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The study of charmonium production in nuclear collisions has started in the 80’s, when the suppression of bound cc states was predicted as a signature of the transition from an hadronic system
towards a Quark-Gluon Plasma. At the SPS, and then at RHIC, systematic studies of this observable have been carried out, in both nucleus-nucleus and proton-nucleus collisions. With the
advent of the LHC new results in an unexplored energy range are about to come. In this paper,
we report on recent results on this topic and on the perspectives for the near future.
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1. Introduction

2. Recent results at SPS energy
In recent years, studies of charmonium production and suppression in cold and hot nuclear
matter have been carried out by the NA60 collaboration [3, 4, 5]. In particular, 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 on the understanding of the anomalous J/ψ
suppression, first observed by the NA50 collaboration in Pb+Pb collisions [6], are summarized.
2.1 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. Results obtained in Pb+Pb collisions at 158 GeV/nucleon by the NA50 collaboration
showed that, in such collisions, the J/ψ yield was suppressed with respect to estimates that include only cold nuclear matter effects [6]. The magnitude of the cold nuclear matter effects has
typically been extracted by extrapolating the J/ψ production data obtained in pA collisions. Until recently the reference SPS pA 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 [7, 8, 9].
The need for reference pA data taken under the same 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 simultaneously
exposed to the beam. During the same period, a 400 GeV pA data sample was taken with the same
experimental set-up.
2

PoS(BORMIO2010)043

Heavy quarkonia states represent an interesting testing groud of our comprehension of QCD.
The production of the qq pair and its bounding involve perturbative and non-perturbative aspects
of the theory, respectively. Today, more than 30 years after the discovery of the J/ψ state, significant progress has been made in the understanding of charmonium hadroproduction, even if a
coherent description of all the experimental observables ( pT distributions, polarization) is still not
available [1]. In spite of this limitation, heavy quarkonium (and, in particular, charmonium) has
also been used a probe of the hot medium created in nuclear collisions. In particular, if a deconfined system of quarks and gluons is created, colour screening should prevent the formation of a
bound cc state [2]. However, several effects may act together to produce a suppression of the charmonium states. In particular, also in pA collisions a sizeable charmonium suppression has been
observed. This suppression is due to various initial and final state effects in cold nuclear matter
and its existence has to be correctly taken into account when trying to isolate a genuine signal of
the so-called “anomalous” suppression, due to hot matter effects, in AA collisions. Today, thanks
to systematic studies mainly carried out by the NA50 and NA60 experiments at the CERN SPS,
and by the PHENIX experiment at RHIC, the anomalous J/ψ suppression has been investigated in
great detail. In the following sections, I report on recent observations carried out at SPS and RHIC
energies. Finally, I discuss the expectations for the study of charmonia and bottomonia suppression
at the LHC.
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Figure 1: 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 .
J/ψ
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Cold nuclear matter effects have been evaluated comparing the cross section ratio σ pA /σ pBe ,
for each nucleus with mass number A, relative to the lightest target (Be). The results [3, 5], shown
in Fig. 1, 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 and −0.17 < yCMS < 0.33 for the 400 GeV sample.
Systematic errors include uncertainties in the target thickness, the rapidity distribution used in the
acceptance calculation, and the reconstruction efficiency. Only the fraction of systematic errors not
common to all the points is shown since it affects the evaluation of nuclear effects.
Nuclear effects have usually been parameterized by fitting the A dependence of the J/ψ proJ/ψ
J/ψ
duction cross section using the expression σ pA = σ pp Aα . Alternatively, the effective absorption
J/ψ

J/ψ

cross section, σabs can be extracted from the data using the Glauber model. Both α and σabs 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 effects, e.g. shadowing
and nuclear absorption, contributing to this reduction. The results in Fig. 1 were used to extract
J/ψ
σabs = 7.6 ± 0.7 (stat.) ± 0.6 (syst.) mb (corresponding to α = 0.882 ± 0.009 ± 0.008) at 158 GeV
J/ψ
J/ψ
and σabs = 4.3 ± 0.8 (stat.) ± 0.6(syst.) mb (α = 0.927 ± 0.013 ± 0.009)) at 400 GeV. Thus σabs
is larger at 158 GeV than at 400 GeV. The 400 GeV result is, on the other hand, in excellent
agreement with the previous NA50 result obtained at the same energy [8].
The study of cold nuclear matter effects at fixed-target energies is a subject which has attracted
J/ψ
considerable interest. In Fig. 2, a compilation of previous results for σabs as a function of xF [7,
J/ψ
10, 11, 12] is presented, together with the new NA60 results [5]. The values of σabs in Fig. 2 do not
include any shadowing contribution, only absorption. There is a systematic increase 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. 2, the new NA60 results at 400 GeV confirm the NA50 values obtained at a
J/ψ
similar energy. On the other hand, the NA60 158 GeV data suggest higher values of σabs as well
a hint of increased absorption over the xF range. Note also that the older NA3 J/ψ results are in
3
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Figure 2: Compilation of σabs as a function of xF with no additional cold matter effects included.
J/ψ

partial contradiction with these observations, giving lower values of σabs , similar to those obtained
from the higher energy data samples. Such a complex pattern of 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 satisfactorily explained by theoretical models [13]. A first attempt
J/ψ
at disentangling the contribution of shadowing from the effective absorption cross section σabs
extracted from the NA60 results has been carried out, correcting the measured cross section ratios
for the shadowing factors calculated using the EKS98 [14] parameterization of the nuclear PDFs. It
J/ψ
J/ψ
was found that a larger σabs is needed to describe the measured data, σabs (158 GeV) = 9.3± 0.7±
J/ψ
0.7 mb and σabs (400 GeV) = 6.0± 0.9± 0.7 mb. The results depend on the parameterization of the
J/ψ
nuclear modifications of the PDFs. For example, slightly higher values of σabs (on the ∼ 5 − 10%
level) are obtained if the EPS08 [15] parameterization is used.
2.2 Anomalous J/ψ suppression in In+In and Pb+Pb collisions
The pA results at 158 GeV shown in the previous section 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
collisions. In order to do so, the expected shape of the J/ψ distribution as a function of the forward
expect
energy EZDC , dNJ/ψ /dEZDC , has been determined using the Glauber model. The J/ψ yield is
assumed to scale with the number of NN collisions. The effective J/ψ absorption cross section in
nuclear matter is assumed to be the same as the value at 158 GeV deduced in the previous section.
expect
The measured J/ψ yield, dNJ/ψ /dEZDC , is normalized to dNJ/ψ /dEZDC using the procedure
detailed in Ref. [4]. This procedure previously did not take shadowing effects into account when
extrapolating from pA to AA interactions. In pA collisions, only the target partons 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% suppression of the J/ψ yield with the EKS98 parameterization [16].
4
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Figure 3: 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 errors. The filled box on the righthand side corresponds to the uncertainty in the absolute normalization of the In+In points. A 12% global
J/ψ
error, due to the uncertainty on σabs at 158 GeV is not shown.

Therefore, if shadowing is properly accounted for in the pA to AA extrapolation, the amount of
the anomalous J/ψ suppression is reduced. Figure 3 presents the results for the anomalous J/ψ
suppression in In+In and Pb+Pb collisions [3, 5] as a function of Npart , the number of participant
nucleons. Up to Npart ∼ 200 the J/ψ yield is, within errors, compatible with the extrapolation
of cold nuclear matter effects. When Npart > 200, there is an anomalous suppression of up to
∼ 20 − 30% in the most central Pb+Pb collisions.

3. Recent results at RHIC energy
The last few years of the RHIC program have produced J/ψ data from PHENIX for d+Au
and Au+Au collisions with sufficient statistical precision to establish the centrality dependence of
√
both hot and cold nuclear matter effects at sNN = 200 GeV. The data cover the rapidity range
|y| < 2.4. Both PHENIX and STAR have also studied pp collisions [17, 18], extremely useful for
a better understanding of nuclear collision results, and to test theoretical models of quarkonium
hadroproduction.
3.1 Results on J/ψ production from d+Au collisions
A large J/ψ data set for d+Au has been obtained for the first time in the 2008 run. PHENIX
has released d+Au RCP data for J/ψ production [17] in nine rapidity bins over |y| < 2.4. Systematic uncertainties associated with the beam luminosity, detector acceptance, trigger efficiency, and
tracking efficiency cancel 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. However, there are significant systematic uncertainties in the centrality
5
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Figure 4: 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.

Note the large global systematic uncertainty in σabs extracted from the PHENIX RCP data,
dominated by the uncertainty in the Glauber estimate of the average number of collisions at each
J/ψ
centrality. Although it does not affect the shape of the rapidity dependence of σabs , it results in
considerable uncertainty in the magnitude of the effective absorption cross section.
3.2 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 [20]. RAA , the nuclear modification
factor, is given by the ratio between the yield in A-A per N − N collision, and the pp yield. The
results are shown in Fig.5. The suppression (RAA <1) is considerably 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.
6
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dependence of RCP due to the use of a Glauber model to calculate the average number of nucleonnucleon collisions as a means of estimating the relative normalization between different centrality
bins. The systematic uncertainty due to the Glauber calculation is independent of rapidity.
The PHENIX d+Au RCP data have been independently fitted at each of the nine rapidities
[19] employing a model including shadowing and J/ψ absorption. The model calculations 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 associated with a)
rapidity-dependent systematic uncertainties and b) rapidity-independent systematic uncertainties.
The results are shown in Fig. 4. The most notable feature is the stronger effective absorption cross
section at forward rapidity, similar to the behavior observed at lower energies [10].

RAA
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Figure 5: The PHENIX Au+Au RAA as a function of centrality for |y| < 0.35 and 1.2 < |y| < 2.2.

To estimate the cold nuclear matter contribution to the Au+Au J/ψ RAA the d+Au J/ψ RCP
data were extracted using the EKS98 and nDSg shadowing parameterizations, as described earJ/ψ
lier, exception that, in this case, the σabs values in d+Au collisions were fitted independently in
three rapidity intervals: −2.2 < y < −1.2; |y| < 0.35 and 1.2 < y < 2.2. In effect, this tunes the
calculations 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 calculation using the fitted absorption cross sections and the centralitydependent R pAu calculated using EKS98 and nDSg shadowing parameterizations. The uncertainty
J/ψ
in the calculated CNM RAA was estimated by repeating the calculation with the best fit σabs values
varied within the rapidity-dependent systematic uncertainty determined when fitting the d+Au RCP .
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. 6. The
result for nDSg is nearly identical.
Assuming that the final PHENIX RdAu confirms the strong suppression at forward rapidity
seen in RCP , it would suggest that the stronger suppression seen at forward/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 comparable at midrapidity and at forward/backward rapidity.

4. Anomalous suppression: SPS vs RHIC
√
The preliminary PHENIX d+Au results at s = 200 GeV are, for the first time, based on a
high-statistics sample [19]. 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 NA60 pA
results at 158 GeV, described in Section 2, allow significant comparison between the centrality dependence 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 charged particle multiplicity,
dNch /d η , and the Bjorken energy density reached in the collision. The anomalous suppression
7
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Figure 6: 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 uncertainty in the Au+Au
RAA .

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 /d η in Fig. 7 [21]. Note that the magnitude of the anoma√
lous J/ψ suppression is practically system and s-independent when expressed as a function of
dNch /d η |η =0 .

5. Heavy quarkonium in nuclear collisions at LHC energy
With the advent of the LHC, it is expected to create a strongly interacting medium with an
initial temperature well beyond the critical value for deconfinement (Tc ∼ 170 MeV). Thanks to
the high production cross sections, it will be possible to measure with good statistics, for the first
time, the various bottomonium states. In particular, the tightly bound ϒ(1S) should melt only at
temperatures above 2Tc [22] and represents therefore an ideal “thermometer” for Pb-Pb collisions
√
at the LHC, which will be first studied at s = 2.75 TeV/nucleon at the end of 2010, and later on
√
up to s = 5.5 TeV/nucleon. The c-quark multiplicity is expected to be very high at LHC energy,
of the order of 100 pairs for central Pb-Pb collisions. Therefore, when the system hadronizes, cc
pairs may coalesce and lead to an increase with centrality of the charmonium yield [23]. This effect
may be so strong to mask the dissociation due to color screening in the Quark-Gluon Plasma phase.
Both CMS [24] and ATLAS [25] plan to carry out an accurate measurement of the heavy
quarkonium states in nuclear collisions, at central rapidities. ALICE [26], the dedicated heavyion experiment at the LHC, will measure charmonia and bottomonia at both central and forward
rapidities. The expected physics performance are shortly described in the following section.
5.1 Charmonium and bottomonium production in ALICE
Heavy quarkonia will be measured in ALICE in the central barrel, in the pseudorapidity range
8
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Figure 7: Comparison of the anomalous suppression at the SPS and RHIC as a function of dNch /d η at
η = 0.

−0.9 < η <0.9, and in the forward muon arm, with a 2.5 < η <4 coverage. In the central barrel,
heavy quarkonia will be detected through the e+ e− decay. ALICE can push its pT reach for charmonium down to pT ∼0. Electron identification is performed jointly in the TPC through the dE/dx
measurement and in the Transition Radiation Detector (TRD). In the forward region, quarkonia will
be studied via their decay into muon pairs. Muons with momenta larger than 4 GeV/c are detected
by means of a spectrometer which includes a 3 Tm dipole magnet, a front absorber, a muon filter,
tracking (Cathode Pad Chambers, CPC) and triggering (Resistive Plate Chambers, RPC) devices.
At the nominal luminosity (L=5·1026 cm−2 s−1 ), the expected J/ψ statistics in Pb+Pb for a 106
s data taking, corresponding to the yearly running time with the Pb beam, is of the order of 7·105
events in the forward muon arm. The mass resolution will be ∼70 MeV/c2 [27]. A simulation of the
various background sources to the muon pair invariant mass spectrum in the J/ψ region (including
combinatorial π and K decays, as well as semileptonic decays of open heavy flavours) shows that
the ratio signal/background (S/B) ranges from 0.13 to ∼7 when moving from central to peripheral
collisions. With such statistics and S/B values, it will be possible to study the proposed theoretical
scenarios for the modification of the J/ψ yield in the hot medium. The transverse momentum distributions can be addressed with reasonable statistics even for the relatively less populated peripheral
Pb+Pb collisions. In particular, for collisions with an impact parameter b >12 fm, it is expected to
have more than 1000 events with pT > 8 GeV/c. Finally, a study of the J/ψ polarization will be performed by measuring the angular distribution of the decay products. With the expected statistics,
the polarization parameter λ extracted from the fit d σ /d cos θ = σ0 (1 + λ cos2 θ ) can be measured,
defining five impact parameter bins, with a statistical error <0.05 for each bin.
At central rapidity, the expected J/ψ statistics, measured for 106 s running time at the nominal
luminosity, is about 2·105 for 108 triggered 10% most central events. The mass resolution will be
∼30 MeV/c2 [28]. The background under the J/ψ peak is dominated by misidentified pions, but
is anyway at a rather comfortable level (S/B=1.2). As for the forward region, it will therefore be
9
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In the central arm, a sample of a few 1000 J/ψ events is expected to be acquired in minimum
bias p-p collisions. With such statistics it will be possible to measure d σ /dy at midrapidity. With
the implementation of a Level-1 trigger on electrons, and assuming a conservative trigger efficiency
of 10%, one would get about 7·105 J/ψ .

6. Conclusions
A systematic study of J/ψ suppression in nuclear collisions has been carried out at SPS and
10
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possible to test the proposed theoretical models. The S/B ratio is expected to increase as a function
of pT , reaching a value of ∼5 at 10 GeV/c. The expected statistics at that pT is still a few hundred
counts, implying that differential J/ψ spectra can also be studied.
Concerning bottomonium production, with the foreseen muon pair invariant mass resolution
(∼100 MeV/c2 ) the ϒ states can be clearly separated. The expected yields are of the order of 7·103
events for the ϒ(1S) in Pb+Pb collisions, and of a factor ∼4 and ∼6.5 smaller for the higher mass
resonances ϒ(2S) and ϒ(3S), respectively [29]. The S/B ratios will be more favorable than for the
J/ψ (∼1.7 for the ϒ(1S) in central collisions).
At midrapidity, a possibility of measuring the ϒ states is tightly related to the foreseen implementation of a Level-1 trigger on electrons [28]. In a Pb+Pb run a significant ϒ(1S) sample
(several thousand events) can be collected, with a comfortable S/B∼1. The statistics for the higher
mass resonances depends crucially on the production mechanism. Assuming, as for ϒ(1S), binary
scaling, a measurement of ϒ(2S) looks very promising (∼1000 events with S/B=0.35).
Finally, the study of pp collisions is essential in order to provide reference data for the interpretation of nuclear collision results (also pA collisions are foreseen, but not in the first years of
√
operation of the LHC). At s=14 TeV, the nominal LHC energy, a typical data taking period of
one year at L = 3· 1030 cm−2 s−1 (the maximum luminosity the ALICE experiment can stand) gives
an integrated luminosity of 30 pb−1 , corresponding to ∼ 2.8·106 events [30] in the muon arm. The
corresponding dimuon invariant mass spectrum, for opposite-sign pairs, is shown in Fig. 8.
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RHIC energies. The observed suppression is not compatible with an effect due only to charmonium
interaction in cold nuclear matter. When expressed as a function of the charged multiplicity at
√
midrapidity, the J/ψ suppression is practically s-independent. These findings will be further
√
tested at LHC energies, where Pb+Pb collisions at s=2.75 TeV/nucleon will be studied, for the
first time, at the end of 2010. Furthermore, at the LHC, bottomonium states will be copiously
produced, and their anomalous suppression, expected to set in, for the ϒ(1S) state, at temperatures
much higher than Tc , should be observed.
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