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Search for Dijet Resonance

• A MC based analysis was done for 10 TeV collisions and a 
CMS reviewed paper (PAS QCD 2009-006) and an analysis 
note (CMS AN-2009/070) were written.

• The results based on 120 nb-1 (PAS EXO 2010-001) were 
approved for ICHEP 2010

• The results based on 836 nb-1 data (PAS EXO 2010-010) 
were approved for HCP 2010

• The results based on 2.88 pb-1 data have been accepted by 
PRL and it will cover my Ph.D. thesis.

✓ http://arxiv.org/abs/1010.0203

✓ It is the first search and jet paper of CMS.
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Outline
• Motivation

• Measurement of Dijet Mass Spectrum

✓ Data Sample and Event Selection 

✓ Trigger Efficiency and Basic Distributions 

✓ Dijet Mass Distribution and QCD 

✓ Fits for Background

• Search for Dijet Resonance

✓ Signal Modeling 

✓ Largest Fluctuation in Data 

✓ Limits on Dijet Resonances

‣ Statistical Error Only

‣ Including Systematic Uncertainties

• Results

• Conclusion
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Part I.
Motivation



Standard Model and Beyond
• In terms of Standard Model,

✓ 6 quarks & 6 leptons

‣ u and d quarks and electron make 
matter

✓ 4 force carrying particles (Υ,  W, Z and g)

• The Standard Model raises questions.

✓ Why three nearly identical generations of 
quarks and leptons?

✓ What causes the flavor differences within 
a generation?

✓ How do we unify the forces?

• These questions suggest there will be new 
physics beyond the Standard Model.

• We will search for new physics with Dijets.
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Standard Model
• In terms of Standard Model,

✓ 6 quarks & 6 leptons

‣ u and d quarks and electron 
make matter

✓ 4 force carrying particles

‣ ϒ: Electromagnetism

‣ W & Z: Weak Interaction

‣ g: Color (Nuclear) Interaction

✓ Higgs particle to give mass

‣ Higgs not discovered
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Dijet in Standard Model
• What is a Dijet?

✓ Dijet results from simple 2→2 
scattering of “partons”, dominant 
process

✓ The final state partons become 
jets of observable particles 

‣ Jet is the experimental signature 
of a parton, materialized as a 
spray of highly collimated 
hadrons.

✓ Dijet is the two leading jets in an 
event.

• Dijet Mass from final state

Dijets in Standard Model
• What is a dijet?

• Parton Level

✓ Dijet results from simple 2→2 scattering of 
“partons”

✓ quarks, anti-quarks and gluons

• Particles Level

✓ Partons come from colliding protons

✓ The final state partons become jets of observable 
particles via the following chain of events

‣ The partons radiate gluons.

‣ Gluons splits into quarks and antiquarks

‣ All colored object “hadronize” into color 
neutral particles

‣ Jet made of π, k, p, n, etc

• Dijets are events which primarily consist of two jets 
in the final state.

Jet

Jet

Particle Level
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Dijet Resonance Models

• We search for the new particles in “Dijet Mass” spectrum

✓ If a resonance exists, it can show up as a bump in Dijet 
Mass spectrum

• The models which are considered in this analysis are listed.

✓ Produced in “s-channel”

✓ Parton-Parton Resonaces

‣ Observed as dijet resonances.

• Search for model with narrow width Γ.
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2. THEORETICAL MOTIVATION Sertac Ozturk

resonances. These particles are produced as narrow resonances, X , decaying to dijet as

illustrated in fig.Figure 2.6. Some properties of these models are summarized in Table X.

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 2.4 Properties of Some Resonance Models

5Some superstring models predict that at low energies the SM originates from the E6

gauge group that contains diquarks.

More detail about these model is discussed in following sections.

2.5.1 Excited Quark Model

Quarks are the fundamental object without internal structure in Standard Model.

There are three generations of fermions and it looks like a periodic table of atoms. It

suggest that quark may not be a fundamental particles. Compositeness explains the rea-

son behind quark families by proposing a composite structure for quarks and postulates

the existence of excited quarks. Spin and isospin of the excited quark are set to 1/2 to

limit the number of parameters. The assignment of left and right-handed components to

isodoublets for first generation is as below:
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(2.33)

allows for nonzero masses prior to SU(2)×U(1) symmetry breaking.
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Dijet Resonance Models

• Parton resonances 
decaying to dijets 
are predicted by 
various models:

• Recent model: string resonances.
ICHEP 2010, Paris                                               Konstantinos Kousouris 

Specific Dijet Resonance Models

4

FIG. 1: Left panel: dσ/dM (units of fb/GeV) vs. M (TeV) is plotted for the case of SM QCD

background (dashed line) and (first resonance) string signal + background (solid line). The dot-
dashed lines indicate the different contributions to the string signal (gg → gg, gg → qq̄, qg → qg,
and qq̄ → gg). Right panel: pp → dijet signal-to-noise ratio for three integrated luminosities. For

comparison, we also show the signal-to-noise of pp → γ + jet, for κ2 " 0.02, see Ref. [1].

(S/N = 592/36 > 13). The bottom curve, corresponding to data collected in a very early
run of 100 pb−1, shows that a resonant mass as large as 4.0 TeV can be observed with
10σ significance! Once more, we stress that these results contain no unknown parameters.
They depend only on the D-brane construct for the standard model, and are independent of
compactification details.

For comparison with our previous analysis, we also show in Fig. 1 a fourth curve, for
the process pp → γ+ jet. (In what follows, γ refers to an isolated gamma ray.) In Ref. [2]
a cut (pγT > 300 GeV) was selected for discovery of new physics. As far as the signal is
concerned, this cut is largely equivalent to selecting on γ-jet invariant masses in the 2-5 TeV
range, with cuts on photon and jet rapidities |y1|, |y2| < 2.4 [11]. However, for Ms > 2 TeV
the background is greatly reduced with the dijet mass method used here, resulting in an
extension of the discovery reach, up to about 5 TeV [12]. The signal used to obtain the
results displayed in Fig. 1 includes the parton subprocesses gg → gγ (which does not exist
at tree level in QCD, and which was the only subprocess evaluated in [1, 2]), qg → qγ,
q̄g → q̄γ, and qq̄ → gγ. All except the first have been calculated in QCD and constitute the
standard model background. The projection of the photon onto the C gauge boson was also
effected in the last-cited references. Although the discovery reach is not as high as that for
dijets, the measurement of pp → γ + jet can potentially provide an interesting corroboration
for the stringy origin for new physics manifest as a resonant structure in LHC data.

We now turn to the analysis of the angular distributions. QCD parton-parton cross sec-
tions are dominated by t-channel exchanges that produce dijet angular distributions which
peak at small center of mass scattering angles. In contrast, non–standard contact interac-
tions or excitations of resonances result in a more isotropic distribution. In terms of rapidity

5
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Figure 3: Expected signal shapes of dijet mass resonances for qq̄ (qq), qg and gg resonances
of mass 0.7 TeV as predicted from PYTHIA v6 Monte Carlo propagated through the full CMS
detector simulation and jet reconstruction.

Model Name X Color JP Γ/(2M) Final-state Partons
String S mixed mixed 0.003-0.037 qq̄, qq, gg and qg

Axigluon A Octet 1+ 0.05 qq̄
Coloron C Octet 1− 0.05 qq̄

Excited Quark q* Triplet 1/2+ 0.02 qg
E6 Diquark D Triplet 0+ 0.004 qq

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

Table 1: Properties of Specific Dijet Resonance Models.

! Parton resonances decaying to dijets are predicted 
by various theory models:
‣ Axigluons 
‣ Colorons 
‣ Excited Quarks 
‣ E6 Diquarks 
‣ Randal-Sundrum Gravitons
‣ New vector bosons (Z’, W’)

! Recent theoretical development: String Resonances
‣ Regge excitations of quarks and gluons
‣ Much higher cross-section than excited quark 
models by a factor ~25 (due to color, spin and 
chirality effects)

String resonances would 
produce a spectacular 

“bump” in the dijet invariant 
mass spectrum
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Figure 3: Expected signal shapes of dijet mass resonances for qq̄ (qq), qg and gg resonances
of mass 0.7 TeV as predicted from PYTHIA v6 Monte Carlo propagated through the full CMS
detector simulation and jet reconstruction.

Model Name X Color JP Γ/(2M) Final-state Partons
String S mixed mixed 0.003-0.037 qq̄, qq, gg and qg

Axigluon A Octet 1+ 0.05 qq̄
Coloron C Octet 1− 0.05 qq̄

Excited Quark q* Triplet 1/2+ 0.02 qg
E6 Diquark D Triplet 0+ 0.004 qq

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

Table 1: Properties of Specific Dijet Resonance Models.

! Parton resonances decaying to dijets are predicted 
by various theory models:
‣ Axigluons 
‣ Colorons 
‣ Excited Quarks 
‣ E6 Diquarks 
‣ Randal-Sundrum Gravitons
‣ New vector bosons (Z’, W’)

! Recent theoretical development: String Resonances
‣ Regge excitations of quarks and gluons
‣ Much higher cross-section than excited quark 
models by a factor ~25 (due to color, spin and 
chirality effects)

String resonances would 
produce a spectacular 

“bump” in the dijet invariant 
mass spectrum

• Regge excitation of quarks and gluons.

• Cross section higher than excited quark 
models by factor 25 (due to color, spin, 
chirality effects).

• String resonances would produce a 
dramatic bump in the mass spectrum.

14Thursday, October 14, 2010
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Experimental Technique

• Measurement of dijet mass spectrum

• Comparison to PYTHIA QCD Monte Carlo 
prediction

• Fit of the measured dijet mass spectrum with a 
smooth function and search for resonance signal 
(bump)

• If no evidence, calculate model independent 
cross section upper limit and compare with any 
model cross section.
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Part II.
Measurement of Dijet Mass 

Spectrum



Data and Event Selection
• Dataset

✓ JetMETTau/*/RECO and JetMET/*/RECO

✓ Official JSON Files

✓ Estimated Integrated Luminosity: 2.875 pb-1 (with 11% uncertanity)

• Trigger

✓ Technical Bit TT0 (for bunch crossing)

✓ HLT_Jet50U (un-prescaled)

• Event Selection

✓ Good primary vertex

✓ At least two reconstructed jets

‣ AK7caloJets

‣ JEC: L2+L3, "Summer10" + Residual data-driven relative

✓ Require both the leading jets to satisfy |η|< 2.5 and |Δη|<1.3

‣ Suppress QCD process significantly.

✓ Require both leading jets passing the "loose" jet id & Mjj > 220 GeV
10

Sertac Ozturk

Event Selection

11

• Trigger 

✓ Technical Bit TT0 (for bunch crossing)

✓ HLT_Jet50U (un-prescaled)

• Event Selection

✓ Good primary vertex 

✓ At least two reconstructed jets

‣ AK7caloJets 

‣ JEC: L2+L3, "Summer10" + Residual Data-Driven relative

✓ Require both the leading jets to satisfy |η|< 2.5 and |Δη|<1.3

‣ Suppress QCD process significantly.

✓ Require both leading jets passing the "loose" jet id & Mjj > 220 GeV 
(corrected)

5. MEASUREMENT OF DIJET MASS SPECTRUM Sertac Ozturk
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Figure 5.2 HLT Jet50U trigger efficiency as a function of dijet mass (left) and as a function of

corrected pT of leading jet is measured in data.

5.1.2 Data Quality

The number of events in the analysis after the basic cuts are shown for each cut in

Table 5.1.

Events after pre-selection cut 6126910 100%

Events after vertex cut 6125930 99.98%

Events after dijet eta cuts 2088922 34.09%

Events after dijet mass cut 414645 6.78%

Events after jet id cut 414131 6.76%

Table 5.1 Cuts and Events

Only 514 events which are mostly HPD noise are rejected by JetID cut and the fraction

of events removed by JetID cut is very small. Because the reqirement kinematic cuts

(|η| < 2.5 and |∆η| < 1.3) and dijet mass cut (M j j > 220 GeV) gives higher the jet purity.

The distributions of the loose JetID variable are shown in Fig.5.3. Electromagnetic

fraction of jet energy, Jet EMF, doesn’t habe a peak near zero or one which indicate a

problem from ECAL and HCAL, such as hot channel. The fraction of jet energy in the

27

Events



Trigger Efficiency
• Start analysis of Dijet Mass distribution at 220 GeV.

✓ 220 GeV chosen for full trigger efficiency. 
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Dijet Data Quality
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Dijet Data Stability

• Average dijet mass and 
observed cross section 
for each runs are shown.

• There is a good stability.

• The observed cross 
section stability is an 
indication of a stable 
calorimeter energy scale 
and luminosity evaluation.
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Dijet Mass and QCD
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• The data is in good agreement with the full CMS simulation of 
QCD from PYTHIA.
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Dijet Mass and Fit
• We fit the data to a function containing 4 parameters used by CDF Run 11 and ATLAS.

• We get a good fit.

• No evidence for new physics
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Figure 5.11 The dijet mass spectrum data (points) divided by the QCD PYTHIA prediction.

The band shows the sensitivity to a 10% systematic uncertainty on the jet energy scale.

The data points and corresponding uncertainty are listed in Table 5.X.

5.2.1 Dijet Mass Spectrum and Fit

Dijet mass spectrum is compared to a fit in Fig.5.X. The parametrization of smooth fit

function is

dσ
dm

= p0
(1−X)p1

X p2+p3 ln(X) (5.2)

where x = m j j/
√

s and p0,1,2,3 are free parameters. The (1−X) term is motivated by

the parton distribution fall of with fractional momentum. The X−p3 ln(x) factor describes
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Another Fit Parametrization

• In addition to the default 
fit, two alternate functional 
forms are considered.

• Default 4 parameters fit 
gives the best results.
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2.8 Dijet Mass Spectrum and Fit 27

The parameterizations are listed in equation 3.371
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(3)

The default three parameter fit is motivated by QCD. It includes a power law fall off with mass372

in the denominator, motivated by the QCD matrix element. It also has a term in the numerator373

motivated by the parton distribution fall off with fractional momentum (1− m/
√

s)P1 (where374 √
s = 7000 GeV is the center-of-mass energy). This three parameter function was used by CDF375

in run IA. We find that the default fit gives a good χ2/DF of 17.1/18 (probability 52%), and this376

is the best fit we can find of our data.377

We have also explored three alternate parameterizations. All parameterizations have a power378

law in them, because without a power law we cannot get a good fit with only 2, 3 or 4 pa-379

rameters. A 2-parameter fit with just a power law and a constant, p0/mp1 , gives a reasonable380

fit χ2/DF = 19.3/19 (probabilty 44%), but we have been advised to only consider parame-381

terizations with the same number of parameters as our default fit or greater, in order to have382

reasonable flexibility in the fit parameterization. The 2-parameter fit has only one shape pa-383

rameter. Alternate fit A is a 3-parameter fit with a modified power law, obtained by simply384

adding an offset to the mass, and we get a good fit with χ2/DF = 17.9/18 (probability 46%).385

Alternate fit B is a 4-parameter fit very much like our default fit, but we have added a term386

quadratic in m/
√

s to the term in the numberator to give the fit a little more flexibility to de-387

scribe data at high mass tails. This 4 parameter function was used by CDF in run IB [16]. We388

find that this function gives a good fit to our data, with χ2/DF of 16.8/17 (probability 47%).389

Alternate fit C is another 4 parameter function which again has our characteristic numerator390

and denominator but includes another term in the power of the power law, again just to give391

the fit more flexibiliity. This 4 parameter function was used by CDF in run II [14]. Again we392

find this function ives a good fit to our data, with χ2/DF of 16.8/17 (probability 47%).393

Figure 18 shows the fractional differences between data and the fit function, (data-fit)/fit, and394

the pulls, (data-fit)/error, for all four fits.395

Notice from both Fig. 17 and 18 that the largest difference from the default 3-parameter fit396

occurs when using the alternate fit A with 3 parameters. We will use this alternate 3-parameter397

function from fit A to find our systematic uncertainty on the background due to the fit parame-398

terization. Notice that there is very little difference between the default 3-parameter fit and the399

alternate 4-parameter fits which were introduced to give the 3-parameter fit more flexibility.400

From this we conclude that no more flexibility is needed to fit this data, and we have found the401

best possible smooth fit with a few parameters. When using these parameterizations to find402

systematic uncertainties on the background we do not find as large a systematic as with the403

alternate 3-parameter function.404
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find this function ives a good fit to our data, with χ2/DF of 16.8/17 (probability 47%).393

Figure 18 shows the fractional differences between data and the fit function, (data-fit)/fit, and394

the pulls, (data-fit)/error, for all four fits.395

Notice from both Fig. 17 and 18 that the largest difference from the default 3-parameter fit396

occurs when using the alternate fit A with 3 parameters. We will use this alternate 3-parameter397

function from fit A to find our systematic uncertainty on the background due to the fit parame-398

terization. Notice that there is very little difference between the default 3-parameter fit and the399

alternate 4-parameter fits which were introduced to give the 3-parameter fit more flexibility.400

From this we conclude that no more flexibility is needed to fit this data, and we have found the401

best possible smooth fit with a few parameters. When using these parameterizations to find402

systematic uncertainties on the background we do not find as large a systematic as with the403

alternate 3-parameter function.404
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The parameterizations are listed in equation 3.371

dσ

dm
=

P0 · (1−m/
√

s )P1

mP2
, (Default Fit with 3-parameters)

=
P0

(P1 + m)P2
, (Alternate Fit A with 3-parameters)

=
P0 ·

�
1−m/

√
s + P3 · (m/

√
s)2

�P1

mP2
(Alternate Fit B with 4-parameters).

=
P0 · (1−m

√
s)p1

(m/
√

s)p2+p3ln(m
√

s)
(Alternate Fit C with 4-parameters).

(3)

The default three parameter fit is motivated by QCD. It includes a power law fall off with mass372

in the denominator, motivated by the QCD matrix element. It also has a term in the numerator373

motivated by the parton distribution fall off with fractional momentum (1− m/
√

s)P1 (where374 √
s = 7000 GeV is the center-of-mass energy). This three parameter function was used by CDF375

in run IA. We find that the default fit gives a good χ2/DF of 17.1/18 (probability 52%), and this376

is the best fit we can find of our data.377

We have also explored three alternate parameterizations. All parameterizations have a power378

law in them, because without a power law we cannot get a good fit with only 2, 3 or 4 pa-379

rameters. A 2-parameter fit with just a power law and a constant, p0/mp1 , gives a reasonable380

fit χ2/DF = 19.3/19 (probabilty 44%), but we have been advised to only consider parame-381

terizations with the same number of parameters as our default fit or greater, in order to have382

reasonable flexibility in the fit parameterization. The 2-parameter fit has only one shape pa-383

rameter. Alternate fit A is a 3-parameter fit with a modified power law, obtained by simply384

adding an offset to the mass, and we get a good fit with χ2/DF = 17.9/18 (probability 46%).385

Alternate fit B is a 4-parameter fit very much like our default fit, but we have added a term386

quadratic in m/
√

s to the term in the numberator to give the fit a little more flexibility to de-387

scribe data at high mass tails. This 4 parameter function was used by CDF in run IB [16]. We388

find that this function gives a good fit to our data, with χ2/DF of 16.8/17 (probability 47%).389

Alternate fit C is another 4 parameter function which again has our characteristic numerator390

and denominator but includes another term in the power of the power law, again just to give391

the fit more flexibiliity. This 4 parameter function was used by CDF in run II [14]. Again we392

find this function ives a good fit to our data, with χ2/DF of 16.8/17 (probability 47%).393

Figure 18 shows the fractional differences between data and the fit function, (data-fit)/fit, and394

the pulls, (data-fit)/error, for all four fits.395

Notice from both Fig. 17 and 18 that the largest difference from the default 3-parameter fit396

occurs when using the alternate fit A with 3 parameters. We will use this alternate 3-parameter397

function from fit A to find our systematic uncertainty on the background due to the fit parame-398

terization. Notice that there is very little difference between the default 3-parameter fit and the399

alternate 4-parameter fits which were introduced to give the 3-parameter fit more flexibility.400

From this we conclude that no more flexibility is needed to fit this data, and we have found the401

best possible smooth fit with a few parameters. When using these parameterizations to find402

systematic uncertainties on the background we do not find as large a systematic as with the403

alternate 3-parameter function.404

Default

Fit A

Fit B
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Part III.
Search For Dijet Resonance



Resonance Shapes
• We have simulated dijet resonances using CMS simulation + 

PYTHIA.

✓ Three types of parton pairs

‣ gg→G→gg,  qg→q*→qg and qq→G→qq

• 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 1.5 TeV.

• String resonances are shown at 1 TeV and 2 TeV.

19

Dijet Mass (GeV)
500 1000 1500 2000

D
at

a 
/ F

it
1

10

Graph

q* (0.5 TeV)

S (1 TeV)

q* (1.5 TeV)

S (2 TeV)

)-1CMS Data (2.875 pb
 = 7 TeVs

| < 1.3| < 2.5 & ||

Dijet Mass (GeV)
500 1000 1500 2000

/d
m

 (p
b/

G
eV

)
d

-410

-310

-210

-110

1

10

210

310

410

 / ndf 
2

 32.33 / 31

Prob   0.4011

p0        5.398e-08± 2.609e-06 

p1        0.1737± 5.077 

p2        0.006248± 6.994 

p3        0.001658± 0.2658 

 / ndf 
2

 32.33 / 31

Prob   0.4011

p0        5.398e-08± 2.609e-06 

p1        0.1737± 5.077 

p2        0.006248± 6.994 

p3        0.001658± 0.2658 

)-1CMS Data (2.875 pb
Fit
10% JES Uncertainty
QCD Pythia + CMS Simulation
Excited Quark
String  = 7 TeVs 

| < 1.3 | < 2.5 & ||

q* (0.5 TeV)

S (1 TeV)

q* (1.5 TeV)

S (2 TeV)



The Largest Fluctuation in Data

• Upward fluctuations 
around 600 GeV and 
900 GeV

• Best fit resonance is at 
622 GeV with local 
significance of 1.86 sigma 
from log likelihood ratio.

• There is no evidence for 
dijet resonances.

20

Dijet Mass (GeV)
200 400 600 800 1000 1200 1400

(D
at

a-
Fi

t)/
Fi

t

-0.1

0

0.1

0.2

0.3

Graph

)-1CMS Data (2.875 pb

 = 7 TeVs

q* (622 GeV)

(Background + Signal) Fit

Dijet Mass (GeV)
500 1000 1500 2000

(D
at

a-
Fi

t)/
Er

ro
r

-3

-2

-1

0

1

2

3 )-1CMS Data (2.875 pb

 = 7 TeVs



Setting Limits
• For setting upper limit on the resonance production cross 

section, a Bayesian formalism with a uniform prior is used.

µi = αNi(S) + Ni(B).

• The signal comes from our dijet resonance shapes.

• The background comes from fixed to the best Background+Signal fit.

• The 95% CL upper limits are calculated for resonances with mass 
from 0.5 TeV to 2.6 TeV in 0.1 TeV steps.

Measured # of events 
in data

# of event from 
signal

Expected # of event 
from background
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6. SEARCH FOR DIJET RESONANCE Sertac Ozturk

6.4 Setting Cross Section Upper Limits

In the absence of any observed significant evidence of dijet resonances, a Bayesian

formalism with flat prior for the cross section was used to set 95% confidence-level (CL)

upper limits (Heinrich, 2004). The binned likelihood function as a function of a signal

normalization constant, α, for each bin (i) of the distribution is written as:

L(n|µ) = ∏
i

µni
i e−µi

ni!
(6.9)

where

µi = αNi(S)+Ni(B). (6.10)

ni is measured number of events in the i− th dijet mass bin, Ni(S) is number of events

from signal in the i− th dijet mass bin, α multiplies the signal and Ni(B) is number

of expected events from background in the i− th dijet mass bin. It is considered that

QCD background is fixed to the best Signal + QCD fit to data point and it gives the

expected number of background event in the i− th dijet mass bin, Ni(B). This simple

and conservative method takes any upward fluctuation observed in the data consistent

with a resonance as an actual resonance, and finds the background beneath it from the

simultaneous fit to the background parametrization plus resonance signal. It ensures that

the background, Ni(B), wouldn’t be biased by the existence of any signal. The number

of signal in the i− th dijet mass bin, Ni(S),comes from the interpolation technique on a

signal for a qq, qg or gg resonance with arbitrary cross section. The signal range is chosen

from 0.3 ·MRes to 1.3 ·MRes since low mass tail is effectively lost in QCD background and

resonance line shapes beyond 1.3M are highly model dependent for narrow resonances

and not trusted. It contains nearly all the resonance line shapes. The lowest dijet mass

in the signal ranges was set as 220 GeV, since dijet mass spectrum was started from 220

GeV. The likelihood function is multiplied by a a flat prior in cross section, P(σ), and

normalized to give a posterior probability density in the cross section.

Ppost(σ) =
L(n|µ)P(σ)R ∞

0 L(n|µ)P(σ)dσ
(6.11)
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Limits with Stat. Error Only
• 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.
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Limits with Stat. Error Only
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• 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. 
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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

23



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.

✓ Using a smooth fit to the QCD background instead of actual data is to eliminate 
the wiggles in the upper limit curves.

✓ Increases the limit between 14% and 42% 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 7% and 22% depending on resonance mass and type.
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Background Parametrization Systematics

• We consider other functional forms to parametrize the QCD background.

• We use the 4 parameter fit as a systematic on our background shape.

• This increases our limit between 8% and 19% depending on resonance 
mass and type.
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Total Systematic Uncertainties
• We add all mentioned systematic uncertainties in quadrature, also 11% for 

luminosity.

• JES is dominant systematic uncertainty.

• Total systematic uncertainty varies from 24% to 48% depending on resonance 
mass and type.
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Incorporating Systematic
• We convolute posterior PDF with Gaussian systematics 

uncertainties.

✓ Posterior PDF including systematics is broader and gives higher 
upper limit.
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Incorporating Systematic
• We convolute posterior PDF with Gaussian systematics 

uncertainties.

✓ Posterior PDF including systematics is broader and gives 
higher upper limit.
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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
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Effect of Systematics on Limit

29

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

• Systematic uncertainties reduce the mass limit by 0.1 TeV for both 
string resonance and excited quark.
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Limits with Stat. Error Only
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• 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. 
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Results
• We exclude the following mass ranges with 2.9 

pb-1 data:

• String 

✓ 0.50<M(S)<2.50 TeV

‣ M(S)<1.40 from CDF (1 fb-1)

• Excited Quark

✓ 0.50<M(q*)<1.58 TeV

‣ 0.40<M(q*)<1.26 from ATLAS (0.32 
pb-1)

• Axigluon/Coloron

✓ 0.50<M(A)<1.17 TeV & 1.47<M(A)
<1.52 TeV

‣ 0.12<M(A)<1.25 TeV from CDF (1 fb-1)

• E6 Diquark

✓ 0.50<M(D)<0.58 TeV & 0.97<M(D)
<1.08 TeV & 1.45<M(D)<1.60 TeV

‣ 0.29<M(D)<0.63 TeV from CDF (1 fb-1)
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Published Excluded Mass at 95% CL
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Conclusion
• The CMS dijet mass spectrum extends to 2.1 TeV with 2.9 pb-1 

data.

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

• There is no evidence for dijet resonances.

• We have generic cross section upper limits on qq, qg, gg resonances 
that can be applied to any model.

• We have the best mass limits on dijet resonance models, beyond 
those published by Tevatron and ATLAS.

• This analysis is the first CMS search paper and the first CMS jet 
paper and it has been accepted by PRL.

• We plan to submit another paper based on full 2010 data (30-40 
pb-1) at the end of this year.
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CMS Detector
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Data Set
• Dataset

✓ (135059-135735) - /MinimumBias/Commissioning10-SD_JetMETTau- 
Jun14thSkim_v1/RECO

✓ (136066-137028) - /JetMETTau/Run2010A-Jun14thReReco_v2/RECO

✓ (137437-139558) - /JetMETTau/Run2010A-PromptReco-v4/RECO

✓ (139779-140159) - /JetMETTau/Run2010A-Jul16thReReco-v1/RECO

✓ (140160-141899) - /JetMETTau/Run2010A-PromptReco-v4/RECO

✓ (141900-142664) - /JetMET/Run2010A-PromptReco-v4/RECO

• /QCDDijet_PtXXtoYY/Spring10-START3X_V26_S09-v1/GEN-SIM-
RECO

• Official JSON Files

• Estimated Integrated Luminosity: 2.875 pb-1 (with 11% uncertanity)
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JetID for CaloJets in CMS

• Electromagnetic energy 
fraction (EMF). A low cut 
defends against HCAL noise.

✓ EMF>0.01

• n90hits. Minimum number of 
energy ordered rechits in the 
calotowers which carry 90% of 
the jet energy.

✓ n90hits>1

• fHPD. Fraction of the energy 
contributed by the hottest 
HPD.

✓ fHPD<0.98

36

E T
 (

G
eV

)

3000

2000

1000

0

η

-4

-2

0

2

4

0

2

-2

Φ
Only towers with ET>0.3 GeV are shown

HPD Noise



Eta Cut Optimization

• |∆η| cut directly removes QCD 
t-channel pole in center of mass.

• |∆η| < 1.3 optimal for isotropic 
decays (q*).
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Signal Acceptance
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• The peak of resonance shapes of GenJets and Corrected CaloJets are roughly at the expected 
resonance mass.

• The resonance shape of corrected calojet is wider than genjets due to detector smearing effect.

• The signal acceptances of qq and qg resonances are around 60%,which is reasonable.



• The model cross 
section divided 
by the 95% CL 
upper limits on 
the cross 
section.
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Published Limits
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Expected Limits
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Model Observed Mass Limit (Tev) Expected Mass Limit (TeV)

Including Systematics Stat. Error Only Including Systematics

String Resonance 0.50 < M(S) < 2.50 0.50 < M(S) < 2.58 0.50 < M(S) < 2.40

Excited Quark 0.50 < M(q∗) < 1.58 0.50 < M(q∗) < 1.68 0.50 < M(q∗) < 1.32

Axigluon/Coloron 0.50 < M(A) < 1.17 & 1.47 < M(A) < 1.52 0.50 < M(A) < 1.63 0.50 < M(A) < 1.23

E6 Diquark 0.50 < M(D) < 0.58 & 0.97 < M(D) < 1.08 0.50 < M(A) < 0.87 & 0.90 < M(D) < 1.19 0.50 < M(A) < 1.05

& 1.45 < M(D) < 1.60 & 1.23 < M(D) < 1.70



Some Monojet Events

42 Sertac Ozturk

Some Monojet Events on MET/SumEt tail
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Monojet on MET/ ET Tail

There is a single monojet event with MET/ ET = 0.8 at low dijet mass
Looks like real physics event: Z( ) + jet or more interesting . . . No muons.
Interesting event but not our physics topic . . .

Robert Harris, Fermilab 46

Jet 1

Jet 2

Jet 1
PT = 295

Jet 2
PT = 57

Run 142311 
Event 91056356

Mjj = 302 GeV

MET
228 GeV
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Run 142311 Event 91056356

Jet 1

Jet 2 Jet 1Jet 2

Jets CorPT (GeV) n90hits n90 emf nTrkCalo fHPD fRBX met/sumet

Jet1 289 -1.9 0.2 21 5 0.22 5 0.41 0.52 0.78
Jet2 58 -0.6 2.4 24 10 0.62 5 0.18 0.30

Dijet Mass = 0.300 TeV, MET = 228 GeV

Monojet on MET/ ET Tail

There is a single monojet event with MET/ ET = 0.8 at low dijet mass
Looks like real physics event: Z( ) + jet or more interesting . . . No muons.
Interesting event but not our physics topic . . .

Robert Harris, Fermilab 46
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Jet 2

Jet 1
PT = 295

Jet 2
PT = 57

Run 142311 
Event 91056356

Mjj = 302 GeV

MET
228 GeV

Looks like Z(νν)+jet

512 GeV
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Run 142971 Event 391537177

Jet 1

Jet 1

Jets CorPT (GeV) n90hits n90 emf nTrkCalo fHPD fRBX met/sumet

Jet1 512 1.4 -2.1 55 15 0.77 19 0.10 0.13 0.76
Jet2 37 0.4 0.0 40 15 0.71 8 0.18 0.18

Dijet Mass =  0.299 TeV, MET = 418 GeV

Jet 2
36 GeV

MET 418 GeV

5

Run 142971 Event 391537177

Jet 1

Jet 1

Jets CorPT (GeV) n90hits n90 emf nTrkCalo fHPD fRBX met/sumet

Jet1 512 1.4 -2.1 55 15 0.77 19 0.10 0.13 0.76
Jet2 37 0.4 0.0 40 15 0.71 8 0.18 0.18

Dijet Mass =  0.299 TeV, MET = 418 GeV

Run 142971
Event 391537177 

Mjj = 299 GeV

Looks like W(μν)+jet


