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1 Quarkonium in Medium

1.1 Quarkonium as probe of hot and dense matter

It is expected that strongly interacting matter shows qual-
itatively new behavior at temperatures and/or densities
which are comparable to or larger than the typical hadronic5

scale. It has been argued that, under such extreme con-
ditions, deconfinement of quarks and gluons should set
in and the thermodynamics of strongly-interacting mat-
ter could then be understood in terms of these elemen-
tary degrees of freedom. This new form of matter is called10

quark-gluon plasma [1]. The existence of such a transition
has indeed been demonstrated from first principles using
Monte-Carlo simulations of lattice QCD. The properties
of this new state of matter have also been studied [2–5].

In addition to theoretical efforts, the deconfinement15

transition and the properties of hot, strongly-interacting
matter are also studied experimentally in heavy-ion colli-
sions [6,7]. A significant part of the extensive experimental
heavy-ion program is dedicated to measuring quarkonium
yields since Matsui and Satz suggested that quarkonium20

suppression could be a signature of deconfinement [8]. In
fact, the observation of anomalous suppression was con-
sidered to be a key signature of deconfinement at SPS
energies [9].

However, not all of the observed quarkonium suppres-25

sion in nucleus-nucleus (AB) collisions relative to scaled
proton-proton (pp) collisions is due to quark-gluon plasma
formation. In fact, quarkonium suppression was also ob-
served in proton-nucleus (pA) collisions, so that part of the
nucleus-nucleus suppression is due to cold nuclear matter30

effects. Therefore, it is necessary to disantangle hot and
cold medium effects. We next discuss cold nuclear mat-
ter effects at different center-of-mass energies. Then we
discuss what is known about the properties of heavy QQ
states in hot, deconfined media. Finally, we review recent35

experimental results on quarkonium production in pA col-
lisions at the SPS and pp, d+Au and AA collisions at
RHIC.

1.2 Cold nuclear matter effects1

The baseline for quarkonium production and suppression 40

in heavy-ion collisions should be determined from stud-
ies of cold nuclear matter (CNM) effects. The name cold
matter arises because these effects are observed in hadron-
nucleus interactions where no hot, dense matter effects
are expected. There are several cold nuclear matter effects 45

such as: modifications of the parton distribution functions
in the nucleus relative to the nucleon (shadowing) and en-
ergy loss of the parton traversing the nucleus before the
hard scattering, assumed to be initial-state effects, intrin-
sic to the nuclear target, and the absorption (destruction) 50

of the quarkonium state as it passes through the nucleus.
Since the latter effect occurs after the QQ pair has been
produced and while it is traversing the nuclear medium,
this absorption is typically referred to as a final-state ef-
fect. In order to disentangle the mechanisms affecting the 55

produced QQ, data from a variety of center-of-mass ener-
gies and different phase space windows need to be studied.
In addition, the inclusive J/ψ yield includes contributions
from χc and ψ′ decays to J/ψ at the 30-35% level [10].
While there is some information on the A dependence 60

of ψ′ production, the A dependence of χc production is
largely unknown [11].

Even though the contributions to CNM effects may
seem rather straightforward, there are a number of asso-
ciated uncertainties. First, while nuclear modifications of 65

the quark densities are relatively well measured in nuclear
deep-inelastic scattering (nDIS), the modifications to the
gluon density are not directly measured. The nDIS mea-
surements probe only the quark and antiquark distribu-
tions directly. The scaling violations in nDIS can be used 70

to constrain the nuclear gluon density. Overall momentum
conservation provides another constraint. However, other,
more direct, probes of the gluon density are needed. Cur-
rent shadowing parameterizations, involving global fits to
the nuclear parton densities, give wide variations in the 75

nuclear gluon density from almost no effect to very large
low x shadowing compensated by strong antishadowing

1 C. Lourenco, R. Vogt and H. Wöhri
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Fig. 1. The EPS09 gluon shadowing parameterization [12] at
Q = 2mc and mb. The central value (solid curves) and the
associated uncertainty band (dashed curves) are shown.

around x ∼ 0.1. The range of the possible shadowing ef-
fects is illustrated by the new EPS09 parameterization [12]
and its associated uncertainties, employing the scale val-
ues used to fix the J/ψ and Υ cross sections below the
open heavy flavor threshold [13], see Fig. 1.5

The color glass condensate (CGC) is expected to play
an important role in quarkonium production at RHIC and
the LHC since the saturation scale QS,A(x) is comparable
to the charm quark mass [14]. In this picture, collinear
factorization of J/ψ production is assumed to break down10

and forward J/ψ production is suppressed. Indeed, CGC
suppression of J/ψ formation may mask some QGP effects
[15].

The nuclear absorption survival probability depends
on the quarkonium absorption cross section. There are15

more inherent uncertainties in absorption than in the shad-
owing parameterization, which is obtained from data on
other processes and is independent of the final state. Typi-
cally an absorption cross section is fit to the A dependence
of J/ψ and/or ψ′ production at a given energy. This is20

rather simplistic since it is unknown whether the object
traversing the nucleus is a precursor state (color octet)
which may or may not ‘know’ what its final identity will
be or a fully-formed quarkonium state (color singlet). If
it is an octet state, it is assumed to immediately inter-25

act with a large, finite cross section since it is a colored
object [17]. In this case, it has often been assumed that
the precursor state is unaware of its final identity so that
all quarkonium states will interact with the same cross
section. If it is produced as a small color singlet, the ab-30

sorption cross section immediately after the production of
the QQ pair should be small and increasing with proper
time until, at the formation time, it reaches its final-state
size [18]. High momentum color singlet quarkonium states
will experience negligible nuclear absorption effects since35

they will be formed well outside the target. See Ref. [11]
for a discussion of the A dependence of absorption for all
the quarkonium states.

Fixed-target data taken in the range 400 ≤ Elab ≤ 800
GeV have shown that the J/ψ and ψ′ absorption cross sec-40

tions are not identical, as the basic color octet absorption
mechanism would suggest [20,19,21]. The difference be-
tween the effective A dependence of J/ψ and ψ′ seems to
decrease with beam energy. The J/ψ absorption cross sec-
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Fig. 2. The extracted energy dependence of σ
J/ψ
abs at midrapid-

ity. The solid line is a power law approximations to σ
J/ψ
abs (y =

0,
√
sNN ) using the EKS98 [23,24] shadowing parameteriza-

tion with the CTEQ61L parton densities [25,26]. The band
around the exponential curve indicates the uncertainty in the
extracted cross sections. The dashed curve shows an exponen-
tial fit for comparison. The data at ycms ∼ 0 from NA3 [27],
NA50 at 400 [19] and 450 [20] GeV, E866 [21], HERA-B [28]
and PHENIX [29] are also shown. The vertical dotted line in-
dicates the energy of the Pb+Pb and In+In collisions at the
CERN SPS. Modified from Ref. [22].

tion at y ∼ 0 is seen to decrease with energy, regardless of 45

the chosen shadowing parameterization [22], as shown in
Fig. 2.

Recent analyses of J/ψ production in fixed-target in-
teractions [22] show that the effective absorption cross sec-
tion depends on the energy of the initial beam and the 50

rapidity or xF of the observed J/ψ. One possible inter-
pretation is that low momentum color singlet states can
hadronize in the target, resulting in larger effective ab-
sorption cross sections at lower center of mass energies and
backward xF (or center-of-mass rapidity). At higher en- 55

ergies, the states traverse the target more rapidly so that
the xF values at which they can hadronize in the target
move further away from midrapidity and back toward the
target (more negative xF ). Finally, at sufficiently high en-
ergies, the quarkonium states pass through the target be- 60

fore hadronizing, resulting in negligible absorption effects.
Thus the effective absorption cross section decreases with
increasing center-of-mass energy because faster states are
less likely to hadronize inside the target.

At higher xF , away from midrapidity, the effective ab- 65

sorption becomes very large, as shown in the top panel of

Fig. 3. The increase in σ
J/ψ
abs begins closer to midrapidity

for lower incident energies. There appears to be some sat-
uration of the effect since the 800 GeV fixed-target data
exhibit the same trend as the most recent (preliminary) 70

PHENIX data [32] as a function of center-of-mass rapid-
ity, yCMS, as seen in the bottom panel of Fig. 3. Model
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Fig. 3. Top: The xF dependence of σ
J/ψ
abs for incident fixed-

target energies from 158 [30] 200 [27], 400 [19], 450 [20], 800
[21] and 920 [28] GeV obtained using the EKS98 shadowing
parameterization [23,24]. The E866 [21] and HERA-B [28] re-
sults were previously shown in Ref. [22]. Bottom: The same
results as above but as a function of center-of-mass rapidity
yCMS. The absorption cross sections extracted from the pre-
liminary PHENIX results [29] at |yCMS| > 0 and the central
rapidity result [31] are also included. The boxes around the
PHENIX data points show the rapidity-dependent systematic
uncertainties. The global systematic uncertainty for the points
extracted from the PHENIX preliminary data can be found in
Fig. 10.

calculations including CGC effects can reproduce the gen-
eral trend of the high xF behavior of J/ψ production at
800 GeV without invoking energy loss [15]. However, the
fact that the NA3 data at

√
s

NN
= 19 GeV exhibit the

same trend in xF as E866 calls the CGC explanation into5

question.

As previously discussed, such an increase in the appar-
ent absorption cannot be due to interactions with nucle-
ons. In addition, since the large xF dependence seems to
be independent of the quarkonium state (i.e. the same for10

J/ψ and ψ′ [21] and also for Υ (1S) and Υ (2S) + Υ (3S))
[16], it cannot be attributed to the size of the final state

and should thus be an initial-state effect. The most likely
possibility is initial-state energy loss. (See Ref. [33] for a
discussion of several types of energy loss models and their 15

effect on J/ψ production.) Work is in progress to incorpo-
rate this effect using a new approach, based on the number
of soft collisions the projectile parton undergoes before the
hard scattering to produce the QQ pair.

It is also well known that feed down by radiative (P 20

states) and hadronic (higher S states) decays to the 1S
quarkonium states (J/ψ and Υ ) account for almost half of
all the observed 1S final states. These higher-lying quarko-
nium states have very different sizes and formation times
and should thus have different absorption cross sections. 25

For example, the absorption cross section of quarkonium
state C may be proportional to its area, σC ∝ r2C [34].

It should be noted, however, that the fitted absorption
cross sections used for extracting the “normal absorption”
baseline for Pb+Pb collisions at the SPS have treated J/ψ 30

and ψ′ absorption independently, ignoring feed down and
formation times, and have not taken initial-state shadow-
ing into account [19,20]. As discussed above, more detailed
analyses show that the quarkonium absorption cross sec-
tion decreases with increasing energy [22,35]. More recent 35

fixed-target analyses, comparing measurements at 158 and
400 GeV, [36,30] have begun to address these issues, see
the discussion in Section 1.4. Indeed, the extracted ab-
sorption cross section is found to be larger at 158 GeV
than at 400 GeV, contrary to previous analyses which as- 40

sumed a universal, constant absorption cross section [20,
19]. When these latest results are extrapolated to nucleus-
nucleus collisions at the same energy, the anomalous sup-
pression is significantly decreased relative to the new base-
line [30]. 45

The cold nuclear matter effects suggested (initial-state
energy loss, shadowing, final-state break-up, etc.) depend
differently on the quarkonium kinematic variables and the
collision energy. It is clearly unsatisfactory to combine all
these mechanisms into an effective absorption cross sec- 50

tion, employed in the Glauber formalism, that only eval-
uates final-state absorption. Simply taking the σabs ob-
tained from analysis of the pA data and using it to define
the Pb+Pb baseline may not be sufficient.

A better understanding of “absorption” requires more 55

detailed knowledge of the production mechanism. Most
calculations of the A dependence use the color evapora-
tion model (CEM) where all the quarkonium states are as-
sumed to be produced with the same underlying kinematic
distributions [38]. This model works well for fixed-target 60

energies and for RHIC [13], as does the LO color singlet
model (CSM) [39]. In the latter case, but contrary to the
CEM at LO, J/ψ production is necessarily accompanied
by the emission of a perturbative final-state gluon which
can be seen as an extrinsic source of transverse momen- 65

tum. This induces modifications in the relations between
the initial-state gluon momentum fractions and the mo-
mentum of the J/ψ. In turn, this modifies [40] the gluon-
shadowing corrections relative to those expected from the
LO CEM where the transverse momentum of the J/ψ is 70

intrinsic to the initial-state gluons. Further studies are be-
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ing carried out including the impact of feed down, the ex-
traction of absorption cross sections for each of the char-
monium states, and the dependence on the partonic J/ψ
production mechanism. A high precision measurement of
the ψ′ and Υ (2S) production ratios in pA interactions as5

a function of rapidity would be desirable since they do not
have any feed down contributions. In addition, measure-
ments of the feed down contributions to J/ψ and Υ (1S)
as a function of rapidity and pT would be very useful.

On the other hand, the higher pT Tevatron data have10

been calculated within the non-relativistic QCD (NRQCD)
approach [41] which includes both singlet and octet matrix
elements. These high pT calculations can be tuned to agree
with the high pT data but cannot reproduce the measured
quarkonium polarization at the same energy, see Ref. [42].15

If some fraction of the final-state quarkonium yields can
be attributed to color singlet production, then absorption
need not be solely due to singlet or octet states but some
mixture of the two, as dictated by NRQCD [11,43,44]. A
measurement of the A dependence of χc production would20

be particularly helpful to ensure significant progress to-
ward understanding the production mechanism.

1.3 Quarkonium in Hot Medium2

1.3.1 Spectral properties of heavy quark-antiquark pairs at
high temperature25

As mentioned above there has been considerable interest
in studying quarkonia in hot media since publication of the
famous Matsui and Satz paper [8]. It has been argued that
color screening in a deconfined QCD medium will destroy
all quark-antiquark bound states at sufficiently high tem-30

peratures. Although this idea was proposed a long time
ago, first principle QCD calculations, which go beyond
qualitative arguments, have been performed only recently.
Such calculations include lattice QCD determinations of
quarkonium correlators [45–49]; potential model calcula-35

tions of the quarkonium spectral functions with poten-
tials based on lattice QCD [50–57]; as well as effective
field theory approaches that justify potential models and
reveal new medium effects [58–61]. Furthermore, better
modeling of quarkonium production in the medium cre-40

ated in heavy-ion collisions has been achieved. These ad-
vancements make it possible to disentangle the cold and
hot-medium effects on the quarkonium states, crucial for
the interpretation of heavy-ion data.

1.3.2 Color screening and deconfinement45

At high temperatures, strongly-interacting matter under-
goes a deconfining phase transition to a quark-gluon plasma
(QGP). This transition is triggered by a rapid increase
of the energy and entropy densities as well as the dis-
appearance of hadronic states. (For a recent review, see50

Ref. [4].) According to current lattice calculations, at zero

2 A. Mocsy and P. Petreczky

net baryon density deconfinement occurs at T ∼ 170 −
195 MeV [62–67]. The QGP is characterized by color screen-
ing: the range of interaction between heavy quarks be-
comes inversely proportional to the temperature. Thus at 55

sufficiently high temperatures, it is impossible to produce
a bound state between a heavy quark (c or b) and its an-
tiquark.
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Fig. 4. Heavy quark singlet free energy versus quark sepa-
ration calculated in 2+1 flavor QCD on 163 × 4 lattices at
different temperatures [73].

Color screening is studied on the lattice by calculat-
ing the spatial correlation function of a static quark and 60

antiquark in a color singlet state which propagates in Eu-
clidean time from τ = 0 to τ = 1/T where T is the temper-
ature (see Refs. [68,69] for reviews). Lattice calculations
of this quantity with dynamical quarks have been reported
in Refs. [70–73]. The logarithm of the singlet correlation 65

function, also called the singlet free energy, is shown in
Fig. 4. As expected, in the zero temperature limit the sin-
glet free energy coincides with the zero temperature po-
tential. Figure 4 also illustrates that, at sufficiently short
distances, the singlet free energy is temperature indepen- 70

dent and equal to the zero temperature potential. The
range of interaction decreases with increasing tempera-
ture. For temperatures above the transition temperature,
Tc, the heavy quark interaction range becomes comparable
to the charmonium radius. Based on this general observa- 75

tion, one would expect that the charmonium states, as well
as the excited bottomonium states, do not remain bound
at temperatures just above the deconfinement transition.
(In the literature, this is often referred to as dissociation
or melting.) 80

1.3.3 Quarkonium spectral functions

In-medium quarkonium properties are encoded in the cor-
responding spectral functions, as are their dissolution at
high temperatures. Spectral functions are defined as the
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imaginary part of the retarded correlation function of quarko-
nium operators. Bound states appear as peaks in the spec-
tral functions. The peaks broaden and eventually disap-
pear with increasing temperature. The disappearance of a
peak signals the melting of the given quarkonium state.5

In lattice QCD, the meson correlation functions,G(τ, T ),
are calculated in Euclidean time. These correlation func-
tions are related to the spectral functions σ(ω, T ) by

G(τ, T ) =

∫
∞

0

dω σ(ω, T )
cosh(ω(τ − 1/(2T )))

sinh(ω/(2T ))
. (1)

Detailed information on G(τ, T ) would allow reconstruc-
tion of the spectral function from the lattice data. In prac-10

tice, however, this turns out to be a very difficult task be-
cause the time extent is limited to 1/T , see the discussion
in Ref. [48] and references therein.

The quarkonium spectral functions can be calculated
in potential models using the singlet free energy from15

Fig. 4 or with different lattice-based potentials obtained
using the singlet free energy as an input [56,57] (see also
Ref. [74] for a review). The results for quenched QCD
calculations are shown in Fig. 5 for S-wave charmonium
(top) and bottomonium (bottom) spectral functions [56].20

All charmonium states are dissolved in the deconfined
phase while the bottomonium 1S state may persist up to
T ∼ 2Tc. The temperature dependence of the Euclidean
correlators can be predicted using Eq. (1) and the calcu-
lated spectral functions. Somewhat surprisingly, the Eu-25

clidean correlation functions in the pseudo-scalar channel
show very little temperature dependence irrespective of
whether a state remains bound (the ηb) or not (the ηc).
Note also that correlators from potential models are in
accord with the lattice calculations (see insets in Fig. 5).30

Initially, the weak temperature dependence of the pseudo-
scalar correlators was considered to be evidence for the
survival of 1S quarkonium states [47]. It is now clear that
this conclusion was premature. In other channels one sees
significant temperature dependence of the Euclidean cor-35

relation functions, especially in the scalar and axial-vector
channels where it has been interpreted as evidence for dis-
solution of the quarkonium 1P states. However, this tem-
perature dependence is due to the zero mode contribution,
i.e. a peak in the finite temperature spectral functions at40

ω ≃ 0 [75,76]. After subtracting the zero mode contri-
bution, the Euclidean correlation functions show no tem-
perature dependence within the uncertainties [77]. Thus
melting of the quarkonium states is not visible in the Eu-
clidean correlation functions.45

There is a large enhancement in the threshold region of
the spectral functions relative to the free spectral function,
as shown in Fig. 5. This threshold enhancement compen-
sates for the absence of bound states and leads to Eu-
clidean correlation functions with very weak temperature50

dependencies [56]. It further indicates strong residual cor-
relations between the quark and antiquark, even in the
absence of bound states. Similar analyses were done for
the P -wave charmonium and bottomonium spectral func-
tions [56,57]. An upper bound on the dissociation tem-55

perature (the temperatures above which no bound states
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Fig. 5. The S-wave charmonium (upper) and bottomonium
(lower) spectral functions calculated in potential models [56].
Insets: correlators compared to lattice data. The dotted curves
are the free spectral functions.

peaks can be seen in the spectral function and bound state
formation is suppressed) can be obtained from the anal-
ysis of the spectral functions. Conservative upper limits
on the dissociation temperatures for the different quarko- 60

nium states obtained from a full QCD calculation [57] are
given in Table 1.

Table 1. Upper bounds on the dissociation temperatures [57].

State χc ψ′ J/ψ Υ ′ χb Υ
Tdiss ≤ Tc ≤ Tc 1.2Tc 1.2Tc 1.3Tc 2Tc

The application of potential models can be justified
using an effective field theory approach. The existence of
different energy scales related to the heavy quark mass 65

m, the inverse size mv (where v is the heavy quark ve-
locity), and the binding energy mv2 makes it possible to
construct a sequence of effective theories at zero tempera-
ture. The effective theory which emerges after integrat-
ing out the scales m and mv is pNRQCD. At leading 70
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order, pNRQCD is equivalent to the potential model at
T = 0. It is possible to extend this approach to finite tem-
perature where additional scales, the temperature T , the
Debye mass mD ∼ gT , and the magnetic scale g2T are
present.5

In the weak coupling regime, g ≪ 1, these scales are
well separated. Depending on how the thermal scales are
related to the zero temperature scales, the various hier-
archies make it possible to derive different effective the-
ories for quarkonium bound states at finite temperature10

[61]. In the weak-coupling QCD approach, thermal correc-
tions to the potential are obtained when the temperature
is larger than the binding energy. An important general
result of these effective theories is that the potential ac-
quires an imaginary part. The imaginary part of the po-15

tential smears out the bound state peaks of the quarko-
nium spectral function, leading to their dissolution prior
to the onset of Debye screening in the real part of the
potential (see e.g. the discussion in Ref. [60]).

More recently, the effects of medium anisotropies on20

the quarkonium states has been considered, both on the
real [78] and imaginary [79,80] parts of the potential as
well as on bound state production in the real part of the
potential [81]. Polarization of the P states has been pre-
dicted to arise from the medium anisotropies, resulting in25

a significant (∼ 30%) effect on the χb states [81]. A weak
medium anisotropy may also be related to the shear vis-
cosity [82]. Thus the polarization can directly probe the
properties of the medium produced in heavy-ion collisions.

1.3.4 Dynamical models of quarkonium production30

While it is necessary to understand the quarkonium spec-
tral functions in equilibrium QCD, this knowledge is in-
sufficient for predicting effects on quarkonium produc-
tion in heavy-ion collisions because, unlike the light de-
grees of freedom, heavy quarks are not fully thermalized35

in heavy-ion collisions. Therefore, it is nontrivial to relate
the finite temperature quarkonium spectral functions to
quarkonium production rates in heavy-ion collisions with-
out further model assumptions. The bridge between the
two is provided by dynamical models of the matter pro-40

duced in heavy-ion collisions. Some of the simple models
currently available are based on statistical recombination
[83]; statistical recombination and dissociation rates [84];
or sequential melting [85]. Here we highlight a more re-
cent model, which makes closer contact with both QCD45

and experimental observations [86].
The bulk evolution of the matter produced in heavy-

ion collisions is well described by hydrodynamics, see Ref. [87]
for a recent review. The large heavy quark mass makes
it possible to model its interaction with the medium by50

Langevin dynamics [88]. Such an approach successfully
describes the anisotropic flow of charm quarks observed
at RHIC [88,89] (see also the review in Ref. [90] and ref-
erences therein). Potential models have shown that, in the
absence of bound states, the QQ pairs are correlated in55

space [56,57]. This correlation can be modeled classically
using Langevin dynamics, including a drag force and a

random force between the Q (or Q) and the medium as
well as the forces between the Q and Q described by the
potential. It was recently shown that a model combining 60

an ideal hydrodynamic expansion of the medium with a
description of the correlated QQ pair dynamics by the
Langevin equation can describe charmonium suppression
at RHIC quite well [86]. In particular, this model can ex-
plain why, despite the fact that a deconfined medium is 65

created at RHIC, there is only a 40 − 50% suppression in
the charmonium yield. The attractive potential and the
finite lifetime of the system prevents the complete decor-
relation of some of the QQ pairs [86]. Once the matter
has cooled sufficiently, these residual correlations make it 70

possible for the Q and Q to form a bound state.
The above approach, which neglects quantum effects,

is applicable only if there are no bound states, as is likely
to be the case for the J/ψ. If heavy quark bound states
are present, as is probable for the Υ (1S), the thermal dis- 75

sociation rate will be most relevant for understanding the
quarkonium yield. It is expected that the interaction of a
color singlet quarkonium state with the medium is much
smaller than that of heavy quarks. Thus, to first approxi-
mation, medium effects will only lead to quarkonium dis- 80

sociation.

1.3.5 Summary of the physics of hot medium effects

Potential model calculations based on lattice QCD, as
well as resummed perturbative QCD calculations, indicate
that all charmonium states and the excited bottomonium 85

states dissolve in the deconfined medium. This leads to the
reduction of the quarkonium yields in heavy-ion collisions
compared to the binary-scaling of pp collisions. Recom-
bination and edge effects, however, guarantee a non-zero
yield. 90

One of the great opportunities of the LHC and RHIC-
II heavy-ion programs is the ability to study bottomonium
yields. From a theoretical perspective, bottomonium is an
important and clean probe for at least two reasons. First,
the effective field theory approach, which provides a link to 95

first principles QCD, is more applicable for bottomonium
due to better separation of scales and higher dissociation
temperatures. Second, the heavier bottom quark mass re-
duces the importance of statistical recombination effects,
making bottomonium a good probe of dynamical models. 100

1.4 Recent results at SPS energies3

1.4.1 Introduction

In recent years, studies of charmonium production and
suppression in cold and hot nuclear matter have been car-
ried out by the NA60 collaboration [30,91,92]. In par- 105

ticular, data have been taken for In+In collisions at 158
GeV/nucleon and for pA collisions at 158 and 400 GeV. In
the following, the primary NA60 results and their impact

3 E. Scomparin, R. Arnaldi and P. Cortese
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on the understanding of the anomalous J/ψ suppression,
first observed by the NA50 collaboration in Pb+Pb col-
lisions [93], are summarized. Finally, a preliminary com-
parison between the suppression patterns observed at the
SPS and RHIC is discussed.5

1.4.2 J/ψ production in pA collisions at 158 and 400 GeV

One of the main results of the SPS heavy-ion program
was the observation of anomalous J/ψ suppression. Re-
sults obtained in Pb+Pb collisions at 158 GeV/nucleon by
the NA50 collaboration showed that, in such collisions, the10

J/ψ yield was suppressed with respect to estimates that
include only cold nuclear matter effects [93]. The magni-
tude of the cold nuclear matter effects has typically been
extracted by extrapolating the J/ψ production data ob-
tained in pA collisions. Until recently the reference SPS pA15

data were based on samples collected at 400/450 GeV by
the NA50 collaboration, at higher energy than the nuclear
collisions and in a slightly different rapidity domain [20,
19,94].

The need for reference pA data taken under the same20

conditions as the AA data was a primary motivation for
the NA60 experiment. A run with an SPS primary proton
beam at 158 GeV was carried out in 2004. Seven nuclear
targets (Be, Al Cu, In, W, Pb, and U) were simultane-
ously exposed to the beam. The sophisticated NA60 ex-25

perimental set-up [95], based on a high-resolution vertex
spectrometer coupled to the muon spectrometer inherited
from NA50, made it possible to unambiguously identify
the target in which the J/ψ was produced as well as mea-
sure muon pairs from its decay with a ∼ 70 MeV invariant30

mass resolution. During the same period, a 400 GeV pA
data sample was taken with the same experimental set-up.

Cold nuclear matter effects have been evaluated com-
paring the cross section ratio σ

J/ψ
pA /σ

J/ψ
pBe , for each nucleus

with mass number A, relative to the lightest target (Be).35

The beam luminosity factors cancel out in the ratio, apart
from a small beam attenuation factor. However, since the
sub-targets see the vertex telescope from slightly different
angles, the track reconstruction efficiencies do not com-
pletely cancel out. Therefore an accurate evaluation of the40

time evolution of such quantities was performed target by
target, with high granularity and on a run-per-run basis.
The results [30,92], shown in Fig. 6, are integrated over pT
and are given in the rapidity region covered by all the sub-
targets, 0.28 < yCMS < 0.78 for the 158 GeV sample and45

−0.17 < yCMS < 0.33 for the 400 GeV sample. Systematic
errors include uncertainties in the target thickness, the ra-
pidity distribution used in the acceptance calculation, and
the reconstruction efficiency. Only the fraction of system-
atic errors not common to all the points is shown since it50

affects the evaluation of nuclear effects.
Nuclear effects have usually been parameterized by fit-

ting the A dependence of the J/ψ production cross section

using the expression σ
J/ψ
pA = σ

J/ψ
pp Aα. Alternatively, the

effective absorption cross section, σ
J/ψ
abs can be extracted55

from the data using the Glauber model. Both α and σ
J/ψ
abs
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Fig. 6. The J/ψ cross section ratios for pA collisions at 158
GeV (circles) and 400 GeV (squares), as a function of L, the
mean thickness of nuclear matter traversed by the J/ψ.

are effective quantities since they represent the strength of
the cold nuclear matter effects that reduce the J/ψ yield.
However, they cannot distinguish between the different ef-
fects, e.g. shadowing and nuclear absorption, contributing 60

to this reduction. The results in Fig. 6 were used to ex-

tract σ
J/ψ
abs = 7.6±0.7 (stat.) ±0.6 (syst.) mb (correspond-

ing to α = 0.882± 0.009± 0.008) at 158 GeV and σ
J/ψ
abs =

4.3±0.8 (stat.)±0.6(syst.) mb (α = 0.927±0.013±0.009))

at 400 GeV. Thus σ
J/ψ
abs is larger at 158 GeV than at 400 65

GeV. The 400 GeV result is, on the other hand, in excel-
lent agreement with the previous NA50 result obtained at
the same energy [19].

The study of cold nuclear matter effects at fixed-target
energies is a subject which has attracted considerable in- 70

terest. In Fig. 7, a compilation of previous results for σ
J/ψ
abs

as a function of xF [20,21,27,28] is presented, together
with the new NA60 results [92]. Contrary to Fig. 3, the

values of σ
J/ψ
abs in Fig. 7 do not include any shadowing

contribution, only absorption. There is a systematic in- 75

crease in the nuclear effects going from low to high xF as
well as when from high to low incident proton energies.
As shown in Fig. 7, the new NA60 results at 400 GeV
confirm the NA50 values obtained at a similar energy. On
the other hand, the NA60 158 GeV data suggest higher 80

values of σ
J/ψ
abs as well a hint of increased absorption over

the xF range. Note also that the older NA3 J/ψ results
are in partial contradiction with these observations, giving

lower values of σ
J/ψ
abs , similar to those obtained from the

higher energy data samples. Such a complex pattern of 85

nuclear effects results from a delicate interplay of various
nuclear effects (final state absorption, shadowing, initial
state energy loss etc.) and has so far not been satisfacto-
rily explained by theoretical models [33]. A first attempt
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at disentangling the contribution of shadowing from the

effective absorption cross section σ
J/ψ
abs extracted from the

NA60 results has been carried out, correcting the mea-
sured cross section ratios for the shadowing factors calcu-
lated using the EKS98 [24] parameterization of the nuclear5

PDFs. It was found that a larger σ
J/ψ
abs is needed to de-

scribe the measured data, σ
J/ψ
abs (158 GeV) = 9.3±0.7±0.7

mb and σ
J/ψ
abs (400 GeV) = 6.0 ± 0.9 ± 0.7 mb. The re-

sults depend on the parameterization of the nuclear mod-
ifications of the PDFs. For example, slightly higher val-10

ues of σ
J/ψ
abs (on the ∼ 5 − 10% level) are obtained if the

EPS08 [96] parameterization is used.

1.4.3 Anomalous J/ψ suppression in In+In and Pb+Pb
collisions

The pA results at 158 GeV shown in the previous section15

have been collected at the same energy and in the same
xF range of the SPS AA data. It is therefore natural to use
these results to calculate the expected magnitude of cold
nuclear matter effects on J/ψ production in nuclear col-
lisions. In order to do so, the expected shape of the J/ψ20

distribution as a function of the forward energy EZDC,
dN expect

J/ψ /dEZDC, has been determined using the Glauber

model. The J/ψ yield is assumed to scale with the num-
ber of NN collisions. The effective J/ψ absorption cross
section in nuclear matter is assumed to be the same as the25

value at 158 GeV deduced in the previous section.
The measured J/ψ yield, dNJ/ψ/dEZDC, is normal-

ized to dN expect

J/ψ /dEZDC using the procedure detailed in

Ref. [91]. This procedure previously did not take shadow-
ing effects into account when extrapolating from pA to30

AA interactions. In pA collisions, only the target partons
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Fig. 8. Anomalous J/ψ suppression in In+In (circles) and
Pb+Pb collisions (triangles), as a function of Npart. The boxes
around the In+In points represent correlated systematic er-
rors. The filled box on the right-hand side corresponds to the
uncertainty in the absolute normalization of the In+In points.

A 12% global error, due to the uncertainty on σ
J/ψ
abs at 158 GeV

is not shown.

are affected by shadowing while in AA collisions, effects on
both the projectile and target must be taken into account.
If shadowing is neglected in the pA to AA extrapolation,
a small bias is introduced, resulting in an artificial ∼ 5% 35

suppression of the J/ψ yield with the EKS98 parameteri-
zation [36]. Therefore, if shadowing is properly accounted
for in the pA to AA extrapolation, the amount of the
anomalous J/ψ suppression is reduced. Figure 8 presents
the new results for the anomalous J/ψ suppression in 40

In+In and Pb+Pb collisions [30,92] as a function of Npart,
the number of participant nucleons. Up to Npart ∼ 200 the
J/ψ yield is, within errors, compatible with the extrapo-
lation of cold nuclear matter effects. When Npart > 200,
there is an anomalous suppression of up to ∼ 20 − 30% 45

in the most central Pb+Pb collisions. The new, smaller,

anomalous suppression is primarily due to the larger σ
J/ψ
abs

extracted from the evaluation of cold nuclear matter ef-
fects.

1.5 Recent Quarkonia results from RHIC4
50

1.5.1 Introduction

The strategy of the RHIC J/ψ program has been to mea-
sure production cross sections in

√
s

NN
= 200 GeV colli-

sions for pp, d+Au, Au+Au and Cu+Cu collisions. The pp
collisions are studied both to learn about the J/ψ produc- 55

tion mechanism and to provide baseline production cross

4 A.D. Frawley
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sections needed for understanding the d+Au andAA data.
Similarly, the d+Au measurements are inherently interest-
ing because they study the physical processes that modify
J/ψ production cross sections in nuclear targets and also
provide the crucial cold nuclear matter baseline for un-5

derstanding J/ψ production in AA collisions. Note that
d+Au collisions are studied at RHIC instead of p+Au
collisions for convenience - p+Au collisions are possible
at RHIC, but would require a dedicated p+Au run.

The last few years of the RHIC program have produced10

J/ψ data from PHENIX for pp, d+Au and Au+Au col-
lisions with sufficient statistical precision to establish the
centrality dependence of both hot and cold nuclear matter
effects at

√
s

NN
= 200 GeV. The data cover the rapidity

range |y| < 2.4.15

In the next few years the increased RHIC luminosity
and the commissioning of upgraded detectors and trig-
gers for PHENIX and STAR will enable a next generation
of RHIC measurements, extending the program to the Υ
family, excited charmonium states, and J/ψ v2 and high20

pT suppression measurements. There have already been
low precision, essentially proof of principle, measurements
of most of those signals. Very importantly, upgraded sil-
icon vertex detectors for both PHENIX and STAR are
expected to produce qualitatively better open charm mea-25

surements that will provide important inputs to models of
J/ψ production in heavy-ion collisions.

In addition to the results discussed here, there have
been PHENIX results on J/ψ photoproduction in periph-
eral Au+Au collisions [97] and a proof-of-principle mea-30

surement of the J/ψ v2 in Au+Au collisions by PHENIX
[98] with insufficient precision for physics conclusions.

1.5.2 Results on charmonium production from pp collisions

PHENIX has recently reported preliminary measurements
of the inclusive J/ψ polarization in 200 GeV pp collisions35

at midrapidity [99]. Results for the polarization parameter
λ, defined in the Helicity frame, shown in Fig. 9, are com-
pared with a color-octet (COM) prediction [100] and the
s-channel cut Color Singlet Model [101] which has been
shown to describe the rapidity and pT dependence of the40

PHENIX 200 GeV pp J/ψ data [102], using two parame-
ters fit to CDF data at

√
s = 1.8 TeV.

At Quark Matter 2009, PHENIX showed preliminary
measurements of the pT dependence of the ψ′ cross sec-
tion at 200 GeV [29]. This is the first measurement of the45

pT dependence of an excited charmonium state at RHIC.
PHENIX measured the feed-down contribution of the ψ′

to the J/ψ to be 8.6 ± 2.3%, in good agreement with the
world average.

STAR has recently published measurements [103] of50

the J/ψ cross section in 200 GeV pp collisions for pT from
5 to 13 GeV/c. This greatly extends the pT range over
which J/ψ data are available at RHIC. Although PHENIX
can trigger at all pT , it has so far been limited to pT
below about 9 GeV/c [29] because of its much smaller55

acceptance.

Fig. 9. The polarization extracted from 200 GeV PHENIX pp
data at midrapidity as a function of pT . The data are compared
with the s-channel cut CSM [101] and a Color Octet Model
prediction [100].

1.5.3 Results on charmonium production from Cu+Cu
collisions at high pT

PHENIX results on the rapidity and pT dependence of the
J/ψ RAA from 200 GeV Cu+Cu collisions were published 60

some time ago [104]. However those results were limited
to pT < 5 GeV/c, and do not address the high pTbehavior
of the J/ψ RAA very well. STAR has now published [103]
Cu+Cu J/ψ RAA data at 5.5 and 7 GeV/c that yield an
average RAA of 1.4 ± 0.4(stat) ± 0.2(sys) above 5 GeV/c 65

for the 0-20% most central collisions. The RAA data for
the 0-60% most central collisions have very similar values,
in contrast to the PHENIX RAA data below 5 GeV/c that
yield an average RAA of 0.52 for central Cu+Cu collisions.

PHENIX has also released preliminary data for the 70

J/ψ RAA from minimum bias (0-94% centrality) Cu+Cu
data at 7 and 9 GeV/c [98]. The minimum bias PHENIX
data should be comparable to the STAR 0-60% data, but
the PHENIX results are more consistent with a nearly
pT -independent RAA. However, both measurements have 75

large statistical uncertainties and a direct comparison of
the STAR and PHENIX Cu+CuRAA data at high pT [105]
suggests that, while they disagree, more data will be re-
quired to definitively determine the high pT behavior of
the RAA in central collisions. 80

1.5.4 Results on Υ (1S) + Υ (2S) + Υ (3S) production

PHENIX showed a preliminary result [106] for the Υ (1S)+
Υ (2S) + Υ (3S) cross section at forward and backward
rapidity (1.2 < |y| < 2.4) at Quark Matter 2006. More
recently, PHENIX showed a preliminary result at Quark 85

Matter 2009 for Υ (1S) + Υ (2S) + Υ (3S) production in
200 GeV pp collisions at midrapidity (|y| < 0.35) [29].
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The measured cross section is Bdσ/dy = 114+46
−45 pb at

y = 0.
The STAR experiment has recently published a mea-

surement of the Υ (1S) + Υ (2S) + Υ (3S) → e+e− cross
section at |y| < 0.5 for 200 GeV pp collisions [107]. The5

measured value is Bdσ/dy = 114 ± 38 (stat.)+23
−24 (syst)pb

at y = 0. STAR also has a preliminary result for the
Υ (1S)+Υ (2S)+Υ (3S) → e+e− cross section at midrapid-
ity [108] in d+Au collisions at 200 GeV/c. The cross sec-
tion was found to be Bdσ/dy = 35±4 (stat)±5 (syst) nb.10

The midrapidity value of RdAu was found to be 0.98 ±
0.32 (stat) ± 0.28 (syst), consistent with binary scaling.

PHENIX has made a preliminary measurement of the
dielectron yield in the Υ (1S)+Υ (2S)+Υ (3S) mass range
at midrapidity in Au+Au collisions [98]. In combination15

with the PHENIX Υ (1S) + Υ (2S) + Υ (3S) pp result at
midrapity, a 90% CL upper limit on RdAu of 0.64 was
found for the Υ (1S) + Υ (2S) + Υ (3S) mass region. The
significance of this result is not yet very clear since the
measurement is for all three Υ states combined.20

1.5.5 Results on J/ψ production from d+Au collisions

As discussed previously, modification of the J/ψ produc-
tion cross section due to the presence of a nuclear target
is expected to be caused by shadowing, breakup of the
precursor J/ψ state by collisions with nucleons, initial-25

state energy loss and, possibly, other effects. Parameter-
izing these effects by employing a Glauber model with

a fitted effective J/ψ absorption cross section, σ
J/ψ
abs , re-

sults in an effective cross section with strong rapidity and√
s

NN
dependencies [22] that are not well understood. A30

large increase in the effective absorption cross section is
observed at forward rapidity [21] that cannot be explained
by shadowing models alone, suggesting that there are im-
portant physics effects left out of the Glauber absorption
+ shadowing model.35

The extraction of hot matter effects in the Au+Au J/ψ
data at RHIC has been seriously hampered by the poor
understanding of J/ψ production in nuclear targets, in-
cluding the underlying J/ψ production mechanism. Thus
the cold nuclear matter baseline has to be obtained exper-40

imentally.
The PHENIX J/ψ data obtained in the 2003 RHIC

d+Au run did not have sufficient statistical precision ei-
ther for studies of cold nuclear matter effects, or for a cold
nuclear matter baseline reference for the Au+Au data [31].45

This low statistics measurement has been augmented by
the large J/ψ data set obtained in the 2008 d+Au run.
PHENIX has released d+AuRCP data for J/ψ production
[29] in nine rapidity bins over |y| < 2.4. Systematic un-
certainties associated with the beam luminosity, detector50

acceptance, trigger efficiency, and tracking efficiency can-
cels when RCP , the ratio of central to peripheral events, if
formed. There is a remaining systematic uncertainty due
to the centrality dependence of the tracking and particle
identification efficiencies.55

However, there are significant systematic uncertain-
ties in the centrality dependence of RCP due to the use
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Fig. 10. The effective absorption cross section as a function of
rapidity extracted from PHENIX d+Au RCP data using the
EKS98 and nDSg shadowing parameterizations. The vertical
bars show uncorrelated point-to-point uncertainties, the boxes
show correlated uncertainties, and the global uncertainties are
given in the legend.

of a Glauber model to calculate the average number of
nucleon-nucleon collisions as a means of estimating the rel-
ative normalization between different centrality bins. The 60

systematic uncertainty due to the Glauber calculation is
independent of rapidity.

The PHENIX d+Au RCP data have been indepen-
dently fitted at each of the nine rapidities [32] employ-
ing a model including shadowing and J/ψ absorption. 65

The model calculations [35] use the EKS98 and nDSg
shadowing parameterizations with 0 ≤ σabs ≤ 15 mb.
The best fit absorption cross section was determined at
each rapidity, along with the ±1σ uncertainties associ-
ated with a) rapidity-dependent systematic uncertainties 70

and b) rapidity-independent systematic uncertainties.

The results are shown in Fig. 10. The most notable
feature is the stronger effective absorption cross section at
forward rapidity, similar to the behavior observed at lower
energies [21]. In fact, it is striking that the extracted cross 75

sections at forward rapidity are very similar for PHENIX
(
√
s

NN
= 200 GeV) and for the E866 collaboration (

√
s

NN
=

38.8 GeV) [22], see the lower panel of Fig. 3, despite the
large difference in center-of-mass energy.

Note the large global systematic uncertainty in σabs 80

extracted from the PHENIX RCP data, dominated by the
uncertainty in the Glauber estimate of the average number
of collisions at each centrality. Although it does not affect

the shape of the rapidity dependence of σ
J/ψ
abs , it results in

considerable uncertainty in the magnitude of the effective 85

absorption cross section.

It was recently suggested [40] that the large increase
in effective absorption cross section at forward rapidity
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obtained in [32], obtained from a CEM, calculation, may
be moderated significantly if the 2 → 2 kinematics of the
leading-order CSM is used. This difference emphasizes the
importance of understanding the underlying production
mechanism.5

1.5.6 Results on J/ψ production in Au+Au collisions

PHENIX has published the centrality dependence of RAA
for Au+Au collisions using Au+Au data from the 2004
RHIC run and pp data from the 2005 run [110]. The
data are shown in Fig.11. The suppression is consider-10

ably stronger at forward rapidity than at midrapidity. The
significance of this difference with respect to hot matter
effects is not clear, however, unless the suppression due to
cold nuclear matter effects is better known.
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Fig. 11. The PHENIX Au+AuRAA as a function of centrality
for |y| < 0.35 and 1.2 < |y| < 2.2.

To estimate the cold nuclear matter contribution to15

the Au+Au J/ψ RAA the d+Au J/ψ RCP data were
extracted using the EKS98 and nDSg shadowing param-
eterizations, as described earlier, exception that, in this

case, the σ
J/ψ
abs values in d+Au collisions were fitted inde-

pendently in three rapidity intervals: −2.2 < y < −1.2;20

|y| < 0.35 and 1.2 < y < 2.2. In effect, this tunes the cal-
culations to reproduce the d+Au RCP independently in
each of the three rapidity windows in which the Au+Au
RAA data were measured. The cold nuclear matter RAA
for Au+Au collisions was then estimated in a Glauber cal-25

culation using the fitted absorption cross sections and the
centrality-dependent RpAu calculated using EKS98 and
nDSg shadowing parameterizations [111].

Each nucleon-nucleon collision contributes differently
to the RAA in each rapidity window. The analysis assumes30

that RAA can be treated as a convolution of p+Au and
Au+p collisions in the three rapidity windows to more di-
rectly simulate nucleon-nucleus interactions. The impact

parameter dependence of RpAu is determined separately
to infer the RAA centrality dependence for a rapidity- 35

dependent absorption cross section. Thus the value ofRpAu

at the impact parameter of nucleon 1 in the projectile is
convoluted with the value of RAup at the impact parame-
ter of nucleon 2 in the target. Effectively, this means that,
to obtain RAA for 1.2 < |y| < 2.2, RpAu for the forward- 40

moving nucleon (1.2 < y < 2.2) is multiplied by RpAu

for the backward-moving nucleon (−2.2 < y < −1.2).
When |y| < 0.35, the RpAu calculations at midrapidity
are used. The number of participants, obtained from a
Glauber calculation, is used to bin the collisions in cen- 45

trality with a cut on peripheral events to mimic the effect
of the PHENIX trigger efficiency at large impact param-
eter. The uncertainty in the calculated CNM RAA was
estimated by repeating the calculation with the best fit

σ
J/ψ
abs values varied within the rapidity-dependent system- 50

atic uncertainty determined when fitting the d+Au RCP .

The global systematic uncertainty in σ
J/ψ
abs was ne-

glected in the calculation of the CNM RAA because the
number of nucleon-nucleon collisions, Ncoll, in d+Au and

Au+Au interactions and the fitted σ
J/ψ
abs values used to 55

estimate the CNM RAA are all obtained using the same
Glauber model. Therefore if (for example) Ncoll is under-
estimated for the d+Au RCP , the fitted absorption cross
section will be overestimated. However, this would be com-
pensated in the calculated CNM RAA by the underesti- 60

mated Ncoll value. Any possible differences in the details
of the d+Au and Au+Au Glauber calculations would re-
sult in an imprecise cancelation of the uncertainties. This
effect has not yet been studied.

Note that there is a significant difference between the 65

impact parameter dependence of the RpAu and RdAu cal-
culations [32], primarily for peripheral collisions, due to
the smearing caused by the finite size of the deuteron.
Since RdAu and RpAu are calculated using the same basic
model, this smearing does not present a problem in the 70

present analysis. However, if the measured RdAu was used
directly in a Glauber model, as was done with the RHIC
2003 data in Ref. [31], a correction would be necessary.

The resulting Glauber calculations of the cold nuclear
matter RAA using the EKS98 shadowing parameterization 75

are shown in Fig. 12. The values obtained with nDSg are
almost identical, as they should be since both parameter-
ize the same d+Au RCP data.

We emphasize that the kinematic-dependent differences
in the effective absorption cross sections noted in the pre- 80

vious section do not affect the cold nuclear matter RAA
derived from the data. As long as the method of fitting
the d+Au data is consistent with the estimate of the cold
nuclear matter RAA, the result should be model indepen-
dent. 85

The J/ψ suppression beyond CNM effects in Au+Au
collisions can be estimated by dividing the measured RAA
by the estimates of the CNM RAA. The result for EKS98
is shown in Fig. 13. The result for nDSg is nearly identical.

Assuming that the final PHENIX RdAu confirms the 90

strong suppression at forward rapidity seen in RCP , it
would suggest that the stronger suppression seen at for-
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Fig. 12. The estimated Au+Au cold nuclear matter RAA as
a function of centrality for |y| < 0.35 and 1.2 < |y| < 2.2.
The vertical bar represents the rapidity-dependent systematic

uncertainty in the fitted σ
J/ψ
abs .
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Fig. 13. The estimated Au+Au suppression relative to the
cold nuclear matter RAA as a function of centrality for |y| <
0.35 and 1.2 < |y| < 2.2. The systematic uncertainty of the
baseline cold nuclear matter RAA is depicted by the wide box
around each point. The narrow box is the systematic uncer-
tainty in the Au+Au RAA.

ward/backward rapidity in the PHENIX Au+Au RAA
data is primarily due to cold nuclear matter effects. The
suppression due to hot matter effects seems to be compa-
rable at midrapidity and at forward/backward rapidity.

Finally, it is possible to use the effective absorption 5

cross sections obtained from the d+Au J/ψ RCP data in
a similar Glauber calculation of RpCu to estimate the cold
nuclear matter RAA for Cu+Cu collisions. However, the
resulting CNM RAA for Cu+Cu is significantly different
for EKS98 and nDSg [32], most likely due to the different 10

A dependence of EKS98 and nDSg. Measurements of J/ψ
production in p+Cu or d+Cu collisions would be needed
to reduce the model dependence of the estimated CNM
RAA for Cu+Cu collisions.

1.6 Anomalous suppression: SPS vs RHIC5
15

The preliminary PHENIX d+Au results at
√
s = 200

GeV are, for the first time, based on a high-statistics
sample [32]. Comparing these results with the previous
Au+Au data gives an estimate of the magnitude of the
anomalous J/ψ suppression at RHIC. The newly available 20

NA60 pA results at 158 GeV, described in Section 1.4,
allows significant comparison between the centrality de-
pendence of the anomalous suppression at the SPS and
at RHIC. Work is in progress to make such a comparison
as a function of several variables of interest such as the 25

charged particle multiplicity, dNch/dη, and the Bjorken
energy density reached in the collision. The anomalous
suppression patterns in In+In and Pb+Pb collisions at
the SPS and the midrapidity Au+Au results at RHIC are
presented as a function of dNch/dη in Fig. 14 [112]. Note 30

that the magnitude of the anomalous J/ψ suppression is
practically system and

√
s-independent when expressed as

a function of dNch/dη|η=0.
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