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A. Milov,50 S. Mioduszewski,3 G. C. Mishra,16 M. Mishra,2 J. T. Mitchell,3 M. Mitrovski,49 A. Morreale,4 D. P. Morrison,3

J. M. Moss,31 T. V. Moukhanova,27 D. Mukhopadhyay,55 J. Murata,45,43 S. Nagamiya,24 Y. Nagata,54 J. L. Nagle,8

M. Naglis,57 I. Nakagawa,43,44 Y. Nakamiya,17 T. Nakamura,17 K. Nakano,43,53 J. Newby,30 M. Nguyen,50 B. E. Norman,31

A. S. Nyanin,27 J. Nystrand,33 E. O’Brien,3 S. X. Oda,7 C. A. Ogilvie,21 H. Ohnishi,43 I. D. Ojha,55 H. Okada,28,43

K. Okada,44 M. Oka,54 O. O. Omiwade,1 A. Oskarsson,33 I. Otterlund,33 M. Ouchida,17 K. Ozawa,7 R. Pak,3 D. Pal,55

A. P. T. Palounek,31 V. Pantuev,50 V. Papavassiliou,38 J. Park,48 W. J. Park,26 S. F. Pate,38 H. Pei,21 J.-C. Peng,19

H. Pereira,11 V. Peresedov,22 D. Yu. Peressounko,27 C. Pinkenburg,3 R. P. Pisani,3 M. L. Purschke,3 A. K. Purwar,31,50

H. Qu,16 J. Rak,21,37 A. Rakotozafindrabe,29 I. Ravinovich,57 K. F. Read,39,52 S. Rembeczki,14 M. Reuter,50 K. Reygers,34

V. Riabov,42 Y. Riabov,42 G. Roche,32 A. Romana,29,* M. Rosati,21 S. S. E. Rosendahl,33 P. Rosnet,32 P. Rukoyatkin,22

V. L. Rykov,43 S. S. Ryu,58 B. Sahlmueller,34 N. Saito,28,43,44 T. Sakaguchi,3,7,56 S. Sakai,54 H. Sakata,17 V. Samsonov,42

H. D. Sato,28,43 S. Sato,3,24,54 S. Sawada,24 J. Seele,8 R. Seidl,19 V. Semenov,18 R. Seto,4 D. Sharma,57 T. K. Shea,3

I. Shein,18 A. Shevel,42,49 T.-A. Shibata,43,53 K. Shigaki,17 M. Shimomura,54 T. Shohjoh,54 K. Shoji,28,43 A. Sickles,50

C. L. Silva,47 D. Silvermyr,39 C. Silvestre,11 K. S. Sim,26 C. P. Singh,2 V. Singh,2 S. Skutnik,21 M. Slunečka,5,22
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52University of Tennessee, Knoxville, Tennessee 37996, USA

53Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
54Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

55Vanderbilt University, Nashville, Tennessee 37235, USA
56Waseda University, Advanced Research Institute for Science and Engineering, 17 Kikui-cho, Shinjuku-ku, Tokyo 162-0044, Japan

57Weizmann Institute, Rehovot 76100, Israel
58Yonsei University, IPAP, Seoul 120-749, Korea

(Received 12 November 2006; published 4 June 2007; corrected 7 June 2007)

The PHENIX experiment at the BNL Relativistic Heavy Ion Collider (RHIC) has measured J= 
production for rapidities �2:2< y< 2:2 in Au� Au collisions at

��������

sNN
p

� 200 GeV. The J= invariant
yield and nuclear modification factor RAA as a function of centrality, transverse momentum, and rapidity
are reported. A suppression of J= relative to binary collision scaling of proton-proton reaction yields is
observed. Models which describe the lower energy J= data at the CERN Super Proton Synchrotron
invoking only J= destruction based on the local medium density predict a significantly larger
suppression at RHIC and more suppression at midrapidity than at forward rapidity. Both trends are
contradicted by our data.

DOI: 10.1103/PhysRevLett.98.232301 PACS numbers: 25.75.Dw

The quark-gluon plasma (QGP) is a state of deconfined
quarks and gluons which is predicted by lattice quantum
chromodynamics (QCD) calculations to be formed above a
temperature Tc of the order of 175–192 MeV for a baryon
chemical potential �b � 0 [1,2]. Heavy quarkonia (J= ,
 0, �c, and �) have long been considered a promising
probe to study the formation and properties of the QGP.
In the deconfined state, the attraction between heavy
quarks and antiquarks is predicted to be reduced due to
dynamic screening effects, leading to the suppression of
heavy quarkonia yield. The strength of the suppression
depends on the binding energies of the quarkonia and the
temperature of the surrounding system [3]. Recent lattice
QCD calculations suggest that the J= may not dissociate
until well above Tc [4–6]. On the other hand, �c and  0,
which contribute to the total J= yield via decay, are
expected to dissolve at lower temperatures due to smaller
binding energies.

A J= suppression was observed at lower energies by
the NA50 experiment at the CERN Super Proton
Synchrotron (SPS) [7,8] that could be reproduced by vari-
ous theoretical calculations [9–13]. Models that invoke the
formation of a QGP predict a larger suppression at the BNL
Relativistic Heavy Ion Collider (RHIC) than SPS due to the
larger energy density of the medium created. On the other
hand, several models also predict that the J= yield will
result from a balance between destruction due to thermal
gluons and enhancement due to coalescence of uncorre-
lated c �c pairs [9,14], which are produced abundantly at
RHIC energy [15,16]. Cold nuclear matter (CNM) effects
such as nuclear absorption, shadowing, and antishadowing
are also expected to modify the J= yield. PHENIX d�
Au data show that CNM effects are smaller at RHIC than
those observed at a lower energy [17] and can be repro-
duced by a nuclear absorption cross section of up to 3 mb
plus nuclear shadowing [18].

We report results on J= production measured by the
PHENIX Collaboration at midrapidity (jyj< 0:35) via
e�e� decay and at forward rapidity (jyj 2 �1:2; 2:2�) via
���� decay in Au� Au collisions at

��������

sNN
p

� 200 GeV.
These results do not separate primordial J= and J= from
�c,  0, or B decay. The J= invariant yields as a function
of centrality, rapidity (y), and transverse momentum (pT)
are shown. They are combined with the yield measured in
p� p collisions [19] to form the J= nuclear modification
factor RAA.

The PHENIX apparatus is described in Ref. [20]. At
midrapidity, electrons are measured with two spectrome-
ters consisting of drift chambers (DC), pad chambers (PC),
ring-imaging Cerenkov counters (RICH), and electromag-
netic calorimeters (EMCal). They are identified by match-
ing tracks reconstructed with the DC and PC to EMCal
clusters and RICH hits. The energy-momentum matching
requirement is �E=p� 1� � �2:5 standard deviations (�).
The position matching between the track and the EMCAL
cluster is	 2:5� (4�) in azimuth and along the beam axis,
for central (peripheral) collisions. For the RICH, at least 4
(2) matching hits are required. Muons are measured with
two spectrometers consisting of a front absorber to stop
most hadrons produced in the collision, cathode strip
chambers (MuTr), which provide momentum information,
and a muon identifier (MuID), which uses alternating
layers of steel absorber and Iarocci tubes. Charged particle
trajectories are first reconstructed in the MuID and then in
the MuTr. They must reach the last plane of the MuID and
have a good geometrical match between the MuID and the
MuTr to be identified as muons. The matching is <9
 for
the slope and<15 �20� cm for the position in the first layer
of the MuID at positive (negative) rapidity.

The data used for this analysis were collected during the
2004 run at RHIC using a minimum bias trigger (a coin-
cidence of the two beam-beam counters), which covers

PRL 98, 232301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
8 JUNE 2007

232301-3

http://dx.doi.org/10.1103/PhysRevLett.98.232301


92� 3% of the Au� Au inelastic cross section. After
quality assurance and vertex cut (jzj 	 30 cm), 9:9� 108

(1:1� 109) events were analyzed for mid (forward) rapid-
ity, corresponding to an integrated luminosity of 157 �b�1

(174 �b�1).
The J= yield is obtained from the unlike-sign dilepton

invariant mass distribution [21] after subtracting the com-
binatorial background using an event-mixing technique.
The background is normalized to the real data by equating
2
��������������������

N��N��
p

, with N�� (N��) being the number of posi-
tive (negative) dilepton pairs. The accuracy of the normal-
ization is estimated to be 2% and is accounted for in the
systematic errors. At midrapidity, the J= mass resolution
is 35 MeV=c2. The number of J= is determined by
counting the remaining unlike-sign pairs in the mass range
2:9 	 M 	 3:3 GeV=c2. This number is corrected by the
estimated contribution of the dielectron continuum and the
loss due to the radiative tail. A total of 1000J= are
obtained, and the signal to background (S/B) varies from
0.5 for central collisions to 15 for peripheral collisions. At
forward rapidity, the J= mass resolution varies from 150
to 200 MeV=c2 and is larger than at midrapidity primarily
because of the multiple scattering and energy loss strag-
gling in the front absorber. The residual background (nota-
bly, open charm pairs and Drell-Yan processes) in the
unlike-sign invariant mass distribution is evaluated using
an exponential form. The J= signal is estimated by count-
ing the remaining pairs in the mass range 2:6 	 M 	
3:6 GeV=c2 and using a fit with different line shapes.
The average of the resulting values is used as the number
of J= , and their dispersion is included in the systematic
error. A total of 4500J= are obtained, and S/B varies
from 0.2 for central collisions to 3 for peripheral collisions.

The J= invariant yield in a given centrality, pT , and y
bin is

 

Bll
2�pT

d2NJ= 
dpTdy

�
1

2�pT

NJ= 
Nevt�y�pTA"

; (1)

with Bll being the branching ratio for J= ! l�l�, NJ= 
the number of J= measured in the bin, Nevt the corre-
sponding number of events, and A" the acceptance and
efficiency correction for J= . A� is determined by full
GEANT simulation. It decreases with the collision centrality
due to overlapping hits in the RICH, EMCal, and MuTr,
leading to an increasing number of misreconstructed
tracks, which are then rejected by the analysis cuts. This
effect is evaluated by embedding simulated J= in real
events. For the most central collisions, the efficiency loss is
20% at midrapidity and 75% (50%) at positive (negative)
rapidity.

The nuclear modification factor in a given centrality, pT ,
and y bin is

 RAA �
d2NAA

J= =dpTdy

Ncolld
2Npp

J= =dpTdy
; (2)

with d2NAA
J= =dpTdy being the J= yield in Au� Au

collisions, Ncoll the mean number of binary collisions in
the centrality bin, and d2Npp

J= =dpTdy the J= yield in p�
p inelastic collisions.

The systematic errors on the J= invariant yield
(Table I) are grouped into three categories: point-to-point
uncorrelated (type A), for which the points can move
independently one from the other; point-to-point correlated
(type B), for which the points can move coherently, though
not necessarily by the same amount; and global errors, for
which all points move by the same relative amount.
Statistical and type A errors are summed in quadrature
and represented with vertical bars; type B errors are rep-
resented with boxes, and different colors or symbols are
used for forward and midrapidity because they are inde-
pendent; global systematic errors are quoted in the figures.
For RAA, additional errors are associated with uncertainties
in the calculation of Ncoll (10%–28%) and the J= yield in
p� p (12% and 7% at mid and forward rapidity, respec-

TABLE I. Sources of systematic errors on the J= invariant
yield. When two values are given, the first (second) is for
peripheral (central) collisions. Errors of type A (type B) are
point-to-point uncorrelated (correlated).

Source jyj< 0:35 jyj 2 �1:2; 2:2� Type

Signal extraction 6.5%–9% 4%–24% A
Acceptance 6% 10% B
Efficiency 4.5%–8% 4%–16% B
Run by run variation 4% 5% B
Input y, pT distributions 2% 4% B
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FIG. 1 (color online). J= invariant yield versus pT for differ-
ent centrality bins in Au� Au collisions and in p� p collisions
[19]. The left (right) panel corresponds to mid (forward) rapidity.
See text for description of the errors and Ref. [21] for data tables.
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tively). On the other hand, some errors that are common to
Au� Au and p� p cancel.

Figure 1 shows the J= yield versus pT for different
centrality bins (see Table II for the corresponding number
of participants Npart). Data from the two muon spectrom-
eters are combined to obtain the forward rapidity points. In
each centrality bin, the J= mean square transverse mo-
mentum hp2

Ti is numerically calculated for pT 	 5 GeV=c
and is shown in Table II. At midrapidity, the hp2

Ti shows no
variation versus centrality within errors. It increases
slightly with Npart at forward rapidity.

Figure 2 shows the J= yield versus y for different
centrality bins. The root mean square (rms) of each distri-
bution is shown in Table II. For the two most peripheral
bins, the rms is compatible with that measured in p� p
collisions. For the most central bins, the rms is smaller by
about 2�.

Figures 3 and 4 show the J= RAA versus pT and y,
respectively, for different centrality bins. Figure 5(a) shows

the pT integrated RAA versus Npart at mid and forward
rapidity, respectively. For each rapidity, RAA decreases
with increasing Npart. For the most central collisions, RAA
is below 0.3 (0.2) at mid (forward) rapidity. Figure 5(b)
shows the ratio of forward or midrapidity RAA versus Npart.
The ratio first decreases and then reaches a plateau of about
0.6 for Npart > 100.

In summary, a significant J= suppression relative to the
binary scaling of proton-proton collisions is observed for
central Au� Au collisions at RHIC. Its magnitude is
greater than that expected by extrapolating the CNM ef-
fects measured in d� Au collisions [17,18,22]. At mid-
rapidity, the suppression is similar to that observed at the
SPS [8], whereas at forward rapidity it is significantly
larger. Models of quarkonia suppression driven by the local
energy density of the medium predict a greater suppression
at RHIC than SPS and less suppression at forward rapidity
than at midrapidity [9,10]. Both trends are contradicted by
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TABLE II. Characterization of the J= , pT , and y distributions. Column 3 (4): J= hp2
Ti calculated for pT 	 5 GeV=c at mid

(forward) rapidity for different centrality bins in Au� Au collisions and in p� p collisions. The first error corresponds to statistical
and type A. The second error is type B.

Percent (%) Npart hp2
Ti �GeV=c�2 jyj< 0:35 hp2

Ti �GeV=c�2 1:2< jyj< 2:2 y rms

0–20 280 3:6� 0:6� 0:1 4:4� 0:4� 0:4 1:32� 0:06
20–40 140 4:6� 0:5� 0:1 4:6� 0:3� 0:4 1:30� 0:05
40–60 60 4:5� 0:7� 0:2 3:7� 0:2� 0:3 1:40� 0:04
60–92 14 3:6� 0:9� 0:2 3:3� 0:3� 0:2 1:43� 0:04
p� p 2 4:1� 0:2� 0:1 3:4� 0:1� 0:1 1:41� 0:03
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our data. Additionally, the J= mean square transverse
momentum, restricted to pT 	 5 GeV=c, shows little de-
pendence on centrality. Various models of J= production
and suppression, which predict different transverse mo-

mentum and rapidity dependencies, can be significantly
constrained by the data presented here and recent results on
the open charm [16].
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