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The Dijet Centrality Ratio
• Quantifies the centrality of the 

dijet angular distribution at a 
given dijet mass.

• Many systematic uncertainties 
cancel in the ratio.

• Roughly flat vs. dijet mass for 
“t-channel” QCD.

• Rises vs. dijet mass for quark 
contact interactions.

• Bumps in dijet mass for 
“s-channel” dijet resonances.

R =
N(|η| < 0.7)

N(0.7 < |η| < 1.3)
=

N(inner)
N(outer)

Both jets inner or outer.*

*

Cartoon : No Data
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We search for new physics in hadronic final states. 

Dijet resonance in dijet mass (bump hunting).

✓ String resonances, q*, axigluon, ...

Dijet centrality ratio and Dijet angular distribution

✓ Contact interaction.

✓ Dijet centrality ratio also can confirm that a “bump” is not 
QCD fluctuation.

In addition: RPV gluino in multijet channel and Z’ in t-tbar channel.

2.78
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‣ Dijet mass distribution is a simple check of rate vs dijet 
mass from QCD and PDFs.
‣ Dijet centrality ratio is a detailed measure of QCD 
dynamics from angular distribution. 

Motivation

• We search for quark contact interactions and  dijet resonances (s-channel):
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4Monday, July 5, 2010 ‣ Dijet mass provides most sensitive “bump” hunt for new 
particles decaying to dijets.
‣ Dijet centrality ratio can confirm that a “bump” is not QCD 
fluctuation. 
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‣ Dijet centrality ratio is more sensitive than the dijet mass to 
contact interactions from quark compositeness.
- when all experimental uncertainties are considered. 
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! We study the inclusive dijet final state using the dijet mass 
spectrum and the dijet centrality ratio observables.
! Together the Dijet Mass and Ratio provide a test of QCD and a 
sensitive search for new physics beyond the Standard Model.
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The CMS Detector
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The CMS Detector
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4. JET RECONSTRUCTION AT CMS Sertaç ÖZTÜRK

Calorimeter Jets: Energy deposition in the calorimeters cells (HCAL and ECAL)

which is combined into calorimeter towers are used for reconstruction. The calorimeter

towers are the input into jet reconstruction algorithms. A calorimeter tower consists of

HCAL cells and the geometrically corresponding ECAL crystals. The thresholds are

applied on energies of the individual cells to suppress the contribution from calorimeter

readout electronics noise when building calorimeter towers. These threshold values can

be seen in Table 4.1 (Zielinski, 2010). In addition, to suppress contribution from event

pile-up, calorimeter towers with transverse energy of Etowers
T < 0.3 GeV are not used

in jet reconstruction. Fig.4.2 shows an event display of a dijet event. The calorimeter

segmentation in η and φ is shown with energy deposition in calorimeter towers. The blue

part shows energy deposition in HCAL and red part shows energy deposition in ECAL.

E T
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0

η
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Φ

CMS Experiment at LHC, CERN
Run / Event: 140383 / 191703493 
Lumi Section: 211

Jet 1

Jet 2 HCAL

ECAL

Only towers with ET>0.3 GeV are shown

Figure 4.2. An observed dijet event in the CMS calorimeters. Energy deposition in HCAL is
shown by blue and energy deposition in ECAL is shown by red.

Jet-Plus-Tracks: In addition to calorimeter towers, charged particle tracks associated

with jets are used for reconstruction. The associated tracks are projected onto the surface

of the calorimeter. The Jet Plus Tracks algorithm (JPT) corrects the energy of a jet

reconstructed from calorimetric energy depositions, using the momentum of charged

45

Jet Reconstruction 
Jet types:

✓ Calorimeter Jets: reconstructed from energy 
deposits in the hadronic and electromagnetic 
calorimeters, grouped in projective calo 
towers.

✓ Particle Flow (PF) Jets: Use all detector 
elements to reconstruct particles, then cluster 
to jets.

Anti-kt clustering algorithm with cone size of 0.5 
and 0.7.

✓ infrared and collinear safe. 

Jet energy corrections are determined by using 
MC truth information and by employing data 
driven techniques.

✓ Uncertainty on Jet energy scale is less than 
5% .
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Dijet Resonances Models

6

Dijet Resonances

Dijet Centrality Ratio

Dijet Angular Distribution

Parton resonances 
decaying to dijets 
are predicted by 
various models:

Dijet Resonance Models

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

• Recent model: string resonances.
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Specific Dijet Resonance Models
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FIG. 1: Left panel: d!/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 di!erent 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 ! " + jet, for #2 " 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
10! 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 ! "+ jet. (In what follows, " refers to an isolated gamma ray.) In Ref. [2]
a cut (p!T > 300 GeV) was selected for discovery of new physics. As far as the signal is
concerned, this cut is largely equivalent to selecting on "-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 ! g" (which does not exist
at tree level in QCD, and which was the only subprocess evaluated in [1, 2]), qg ! q",
q̄g ! q̄", and qq̄ ! g". 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
e!ected in the last-cited references. Although the discovery reach is not as high as that for
dijets, the measurement of pp ! " + 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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! 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.
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q !q (or qq) resonances from the process G ! q !q [8], qg
resonances from q! ! qg [4], and gg resonances from
G ! gg [8]. For resonance masses between 0.5 and
2.5 TeV, the dijet mass resolution varies from 8% to 5%
for qq, 10% to 6% for qg, and 16% to 10% for gg,
respectively. The increase of the width of the measured
mass shape and the shift of the mass distribution toward
lower masses are enhanced when the number of gluons in
the final state is larger, because QCD radiation is larger for
gluons than for quarks. The latter also implies that the
detector response is lower to gluon jets than to quark jets
[18] (jet energy corrections, applied both to data and to
simulations, are for the mixture of quark and gluon jets
expected in QCD). The distributions in Fig. 3 are generi-
cally valid for other resonances with the same parton
content and with a natural width small compared to the
dijet mass resolution. There is no indication of narrow
resonances in our data as shown in Figs. 1 and 2.

We use the dijet mass data points, the background
(QCD) parametrization, and the dijet resonance shapes to
set specific limits on new particles decaying to the parton
pairs qq (or q !q), qg, and gg. For setting upper limits,
before accounting for systematic uncertainties, we use a
Bayesian formalism with a uniform prior for the signal
cross section. We calculate the posterior probability den-
sity as a function of resonance cross section, independently
at 22 different values of the resonance mass from 0.5 to
2.6 TeV in steps of 0.1 TeV. From this we find initial 95%
confidence level (CL) upper limits on the cross section,
including only statistical uncertainties. The dominant
sources of systematic uncertainty are the jet energy scale

(10%), the jet energy resolution (10%), the integrated
luminosity (11%), and the background parametrization
choice (included by using a different parametrization
[19] that also describes the data). The jet energy scale
and resolution uncertainties are conservative estimates,
consistent with those measured using collision data [12].
To incorporate systematic uncertainties, we then use
an approximate technique, which in our application is
generally more conservative than a fully Bayesian treat-
ment. The posterior probability density for the cross sec-
tion is broadened by convoluting it, for each resonance
mass, with a Gaussian systematic uncertainty [19]. As a
result, the cross section limits including systematic uncer-
tainties increase by 17%–49% depending on the resonance
mass and type. Table I lists the generic upper limits at the
95% CL on !" BR" A, the product of cross section (!),
branching fraction (BR), and acceptance (A) for the kine-
matic requirements j""j< 1:3 and j"j< 2:5, for qq, qg,
and gg resonances. The acceptance for isotropic decays is
A # 0:6 independent of resonance mass.
In Fig. 4 we compare these upper limits to the model

predictions as a function of resonance mass. The predic-
tions are from lowest order calculations of the product
!" BR" A using the CTEQ6L1 parton distributions
[15]. New particles are excluded at the 95% CL in mass
regions for which the theory curve lies above our upper
limit for the appropriate pair of partons. We also determine
the expected lower limit on the mass of each new particle,
for a smooth background in the absence of signal. For
string resonances the expected mass limit is 2.40 TeV,
and we use the limits on qg resonances to exclude the
mass range 0:50<M$S%< 2:50 TeV. For comparison,
previous measurements [16] imply a limit on string reso-
nances of about 1.4 TeV. For excited quarks the expected

TABLE I. Upper limits at the 95% CL on !" BR" A, as a
function of the new particle mass, for narrow resonances decay-
ing to dijets with partons of type quark-quark (qq), quark-gluon
(qg), and gluon-gluon (gg). The limits apply to the kine-
matic range where both jets have pseudorapidity j"j< 2:5 and
j""j< 1:3.

Mass Upper limit (pb) Mass Upper limit (pb)

(TeV) qq qg gg (TeV) qq qg gg

0.5 118 134 206 1.6 3.05 3.72 6.71
0.6 182 229 339 1.7 3.13 3.64 5.88
0.7 90.7 134 281 1.8 2.92 3.41 5.37
0.8 70.8 93.5 177 1.9 2.73 3.15 4.78
0.9 52.7 71.6 142 2.0 2.71 3.02 4.39
1.0 20.3 29.0 71.4 2.1 2.50 2.84 4.15
1.1 17.0 20.1 35.1 2.2 2.20 2.55 3.69
1.2 17.0 20.4 32.5 2.3 1.96 2.28 3.32
1.3 10.5 12.9 22.8 2.4 1.79 2.08 2.94
1.4 6.77 8.71 16.4 2.5 1.67 1.93 2.74
1.5 3.71 5.02 10.3 2.6 1.55 1.80 2.50
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We searched for 3 generic types of narrow 
dijet resonances in the data.

✓ qq, qg and gg resonances

✓ differences mainly due to FSR.

✓ Gaussian core of dijet mass resolution for 
qg resonances varies from 11% at 0.5 TeV 
to 6% at 2.5 TeV
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Dijet Resonances Search

Anti-kt CaloJets with R=0.7, |η|<2.5 & |Δη|<1.3

Good fit (χ2/ndf = 32/31) with 4 parameter 
function.

The data is in good agreement with the full 
CMS simulation of QCD from PYTHIA.

No indication of new physics.
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energy E is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum ~p is
the corresponding vector sum of the tower energies using
the tower directions. The E and ~p of a reconstructed jet are
corrected as a function of pT and ! for the nonlinearity
and inhomogeneity of the calorimeter response. The cor-
rection is between 43% and 15% for jets with corrected pT

between 0.1 and 1.0 TeV in the region j!j< 1:3. The jet
energy corrections were determined and validated using
simulations, test beam data, and collision data [12].

The dijet system is composed of the two jets with the
highest pT in an event (leading jets). We require that the
pseudorapidity separation of the two leading jets, !! !
!1 " !2, satisfies j!!j< 1:3, and that both jets be in the
region j!j< 2:5. These ! cuts maximize the search sensi-
tivity for isotropic decays of dijet resonances in the pres-
ence of QCD background. The dijet mass is given by

m !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#E1 $ E2%2 " # ~p1 $ ~p2%2

p
. We select events with

m> 220 GeV without any requirements on jet pT .
To remove possible instrumental and noncollision back-

grounds in the selected sample, the following selections are
made. Events are required to have a reconstructed primary
vertex within jzj< 24 cm. For jets, at least 1% of the jet
energy must be detected in the ECAL, at most 98% can be
measured in a single photodetection device of the HCAL
readout, and at most 90% can be measured in a single cell.
These criteria, which are fully efficient for dijets, remove
0.1% of the events passing the pseudorapidity constraints
and the dijet mass threshold.

Figure 1 presents the inclusive dijet mass distribution for
pp ! 2 leading jets$ X, where X can be anything, in-
cluding additional jets. We plot the measured differential
cross section versus dijet mass in bins approximately equal
to the dijet mass resolution. The data are compared to a
QCD prediction from PYTHIA [13], which includes a full
GEANT simulation [14] of the CMS detector and the jet
energy corrections. The prediction uses a renormalization
scale " ! pT and CTEQ6L1 parton distribution functions
[15]. The PYTHIA prediction agrees with the data within the
jet energy scale uncertainty, which is the dominant system-
atic uncertainty. To test the smoothness of our measured
cross section as a function of dijet mass, we fit the data with
the parametrization

d#

dm
! P0#1"m=

!!!
s

p %P1

#m=
!!!
s

p %P2$P3 ln#m=
!!
s

p % ; (1)

with four free parameters P0, P1, P2 and P3. This func-
tional form has been used by prior searches to describe
both data and QCD predictions [16,17]. In Fig. 1 we show
both the data and the fit, which has a $2 ! 32 for 31
degrees of freedom. In Fig. 2 we show the ratio between
the data and the fit. The data are well described by the
smooth parametrization.

We search for narrow resonances, for which the natural
resonance width is negligible compared to the CMS dijet

mass resolution. Figures 1 and 2 present the predicted dijet
mass distribution for string resonances and excited quarks
using the PYTHIA Monte Carlo and the CMS detector
simulation. The predicted mass distributions exhibit a
Gaussian core from jet energy resolution and a tail toward
lowmasses from QCD radiation. This can be seen in Fig. 3,
which shows examples of the predicted dijet mass distri-
bution of resonances from three different parton pairings:
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FIG. 1 (color online). Dijet mass spectrum (points) compared
to a smooth fit (solid) and to predictions [13] including detector
simulation of QCD (short-dashed), excited quark signals (dot-
dashed), and string resonance signals (long-dashed). The errors
are statistical only. The shaded band shows the effect of a 10%
systematic uncertainty in the jet energy scale (JES).
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FIG. 2 (color online). Ratio (points) between the dijet mass
data and the smooth fit, compared to the simulated ratios
for excited quark signals (dot-dashed) and string resonance
signals (long-dashed) in the CMS detector. The errors are
statistical only.
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energy E is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum ~p is
the corresponding vector sum of the tower energies using
the tower directions. The E and ~p of a reconstructed jet are
corrected as a function of pT and ! for the nonlinearity
and inhomogeneity of the calorimeter response. The cor-
rection is between 43% and 15% for jets with corrected pT

between 0.1 and 1.0 TeV in the region j!j< 1:3. The jet
energy corrections were determined and validated using
simulations, test beam data, and collision data [12].

The dijet system is composed of the two jets with the
highest pT in an event (leading jets). We require that the
pseudorapidity separation of the two leading jets, !! !
!1 " !2, satisfies j!!j< 1:3, and that both jets be in the
region j!j< 2:5. These ! cuts maximize the search sensi-
tivity for isotropic decays of dijet resonances in the pres-
ence of QCD background. The dijet mass is given by

m !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#E1 $ E2%2 " # ~p1 $ ~p2%2

p
. We select events with

m> 220 GeV without any requirements on jet pT .
To remove possible instrumental and noncollision back-

grounds in the selected sample, the following selections are
made. Events are required to have a reconstructed primary
vertex within jzj< 24 cm. For jets, at least 1% of the jet
energy must be detected in the ECAL, at most 98% can be
measured in a single photodetection device of the HCAL
readout, and at most 90% can be measured in a single cell.
These criteria, which are fully efficient for dijets, remove
0.1% of the events passing the pseudorapidity constraints
and the dijet mass threshold.

Figure 1 presents the inclusive dijet mass distribution for
pp ! 2 leading jets$ X, where X can be anything, in-
cluding additional jets. We plot the measured differential
cross section versus dijet mass in bins approximately equal
to the dijet mass resolution. The data are compared to a
QCD prediction from PYTHIA [13], which includes a full
GEANT simulation [14] of the CMS detector and the jet
energy corrections. The prediction uses a renormalization
scale " ! pT and CTEQ6L1 parton distribution functions
[15]. The PYTHIA prediction agrees with the data within the
jet energy scale uncertainty, which is the dominant system-
atic uncertainty. To test the smoothness of our measured
cross section as a function of dijet mass, we fit the data with
the parametrization

d#

dm
! P0#1"m=

!!!
s

p %P1

#m=
!!!
s

p %P2$P3 ln#m=
!!
s

p % ; (1)

with four free parameters P0, P1, P2 and P3. This func-
tional form has been used by prior searches to describe
both data and QCD predictions [16,17]. In Fig. 1 we show
both the data and the fit, which has a $2 ! 32 for 31
degrees of freedom. In Fig. 2 we show the ratio between
the data and the fit. The data are well described by the
smooth parametrization.

We search for narrow resonances, for which the natural
resonance width is negligible compared to the CMS dijet

mass resolution. Figures 1 and 2 present the predicted dijet
mass distribution for string resonances and excited quarks
using the PYTHIA Monte Carlo and the CMS detector
simulation. The predicted mass distributions exhibit a
Gaussian core from jet energy resolution and a tail toward
lowmasses from QCD radiation. This can be seen in Fig. 3,
which shows examples of the predicted dijet mass distri-
bution of resonances from three different parton pairings:
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to a smooth fit (solid) and to predictions [13] including detector
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are statistical only. The shaded band shows the effect of a 10%
systematic uncertainty in the jet energy scale (JES).
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QCD MC prediction is in good agreement with the data.
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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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mass limit is 1.32 TeV, and we exclude the mass range
0:50<M!q"#< 1:58 TeV, extending the previous exclu-
sion ofM!q"#< 1:26 TeV [16,17,19–22]. For axigluons or
colorons the expected mass limit is 1.23 TeV, and we use
the limits on qq resonances to exclude the mass intervals
0:50<M!A#< 1:17 TeV and 1:47<M!A#< 1:52 TeV,
extending the previous exclusion of 0:11<M!A#<
1:25 TeV [16,19,21,23–25]. For E6 diquarks the expected
mass limit is 1.05 TeV, and we exclude the mass intervals
0:50<M!D#< 0:58 TeV, and 0:97<M!D#< 1:08 TeV,
and 1:45<M!D#< 1:60 TeV, extending the previous ex-
clusion of 0:29<M!D#< 0:63 TeV [16,19]. For W 0, Z0,
and RS gravitons we do not expect any mass limit, and do
not exclude any mass intervals with the present data. The
systematic uncertainties included in this analysis reduce
the excluded upper masses by roughly 0.1 TeV for each
type of new particle.

In conclusion, the measured dijet mass spectrum is a
smoothly falling distribution as expected within the stan-
dard model. We see no evidence for new particle produc-
tion. Thus we present generic upper limits on !$ BR$ A
that can be applied to any model of dijet resonances, and
set specific mass limits on string resonances, excited
quarks, axigluons, flavor-universal colorons, and E6 di-
quarks, all of which extend previous exclusions.
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We have generic, cross-section upper limits on 
quark-quark, quark-gluon and gluon- gluon resonances.

Observed Bayesian(*) limit at 95% CL.

        String Resonances

✓ 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

➡ 0.60<M(q*)<2.15 from ATLAS (36 pb-1)

          Axigluon / Coloron

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

➡ 0.12<M(A)<2.60 TeV from ATLAS (36 pb-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)

(*) with flat prior in signal strength.
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Dijet Centrality Ratio

Quantifies the centrality of the dijet 
angular distribution at a given dijet mass.

✓ both leading jets are required to lie in 
the same η range.

Important experimental uncertainties 
cancel because of the ratio (absolute jet 
energy scale, luminosity).

“t-channel” scattering for QCD vs “s- 
channel” for most new Physics models

✓ roughly flat vs dijet mass for QCD.

✓ rises vs dijet mass for contact 
interactions.

✓ “bumps” in dijet mass for dijet 
resonances.
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R =
N(|η| < 0.7)

N(0.7 < |η| < 1.3)
=

N(inner)
N(outer)

Both jets inner or outer.*

*

ICHEP 2010, Paris                                               Konstantinos Kousouris 
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The Dijet Centrality Ratio

• Quantifies the centrality of the dijet angular 
distribution at a given dijet mass.
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• We use it to test QCD and search for 
new physics.

• Analysis of angular distributions are 
complementary to mass spectrum 
analsyis.
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! Quantifies the centrality of the dijet 
angular distribution at a given dijet mass.
‣ both leading jets are required to lie in the 
same η range.
‣ “t-channel” scattering for QCD vs “s-
channel” for most new Physics models
‣ approximately flat vs dijet mass for QCD.
‣ rises vs dijet mass for contact 
interactions.
‣ “bumps” in dijet mass for dijet 
resonances.

! The analysis of the dijet angular distribution 
is complimentary to the spectrum analysis.
! The dijet centrality ratio is used to 
confront the QCD prediction and search for 
new Physics.

The Dijet Centrality Ratio

• Quantifies the centrality of the dijet angular 
distribution at a given dijet mass.
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Figure 3: Summary of the limit for the contact interaction scale Λ. We show RLL versus Λ for
the data (solid line), the 95% CLs (dashed line), and the SM expectation (dotted line) with 1σ
(dark) and 2σ (light) bands.
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Using ensembles of simulated data, we determine that the probability (p-value) for observing112

|∆Rη | > 0.050, given the NLO prediction, is 0.29.113

PYTHIA6 is used to describe Rη for the alternative hypothesis. We apply an mjj-dependent cor-114

rection that accounts for NLO contributions to the QCD part of this prediction. We do not apply115

this correction, which is derived for t-channel QCD processes, to the contact interaction part of116

the prediction because it is not physically motivated and yields less conservative exclusion lim-117

its on Λ. Since the contact interaction model is not valid for mjj near the compositeness scale,118

we exclude data above a Λ-dependent mjj threshold for the testing of each Λ value hypothesis.119
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Figure 2: The observed dijet centrality ratio as a function of mjj compared with the null (QCD)
hypothesis (solid line), including the total systematic uncertainty (band), and to hypotheses of
quark contact interactions with Λ = 3 TeV (dotted line) and 4 TeV (dashed line).

In Table 1 we report the systematic uncertainties related to the measurement of Rη and the NLO120

QCD model. The dominant source of uncertainty on the measurement is the 1% uncertainty121

in the relative jet energy scale (JES) between the inner and outer η regions, which results in122

a 5–13% uncertainty on Rη depending on mjj. This relative uncertainty has a much larger123

impact than a 10% uncertainty on the JES common to both regions. The simulation of jet energy124

reconstruction is verified by examination of tranverse momentum conservation for selected125

events and for events where the dijet system consists of an inner and an outer jet.126

For the QCD model, the sources of uncertainty include the choice of scale and PDFs in the NLO127

calculation and the non-perturbative corrections described above. In addition, we take the sta-128

tistical uncertainty on the offset described above and the difference between the PYTHIA6 and129

NLO predictions as systematic uncertainties related to our choice of model. For the compos-130

iteness hypothesis, Rη increases steeply with mjj, and the 10% uncertainty on the absolute JES131

dominates the uncertainty on the Λ scale being probed.132

Figure 2 shows our data in comparison with the null hypothesis. Alternative hypotheses with133

contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the134

15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for135

presentation purposes. The band indicates the total systematic uncertainty, which is included136

in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties137

Dijet Centrality Ratio
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(covering the region j!j< 3): a lead tungstate crystal
electromagnetic calorimeter (ECAL) and a brass-
scintillator hadronic calorimeter (HCAL). The ECAL bar-
rel extends to j!j ! 1:479 and the HCAL barrel to j!j !
1:305. The HCAL and ECAL cells are grouped into towers
projecting radially outward from the origin. In the region
j!j< 1:74 these calorimeter towers have width !! !
!" ! 0:087. ECAL and HCAL cell energies above noise
suppression thresholds are summed within each projective
tower to define the calorimeter tower energy.

We reconstruct jets by applying the anti-kT clustering
algorithm [23] to the calorimeter towers with the distance
parameter R ! 0:7. The energy E and momentum ~p of a jet
are defined as the scalar and vector sums, respectively, of
the calorimeter cell energies associated with the jet. We
apply pT- and !-dependent scales to E and ~p to correct for
the nonlinearity and nonuniformity of the calorimeter re-
sponse. The jet energy corrections and resolutions are
determined and validated using simulated, test beam, and
collision data [24].

A set of independent single-jet triggers with varying
thresholds on uncorrected jet pT is employed in the online
trigger system. We use data from three of these triggers,
with thresholds of 15, 30, and 50 GeV, in the mjj ranges
where the triggers have efficiency greater than 99.5% for
both inner and outer events. By studying the relative effi-
ciency of parallel triggers in the collision data, we deter-
mine that these three triggers meet this efficiency
requirement for mjj greater than 156, 244, and 354 GeV,
respectively, where these values are three of the predefined
bin edges for mjj. The requirement of mjj > 156 GeV
results in a minimum jet pT of 25 GeV.

To remove potential instrumental and noncollision back-
grounds we impose the following requirements: events
must have a primary vertex reconstructed with jzj< 24
cm [25]; jets must have at least 1% of their total energy
detected in the ECAL, no more than 98% of their energy
detected in a single HCAL photodetector, and no more than
90% of their energy in a single calorimeter cell (ECAL or
HCAL). These jet identification criteria remove less than
0.1% of the selected events at all values of mjj.

In Fig. 1 we show the observed numbers of inner and
outer dijet events and R! in bins of mjj; the bin widths
roughly correspond to themjj resolution. The event counts,
which are corrected for the trigger reduction factors (pre-
scales), fall steeply with increasing mjj. We compare R!

with NLO and PYTHIA6 predictions for mjj values up to
1120 GeV. The error bars represent the combination of
statistical and experimental systematic uncertainties (de-
scribed in detail later). The horizontal lines near the end of
the error bars denote the statistical uncertainty on this ratio
of Poisson-distributed variables computed with Clopper-
Pearson intervals [26].

We apply an mjj-dependent correction to the NLO pre-
diction to account for nonperturbative effects of hadroni-

zation and multiple parton interactions. This correction,
which is approximately 10% at low mjj and 2% for mjj

greater than 400 GeV, is obtained from PYTHIA6. The
predictions of PYTHIA6 and HERWIG++ [27] for this correc-
tion agree to within a few percent.
The NLO prediction is shown as a band that accounts for

uncertainties related to the choices of the renormalization
scale #R, the factorization scale #F, and the PDFs used in
the calculation. The scale uncertainties, which are approxi-
mately 3%–4% depending onmjj, are evaluated by varying
the scales from the default choice of #R ! #F ! pT to
pT=2, pT , and 2pT in the following six combinations:
"#R;#F# ! "pT=2; pT=2#, (2pT , 2pT), (pT , pT=2), (pT ,
2pT), (pT=2, pT), and (2pT , pT). The PDF uncertainties
are estimated with repeated evaluations of the NLO-
predicted R! for the PDFs in the CTEQ6.6, MSTW2008
[28], and NNPDF2.0 [29] sets and are found to be less than
1%. The band also includes the uncertainty arising from
the correction for nonperturbative effects, which we con-
servatively take to be 20% of the correction factor.
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FIG. 1 (color online). (a) Event counts corrected for trigger
prescales for inner (solid circles) and outer (open boxes) dijets
and (b) the observed R! as functions of mjj. We compare R!

with predictions for QCD from PYTHIA6 (dashed line), NLO
calculations (dotted line), and NLO plus nonperturbative correc-
tions (solid line) and its uncertainty (band).

PRL 105, 262001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

31 DECEMBER 2010

262001-2

Anti-kt CaloJets with R=0.7

Data is agree with the predictions of the standard model.

Ratio is flat, no sign of new physics.

Set limit on contact interaction scale Λ with Modified frequentist 
approach (CLs) method.

Contact interaction scale excluded for Λ<4.0 TeV at 95% CL.

✓ Expected exclusion of Λ < 2.9 TeV.
Phys. Rev. Lett. 105, 262001 (2010)
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Dijet Angular Distribution

Anti-kt PFJets with R=0.5.

Χ range:1< Χ<16 , 9 dijet mass bins  (                         )

Good agreement with NLO QCD predictions in 0.25 < Mjj < 2.2 
TeV.

Slight downward fluctuation at low χ in highest mass bin Mjj > 2.2 
TeV.

No evidence of quark substructure.

Limit on Contact Interaction scale of Λ+>5.6 TeV (Λ->6.7 TeV) at 
95% CL. ( Λ+>9.5 TeV from ATLAS with 36 pb-1 )
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choice of scales in the following six combinations:
!!f;!r" # !hpTi=2; hpTi=2", (hpTi=2, hpTi), (hpTi,
hpTi=2), (2hpTi, 2hpTi), (2hpTi, hpTi), and (hpTi, 2hpTi).
These scale variations modify the predictions of the
normalized "dijet distributions by less than 5% (9%) at

low (high) Mjj. The uncertainty due to the choice of
PDFs was determined from the 22 CTEQ6.6 uncertainty
eigenvectors using the procedure described in Ref. [20],
and was found to be less than 0.5% for allMjj ranges. Half
of the difference between the nonperturbative corrections
from PYTHIA and HERWIG$$ was taken as the systematic
uncertainty, and was found to be less than 4% (0.1%) at low
(high) Mjj. Overall there is good agreement between the
measured dijet angular distributions and the theoretical
predictions for all Mjj ranges.

The measured dijet angular distributions can be used
to set limits on quark compositeness represented by a
four-fermion contact interaction term in addition to the
QCD Lagrangian. The value of the mass scale! character-
izes the strengths of the quark substructure binding inter-
actions and the physical size of the composite states.
A color- and isospin-singlet contact interaction (CI) of
left-handed quarks gives rise to an effective Lagrangian
term: Lqq # #0!2$=!2"! "qL%!qL"! "qL%!qL" [21,22],
where #0 # $1 corresponds to destructive interference
between the QCD and the new physics term, and
#0 # %1 to constructive interference. We investigate a
model in which all quarks are considered composite as
implemented in the PYTHIA event generator.
The contributions of the CI term in PYTHIA are calcu-

lated to leading order (LO), whereas the QCD predictions
for the dijet angular distributions are known up to NLO.
In order to account for this difference in the QCD plus CI
prediction, the cross-section difference &QCD

NLO % &QCD
LO was

added to the LO QCD$CI prediction in eachMjj and "dijet

bin. With this procedure, we obtain a QCD$CI prediction
where the QCD terms are corrected to NLO while the CI
terms are calculated at LO. Nonperturbative corrections
due to hadronization and multiple parton interactions
were also applied to the prediction. The prediction for
QCD$CI at the scale of !$ # 5 TeV (#0 # $1) and
!% # 5 TeV (#0 # %1) are shown in Fig. 1, for the
four highest Mjj ranges.
We perform a statistical test discriminating between the

QCD-only hypothesis and the QCD$CI hypothesis as a
function of the scale ! based on the log-likelihood-ratio

Q # %2 ln!LQCD$CI

LQCD
". The likelihood functions LQCD$CI and

LQCD are modeled as a product of Poisson likelihood
functions for each bin in "dijet and Mjj in the four highest
Mjj ranges. The prediction for each Mjj range is norma-
lized to the number of data events in that range. The
p values, PQCD$CI!Q & Qobs" and PQCD!Q ' Qobs", are
obtained from ensembles of pseudoexperiments. A modi-
fied frequentist approach [23–25] based on the quantity

CL s #
PQCD$CI!Q & Qobs"
1% PQCD!Q ' Qobs"

is used to set limits on !. This approach is more conserva-
tive than a pure frequentist approach (Neyman construc-
tion) and prevents an exclusion claim when the data may
have little sensitivity to new physics [26]. Systematic un-
certainties were introduced via Bayesian integration [27]
by varying them as nuisance parameters in the ensembles
of pseudoexperiments according to a Gaussian distribution
convoluted with the shape variation induced to the "dijet

distributions. We consider the QCD$CI model to be ex-
cluded at the 95% confidence level if CLs < 0:05. Figure 2
shows the observed and expected CLs as a function of the
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FIG. 1 (color online). Normalized dijet angular distributions in
several Mjj ranges, shifted vertically by the additive amounts
given in parentheses in the figure for clarity. The data points
include statistical and systematic uncertainties. The results are
compared with the predictions of pQCD at NLO (shaded band)
and with the predictions including a contact interaction term of
compositeness scale !$ # 5 TeV (dashed histogram) and
!% # 5 TeV (dotted histogram). The shaded band shows the
effect on the NLO pQCD predictions due to !r and !f

scale variations and PDF uncertainties, as well as the unce-
rtainties from the nonperturbative corrections added in
quadrature.
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CI scale!!. From this we determine the lower limit on!!

to be 5.6 TeV. The observed limit agrees within 1.4 stan-
dard deviations with the expected limit of 5.0 TeV, which
was evaluated at the median of the test statistics distribu-
tion of the QCD model. The observed limit is slightly
higher than the expected one because, for the range Mjj >
2:2 TeV, the measured dijet angular distribution at low
!dijet is lower than, although statistically compatible

with, the QCD prediction. The limit for the CI scale was
also extracted using an alternate procedure in which the
data were not corrected for detector effects and instead the
MC predictions were resolution smeared. The limit ob-
tained was found to agree with the quoted one within 0.4%.
The corresponding observed and expected limits on!" are
6.7 and 5.8 TeV, respectively.

Shortly before the completion of this Letter, an exact
NLO calculation of QCD effects to quark compositeness
became available [28]. This calculation indicates that the
limit on !! obtained in the present analysis, which only
takes into account the LO prediction for the contribution of
the contact interaction, might be overestimated by up to
10% compared to the value obtained if the NLO calcula-
tion were used.

In summary, CMS has measured the dijet angular dis-
tributions over a wide range of dijet invariant masses. The
!dijet distributions are found to be in good agreement with

NLO pQCD predictions, and are used to exclude a range of
a color- and isospin-singlet contact interaction scale ! for
a left-handed quark compositeness model. With a modified
frequentist approach, a lower limit on the contact
interaction scale of !! # 5:6 TeV (!" # 6:7 TeV) for

destructive (constructive) interference at the 95% confi-
dence level is obtained, which may be compared with a
limit of 5.0 TeV (5.8 TeV) expected for the number of
events recorded. These are the most stringent limits on the
contact interaction scale of left-handed quarks to date.
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Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the

additive amounts given in parentheses in the figure for clarity. The data points include statis-

tical and systematic uncertainties. The results are compared with the predictions of pQCD at

NLO (solid histogram) and with the predictions including a contact interaction term of com-

positeness scale Λ = 5 TeV (dashed histogram). The shaded band shows the effect on the

NLO pQCD predictions due to µr and µ f scale variations and PDF uncertainties, as well as the

uncertainties from the non-perturbative corrections added in quadrature.

χ = e|y1−y2| ≈ 1 + | cos θ∗|
1− | cos θ∗|

! Normalized dijet cross section, as a 
function of χ, in mass bins

- χ is the preferred angular variable because 
QCD shape is relatively flat vs χ
- using anti-kT PF jets with R=0.5
- 36 pb-1

- χ range: 1 < χ < 16
- 9 dijet mass bins

! Experimental uncertainties
- cancellation of many uncertainties (absolute 
JES, luminosity)
- relative JES vs y, resolution  

! Theory uncertainties
- scale unc. dominates (5-9%)
- non-perturbative correction unc. up to 4% at 
low masses
- not sensitive to the PDFs
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Multijet Resonances
Studying pp → QQ → 3j + 3j = 6 jets 

✓ R-Parity violating Supersymmetric (RPV) gluino (No 
Missing ET)

Mjjj<

✓ to reduce background and optimize signal sensitivity 

Good agreement between the data and the expected 
QCD background.

Excluded mass limit of RPV gluino at Bayesian 95% CL is 
between 200 GeV and 280 GeV

✓ the highest limit on date and the first limit from pp 
collisions. 
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Uncertainties corresponding to the entire suite of corrections range from 3 to 5%, depending48

on the measured jet’s pseudorapidity and uncorrected energy. Jet quality criteria are applied49

to both data and in simulation to remove particles mis-identified as jets. For simulated signal50

events, more than 99.9% of all selected jets satisfy these criteria.51

To optimize the event selection, the pair-production of gluinos, where each gluino decays to52

three jets through the uds RPV coupling, is used to model the signal. Gluino production and53

decay are simulated using the PYTHIA [15] MC program. The gluino mass is varied between54

200 and 500 GeV/c
2 in 50 GeV/c

2 steps. The leading order cross section from PYTHIA is 32555

pb for a gluino mass of 200 GeV/c
2, falling to ∼1 pb for a gluino mass of 500 GeV/c

2. For56

the generation of this signal all superpartners except the gluino are taken to be decoupled [5].57

The next-to-leading order (NLO) correction factors (k-factors), with values ranging from 1.7 to58

2.2, are calculated with the PROSPINO [16] program and are applied to the leading order cross59

sections. Simulation of the CMS detector is performed using GEANT4 [17].60

Events in data are pre-selected using the lowest unprescaled HT trigger. The selected events are61

required to contain at least one primary vertex, constructed from at least five tracks with small62

impact parameters. The vertex must lie within 24 cm of the geometric center of the detector63

along the direction of the beam axis, and within 2 cm in the direction perpendicular to this64

axis.65

Pair-produced three-jet resonances naturally yield events with high jet multiplicities and large66

transverse energy. Thus, we require there to be at least six jets in the event whose total scalar67

sum of jet pT is at least 425 GeV/c. The latter requirement ensures a 100% trigger efficiency in68

these events. Jets are required to have pT > 45 GeV/c and |η| < 3.0, which also minimizes69

effects from multiple interactions.70

The leading six jets in pT are associated into triplet combinations such that each unique combi-71

nation of jets is represented, resulting in 20 combinations of jet triplets. For signal events, each72

of the pair-produced gluinos corresponds to one of these 20 jet triplets, assuming an optimistic73

scenario in which all six jets come solely from these particles’ decay, leaving 18 jet triplets as ad-74

ditional background. Thus, the overall background arises not only from SM events, described75

by quantum chromodynamics (QCD), but also from uncorrelated triplets in signal events them-76

selves. It is necessary then to make additional requirements on each triplet to increase the signal77

sensitivity. The invariant mass of background triplets scales with the respective scalar sum of78

jet pT, while for signal triplets the mass is constant. To reduce background, we therefore require79

each jet triplet to satisfy the following relation:80

Mjjj <
3

∑
i=1

|pjet
T
|i − ∆, (1)

where Mjjj is the triplet invariant mass, ∑3
i=1 |p

jet
T
|i the scalar sum pT of the jets in the triplet,81

and ∆ an offset adjusted to optimize signal sensitivity. All triplets in the event that satisfy this82

requirement are included in the Mjjj distribution, which is sensitive to the presence of three-jet83

resonances. The value of ∆ is determined by maximizing the number of signal triplets divided84

by the number of signal plus background triplets in a ±1σ window around the center of the85

gluino mass peak. The value for ∆ is taken as 130 GeV/c
2 for all gluino masses considered.86

Even after the final selection, background remains from both QCD multijet events and uncor-87

related triplets in signal events. The latter only contribute minimally, and the shape of their88

distribution is found to be consistent with that of the dominant background, from QCD multi-89

jet events. These QCD multijet events arise from hard dijet interactions combined with initial-90
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t-tbar Resonances

Generic search for narrow width new particles decaying to 
top quark pairs

✓ Benchmark model: Narrow-width Z’

Semi-leptonic top-pair decays

✓ Lepton+Jet channels (Electron and muon)

✓ 8 event categories

No evidence for new physics.

95% CL generic upper limits on the production cross section.

✓ These limits are competitive with those from the 
Tevatron
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Figure 3: Reconstructed mtt̄ using leading 3 jets (3-jet events with at least one b tag) and recon-
structed mtt̄ after kinematic fit (4-jet events with 0, 1, and at least two b tags) in the muon + jets
channel.
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Figure 4: Reconstructed mtt̄ using leading 3 jets (3-jet events with at least one b tag) and recon-
structed mtt̄ after kinematic fit (4-jet events with 0, 1, and at least 2 b tags) in the electron + jets
channel.

12 11 Conclusions

10 Results
A simultaneous statistical evaluation of all categories is performed. Expected and observed
limits are shown in Figure 5. The observed limits range from approximately 25 pb at a Z� mass
of 500 GeV/c2 to approximately 7 pb at 1 TeV/c2 and approximately 4 pb at 1.5 TeV/c2. The
observed limits are compatible with the expected limits over the whole mass range, showing a
good agreement between simulation and data.
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Figure 5: Expected and observed limits from Bayesian integration using Markov chain Monte
Carlo for σ(pp → Z�)× BR(Z� → tt̄ ) for L = 36 pb−1 as a function of Z� mass. The light grey
band indicates the ±1σ band of the expected limits, and the dark grey band the ±2σ band of
expected limits.

10.1 Cross Check

In order to confirm the basic features of this analysis, an independent analysis has also been
performed as a cross-check. This cross-check analysis uses a different selection, background
estimation and statistical treatment, and is documented in Appendix A. In particular, the back-
ground shape is estimated directly from data, by inverting the b-tagging selection. The cross-
check analysis is found to be consistent with the result described above, and again no excess
above the SM expectation is seen.

11 Conclusions
This analysis searches for resonances decaying to top quark pairs in the lepton plus jets decay
channel. No significant excess of events above SM expectations is seen, and 95% C.L. limits
are set on the production of such a resonance assuming that its width is negligible compared
to the detector resolution. Limits of the order of 25 pb for invariant masses in the region of
mZ� = 0.5 TeV/c2, 7 pb for mZ� = 1 TeV/c2 and 4 pb for mZ� > 1.5 TeV/c2 are set, consistent
with those expected. These limits are competitive with those from the Tevatron, particularly at
higher masses.

CMS-PAS-EXO-10-023
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Summary and Conclusions

CMS hadronic resonance searches have been 
presented based on 2010 data.

The CMS analysis have been performed to 
search for new physics in hadronic final states.

✓ Most of them have been published.

No evidence for new physics yet.

Many Tevatron results superseded. 

 2011 data expected to quick supersede 2010 
results, leaving ample space for discoveries.

14

Motivation

Dijet
Multijets

t-tbar
ConclusionsThe CMS



Sertac Ozturk Search for Hadronic Resonances at CMS

References

Search for Dijet Resonances in 7 TeV pp Collisions at CMS, Phys. Rev. Lett. 
105, 211801, 2010

Search for Quark Compositeness with the Dijet Centrality Ratio in pp 
Collisions at 7 TeV, Phys. Rev. Lett. 105, 262001, 2010

Measurement of Dijet Angular Distributions and Search for Quark 
Compositeness in pp Collisions at 7  TeV, Phys. Rev. Lett. 106, 201804, 2011

Search for Multijet Resonances in pp Collisions at 7 TeV, CMS-PAS-
EXO-11-001

Search for narrow resonances decaying to top	
quark pairs, CMS-PAS-
EXO-10-023

15



Sertac Ozturk Search for Hadronic Resonances at CMS

Backup

16



Sertac Ozturk Search for Hadronic Resonances at CMS

Jet Energy Scale

Total jet energy scale uncertainty varies 3-5% for all jet types.

✓ Estimated with the first 3 pb-1 of data.

✓ Uncertainty dominated by the high pt extrapolation.

17

Hard QCD Results from CMS                                                  Konstantinos Kousouris 

Jet Energy Scale Uncertainty
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! Total jet energy scale uncertainty: 3-5% for all jet types
- estimated with the first 3 pb-1 of data
- significantly improved (by a factor ~2) after using the entire sample (currently 
under review by CMS -- JINST paper to be submitted soon)

! Uncertainty dominated by the high-pT extrapolation 
- beyond the pT reach of the photon+jet sample
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Dijet Centrality Ratio 
Compared data to:

✓ NLO

✓ NLO + non-perturbative corrections

✓ Pythia

Data prefer NLO + non-perturbative corrections 
(p-value = 0.8)

“NLO Uncertainty” includes PDF, scale, and non-
perturbative correction uncertainties.

18

(covering the region j!j< 3): a lead tungstate crystal
electromagnetic calorimeter (ECAL) and a brass-
scintillator hadronic calorimeter (HCAL). The ECAL bar-
rel extends to j!j ! 1:479 and the HCAL barrel to j!j !
1:305. The HCAL and ECAL cells are grouped into towers
projecting radially outward from the origin. In the region
j!j< 1:74 these calorimeter towers have width !! !
!" ! 0:087. ECAL and HCAL cell energies above noise
suppression thresholds are summed within each projective
tower to define the calorimeter tower energy.

We reconstruct jets by applying the anti-kT clustering
algorithm [23] to the calorimeter towers with the distance
parameter R ! 0:7. The energy E and momentum ~p of a jet
are defined as the scalar and vector sums, respectively, of
the calorimeter cell energies associated with the jet. We
apply pT- and !-dependent scales to E and ~p to correct for
the nonlinearity and nonuniformity of the calorimeter re-
sponse. The jet energy corrections and resolutions are
determined and validated using simulated, test beam, and
collision data [24].

A set of independent single-jet triggers with varying
thresholds on uncorrected jet pT is employed in the online
trigger system. We use data from three of these triggers,
with thresholds of 15, 30, and 50 GeV, in the mjj ranges
where the triggers have efficiency greater than 99.5% for
both inner and outer events. By studying the relative effi-
ciency of parallel triggers in the collision data, we deter-
mine that these three triggers meet this efficiency
requirement for mjj greater than 156, 244, and 354 GeV,
respectively, where these values are three of the predefined
bin edges for mjj. The requirement of mjj > 156 GeV
results in a minimum jet pT of 25 GeV.

To remove potential instrumental and noncollision back-
grounds we impose the following requirements: events
must have a primary vertex reconstructed with jzj< 24
cm [25]; jets must have at least 1% of their total energy
detected in the ECAL, no more than 98% of their energy
detected in a single HCAL photodetector, and no more than
90% of their energy in a single calorimeter cell (ECAL or
HCAL). These jet identification criteria remove less than
0.1% of the selected events at all values of mjj.

In Fig. 1 we show the observed numbers of inner and
outer dijet events and R! in bins of mjj; the bin widths
roughly correspond to themjj resolution. The event counts,
which are corrected for the trigger reduction factors (pre-
scales), fall steeply with increasing mjj. We compare R!

with NLO and PYTHIA6 predictions for mjj values up to
1120 GeV. The error bars represent the combination of
statistical and experimental systematic uncertainties (de-
scribed in detail later). The horizontal lines near the end of
the error bars denote the statistical uncertainty on this ratio
of Poisson-distributed variables computed with Clopper-
Pearson intervals [26].

We apply an mjj-dependent correction to the NLO pre-
diction to account for nonperturbative effects of hadroni-

zation and multiple parton interactions. This correction,
which is approximately 10% at low mjj and 2% for mjj

greater than 400 GeV, is obtained from PYTHIA6. The
predictions of PYTHIA6 and HERWIG++ [27] for this correc-
tion agree to within a few percent.
The NLO prediction is shown as a band that accounts for

uncertainties related to the choices of the renormalization
scale #R, the factorization scale #F, and the PDFs used in
the calculation. The scale uncertainties, which are approxi-
mately 3%–4% depending onmjj, are evaluated by varying
the scales from the default choice of #R ! #F ! pT to
pT=2, pT , and 2pT in the following six combinations:
"#R;#F# ! "pT=2; pT=2#, (2pT , 2pT), (pT , pT=2), (pT ,
2pT), (pT=2, pT), and (2pT , pT). The PDF uncertainties
are estimated with repeated evaluations of the NLO-
predicted R! for the PDFs in the CTEQ6.6, MSTW2008
[28], and NNPDF2.0 [29] sets and are found to be less than
1%. The band also includes the uncertainty arising from
the correction for nonperturbative effects, which we con-
servatively take to be 20% of the correction factor.
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FIG. 1 (color online). (a) Event counts corrected for trigger
prescales for inner (solid circles) and outer (open boxes) dijets
and (b) the observed R! as functions of mjj. We compare R!

with predictions for QCD from PYTHIA6 (dashed line), NLO
calculations (dotted line), and NLO plus nonperturbative correc-
tions (solid line) and its uncertainty (band).
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The measured R! is nearly flat with a value of about 0.5
as predicted by both the corrected NLO calculation and
PYTHIA6. The observed average ratio is about 7% lower
than that of the corrected NLO prediction, and about 7%
higher than that of the PYTHIA6 prediction. The data are in
better agreement with the corrected NLO prediction at low
mjj, where the significant nonperturbative corrections im-
prove the agreement, and with the PYTHIA6 prediction at
intermediate and high mjj.

To test for the presence of quark compositeness with R!,
we employ a log-likelihood-ratio statistic that compares
the likelihood of the null (QCD only) hypothesis LQCD

with that of the alternative hypothesis that quark contact
interactions are present in addition to QCD Lalt:

R LL ! lnLalt " lnLQCD: (1)

The total likelihood is the product of the individual bin
likelihoods, which for mjj bin i is

L i ! P #ntot;ij"tot;i$B#nin;ijntot;i;#i$; (2)

where the first factor is the Poisson probability to observe
ntot;i events when expecting "tot;i and the second is the
binomial probability to observe nin;i inner events given
ntot;i and a predicted probability to be inner of #i [where
# ! R!=#1% R!$]. Since the first factor in Eq. (2) con-
tains no information on R!, we remove it from the statis-
tical inference by conditioning the probabilities by the
observed values of ntot;i [30,31]. We compare the value
ofRLL in the data with distributions of the expected values
for both hypotheses, obtained from ensembles of pseu-
doexperiments, to either claim the discovery of quark
compositeness or to set exclusion bounds on the compo-
siteness scale ! with the frequentist-inspired CLs method
[32]. In this method, RLL values for which CLs !
CLs%b=CLb < 0:05 are excluded at the 95% C.L., where
CLs%b and CLb are the probabilities for RLL to have a
lower value than that observed, given the alternative and
null hypotheses, respectively. This protects against an ex-
clusion claim when the data have little sensitivity to the
new physics.

We use the NLO prediction corrected for nonperturba-
tive effects to describe the shape of R! for the null hy-
pothesis. To minimize the effect of potential discrepancies
between the NLO prediction and actual QCD dijet produc-
tion, we include an overall offset of R! in the null hypothe-
sis. This offset is determined with the data in the mjj range
between 490 and 790 GeV. (The lower bound is chosen to
avoid the region where nonperturbative corrections are
significant, and the upper bound is chosen to avoid the
signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of "R! !
"0:050& 0:021#stat:$ & 0:039#syst:$. Using ensembles of
simulated data, we determine that the probability (p value)

for observing j"R!j> 0:050, given the NLO prediction, is

0.29.
PYTHIA6 is used to describe R! for the alternative hy-

pothesis. We apply an mjj-dependent correction that ac-
counts for NLO contributions to the QCD part of this
prediction. We do not apply this correction, which is
derived for t-channel QCD processes, to the contact inter-
action part of the prediction because it is not physically
motivated and yields less conservative exclusion limits on
!. Since the contact interaction model is not valid for mjj

near the compositeness scale, we exclude data above a
!-dependent mjj threshold for the testing of each ! value
hypothesis.
In Table I we report the systematic uncertainties related

to the measurement of R! and the NLO QCD model. The

dominant source of uncertainty on the measurement is the
1% uncertainty in the relative jet energy scale (JES) be-
tween the inner and outer! regions, which results in a 5%–
13% uncertainty on R! depending on mjj. This relative

uncertainty has a much larger impact than a 10% uncer-
tainty on the JES common to both regions. The simulation
of jet energy reconstruction is verified by examination of
transverse momentum conservation for selected events and
for events where the dijet system consists of an inner and
an outer jet.
For the QCD model, the sources of uncertainty include

the choice of scale and PDFs in the NLO calculation and
the nonperturbative corrections described above. In addi-
tion, we take the statistical uncertainty on the offset de-
scribed above and the difference between the PYTHIA6 and

TABLE I. Systematic uncertainties on R! related to the mea-
surement of R! (detector uncertainties) and to the QCD model

(model uncertainties). For each source of uncertainty, we show
the range of values over the entire mjj range and at a represen-
tative point in the signal region.

Source Full range mjj ! 1:6 TeV

Detector uncertainty
Relative JES 0.02–0.05 0.032
Absolute JES 0.00–0.03 0.003
Jet energy resolution 0.003 0.003
Other 0.01 0.010
Total detector 0.02–0.05 0.034

Model uncertainty
PYTHIA6–NLO 0.00–0.05 0.032
Offset 0.021 0.021

Scale %#0:01–0:05$
"#0:01–0:02$

%0:029
"0:011

PDF %#0:002–0:004$
"#0:002"0:007$

%0:002
"0:003

MC statistics 0.005 0.005
Nonpert. corr. 0.002–0.014 0.002

Total model %#0:02–0:07$
"#0:01–0:05$

%0:044
"0:034

Total %#0:03–0:09$
"#0:03–0:08$

%0:055
"0:048

PRL 105, 262001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

31 DECEMBER 2010

262001-3

Systematic Uncertainties



Sertac Ozturk Search for Hadronic Resonances at CMS

Dijet Angular Distribution from ATLAS

Limit setting approach

✓ Frequentist CLs+b using LEP 
likelihood ratio             
Q=-2(lnL(H0)-lnL(H1))

✓ Limit on contact interaction 
scale of Λ>9.5 TeV at 95% 
CL.

✓ unconstrained limit setting 
approach.
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Dijet Angular Distribution

Resonance or contact interaction 
would show deviation from QCD 
at large scattering angles. 

20

Hard QCD Results from CMS                                                  Konstantinos Kousouris 
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Dijet Angular Distributions from Resonances and QCD

Dijet Angular Distributions (I)

21

θ*

pp

Jet1

Jet2

CM frame

! The dijet angular distributions give additional insight to the QCD 
dynamics

- parton-parton scattering in QCD is t-channel dominated (Rutherford scattering 
at small angles)

! Stringent test of pQCD and sensitivity to New Physics 
- contact interactions or resonances would show deviation from QCD at large 
scattering angles

Experimental Uncertainties

✓ Insensitive to many systematic effects 
(absolute JES, luminosity)

✓ Relative JES vs y, resolution

Theory Uncertainties

✓ Scale uncertainty dominates (5-9%)

✓ non-perturbative correction uncertainty 
(up to 4%)

✓ insensitive to PDFs 

Signal: PYTHIA6 

Hard QCD Results from CMS                                                  Konstantinos Kousouris 

Dijet Angular Distributions (II)
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Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the

additive amounts given in parentheses in the figure for clarity. The data points include statis-

tical and systematic uncertainties. The results are compared with the predictions of pQCD at

NLO (solid histogram) and with the predictions including a contact interaction term of com-

positeness scale Λ = 5 TeV (dashed histogram). The shaded band shows the effect on the

NLO pQCD predictions due to µr and µ f scale variations and PDF uncertainties, as well as the

uncertainties from the non-perturbative corrections added in quadrature.

χ = e|y1−y2| ≈ 1 + | cos θ∗|
1− | cos θ∗|

! Normalized dijet cross section, as a 
function of χ, in mass bins

- χ is the preferred angular variable because 
QCD shape is relatively flat vs χ
- using anti-kT PF jets with R=0.5
- 36 pb-1

- χ range: 1 < χ < 16
- 9 dijet mass bins

! Experimental uncertainties
- cancellation of many uncertainties (absolute 
JES, luminosity)
- relative JES vs y, resolution  

! Theory uncertainties
- scale unc. dominates (5-9%)
- non-perturbative correction unc. up to 4% at 
low masses
- not sensitive to the PDFs

choice of scales in the following six combinations:
!!f;!r" # !hpTi=2; hpTi=2", (hpTi=2, hpTi), (hpTi,
hpTi=2), (2hpTi, 2hpTi), (2hpTi, hpTi), and (hpTi, 2hpTi).
These scale variations modify the predictions of the
normalized "dijet distributions by less than 5% (9%) at

low (high) Mjj. The uncertainty due to the choice of
PDFs was determined from the 22 CTEQ6.6 uncertainty
eigenvectors using the procedure described in Ref. [20],
and was found to be less than 0.5% for allMjj ranges. Half
of the difference between the nonperturbative corrections
from PYTHIA and HERWIG$$ was taken as the systematic
uncertainty, and was found to be less than 4% (0.1%) at low
(high) Mjj. Overall there is good agreement between the
measured dijet angular distributions and the theoretical
predictions for all Mjj ranges.

The measured dijet angular distributions can be used
to set limits on quark compositeness represented by a
four-fermion contact interaction term in addition to the
QCD Lagrangian. The value of the mass scale! character-
izes the strengths of the quark substructure binding inter-
actions and the physical size of the composite states.
A color- and isospin-singlet contact interaction (CI) of
left-handed quarks gives rise to an effective Lagrangian
term: Lqq # #0!2$=!2"! "qL%!qL"! "qL%!qL" [21,22],
where #0 # $1 corresponds to destructive interference
between the QCD and the new physics term, and
#0 # %1 to constructive interference. We investigate a
model in which all quarks are considered composite as
implemented in the PYTHIA event generator.
The contributions of the CI term in PYTHIA are calcu-

lated to leading order (LO), whereas the QCD predictions
for the dijet angular distributions are known up to NLO.
In order to account for this difference in the QCD plus CI
prediction, the cross-section difference &QCD

NLO % &QCD
LO was

added to the LO QCD$CI prediction in eachMjj and "dijet

bin. With this procedure, we obtain a QCD$CI prediction
where the QCD terms are corrected to NLO while the CI
terms are calculated at LO. Nonperturbative corrections
due to hadronization and multiple parton interactions
were also applied to the prediction. The prediction for
QCD$CI at the scale of !$ # 5 TeV (#0 # $1) and
!% # 5 TeV (#0 # %1) are shown in Fig. 1, for the
four highest Mjj ranges.
We perform a statistical test discriminating between the

QCD-only hypothesis and the QCD$CI hypothesis as a
function of the scale ! based on the log-likelihood-ratio

Q # %2 ln!LQCD$CI

LQCD
". The likelihood functions LQCD$CI and

LQCD are modeled as a product of Poisson likelihood
functions for each bin in "dijet and Mjj in the four highest
Mjj ranges. The prediction for each Mjj range is norma-
lized to the number of data events in that range. The
p values, PQCD$CI!Q & Qobs" and PQCD!Q ' Qobs", are
obtained from ensembles of pseudoexperiments. A modi-
fied frequentist approach [23–25] based on the quantity

CL s #
PQCD$CI!Q & Qobs"
1% PQCD!Q ' Qobs"

is used to set limits on !. This approach is more conserva-
tive than a pure frequentist approach (Neyman construc-
tion) and prevents an exclusion claim when the data may
have little sensitivity to new physics [26]. Systematic un-
certainties were introduced via Bayesian integration [27]
by varying them as nuisance parameters in the ensembles
of pseudoexperiments according to a Gaussian distribution
convoluted with the shape variation induced to the "dijet

distributions. We consider the QCD$CI model to be ex-
cluded at the 95% confidence level if CLs < 0:05. Figure 2
shows the observed and expected CLs as a function of the
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FIG. 1 (color online). Normalized dijet angular distributions in
several Mjj ranges, shifted vertically by the additive amounts
given in parentheses in the figure for clarity. The data points
include statistical and systematic uncertainties. The results are
compared with the predictions of pQCD at NLO (shaded band)
and with the predictions including a contact interaction term of
compositeness scale !$ # 5 TeV (dashed histogram) and
!% # 5 TeV (dotted histogram). The shaded band shows the
effect on the NLO pQCD predictions due to !r and !f

scale variations and PDF uncertainties, as well as the unce-
rtainties from the nonperturbative corrections added in
quadrature.

PRL 106, 201804 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
20 MAY 2011

201804-3

η0 = +1 destructive interference
 η0 = -1 constructive interference
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Multijet Resonances

JEC Uncertainty (7-16%)

Acceptance (1-6%)

Pile-up Effects (2-4%)

PDF Uncertainties (4%)

Luminosity (4%)

Total (10-19%)
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Figure 1: Feynman diagram of the process consid
ered. We search

for a hadronic resonance
(Q)

which
is pair produced and gives a six

jet final sta
te, pp→

QQ→
3j +

3j.
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Figure 1: Feynman diagram of the process considered. We search for a hadronic resonance (Q)

which is pair produced and gives a six jet final state, pp→ QQ→ 3j + 3j.

1
Introduction

1

We present a model-independent analysis to search for possible new physics potentially hiding

2

in multi-jets events. In particular, we are interested in the process pp → QQ → 3j + 3j, where

3

Q is a heavy resonance, such as a gluino in the case of R-parity violating supersymmetry (RPV

4

SUSY) [1], decaying to three jets as shown in Fig. 1. This search is performed in the region

5

where we expect the signal to contain at least six jets. From R-parity violation, these supersym-

6

metric particles couple strongly to standard model particles (ie. quarks) without leaving a large

7

missing transverse energy (MET) signal, thus our search is performed in the region where we

8

expect the signal to contain at least six jets and no requirements on MET. This is a significant

9

departure from most searches, since MET is a heavily relied-upon selection criterion for the

10

vast majority of current searches. If real new physics does not carry with it significant MET, it

11

will be much more likely to be otherwise missed.

12

By probing the part of SUSY that is R-Parity violating, we can extend this search include a more

13

generic 3 jet signature that would belie a strong cascade decay of a supersymmetric particle into

14

standard model quarks. Due to the size of the expected background (primarily QCD jets), we

15

perform the analysis as a “bump hunt”, and the estimate of the background is “data-driven”,

16

that is to say that it is taken directly from the data itself. The methods described here are

17

also used in similar studies performed at the Tevatron [2, 3] and designed to reduce the QCD

18

background as best as possible while preserving signal efficiency. We make use of the features

19

of the kinematics of the decay particles and their correlations and create an ensemble of jet

20

combinations.

21

2
Data Sample and Monte Carlo Simulation

22

2.1
Dataset

23

This analysis utilizes the entire 7 TeV dataset recorded during the 2010 run, corresponding to

24

35.1 pb −1of data [4]. The data were recorded in four orthogonal Primary Datasets (PDs), where

25

the events that fired the lowest unprescaled trigger for this analysis are located. A combination

26

Systematic Uncertainties

Anti-kt PFJets with R=0.5

Njets≥6, Pt>45 GeV, |η|<3

∑Njets Pt>425 GeV

Mjjj <            - 130 GeV 

2

Uncertainties corresponding to the entire suite of corrections range from 3 to 5%, depending48

on the measured jet’s pseudorapidity and uncorrected energy. Jet quality criteria are applied49

to both data and in simulation to remove particles mis-identified as jets. For simulated signal50

events, more than 99.9% of all selected jets satisfy these criteria.51

To optimize the event selection, the pair-production of gluinos, where each gluino decays to52

three jets through the uds RPV coupling, is used to model the signal. Gluino production and53

decay are simulated using the PYTHIA [15] MC program. The gluino mass is varied between54

200 and 500 GeV/c
2 in 50 GeV/c

2 steps. The leading order cross section from PYTHIA is 32555

pb for a gluino mass of 200 GeV/c
2, falling to ∼1 pb for a gluino mass of 500 GeV/c

2. For56

the generation of this signal all superpartners except the gluino are taken to be decoupled [5].57

The next-to-leading order (NLO) correction factors (k-factors), with values ranging from 1.7 to58

2.2, are calculated with the PROSPINO [16] program and are applied to the leading order cross59

sections. Simulation of the CMS detector is performed using GEANT4 [17].60

Events in data are pre-selected using the lowest unprescaled HT trigger. The selected events are61

required to contain at least one primary vertex, constructed from at least five tracks with small62

impact parameters. The vertex must lie within 24 cm of the geometric center of the detector63

along the direction of the beam axis, and within 2 cm in the direction perpendicular to this64

axis.65

Pair-produced three-jet resonances naturally yield events with high jet multiplicities and large66

transverse energy. Thus, we require there to be at least six jets in the event whose total scalar67

sum of jet pT is at least 425 GeV/c. The latter requirement ensures a 100% trigger efficiency in68

these events. Jets are required to have pT > 45 GeV/c and |η| < 3.0, which also minimizes69

effects from multiple interactions.70

The leading six jets in pT are associated into triplet combinations such that each unique combi-71

nation of jets is represented, resulting in 20 combinations of jet triplets. For signal events, each72

of the pair-produced gluinos corresponds to one of these 20 jet triplets, assuming an optimistic73

scenario in which all six jets come solely from these particles’ decay, leaving 18 jet triplets as ad-74

ditional background. Thus, the overall background arises not only from SM events, described75

by quantum chromodynamics (QCD), but also from uncorrelated triplets in signal events them-76

selves. It is necessary then to make additional requirements on each triplet to increase the signal77

sensitivity. The invariant mass of background triplets scales with the respective scalar sum of78

jet pT, while for signal triplets the mass is constant. To reduce background, we therefore require79

each jet triplet to satisfy the following relation:80

Mjjj <
3

∑
i=1

|pjet
T
|i − ∆, (1)

where Mjjj is the triplet invariant mass, ∑3
i=1 |p

jet
T
|i the scalar sum pT of the jets in the triplet,81

and ∆ an offset adjusted to optimize signal sensitivity. All triplets in the event that satisfy this82

requirement are included in the Mjjj distribution, which is sensitive to the presence of three-jet83

resonances. The value of ∆ is determined by maximizing the number of signal triplets divided84

by the number of signal plus background triplets in a ±1σ window around the center of the85

gluino mass peak. The value for ∆ is taken as 130 GeV/c
2 for all gluino masses considered.86

Even after the final selection, background remains from both QCD multijet events and uncor-87

related triplets in signal events. The latter only contribute minimally, and the shape of their88

distribution is found to be consistent with that of the dominant background, from QCD multi-89

jet events. These QCD multijet events arise from hard dijet interactions combined with initial-90

Event Selection

PYTHIA6

Cross section 
include NLO 
k-factors

Signal Generation
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t-tbar Resonances
Rate Changing

✓ Influence specific or subset 
of samples

✓ Also affect shape of total 
MC background

✓ Most important: Luminosity, 
top pair cross section and 
heavy flavour ratio

Shape Changing

✓ Repeat full at ±1σ variations 
of considered quantity and 
calculate distribution

✓ Most important: top pair 
modeling, , JES, b-tag 
efficiency, Q2 scale for W/Z

22

8 9 Statistical Description

and factorisation (Q2
) scale for tt̄ and W/Drell-Yan production, the matching scale for tt̄ pro-

duction and the amount of initial and final state radiation in tt̄ production within a suitable

range. A further uncertainty is associated with the difference between tt̄ production models.

Uncertainty Variation Type
Luminosity 4% rate

Electron efficiency (trigger + ID + isolation) 5% rate

Muon efficiency (trigger + ID + isolation) 5% rate

tt cross section 20% rate

Single top cross section 30% rate

W+jets cross section 50% rate

Ratio Drell-Yan to W cross section 30% rate

Ratio W/Z+HF to σ(W) 100% rate

Muon QCD yield 100% rate

Electron QCD yield 100% rate

Jet energy scale pT,η dependent shape

Jet energy resolution 10% shape

Unclustered energy 10% shape

b tagging efficiency (b jets) 15% shape

b tagging efficiency (c jets) 30% shape

Q2
scale for W and Drell-Yan events ±1σ generator parameters shape

tt̄ modelling ±1σ generator differences shape

Q2
scale for tt̄ events ±1σ generator parameters shape

Amount of ISR/FSR for tt̄ events ±1σ generator parameters shape

Matching scale for tt̄ events ±1σ generator parameters shape

Table 4: Summary of relative systematic uncertainties and whether they are rate- or shape-

changing.

Table 4 summarises the systematic uncertainties and the relative variations of the individual

quantities. Theoretical uncertainties on the tt̄ and W+jets modelling are calculated from ded-

icated samples which correspond to changes of two parameters in the MC generation: the

threshold for the jet matching between the matrix element and the parton shower generators,

and the renormalisation and factorisation scale. Both parameters are varied by a factor of 0.5–2.

Rate-changing uncertainties affect the rate of single or several samples; shape-changing uncer-

tainties influence both the rates and shapes of the mtt̄ distributions.

The jet energy scale uncertainties are less than 3% and come from pT- and η-dependent un-

certainties which were derived in jet events in the first 3 pb
−1

of data. For this reason, an

uncertainty of 1.5% is added in quadrature to account for calibration changes. Additional pT-

dependent uncertainties due to pile-up as well as supplementary uncertainties for b-flavoured

jets are typically at the 2-3% level and are added in quadrature.

9 Statistical Description
We model the eight binned mtt̄ distributions by combining the templates for the signal and all

backgrounds. The total number of predicted events for the bin corresponding to tt̄ invariant


