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Abstract

We present a measurement of the dijet invariant mass spectrum and search for new
particles decaying to dijets at CMS in pp collisions at

√
s = 7 TeV with 7.2 nb−1 of

data collected in the April - May 2010 running period. The dijet mass distribution of
the two leading jets in the pseudorapidity region | η |< 1.3 is measured and com-
pared to QCD predictions from PYTHIA and the CMS detector simulation. We fit the
observed dijet mass spectrum with a parameterization, search for dijet resonances,
and set upper limits at 95% CL on the resonance cross section. These generic cross
section limits are compared with theoretical predictions for the cross section for sev-
eral models of new particles: axigluons, flavor universal colorons, excited quarks, E6
diquarks, Randall Sundrum Gravitons, W’, Z’ and string resonances. We exclude at
95% CL string resonances with mass M < 1.0 TeV, the first exclusion of this model in
the dijet final state.
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Motivation

• We search for new physics beyond SM with 
Dijets

• New particles that decay to dijets

✓ Produced in “s-channel”

✓ Parton-Parton Resonaces

‣ Observed as dijet resonances.

• Search for model with narrow width Γ.

3

Dijet Resonances

! New particles that decay to dijets
" Produced in “s-channel” 
" Parton - Parton Resonances

# Observed as dijet resonances.

" Many models have small width !
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• String Resonances
✓ String Resonances are excitations of 

quarks, gluons and a new U(1) gauge 
boson in open string theory

✓ Decay mainly to gg, but also qq, qg,   
q-qbar

✓ Multiple spins at same resonance 
mass with large cross section

1.3 Summary of Experimental Technique 3

Sundrum gravitons [10], with coupling k/MPL = 0.1, from a model of large extra dimensions65

are produced from gluons or quark-antiquark pairs in the initial state (qq̄, gg → G). Heavy W66

bosons [11] inspired by left-right symmetric grand unified models have electroweak couplings67

and require antiquarks for their production(q1q̄2 → W �), giving small cross sections. Heavy68

Z bosons [11] inspired by grand-unified models are widely anticipated by theorists, but they69

are electroweakly produced, and require an antiquark in the initial state(qq̄ → Z�), so their70

production cross section is around the lowest of the models considered. The model with the71

largest cross section is a recent model of string resonances, Regge excitations of the quarks and72

gluons in open string theory, which includes resonances in all parton-parton channels (qq̄, qq,73

gg and qg) with multiple spin states and quantum numbers [12, 13]. Table 1 summarizes some74

properties of these models.75

Model Name X Color JP Γ/(2M) Chan
Excited Quark q* Triplet 1/2+ 0.02 qg

E6 Diquark D Triplet 0+ 0.004 qq
Axigluon A Octet 1+ 0.05 qq̄
Coloron C Octet 1− 0.05 qq̄

RS Graviton G Singlet 2+ 0.01 qq̄ , gg
Heavy W W’ Singlet 1− 0.01 qq̄
Heavy Z Z’ Singlet 1− 0.01 qq̄

String S mixed mixed 0.003− 0.037 qq̄, qq, gg and qg
Table 1: Properties of Some Resonance Models

Published lower limits [14] on the mass of these models in the dijet channel are listed in table 2.76

q∗ A or C D ρT8 W � Z� G S
0.87 1.25 0.63 1.1 0.84 0.74 - -

Table 2: Published lower limits in dijet channel in TeV on the mass of new particles considered
in this analysis. These 95% confidence level exclusions are from the Tevatron [14].

77

1.3 Summary of Experimental Technique78

Our experimental technique starts with a measurement of the inclusive process pp → jet + jet +79

anything. Inclusive means we measure processes containing at least two jets in the final state,80

but the events are allowed to contain additional jets, or anything else. The dijet in the event81

is simply the two highest pt jets, the leading jets. Within the standard model our dataset is82

expected to be overwhelming dominated by the 2 → 2 process of hard parton scatters, with83

additional radiation off the initial and final state partons naturally giving additional jets. We84

do not cut away events that contain this radiation, which would reduce signals that also have85

similar amounts of radiation, and un-necessarily restrict signals to a narrow topology. The86

events can also contain additional particles, such as leptons or photons, but this will occur very87

rarely in the standard model. Finally, even more rarely within the standard model, the two88

leading CaloJets in the event can result from electrons, photons or taus producing energy in the89

calorimeter, and we do not exclude these insignificant contributions to our sample either. Our90

dijet selection is then open to many signals of new physics including high pt jets, leptons and91

photons. However, our selection is optimized for signals in the 2 → 2 parton scattering process,92

and is overwhelmingly dominated by the signal background of dijets from QCD within the93

standard model.94
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Event Selection
• Dataset

✓ /MinimumBias/Commissioning10-SD_JetMETTau-v9/RECO

✓ Run: 

‣ 133877, 133881, 133885, 133927,133928, 135149, 135175, 135445, 135521, 135523, 135525, 
135528, 135534, 135535, 135537

✓ Trigger 

‣ Require un-prescaled jet trigger and LHC bunch crossing and veto beam halo events:

‣ HLT_Jet15U AND Trigger bits: '0 AND NOT (36 OR 37 OR 38 OR 39)’

✓ Scraping event removal

✓ Estimated Luminosity: 7.2 nb-1

• Event Selection

✓ AK7caloJets 

✓ JEC: L2+L3, "Spring10"

✓ Require event vertex with |PVz| < 15 cm & PVndof >= 4

✓ Require both leading jets have |η|< 1.3 

✓ Require both leading jets passing the "loose" jet id & Mjj > 156 GeV (corrected)

‣ Loose JetID removed 2 events. Both were scanned and are HPD/RBX noise.

• Total:  4788 Dijet Events 

5
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Trigger Efficiency
• Start analysis of Dijet Mass distribution at 156 GeV.

✓ 156 GeV chosen for full trigger efficiency for both this analysis and dijet ratio (next 
talk) 

✓ It’s a predefined bin-edge of variable width bins roughly equal to dijet mass resolution

• HLT_Jet15 trigger is clearly fully efficient at Mjj=156 GeV for |η|<1.3
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Dijet Data Quality

• Basic jet distributions 
look good.

✓ Low MET

✓ Back-to-Back in 
phi 

✓ No spike in EMF 
distribution near 0 
and 1.

✓ η-ϕ is uniform

7

PASPAS
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Dijet Mass and QCD

8

• The data is in good agreement with the full CMS simulation of 
QCD from PYTHIA.
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High Mass Dijet Event

9

High Mass Dijet Event
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Dijet Mass and Fit
• We fit the data a the function containing 3 parameters.

• We get a good fit.
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Resonance Shapes
• We have simulated dijet resonances using CMS simulation 

+ PYTHIA.

• qq, qg and gg resonances have different shape mainly due 
to FSR. 

✓ The width of dijet resonance increases with number of 
gluons because gluons emit more radiation than 
quarks.

• We search for these three basic types of narrow dijet 
resonance in our data.
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Fit and Signal
• We search for dijet resonance signal in our data.

• Excited quark signals are shown at 0.5 TeV and 0.7 TeV.

• String resonance is shown at 1 TeV.
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The Largest Fluctuation in Data

• Small fluctuation with 
shape of a resonance near 
250 GeV

• Best fit resonance 
(Mjj=270 GeV) has 
significance only 1.7 sigma 
from log likelihood ratio.

• Significance reduced to 
just 0.1 sigma when 
including “look elsewhere” 
effect via a toy MC. 
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Fit to Background Only

Fit to Background+Signal
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Early Limits with Stat. Error Only

14

• We use a flat prior to get the posterior probability density and find limit. 

• We use a binned likelihood by the Bayesian approach to find limit on new particle cross section.

• 95% CL Upper limit with Stat. Error. Only compared to cross section for various model.

✓ Show quark-quark and quark-gluon and gluon-gluon resonances separately. 

✓ gluon-gluon resonance has the lowest response and is the widest and gives worst limit. 

95% CL Upper Limit (pb)95% CL Upper Limit (pb)95% CL Upper Limit (pb)

Mass (TeV) quark-quark quark-gluon gluon-gluon

0.5 1984 2375 3815

0.6 1085 1291 2113

0.7 1094 1177 1635

0.8 1023 1095 1384

0.9 828 893 1208

1.0 672 749 1015

1.1 591 647 856

1.2 542 588 723

1.3 503 535 671

1.4 473 503 612
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Systematics

• We found the uncertainty in dijet 
resonance cross section from following 
sources.

✓ Jet Energy Scale (JES)

✓ Jet Energy Resolution (JER)

✓ Choice of Background Parametrization

✓ Luminosity

15
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Jet Energy Scale (JES)
• JetMET guidance is 10% uncertainty in jet energy scale.

✓ Shifting the resonance 10% lower in dijet mass gives more QCD background

✓ Increases the limit between 6% and 34% depending on resonance mass and 
type.
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Jet Energy Resolution (JER)
• JetMET guidance is 10% uncertainty in jet energy resolution.

• We smear our resonance shapes with a gaussian designed to increase the core width 
by 10%. 

✓ σGaus = √{(1.1)2-1} σRes  

• This increases our limit between 3% and 15% depending on resonance mass and type.
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Background Parametrization Systematics

• We have varied the choice of background parametrization

• We use the 2-parameter fit as a conservative systematic on our 
background shape.

• This increases our limit between 2% and 31% depending on resonance 
mass and type. 
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Total Systematic Uncertainties

• We add all mentioned systematic uncertainties in quadrature, 
also 10% for luminosity.

• Total systematic uncertainty varies from 12% to 48% depending 
on resonance mass and type.
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Likelihoods with Systematics

• We convolute Poisson likelihoods* with Gaussian systematics 
uncertainties.

✓ Total likelihood* including systematics is broader and gives 
higher upper limit.

20
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30 4 Systematic Uncertainties

4.3 Background Parameterization398

We considered two others functional forms with 2 and 4 parameters to parametrize the QCD399

background as discussed in section 2.6.1 and shown in Equation 3. Fig. 25 show comparison400

of fits with the data points. We find that the 2 parameter form, which is a marginal fit to our401

data, gives the largest fractional change over the vast majority of resonance masses, and we402

conservatively use it for our background parametrization systematic at this time.403
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Figure 25: Left) The data and the default 3 parameter fit and the 2 and 4 parameter fits use to
evaluate the systematics. Right) Fractional absolute change in the limit when using th 2 and 4
parameter fits for the background.

4.4 Total Uncertainty404

We determine 1σ change for each systematic uncertainty in signal that we can discovery or405

exclude. In addition to the sources already mentioned, we include an uncertainty of 10% on406

the integrated luminosity.407

To find total total systematics, we add the these 1σ changes as quadrature. The individual and408

total systematic uncertainties as a function of resonance mass are illustrated in Fig. 26. Absolute409

uncertainty in each resonance mass is calculated as total systematics uncertainty multiply by410

upper cross section limit.411

4.5 Incorporating Systematics in the Limit412

We convolute the posterior probability density with a Gaussian for each resonance mass. The413

equation of convolution is414

L(σ) =
� ∞

0
L(σ�)G(σ, σ�)dσ� (7)

Where L(σ�) is the posterior probability density at signal cross section σ�, and G(σ, σ�) is the415

Gaussian probability from systematics to observe σ if σ� is expected. The width of the Gaussian416

is taken as the absolute uncertainty in each resonance mass, equal to the fractional uncertainty417

times the limit on the cross section. This procedure, identical to what was done at CDF, con-418

servatively assigns the same width to the Gaussian in units of pb at each point in the posterior419

G: Gaussian distribution with
RMS width equal to systematic 

uncertainty in cross section

* Posterior probability density assuming a flat prior in cross section
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Effect of Systematics on Limit

21

• 95% CL Upper limit with Stat. Error. Only and Including Sys. 
Uncertainties are shown separately

• Systematics are more significant at low mass where there is data.
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Results

22

• The generic upper limits are compared to cross section upper limits for 7 resonance models.

• The limit for quark-quark, quark-gluon and gluon-gluon resonances are shown separately in 
the data with 7.2 nb-1.

• We excluded string resonances of mass M<1.0 TeV at 95% CL.

95% CL Upper Limit (pb)95% CL Upper Limit (pb)95% CL Upper Limit (pb)

Mass (TeV) quark-quark quark-gluon gluon-gluon

0.5 2719 3312 5410

0.6 1476 1797 3047

0.7 1462 1615 2357

0.8 1320 1460 1959

0.9 1024 1144 1662

1.0 790 911 1335

1.1 674 759 1081

1.2 603 669 880

1.3 548 593 790

1.4 508 546 700

1.5 487 514 660
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W’, Z’ and RSG were added to this plot after June1 PAS
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Expected Future Limits
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95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)95% C.L. Excluded Mass (TeV)

Model CMS (Expected at 7TeV)CMS (Expected at 7TeV)CMS (Expected at 7TeV)CMS (Expected at 7TeV)CMS (Expected at 7TeV)CMS (Expected at 7TeV)
CDF (Excluded 
at1.96 TeV)

0.1 pb-1 0.3 pb-1 1 pb-1 10 pb-1 100 pb-1 1 fb-1 1 fb-1

String 1.60 1.85 2.10 2.60 3.15 3.65 N/A

Excited quark 0.59 0.82 1.06 1.55 2.05 2.55 M<0.87

Axigluon/
Coloron N/A 0.64 0.95 1.51 2.07 2.57 M<1.25

E6 Diquark N/A N/A N/A 1.60 2.44 3.1 M<0.63

Resonance Mass (GeV)
1000 1500 2000 2500 3000 3500

C
ro

ss
 S

ec
tio

n*
BR

*A
cc

. (
pb

)

-310

-210

-110

1

10

210

310

410
String
Excited quark
Axigluon

 diquark6E
W’
Z’
RS Graviton

gluon-gluon
quark-gluon
quark-quark

)-1CMS Expected 95% CL Upper Limits (100 pb

|<1.3|Jet 
=7 TeVs

Graph

INCLUDING SYSTEMATIC

Resonance Mass (GeV)
1000 1500 2000 2500 3000

C
ro

ss
 S

ec
tio

n*
BR

*A
cc

. (
pb

)

-110

1

10

210

310

410
String
Excited quark
Axigluon

 diquark6E
W’
Z’
RS Graviton

gluon-gluon
quark-gluon
quark-quark

)-1CMS Expected 95% CL Upper Limits (10 pb

|<1.3|Jet 
=7 TeVs

Graph

INCLUDING SYSTEMATICS

Resonance Mass (GeV)
1000 1500 2000 2500 3000

C
ro

ss
 S

ec
tio

n*
BR

*A
cc

. (
pb

)

-110

1

10

210

310

410

String
Excited quark
Axigluon

 diquark6E
W’
Z’
RS Graviton

gluon-gluon
quark-gluon
quark-quark

)-1CMS Expected 95% CL Upper Limits (1 pb

|<1.3|Jet 
=7 TeVs

Graph

INCLUDING SYSTEMATICS



Sertac Ozturk,  Exotica Meeting

Expected Mass Limit

• We expect to reach the Tevatron q* mass limit of 
0.87 TeV with 400 nb-1.

24
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Conclusion
• We have a dijet mass spectrum that extends to 850 GeV with 

~7.2 nb-1 data.

• The dijet mass data is in good agreement with a full CMS 
simulation of QCD from PYTHIA.

• The data is well fit by a simple parametrization with three 
parameters

• We have limits on dijet resonance cross section including 
systematics.

• We exclude String Resonances with mass M<1.0 TeV at 95% CL.

• Expected limits indicate we should reach the Tevatron q* limit of 
870 GeV with 400 nb-1.

• We seek pre-approval of this analysis documented in AN 
2010/108 and PAS EXO-10-001.

25
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Back-Up Slides

26
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Setting Limits
• To calculate limit on new particle cross section we use a 

binned likelihood by the Bayesian approach.

L =
�

i

µni
i e−µi

ni!
µi = αNi(S) + Ni(B).

• The signal comes from our dijet resonance shapes.

• The background comes from Background+Signal fit.

Measured # of events 
in data

# of event from 
signal

Expected # of event 
from background

27



Sertac Ozturk,  Exotica Meeting

Profile Likelihood

28
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Nuisance Parameter

•  

29
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Background Fit Uncertainties

30

• We have studied fitting the data using 2,3 and 4 parameters.

• The fit functions with 1 sigma statistical error band are shown.

✓ 2 parameters gives a marginal fit with noticeable sinusoidal variations.

✓ 3 parameter is a good fit to data, we used it as our default.

• 2 and 4 parameter fit are considered as background systematic .

✓ 2 parameter fit gives higher systematic and covers 4 parameter fit.
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