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inclusive vs exclusive searches@LHC

•there are a very large number of exclusive channels@LHC

•eventually we must examine them all 

•even at startup, some exclusive channels will need immediate 
strong efforts, especially those critical for SM Higgs search:

develop global analysis tools
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inclusive vs exclusive searches@LHC

•allow SM calibrations that are more directly tied to putative 
signals; e.g. ttbar in jets+MET+0,1,2 leptons channels is both a 
background and  a calibration for new physics

•increase signal acceptance

•decrease theoretical bias

•allow a larger # of analyses to happen sooner, by sharing the 
work of background estimation, understanding triggers, 
understanding effects of varying cuts, algorithms, turning off 
parts of the detector, etc

searches based on inclusive data samples 
have many advantages for LHC first physics:



inclusive channels = topologies                    
for this workshop

•dijets

•jets + MET

•lepton + jets + MET

•dilepton + jets + MET

•dileptons

•photons

•other*

*I added this one



a detailed example: dijets

•relatively simple (mostly bump hunting)

•well studied; e.g. full analysis in CMS PTDR, CMS notes by 
Rob Harris, Selda Esen, et al., talk by Marek Zielinski

•in pretty good shape

why dijets?



what are dijets?

•dijets with photons and/or MET and/or 2 or more leptons 
belong to other topologies

•dijet + single lepton + no MET violates lepton number, so 
is (presumably) a detector background

•multijets belongs in dijets

•forward jets are a special case of dijets

as defined in this workshop, 
what goes in the dijet topology?



what are dijets?

fully inclusive dijets

exclusive dijets multijets dijets + photon/MET/leptons

central dijets forward dijets

on-shell production of 
new heavy particles

virtual effects on SM process

s-channel resonances production of exotics that 
decay to exotic jets

different working group



dijet resonances

•appear as a bump in the dijet invariant mass plot

•could also appear as a rise or dip in the tail, but I will 
ignore this

•what are the observables?



dijet resonance observables

•cross section times branching fraction:

•mass

•width

•requires                   and “jet mass” to make a jet 4-vector and 
thus to make a dijet invariant mass

•need jet corrections if you want extracted mass = physical mass

ET, η, φ

•for very broad resonances, hard to measure

•for narrow resonances, masked by dijet mass resolution:

σ × Γjj

σ

M
∼ 1.3

√
1 GeV

M



dijet resonance observables

•jet         distribution

•jet      distribution

•jet characteristics, e.g. jet charge, shape, b-tagging

•a simple robust variable for central jets is

since dijets are back-to-back, there 
are few kinematic observables:

Rη =
Nevents(0 < |η| < 0.5)

Nevents(0.5 < |η| < 1)

Rη ! 0.6

ET

η

for QCD

•not obvious how much of this can be reliably used at startup



bottom-up analysis of dijets?

•given these observables, why can’t I just do a bottom-up 
analysis of any observed dijet resonance signal?

•such an analysis would begin by writing down the nearly 
model-independent general formula for resonance 
production at a hadron collider:



bottom-up analysis of dijets?

•near the resonant peak, ignoring interference effects, we can write
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bottom-up analysis of dijets?

•what are the possible parton initial states?

•what are possible color, weak and electric charges?

•what is the spin of the resonance?
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table of possible initial parton states, spins and 
charges for a dijet resonance

initial 
partons spin electric charge color charge

weak 
charge

qq 0, 1, 2, ... 4/3, 1/3, -2/3 3, 6 0, 1

qg 1/2, 3/2, ... 2/3, -1/3 3, 6, 15 1/2

gg 0, 1, 2, 3, ... 0 1, 8, 10, 27 0

qq 0, 1, 2, ... 0, 1 1, 8 0, 1

bq, 
bg, 
bq

~ 100 possibilities!



failure of bottom-up analysis@LHC

•ignorance of parton initial state implies orders of 
magnitude uncertainty from pdfs

•this uncertainty is entangled with orders of magnitude 
uncertainty about couplings (strong, weak, em, other) 
and charges (note                           )

•it helps if you can measure the width separately,      
since                 , but in most cases width is too narrow to 
measure

σ × Γjj ∝ Q4

Γ ∝ κM0



theory models as templates for searches

•a wisely chosen spread of theory models makes this 
problem managable

•~10 models can do the work of 100’s or 1000’s or 

•don’t need to believe in any of them, though well-
motivated examples are to be preferred

∞



theory models as templates for searches

•choice of template models dictated by the observables 
and kinematics of the search channel, not by your local 
theorist’s biases, the latest fad, “constraints” from other 
experiments, etc

•a well-chosen set of template models applied to 
inclusive searches is as close as you can get to a model-
independent discovery strategy for CMS



model templates for dijet searches
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Figure 2: The cross section for dijet resonances with |η| < 1 is shown as a function of res-
onance mass for the following models: excited quarks (upper solid), axigluons or colorons
(upper dashed), E6 diquarks (upper dotted), color octet technirhos (dot-dashed), Randall-
Sundrum gravitons (lower dotted), W ′ (lower dashed) and Z ′ (lower solid).

C) slightly reducing the cross section compared to excited quarks. Diquarks [4] from super-
string inspired E6 grand unified models are produced with electromagnetic coupling from
the valence quarks of the proton (ud→ D). The cross section for E6 diquarks at high mass is
the largest of all the models considered, because at high parton momentum the probability
of finding a quark in the proton is significantly larger than the probability of finding a gluon
or antiquark. Color octet technirhos [5] from technicolor are produced for either gluons or
quark-antiquark pairs in the initial state through a vector-dominance model of mixing be-
tween the gluon and the technirho (qq̄, gg → g → ρT8). Randall Sundrum gravitons [6] from
a model of large extra dimensions are produced from gluons or quark-antiquark pairs in the
initial state (qq̄, gg → G). Heavy W bosons [7] inspired by left-right symmetric grand unified
models have electroweak couplings and require antiquarks for their production(q1q̄2 →W ′),
giving small cross sections. Heavy Z bosons [7] inspired by grand-unified models are widely
anticipated by theorists, but they are electroweakly produced, and require an antiquark in
the initial state (qq̄ → Z ′), so their production cross section is around the lowest of the mod-
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initial 
partons spin electric charge color charge

weak 
charge

qq 0, 1, 2, ... 4/3, 1/3, -2/3 3, 6 0, 1

qg 1/2, 3/2, ... 2/3, -1/3 3, 6, 15 1/2

gg 0, 1, 2, 3, ... 0 1, 8, 10, 27 0

qq 0, 1, 2, ... 0, 1 1, 8 0, 1

bq, 
bg, 
bq

excited quark

axigluon or coloron

E6 diquark

techinrho

RS graviton

W
′

SSM

Z
′

SSM

looks pretty good



model templates for discriminating signals

•we need to study not only our sensitivity to signals but 
also our ability to discriminate between different possible 
origins of the same signal

•this means developing model templates that 
intentionally resemble in each other in a given channel

•it means developing robust discriminating observables, 
such as the dijet ratio

•model templates allow us to study the correlations 
between signals in different channels: e.g. dijets versus 
dileptons and diphotons

Rη



what else?

fully inclusive dijets

exclusive dijets multijets dijets + photon/MET/leptons

central dijets forward dijets

on-shell production of 
new heavy particles

virtual effects on SM process

s-channel resonances

different working group

production of exotics that 
decay to exotic jets



new physics in multijets at startup?

2

an upper limit on hq set by dijet searches. For a G′

µ

mass MG between 150 and 200 GeV the limit is at most
hq < gs/4 [12], while for some values of MG above 200
GeV the limit is more stringent, around hq < gs/7 [13].

Such suppressed couplings of spin-1 octets to quarks
may arise in simple renormalizable models. Consider
an SU(3)1 × SU(3)2 gauge symmetry broken down to
SU(3)c by the vacuum expectation value of a complex
scalar field Φ (or of a fermion-antifermion pair, induced
by some technicolor-like interaction), which transforms
as a bifundamental under the product gauge group. After
diagonalizing the gauge boson mass matrix, the massless
gluon has a gauge coupling gs = h1h2/

√
h2

1
+ h2

2
, where

h1 and h2 are the SU(3)1×SU(3)2 gauge couplings. This
is to be identified with the QCD coupling at the scale MG:
gs ≈ 1.1 for MG of a few hundred GeV. Imposing per-
turbativity of both SU(3) interactions at the symmetry
breaking scale gives gs < h1, h2

<∼
√

4π.
In the gauge eigenstate basis, the quarks that are

triplets under SU(3)1 couple to G′

µ with a strength
hq = gsh1/h2, with h1 and h2 interchanged for triplets
under SU(3)2. A simple choice is that all observed
quarks transform as triplets under SU(3)1 [6]. By it-
self, this would lead to a large coupling of G′

µ to quarks,

hq
>∼ g2

s/
√

4π ≈ 0.3, which would imply that most G′

µ

masses between 250 and 750 GeV are ruled out by the
CDF search [13]. However, in the presence of new heavy
quarks which mix with the observed ones, the couplings
of G′

µ may change dramatically. Consider a vectorlike
quark Q whose left- and right-handed components trans-
form as a 3 under SU(3)2, and like standard model left-
handed quarks (qL) under SU(2)W ×U(1)Y . In addition
to a mass term for Q, the Lagrangian includes Yukawa
couplings of the vectorlike quark to qL and Φ. The off-
diagonal mass term induced by 〈Φ〉 requires a rotation of
qL and QL by an angle θ, such that the coupling of G′

µ

to qLγµT aqL becomes

hq = gs

(
h1

h2

cos2θ − h2

h1

sin2θ

)
, (2)

and an “off-diagonal” interaction G′a
µ QLγµT aqL is in-

duced. For tan θ = h1/h2, we find hq = 0, while the coef-
ficient of the off-diagonal interaction becomes gs. By in-
cluding a vectorlike quark for each standard model quark,
one may in principle arrange that all tree-level couplings
of G′

µ to standard model currents vanish. Such cancella-
tions require fine-tuning, and are unlikely to be realized
precisely in nature. Nevertheless, cancellations at the
level of the 15% are sufficient to free G′

µ from the ex-
isting limits on dijet resonances. Note that the mixings
between standard model quarks and vectorlike ones may
be approximately flavor independent, so that the induced
flavor-changing neutral currents are not necessarily large.

A more sophisticated model includes an additional
SU(3) gauge group, and invariance under a Z2 symme-
try that interchanges two of the groups. There are in

this case two heavy spin-1 octets. By virtue of the Z2

symmetry, the couplings of the lighter octet to standard
model quarks vanish exactly. The heavier octet has siz-
able couplings to quarks in the gauge eigenstate basis,
but as in the previous model, in the presence of some
vectorlike quarks the couplings to mass eigenstates may
be partially canceled. The field content of this model re-
sembles the colored Kaluza-Klein modes of the first two
levels in theories with universal extra dimensions.

G′

µ production at hadron colliders.—The Feynman
rules for G′

µ interactions with gluons [see Eq. (1)] is
given in Appendix A of Ref. [14]. To leading order in
αs, the partonic processes that lead to G′

µ pair produc-
tion at hadron colliders have gluons (Fig. 1) or quark-
antiquark pairs (Fig. 2) in the initial state. The produc-
tion cross section may be computed at tree level using
CalcHEP [15]. For the gluon-gluon initial state,

σ(gg → G′

µG′

µ) =
9πα2

s

16ŝ3

[
βŝ

(
8ŝ2

M2
G

+ 13ŝ + 34M2

G

)

− 8
(
ŝ2 + 3M2

Gŝ − 3M4

G

)
ln

(
1 + β

1 − β

)]
, (3)

where β = (1−4M2
G/ŝ)1/2 is the boost of G′

µ, and ŝ is the
center-of-mass energy of the partonic collision. This cross
section is independent of ŝ for ŝ ) M2

G as a consequence
of spin-1 exchange in the t and u channels. Unitarity is
preserved in this process independent of the gauge sym-
metry breaking sector because the radial modes of the Φ
field or whatever else unitarizes longitudinal G′

µG′

µ scat-
tering do not contribute to gg → G′

µG′

µ.
Assuming negligible couplings of G′

µ to standard model
quarks (hq * 1), the cross section for qq → G′

µG′

µ de-
pends only on MG and on the masses of the vectorlike
quarks exchanged in the t and u channels. We take these
to be of the order of or larger than MG so that the vec-
torlike quarks do not affect the G′

µ decays. For vector-
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FIG. 1: G′

µG′

µ production from gg initial state (u-channel G′

µ

exchange is not shown). Curly lines represent gluons, while
wavy lines represent massive vector octets.
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FIG. 2: G′

µG′

µ production from qq̄ initial state (u-channel
diagram is not shown). If couplings of standard model quarks
(q) to G′

µ are suppressed due to mixing with vectorlike quarks
(Q), then G′

µ or q exchange contributions may be negligible.

•heavy color octet particles may be produced only in pairs, 
not as single resonances

•each decays back to two jets

•thus the signature is a di-dijet resonance in multijets

•this looks promising even at startup, but hasn’t been studied

contact: Bogdan Dobrescu, KC Kong, Rakhi Mahbubani



what else?

fully inclusive dijets

exclusive dijets multijets dijets + photon/MET/leptons

central dijets forward dijets

on-shell production of 
new heavy particles

virtual effects on SM process

s-channel resonances

different working group

production of exotics that 
decay to exotic jets



forward dijets

• important for Higgs production via vector boson fusion

• in SUSY models with extended Higgs sectors, the lightest 
Higgses often decay almost 100% invisibly, to neutralinos

• thus the signature is forward dijets + MET

• the MET may be hard to reconstruct, or hard to distinguish 
from MET  in SM backgrounds

• there is a 2004 CMS internal note, but needs more study

contact: Csaba Balazs, Marcela Carena, Carlos Wagner



what else?

fully inclusive dijets

exclusive dijets multijets dijets + photon/MET/leptons

central dijets forward dijets

on-shell production of 
new heavy particles

virtual effects on SM process

s-channel resonances

different working group

production of exotics that 
decay to exotic jets



pair production of exotics 
that produce exotic jets

• one or more jets in the dijet final state may not be a 
standard jet, e.g.

• topjets: an energetic top decay that reconstructs as a 
single jet

•superjets: b-tagged jets that have extra leptons, because 
e.g. at the parton level they are really bbar, bW, or bZ

•fat jets, skinny jets, ...



inclusive channels = topologies                    
for this workshop

•dijets

•jets + MET

•lepton + jets + MET

•dilepton + jets + MET

•dileptons

•photons

•other*

*I added this one



missing energy topologies

•all hadronic jets + missing transverse energy

•single lepton + jets + MET

•same sign or opposite sign dilepton + jets + MET

from a theory point of view these channels have a large overlap,
but it makes sense to separate them experimentally because they 
have different triggers etc.

Why are they interesting?                                                                           
it is an observational fact that dark matter exists

the most conservative theoretical assumptions then point to a weakly 
interacting massive particle as a major component of dark matter

this implies missing energy signals at the LHC



missing energy topologies

•neutrinos, from top, W, Z decays of SM, or W_R -> lepton + nu_R, 
or sphaleron decays

•spin 0, e.g. the extra polarization of the photon in 6d Universal 
Extra Dimensions (6d UED)

•spin 1/2, e.g. neutralino of SUSY

•spin 1, e.g. new heavy partners of the photon or hypercharge 
gauge boson, as in 5d Universal Extra Dimensions (5d UED) or 
Little Higgs with T Parity (LHTP)

•spin 3/2, e.g. gravitino of SUSY

•spin 2, e.g. Kaluza-Klein gravitons from large extra dimensions

from a theory point of view, classify missing energy signals according 
to what kind of weakly interacting particle is observed as MET:



missing energy topologies

•just a pair of WIMPS + nothing, e.g. direct neutralino pair 
production; no trigger! need forward jet tagging or something

•a single weakly interacting particle recoiling against a SM 
particle, e.g. graviton + monojet from large extra dimensions;     
ZH associated production

•pair production of new heavy particles with 2-body decays to 
a WIMP and a SM particle, e.g. top partners in LHTP models

•pair production of new heavy particles with cascade decays 
to WIMPs and SM particles, e.g. gluinos in SUSY

•production of new heavy particles that decay to tops, W, Z, 
e.g. excited quarks decaying to q + W; radions decaying to 
WW; ttbar resonances  

from a phenomenological point of view, classify missing energy 
signals according to how many WIMPS + other objects are produced



how do we develop appropriate model 
templates for missing energy topologies?

two examples:

•pair production of new heavy particles with cascade decays 
to WIMPs and SM particles

•production of new heavy particles that decay to tops, W, Z 



pair production of new heavy particles with 
cascade decays to WIMPs and SM particles

CMS already has a set of model templates based on minimal SUGRA
13.4. Hemisphere algorithm for separation of decay chains 411

Table 13.2: Cross sections for the test points in pb at NLO (LO) from PROSPINO1.

Point M(q̃) M(g̃) g̃g̃ g̃q̃ q̃ ¯̃q q̃q̃ Total
LM1 558.61 611.32 10.55 28.56 8.851 6.901 54.86

(6.489) (24.18) (6.369) (6.238) (43.28)
LM2 778.86 833.87 1.443 4.950 1.405 1.608 9.41

(0.829) (3.980) (1.013) (1.447) (7.27)
LM3 625.65 602.15 12.12 23.99 4.811 4.554 45.47

(7.098) (19.42) (3.583) (4.098) (34.20)
LM4 660.54 695.05 4.756 13.26 3.631 3.459 25.11

(2.839) (10.91) (2.598) (3.082) (19.43)
LM5 809.66 858.37 1.185 4.089 1.123 1.352 7.75

(0.675) (3.264) (0.809) (1.213) (5.96)
LM6 859.93 939.79 0.629 2.560 0.768 0.986 4.94

(0.352) (2.031) (0.559) (0.896) (3.84)
LM7 3004.3 677.65 6.749 0.042 0.000 0.000 6.79

(3.796) (0.028) (0.000) (0.000) (3.82)
LM8 820.46 745.14 3.241 6.530 1.030 1.385 12.19

(1.780) (5.021) (0.778) (1.230) (8.81)
LM9 1480.6 506.92 36.97 2.729 0.018 0.074 39.79

(21.44) (1.762) (0.015) (0.063) (23.28)
LM10 3132.8 1294.8 0.071 0.005 0.000 0.000 0.076

(0.037) (0.004) (0.000) (0.000) (0.041)
HM1 1721.4 1885.9 0.002 0.018 0.005 0.020 0.045

(0.001) (0.016) (0.005) (0.021) (0.043)
HM2 1655.8 1785.4 0.003 0.027 0.008 0.027 0.065

(0.002) (0.024) (0.007) (0.028) (0.061)
HM3 1762.1 1804.4 0.003 0.021 0.005 0.018 0.047

(0.002) (0.018) (0.004) (0.019) (0.043)
HM4 1815.8 1433.9 0.026 0.056 0.003 0.017 0.102

(0.014) (0.043) (0.003) (0.017) (0.077)

criterion (hemisphere association method).
• Recalculating the axes as the sum of the momenta of all the connected objects.

In order to converge to a stable solution, the axes are only updated after a full
iteration is performed.

• Iterating the association until no objects switch from one group to the other.

13.4.2 Seeding methods

Two seeding methods have been tested:

1. the first axis is chosen as the direction of the highest momentum object and the second
axis as the direction of the object with the largest p · ∆R with respect to the first axis,
where ∆R is defined as

∆R =
√

∆φ2 + ∆η2 (13.18)



•a good start, covering most of the relevant kinematic range, 
parton initial states, and lepton multiplicities in the cascade 
final states

•although these models are as good or better as any theory 
models around, keep in mind that we are only using them as 
templates

two generic questions:

•what important templates are missing? Don’t count 
variations whose signals fall into other topologies (e.g. 
GMSB SUSY signature belong to “photons” or “other”)

•what can we say about CMS ability to distinguish among 
theory models that produce similar signatures?



what important templates are missing?

MSUGRA limitations come from fixed relations between masses of 
gluino, charginos and neutralinos

•models with less missing energy, e.g. hidden valley models

•models which are more like the background, e.g. SUSY with 
light stops

•models with larger numbers of leptons, e.g. 6d UED



can CMS distinguish between models      
with similar signatures?

To answer this question, need to develop and simulate new 
templates based on theories that have missing energy cascade 
signatures similar to SUSY:

•Little Higgs with T parity             (Jay Hubisz)

•5d Universal Extra Dimensions  (Bogdan Dobrescu, KC Kong)

•6d Universal Extra Dimensions  (Rakhi Mahbubani, Bogdan 
Dobrescu, KC Kong)



production of new heavy particles that 
decay to tops, W ,Z

These are cases where the missing energy is from neutrinos, so we 
expect backgrounds to be a problem

partial classification:

•new heavy quarks: Q’ decays to  jet + W or jet +Z

•Higgs-like: e.g. radions that decay to WW or ZZ

•top-enriched: e.g. ttbar resonances, W’ decaying mostly to tb, 
charged Higgs decaying to tb, t’ decaying to tZ or tW



pair production of new heavy particles 
that decay to tops, W ,Z

Questions:

•what is a reasonable set of model templates?

•can we simulate them at CMS?

•what scenarios can be distinguished from background?

•given a signal, can we discriminate between models?



inclusive channels = topologies                    
for this workshop

•dijets

•jets + MET

•lepton + jets + MET

•dilepton + jets + MET

•dileptons

•photons

•other*

*I added this one



your friendly neighborhood theorist

•FNAL+CMS theorists have unsurpassed expertise in SM collider 
physics, including NLO production, shower algorithms, parton-
shower matching, and underlying event description.

•We are 2/3 of the high priesthood of Pythia, we own MCFM, 
and are experts in MadGraph, Sherpa, CalcHEP, Alpgen,...

•In addition, we have >10 theorists who make models, write 
event generators for these models, and are highly motivated to 
work with CMS experimenters



critical mass @ LPC

• We have the critical mass of people to develop complete 
sets of model templates for the various inclusive channels, and 
develop robust methods to discriminate between models

• Theorists can provide the event generators and data samples 
in HepMC format, suitable for CMS studies with CMSSW or 
FastSim

•And they can help with validation, interpretation, and ideas for 
how to discriminate between models

•With Daniel Elvira, we are exploring how to create a suitable 
forum where theorists can interface with CMS experimenters to 
launch joint projects  




