switched off.

• ISR and FSR are switched off.

Other unspecified parameters in the event generation are the same as standard ones. Different configuration sce-
narios causes significant changes in the rate of events passing various selection cuts in the basic filtering (discussed
in Section 5): E-S, FJT and H-W. Based on the results from standard samples, the number of events for those
scenarios are compared with its ratio to the standard one summarized in Table 16 and 17.

Table 16: Selection efficiency of W + 3jets with various configuration scenarios to the standard one

Selection Cut UE No ISR No FSR No ISR and FSR
E-S 0.847 0.840 0.425 0.187
FJT 0.755 0.659 0.599 0.216
H-W 0.808 0.759 0.367 0.208

Table 17: Selection efficiency of W + 4jets with various configuration scenarios to the standard one

Selection Cut UE No ISR No FSR No ISR and FSR
E-S 0.965 0.980 1.065 1.021
FJT 0.917 0.886 1.470 1.254
H-W 0.890 0.922 0.651 0.544

Some interesting effects are found in W + 4jets when the ISR and/or FSR are switched off: the event selection rate
in some step even get enhanced, but the overall efficiency after hadronic W reconstruction receives a significant
reduction. This effect is because FSR normally smears the jet ET spectrum and make less events pass the ET

threshold. If FSR is switched off, a harder jet ET spectrum cause more events pass the threshold. But switching
off FSR also results in lower probability of getting a pair of jets with invariant mass within the W mass selection
window, which turns out to make a stronger effect.

The scalar sum of total transverse energy (ΣET) is another detector observable highly related to the UE, ISR/FSR
configuration, which also directly influence the lepton isolation cut efficiency and jet energy scale. Average ΣET

for W + 3jets and W + 4jets with different configurations are included in Table 18.

Table 18: Average ΣET of W + 3jets and W + 4jets with different configuration scenarios

Channel UE No ISR No FSR No ISR and FSR Standard
W + 3jets 399.3 483.1 482.5 465.4 498.4
W + 4jets 537.9 620.4 608.9 595.4 634.5

Among different configurations, the variance in ΣET is ∼ 100 GeV, which roughly corresponds to 0.2-0.5 (0.5-1.0)
GeV of total transverse energy in a 0.2 (0.2-0.4) isolation region, the influence on the isolation efficiency of 30
GeV/c lepton is less than 3%. For jet energy scale, the fluctuation of jet ET with 0.6 cone size is ∼ 1-2 GeV, which
is 5-10 % systematic effects in the jet energy scale for jet ET < 50 GeV. After LHC takes data, all these effects
will be well measured and will not have significant impact on the selection efficiency after tuning the selection cuts
with experimental data.

11 Summary
The signal topology of Higgs boson with H → W+W− → `νjj via vector boson fusion was studied for mH from
120 to 250 GeV/c2. In the mass range between 140 and 200 GeV/c2, a 5 σ significance of Higgs boson discovery
can be achieved at integrated luminosity of 30 fb−1 using extra jet veto selection scheme.

We carried out a comprehensive study of calorimeter-based lepton isolation and jet selection strategies. The recon-
struction and selection chain was optimized to reduce the detector systematic effects and enhance the Higgs boson
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signal. The estimation of background includes correlated processes of W + jets and Z + jets, making the discovery
potential conservative. Better significance can be achieved with more statistics of the major background channels
(t̄t + jets and W + jets), so that the optimized selection cuts can be applied more effectively with fewer systematic
uncertainties.

We found that several selection criteria were highly effective in suppressing backgrounds: forward jet tagging, extra
jet veto, Emiss

T in qqWW system, ∆R between lepton and hadronic W, and ∆R between di-W. The detector Emiss
T

resolution and jet energy resolution were determined to be critical to the quality of reconstructed Higgs boson.
Because the low value of mH in this analysis leads to low Emiss

T and jet ET spectra, an effective background
suppression relies on heavy exploitation of the physics signature of the signal.

We carried out a data analysis approach using Emiss
T in qqWW system and ∆R between lepton and hadronic W.

In addition to Higgs boson mass as the major signature, extra signatures can be effectively extracted and used to
resolve the ambiguity of Higgs boson mass peak without requiring very accurate knowledge of selection efficiency.

Most of the detector systematic uncertainties relate to the jet energy scale and resolution. The total detector
systematic uncertainty is expected as 10-16%. However, since S/B > 1 was achieved for the most interesting
Higgs boson mass range, the estimated systematic effect will not significantly influence the discovery potential.
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Appendix 1: Lepton Isolation Strategy
Isolation cuts for electrons:

• EHcal
T /EEcal

T < 0.05, where the EHcal
T and EEcal

T are calculated from the 0.2 isolation cone around elec-
tron super-cluster in Hadronic Calorimeter (HCAL) and Electromagnetic Calorimeter (ECAL) respectively
(Fig. 40).

• 0.9 < E/p < 1.8, where E and p are the energy of electron super-cluster measured in ECAL and track
momentum measured in Tracker (Fig. 41).

• |E0.2
T − Ee

T| < 5.0 GeV and |(E0.2
T − Ee

T)/Ee
T| < 0.3, where E0.2

T is the total ET in the 0.2 isolation cone
and Ee

T is the electron super-cluster ET (Fig. 42 and 43).

• E0.4
T /Ee

T < 0.3, where E0.4
T is the sum of ET in the 0.2-0.4 isolation cone (Fig. 44).

Isolation cuts for muons:

• |E0.2
T − pµ

T| < 9.0 GeV and E0.2
T /pµ

T < 0.3, where E0.2
T is the total ET in the 0.2 isolation cone and pµ

T is
the muon transverse momentum measured in Tracker (Fig. 45 and 46).

• E0.4
T /pµ

T < 0.3, where E0.4
T is the sum of ET in the 0.2-0.4 isolation cone (Fig. 47).
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Figure 40: EHcal
T /EEcal

T of true electron (left) and faked electron (right) in the signal sample with mH = 170
GeV/c2
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Figure 41: E/p of true electron (left) and faked electron (right) in signal sample with mH = 170 GeV/c2
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Figure 42: |E0.2
T − Ee

T| of true electron (left) and faked electron (right) in the signal sample with mH = 170
GeV/c2

Isolation in 0.2 Cone

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Isolation in 0.2 Cone

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d
N

/N

0

0.01

0.02

0.03

0.04

0.05

0.06

Isolation in 0.2 Cone

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Isolation in 0.2 Cone

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Figure 43: |(E0.2
T − Ee

T)/Ee
T| of true electron (a) and faked electron (b) in the signal sample with mH = 170

GeV/c2
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Figure 44: |(E0.4
T /Ee

T| of true electron (left) and faked electron (right) in the signal sample with mH = 170 GeV/c2
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Figure 45: |E0.2
T − Ee

T| of true muon (left) and faked muon (right) in the signal sample with mH = 170 GeV/c2
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Figure 46: |(E0.2
T − Ee

T)/Ee
T| of true muon (left) and faked muon (right) in the signal sample with mH = 170

GeV/c2
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Figure 47: |(E0.4
T /Ee

T| of true muon (left) and faked muon (right) in the signal sample with mH = 170 GeV/c2
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Appendix 2: Estimate QCD Event Selection Efficiency
In order to estimate the contamination of QCD background in the final selection, the overall selection chain are
grouped into three parts: leptonic-W chain, hadronic-W chain and optimization chain. The selection cuts for
leptonic-W and hadronic-W chain are the same as basic selection cuts in Section 5, and the optimization chain is
same as those in Section 7. The leptonic-W chain and hadronic-W chain are independent, while optimization chain
will need to be conducted after Leptonic-W and Hadtonic-W chains.

The basic method is to factorize the selection efficiency of QCD events for each selection chain:

• Leptonic-W chain includes: lepton trigger, lepton isolation, leptonic-W selection. The selection efficiency
for QCD events is EL.

• Hadronic-W chain includes: jet topology cuts (≥5 jets, Emiss
T cut), forward jet tagging, hadronic-W selection.

The reason we require 5 jets in the topology cut is because we need save one jet faking an isolated e/µ
(pT ≥30 GeV/c), then rest 4 jets used for two forward jets and central jets of hadronic-W reconstruction and
selection. The selection efficiency for QCD events is EH.

• For QCD events, since there is no way we can get a single event passing two previous selection chains, so
we directly use W+jets efficiency (=0.0005) to estimate the efficiency of QCD events. In another word, we
treat those QCD events passing basic selection as leptonic background. The selection efficiency for QCD
events is EO.

The overall selection efficiency for QCD events is: E = EL ×EH ×EO. The EL and EH is directly measured from
QCD samples. Following is the summary of selection efficiency for QCD events:

Table 19: Factorized QCD Event Selection Efficiency

QCD p̂T L W Chain H W Chain Opt Chain Evt in 60 fb−1

qcd 20 30 0 6.3E-4 5.0E-4
qcd 30 50 0 1.3E-3 5.0E-4
qcd 50 80 0 3.4E-3 5.0E-4
qcd 80 120 <3.8E-6 6.7E-3 5.0E-4 <2.57
qcd 120 170 5.0E-6 1.3E-2 5.0E-4 1.1
qcd 170 230 5.6E-6 2.2E-2 5.0E-4 0.44
qcd 230 300 1.1E-5 3.3E-2 5.0E-4 0.31
qcd 300 380 2.4E-5 3.4E-2 5.0E-4 0.19
qcd 380 470 2.6E-5 3.9E-2 5.0E-4 0.08
qcd 470 600 1.6E-5 4.3E-2 5.0E-4 0.02

The lepton-W selection efficiency for low p̂T samples is very little due to the isolation cuts and lepton pT threshold.

The number of “expected” events at 60 fb−1 for each QCD p̂T range is summarized in Table 19. The overall QCD
contamination is estimated as ∼ 2-5 events for an upper limit, which causes possible a few percent increase of
background (total ∼ 100 background events after the final selection at 60 fb−1). There is almost no change in the
significance (we have ∼ 100 signal events after the final selection in the most interested mH range).
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