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A search for new heavy particles manifested as resonances in two-jet final states is presented. The data

were produced in 7 TeV proton-proton collisions by the LHC and correspond to an integrated luminosity

of 315 nb�1 collected by the ATLAS detector. No resonances were observed. Upper limits were set on the

product of cross section and signal acceptance for excited-quark (q�) production as a function of q� mass.

These exclude at the 95% C.L. the q� mass interval 0:30<mq� < 1:26 TeV, extending the reach of

previous experiments.
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Two-jet (dijet) events in high-energy proton-proton (pp)
collisions are usually described in the standard model (SM)
by applying QCD to the scattering of beam-constituent
quarks and gluons. Several extensions beyond the SM
predict new heavy particles, accessible at LHC energies,
that decay into two energetic partons. Such new states may
include an excited composite quark q�, exemplifying quark
substructure [1–3], an axigluon predicted by chiral color
models [4,5], a flavor-universal color-octet coloron [6,7],
or a color-octet techni-� meson predicted by models of
extended technicolor and top-color-assisted technicolor
[8–11].

Particularly sensitive to such new objects is the

dijet invariant mass observable, defined as mjj �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEj1 þ Ej2Þ2 � ð ~pj1 þ ~pj2Þ2p
, where E and ~p are the jet

energy and momentum, respectively. Several experiments
have examined mjj distributions in search of new reso-
nances [12–17]; recently, 1:13 fb�1 of p �p collision data at
the Fermilab Tevatron collider have excluded the existence
of excited quarks q� with mass 260<mq� < 870 GeV

[16]. This Letter reports the first search by the ATLAS
experiment [18] at the LHC for such massive particles in
pp collisions at a center-of-mass energy of

ffiffiffi
s

p ¼ 7 TeV,
based on a data sample corresponding to an integrated
luminosity of 315 nb�1. The analysis presented here fo-
cused on a search for excited quarks because of the acces-
sible predicted cross section [2,3] for such particles and the
benchmark nature of the model that allows limits on the
acceptance times cross section to be set for resonant states
with intrinsic widths narrower than the experimental
resolution.

The analysis technique consisted of a model-
independent search for a dijet mass resonance on top of a
smooth and rapidly falling spectrum and relied on the
measuredmjj distribution to estimate the background level
to this new possible signal. In the absence of an observed
new physics signal, upper limits were determined on prod-
ucts of cross section (�) and signal acceptance (A) for
several q� test masses for a standard set of model
parameters.
The ATLAS detector [18] is a multipurpose particle

physics apparatus with a forward-backward symmetric
cylindrical geometry and near 4� coverage in solid angle
[19]. The overall layout of the detector is dominated by its
four superconducting magnet systems, which comprise a
thin solenoid surrounding inner tracking detectors and
three large toroids with an eightfold azimuthal symmetry.
The calorimeters, which are surrounded by an extensive

muon system, are of particular importance to this analysis.
In the pseudorapidity region j�j< 3:2, high-granularity
liquid-argon (LAr) electromagnetic sampling calorimeters
are used. An iron-scintillator tile calorimeter provides
hadronic coverage in the range j�j< 1:7. The end-cap
and forward regions, spanning 1:5< j�j< 4:9, are instru-
mented with LAr calorimetry for both electromagnetic and
hadronic measurements.
The data sample was collected during stable periods of

7 TeV pp collisions using a trigger configuration requiring
the lowest-level hardware-based calorimeter jet trigger to
satisfy a nominal transverse energy threshold of 15 GeV
[20]. This trigger had an efficiency greater than 99% for
events with at least one jet with transverse energy higher
than 80 GeV.
Jets were reconstructed by using the anti-kT jet cluster-

ing algorithm [21] with a radius parameter R ¼ 0:6. The
inputs to this algorithm were clusters of calorimeter cells
seeded by cells with energy significantly above the mea-
sured noise. Jet four-vectors were constructed by perform-
ing a four-vector sum over these cell clusters, treating each
as an ðE; ~pÞ four-vector with zero mass. These were cor-
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rected for the effects of calorimeter noncompensation and
inhomogeneities by using transverse-momentum (pT) and
�-dependent calibration factors based on Monte Carlo
(MC) corrections and validated with extensive test-beam
and collision-data studies [20,22]. The mjj observable was
computed without unfolding jets to hadrons or partons.

In order to suppress cosmic-ray and beam-related back-
grounds, events were required to contain at least one
primary collision vertex, defined by at least five recon-
structed charged-particle tracks, each with a position, when
extrapolated to the beam line, of jzj< 10 cm. Events with
at least two jets were retained if the highest pT jet (the

‘‘leading’’ jet) satisfied pj1
T > 80 GeV and the next-to-

leading jet satisfied pj2
T > 30 GeV; this ensured that the

data sample had high and unbiased trigger and jet recon-
struction efficiencies. Those events containing a poorly
measured jet with pT > 15 GeV were vetoed to prevent
cases where a jet was incorrectly identified as one of the
two leading jets [23]; this affected the event selection by
less than 0.5%. The two leading jets were required to
satisfy several quality criteria [23] and to lie outside de-
tector regions where the jet energy was not yet measured in
an optimal way, such as the interval 1:3< j�jetj< 1:8.
Finally, both jets were required to be in the pseudorapidity
region j�jetj< 2:5, and their pseudorapidity difference was
required to satisfy j�j1 � �j2 j< 1:3. These cuts, which
suppress high-mass SM multijet background, were deter-
mined by performing an optimization of the potential
signal from q� decays (using a q� mass of 1 TeV) compared
with the SM background. There were 132 433 candidates
that satisfied these requirements.

The final event sample was selected by requiring the
dijet invariant mass to satisfy mjj > 200 GeV in order to
eliminate any potential kinematic bias in the mjj distribu-
tions from the selection requirements on the jet candidates.
There were 37 805 events in this sample, which formed the
mjj distribution shown in Fig. 1.

MC signal events were generated by using the excited-
quark (qg ! q�) production model [2,3]. The excited
quark q� was assumed to have spin 1=2 and quarklike
couplings, relative to those of the SM SUð2Þ, Uð1Þ, and
SUð3Þ gauge groups, of f ¼ f0 ¼ fs ¼ 1, respectively.
The compositeness scale (�) was set to the q� mass.
Signal events were generated by using PYTHIA [24]
6.4.21, a leading-order parton-shower MC generator, with
the modified leading-order MRST2007 [25] parton distri-
bution functions (PDFs) and with the renormalization and
factorization scales set to the mean pT of the two leading
jets. PYTHIAwas also used to decay the excited quarks to all
possible SM final states, which were dominantly qg but
also qW, qZ, and q�. The MC samples were produced [26]
by using the ATLAS MC09 parameter tune [27] and a
GEANT4-based detector simulation [28].

Figure 1 shows the predicted signals for q� masses of
500, 800, and 1200 GeV, after all selection cuts. The signal

acceptance (A), which included reconstruction and trigger
efficiencies near 100%, was found to range from�31% for
mq� ¼ 300 GeV to �48% for mq� ¼ 1:7 TeV [29]. The

choice of dijet mass binning was motivated by the dijet
mass resolution of the signal. The predicted experimental
width ranged from �mjj=mjj � 11% at mq� ¼ 300 GeV to

�mjj=mjj � 7% at mq� ¼ 1:7 TeV and was dominated by

the detector energy resolution.
The background shape was determined by fitting the

observed spectrum with the function [16]

fðxÞ ¼ p1ð1� xÞp2xp3þp4 lnx; (1)

where x � mjj=
ffiffiffi
s

p
, such that fð1Þ ¼ 0 and fð0Þ ! þ1,

and pf1;2;3;4g are free parameters. The xp4 lnx factor was

included to describe the high-mjj part of the spectrum.
The function in Eq. (1) has been shown to fit the mjj

observable well in PYTHIA, HERWIG, and next-to-leading-
order perturbative QCD predictions for p �p collisions atffiffiffi
s

p ¼ 1:96 TeV [16]. Studies using PYTHIA and the
ATLAS GEANT4-based detector simulation were performed
to demonstrate that the smooth and monotonic form of
Eq. (1) describes QCD-predicted dijet mass distributions
in pp collisions at

ffiffiffi
s

p ¼ 7 TeV. There is good agreement
between the MC prediction and the fitted parametrization
in Eq. (1), as evidenced by a �2 per degree of freedom of
27=22 over the dijet mass range 200<mjj < 1900 GeV.
The results of fitting the data with Eq. (1) are shown in

Fig. 1. The presence or absence of detectable mjj reso-
nances in this distribution was determined by performing
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FIG. 1 (color online). The data (D) dijet mass distribution
(filled points) fitted by using a binned background (B) distribu-
tion described by Eq. (1) (histogram). The predicted q� signals
[2,3] for excited-quark masses of 500, 800, and 1200 GeV are
overlaid, and the bin-by-bin significance of the data-background
difference is shown.
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several statistical tests of the background-only hypothesis.
A suite of six tests was employed: the BumpHunter [30],
the Jeffreys divergence [31], the Kolmogorov-Smirnov
test, the likelihood, the Pearson �2, and the TailHunter
statistic [32]. The agreement of the data with the
background-only hypothesis of a smoothly varying and
monotonic distribution was determined for each statistic
by calculating the p value for the data using 103 pseudo-
spectra drawn from Poisson variations seeded by the results
of the fit of Eq. (1) to the data. The p value of the
background-only hypothesis is defined as the fraction of
pseudoexperiments that result in a value of the given
statistic greater than the value of the same statistic found
by the fit to the data. The results of all six tests were
consistent with the conclusion that the fitted parametriza-
tion described the observed data distribution well, with p
values in excess of 51%. These observations supported the
background-only hypothesis.

In the absence of any observed discrepancy with the
zero-signal hypothesis, a Bayesian approach was used to
set 95% credibility level (C.L.) upper limits on � �A for
hypothetical new particles decaying into dijets with
j�jetj< 2:5. For each of the test masses (indexed by �)
corresponding to the excited-quark q� predictions, a like-
lihood function L� was defined as a product of Poisson
factors computed for each bin (i) of the mjj distribution:

L�ðd j b�; sÞ �
Y

i

½b�i þ sið�Þ�di
di!

e�½b�iþsið�Þ�; (2)

where di is the observed number of data events in bin i, b�i
is the background in bin i obtained as described below, and
sið�Þ is the predicted signal added in bin i by the signal
template; the latter was normalized to the total number of
predicted signal events s ¼ P

isið�Þ. For each �, the back-
grounds in the bins b�i were evaluated from a simultaneous
five-parameter fit of the signal and background distribu-
tions to ensure that the background determination would
not be biased by the presence of any signal. The four
background parameters were those in Eq. (1); the fifth
parameter consisted of the normalization of the predicted
�th q� signal template. To avoid acceptance bias, the lowest
q� test mass used was 300 GeV. For every q� mass, Eq. (2)
was computed for a range of possible signal yields s, and
the resulting likelihood function was multiplied by a flat
prior in s to give a posterior probability density in s. The
95% probability region was then determined by integration
of the posterior probability distribution. This Bayesian
technique was found to yield credibility intervals that
corresponded well with frequentist confidence intervals.
This was verified by performing a series of pseudoexperi-
ments to determine, by way of a standard frequentist
calculation, the coverage, or the fraction of times that the
95% Bayesian credibility interval contained the true num-
ber of signal events.

The dominant sources of systematic uncertainty, in de-
creasing order of importance, were the absolute jet energy
scale, the background fit parameters, the integrated lumi-
nosity, and the jet energy resolution (JER). The jet energy
scale uncertainty was quantified as a function of pT and
�jet, with values in the range 6%–9% [20,33,34]. The jet
calibration relied on the MC simulation of the response of
the ATLAS detector; its uncertainty was constrained by
varying the ATLAS simulation and from in situ informa-
tion. The systematic uncertainty on the determination of
the background was taken from the uncertainty on the
parameters resulting from the fit of Eq. (1) to the data
sample. The uncertainty on � �A due to integrated lumi-
nosity was estimated to be �11% [35]. The JER uncer-
tainty was treated as uniform in pT and �jet with a value of
�14% on the fractional pT resolution of each jet [36]. The
effects of jet energy scale, background fit, integrated lumi-
nosity, and JER were incorporated as nuisance parameters
into the likelihood function in Eq. (2) and then marginal-
ized by numerically integrating the product of this modi-
fied likelihood, the prior in s, and the priors corresponding
to the nuisance parameters to arrive at a modified posterior
probability distribution. In the course of applying this
convolution technique, the JER was found to make a
negligible contribution to the overall systematic
uncertainty.
Figure 2 depicts the resulting 95% C.L. upper limits on

� �A as a function of the q� resonance mass after incor-
poration of systematic uncertainties. Linear interpolations
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FIG. 2 (color online). The 95% C.L. upper limit on � �A as a
function of dijet resonance mass (black filled circles). The black
dotted curve shows the expected 95% C.L. upper limit, and the
light and dark yellow shaded bands represent the 68% and 95%
credibility intervals of the expected limit, respectively. The
dashed curves represent excited-quark � �A predictions for
different MC tunes, each using a different PDF set.
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between test masses were used to determine where the
experimental bound intersected with a theoretical predic-
tion to yield a lower limit on allowed mass. The corre-
sponding observed 95%C.L. excited-quark mass exclusion
region was found to be 0:30<mq� < 1:26 TeV by using

MRST2007 PDFs in the ATLAS default MC09 tune.
Table I shows the results obtained by using CTEQ6L1
[37] and CTEQ5L [39] PDF sets. The variations in the
observed limit associated with the error eigenvectors of a
CTEQ PDF set were found to be smaller than the spread
displayed in Table I. The excluded regions were�30 GeV
greater when only statistical uncertainties were taken into
account. The expected limits corresponding to the data
sample were computed by using an analogous approach
but replacing the actual data with pseudodata generated by
random fluctuations around the smooth function described
by fitting the data with Eq. (1); these are shown in Fig. 2,
with a resulting expected q� mass exclusion region of
0:30<mq� < 1:06 TeV using MRST2007 PDFs. As indi-

cated in Table I, the two other PDF sets yielded similar
results, with expected exclusion regions extending to near
1 TeV. An indication of the dependence of themq� limits on

the theoretical prediction for the q� signal was obtained by
simultaneously varying both the renormalization and
factorization scales by factors of 0.5 and 2, which was
tantamount to modifying the predicted cross section by
approximately �20%; this changed the observed
MRST2007 limit of 1.26 TeV to 1.32 and 1.22 TeV,
respectively.

In conclusion, a model-independent search for new
heavy particles manifested as mass resonances in dijet final
states was conducted using a 315 nb�1 sample of 7 TeV
proton-proton collisions produced by the LHC and re-
corded by the ATLAS detector. No evidence of a resonance
structure was found, and upper limits at the 95% C.L. were
set on the products of cross section and signal acceptance
for hypothetical new q� particles decaying to dijets. These
data exclude at the 95% C.L. excited-quark masses from
the lower edge of the search region, 0.30 TeV, to 1.26 TeV
for a standard set of model parameters and using the
ATLAS default MC09 tune [27]. This result extends the
reach of previous experiments and constitutes the first
exclusion of physics beyond the standard model by the
ATLAS experiment. In the future, such searches will be

extended to exclude or discover additional hypothetical
particles over greater mass ranges.
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S. Böser,77 J. A. Bogaerts,29 A. Bogouch,90,a C. Bohm,146a J. Bohm,125 V. Boisvert,76 T. Bold,163,g V. Boldea,25a

V.G. Bondarenko,96 M. Bondioli,163 M. Boonekamp,136 G. Boorman,76 C. N. Booth,139 P. Booth,139 J. R.A. Booth,17

S. Bordoni,78 C. Borer,16 A. Borisov,128 G. Borissov,71 I. Borjanovic,12a S. Borroni,132a,132b K. Bos,105

D. Boscherini,19a M. Bosman,11 H. Boterenbrood,105 D. Botterill,129 J. Bouchami,93 J. Boudreau,123

E. V. Bouhova-Thacker,71 C. Boulahouache,123 C. Bourdarios,115 A. Boveia,30 J. Boyd,29 I. R. Boyko,65

N. I. Bozhko,128 I. Bozovic-Jelisavcic,12b S. Braccini,47 J. Bracinik,17 A. Braem,29 E. Brambilla,72a,72b

P. Branchini,134a G.W. Brandenburg,57 A. Brandt,7 G. Brandt,41 O. Brandt,54 U. Bratzler,156 B. Brau,84 J. E. Brau,114

H.M. Braun,174 B. Brelier,158 J. Bremer,29 R. Brenner,166 S. Bressler,152 D. Breton,115 N. D. Brett,118

P. G. Bright-Thomas,17 D. Britton,53 F.M. Brochu,27 I. Brock,20 R. Brock,88 T. J. Brodbeck,71 E. Brodet,153

F. Broggi,89a C. Bromberg,88 G. Brooijmans,34 W.K. Brooks,31b G. Brown,82 E. Brubaker,30

P. A. Bruckman de Renstrom,38 D. Bruncko,144b R. Bruneliere,48 S. Brunet,61 A. Bruni,19a G. Bruni,19a

M. Bruschi,19a T. Buanes,13 F. Bucci,49 J. Buchanan,118 N. J. Buchanan,2 P. Buchholz,141 R.M. Buckingham,118
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D. Levin,87 L. J. Levinson,171 M. S. Levitski,128 M. Lewandowska,21 M. Leyton,15 H. Li,172 X. Li,87 Z. Liang,39

Z. Liang,118,w B. Liberti,133a P. Lichard,29 M. Lichtnecker,98 K. Lie,165 W. Liebig,173 R. Lifshitz,152 J. N. Lilley,17

H. Lim,5 A. Limosani,86 M. Limper,63 S. C. Lin,151 F. Linde,105 J. T. Linnemann,88 E. Lipeles,120 L. Lipinsky,125

A. Lipniacka,13 T.M. Liss,165 D. Lissauer,24 A. Lister,49 A.M. Litke,137 C. Liu,28 D. Liu,151,x H. Liu,87 J. B. Liu,87

M. Liu,32b S. Liu,2 T. Liu,39 Y. Liu,32b M. Livan,119a,119b S. S. A. Livermore,118 A. Lleres,55 S. L. Lloyd,75

E. Lobodzinska,41 P. Loch,6 W. S. Lockman,137 S. Lockwitz,175 T. Loddenkoetter,20 F. K. Loebinger,82

A. Loginov,175 C.W. Loh,168 T. Lohse,15 K. Lohwasser,48 M. Lokajicek,125 J. Loken,118 R. E. Long,71 L. Lopes,124a,d

D. Lopez Mateos,34,r M. Losada,162 P. Loscutoff,14 M. J. Losty,159a X. Lou,40 A. Lounis,115 K. F. Loureiro,162

L. Lovas,144a J. Love,21 P. A. Love,71 A. J. Lowe,143 F. Lu,32a J. Lu,2 L. Lu,39 H. J. Lubatti,138 C. Luci,132a,132b

A. Lucotte,55 A. Ludwig,43 D. Ludwig,41 I. Ludwig,48 J. Ludwig,48 F. Luehring,61 G. Luijckx,105 D. Lumb,48

L. Luminari,132a E. Lund,117 B. Lund-Jensen,147 B. Lundberg,79 J. Lundberg,29 J. Lundquist,35 A. Lupi,122a,122b

G. Lutz,99 D. Lynn,24 J. Lynn,118 J. Lys,14 E. Lytken,79 H. Ma,24 L. L. Ma,172 M. Maaßen,48 J. A. Macana Goia,93
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F. Touchard,83 D. R. Tovey,139 D. Traynor,75 T. Trefzger,173 J. Treis,20 L. Tremblet,29 A. Tricoli,29 I.M. Trigger,159a

S. Trincaz-Duvoid,78 T.N. Trinh,78 M. F. Tripiana,70 N. Triplett,64 W. Trischuk,158 A. Trivedi,24,bb B. Trocmé,55
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89bUniversità di Milano, Dipartimento di Fisica, via Celoria 16, IT-20133 Milano, Italy
90B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Independence Avenue 68, Minsk 220072, Belarus

91National Scientific and Educational Centre for Particle and High Energy Physics, NC PHEP BSU,
M. Bogdanovich Street 153, Minsk 220040, Belarus

92Massachusetts Institute of Technology, Department of Physics, Room 24-516, Cambridge, Massachusetts 02139, USA
93University of Montreal, Group of Particle Physics, C.P. 6128, Succursale Centre-Ville, Montreal, Quebec, H3C 3J7, Canada

94P. N. Lebedev Institute of Physics, Academy of Sciences, Leninsky pr. 53, RU-117 924 Moscow, Russia
95Institute for Theoretical and Experimental Physics (ITEP), B. Cheremushkinskaya ul. 25, RU 117 218 Moscow, Russia

96Moscow Engineering and Physics Institute (MEPhI), Kashirskoe Shosse 31, RU-115409 Moscow, Russia
97Lomonosov Moscow State University, Skobeltsyn Institute of Nuclear Physics (MSU SINP), 1(2), Leninskie gory, GSP-1,

Moscow 119991 Russian Federation, Russia
98Ludwig-Maximilians-Universität München, Fakultät für Physik, Am Coulombwall 1, DE-85748 Garching, Germany

99Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany
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