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49 University of Tennessee, Knoxville, TN 37996, USA
50 Department of Physics, Tokyo Institute of Technology, Tokyo, 152-8551, Japan
51 Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan
52 Vanderbilt University, Nashville, TN 37235, USA
53 Waseda University, Advanced Research Institute for Science and Engineering, 17 Kikui-cho, Shinjuku-ku, Tokyo 162-0044,

Japan
54 Weizmann Institute, Rehovot 76100, Israel
55 Yonsei University, IPAP, Seoul 120-749, Korea

Received: 11 April 2005 / Revised version: 26 May 2005 /
Published online: 8 July 2005 – c© Springer-Verlag / Società Italiana di Fisica 2005

Abstract. The PHENIX experiment measured J/ψ production in pp, d+Au and Au+Au reactions at√
sNN = 200 GeV over a wide range of rapidity and transverse momentum. The nuclear modification

factor obtained by comparing the d+Au and pp cross sections as a function of rapidity, is consistent with
shadowing of the gluon distribution functions. J/ψ production in Au+Au collisions was compared to the
production in pp collisions and it was found to be inconsistent with models that predict strong enhancement
relative to binary collision scaling.

PACS. 25.75-q, 25.75-Dw,
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1 Introduction

Quarkonium production is a probe of the strongly in-
teracting matter created in heavy ion collisions. The be-
haviour of quarkonium states in a hot and dense medium
was proposed as a test of Quark Gluon Plasma formation
by Matsui and Satz [1]. Due to their small size, quarkonia
can, in principle, survive the deconfinement phase tran-
sition. However, the color attraction between the qq pair
produced in the initial scattering would be screened in
the plasma and no bound state can exist at temperatures
T > TD when the screening radius, 1/µD(T ), becomes
smaller than the typical bound-state size [1].

In recent years, a new element has been added to char-
monium production in heavy-ion collisions with the real-
ization that cc bound states might be recreated in later
stages of the reaction. Secondary charmonium production
was evaluated in the statistical model for hadron produc-
tion and it was found to be sizable at RHIC energies [2–8].

The PHENIX experiment at the Relativistic Heavy Ion
Collider (RHIC) was specifically designed to make use of
high luminosity ion-ion, proton-ion and proton-proton col-
lisions to sample rare physics probes including the J/ψ
and other heavy quarkonium states. We review here the
first results on J/ψ production in pp, d+Au and Au+Au
reactions at

√
sNN = 200 GeV, as reported by PHENIX

[9–11].

2 The PHENIX detector

The PHENIX experiment is able to measure J/ψ’s
through their dilepton decay in four spectrometers: two
central arms covering the mid-rapidity region of |η| < 0.35
and twice π/2 in azimuth; and two forward muon arms
∗ Deceased
† Spokesperson

covering the full azimuth and 1.2 < |η| < 2.4 in pseudora-
pidity.

The PHENIX detector is shown schematically in
Fig. 1. The central spectrometers are comprised, from the
inner radius outward, of a Multiplicity and Vertex Detec-
tor (MVD), Drift Chambers (DC), Pixel Pad Chambers
(PC), Ring Imaging Cerenkov Counters (RICH), a Time-
of-Flight Scintillator Wall (TOF), Time Expansion Cham-
bers (TEC), and two types of Electromagnetic Calorime-
ters (EMC). This combination of detectors allows for the
clean electron identification over a broad range of trans-
verse momentum. Each forward spectrometer consists of a
precision muon tracker (MuTr) comprised of three stations
of cathode-strip readout chambers followed by a muon
identifier (MuID) comprised of multiple layers of steel
absorbers instrumented with low resolution planar drift

Fig. 1. Detector layout of the PHENIX experiment
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tubes. Muons at the vertex must have a mean energy of
at least 1.9 GeV to reach the MuID system. Further de-
tails of the detector design and performance are given in
[12].

3 Results

3.1 Proton-proton collisions

The data were recorded during the 2001/2002 (Run2) and
2003 (Run3) runs at

√
s = 200 GeV with 150 nb−1 and

350 nb−1 pp collisions. Event samples were selected us-
ing online triggers and offline reconstruction criteria as
decribed in [9]. Unlike-sign pairs and, for background es-
timation, like-sign pairs were combined to form invariant
mass spectra. In Fig. 2, unlike-sign and like-sign invari-
ant mass spectra from the entire Run2 pp data set are
shown together. For electrons, the net yield in the mass
region 2.8–3.4 GeV/c2 is 46, for muons in the range 2.71–
3.67 GeV/c2 is 65.

The J/ψ cross sections were determined from the mea-
sured yields using

Bll
d2σJ/ψ

dydpT
=

NJ/ψ

(
∫ Ldt)∆y∆pT

1
Aε

(1)

where NJ/ψ is the measured J/ψ yield,
∫ Ldt is the in-

tegrated luminosity, Bll is the branching fraction for the
J/ψ to either e+e− or µ+µ− pairs (PDG average value
5.9% [13]), Aε is the acceptance times efficiency for de-
tecting a J/ψ. The acceptance times efficiency, Aε, shows
a dependence on transverse momentum and varies be-
tween 0.076 and 0.034 in the muon spectrometers and
0.026 and 0.010 in the electron spectrometers. The J/ψ ra-
pidity distribution obtained by combining the dielectron
and dimuon measurements is shown in Fig. 3, with the
muon arm data divided into two rapidity bins. A fit to a
shape generated with PYTHIA using the GRV94HO par-
ton distribution functions is performed and gives a total
cross section, multiplied by the dilepton branching ratio
Bll of 5.9%, equal to:

Bll × σJ/ψ
pp = 159 nb ± 8.5% (fit) ± 12.3% (abs) (2)

2 3 4
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Fig. 2. The invariant mass spectra for dielectron and dimuon
pairs in the Run 2 data sample. Unlike-sign pairs are shown as
solid lines, like-sign pairs as dashed lines

Fig. 3. J/ψ differential cross section, multiplied by the dilep-
ton branching ratio, versus rapidity, as measured by the central
and muon spectrometers

where the first uncertainty comes from the fit and thus in-
cludes both the statistical and point-to-point systematics.
The second uncertainty accounts for absolute systematic
errors.

3.2 d+Au collisions

A preliminary analysis of the data recorded during the
2003 run, at

√
s = 200 GeV, with 2.74 nb−1 d+Au colli-

sions, is now available. In d+Au collisions, PHENIX is
able to measure J/ψ production at forward, backward
and central rapidity probing moderate to low x regions
of the Au nucleus. The covered rapidity region spans the
expected shadowing, anti-shadowing and no shadowing re-
gions. The ratio between the J/ψ yields observed in d+Au
and pp collisions divided by 2 × 197 is shown in Fig. 4.
Solid error bars represent statistical and point to point
systematic uncertainties. The dashed error bars stand for
the systematic uncertainties common to one spectrometer.
An additional 13.4% global error bar is not displayed.

While this ratio is close to unity at backward rapidity,
it is significantly lower at forward rapidity, where parton
distributions are expected to be shadowed in a heavy nu-
cleus. Theoretical predictions [14,15] are displayed on the
figure for comparison. The shape is consistent with shad-
owing at low x and less suppression at larger x. Unfortu-
nately, the statistical and systematic error bars make it
difficult to distinguish among various shadowing models
and models with various amounts of nuclear absorption.
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sections, divided by 2 × 197, versus rapidity

3.3 Au+Au collisions

The Au+Au data at
√
sNN = 200 GeV used in this anal-

ysis were recorded during Run 2 at RHIC in the fall of
2001. Using the unlike-sign and like-sign invariant mass
spectra from the entire Run2 data set we measured a J/ψ
net yield in the mass region 2.8–3.4 GeV/c2 of 13. For
three exclusive centrality bins, 0–20%, 20–40%, and 40–
90% of the total Au+Au cross section, we determined the
branching fraction of J/ψ → l+l− (Bll=5.9% [13]) times
the invariant yield at mid-rapidity dN/dy|y=0.

In Fig. 5 we show the results from the three Au+Au
centrality bins and the proton-proton data normalized per
binary nucleon-nucleon collision as a function of the num-
ber of participating nucleons. Note that for proton-proton
reactions, there are two participating nucleons and one bi-
nary collision. Despite the limited statistical significance
of these first J/ψ results, we can address some impor-
tant physics questions raised by the numerous theoretical
frameworks in which J/ψ rates are calculated. The binary
scaling expectations are shown as a gray band. We also
show a calculation of the suppression expected from “nor-
mal” nuclear absorption using σabs = 4.4 mb [16] and
7.1 mb [17].

The NA50 suppression pattern relative to binary scal-
ing [18,19], normalized to match our proton-proton data
point at 200 GeV, is also included. The data disfavor bi-
nary scaling while they are consistent with “normal” nu-
clear absorption alone and with the NA50 suppression pat-
tern measured at lower energies, within the large statisti-
cal errors.

A model calculation [7,8] including just the “normal”
nuclear and plasma absorption components at RHIC en-
ergies is shown in Fig. 6 (lower solid line). The higher
temperature (T ) and longer time duration of the system
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Fig. 5. The J/ψ yield per binary collision is shown for
proton-proton reactions and three exclusive centrality ranges
of Au+Au reactions, all at

√
sNN = 200 GeV. The solid line is

the theoretical expectation from “normal” nuclear absorption
with σcc−N = 4.4 mb (upper curve) and 7.1 mb (lower curve).
The stars are the J/ψ per binary collision measured by the
NA50 experiment at lower collision energy. In order to com-
pare the shapes of the distribution, we have normalized the
NA50 data to match the central value for our proton-proton
results

at RHIC lead to a predicted larger J/ψ suppression with
respect to the binary collision scaling.

Many recent theoretical calculations also include the
possibility for additional late stage re-creation or coales-
cence of J/ψ states. In [7,8], both break-up and creation
reactions D + D ↔ J/ψ + X are included. At the fixed
target CERN energies this represents a very small contri-
bution due to the small charm production cross section.
However, at RHIC energies, where around 10 cc pairs are
produced in central Au+Au collisions, the contribution is
significant.

The sum of the initial production, absorption, and re-
creation is shown in Fig. 6 (upper solid curve).

A different calculation [6] assumes the formation of a
quark-gluon plasma in which the mobility of heavy quarks
in the deconfined region leads to increased cc coalescence.
This leads to a very large enhancement of J/ψ produc-
tion at RHIC energies for the most central reactions. The
model considers the plasma temperature (T ) and the ra-
pidity width (∆y) of charm quark production as input
parameters. Shown in Fig. 6, as dashed curves, are the
calculation results for T = 400 MeV and ∆y = 1, 2, 3, and
4. The narrower the rapidity window in which all charm
quarks reside, the larger the probability for J/ψ forma-
tion. For all these parameters, this model predicts J/ψ
enhancement relative to binary collisions scaling, which is
disfavored by our data.

Another framework for determining quarkonia yields is
to assume a statistical distribution of charm quarks that
may then form quarkonia. A calculation assuming ther-
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Fig. 6. Same data as previous figure. The lowest curve is a
calculation including “normal” nuclear absorption in addition
to substantial absorption in a high temperature quark-gluon
plasma [7,8]. The curve above this one includes backward re-
actions that recreate J/ψ mesons. The statistical model [5]
result is shown as a dotted curve for mid-central to central
collisions. The four dashed curves are from the plasma coales-
cence model [6] for T = 400 MeV and different charm rapidity
widths

mal, but not chemical, equilibration [5], is shown in Fig. 6
as a dotted curve.

Significantly larger data sets are required to address
the various models that are still consistent with our first
measurement. Key tests will be the pT and xF depen-
dences of the J/ψ yield, and how these compare with other
quarkonium states such as the ψ′.

4 Outlook

PHENIX has unprecedented capabilities for the study of
quarkonium production due to the much higher center
of mass energy and the wider kinematic coverage with
respect to previous experiments. From the Au+Au and
Cu+Cu collisions recorded in the years 2004 and 2005, we
expect ≈ 10 000 and ≈ 1000 J/ψ events in the muon and
central arms, respectively. These data sets will allow us
to measure J/ψ production at RHIC as a function of ra-
pidity, transverse momentum and explore the suppression
pattern relative to binary scaling.
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