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Search for New Particles in Two-Jet Final States in 7 TeV Proton-Proton Collisions

with the ATLAS Detector at the LHC
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A search for new heavy particles manifested as narrow resonances in two-jet final states is pre-
sented. The data were produced in 7 TeV proton-proton collisions by the Large Hadron Collider
(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 detector
acceptance for excited-quark (q∗) production as a function of q∗ mass. These exclude at the 95% CL
the q∗ mass interval 0.40 < mq∗ < 1.26 TeV, extending the reach of previous experiments.

PACS numbers: 13.85.-t, 13.85.Rm, 14.80.-j, 12.60.Rc

Two-jet (dijet) events in high-energy proton-proton
(pp) collisions are usually described in the Standard
Model (SM) by applying quantum chromodynamics
(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 in-
clude an excited composite quark q∗, exemplifying quark
substructure [1–3]; an axigluon predicted by chiral color
models [4, 5]; a flavour-universal color-octet coloron [6, 7];
or a color-octet techni-ρmeson predicted by models of ex-
tended technicolor and topcolor-assisted technicolor [8–
11].

The dijet invariant mass (mjj) observable is partic-
ularly sensitive to such new objects. Studies using
1.13 fb−1 of pp̄ collision data at the Fermilab Tevatron
collider have excluded the existence of excited quarks q∗

with mass 260 < mq∗ < 870 GeV [12]. This Letter
reports the first search by the ATLAS experiment [13]
at the LHC for such massive particles in pp collisions
at a centre-of-mass energy of

√
s = 7 TeV, based on

a data sample corresponding to an integrated luminos-
ity of 315 nb−1. The analysis presented here focused
on a search for excited quarks because of the accessible
predicted cross section [2, 3] for such particles and the
benchmark nature of the model that allows limits on ac-
ceptance times cross section to be set for narrow-width
resonances.

The analysis technique consisted of a search for a dijet
mass resonance on top of a smooth and rapidly falling
spectrum and relied on the measured mjj 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 products of cross section (σ)
and detector acceptance (A) for several q∗ test masses.

The ATLAS detector [13] is a multipurpose particle
physics apparatus with a forward-backward symmetric
cylindrical geometry and near 4π coverage in solid an-
gle [14]. The overall layout of the detector is dominated
by its four superconducting magnet systems, which com-
prise a thin solenoid surrounding inner tracking detectors

and three large toroids with an eightfold azimuthal sym-
metry.
The calorimeters, which are surrounded by an exten-

sive muon system, are of particular importance to this
analysis. In the pseudorapidity region |η| < 3.2, high-
granularity liquid-argon (LAr) electromagnetic sampling
calorimeters are used. An iron-scintillator tile calorime-
ter provides hadronic coverage in the range |η| < 1.7. The
end-cap and forward regions, spanning 1.5 < |η| < 4.9,
are instrumented with LAr calorimetry for both electro-
magnetic and hadronic measurements.
The data sample was collected during stable periods

of 7 TeV pp collisions using a trigger configuration re-
quiring the lowest-level hardware-based calorimeter jet
trigger to satisfy a nominal transverse energy threshold
of 15 GeV [15]. 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 using the anti-kT jet cluster-

ing algorithm [16] with a radius parameter R = 0.6.
The inputs to this algorithm were clusters of calorime-
ter cells seeded by cells with energy significantly above
the measured noise. Jet four-vectors were constructed
by performing a four-vector sum over these cell clusters,
treating each as an (E, ~p) four-vector with zero mass.
These were corrected for the effects of calorimeter non-
compensation and inhomogeneities by using transverse-
momentum (pT ) and η-dependent calibration factors
based on Monte Carlo (MC) corrections and validated
with extensive test-beam and collision-data studies [15,
17].
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 beamline, of |z| < 10 cm.
Events with at least two jets were retained if the highest
pT jet (the “leading” jet) satisfied pj1T > 80 GeV and the

next-to-leading jet satisfied pj2T > 30 GeV; this ensured
that the data sample had high and unbiased trigger and
jet reconstruction efficiencies. Those events containing a
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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 [18]; this affected the event selec-
tion by less than 0.5%. The two leading jets were required
to satisfy several quality criteria [18] 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 < |ηjet| < 1.8.
Finally, both jets were required to be in the pseudorapid-
ity region

∣

∣ηjet
∣

∣ < 2.5, and their pseudorapidity difference

was required to satisfy
∣

∣ηj1 − ηj2
∣

∣ < 1.3. These cuts,
which suppress high-mass SM multijet background, were
determined by performing an optimization of the poten-
tial 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 distri-
butions from the selection requirements on the jet can-
didates. There were 37,805 events in this sample, which
formed the mjj distribution shown in Fig. 1.
MC signal events were generated using the excited-

quark (qg → q∗) production model [2, 3]. The excited
quark q∗ was assumed to have spin 1/2 and quark-like
couplings, relative to those of the SM SU(2), U(1), and
SU(3) gauge groups, of f = f ′ = fs = 1, respectively.
The compositeness scale (Λ) was set to the q∗ mass.
Signal events were generated using pythia [19] 6.4.21,
a leading-order parton-shower MC generator, with the
modified leading-order MRST2007 [20] parton distribu-
tion functions (PDFs) and with the renormalization and
factorization scales set to the mean pT of the two leading
jets. pythia was also used to decay the excited quarks to
all possible SM final states. The MC samples were pro-
duced [21] using the ATLAS MC09 parameter tune [22]
and a geant4-based detector simulation [23].
Figure 1 shows the predicted signals for q∗ masses of

500, 800, and 1200 GeV, after all selection cuts. The sig-
nal acceptance (A), which included reconstruction and
trigger efficiencies near 100%, was found to range from
∼36% for mq∗ = 400 GeV to ∼49% for mq∗ = 1.5 TeV.
The choice of dijet mass binning was motivated by the
dijet mass resolution of the signal. The predicted exper-
imental width ranged from σmjj /mjj ∼ 11% at mq∗ =
400 GeV to σmjj/mjj ∼ 7% at mq∗ = 1.5 TeV and was
dominated by the not-yet-optimized detector energy res-
olution.
The background shape was determined by fitting the

observed spectrum with the function [12]

f(x) = p1
(1 − x)p2

xp3+p4 lnx
, (1)

where x ≡ mjj/
√
s such that f(1) = 0 and f(0) → +∞,

and p{1,2,3,4} are free parameters. The x−p4 lnx factor
was included to describe the high-mjj part of the spec-
trum. The function in Eqn. 1 has been shown to fit the

mjj observable well in pythia, herwig, and next-to-
leading-order (NLO) perturbative QCD predictions for
pp̄ collisions at

√
s = 1.96 TeV [12]. Studies using

pythia and the ATLAS geant4-based detector simula-
tion, scaled to the same number of events as the data,
were performed to demonstrate that the smooth and
monotonic form of Eqn. 1 describes QCD-predicted dijet
mass distributions in pp collisions at

√
s = 7 TeV. There

is good agreement between the MC prediction and the
fitted parametrization in Eqn. 1, as evidenced by a χ2

per degree of freedom of 27/22 over the dijet mass range
200 < mjj < 1900 GeV.
The results of fitting the data with Eqn. 1 are shown

in Fig. 1. The presence or absence of detectable narrow
mjj resonances in this distribution was determined by
performing several statistical tests of the background-
only hypothesis. A suite of six tests was employed:
the BumpHunter [24], the Jeffreys divergence [25], the
Kolmogorov-Smirnov test, the likelihood, the Pearson χ2,
and the TailHunter statistic [26]. 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 Eqn. 1 to the data. The p-value
of the background-only hypothesis is defined as the frac-
tion of pseudo-experiments that results in a value of the
given statistic greater than the value of the same statis-
tic found by the fit to the data. The results of all six
tests were consistent with the conclusion that the fitted
parametrization 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 (CL) upper limits on σ · A
for hypothetical new particles decaying into dijets with
∣

∣ηjet
∣

∣ < 2.5. For each of the test masses (indexed by ν)
corresponding to the excited-quark q∗ predictions, a like-
lihood function Lν was defined as a product of Poisson
factors computed for each bin (i) of the mjj distribution:

Lν(d|bν , s) ≡
∏

i

[bνi + si(ν)]
di

di!
e−[bνi+si(ν)], (2)

where di is the observed number of data events in bin
i, bνi is the background in bin i obtained as described
below, and si(ν) is the predicted signal added in bin i by
the signal template; the latter was normalized to the to-
tal number of predicted signal events s =

∑

i si(ν). For
each ν, the backgrounds in the bins bνi were evaluated
from a simultaneous five-parameter fit of the signal and
background distributions to ensure that the background
determination would not be biased by the presence of
any signal. The four background parameters were those
in Eqn. 1; the fifth parameter consisted of the normal-
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FIG. 1. The data (D) dijet mass distribution (filled points)
fitted using a binned background (B) distribution described
by Eqn. 1 (histogram). The predicted q∗ signals [2, 3] for
excited-quark masses of 500, 800, and 1200 GeV are over-
laid, and the bin-by-bin significance of the data-background
difference is shown.

ization of the predicted νth q∗ signal template. To allow
for a low-mass background sideband, the lowest q∗ test
mass used was 400 GeV. For every q∗ mass, Eqn. 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%
quantile was then determined by integration of the pos-
terior probability distribution. This Bayesian technique
was found to yield credibility intervals that corresponded
well with frequentist confidence intervals. This was veri-
fied by performing a series of pseudo-experiments to de-
termine, by way of a standard frequentist calculation, the
coverage, or the fraction of times that the 95% Bayesian
credibility interval contained the true number of signal
events.

The dominant sources of systematic uncertainty, in de-
creasing order of importance, were the absolute jet en-
ergy scale (JES), the background fit parameters, the in-
tegrated luminosity, and the jet energy resolution (JER).
The JES uncertainty was quantified as a function of pT
and ηjet, with values in the range 6 ∼ 9% [15, 27, 28]. The
statistical uncertainty on the determination of the back-
ground was taken from the uncertainty on the parameters
resulting from the fit of Eqn. 1 to the data sample. The
uncertainty on σ · A due to integrated luminosity was
estimated to be ±11% [29]. The JER uncertainty was
treated as uniform in pT and ηjet with a value of ±14%
on the fractional pT resolution of each jet [30]. The ef-
fects of JES, background fit, integrated luminosity, and

JER were incorporated as nuisance parameters into the
likelihood function and then marginalized by integrating
over each variable. In the course of applying this convo-
lution technique, the JER was found to make a negligible
contribution to the overall systematic uncertainty.

Figure 2 depicts the resulting 95% CL upper limits on
σ ·A as a function of the q∗ resonance mass after incorpo-
ration of systematic uncertainties. Linear interpolations
between test masses were used to determine where the
experimental bound intersected with a theoretical pre-
diction to yield a lower limit on allowed mass. The cor-
responding observed 95% CL excited-quark mass exclu-
sion region was found to be 0.40 < mq∗ < 1.26 TeV us-
ing MRST2007 PDFs in the ATLAS default MC09 tune.
Table I shows the results obtained using CTEQ6L1 [31]
and CTEQ5L [32] PDF sets. The variations in the ob-
served 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 using an analogous ap-
proach, but replacing the actual data with pseudo-data
generated by random fluctuations around the smooth
function described by fitting the data with Eqn. 1; these
are shown in Fig. 2, with a resulting expected q∗ mass
exclusion region of 0.40 < mq∗ < 1.06 TeV using
MRST2007 PDFs. As indicated in Table I, the two other
PDF sets yielded similar results, with expected exclusion
regions extending to near 1 TeV. An indication of the de-
pendence of the mq∗ limits on the theoretical prediction
for the q∗ signal was obtained by simultaneously vary-
ing 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 TeV and 1.22 TeV, respectively.

In conclusion, a search for new heavy particles mani-
fested as narrow 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 recorded by
the ATLAS detector. No evidence of a resonance struc-
ture was found and upper limits at the 95% CL were
set on the products of cross section and detector accep-
tance for hypothetical new q∗ particles decaying to dijets.
These data exclude at the 95% CL excited-quark masses
from the lower edge of our search region, 0.40 TeV, to
1.26 TeV for a standard set of model parameters and us-
ing the ATLAS default MC09 tune [22]. This result ex-
tends 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 hypo-
thetical particles over greater mass ranges.
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TABLE I. The 95% CL lower limits on the allowed q∗ mass obtained using different PDF sets.

Observed Mass Limit [TeV] Expected Mass Limit [TeV]

MC Tune PDF Set Stat. ⊕ Syst. Stat. only Stat. ⊕ Syst.

MC09 [22] MRST2007 [20] 1.26 1.29 1.06

MC09′ a CTEQ6L1 [31] 1.20 1.23 0.99

Perugia0 [33] CTEQ5L [32] 1.22 1.25 1.00

a The MC09′ tune is identical to MC09 except for the pythia parameter PARP(82)= 2.1 and use of the CTEQ6L1 PDF set.
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FIG. 2. The 95% CL upper limit on σ ·A as a function of dijet
resonance mass (dots), including the effects of systematic un-
certainties. The red dotted curve shows the expected 95% CL
upper limit and the yellow band represents the 95% credibility
interval of the expected limit. The dashed curves represent
excited-quark σ · A predictions for different MC tunes, each
using a different PDF set.
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M. Trottier-McDonald142, A. Trzupek38, C. Tsarouchas9, J.C-L. Tseng118, M. Tsiakiris105, P.V. Tsiareshka90,
D. Tsionou139, G. Tsipolitis9, V. Tsiskaridze51, E.G. Tskhadadze51, I.I. Tsukerman95, V. Tsulaia123, J.-W. Tsung20,
S. Tsuno66, D. Tsybychev148, J.M. Tuggle30, M. Turala38, D. Turecek127, I. Turk Cakir3e, E. Turlay105, P.M. Tuts34,
M.S. Twomey138, M. Tylmad146a,146b, M. Tyndel129, D. Typaldos17, H. Tyrvainen29, E. Tzamarioudaki9,
G. Tzanakos8, K. Uchida20, I. Ueda155, R. Ueno28, M. Ugland13, M. Uhlenbrock20, M. Uhrmacher54, F. Ukegawa160,
G. Unal29, D.G. Underwood5, A. Undrus24, G. Unel163, Y. Unno66, D. Urbaniec34, E. Urkovsky153, P. Urquijo49,ap,
P. Urrejola31a, G. Usai7, M. Uslenghi119a,119b, L. Vacavant83, V. Vacek127, B. Vachon85, S. Vahsen14,
C. Valderanis99, J. Valenta125, P. Valente132a, S. Valentinetti19a,19b, S. Valkar126, E. Valladolid Gallego167,
S. Vallecorsa152, J.A. Valls Ferrer167, H. van der Graaf105, E. van der Kraaij105, E. van der Poel105,
D. van der Ster29, B. Van Eijk105, N. van Eldik84, P. van Gemmeren5, Z. van Kesteren105, I. van Vulpen105,
W. Vandelli29, G. Vandoni29, A. Vaniachine5, P. Vankov73, F. Vannucci78, F. Varela Rodriguez29, R. Vari132a,
E.W. Varnes6, D. Varouchas14, A. Vartapetian7, K.E. Varvell150, V.I. Vassilakopoulos56, F. Vazeille33,
G. Vegni89a,89b, J.J. Veillet115, C. Vellidis8, F. Veloso124a, R. Veness29, S. Veneziano132a, A. Ventura72a,72b,
D. Ventura138, S. Ventura 47, M. Venturi48, N. Venturi16, V. Vercesi119a, M. Verducci138, W. Verkerke105,
J.C. Vermeulen105, L. Vertogardov118, M.C. Vetterli142,h, I. Vichou165, T. Vickey145b,aq, G.H.A. Viehhauser118,
S. Viel168, M. Villa19a,19b, E.G. Villani129, M. Villaplana Perez167, E. Vilucchi47, M.G. Vincter28, E. Vinek29,
V.B. Vinogradov65, M. Virchaux136,∗, S. Viret33, J. Virzi14, A. Vitale 19a,19b, O. Vitells171, I. Vivarelli48,
F. Vives Vaque11, S. Vlachos9, M. Vlasak127, N. Vlasov20, A. Vogel20, H. Vogt41, P. Vokac127, M. Volpi11,
G. Volpini89a, H. von der Schmitt99, J. von Loeben99, H. von Radziewski48, E. von Toerne20, V. Vorobel126,
A.P. Vorobiev128, V. Vorwerk11, M. Vos167, R. Voss29, T.T. Voss174, J.H. Vossebeld73, A.S. Vovenko128,
N. Vranjes12a, M. Vranjes Milosavljevic12a, V. Vrba125, M. Vreeswijk105, T. Vu Anh81, D. Vudragovic12a,



13

R. Vuillermet29, I. Vukotic115, W. Wagner174, P. Wagner120, H. Wahlen174, J. Walbersloh42, J. Walder71,
R. Walker98, W. Walkowiak141, R. Wall175, P. Waller73, C. Wang44, H. Wang172, J. Wang32d, J.C. Wang138,
S.M. Wang151, A. Warburton85, C.P. Ward27, M. Warsinsky48, R. Wastie118, P.M. Watkins17, A.T. Watson17,
M.F. Watson17, G. Watts138, S. Watts82, A.T. Waugh150, B.M. Waugh77, M. Webel48, J. Weber42, M. Weber129,
M.S. Weber16, P. Weber54, A.R. Weidberg118, J. Weingarten54, C. Weiser48, H. Wellenstein22, H.P. Wellisch159a,
P.S. Wells29, T. Wenaus24, Z. Weng151,ar, T. Wengler82, S. Wenig29, N. Wermes20, M. Werner48, P. Werner29,
M. Werth163, U. Werthenbach141, M. Wessels58a, K. Whalen28, S.J. Wheeler-Ellis163, S.P. Whitaker21, A. White7,
M.J. White27, S. White24, S.R. Whitehead118, D. Whiteson163, D. Whittington61, F. Wicek115, D. Wicke81,
F.J. Wickens129, W. Wiedenmann172, M. Wielers129, P. Wienemann20, C. Wiglesworth73, L.A.M. Wiik48,
A. Wildauer167, M.A. Wildt41,w, I. Wilhelm126, H.G. Wilkens29, J.Z. Will98, E. Williams34, H.H. Williams120,
W. Willis34, S. Willocq84, J.A. Wilson17, M.G. Wilson143, A. Wilson87, I. Wingerter-Seez4, S. Winkelmann48,
F. Winklmeier29, M. Wittgen143, E. Woehrling17, M.W. Wolter38, H. Wolters124a,i, B.K. Wosiek38, J. Wotschack29,
M.J. Woudstra84, K. Wraight53, C. Wright53, D. Wright143, B. Wrona73, S.L. Wu172, X. Wu49, J. Wuestenfeld42,
E. Wulf34, R. Wunstorf42, B.M. Wynne45, L. Xaplanteris9, S. Xella35, S. Xie48, Y. Xie32a, C. Xu32b, D. Xu139,
G. Xu32a, B. Yabsley150, M. Yamada66, A. Yamamoto66, K. Yamamoto64, S. Yamamoto155, T. Yamamura155,
J. Yamaoka44, T. Yamazaki155, Y. Yamazaki67, Z. Yan21, H. Yang87, S. Yang118, U.K. Yang82, Y. Yang61,
Y. Yang32a, Z. Yang146a,146b, W-M. Yao14, Y. Yao14, Y. Yasu66, J. Ye39, S. Ye24, M. Yilmaz3c, R. Yoosoofmiya123,
K. Yorita170, R. Yoshida5, C. Young143, S.P. Youssef21, D. Yu24, J. Yu7, J. Yu32c,as, J. Yuan99, L. Yuan32a,at,
A. Yurkewicz148, V.G. Zaets 128, R. Zaidan63, A.M. Zaitsev128, Z. Zajacova29, Yo.K. Zalite 121, V. Zambrano47,
L. Zanello132a,132b, P. Zarzhitsky39, A. Zaytsev107, M. Zdrazil14, C. Zeitnitz174, M. Zeller175, P.F. Zema29,
A. Zemla38, C. Zendler20, A.V. Zenin128, O. Zenin128, T. Zenis144a, Z. Zenonos122a,122b, S. Zenz14, D. Zerwas115,
G. Zevi della Porta57, Z. Zhan32d, H. Zhang83, J. Zhang5, Q. Zhang5, X. Zhang32d, L. Zhao108, T. Zhao138,
Z. Zhao32b, A. Zhemchugov65, S. Zheng32a, J. Zhong151,au, B. Zhou87, N. Zhou163, Y. Zhou151, C.G. Zhu32d,
H. Zhu41, Y. Zhu172, X. Zhuang98, V. Zhuravlov99, B. Zilka144a, R. Zimmermann20, S. Zimmermann20,
S. Zimmermann48, M. Ziolkowski141, R. Zitoun4, L. Živković34, V.V. Zmouchko128,∗, G. Zobernig172,
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50 INFN Sezione di Genova(a); Università di Genova, Dipartimento di Fisica(b), via Dodecaneso 33, IT - 16146



15

Genova, Italy
51 Institute of Physics of the Georgian Academy of Sciences, 6 Tamarashvili St., GE - 380077 Tbilisi; Tbilisi State
University, HEP Institute, University St. 9, GE - 380086 Tbilisi, Georgia
52 Justus-Liebig-Universität Giessen, II Physikalisches Institut, Heinrich-Buff Ring 16, D-35392 Giessen, Germany
53 University of Glasgow, Department of Physics and Astronomy, Glasgow G12 8QQ, United Kingdom
54 Georg-August-Universität, II. Physikalisches Institut, Friedrich-Hund Platz 1, D-37077 Göttingen, Germany
55 Laboratoire de Physique Subatomique et de Cosmologie, CNRS/IN2P3, Université Joseph Fourier, INPG, 53
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BP 1014 RP, 10000 Rabat, Morocco
136 CEA, DSM/IRFU, Centre d’Etudes de Saclay, FR - 91191 Gif-sur-Yvette, France
137 University of California Santa Cruz, Santa Cruz Institute for Particle Physics (SCIPP), Santa Cruz, CA 95064,
United States of America
138 University of Washington, Seattle, Department of Physics, Box 351560, Seattle, WA 98195-1560, United States
of America
139 University of Sheffield, Department of Physics & Astronomy, Hounsfield Road, Sheffield S3 7RH, United
Kingdom
140 Shinshu University, Department of Physics, Faculty of Science, 3-1-1 Asahi, Matsumoto-shi, JP - Nagano
390-8621, Japan
141 Universität Siegen, Fachbereich Physik, D 57068 Siegen, Germany
142 Simon Fraser University, Department of Physics, 8888 University Drive, CA - Burnaby, BC V5A 1S6, Canada
143 SLAC National Accelerator Laboratory, Stanford, California 94309, United States of America
144 Comenius University, Faculty of Mathematics, Physics & Informatics(a), Mlynska dolina F2, SK - 84248
Bratislava; Institute of Experimental Physics of the Slovak Academy of Sciences, Dept. of Subnuclear Physics(b),
Watsonova 47, SK - 04353 Kosice, Slovak Republic
145 (a)University of Johannesburg, Department of Physics, PO Box 524, Auckland Park, Johannesburg 2006;
(b)School of Physics, University of the Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, South Africa, South
Africa
146 Stockholm University: Department of Physics(a); The Oskar Klein Centre(b), AlbaNova, SE - 106 91 Stockholm,
Sweden
147 Royal Institute of Technology (KTH), Physics Department, SE - 106 91 Stockholm, Sweden
148 Stony Brook University, Department of Physics and Astronomy, Nicolls Road, Stony Brook, NY 11794-3800,
United States of America
149 University of Sussex, Department of Physics and Astronomy Pevensey 2 Building, Falmer, Brighton BN1 9QH,
United Kingdom
150 University of Sydney, School of Physics, AU - Sydney NSW 2006, Australia
151 Insitute of Physics, Academia Sinica, TW - Taipei 11529, Taiwan
152 Technion, Israel Inst. of Technology, Department of Physics, Technion City, IL - Haifa 32000, Israel
153 Tel Aviv University, Raymond and Beverly Sackler School of Physics and Astronomy, Ramat Aviv, IL - Tel Aviv



18

69978, Israel
154 Aristotle University of Thessaloniki, Faculty of Science, Department of Physics, Division of Nuclear & Particle
Physics, University Campus, GR - 54124, Thessaloniki, Greece
155 The University of Tokyo, International Center for Elementary Particle Physics and Department of Physics, 7-3-1
Hongo, Bunkyo-ku, JP - Tokyo 113-0033, Japan
156 Tokyo Metropolitan University, Graduate School of Science and Technology, 1-1 Minami-Osawa, Hachioji, Tokyo
192-0397, Japan
157 Tokyo Institute of Technology, 2-12-1-H-34 O-Okayama, Meguro, Tokyo 152-8551, Japan
158 University of Toronto, Department of Physics, 60 Saint George Street, Toronto M5S 1A7, Ontario, Canada
159 TRIUMF(a), 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3; (b)York University, Department of Physics and
Astronomy, 4700 Keele St., Toronto, Ontario, M3J 1P3, Canada
160 University of Tsukuba, Institute of Pure and Applied Sciences, 1-1-1 Tennoudai, Tsukuba-shi, JP - Ibaraki
305-8571, Japan
161 Tufts University, Science & Technology Center, 4 Colby Street, Medford, MA 02155, United States of America
162 Universidad Antonio Narino, Centro de Investigaciones, Cra 3 Este No.47A-15, Bogota, Colombia
163 University of California, Irvine, Department of Physics & Astronomy, CA 92697-4575, United States of America
164 INFN Gruppo Collegato di Udine(a); ICTP(b), Strada Costiera 11, IT-34014, Trieste; Università di Udine,
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