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A search for Z bosons in the �þ�� decay channel has been performed in PbPb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼

2:76 TeV with the CMS detector at the LHC, in a 7:2 �b�1 data sample. The number of opposite-sign

muon pairs observed in the 60–120 GeV=c2 invariant mass range is 39, corresponding to a yield per unit

of rapidity (y) and per minimum bias event of ½33:8� 5:5ðstatÞ � 4:4ðsystÞ� � 10�8, in the jyj< 2:0

range. Rapidity, transverse momentum, and centrality dependencies are also measured. The results agree

with next-to-leading order QCD calculations, scaled by the number of incoherent nucleon-nucleon

collisions.
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The hot and dense matter produced in heavy-ion colli-
sions, often referred to as the quark-gluon plasma (QGP),
can be studied in various ways. One approach is to compare
measurements made in heavy-ion (AA) collisions to those
in proton-proton (pp) and proton- (or deuteron-)nucleus
collisions. Another way is to compare in the same AA
sample the yields of particles that are modified by the
QGP to those of unmodified reference particles. At the
Relativistic Heavy Ion Collider (RHIC), direct photons
play the reference role [1], although their measurement is
complicated by copious background from �0 and other
decays, and by the existence of a parton fragmentation
component which is potentially modified by the medium
[2]. At the Large Hadron Collider (LHC) energies, a new
and cleaner reference becomes available: the Z boson,
decaying into leptons [3,4].

Electroweak boson production is an important bench-
mark process at hadron colliders. At 7 TeV center-of-mass
energy, measurements in pp collisions at the LHC [5,6] are
well described by calculations based on higher-order per-
turbative quantum chromodynamics (pQCD), using recent
parton distribution functions (PDFs). In AA collisions, Z
boson production can be affected by various initial-state
effects, though predictions indicate that these contributions
are rather small [3,7–10]. First, the mix of protons and
neutrons in AA collisions (the so-called isospin effect) is
estimated to modify the Z yield by less than 3% compared
to pp collisions [9]. Second, energy loss and multiple
scattering of the initial partons can also alter the Z produc-
tion, by about 3% [10]. The PDFs however are modified
in nuclei and a depletion (shadowing) is expected for Z
bosons at the LHC, modifying their yield by as much as

20% [9]. Precise measurements of Z production in heavy-
ion collisions can therefore help to constrain nuclear PDFs.
Once produced, Z bosons decay within the medium,

with a lifetime of 0:1 fm=c. Their leptonic decays are of
particular interest since leptons lose negligible energy in
the produced medium regardless of its nature (partonic or
hadronic) and properties [4]. Dileptons from Z bosons can
thus serve as a reference to the processes expected to be
heavily modified in the QGP, such as quarkonia produc-
tion, or the production of an opposite-side jet in Zþ jet
processes [3,11]. The Z bosons are therefore ideally suited
to serve as a standard candle of the initial state in PbPb
collisions at the LHC energies.
During the first PbPb LHC run at the end of 2010,

at a center-of-mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi

sNN
p ¼

2:76 TeV, Z bosons were observed by the Compact Muon
Solenoid (CMS) experiment. The measurement reported in
this Letter is performed with a 55� 106 minimum bias
(MB) event sample, corresponding to an integrated lumi-
nosity of 7:2 �b�1.
A detailed description of the CMS detector can be found

in [12]. Its central feature is a superconducting solenoid of
6 m internal diameter, providing a magnetic field of 3.8 T.
Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter, and the
brass or scintillator hadron calorimeter. Muons are mea-
sured in gas-ionization detectors embedded in the steel
return yoke. In addition, CMS has extensive forward calo-
rimetry, in particular, two steel or quartz-fiber Čerenkov,
hadron forward (HF) calorimeters, which cover the pseu-
dorapidity range 2:9< j�j< 5:2.
In this analysis, Z bosons are measured through their

dimuon decays. The silicon pixel and strip tracker mea-
sures charged particle trajectories in the range j�j< 2:5. It
consists of 66 M pixel and 10 M strip detector channels. It
provides a distance-to-vertex resolution of �15 �m in the
transverse plane. Muons are detected in the j�j< 2:4
range, with detection planes based on three technologies:
drift tubes, cathode strip chambers, and resistive plate
chambers. A matching of the muons to the tracks measured
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in the silicon tracker results in a pT resolution between 1%
and 2%, for pT values up to 100 GeV=c.

The centrality of AA collisions, i.e., the geometrical
overlap of the incoming nuclei, is related to the energy
released in the collisions. In CMS, centrality is defined as
percentiles of the distribution of the energy deposited in the
HFs [13,14]. The centrality classes used in this analysis are
30%–100%, 10%–30%, and 0%–10% (most central), or-
dered from the lowest to the highest HF energy deposit.

Events are preselected if they contain a reconstructed
primary vertex made of at least two tracks, and an offline
coincidence of both of the HFs with a total deposited
energy of at least 9 GeV. These criteria reduce contribu-
tions from single-beam interactions with the environment
(e.g., beam-gas and beam halo collisions with the beam
pipe), ultraperipheral electromagnetic collisions, and
cosmic-ray muons. The acceptance of this selection is
(97� 3)% of the hadronic inelastic cross section [13].

The events are also selected by the two-level trigger of
CMS. At the first hardware level, two muon candidates in
the muon detectors are required. At the software-based
higher level, two reconstructed tracks in the muon detec-
tors are required, each with a pT of at least 3 GeV=c. In
order to study the dimuon trigger efficiency, events are
also collected with a single-muon trigger, requiring pT >
20 GeV=c. For Z bosons, the trigger efficiency is estimated
to be ’ 94%.

Muon offline reconstruction is seeded with ’ 99% effi-
ciency by tracks in the muon detectors, called stand-alone
muons. These tracks are then matched to tracks recon-
structed in the silicon tracker by means of an algorithm
optimized for the heavy-ion environment [14,15]. For a
muon from Z decays the tracking efficiency is ’ 85%, less
than in the pp case, as the track reconstruction requires
more pixel hits to lower the number of combinations, due
to the high multiplicity. Global fits of the muon and tracker
tracks, called global muons, are used to obtain the results
presented in this Letter.

Background muons from cosmic rays and heavy-quark
semileptonic decays are rejected by requiring a transverse
(longitudinal) impact parameter of less than 0.3 (1.5) mm
from the measured vertex. Loose criteria applied on the
reconstructed muons result in the dimuon mass spectrum
shown in Fig. 1. No muon isolation criteria are applied, as
they are expected to have reduced efficiency in the high
particle density of the PbPb environment. The fraction of Z
decays removed by the applied selection criteria is esti-
mated to be ’ 2:6%. A conservative upper limit of 4% for
the residual background is estimated by extrapolations of
various shapes from the low mass region, and no correction
is applied. Thirty-nine Z candidates are observed in the
mass interval 60–120 GeV=c2. Their distribution is con-
sistent with the one from pp data at 7 TeV [6], scaled down
to 39 counts and limited to the 60–120 GeV=c2 mass range
as displayed by the histogram in Fig. 1.

Muon trigger, reconstruction, and selection efficiencies,
as well as acceptance, are estimated using the PYTHIA 6.424
simulation [16] with CTEQ6L PDFs [17] and full GEANT4
[18] detector simulation. To take into account the effect of
the higher PbPb underlying-event activity, simulated Z
decays are embedded in measured PbPb events at the level
of detector hits and with generated vertices matched to the
measured ones. These events were processed through the
trigger emulation and event reconstruction chain. Track
characteristics, such as the number of hits and the �2 of
the track fit, have similar distributions in data and simula-
tion. The detector acceptance �, defined as the fraction of
Z bosons produced at rapidity jyj< 2:0 that decay into
muons with j�j< 2:4 and pT > 10 GeV=c, is estimated to
be 78%. Within this acceptance, the overall trigger, recon-
struction, and identification efficiency " averages to 67%,
and varies by less than 10% as a function of centrality.
The individual components of this efficiency are also

estimated with a data-driven technique, called tag-and-
probe, similar to the one used for the corresponding pp
measurement [6]. It consists in counting the Z candidates
with and without applying the probed selection on one of
the muons: (1) the stand-alone muon reconstruction effi-
ciency is probed with tracker tracks; (2) the silicon tracker
reconstruction efficiency is probed with stand-alone
muons; (3) the trigger efficiency is probed by testing the
trigger response to global muons from a sample triggered
by a single-muon requirement. The last is also checked
with high-quality reconstructed muons fromMB events. In
all cases, these data-driven efficiencies agree with those
derived from simulation within the statistical uncertainties.
The total systematic uncertainty on the Z yield is esti-

mated to be 13% by summing in quadrature the following
contributions. The largest one is associated with the
tracking efficiency and taken as the 9.8% precision of the
above-mentioned data-driven efficiency determination.
Similarly, the uncertainty associated with the dimuon
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FIG. 1 (color online). Dimuon invariant mass spectra. Full
squares are opposite-sign dimuons, while the empty circle shows
a unique like-sign dimuon candidate. The histogram shows the
corresponding distribution measured in pp collisions at 7 TeV
within 60–120 GeV=c2, scaled to the 39 PbPb candidates.
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trigger is 4.5%. The 4% maximum contribution from un-
subtracted background is taken as a systematic uncertainty.
The uncertainty associated with the muon-pair selection is
considered to be equal to the 2.6% loss of events. The MB
trigger efficiency is known at the 3% level. The uncertainty
coming from the acceptance correction is estimated
to be less than 3%, by varying the underlying generated
kinematics (y, pT) beyond reasonable modifications.
Other systematic uncertainties are estimated to sum to
less than 1.5%.

The yield of Z ! �þ�� decays per MB event is defined
as dN=dyðjyj< 2:0Þ ¼ NZ=ð�"NMB�yÞ, where NZ ¼ 39
is the number of dimuons counted in the mass window of
60–120 GeV=c2, NMB ¼ 55� 106 is the number of corre-
spondingMB events, corrected for trigger efficiency,� and
" are the acceptance and overall efficiency, and �y ¼ 4:0
is the rapidity bin width. We find dN=dyðjyj< 2:0Þ ¼
ð33:8� 5:5� 4:4Þ � 10�8, where the first uncertainty is
statistical and the second systematic. The analysis de-
scribed above is repeated after subdividing the data into
three bins for each of the following variables: event cen-
trality and Z boson y and pT . The total systematic uncer-
tainty does not vary significantly with these variables and is
considered to be constant and dominantly uncorrelated.

In the absence of in-medium modifications, the yield of
perturbative processes such as the Z boson production is
supposed to scale with the number of incoherent nucleon-
nucleon binary collisions [19]. In order to compare the
PbPb measured yields to available pp cross-section calcu-
lations, a scaling factor TAB is necessary. This nuclear
overlap function is equal to the number of elementary
nucleon-nucleon binary collisions divided by the elemen-
tary NN cross section, and can be interpreted as the NN
equivalent integrated luminosity per AA collision, at a
given centrality. In units ofmb�1, the average TAB amounts
to 1:45� 0:18, 11:6� 0:7, and 23:2� 1:0, for the central-
ity ranges 30%–100%, 10%–30%, and 0%–10%, respec-
tively, and 5:66� 0:35 for MB events. These numbers are
computed with a Glauber model calculation [19], using the
same parameters as in [13]. The quoted uncertainties are
derived by varying within uncertainties the Glauber pa-
rameters and the MB trigger and selection efficiency.

The full circles in Fig. 2(a) show the centrality depen-
dence of the Z yield divided by TAB, while the open square
is for MB events. The variable used on the abscissa is the
average number of participating nucleons Npart corre-

sponding to the selected centrality intervals, computed in
the same Glauber model. No centrality dependence of the
binary-scaled Z yields is observed in data. A similar result
was recently published by the ATLAS collaboration [20].

The normalized yields ðdN=dyÞ=TAB are compared to
various calculations: (1) using the nucleon CT10 and
modified nuclear EPS09 PDFs [9,21], (2) using
MSTW08 PDFs [22] and modeling incoming-parton en-
ergy loss [11], and (3) provided by the POWHEG [23]
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FIG. 2 (color online). The yields of Z ! �� per event:
(a) dN=dy divided by the expected nuclear overlap function
TAB and as a function of event centrality parametrized as the
number of participating nucleons Npart, (b) dN=dy versus the Z

boson y, (c) d2N=dydpT versus the Z boson pT . Data points
are located horizontally at average values measured within
a given bin. Vertical lines (bands) correspond to statistical
(systematic) uncertainties. Theoretical predictions are computed
within the same bins as the data, and are described in
the text.
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generator interfaced with the PYTHIA parton-shower gen-
erator and using CTEQ6.6 PDFs [17]. Only a marginal
centrality dependence is predicted: the inhomogeneous
(i.e., depending on the radial position in nuclei) shadowing
is predicted to have negligible impact [7] and the energy-
loss prediction drops by 3% from peripheral to central
collisions [11].

Figures 2(b) and 2(c) show the differential yields,
dN=dy and d2N=dydpT , as a function of the Z boson y
and pT . They are compared to the same theoretical calcu-
lations as used for the centrality distribution (when avail-
able) multiplied by the minimum bias TAB value. In all
bins, no significant deviations from binary-collision scal-
ing are observed.

Nuclear modification factors, RAA¼dN=ðTAB�d�ppÞ,
are computed from the AAmeasured yields dN, the nuclear
overlap function TAB, and the pp ! Z cross sections d�pp

given by the POWHEG calculation (solid lines on Fig. 2, e.g.,
d�pp=dy ¼ 59:6 pb in jyj< 2:0). The RAA systematic un-

certainty includes TAB uncertainties, but no uncertainty is
assigned to the theoretical pp cross section. All RAA values
are found compatible with unity. They are reported in
Table I, together with the number of observed Z bosons
and their yield per event.

In conclusion, the Z boson yield in PbPb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 2:76 TeV has been measured inclusively and as a

function of rapidity, transverse momentum, and centrality.
Within uncertainties, no modification is observed with
respect to theoretical next-to-leading order perturbative
quantum chromodynamics proton-proton cross sections
scaled by the number of elementary nucleon-nucleon
collisions. This measurement confirms the validity of
the Glauber scaling for perturbative cross sections in
nucleus-nucleus collisions at the LHC and establishes the

feasibility of carrying out detailed Z physics studies in
heavy-ion collisions with the CMS detector. With upcom-
ing PbPb collisions at higher luminosity, the Z boson
promises to be a powerful reference tool for final-state
heavy-ion related signatures as well as providing a means
to study the modifications of the parton distribution
functions.
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A. Tsirou,98 P. Vichoudis,98 M. Voutilainen,98 W.D. Zeuner,98 W. Bertl,99 K. Deiters,99 W. Erdmann,99

K. Gabathuler,99 R. Horisberger,99 Q. Ingram,99 H. C. Kaestli,99 S. König,99 D. Kotlinski,99 U. Langenegger,99

F. Meier,99 D. Renker,99 T. Rohe,99 J. Sibille,99,bb A. Starodumov,99,cc P. Bortignon,100 L. Caminada,100,dd

Z. Chen,100 S. Cittolin,100 G. Dissertori,100 M. Dittmar,100 J. Eugster,100 K. Freudenreich,100 C. Grab,100 A. Hervé,100
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E. Aguiló,101 C. Amsler,101 V. Chiochia,101 S. De Visscher,101 C. Favaro,101 M. Ivova Rikova,101 B. MillanMejias,101

C. Regenfus,101 P. Robmann,101 A. Schmidt,101 H. Snoek,101 Y.H. Chang,102 E. A. Chen,102 K.H. Chen,102

W. T. Chen,102 S. Dutta,102 C.M. Kuo,102 S.W. Li,102 W. Lin,102 M.H. Liu,102 Z. K. Liu,102 Y. J. Lu,102

D. Mekterovic,102 J. H. Wu,102 S. S. Yu,102 P. Bartalini,103 P. Chang,103 Y.H. Chang,103 Y.W. Chang,103 Y. Chao,103

K. F. Chen,103 W.-S. Hou,103 Y. Hsiung,103 K.Y. Kao,103 Y. J. Lei,103 R.-S. Lu,103 J. G. Shiu,103 Y.M. Tzeng,103

M. Wang,103 A. Adiguzel,104 M.N. Bakirci,104,ff S. Cerci,104,gg Z. Demir,104 C. Dozen,104 I. Dumanoglu,104

E. Eskut,104 S. Girgis,104 G. Gokbulut,104 Y. Guler,104 E. Gurpinar,104 I. Hos,104 E. E. Kangal,104 T. Karaman,104

A. Kayis Topaksu,104 A. Nart,104 G. Onengut,104 K. Ozdemir,104 S. Ozturk,104 A. Polatoz,104 K. Sogut,104,hh

D. Sunar Cerci,104,gg B. Tali,104 H. Topakli,104,ff D. Uzun,104 L. N. Vergili,104 M. Vergili,104 C. Zorbilmez,104

I. V. Akin,105 T. Aliev,105 S. Bilmis,105 M. Deniz,105 H. Gamsizkan,105 A.M. Guler,105 K. Ocalan,105 A. Ozpineci,105

M. Serin,105 R. Sever,105 U. E. Surat,105 E. Yildirim,105 M. Zeyrek,105 M. Deliomeroglu,106 D. Demir,106,ii

E. Gülmez,106 A. Halu,106 B. Isildak,106 M. Kaya,106,jj O. Kaya,106,jj S. Ozkorucuklu,106,kk N. Sonmez,106,ll

L. Levchuk,107 P. Bell,108 F. Bostock,108 J. J. Brooke,108 T. L. Cheng,108 E. Clement,108 D. Cussans,108 R. Frazier,108

J. Goldstein,108 M. Grimes,108 M. Hansen,108 D. Hartley,108 G. P. Heath,108 H. F. Heath,108 B. Huckvale,108

J. Jackson,108 L. Kreczko,108 S. Metson,108 D.M. Newbold,108,mm K. Nirunpong,108 A. Poll,108 S. Senkin,108

V. J. Smith,108 S. Ward,108 L. Basso,109,nn K.W. Bell,109 A. Belyaev,109,nn C. Brew,109 R.M. Brown,109

B. Camanzi,109 D. J. A. Cockerill,109 J. A. Coughlan,109 K. Harder,109 S. Harper,109 B.W. Kennedy,109 E. Olaiya,109

D. Petyt,109 B. C. Radburn-Smith,109 C.H. Shepherd-Themistocleous,109 I. R. Tomalin,109 W. J. Womersley,109

S. D. Worm,109 R. Bainbridge,110 G. Ball,110 J. Ballin,110 R. Beuselinck,110 O. Buchmuller,110 D. Colling,110

N. Cripps,110 M. Cutajar,110 G. Davies,110 M. Della Negra,110 J. Fulcher,110 D. Futyan,110 A. Guneratne Bryer,110

G. Hall,110 Z. Hatherell,110 J. Hays,110 G. Iles,110 G. Karapostoli,110 B. C. MacEvoy,110 A.-M. Magnan,110

J. Marrouche,110 R. Nandi,110 J. Nash,110 A. Nikitenko,110,cc A. Papageorgiou,110 M. Pesaresi,110 K. Petridis,110

M. Pioppi,110,oo D.M. Raymond,110 N. Rompotis,110 A. Rose,110 M. J. Ryan,110 C. Seez,110 P. Sharp,110

A. Sparrow,110 A. Tapper,110 M. Vazquez Acosta,110 T. Virdee,110 S. Wakefield,110 T. Whyntie,110 M. Barrett,111

M. Chadwick,111 J. E. Cole,111 P. R. Hobson,111 A. Khan,111 P. Kyberd,111 D. Leslie,111 W. Martin,111 I. D. Reid,111

L. Teodorescu,111 K. Hatakeyama,112 T. Bose,113 E. Carrera Jarrin,113 C. Fantasia,113 A. Heister,113 J. St. John,113

P. Lawson,113 D. Lazic,113 J. Rohlf,113 D. Sperka,113 L. Sulak,113 A. Avetisyan,114 S. Bhattacharya,114 J. P. Chou,114

PRL 106, 212301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

212301-8



D. Cutts,114 A. Ferapontov,114 U. Heintz,114 S. Jabeen,114 G. Kukartsev,114 G. Landsberg,114 M. Narain,114

D. Nguyen,114 M. Segala,114 T. Speer,114 K. V. Tsang,114 R. Breedon,115 M. Calderon De La Barca Sanchez,115

S. Chauhan,115 M. Chertok,115 J. Conway,115 P. T. Cox,115 J. Dolen,115 R. Erbacher,115 E. Friis,115 W. Ko,115

A. Kopecky,115 R. Lander,115 H. Liu,115 S. Maruyama,115 T. Miceli,115 M. Nikolic,115 D. Pellett,115 J. Robles,115

S. Salur,115 T. Schwarz,115 M. Searle,115 J. Smith,115 M. Squires,115 M. Tripathi,115 R. Vasquez Sierra,115

C. Veelken,115 V. Andreev,116 K. Arisaka,116 D. Cline,116 R. Cousins,116 A. Deisher,116 J. Duris,116 S. Erhan,116

C. Farrell,116 J. Hauser,116 M. Ignatenko,116 C. Jarvis,116 C. Plager,116 G. Rakness,116 P. Schlein,116,a J. Tucker,116

V. Valuev,116 J. Babb,117 A. Chandra,117 R. Clare,117 J. Ellison,117 J.W. Gary,117 F. Giordano,117 G. Hanson,117

G.Y. Jeng,117 S. C. Kao,117 F. Liu,117 H. Liu,117 O. R. Long,117 A. Luthra,117 H. Nguyen,117 B. C. Shen,117,a

R. Stringer,117 J. Sturdy,117 S. Sumowidagdo,117 R. Wilken,117 S. Wimpenny,117 W. Andrews,118 J. G. Branson,118

G. B. Cerati,118 E. Dusinberre,118 D. Evans,118 F. Golf,118 A. Holzner,118 R. Kelley,118 M. Lebourgeois,118 J. Letts,118

B. Mangano,118 S. Padhi,118 C. Palmer,118 G. Petrucciani,118 H. Pi,118 M. Pieri,118 R. Ranieri,118 M. Sani,118

V. Sharma,118,b S. Simon,118 Y. Tu,118 A. Vartak,118 S. Wasserbaech,118,pp F. Würthwein,118 A. Yagil,118 D. Barge,119

R. Bellan,119 C. Campagnari,119 M. D’Alfonso,119 T. Danielson,119 K. Flowers,119 P. Geffert,119 J. Incandela,119

C. Justus,119 P. Kalavase,119 S. A. Koay,119 D. Kovalskyi,119 V. Krutelyov,119 S. Lowette,119 N. Mccoll,119

V. Pavlunin,119 F. Rebassoo,119 J. Ribnik,119 J. Richman,119 R. Rossin,119 D. Stuart,119 W. To,119 J. R. Vlimant,119

A. Apresyan,120 A. Bornheim,120 J. Bunn,120 Y. Chen,120 M. Gataullin,120 Y. Ma,120 A. Mott,120 H. B. Newman,120

C. Rogan,120 V. Timciuc,120 P. Traczyk,120 J. Veverka,120 R. Wilkinson,120 Y. Yang,120 R.Y. Zhu,120 B. Akgun,121

R. Carroll,121 T. Ferguson,121 Y. Iiyama,121 D.W. Jang,121 S. Y. Jun,121 Y. F. Liu,121 M. Paulini,121 J. Russ,121

H. Vogel,121 I. Vorobiev,121 J. P. Cumalat,122 M. E. Dinardo,122 B. R. Drell,122 C. J. Edelmaier,122 W. T. Ford,122

A. Gaz,122 B. Heyburn,122 E. Luiggi Lopez,122 U. Nauenberg,122 J. G. Smith,122 K. Stenson,122 K.A. Ulmer,122

S. R. Wagner,122 S. L. Zang,122 L. Agostino,123 J. Alexander,123 D. Cassel,123 A. Chatterjee,123 S. Das,123

N. Eggert,123 L. K. Gibbons,123 B. Heltsley,123 W. Hopkins,123 A. Khukhunaishvili,123 B. Kreis,123

G. Nicolas Kaufman,123 J. R. Patterson,123 D. Puigh,123 A. Ryd,123 X. Shi,123 W. Sun,123 W.D. Teo,123 J. Thom,123

J. Thompson,123 J. Vaughan,123 Y. Weng,123 L. Winstrom,123 P. Wittich,123 A. Biselli,124 G. Cirino,124 D. Winn,124

S. Abdullin,125 M. Albrow,125 J. Anderson,125 G. Apollinari,125 M. Atac,125 J. A. Bakken,125 S. Banerjee,125

L. A. T. Bauerdick,125 A. Beretvas,125 J. Berryhill,125 P. C. Bhat,125 I. Bloch,125 F. Borcherding,125 K. Burkett,125

J. N. Butler,125 V. Chetluru,125 H.W.K. Cheung,125 F. Chlebana,125 S. Cihangir,125 W. Cooper,125 D. P. Eartly,125

V.D. Elvira,125 S. Esen,125 I. Fisk,125 J. Freeman,125 Y. Gao,125 E. Gottschalk,125 D. Green,125 K. Gunthoti,125

O. Gutsche,125 J. Hanlon,125 R.M. Harris,125 J. Hirschauer,125 B. Hooberman,125 H. Jensen,125 M. Johnson,125

U. Joshi,125 R. Khatiwada,125 B. Klima,125 K. Kousouris,125 S. Kunori,125 S. Kwan,125 C. Leonidopoulos,125

P. Limon,125 D. Lincoln,125 R. Lipton,125 J. Lykken,125 K. Maeshima,125 J.M. Marraffino,125 D. Mason,125

P. McBride,125 T. Miao,125 K. Mishra,125 S. Mrenna,125 Y. Musienko,125,qq C. Newman-Holmes,125 V. O’Dell,125

R. Pordes,125 O. Prokofyev,125 N. Saoulidou,125 E. Sexton-Kennedy,125 S. Sharma,125 W. J. Spalding,125

L. Spiegel,125 P. Tan,125 L. Taylor,125 S. Tkaczyk,125 L. Uplegger,125 E.W. Vaandering,125 R. Vidal,125

J. Whitmore,125 W. Wu,125 F. Yang,125 F. Yumiceva,125 J. C. Yun,125 D. Acosta,126 P. Avery,126 D. Bourilkov,126

M. Chen,126 G. P. Di Giovanni,126 D. Dobur,126 A. Drozdetskiy,126 R. D. Field,126 M. Fisher,126 Y. Fu,126

I. K. Furic,126 J. Gartner,126 S. Goldberg,126 B. Kim,126 J. Konigsberg,126 A. Korytov,126 A. Kropivnitskaya,126

T. Kypreos,126 K. Matchev,126 G. Mitselmakher,126 L. Muniz,126 Y. Pakhotin,126 C. Prescott,126 R. Remington,126

M. Schmitt,126 B. Scurlock,126 P. Sellers,126 N. Skhirtladze,126 D. Wang,126 J. Yelton,126 M. Zakaria,126 C. Ceron,127

V. Gaultney,127 L. Kramer,127 L.M. Lebolo,127 S. Linn,127 P. Markowitz,127 G. Martinez,127 J. L. Rodriguez,127

T. Adams,128 A. Askew,128 D. Bandurin,128 J. Bochenek,128 J. Chen,128 B. Diamond,128 S. V. Gleyzer,128 J. Haas,128

V. Hagopian,128 M. Jenkins,128 K. F. Johnson,128 H. Prosper,128 L. Quertenmont,128 S. Sekmen,128

V. Veeraraghavan,128 M.M. Baarmand,129 B. Dorney,129 S. Guragain,129 M. Hohlmann,129 H. Kalakhety,129

R. Ralich,129 I. Vodopiyanov,129 M.R. Adams,130 I.M. Anghel,130 L. Apanasevich,130 Y. Bai,130 V. E. Bazterra,130

R. R. Betts,130 J. Callner,130 R. Cavanaugh,130 C. Dragoiu,130 L. Gauthier,130 C. E. Gerber,130 D. J. Hofman,130

S. Khalatyan,130 G. J. Kunde,130,rr F. Lacroix,130 M. Malek,130 C. O’Brien,130 C. Silvestre,130 A. Smoron,130

D. Strom,130 N. Varelas,130 U. Akgun,131 E. A. Albayrak,131 B. Bilki,131 W. Clarida,131 F. Duru,131 C. K. Lae,131

E. McCliment,131 J.-P. Merlo,131 H. Mermerkaya,131 A. Mestvirishvili,131 A. Moeller,131 J. Nachtman,131

C. R. Newsom,131 E. Norbeck,131 J. Olson,131 Y. Onel,131 F. Ozok,131 S. Sen,131 J. Wetzel,131 T. Yetkin,131 K. Yi,131

B. A. Barnett,132 B. Blumenfeld,132 A. Bonato,132 C. Eskew,132 D. Fehling,132 G. Giurgiu,132 A. V. Gritsan,132

PRL 106, 212301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

212301-9



G. Hu,132 P. Maksimovic,132 S. Rappoccio,132 M. Swartz,132 N.V. Tran,132 A. Whitbeck,132 P. Baringer,133

A. Bean,133 G. Benelli,133 O. Grachov,133 M. Murray,133 D. Noonan,133 S. Sanders,133 J. S. Wood,133 V. Zhukova,133

A. F. Barfuss,134 T. Bolton,134 I. Chakaberia,134 A. Ivanov,134 M. Makouski,134 Y. Maravin,134 S. Shrestha,134

I. Svintradze,134 Z. Wan,134 J. Gronberg,135 D. Lange,135 D. Wright,135 A. Baden,136 M. Boutemeur,136 S. C. Eno,136

D. Ferencek,136 J. A. Gomez,136 N. J. Hadley,136 R. G. Kellogg,136 M. Kirn,136 Y. Lu,136 A. C. Mignerey,136

K. Rossato,136 P. Rumerio,136 F. Santanastasio,136 A. Skuja,136 J. Temple,136 M.B. Tonjes,136 S. C. Tonwar,136

E. Twedt,136 B. Alver,137 G. Bauer,137 J. Bendavid,137 W. Busza,137 E. Butz,137 I. A. Cali,137 M. Chan,137 V. Dutta,137

P. Everaerts,137 G. Gomez Ceballos,137 M. Goncharov,137 K.A. Hahn,137 P. Harris,137 Y. Kim,137 M. Klute,137

Y.-J. Lee,137 W. Li,137 C. Loizides,137 P. D. Luckey,137 T. Ma,137 S. Nahn,137 C. Paus,137 D. Ralph,137 C. Roland,137

G. Roland,137 M. Rudolph,137 G. S. F. Stephans,137 K. Sumorok,137 K. Sung,137 E. A. Wenger,137 S. Xie,137

M. Yang,137 Y. Yilmaz,137 A. S. Yoon,137 M. Zanetti,137 P. Cole,138 S. I. Cooper,138 P. Cushman,138 B. Dahmes,138

A. De Benedetti,138 P. R. Dudero,138 G. Franzoni,138 J. Haupt,138 K. Klapoetke,138 Y. Kubota,138 J. Mans,138

V. Rekovic,138 R. Rusack,138 M. Sasseville,138 A. Singovsky,138 L.M. Cremaldi,139 R. Godang,139 R. Kroeger,139

L. Perera,139 R. Rahmat,139 D.A. Sanders,139 D. Summers,139 K. Bloom,140 S. Bose,140 J. Butt,140 D. R. Claes,140

A. Dominguez,140 M. Eads,140 J. Keller,140 T. Kelly,140 I. Kravchenko,140 J. Lazo-Flores,140 H. Malbouisson,140

S. Malik,140 G. R. Snow,140 U. Baur,141 A. Godshalk,141 I. Iashvili,141 S. Jain,141 A. Kharchilava,141 A. Kumar,141

S. P. Shipkowski,141 K. Smith,141 G. Alverson,142 E. Barberis,142 D. Baumgartel,142 O. Boeriu,142 M. Chasco,142

S. Reucroft,142 J. Swain,142 D. Wood,142 J. Zhang,142 A. Anastassov,143 A. Kubik,143 N. Odell,143

R.A. Ofierzynski,143 B. Pollack,143 A. Pozdnyakov,143 M. Schmitt,143 S. Stoynev,143 M. Velasco,143 S. Won,143

L. Antonelli,144 D. Berry,144 M. Hildreth,144 C. Jessop,144 D. J. Karmgard,144 J. Kolb,144 T. Kolberg,144 K. Lannon,144

W. Luo,144 S. Lynch,144 N. Marinelli,144 D.M. Morse,144 T. Pearson,144 R. Ruchti,144 J. Slaunwhite,144 N. Valls,144

M. Wayne,144 J. Ziegler,144 B. Bylsma,145 L. S. Durkin,145 J. Gu,145 C. Hill,145 P. Killewald,145 K. Kotov,145

M. Rodenburg,145 G. Williams,145 N. Adam,146 E. Berry,146 P. Elmer,146 D. Gerbaudo,146 V. Halyo,146 P. Hebda,146

A. Hunt,146 J. Jones,146 E. Laird,146 D. Lopes Pegna,146 D. Marlow,146 T. Medvedeva,146 M. Mooney,146 J. Olsen,146
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9Université de Mons, Mons, Belgium

10Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
11Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

12Instituto de Fisica Teorica, Universidade Estadual Paulista, Sao Paulo, Brazil
13Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria

14University of Sofia, Sofia, Bulgaria
15Institute of High Energy Physics, Beijing, China

16State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
17Universidad de Los Andes, Bogota, Colombia
18Technical University of Split, Split, Croatia

19University of Split, Split, Croatia
20Institute Rudjer Boskovic, Zagreb, Croatia

21University of Cyprus, Nicosia, Cyprus
22Charles University, Prague, Czech Republic

23Academy of Scientific Research and Technology of the Arab Republic of Egypt,
Egyptian Network of High Energy Physics, Cairo, Egypt

24National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
25Department of Physics, University of Helsinki, Helsinki, Finland

26Helsinki Institute of Physics, Helsinki, Finland
27Lappeenranta University of Technology, Lappeenranta, Finland

28Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-le-Vieux, France
29DSM/IRFU, CEA/Saclay, Gif-sur-Yvette, France

30Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France
31Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, Université de Haute Alsace Mulhouse,
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67INFN Sezione di Torino, Università di Torino, Università del Piemonte Orientale (Novara), Torino, Italy
67aINFN Sezione di Torino, Torino, Italy
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85Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
86Joint Institute for Nuclear Research, Dubna, Russia

87Petersburg Nuclear Physics Institute, Gatchina (St Petersburg), Russia
88Institute for Nuclear Research, Moscow, Russia

89Institute for Theoretical and Experimental Physics, Moscow, Russia
90Moscow State University, Moscow, Russia

PRL 106, 212301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

212301-12



91P.N. Lebedev Physical Institute, Moscow, Russia
92State Research Center of Russian Federation, Institute for High Energy Physics, Protvino, Russia

93University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade, Serbia
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wAlso at Université de Genève, Geneva, Switzerland.
xAlso at Scuola Normale e Sezione dell’ INFN, Pisa, Italy.
yAlso at INFN Sezione di Roma, Università di Roma ‘‘La Sapienza,’’ Roma, Italy.
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