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2. Quarkonia2

2.1. Introduction3

For thirty years, quarkonia (cc or bb bound states) have been considered important probes of the formation,4

in heavy-ion collisions, of a strongly interacting medium, the so-called quark-gluon plasma (QGP). In a hot and5

deconfined medium, in fact, quarkonium production is expected to be significantly suppressed with respect to the6

proton-proton yield, scaled by the number of binary nucleon-nucleon collisions. The origin of such a suppression,7

taking place in the QGP, is thought to be the colour screening of the force that binds the cc (bb) state [1]. In this8

scenario, quarkonium suppression should occur sequentially, according to the binding energy of each meson: strongly9

bound states, such as the Υ(1S) or the J/ψ, should melt at higher temperatures with respect to the more loosely10

bound ones, as the Υ(2S) or Υ(3S) for the bottomonium family or the ψ(2S) and the χc for the charmonium one.11

As a consequence, the in-medium dissociation probability of these states should provide an estimate of the initial12

temperature reached in the collisions [2]. However, the prediction of a sequential suppression pattern is complicated13

by several factors. For instance, feed-down decays of higher-mass resonances contribute to the observed quarkonium14

state and b-hadrons decay into charmonia. Furthermore, other hot and cold matter effects can play a role, competing15

with the suppression mechanism.16

On the one hand, increasing the centre-of-mass energy of the collisions per nucleon-nucleon pair (
√

sNN), an17

increase of the production of c and c quarks is expected. Therefore, in high-
√

s collisions the abundance of c and18

c quarks might lead to a new charmonium production source: the (re)combination of these quarks throughout the19

collision history [3] or just at the hadronization stage [4, 5]. This additional charmonium production mechanism,20

taking place in a deconfined medium, enhances the J/ψ yield and might counterbalance the expected J/ψ suppression.21

Given the smaller bb production cross section, with respect to cc, even at high-
√

sNN collisions, this contribution is22

less important for bottomonia.23

On the other hand, quarkonium production is also affected by several effects related to cold matter (the so-called24

cold nuclear matter effects, CNM) discussed in Chapter ??. For example, the production cross section of the QQ pair25

is influenced by the kinematic distributions of partons in the nuclei, which are different from those in free protons26

and neutrons (this effect is known as nuclear shadowing). In a similar way, approaches based on the Colour-Glass27

Condensate (CGC) effective theory assume that a gluon saturation effect sets in at high energies. This effect influences28

the quarkonium production occurring through fusion of gluons carrying small values of the Bjorken-x in the nuclear29

target. Furthermore, parton energy loss in the nucleus may decrease the pair momentum, causing a reduction of the30

quarkonium production at large longitudinal momentum. Finally, while the QQ pair evolves towards the fully-formed31

quarkonium state, it may also interact with the nuclear medium and eventually break-up. This effect is expected to32

play a dominant role only for low-
√

s collisions, where the crossing time of the (pre)-resonant state in the nuclear33

environment is rather large. On the contrary, this contribution should be negligible at high-
√

sNN, where, due to the34

decreased crossing time, resonances are expected to form outside the nuclear medium. Cold nuclear matter effects35

are investigated in proton-nucleus collisions, where no hot medium is expected to be formed. Since these effects are36

present also in nucleus-nucleus interactions, a precise knowledge of their role is crucial in order to correctly quantify37

the effects related to the formation of hot QCD matter.38

The in-medium modification of quarkonium production, induced by either hot or cold matter mechanisms, is39

usually quantified through the nuclear modification factor RAA defined as the ratio of the quarkonium acceptance40

corrected yield in A − A collisions (YQQ
AA ) and the expected value obtained scaling the J/ψ pp production cross section41

(σQQ
pp ) by the nuclear overlap function (TAA), evaluated through a Glauber model calculation [6]:42

RAA =
YQQ

AA

〈TAA〉 × σ
QQ
pp

(1)

The RAA is expected to be equal to unity if nucleus-nucleus collisions behave as a superposition of nucleon-nucleon43

interactions. In this case, the quarkonium yield in A − A can be obtained as the J/ψ yield in pp collisions, scaled to44

take into account the geometry of the nucleus-nucleus collision. On the contrary, an RAA value different from unity45

implies that the quarkonium production in A − A is modified with respect to a binary nucleon-nucleon scaling.46
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Studies performed for thirty years, first at the SPS (
√

sNN = 17 GeV) and then at RHIC facilities (
√

sNN =39-20047

GeV), have indeed shown a reduction of the J/ψ yield beyond the expectations from cold nuclear matter effects (such48

as nuclear shadowing and cc break-up)1. Even if the centre-of-mass energies differ by a factor of ten, the amount of49

suppression, with respect to pp collisions, observed by SPS and RHIC experiments is rather similar. Furthermore, J/ψ50

suppression at RHIC is, unexpectedly, stronger at forward than at midrapidity (y), in spite of the higher energy density51

which is reached close to y ∼ 0. These observations suggest the existence of the previously mentioned (re)combination52

process, which might set in already at RHIC energies and which can counteract the quarkonium suppression in the53

QGP.54

The measurement of charmonium production is, therefore, especially promising at the LHC, where the high-energy55

density reached in the medium and the large number of cc pairs produced in central Pb − Pb collisions (increased by56

a factor ten with respect to RHIC energies) should help to disentangle suppression and (re)combination scenarios.57

Furthermore, at LHC energies also bottomonium states, which were barely accessible at lower energies, are now58

abundantly produced. Bottomonium resonances should shed some light on the processes affecting the quarkonium59

behaviour in the hot matter. Υ are, as previously discussed, expected to be less affected by production through60

(re)combination processes, due to the much smaller abundance of b and b quarks in the medium with respect to c and61

c (in central Pb − Pb collisions at LHC energies, the number of cc is a factor ∼ 20 higher than the number of bb pairs).62

Furthermore, due to the larger mass of the b quark, cold nuclear matter effects, such as shadowing, are expected to be63

less important for bottomonium than for charmonium states.64

All four main LHC experiments (ALICE, ATLAS, CMS, and LHCb) have carried out studies on quarkonium65

production either in Pb − Pb collisions at
√

sNN = 2.76 TeV or in p−Pb collisions at
√

sNN = 5.02 TeV. Quarkonium66

production has also been investigated in pp interactions at
√

s = 2.76, 7, and 8 TeV and results are discussed in67

Section ??2. The four experiments are characterised by different kinematic coverages, allowing us to investigate68

quarkonium production over ∼ 8 units of rapidity, from zero to high transverse momentum (pT).69

ATLAS and CMS are designed to measure quarkonium production reconstructing the various states in their70

dimuon decay channel. They both cover the mid-rapidity region: depending on the quarkonium state under study71

and on the pT range investigated, the CMS rapidity coverage can reach up to |y| <2.4, and a similar y range is also72

covered by ATLAS. ALICE measures quarkonium in two rapidity regions: at mid-rapidity (|y| <0.9) in the dielectron73

decay channel and at forward rapidity (2.5< y <4) in the dimuon decay channel, in both cases down to zero transverse74

momentum. LHCb has taken part only in the pp and p−A LHC programs and their results on quarkonium production,75

reconstructed through the dimuon decay channel, are provided at forward rapidity (2 < y < 4.5), down to zero pT. As76

an example, the pT-y acceptance coverages of the ALICE and CMS experiments are sketched in Fig. 1 for J/ψ (left)77

and Υ (right). In Tables 1–3, a summary of the charmonium and bottomonium results obtained in A − A collisions78

by the SPS, RHIC, and LHC experiments are presented, respectively.79

Experiment Beam
√

sNN ycms range pT range Observables [Ref]
and probe mode ( GeV) ( GeV/c)
NA38
J/ψ S - U 17.2 0< y <1 pT >0 J/ψ/DY [7]
ψ(2S) S - U 17.2 0< y <1 pT >0 ψ(2S)/DY [7]
NA50
J/ψ Pb - Pb 17.2 0< y <1 pT >0 J/ψ/DY [8–14]
ψ(2S) Pb - Pb 17.2 0< y <1 pT >0 ψ(2S)/DY, (Nψ(2S)/NJ/ψ) [15]
NA60
J/ψ In - In 17.2 0< y <1 pT >0 J/ψ/DY [16, 17], polarization [17]

Table 1: Quarkonium results obtained in A − A at SPS. The nucleon-nucleon energy in the centre-of-mass frame (
√

sNN), the covered kinematic
range, the probes and observables are reported.

1References to experimental results are reported in Tables 1, 2
2References to experimental results are reported in Table 3
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Figure 1: Left: pT-y acceptance coverage of the ALICE (red) and CMS (blue) experiments for J/ψ. Right: pT-y acceptance coverage of the ALICE
and CMS experiments for Υ(nS). Filled areas correspond the the ranges investigated in recent ALICE and CMS quarkonium publications. The
hashed areas correspond to the acceptance range which can potentially be covered by the experiments. In fact, while the high-pT reach in ALICE
is limited by statistics, the low-pT coverage by CMS is limited by the muon identification capabilities, affected by the large background in Pb − Pb
collisions.

Experiment Beam
√

sNN ycms range pT range Observables [Ref]
and probe mode ( GeV) ( GeV/c)
PHENIX
J/ψ Au − Au 200 1.2< |y| <2.2 pT >0 RAA [18–20]

|y| <0.35 pT >0 RAA [18–20]
J/ψ Au − Au 200 |y| <0.35 0< pT <5 v2 [21]
J/ψ Cu − Cu 200 1.2< |y| <2.2 pT >0 RAA [22]

|y| <0.35 pT >0 RAA [22]
J/ψ Cu - Au 200 1.2< |y| <2.2 pT >0 RAA [23]
J/ψ Au − Au 62.4 1.2< |y| <2.2 pT >0 RAA [24]
J/ψ Au − Au 39 1.2< |y| <2.2 pT >0 RAA [24]
Υ(1S+2S+3S) Au − Au 200 |y| <0.35 pT >0 RAA [25]
STAR
J/ψ Au − Au 200 |y| <1 pT >0 RAA [26, 27], v2 [28]
J/ψ Cu − Cu 200 |y| <1 pT >0 RAA [27, 29]
J/ψ U − U 193 |y| <1 pT >0 RAA [30]
J/ψ Au − Au 62.4 |y| <1 pT >0 RAA [30]
J/ψ Au − Au 39 |y| <1 pT >0 RAA [30]
Υ(1S+2S+3S) Au − Au 200 |y| <1 pT >0 RAA [31]
Υ(1S) Au − Au 200 |y| <1 pT >0 RAA [31]

Table 2: Quarkonium results obtained in A − A from RHIC experiments. The experiment, the probes, the collision energy (
√

sNN), the covered
kinematic range and the observables are indicated.
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Experiment Beam
√

sNN ycms range pT range Observables [Ref]
and probe mode ( TeV) ( GeV/c)
ALICE
J/ψ Pb - Pb 2.76 2.5< y <4 pT >0 RAA [32, 33]

|y| <0.9 pT >0 RAA [32, 33]
J/ψ Pb - Pb 2.76 2.5< y <4 0< pT <10 v2 [34]
ψ(2S) Pb - Pb 2.76 2.5< y <4 pT <3, 3< pT <8 (Nψ(2S)/NJ/ψ)Pb−Pb/(Nψ(2S)/NJ/ψ)pp [35]
Υ(1S) Pb - Pb 2.76 2.5< y <4 pT >0 RAA [36]
ATLAS
J/ψ Pb - Pb 2.76 |η| <2.5 pT >6.5 RCP [37]
CMS
J/ψ Pb - Pb 2.76 |y| < 2.4 6.5 < pT < 30 RAA [38], v2 [39] (prompt J/ψ identified)
J/ψ Pb - Pb 2.76 1.6 < |y| < 2.4 3 < pT < 30 RAA [38], v2 [39] (prompt J/ψ identified)
J/ψ Pb - Pb 2.76 |y| < 1.2 6.5 < pT < 30 RAA [38] (prompt J/ψ identified)
J/ψ Pb - Pb 2.76 1.2 < |y| < 1.6 5.5 < pT < 30 RAA [38] (prompt J/ψ identified)
ψ(2S) Pb - Pb 2.76 1.6 < |y| < 2.4 3 < pT < 30 (Nψ(2S)/NJ/ψ)Pb−Pb/(Nψ(2S)/NJ/ψ)pp [40]

|y| < 1.6 6.5 < pT < 30 (Nψ(2S)/NJ/ψ)Pb−Pb/(Nψ(2S)/NJ/ψ)pp [40]
Υ(1S), Υ(2S), Υ(3S) Pb - Pb 2.76 |y| < 2.4 pT > 0 RAA [38, 41, 42]

(NΥ(2S)/NΥ(1S))Pb−Pb/(NΥ(2S)/NΥ(1S))pp [43]

Table 3: Quarkonium results obtained in A − A from LHC experiments. The experiment, the probes, the collision energy (
√

sNN), the covered
kinematic range and the observables are indicated.

In this chapter, we will proceed as follows: first, a theoretical overview is presented, in which the sequential80

suppression pattern of quarkonia and the lattice calculations are introduced. Other effects, as the initial modification of81

the Parton Distribution Functions (PDFs) inside nuclei and its influence on nucleus-nucleus collisions are discussed.82

Along with the suppression, the enhancement of quarkonia is also considered through two different approaches to83

(re)generation: the statistical hadronization model and transport models for recombination. To finish the theoretical84

summary, particular attention is devoted to non-equilibrium effects on quarkonium suppression in the anisotropic85

hydrodynamic framework and its application to bottomonium production.86

Second, experimental quarkonium results are reviewed. We concentrate mainly on LHC results, starting with a87

brief discussion on the quarkonium production cross sections in pp collisions as necessary references to build the88

nuclear modification factors. We proceed to the description of the experimental RAA results for J/ψ production, both89

at low and high pT. The existing LHC results are compared to the ones at RHIC energies and to the representative90

theoretical models. A similar discussion is also introduced for the J/ψ azimuthal anisotropy. Results obtained at RHIC91

from variations of the beam-energy and collision-system are also addressed. To charmonium section is concluded with92

a discussion of the ψ(2S). Next, we proceed with the description of the bottomonium results on ground and excited93

states, both at RHIC and LHC energies. At LHC energies, the centrality integrated RAA was measured for all three94

states, exhibiting a clear ordering with binding energy. A comparison of its centrality and rapidity dependence with95

the presented theoretical models is also shown.96

We conclude our overview with a discussion of other possible references for the quarkonium behaviour in nucleus-97

nucleus collisions, namely the proton-nucleus collisions and open heavy flavour production.98

2.2. Theory overview99

2.2.1. Sequential Suppression100

The large masses of charm (mc ' 1.3 GeV) and bottom (mb ' 4.7 GeV) quarks provide the basis for a quarkonium101

spectroscopy through non-relativistic potential theory, introducing a confining potential in terms of a string tension.102

The results are summarised below [44]. The fate of heavy quark bound states in a quark-gluon plasma depends on103

the size of the colour screening radius rD in comparison to the quarkonium radius rQ: if rD � rQ, the medium does104

not really affect the heavy quark binding. Once rD � rQ, however, the two heavy quarks cannot “see” each other any105

more and hence the bound state will melt. It is therefore expected that quarkonia will survive in a quark-gluon plasma106
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state J/ψ χc ψ(2S) Υ(1S) χb(1P) Υ(2S) χb(2P) Υ(3S)
exp. mass [GeV] 3.07 3.53 3.68 9.46 9.99 10.02 10.26 10.36
binding [GeV] 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20

radius [fm] 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39

Table 4: Mass, binding energy and radius for charmonium and bottomonium resonances.

through some range of temperatures above Tc, and then dissociate once T becomes large enough. This behaviour is107

in fact confirmed by analytical as well as lattice studies [45].108

Lattice studies on quarkonium mostly consist of calculations of spectral functions for temperatures in the range109

explored by the experiments. To motivate these studies and, at the same time, to get a feeling of their limitations,110

we can consider the relation between the rate of production of muon pairs dNµµ̄

d4 xd4q and the spectral functions ρ(ω):111

dNµµ̄

d4 xd4q = F(q,T, ...)ρ(ω). The connection between the invariant mass distribution and the spectral function is clear,112

although the dynamical factor F is largely unknown. Understanding in detail this connection is an important aspect113

of ongoing research, outside the scope of lattice studies: on the lattice we concentrate on the calculations of spectral114

functions at equilibrium.115

Spectral functions play an important role in understanding how elementary excitations are modified in a thermal116

medium. They are the power spectrum of autocorrelation functions in real time, hence provide a direct information117

on large time propagation. In the lattice approach such real time evolution is not directly accessible: the theory is118

formulated in a four dimensional box – three dimensions are spatial dimensions, the fourth is the imaginary (Eu-119

clidean) time. The lattice temperature TL is realised through (anti)periodic boundary conditions in the Euclidean time120

direction – TL = 1/Nτ, where Nτ is the extent of the time direction, and can be converted to physical units once the121

lattice spacing is known. The spectral functions appear now in the decomposition of a (zero-momentum) Euclidean122

propagator G(τ): G(τ) =
∫ ∞

0 ρ[ω) dω
2π K(τ, ω), with K(τ, ω) =

(e−ωτ+e−ω(1/T−τ))
1−e−ω/T . The τ dependence of the kernel K reflects123

the periodicity of the relativistic propagator in imaginary time, as well as its T symmetry. The Bose–Einstein distri-124

bution, intuitively, describes the wrapping around the periodic box which becomes increasingly important at higher125

temperatures.126

The simple recipe is then: generate an appropriate ensemble of lattice gauge fields at a temperature of choice,127

compute on such ensemble the Euclidean propagators G(τ), and extract the spectral functions. To briefly summarise128

the current outcome of such program, any study of charmonium and bottomonium produce sensible qualitative results:129

at some temperature T above, and not too far from the critical temperature, and possibly coinciding with it, a given130

status melts. The devil is in the details, and a final consensus on quantitative issues has not been reached yet. Why?131

First, experiences with lattice calculations has taught us that it is extremely important to have results in the continuum132

limit, and with the proper matter content. This means that the masses of the dynamical quark fields which are used133

in the generation of the gauge ensembles must be as close as possible to the physical ones, and the lattice spacing134

should be fine enough to allow contact with continuum physics. These systematic effects, which have been studied in135

detail for bulk thermodynamics, are still under scrutiny for the spectral functions. Second, the calculation of spectral136

functions using Euclidean propagators as an input is a difficult, ill-defined problem. It has been mostly tackled by137

using the Maximum Entropy Method (MEM) [46], which has proven successful in a variety of applications. Recently,138

an alternative Bayesian reconstruction of the spectral functions has been proposed in Refs. [47, 48], and applied to the139

analysis of HotQCD configurations [49].140

Most calculations of charmonium spectral functions have been performed in the quenched approximation, al-141

though recently the spectral functions of the charmonium states have been studied as a function of both temperature142

and momentum, using as input relativistic propagators with two light quarks [50, 51] and, more recently, including143

the strange quark, for temperatures ranging between 0.76Tc and 1.9Tc. The sequential dissolution of the peaks corre-144

sponding to the S- and P-wave states is clearly seen. The results are consistent with the expectation that charmonium145

melts at high temperature, however as of today they lack quantitative precision and control over systematic errors.146

From what was said, the survival probability for a given quarkonium state depends on its size and binding energy147

(see Tab. 4 for details). Hence the excited states will be dissolved at a lower initial energy density than the more148

tightly-bound ground states. In actual production, however, one encounters “feed-down”: only a fraction (about 60%)149
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of the observed J/ψ is a directly produced (1S ) state, the remainder is due to the decay of excited states, with about150

30 % from χc (1P) and 10% from ψ(2S) decay [52–54]. A similar decay pattern arises for Υ production [55, 56]. The151

decay processes occur far outside the produced medium, so that the medium affects the excited states. As a result,152

the formation of a hot deconfined medium in nuclear collisions will produce a sequential quarkonium suppression153

pattern [57], as illustrated in the Fig. 2. Increasing the energy density of the QGP above deconfinement first leads to154

ψ(2S) dissociation, removing those J/ψ’s which otherwise would have come from ψ(2S) decays. Next the χc melts,155

and only for a sufficiently hot medium also the direct J/ψ’s disappear. For the bottomonium states, a similar pattern156

holds.157
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Figure 2: Sequential quarkonium suppression for J/ψ (left) and Υ(1S) (right) states.

An observation of such sequential quarkonium suppression in high energy nuclear collisions would thus confirm158

the production of a deconfined medium in these interactions.159

2.2.2. Role of nuclear PDFs in A-A160

The predictions for J/ψ suppression, considering only the modifications of the parton densities in the nucleus161

(shadowing), are described in this section. There are other possible cold matter effects on J/ψ production in addition162

to shadowing: breakup of the quarkonium state due to inelastic interactions with nucleons (absorption) or produced163

hadrons (comovers) and energy loss in cold matter. Since the quarkonium absorption cross section decreases with164

centre-of-mass energy, we can expect that shadowing is the most important cold matter effect at LHC energies, see165

Refs. [58, 59].166

Here we show results for the dependence of shadowing on rapidity, transverse momentum and centrality for J/ψ167

and Υ production at √sNN = 2.76 TeV Pb − Pb collisions, neglecting absorption.168

We show first the results obtained in the colour evaporation model (CEM) at next-to-leading order (NLO) in the169

total cross section. In the CEM, the quarkonium production cross section in pp collisions is some fraction, FC , of all170

QQ pairs below the HH threshold where H is the lowest mass heavy-flavor hadron,171

σCEM
C (s) = FC

∑
i, j

∫ 4m2
H

4m2
ds
∫

dx1 dx2 f p
i (x1, µ

2
F) f p

j (x2, µ
2
F) σ̂i j(ŝ, µ2

F , µ
2
R) , (2)

where i j = qq or gg and σ̂i j(ŝ) is the i j → QQ subprocess cross section. The normalisation factor FC for the J/ψ,172

FJ/ψ, is fit to the forward (integrated over xF > 0) J/ψ cross section data on only p, Be, Li, C, and Si targets [60]. The173

fits are restricted to the forward cross sections only. The Υ normalisation factor is fit to the sum Bdσ(
∑

i Υ(iS ))/dy|y=0174

for proton and light nuclear targets since the fixed-target experiments did not separate the Υ states. By restricting175

ourselves to light targets, uncertainties due to ignoring any cold nuclear matter effects, on the order of a few percent176

in light targets, are avoided.177

The same values of the central charm quark mass and scale parameters are employed as those found for open178

charm, mc = 1.27 ± 0.09 GeV/c2, µF/mc = 2.10+2.55
−0.85, and µR/mc = 1.60+0.11

−0.12 [60]. The normalisation FC is obtained179

for the central set, (mc, µF/mc, µR/mc) = (1.27 GeV, 2.1, 1.6). The calculations for the extent of the mass and scale180

uncertainties are multiplied by the same value of FC to obtain the extent of the J/ψ uncertainty band [60]. We calculate181

Υ production in the same manner, with the central result obtained for (mb, µF/mb, µR/mb) = (4.65 GeV, 1.4, 1.1). The182
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scale uncertainties are discussed in [61]. All the calculations are NLO in the total cross section and assume that the183

intrinsic kT broadening is the same in pp as in Pb − Pb.184

Figure 3: The nuclear modification factor RPbPb for J/ψ (upper) and Υ (lower) production calculated using the EPS09 modifications. The results
are presented as a function of rapidity (left) and pT (right). The dashed red histogram shows the EPS09 NLO uncertainties. The blue curves show
the LO modification and the corresponding uncertainty band as a function of rapidity only.

The mass and scale uncertainties are calculated based on results using the one standard deviation uncertainties on185

the quark mass and scale parameters. If the central, upper and lower limits of µR,F/m are denoted as C, H, and L186

respectively, then the seven sets corresponding to the scale uncertainty are {(µF/m, µF/m)} = {(C,C), (H,H), (L, L),187

(C, L), (L,C), (C,H), (H,C)}. The uncertainty band can be obtained for the best fit sets by adding the uncertainties188

from the mass and scale variations in quadrature. The envelope containing the resulting curves,189

σmax = σcent +

√
(σµ,max − σcent)2 + (σm,max − σcent)2 , (3)

σmin = σcent −

√
(σµ,min − σcent)2 + (σm,min − σcent)2 , (4)

defines the uncertainty. The EPS09 NLO band is obtained by calculating the deviations from the central value for the190
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15 parameter variations on either side of the central set and adding them in quadrature. With the new uncertainties on191

the charm cross section, the band obtained with the mass and scale variation is narrower than that with the EPS09 LO192

variations, as shown for p−Pb collisions at
√

sNN = 5 TeV in Ref. [62].193

The upper left-hand side of Fig. 3 shows the uncertainty in the shadowing effect on J/ψ due to the variations in194

the 30 EPS09 NLO sets [63] (red). The uncertainty band calculated in the CEM at LO with the EPS09 LO sets is195

shown for comparison. It is clear that the LO results, represented by the smooth blue curves in Fig. 3, exhibit a larger196

shadowing effect. This difference between the LO results, also shown in Ref. [64], and the NLO calculations arises197

because the LO and NLO gluon shadowing parameterisations differ significantly at low x [63].198

In principle the shadowing results should be the same for LO and NLO. Unfortunately, however, the gluon mod-199

ifications, particularly at low x and moderate Q2, are not yet sufficiently constrained. The lower left panel shows the200

same calculation for Υ production. Here the difference between the LO and NLO calculations is reduced because the201

mass scale, as well as the range of x values probed, is larger. Differences in LO results relative to e.g. the Colour-202

Singlet Model arise less from the production mechanism than from the different mass and scale values assumed, as203

we will discuss below.204

We note that the convolution of the two nuclear parton densities results in a ∼20% suppression at NLO for |y| ≤ 2.5205

with a mild decrease in suppression at more forward rapidities. The gluon antishadowing peak at |y| ∼ 4 for J/ψ and206

|y| ∼ 2 for Υ with large x1 in the nucleus is mitigated by the shadowing at low x2 in the opposite nucleus with the207

NLO parameterisation. The overall effect due to nPDFs in both nuclei is a result with mild rapidity dependence and208

RJ/ψ
PbPb < 1 for |y| ≤ 5 and RΥ

PbPb ∼ 1 for |y| ≤ 3. The EPS09 nPDF uncertainty is reduced at NLO for the J/ψ and209

becomes even smaller for the higher scale of the Υ. The nPDF effect gives more suppression at central rapidity than210

at forward rapidity, albeit less so for the LHC energies than for RHIC where the antishadowing peak at
√

sNN = 200211

GeV is at |y| ∼ 2.212

We remark that the uncertainty is larger in the LO CEM calculation for several reasons. First, the x values in the213

2 → 1 kinematics at LO is somewhat lower than the 2 → 2 and 2 → 3 kinematics (for the LO+virtual and real NLO214

contributions respectively) of the NLO CEM calculation. Next, the pT scale enters in the complete NLO calculation215

where it does not in the LO, leading to both a slightly larger x value for higher pT as well as a larger scale so that the216

NLO calculation is on average at a higher scale than the LO. Finally, the uncertainties in the EPS09 LO sets are larger217

than those of the NLO sets.218

The right-hand side of the figure shows the pT dependence of the effect at forward rapidity for J/ψ (upper) and219

Υ (lower). The effect is rather mild and increases slowly with pT . There is little difference between the J/ψ and Υ220

results for RPbPb(pT ) because, for pT above a few GeV, the pT scale is dominant. There is no LO comparison here221

because the pT dependence cannot be calculated in the LO CEM, since there quarkonia are assumed to be produced222

by a 2→ 1 partonic process where the colliding gluons necessarily carried intrinsic transverse momentum kT , entirely223

transferred to the quarkonium final state.224

It can be nevertheless calculated using an exact kinematics for a 2 → 2 process, namely g + g → J/ψ + g as225

expected from LO pQCD in the Colour-Singlet Model, the so-called extrinsic scheme [65].226

In fact, one can use a generic 2 → 2 matrix elements which matches the pT dependence of the data instead of a227

2→ 1 process as it can be in the LO CEM model or in the Colour-Octet Model at low pT .228

Concerning the choice of the order, fits performed at different orders may show differences which may not be229

reflecting any specific physical phenomenon but a particular sensitivity to QCD corrections of some observables used230

in the fit at scales different than the ones used here. When using partonic cross sections evaluated at Born (LO) order,231

the common practice is thus to employ a LO (n)PDF set. Yet, nothing forbids us to use a NLO one as a default232

choice. In a sense, any difference observed is an indication of the uncertainty attributable to the neglect of unknown233

higher QCD corrections. Moreover, as mentioned above, the LO and NLO gluon shadowing parameterisations differ234

significantly at low x.235

In the extrinsic approach, the parameterisations EKS98 LO [66] and nDSg LO [67] have been employed. The236

former coincides with the mid value of EPS09 LO [63]. The error bands for the EKS98 and nDSg models shown in237

Fig. 4 correspond to the uncertainty in the factorisation scale (0.5mT < µF < 2mT ).238

Note that the nuclear-effect predictions based on nPDFs parameterisations significantly depend on the factorisation239

scale µF (also referred to as Q) at which they are evaluated. It introduces an additional –significant– uncertainty which240

is often overlooked, whereas it is known to be already large in the description of pp collisions for which the PDFs are241

better known.242
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Figure 4: Rapidity (left) and pT dependence (right) of the EKS98 LO and nDSg LO shadowing corrections performed according to [65, 68] in
Pb − Pb collisions at

√
s = 2.76 TeV. The bands for the EKS98/nDSg models shown in the figure correspond to the uncertainty in the factorisation

scale.

The spatial dependence of the nPDF has been included in this approach through a probabilistic Glauber Monte-243

Carlo framework, JIN [69], assuming an inhomogeneous shadowing proportional to the local density [70, 71]. Results244

are shown in Fig. 5.

Figure 5: Centrality dependence of the EKS98 LO and nDSg LO shadowing corrections performed according to [65, 68] in Pb − Pb collisions at
√

s = 2.76 TeV. The bands for the EKS98/nDSg models shown in the figure correspond to the uncertainty in the factorisation scale.

245

2.2.3. (Re)generation models246

In the past 20 years thorough evidence has been gathered that production of hadrons with u,d,s-valence quarks247

can be described for high energy collisions of heavy nuclei using a statistical model reflecting a hadro-chemical248
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equilibrium approach [5, 72]. Hadron yields from top AGS energy up to LHC are reproduced over many orders of249

magnitude employing a statistical operator that incorporates a complete hadron resonance gas. In a grand canonical250

treatment, the only thermal parameters are the chemical freeze out temperature T and the baryo-chemical potential µb251

(and the fireball volume V , in case yields rather than ratios of yields are fitted). These parameters are fitted to data for252

every collision system as function of beam energy. The temperature T and the baryo-chemical potential µb have been253

found to evolve in a very systematic way with the temperature initially rising with collision energy and saturating at254

a value of 159 ± 2 MeV close to top SPS energy, while the baryo-chemical potential drops smoothly and reaches a255

value compatible with zero at LHC energy. In the energy range where T saturates, it has been found to coincide with256

the QCD (quasi-)critical temperature found in lattice QCD.257

Deconfinement of quarks is expected in a quark-gluon plasma (QGP) and for heavy quarks in particular, this has258

been formulated via modification of the heavy quark potential in a process analogue to Debye screening in QED259

[1]. Heavy quarks are not expected to be produced thermally but rather in initial hard scattering processes. Even at260

top LHC energy thermal production is only a correction [73] at maximally the 10% level. Therefore a scenario was261

proposed, in which charm quarks, formed in a high energy nuclear collision in initial hard scattering, find themselves262

colourscreened and therefore deconfined in a QGP and hadronise with light quarks and gluons at the phase boundary263

[4, 74, 75]. At hadronization open charm hadrons as well a charmonia are formed according to their statistical weights264

and the spectrum of charmed hadrons.265

Since for each beam energy the values of T and µb are already fixed by the measured hadron yields, the only266

additional input needed is the initial charm production cross section per unit rapidity in the appropriate rapidity267

interval. The conservation of the number of charm quarks is introduced in the statistical model via a fugacity gc,268

where all open charmed hadron yields scale proportional to gc, while charmonia scale with g2
c since they are formed269

from a charm and an anticharm quark. A logical consequence of this is that at low energy, where the charm cross270

section is small, charmonium production is suppressed in comparison to scaled pp collisions, while at high (LHC)271

energy it should be enhanced [4, 74, 75].272

Already a comparison [76] to first data on J/ψ production from PHENIX at RHIC using a charm cross section273

from perturbative QCD proved successful. When more data became available it was found [77, 78] that in particular274

the rapidity and centrality dependence of J/ψ RAA from RHIC and the ψ(2S) to J/ψ ratio from NA50 at the SPS were275

well reproduced by this approach. In order to treat properly the centrality dependence, also production in the dilute276

corona using the pp production cross section of J/ψ is considered [77, 78]. While it was clear that for LHC larger277

values for RAA of J/ψ are expected as compared to RHIC, RAA depends linearly on the unknown cc cross section.278

Predictions for an expected range were given in [79].279

The comparison of the statistical hadronization predictions with the LHC data require the knowledge of the cc280

cross section. This quantity has been measured in pp collisions at
√

s = 7 TeV and is then extrapolated to the lower281

Pb − Pb beam energy, i.e.
√

sNN = 2.76 TeV, taking also into account the shadowing for nuclear collisions. Since282

the current data are for half the LHC design energy, the open charm cross section is at the lower end of the range283

considered in Ref. [79]. The uncertainty on this model prediction comes from the uncertainty on the cc cross section284

and it stems from the measurement of the cc cross section itself and the
√

s and shadowing extrapolations.285

For central collisions a significant increase in the J/ψ RAA at LHC as compared to RHIC is experimentally observed286

and well reproduced by the statistical hadronization model (see Fig. 11). In particular, as a characteristic feature of287

the model the shape as function of centrality is entirely given by the charm cross section at a given energy and rapidity288

and is well reproduced both at RHIC and LHC. This applies also to the maximum in RAA at mid-rapidity due to the289

peaking of the charm cross section there.290

The statistical hadronization picture and therefore the increase in RAA at LHC applies to thermalised charm quarks291

and therefore is necessarily a low pT phenomenon. This is in line with a drop in RAA for larger pT observed in the292

data. The statistical hadronization model in itself makes no prediction of spectra without additional input. Given a293

velocity distribution of the quarks at hadronization, of course the spectra and their moments are fixed. As examples294

in [77, 78] J/ψ spectra are predicted for different T and collective expansion velocity of the medium at hadronization.295

The narrowing of 〈pT 〉 and it’s root mean square as compared to pp collisions in the ALICE data are in line with this296

expectation, a precise measurement of the spectral shape is an important test of the model awaiting higher statistics.297

Another characteristic feature of the statistical hadronization model is an excited state population driven by Boltz-298

mann factors at the hadronization temperature. So far the only successful test of this prediction is the ψ(2S)/J/ψ ratio299

at the SPS. Data for ψ(2S) and χc at LHC and RHIC will be crucial tests of this model and will allow, if measured300
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with sufficient precision (10-20%), to differentiate between transport model predictions and statistical hadronization301

at the phase boundary.302

2.2.4. Transport Approach for In-Medium Quarkonia303

The space-time evolution of the phase-space distribution, fQ, of a quarkonium state Q = Ψ,Υ (Ψ=J/ψ, χc, . . . ;304

Υ=Υ(1S ), χb, . . . ) in hot and dense matter may be described by the relativistic Boltzmann equation,305

pµ∂µ fQ(~r, τ; ~p) = −Ep ΓQ(~r, τ; ~p) fQ(~r, τ; ~p) + Ep βQ(~r, τ; ~p) (5)

where p0 = Ep = (~p2 + m2
Q

)1/2, ΓQ denotes the dissociation rate3 and the gain term, βQ, depends on the phase-space306

distribution of the individual heavy (anti-)quarks, Q=c, b in the QGP (or D, D mesons in hadronic matter). If the307

open-charm states are thermalised, and in the limit of a spatially homogeneous medium, one may integrate over the308

spatial and 3-momentum dependencies to obtain the rate equation [80–82]309

dNQ
dτ

= −ΓQ(T )[NQ − Neq
Q

(T )] , (6)

which explicitly exhibits the approach toward equilibrium –when both sides vanish–. The key ingredients to the rate310

equation are the “transport coefficients”: the inelastic reaction rate, ΓQ, for both dissociation and formation –detailed311

balance–, and the quarkonium equilibrium limit, Neq
Q

(T ).312

The reaction rate can be calculated from inelastic scattering amplitudes of quarkonia on the constituents of the313

medium (light quarks and gluons, or light hadrons). The relevant processes depend on the (in-medium) properties314

of the bound state [83]. In the QGP, for a tightly bound state (binding energy EB ≥ T ), an efficient process is gluo-315

dissociation [84], g + Q → Q + Q, where all of the incoming gluon energy is available for break-up. However, for316

loosely bound states (EB < T for excited and partially screened states), the phase space for gluo-dissociation rapidly317

shuts off, rendering “quasi-free” dissociation, p + Q → Q + Q + p (p = q, q, g), the dominant process [83], cf. Fig. 6318

left.319

The equilibrium number densities are simply those of Q quarks (with spin-colour and particle-antiparticle degen-320

eracy 6 × 2) and quarkonium states (summed over including their spin degeneracies dQ).321

The quarkonium equilibrium number is given by:322

Neq
Q

= VFB

∑
Q

neq
Q

(mQ; T, γQ) = VFB

∑
Q

dQ γ2
Q

∫
d3 p

(2π)3 f B
Q

(Ep; T ) (7)

where VFB refers to the fireball volume, dQ is the spin degeneracy and f B
Q

corresponds to the Bose distribution.323

The open heavy-flavor (HF) number, Nop, follows from the corresponding equilibrium densities, e. g.,324

Nop = Nc + Nc = VFB12γQ

∫
d3 p

(2π)3 f F
Q (Ep; T ) (8)

for heavy (anti-)quarks in the QGP.325

Assuming relative chemical equilibrium between all available states containing heavy-flavoured quarks at a given326

temperature and volume of the system, the number of QQ pairs in the fireball —usually determined by the initial hard327

production— is matched to the equilibrium numbers of HF states using a fugacity factor γQ = γQ by the condition:328

NQQ =
1
2

Nop
I1(Nop)
I0(Nop)

+ VFB γ
2
Q

∑
Q

neq
Q

(T ) . (9)

The ratio of Bessel functions above, I1/I0, enforces the canonical limit for small Nop ≤ 1.329

The quarkonium equilibrium limit is thus coupled to the open HF spectrum in medium; e. g., a smaller c-quark330

mass increases the c-quark density, which decreases γc and therefore reduces Neq
J/ψ, by up to an order of magnitude for331

mc = 1.8→ 1.5 GeV, cf. Fig. 6 right.332

3A possible mean-field term has been neglected.
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Figure 6: Transport coefficients of charmonia in the QGP. Left: inelastic reaction rates for J/ψ and χc in strong- (V=U) and weak-binding (V=F)
scenarios. Right: J/ψ equilibrium numbers for conditions in central Pb − Pb and Au − Au at full SPS and RHIC energies, respectively, using
different values of the in-medium c-quark mass in the QGP (T ≥ 180 MeV) and for D-mesons in hadronic matter (T ≤ 180 MeV); in practice the
equilibrium numbers are constructed as continuous across the transition region.

In practice, further corrections to Neq
Q

are needed for more realistic applications in heavy-ion collisions. First,333

heavy quarks cannot be expected to be thermalised throughout the course of a heavy-ion collision; harder heavy-334

quark (HQ) momentum distributions imply reduced phase-space overlap for quarkonium production, thus suppress-335

ing the gain term. In the rate equation approach this has been implemented through a relaxation factor R = 1 −336

exp(−
∫

dτ/τtherm
Q ) multiplying Neq

Q
, where τtherm

Q represents the kinetic relaxation time of the HQ distributions [80, 85].337

This approximation has been quantitatively verified in Ref. [86]. Second, since HQ pairs are produced in essentially338

pointlike hard collisions, they do not necessarily explore the full volume in the fireball. This has been accounted for339

by introducing a correlation volume in the argument of the Bessel functions, in analogy to strangeness production at340

lower energies [87].341

An important aspect of this transport approach is a controlled implementation of in-medium properties of the342

quarkonia [80, 88]. Colour-screening of the QCD potential reduces the quarkonium binding energies, which, together343

with the in-medium HQ mass, m∗Q, determines the bound-state mass, mQ = 2m∗Q−EB. As discussed above, the interplay344

of mQ and m∗Q determines the equilibrium limit, Neq
Q

, while EB also affects the inelastic reaction rate, ΓQ(T ). To345

constrain these properties, pertinent spectral functions have been used to compute euclidean correlators for charmonia,346

and required to approximately agree with results from lattice QCD [88]. Two basic scenarios have been put forward347

for tests against charmonium data at SPS and RHIC: a strong-binding scenario (SBS), where the J/ψ survives up to348

temperatures of about 2 Tc, and a weak-binding scenario (WBS) with Tdiss ' 1.2 Tc, cf. Fig. 7. These scenarios are349

motivated by microscopic T -matrix calculations [89] where the HQ internal (UQQ) or free energy (FQQ) have been350

used as potential, respectively. A more rigorous definition of the HQ potential, and a more direct implementation351

of the quarkonium properties from the T -matrix approach is warranted for future work. The effects of the hadronic352

phase are generally small for J/ψ and bottomonia, but important for the ψ(2S) especially if its direct decay channel353

ψ(2S)→ DD is opened (due to reduced masses and/or finite widths of the D mesons) [80, 85].354

The rate equation approach has been extended to compute pT spectra of charmonia in heavy-ion collisions [90].355

Toward this end, the loss term was solved with a 3-momentum dependent dissociation rate and a spatial dependence356

of the charmonium distribution function, while for the gain term blast-wave distributions at the phase transition were357

assumed (this should be improved in the future by an explicit evaluations of the gain term from the Boltzmann equation358

using realistic time-evolving HQ distributions, see Ref. [91] for initial studies). In addition, formation time effects are359

included which affect quarkonium suppression at high pT [92].360

To close the quarkonium rate equations, several input quantities are required which are generally taken from exper-361

imental data in pp and p−A collisions, e. g., quarkonia and HQ production cross sections (with shadowing corrections362

at LHC and at forward rapidity at RHIC), and primordial nuclear absorption effects encoded in phenomenological363

absorption cross sections. Feed down effects from excited quarkonia (and b-hadron decays into J/ψ) are accounted364

15



Figure 7: Temperature dependence of J/ψ binding energy (left panel) and charm-quark mass (right panel) in the QGP in the strong- and weak-
binding scenarios (solid (V=U) and dashed lines (V=F), respectively) as implemented into the rate equation approach [88].

for. The space-time evolution of the medium is constructed using an isotropically expanding fireball model repro-365

ducing the measured hadron yields and their pT spectra. The fireball resembles the basic features of hydrodynamic366

models [93], but an explicit use of the latter is desirable for future purposes.367

Two main model parameters have been utilised to calibrate the rate equation approach for charmonia using the368

centrality dependence of inclusive J/ψ production in Pb − Pb (
√

sNN = 0.017 TeV) at the SPS and in Au − Au (
√

sNN369

= 0.2 TeV) at RHIC: the strong coupling constant αs, controlling the inelastic reaction rate, and the c-quark relaxation370

time affecting the gain term through the amended charmonium equilibrium limit. With αs ' 0.3 and τtherm
c ' 4-6 (1.5-371

2) fm/c for the SBS (WBS), the inclusive J/ψ data at SPS and RHIC can be reasonably well reproduced, albeit with372

different decompositions into primordial and regenerated yields (the former are larger in the SBS than in the WBS).373

The τtherm
c obtained in the SBS is in range of values calculated microscopically from the T -matrix approach using the374

U-potential [89], while for the WBS it is much smaller than calculated from the T -matrix using the F-potential. Thus,375

from a theoretical point of view, the SBS is the preferred scenario.376

With this setup, namely the TAMU transport model, quantitative predictions for Pb − Pb (
√

sNN = 2.76 GeV) at377

the LHC have been carried out, for the centrality dependence and pT spectra of the J/ψ [94], as well as for Υ(1S), χb,378

and Υ(2S) production [95].379

Similar results are obtained in the transport approach THU develop by the Tsinghua group [96, 97] which differs in380

details of the implementation, but overall asserts the robustness of the conclusions. In the THU model, the quarkonium381

distribution is also governed by the Boltzmann-type transport equation. The cold nuclear matter effects change the382

initial quarkonium distribution and heavy quark distribution at τ0. The interaction between the quarkonia and the383

medium is reflected in the lose and gain terms and depends on the local temperature T (x, t) and velocity uµ(x, t),384

which are controlled by the energy-momentum and charge conservations of the medium, ∂µT µν = 0 and ∂µnµ = 0.385

Within this approach, the centrality dependence of the nuclear modification factor RAA can be obtained and com-386

pared to the experimental results at low pT. In contrast to collisions at SPS and RHIC energies, the regeneration at387

LHC energy becomes the dominant source of charmonium production for semi-central and central collisions. The388

competition between dissociation and regeneration leads to a flat structure of the J/ψ yield as a function of centrality.389

The charmonium transverse momentum distribution contains more dynamic information on the hot medium and390

can be calculated within the transport approach. The regeneration happens in the fireball, and therefore the thermally391

produced charmonia are mainly distributed at low pT, their contribution increasing with centrality. On the other hand,392

those charmonia from the initial hard process carry high momentum and dominate the high pT region at all centralities.393

This different pT behaviour of the initially produced and regenerated charmonia can even lead to a minimum located394

at intermediate pT. Moreover, this particular pT behaviour will lead to a mean transverse momentum, 〈pT〉, evolution395

with centrality that would be higher for SPS than for LHC nuclear collisions, once normalised to the corresponding396

proton-proton mean transverse momentum [98, 99]. At the SPS, almost all the measured J/ψ are produced through397

initial hard processes and carry high momentum. At RHIC, the regeneration starts to play a role and even becomes398
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equally important as the initial production in central collisions. At the LHC, regeneration becomes dominant, and the399

more and more important regeneration results in a decreasing of 〈pT〉 with increasing centrality.400

Concerning the J/ψ elliptic flow, due to the strong interaction between the heavy quarks and the hot medium, the401

regenerated charmonia inherit collective flow from the thermalised charm quarks. Furthermore, primordial J/ψ might402

acquire a v2 induced by their path through the medium. As shown in Fig. 8, the J/ψ v2 will, therefore, result from the403

interplay of two contributions, a regeneration component, dominant at lower pT and the primordial J/ψ component404

which takes over at higher pT. Hence, with the increasing regeneration fraction with colliding energy, the J/ψ elliptic405

flow is expected to become sizeable at LHC while it should be almost zero at RHIC.406
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Figure 8: The elliptic flow v2 for prompt J/ψ in
√

sNN = 2.76 TeV Pb − Pb collisions. The calculation is with impact parameter b = 8.4 fm,
corresponding to the minimum bias event. The dot-dashed, dashed and solid lines represent the initial, regeneration, and total contributions,
respectively.

2.2.5. Non-equilibrium effects on quarkonium suppression407

Since heavy quarkonium states have a short formation time (< 1 fm/c), they are sensitive to the early-time dy-408

namics of the QGP. As a consequence, it is necessary to have dynamical models that can accurately describe the bulk409

dynamics of the QGP during the first fm/c of its lifetime. This is complicated by the fact that, at the earliest times after410

the initial nuclear impact, the QGP is momentum-space anisotropic in the local rest frame. The existence of large QGP411

momentum-space anisotropies is found in both the weak and strong coupling limits (see e.g. Ref. [100–103]). In both412

limits, one finds that the longitudinal pressure, PL = T zz, is much less than the transverse pressure, PT = (T xx+T yy)/2,413

at times smaller than 1 fm/c. During the QGP evolution this momentum-space anisotropy relaxes to zero, but it does414

so only on a multiple fm/c timescale. In addition, the momentum-space anisotropy grows larger as one approaches415

the transverse edge of the QGP where the system is colder. The existence of such momentum-space anisotropies is416

consistent with first- and second-order viscous hydrodynamics; however, since these approaches rely on linearisation417

around an isotropic background, it is not clear that these methods can be applied in a far-from-equilibrium situation.418

In order to address this issue, a non-perturbative framework, called anisotropic hydrodynamics (aHydro), has been419

developed. This framework allows the system to be arbitrarily anisotropic [104–107].420

The time-evolution provided by aHydro has to be folded together with the non-equilibrium (anisotropic) rates for421

quarkonium decays. These were first considered in Ref. [108–112] where the effect of momentum-space anisotropy422

was included for both the real and imaginary parts of potential. In this context, the imaginary part of the potential423

plays the most important rule as it sets the in-medium decay rate of heavy quarkonium states. The calculations of the424

resulting decay rates in Ref. [112] demonstrated that these in-medium decay rates were large with the corresponding425

lifetime of the states being on the order of fm/c. In practice, one integrates the decay rate over the lifetime of the426

state in the plasma as a function of its 3d position in the system and its transverse momentum. The result of this is427

a prediction for the RAA that depends on the assumed shear-viscosity to entropy density ratio (η/s) of the QGP since428
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this ratio determines the degree to which the system remains isotropic. The results obtained for the inclusive Υ(1S)429

and Υ(2S) suppression [113–115] have a significant dependence on the assumed value of η/s, in particular for the430

inclusive Υ(1S). This ratio can be determined from independent collective flow measurements and at the energies431

probed by LHC one finds that 4π η/s ∼ 2–3. The upper limit of this range seems to be compatible with the CMS data;432

however, since the model used did not include any regeneration effects, it is possible that the final η/s could be a bit433

lower than three times the lower bound.434

2.2.6. Summary of theoretical models for experimental comparison435

Different theoretical models are available for comparison. Among them, the statistical hadronization model, the436

transport models and the comover model will be compared to charmonium experimental results in the next section.437

Let us summarise their principal characteristics:438

In the statistical hadronization model, the charm (bottom) quarks and antiquarks, produced in initial hard col-439

lisions, thermalise in a QGP and form hadrons at chemical freeze-out. It is assumed that no quarkonium state is440

produced in the deconfined state (full suppression). An important aspect in this scenario is the canonical suppression441

of open charm or bottom hadrons, which determines the centrality dependence of production yields in this model. The442

overall magnitude is determined by the input charm (bottom) production cross section.443

Kinetic (re)combination of heavy quarks and antiquarks in a QGP provides an alternative quarkonium production444

mechanism. In these transport models, there is continuous dissociation and (re)generation of quarkonia over the entire445

lifetime of the deconfined stage. A hydrodynamical-like expansion of the fireball of deconfined matter, constrained by446

data, is part of such models, alongside an implementation of the screening mechanism with inputs from lattice QCD.447

Other important ingredients are parton-level cross sections. Cold nuclear matter effects are incorporated by means448

of an overall effective absorption cross section that accounts for (anti-)shadowing, nuclear absorption, and Cronin449

effects.450

Similarly, the comover interaction model includes dissociation of quarkonia by interactions with the co-moving451

medium of hadronic and partonic origin. Regeneration reactions are also included. Their magnitude is determined by452

the production cross section of cc pairs and quarkonium states. Cold nuclear matter effects are taken into account by453

means of different (anti-)shadowing models.454

Summarising:455

• Statistical hadronization assumes full suppression of primordial J/ψ and recombination at the phase boundary.456

• Transport models include cold nuclear absorption, direct suppression, and regeneration.457

• Comover models include shadowing, interaction with co-moving medium, and regeneration.458

In transport and comover models, a large fraction of J/ψ (> 50% in most central collisions) is produced by charm459

quark recombination. In the statistical hadronization model, all J/ψ are generated at the hadronization stage by purely460

statistical mechanisms. In order to include (re)generation, a cross section
dσcc

pp

dy ≈ 0.6–0.8 mb at midrapidity at
√

s461

= 2.76 TeV has been considered in the transport and comover models. It corresponds to a σtot
cc around 5 mb, which462

agrees with experimental data. Currently available data, however, offer only very little constrains at 2.76 TeV due to463

the lack of low-pT D-meson measurements. The used value is about a factor of two higher than the one reported in464

the statistical hadronization model. Note nevertheless that there is no contradiction, since in the latter the initial-state465

shadowing is not considered. The choice of smaller
dσcc

pp

dy ,
dσcc

pp

dy ≈ 0.3–0.4 mb, takes into account an effect of shadowing466

of about 50%, that reduces the input charm cross section up to a factor of one half.467

In order to compare with experimental data on bottomonium, the hydrodynamical formalism assuming finite local468

momentum-space anisotropy due to finite shear viscosity will be considered. The main ingredients are: screened469

potential, hydrodynamical-like evolution of the QGP, and feed-down from higher mass states. Neither cold nuclear470

matter effects nor recombination are included. The model reproduces the data reasonably with a boost-invariant471

plateau as initial temperature profile and a shear viscosity such that 4π η/s = 1–3.472
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2.3. Experimental overview of quarkonium results473

2.3.1. pp as a reference for RAA474

As discussed in Section 2.1, the medium effects on quarkonia are usually quantified through the nuclear modifica-475

tion factor RAA, basically comparing the quarkonium yields in A − A to the pp ones. A crucial ingredient for the RAA476

evaluation is, therefore, σpp, the quarkonium production cross section in pp collisions measured at the same energy477

as the A − A data.478

During LHC Run-I, pp data at
√

sNN = 2.76 TeV have been collected in two short data taking periods in 2011479

and 2013. When the collected data sample was large enough, the quarkonium σpp has been experimentally measured,480

otherwise an interpolation of results obtained at other
√

sNN energies has been performed.481

More in detail, the J/ψ cross section (σpp
J/ψ) adopted by ALICE for the forward rapidity RAA results is based on482

the 2011 pp data-taking. The Lint = 19.9 nb−1 integrated luminosity, corresponding to 1364 ± 53 J/ψ reconstructed483

in the dimuon decay channel, allows the extraction of both the integrated and the pT and y differential cross sections484

distributions [116]. Statistical uncertainty is 4% for the integrated result, while it ranges between 6% and 20% for485

the differential measurement. Systematic uncertainties are ∼8%. The collected data (Lint = 1.1 nb−1) allow the486

extraction of σpp
J/ψ also in the ALICE mid-rapidity region, where J/ψ are reconstructed through their dielectron decay.487

The measurement is, in this case, affected by larger statistical and systematic uncertainties, of the order of 23% and488

18% respectively. Therefore, the σpp
J/ψ reference for the RAA result at mid-rapidity has been obtained performing an489

interpolation based on mid-rapidity results from PHENIX at
√

sNN =0.2 TeV [117], CDF at
√

sNN =1.96 TeV [118],490

and ALICE at
√

sNN =2.76 [116] as well as 7 TeV [119]. The interpolation is done by fitting the data points with491

several functions assuming a linear, an exponential, a power law or a polynomial
√

s-dependence. The resulting492

systematic uncertainty is, in this case, 10%, i.e. smaller than the one obtained directly from the data at
√

sNN =2.76493

TeV.494

The J/ψ pp cross section used as a reference for the RAA measurements obtained by CMS is based directly on495

the results extracted from the data collected at
√

sNN = 2.76 TeV in 2011, corresponding to an integrated luminosity496

Lint = 231 nb−1 [38]. The number of prompt and non-prompt J/ψ in the range |y| < 2.4 and 6.5 < pT < 30 GeV/c497

are 830 ± 34 and 206 ± 20 respectively. The systematic uncertainty on the signal extraction varies between 0.4%498

and 6.2% for prompt J/ψ and 5% and 20% for non-prompt J/ψ. Since the adopted reconstruction procedure is the499

same in pp and Pb − Pb collisions, many of the reconstruction-related systematic uncertainties cancel out when RAA500

is computed.501

The limited size of the pp data sample at
√

sNN =2.76 TeV has not allowed ALICE to measure the Υ cross section.502

The reference adopted by ALICE for the RAA studies [36] is, in this case, based on the pp LHCb measurement [120].503

However, since the LHCb result is obtained in a rapidity range (2< y <4.5) not exactly matching the ALICE one504

(2.5< y <4), the measurement is corrected through a rapidity interpolation based on a Gaussian shape, to take into505

account the slightly different y-coverage.506

For the Υ RAA, CMS results are based on the pp reference cross section extracted directly from the same data507

sample used to evaluate also σpp
J/ψ (i.e. pp data at

√
sNN = 2.76 TeV [38]). Proton-proton data were, also in this case,508

reconstructed with the same reconstruction algorithm as the Pb − Pb data. The number of Υ(1S) with |y| <2.4 and509

0< pT <20 GeV/c are 101 ± 12, with a systematic uncertainty on the signal extraction of ∼10%.510

In Table 5 the datasets and the approach adopted for the evaluation of the pp reference are summarised for all the511

quarkonium states.

ALICE CMS
J/ψ forward-y: σpp

J/ψ from pp data at
√

sNN = 2.76 TeV σ
pp
J/ψ from pp data at

√
sNN = 2.76 TeV

mid-y: σpp
J/ψ from interpolation of ALICE, CDF and PHENIX data

Υ σ
pp
Υ

from LHCb pp data at
√

sNN = 2.76 TeV + y-interpolation σ
pp
Υ

from pp data at
√

sNN = 2.76 TeV

Table 5: Overview of the pp datasets and approaches adopted for the evaluation of the σpp production cross section for the quarkonium states
under study.
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2.3.2. RAA charmonium results at low pT513

The experiments ALICE at LHC and PHENIX at RHIC measure the inclusive J/ψ production (prompt J/ψ plus514

those coming from b-hadron decays) in the low pT region. PHENIX detects charmonia in two rapidity ranges: at mid-515

rapidity (|y| < 0.35) in the e+e− decay channel and at forward rapidity (1.2 < |y| < 2.2) in the µ+µ− decay channel.516

Similarly, ALICE studies the inclusive J/ψ production in the e+e− decay channel at mid-rapidity (|y| < 0.9) and in the517

µ+µ− decay channel at forward rapidity (2.5 < y < 4). A summary of the main experimental results, together with518

their kinematic coverage and references, is given in Tables 2 and 3.519

Both experiments have investigated the centrality dependence of the J/ψ nuclear modification factor measured in520

A-A collisions, i.e. Au-Au for PHENIX [20] at
√

sNN = 200 GeV and Pb-Pb at
√

sNN = 2.76 TeV in the ALICE [32,521

33] case. Results are shown in Fig. 9 for the forward (left) and the mid-rapidity (right) regions.522
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Figure 9: ALICE [32, 33] (closed symbols) and PHENIX [20] (open symbols) inclusive J/ψ nuclear modification factor versus the number of
participant nucleons, at forward rapidity (left) and at mid-rapidity (right).

While the PHENIX result indicates that at low energy there is an increasing suppression towards more central523

collisions, the ALICE RAA shows a saturation both at forward and at mid-rapidity. In the two y ranges there is a clear524

evidence for a smaller suppression at LHC with respect to the results obtained at RHIC energy.525

Partonic transport models that include a (re)generation process for J/ψ due to the (re)combination of cc pairs along526

the history of the collisions indeed predict such a behaviour [94, 97, 121], the smaller suppression at the LHC being527

due to the larger cc pair multiplicity which compensates the suppression from colour screening in the deconfined528

phase. The RAA centrality dependence has been obtained within the TAMU and the THU transport models discussed
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Figure 10: Comparison of the ALICE J/ψ RAA at forward rapidity (left) and mid-rapidity (right) with the theory predictions based on the TAMU
and THU transport models discussed in Section 2.2.4. Bands correspond to the uncertainty associated to the model, i.e. to the variation of the
charm cross-section for the THU model and a variation of the shadowing amount for the TAMU approach. Predictions from the statistical model
discussed in Section 2.2.3 are also shown. The two curves correspond, in this case, to two assumptions on the values of the dσcc̄/dy cross sections.
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in Section 2.2.4. For both models (re)generation becomes the dominant source for charmonium production for semi-529

central and central collisions and the competition between the dissociation and (re)generation mechanisms leads to530

the observed flat structure of the J/ψ yield as a function of centrality. The comparison of the predictions of the two531

transport models with the ALICE data is shown in Fig. 10 for the forward (left) and mid-rapidity (right) ranges.532
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Figure 11: J/ψ RAA from ALICE [33] and PHENIX [20] compared to predictions from the statistical hadronization model [122].

A similar behaviour is expected by the statistical model [122] discussed in Section 2.2.3, where the J/ψ yield is533

completely determined by the chemical freeze-out conditions and by the abundance of cc pairs. In Fig. 10 and Fig. 11534

the statistical model predictions are compared to the ALICE RAA in the two covered rapidity ranges. As discussed535

in Section 2.2.3, a crucial ingredient in this approach is the cc production cross section: the error band in the figures536

stems from the measurement of the cc cross section itself and from the correction introduced to take into account the537
√

s and the shadowing extrapolations to evaluate the cross section at the Pb − Pb energy. In Fig. 11 the RHIC data538

[20] and the corresponding statistical model calculations are also shown. Inspecting Fig. 11, for central collisions539

a significant increase in the J/ψ RAA at LHC as compared to RHIC is visible and well reproduced by the statistical540

hadronization model. In particular, as a characteristic feature of the model, the shape as function of centrality is541

entirely given by the charm cross section at a given energy and rapidity and is well reproduced both at RHIC and542

LHC. This applies also to the maximum in RAA at mid-rapidity due to the peaking of the charm cross section there.543

The (re)combination or the statistical hadronization process are expected to be dominant in central collisions and,544

for kinematical reasons, they should contribute mainly at low pT, becoming negligible as the J/ψ pT increases. This545

behaviour is investigated by further studying the RAA pT-dependence. In Fig. 12 (left) the ALICE J/ψ RAA versus pT546

is compared to the PHENIX result, both obtained in the most central 0-20% collisions. A striking different pattern is547

observed: while the ALICE J/ψ RAA shows a clear decrease from low to high pT, the pattern observed at low energies548

is rather different, being almost flat versus pT, with a suppression up to a factor four stronger than at LHC. Models,549

as the TAMU and the THU ones, including a pT-dependent contribution from (re)combination, amounting to ∼50%550

at low pT and vanishing for high pT [94, 97], provide, also in this case, a reasonable description of the data, as it can551

be observed in Fig. 13.552

Finally, the rapidity dependence of the J/ψ RAA is shown in Fig. 12 (right). At forward-y the J/ψ RAA decreases by553

about 40% from y= 2.5 to y= 4, while there is a rather constant trend towards mid-rapidity. The RAA y-dependence is554

compared to shadowing calculations discussed in Section 2.2.2. As expected, the contribution of cold nuclear matter555

alone, as shadowing, cannot account for the observed suppression, clearly indicating the need of the aforementioned556

hot matter effects.557

As discussed, the ALICE results are for inclusive J/ψ, therefore including two contributions: the first one from J/ψ558

direct production and feed-down from higher charmonium states and the second one from J/ψ originating from beauty559

hadron decays. Beauty hadrons decay mostly outside the fireball, hence the measurement of non-prompt J/ψ RAA is560

mainly connected to the beauty quark in-medium energy loss, discussed in Section ??. Non-prompt J/ψ are, therefore,561
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Figure 12: Left: ALICE inclusive J/ψ RAA, measured in the forward rapidity region, versus pT [33], compared to the PHENIX forward-rapidity
result [20]. Both results are obtained in the 0-20% most central collisions. Right: ALICE inclusive J/ψ RAA versus rapidity [33], compared to
shadowing calculations (see Section 2.2.2).
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Figure 13: ALICE inclusive J/ψ RAA, measured in the forward rapidity region, versus pT [33], compared to the TAMU (left) and THU (right)
theoretical transport calculations including a (re)combination component to the J/ψ production.
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expected to behave differently with respect to the prompt ones, being insensitive to color screening or regeneration562

mechanisms. In the low-pT region covered by ALICE the fraction of non-prompt J/ψ is smaller than 15% [123]563

(slightly depending on the y range). Based on this fraction, the ALICE Collaboration has estimated the influence of564

the non-prompt contribution on the measured inclusive RAA. At mid-rapidity the prompt J/ψ RAA can vary within565

-7% and +17% with respect to the inclusive J/ψ RAA assuming, respectively, no suppression (Rnon−prompt
AA =1) or full566

suppression (Rnon−prompt
AA =0) for beauty. At forward-y, the prompt J/ψ RAA would be 6% lower or 7% higher than the567

inclusive result in the two aforementioned cases [33]. In both cases, the variation between inclusive and prompt J/ψ568

is well within the quoted systematic uncertainties.569

2.3.3. RAA charmonium results at high pT570

The CMS experiment is focused on the study of the J/ψ production at high pT. The limit in the charmonium571

acceptance at low-pT is due to the fact that muons from the charmonium decay need a minimum momentum (p ∼3-5572

GeV/c) to reach the muon stations overcoming the strong CMS magnetic field and the energy loss in the absorber.573

The CMS vertex reconstruction capabilities allows the separation of the non-prompt J/ψ from b-hadron decays from574

prompt J/ψ using the reconstructed decay vertex of the µ+µ− pair. The prompt J/ψ include directly-produced J/ψ575

as well as those from decays of higher charmonium states (e.g. ψ(2S) and χc), which can not be removed because576

their decay lengths are orders of magnitude smaller compared to those from b decays, and not distinguishable in the577

analysis of the Pb − Pb data.578

As discussed in Section 2.3.1 the pp reference sample, recorded in 2011 at the same centre of mass colliding579

energy as the Pb − Pb data has been used to evaluate the Pb − Pb RAA.580

The J/ψ RAA has been evaluated in the Pb − Pb data sample collected in 2010, corresponding to Lint = 7.3 µb−1.581

The nuclear modification factor, integrated over the rapidity range |y| < 2.4 and pT range 6.5 < pT < 30 GeV/c, has582

been measured in six centrality bins [38], starting with the 0–10% bin (most central), up to the 50–100% bin (most583

peripheral). The RAA obtained for prompt J/ψ, when integrating over the pT range 6.5< pT <30 GeV/c and |y| <2.4,584

is shown in Fig. 14 (left). The same centrality dependence, with a smooth decrease towards most central collisions, is585

observed also for inclusive J/ψ, even if the suppression is slightly more important for prompt J/ψ. In both cases the586

J/ψ RAA is still suppressed even in the (rather wide) most peripheral bin. A more recent analysis, based on the larger587

2011 Pb − Pb data sample (Lint = 150 µb−1), has allowed the RAA study in a much narrower centrality binning (12588

centrality bins) and confirms the observed pattern [124].589

In the left panel of Fig. 14, a comparison is made with the inclusive J/ψ measurement from the STAR collabora-590

tion [26], at more than ten times a smaller collision energy, but in a similar high-pT kinematic region: pT > 5 GeV/c591

and |y| < 1. The rightmost bin corresponds to 0–10% centrality, while the leftmost bin to 40–60% centrality for this592

dataset. The suppression is smaller at RHIC than at LHC energies, with no significant suppression for collisions with593

a centrality more peripheral than 30% in the RHIC case. These results seem to support the existence of a longer lived,594

and denser medium created in
√

sNN = 2.76 TeV Pb − Pb collisions than in Au − Au collisions at
√

sNN = 0.2 TeV.595

In Fig. 14 (right) the prompt J/ψ RAA centrality dependence is compared with the predictions of the TAMU596

transport model discussed in Section 2.2.4. The model already provided a reasonable description of the ALICE low-597

pT J/ψ RAA (see Fig. 10) when a significant recombination contribution was included. On the contrary, no additional598

recombination component is needed to describe the high-pT J/ψ results.599

In Fig. 15 (left), the prompt J/ψ RAA is compared to shadowing calculations discussed in Section 2.2.2. As already600

discussed for low-pT J/ψ results, shadowing alone cannot account for the observed suppression, clearly indicating that601

other hot matter effects are needed to describe the experimental results.602

Being capable of separating prompt J/ψ, CMS has also measured the ratio non-prompt to inclusive J/ψ (b fraction)603

in Pb − Pb collisions and its values ranges between 0.25-0.30 depending on pT [38]. This result is in good agreement604

with measurements from CDF [118] and CMS [125], in a comparable pT range. The RAA of the non-prompt J/ψ605

is shown in Fig. 15 (right) in two centrality bins [38]. The non-prompt J/ψ are suppressed by a factor ∼2.6 with606

respect to pp collisions and the pattern does not show a dependence on the centrality, even if it must be noted that607

the most peripheral bin (20-100%) is very broad. The strong suppression of non-prompt J/ψ, in comparison to pp608

collisions, is an unambiguous measurement of b-hadron suppression in heavy-ion collisions, which is likely connected609

to in-medium energy loss of b-quarks.610

23



partN
0 50 100 150 200 250 300 350 400

A
A

R

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4  = 200 GeVNNsAuAu  

ψSTAR: inclusive J/

 > 5 GeV/c
T

|y|<1, p

 = 2.76 TeVNNsPbPb  

ψCMS: prompt J/

|y| < 2.4

 < 30 GeV/c
T

6.5 <  p

partN
0 50 100 150 200 250 300 350 400

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

ψPrompt J/

R. Rapp & X. Zhao
 (V=U)ψPrompt J/

Shadowing
Cronin
Formation time

 = 2.76 TeVNNsCMS PbPb  

|y| < 2.4

 < 30 GeV/c
T

6.5 < p

Figure 14: J/ψ RAA as function of centrality. Left: CMS high-pT prompt J/ψ, 6.5 < pT < 30 GeV/c and |y| < 2.4 (squares), and STAR inclusive
J/ψ with pT > 5 GeV/c measured in |y| < 1 (open stars); Right: CMS high-pT prompt J/ψ compared to the TAMU transport model calculation
discussed in Section 2.2.4.

2.3.4. J/ψ azimuthal anisotropy611

Further information on the J/ψ production mechanism can be accessed studying the resonance azimuthal distri-612

bution with respect to the reaction plane, defined by the beam axis and the impact parameter vector of the colliding613

nuclei. This distribution is expected to be sensitive to the dynamics of the early stages of heavy-ion collisions. In614

particular, in non-central collisions the geometrical overlap region and, therefore, the initial matter distribution are615

anisotropic (almond-shaped) and this spatial asymmetry is converted via multiple collisions into an anisotropic mo-616

mentum distribution. The second coefficient of the Fourier expansion describing the final state particle azimuthal617

distribution with respect to the reaction plane, v2, is called elliptic flow.618

J/ψ produced through a recombination mechanism, should inherit the elliptic flow of the charm quarks in the QGP619

and, if charm quarks do thermalise in the QGP, then the J/ψ are expected to exhibit a large v2. Hence this quantity is620

a further signature to identify the charmonium production mechanism.621

ALICE has measured the inclusive J/ψ elliptic flow in Pb − Pb collisions at forward rapidity [34], using the event-622

plane technique. For semi-central collisions there is an indication of non-zero v2, reaching v2 = 0.116 ± 0.046 (stat) ±623

0.029 (syst) in the transverse momentum range 2< pT <4 GeV/c, for events in the 20-40% centrality class. In Fig. 16624

(left) the J/ψ v2 is compared with the TAMU and THU transport model calculations (see Section 2.2.4), which were625

already providing a fair description of the RAA results, discussed in Section 2.3.2. Both models, which reasonably626

describe the data, include a fraction (∼30% in the centrality range 20-60%) of J/ψ produced through (re)generation627

mechanisms, under the hypothesis of thermalisation or non-thermalisation of the b-quarks. More in details, the high628

energy density of the medium, reached in Pb − Pb collisions at LHC, should favour the charm quark thermalisation629

and thermalised charm quarks should transfer a significant elliptic flow to regenerated J/ψ. Furthermore, primordial630

J/ψ might acquire a v2 induced by their path through the medium. The predicted maximum v2 at pT = 2.5 GeV/c is,631

therefore, the result of an interplay between the regeneration component, dominant at lower pT and the primordial J/ψ632

component which takes over at higher pT (see Fig. 8). The v2 measurement complements the RAA results, favouring a633

scenario with a significant fraction of J/ψ produced by (re)combination in the ALICE kinematical range.634

At RHIC, the measurements by the STAR Collaboration [28] of the J/ψ v2 in Au − Au collisions at
√

sNN =635

200 GeV are consistent with zero albeit with large uncertainties in the covered pT (2–10 GeV/c), as shown in636

Fig. 16 (right). Results do not show a dependence on the centrality range under study. The measurement seems637

to disfavour the J/ψ formation through recombination mechanisms at RHIC energies, contrarily to what happens in638

Pb − Pb collisions at the LHC.639

CMS has investigated the prompt J/ψ v2, following a similar analysis technique as ALICE, as a function on the640
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Figure 15: Left: CMS prompt J/ψ RAA as function of centrality, compared to shadowing calculations discussed in Section 2.2.2. Right: CMS RAA
of non-prompt J/ψ as a function of centrality.

centrality of the collisions and as a function of transverse momentum [39]. Preliminary results indicate a non-zero641

v2 measured in all the kinematic bins under study. The observed anisotropy shows no strong centrality dependence642

when integrated over rapidity and pT. The v2 of prompt J/ψ, measured in the 10–60% centrality events, has no643

significant pT dependence either, whether it is measured at low-pT, 3 < pT < 6.5 GeV/c, in the forward rapidity644

interval 1.6 < |y| < 2.4, or at high-pT, 6.5 < pT < 30 GeV/c, in rapidity interval |y| < 2.4. The preliminary CMS645

result supports the presence of a small anisotropy over the whole pT range probed, but the present level of precision646

does not allow a definitive answer on whether this anisotropy is constant or not. In the rapidity interval |y| < 2.4, for647

pT >8 GeV/c, the anisotropy is similar to that observed for charged hadrons, which is attributed to the path-length648

dependence of the partonic energy loss, in a deconfined medium.649

2.3.5. System size and beam energy studies at RHIC650

A unique feature of RHIC is the possibility of accelerating various symmetric or asymmetric ion species, allowing651

the study of charmonium suppression as a function of the system size. Furthermore, since RHIC foresees also the652

possibility of taking data at various
√

sNN, from the top energy
√

sNN =200 GeV down to
√

sNN = 39 GeV, the653

charmonium production beam-energy dependence has also investigated.654

In 2012, the PHENIX Collaboration measured J/ψ production from asymmetric Cu − Au heavy-ion collisions655

at
√

sNN = 200 GeV at both forward (Cu-going direction) and backward (Au-going direction) rapidities [23]. The656

nuclear modification of J/ψ yields in Cu − Au collisions in the Au-going direction is found to be comparable to that657

in Au − Au collisions when plotted as a function of the number of participating nucleons, as shown in Fig. 17 (left).658

In the Cu-going direction, J/ψ production shows a stronger suppression. This difference is comparable in magnitude659

and has the same sign as the difference expected from shadowing effects due to stronger low-x gluon suppression in660

the larger Au nucleus.661

In 2010, the PHENIX Collaboration measured nuclear modifications factors also by varying the collision energies,662

studying Au − Au data at
√

sNN = 39 and 62.4 GeV. The inclusive J/ψ RAA has been measured at forward rapidity, as663

a function of collision centrality [24]. The observed suppression patterns at
√

sNN = 39 and 62.4 GeV follow a trend664

very similar to those previously measured at
√

sNN = 200 GeV, as shown in Fig. 17 (right). Similar conclusions can665

be drawn also from preliminary STAR results [30]666

This similarity presents a challenge to theoretical models that contain competing hot and cold matter effects with667

possibly different energy dependencies.668
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2.3.6. Excited charmonium states669

The measurement of excited charmonium states in heavy-ion collisions is experimentally challenging. The ψ(2S),670

observed via its µ+µ− decay, is expected to yield 50 times less events than the corresponding J/ψ decay, while being671

subject to similar background rates. The P-wave states decay radiatively into J/ψ and a low energy photon that is hard672

to find in the background of thousands of photons resulting from neutral pion decays. So far, only the ψ(2S) has been673

measured in heavy-ion collisions, by NA50 at the SPS [15] and by CMS at the LHC [40]4. NA50 found a suppression674

of ψ(2S) relative to J/ψ that increased with centrality, an observations that is consistent with a sequential dissociation675

of charmonia. At the same time the ψ(2S) to J/ψ ratio reached in central Pb − Pb collisions is also consistent with the676

prediction of the statistical hadronization model, leaving open the question whether all charmonia melt at the SPS.677

At the LHC, CMS has measured the yields of prompt J/ψ and ψ(2S) in Pb − Pb and pp collisions at
√

sNN =678

2.76 TeV. The result is presented in Fig. 18 as a double ratio, (Nψ(2S)/NJ/ψ)Pb−Pb/(Nψ(2S)/NJ/ψ)pp , as a function of679

event centrality for the two kinematic regions mentioned in Table 3: at midrapidity, |y| < 1.6, ψ(2S) are measured with680

6.5 < pT < 30 GeV/c while at forward rapidity, 1.6 < |y| < 2.4, the acceptance extends to 3 < pT < 30 GeV/c.681

A clear difference between the centrality integrated double ratios in the two kinematic regions is found. At forward682

rapidity and low pT, the double ratio is larger than unity, i. e. the ψ(2S) to J/ψ ratio is larger in Pb − Pb than in pp.683

In contrast, the ψ(2S) to J/ψ ratio is reduced in Pb − Pb compared to the ratio found in pp at midrapidity and high684

pT. Peripheral and semi-central collisions show a double ratio consistent with unity at forward rapidity, whereas the685

most central bin shows an increase of the double ratio. In contrast, the suppression of the double ratio at midrapidity686

appears to be independent of centrality. The difference between the two kinematic domains is highly unexpected.687

While the midrapidity and high pT result is in line with the expectation of sequential melting, the opposite behaviour688

is observed at forward rapidity and low pT. While regeneration is not expected to contribute in the investigated pT689

ranges, it is worth to note that also the statistical hadronization model predicts a pT integrated double ratio of ≈ 0.2.690

It remains to be seen which effects can explain these results, e.g. if regeneration of ψ(2S) can be enhanced relative to691

J/ψ due to the larger binding radius. On the experimental side it will be important to isolate whether the difference is692

due to the change in rapidity or pT and what happens at pT = 0. Preliminary results from the ALICE collaboration at693

forward rapidity (2.5 < |y| < 4) and pT > 0 are not yet sensitive enough to draw a conclusion [35].694

4Preliminary measurements also exist from the ALICE collaboration
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2.3.7. Bottomonia695

With the advent of the LHC, bottomonia have become a new probe of the QGP. While their production rate is696

200 times smaller than the one of J/ψ, they offer several advantages. The three S -wave states Υ(1S), Υ(2S), and697

Υ(3S) have very different binding energies yet appear at very similar rates in the µ+µ− decay channel. Their relative698

abundances are 7:2:1, while the J/ψ to ψ(2S) ratio is 50 : 1. Hence these three states, which include with the Υ(1S)699

the strongest bound state of all quarkonia, allow to probe a much wider temperature range than previously accessible700

with charmonia. A further advantage is the absence of feed down from heavier flavour decays that are a background701

for high pT charmonium studies. The higher masses also ease theoretical calculations. In the context of sequential702

dissociation, bottomonia may provide another advantage: the smaller bottom production cross section will lead to a703

smaller contribution from regeneration that complicates the picture for charmonia. However, the closed to open heavy704

flavour production ratio for bottom is roughly ten times smaller than for charm, which complicates the situation a little705

bit: bottomonia are much more sensitive to the recombination of two bottom quarks, originating from open bottom706

states, than the charm sector.707

Unfortunately, feed down contributions to the Υ(1S) from excited state decays that are important for a quantitative708

understanding of a sequential dissociation are not very well understood. Measurements of feed-down fractions exist709

only at high pT, where about 50% of Υ(1S) results from decays of χb(nP) and Υ(2S+3S) decays [56, 126, 127].710

At RHIC, where the Υ production rates are still low, a measurement of the Υ suppression in d−Au and Au − Au711

collisions was performed by the PHENIX and STAR experiments [25, 31, 128]. Integrating the yield of the three Υ712

states, they observe a reduction of the yield in central Au − Au collisions, compared to the binary scaled pp reference713

as shown in the left panel of Fig. 19. Because of the large statistical uncertainties, the experiments cannot yet assess714

a possible centrality dependence in Au − Au. STAR finds in the 10% most central collisions a nuclear modification715

factor of RAA = 0.49 ± 0.1(stat.) ± 0.02(syst.) ± 0.06(pp syst.). Constraining the measurement to the Υ(1S) alone,716

as shown in the right panel of Fig. 19, only the RAA for the most central Au − Au collisions exhibits a significant717

suppression. Assuming a feed down contribution of ≈ 50% this could signal the onset of a suppression of excited718

states in central Au − Au collisions. However, the RAA in most central Au − Au collisions is also comparable to the719

RdAu, so more precise measurements are necessary before drawing such a conclusion.720

A comparison of TAMU and aHYDRO calculations with the measured Υ(1S+2S+3S) nuclear modification factors721

shows good agreement within the experimental uncertainties. Experimental data cannot yet constrain the free η/s722

parameter of aHYDRO. The band of the TAMU curve represents the uncertainty on cold nuclear matter effects. These723

are simulated by employing nuclear absorption cross sections of 1 and 3.1 mb, but the data cannot yet constrain their724

size. The Υ(1S) suppression, however, seems to by slightly overpredicted by both models, though not beyond the725

experimental uncertainties, with the data preferring small values of η/s726

CMS measured the suppression of the first three S -states integrated over all pT and the rapidity range |y| < 2.4727

in Pb − Pb collisions at
√

sNN = 2.76 TeV [41, 42]. Following a first tantalising indication that the excited states728

are suppressed relative to the Υ(1S), this was confirmed a year later. The centrality integrated RAA was measured729

for all three states, exhibiting a clear ordering with binding energy: RAA(Υ(1S)) = 0.56 ± 0.08(stat.) ± 0.07(syst.),730

RAA(Υ(2S)) = 0.12 ± 0.04(stat.) ± 0.02(syst.), and the Υ(3S) being so strongly suppressed that only an upper limit of731

RAA(Υ(3S)) < 0.10 at 95% CL could be quoted. The centrality dependence of the Υ(1S) and Υ(2S) RAA are shown732

in Fig. 20. With the Υ(2S) and Υ(3S) essentially completely suppressed in central Pb − Pb collisions, a more precise733

understanding of the feed down contributions to the Υ(1S) is required to assess whether any directly produced Υ(1S)734

are suppressed in such collisions. Furthermore, so far the role of the χb(1P) in Pb − Pb is (and may remain) completely735

unknown.736

In the top row of Fig. 21, the centrality dependence of the CMS Υ(1S) and Υ(2S) results are compared to a TAMU737

(left) and aHYDRO (right) theory calculations, described in Sections 2.2.4 and 2.2.5, respectively. Both models738

reproduce the data reasonably well, simultaneously describing simultaneously the Υ(1S) and Υ(2S) suppression over739

the full centrality range. The aHYDRO approach has maybe some slight tension describing both states with the same740

choice for η/s, though the data uncertainties are large enough to account for the differences. Regarding the TAMU741

model, it is worth to highlight that it includes a non-negligible regeneration contribution. In fact, it is the sole source742

of Υ(2S) in central Pb − Pb collisions. It is also interesting to point out that regeneration favours the production of743

Υ(2S) over Υ(1S), which is opposite to the predictions for charmonia. This difference is the result of temperature744

dependent dissociation rates and equilibrium numbers that enter the rate equation (6). In contrast to the other states,745
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which all have dissociation temperatures in the vicinity of Tc, the strong binding energy will stop the dissociation746

of Υ(1S) much earlier, when the equilibrium number is still small [95]. Significantly less regeneration of Υ(1S) is747

necessary to reach this equilibrium number.748

A comparison to RAA(Υ(1S)) = 0.30± 0.05(stat.)± 0.04(syst.) measured by ALICE at forward rapidity (2.5 < y <749

4) [36], integrated over pT and centrality, as well as the centrality dependence overlaid in Fig. 20, reveal a surprising750

similarity to the J/ψ suppression observed at RHIC: Υ(1S) are more suppressed at forward rapidity than at midrapidity.751

At RHIC such rapidity dependence was explained with a larger contribution of regeneration at midrapidity and/or752

stronger shadowing effects at forward rapidity. Should the Υ(1S) at the LHC have indeed met the same fate as the J/ψ753

at RHIC? This is also reflected in the centrality integrated rapidity dependence of RAA(Υ(1S)) shown in the top panel754

of Fig. 22. However, the large statistical uncertainties on the CMS measurement [38] that is still based on the first755

Pb − Pb run prevents conclusions on the RAA in the intermediate rapidity range.756

The simultaneous description of ALICE and CMS data provides a real challenge for the models so successful in757

reproducing the midrapidity data. As shown in the bottom panels of Figures 21 and 22, they completely fail to predict758

the rapidity dependence of RAA(Υ(1S)). The aHYDRO model, curves taken from Ref. [129], predicts a disappearance759

of the suppression at forward rapidity and does not get even close to the ALICE data. The TAMU transport model760

approach, including a regeneration component, predicts a rather constant rapidity dependence of the suppression761

though still overshoots the forward rapidity data slightly. In both models the Υ(1S) suppression is dominated by the762

in-medium dissociation of the higher mass bottomonium states. Therefore, a precise measurement of Υ(1S) feed down763

from Υ(2S) and Υ(3S), as well as an accurate estimate of CNM effects in the kinematic ranges probed by ALICE and764

CMS is required in order to make a more stringent comparison with data.765

It is interesting to compare the RAA of the three bottomonium states to the RAA of the J/ψ and ψ(2S) at high pT.766

The charmonium states follow nicely the established pattern of the Υ states of a reduced suppression with increasing767

binding energy as predicted by the sequential dissociation picture. If one, however, uses the pT integrated J/ψ RAA, one768

observes a deviation from this pattern that can be explained with a (re)generation contribution. It will be interesting769

to see how low pT ψ(2S) will fit in.770

The picture may be complicated further by the observed multiplicity dependence of the Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S)771

ratios in pp and p−Pb collisions [43] that will be shown in Fig. ?? and discussed in Sections ?? and ??. It is unclear772

whether the dependence is cause by a suppression of the excited states by surrounding particles or the multiplicity is773

biased by Υ states.774
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2.4. Other references for quarkonium behaviour in A − A775

2.4.1. p−A collisions776

As discussed in Section ??, proton-nucleus data can provide information on cold nuclear matter (CNM) effects777

affecting J/ψ production. Since these mechanisms are present also in A − A collisions, their precise evaluation is778

mandatory to correctly quantify the hot matter effects influencing the J/ψ yield. However, the extrapolation of CNM779

effects evaluated in p−A to A − A collisions is model dependent and it has to rely on assumptions as those discussed780

in detail in Section ??.781

The ALICE collaboration has investigated the role of CNM on the J/ψ RAA in Pb − Pb collisions, extrapolating782

the RpA results obtained in p−Pb collisions at
√

sNN = 5.02 TeV [130]. Although the forward-rapidity ALICE p−A783

data have been collected at a higher
√

sNN energy and cover a slightly different centre of mass rapidity range with784

respect to Pb − Pb collisions (2.03< y <3.53 and -4.46< y <-2.96 in p−Pb and 2.5< y <4 in Pb − Pb), the Bjorken-x785

regions probed by the J/ψ production process in the colliding nuclei are rather similar, differing by less than ∼10%.786

The x values covered in Pb − Pb collisions are, in fact, 2 · 10−5 < x < 9 · 10−5 and 1 · 10−2 < x < 6 · 10−2, for Pb787

nuclei moving away from or towards the ALICE muon spectrometer in which the J/ψ at forward rapidity are detected.788

In p−Pb collisions the corresponding figures are 2 · 10−5 < x < 8 · 10−5 and 1 · 10−2 < x < 5 · 10−2 for the Pb789

nucleus going away or towards the ALICE muon spectrometer. Under the reasonable assumptions that shadowing790

is the main nuclear mechanism and that its influence on the two nuclei in Pb − Pb collisions can be factorised, cold791

nuclear matter effects are then evaluated as the products of the J/ψ RpA computed at forward and backward rapidities,792

i. e. RpA(y) × RpA(−y). The RpA product, in the ALICE forward rapidity region, is 0.75±0.10 (stat) ±0.12 (syst) when793

integrated over pT. With RAA = 0.57±0.01 (stat) ±0.09 (syst), this is an indication that the observed J/ψ suppression in794

Pb − Pb cannot be ascribed to cold nuclear matter effects alone. Similar conclusions, even if with larger uncertainties,795

can be obtained from ALICE results at mid-rapidity.796

Further insight on the comparison of the J/ψ RAA and CNM effects comes from the investigation of their pT797

dependencies. In this case, an opposite transverse momentum dependence is observed for the extrapolated cold798

nuclear matter effects, increasing from low to high pT, and the J/ψ RAA pattern, showing a decrease towards high pT,799

with a hint of an enhancement at low pT. In particular, at high pT, the observed RAA suppression is much larger than800

the CNM extrapolation, clearly pointing to the existence of strong hot matter effects [123].801

2.4.2. Open heavy flavour802

To study the effect of a deconfined medium on quarkonium production, we first recall the underlying dynamics,803

using the J/ψ for illustration. The production process in elementary hadronic collisions begins with the formation804

of a cc pair; this pair can then either lead to open charm production (about 90%) or subsequently bind to form a805

charmonium state (about 10% for all charmonia). The following Fig. 2.4.2 shows the dominant high energy reaction806

through gluon fusion.807
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Figure 23: cc production mechanism in pp collisions

The initial cc production can be calculated in terms of the parton distribution functions fp of the relevant hadrons808

and the perturbative partonic cross section. While a full description of charmonium binding has so far resisted various809

theoretical attempts, the process is in good approximation independent of the incident hadronic collision energy [131,810
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132]. This is a consequence of the fact that the heavy quark propagator in the reaction gg → cc strongly dampens811

the mass variation of the cc pair with incident energy. Thus the fractions of the produced cc system into hidden vs.812

open charm as well as those for the different charmonium states are approximately constant; once determined at one813

energy, they remain the same also for different collision energies.814

A further important aspect of quarkonium production in elementary collisions is that the observed (1S) ground815

states J/ψ and Υ are in both cases partially produced through feed-down from higher excited states, leading to sequen-816

tial suppression patterns [57].817

Given the patterns observed in elementary collisions, we want to see how they are modified in the presence818

of a medium, as provided by nuclear collisions. From the point of view of production dynamics, one way such819

modifications can arise is as initial state effects, which take place before the cc pair is produced. The main possibilities820

considered so far are nuclear modifications of the parton distribution functions (shadowing or antishadowing) and a821

possible energy loss of the partons passing through the nuclear medium to produce the cc. Once produced, the pair822

can encounter final state effects, either in the form of a phase space shift already of the cc, e. g., through an energy823

loss of the unbound charm quarks, or through effects on the nascent or fully formed charmonium state. Such effects824

may arise from the passage through the cold nuclear medium, or because of the presence of the hot medium newly825

produced in the nuclear collision. In such a hot medium, colour screening in a quark-gluon plasma will decrease826

the binding force, both in strength and in its spatial range, and this should for sufficiently energetic nucleus-nucleus827

collisions suppress quarkonium formation.828

We thus have to specify the concept of quarkonium survival. Since we are interested in using quarkonium pro-829

duction as a tool to study the medium produced in nuclear collisions, our primary concern is not if such collisions830

produce more or fewer cc pairs than proton-proton collisions, but rather if the presence of the medium modifies the831

fraction of produced cc pairs going into charmonium formation. In other words, the crucial quantity is the amount832

of charmonium production relative to that of open charm. To illustrate: in pp collisions, about 2% of the total cc833

production goes into J/ψ’s. If in high energy nuclear collisions the total cc production rate were reduced by a factor834

two, but we still have 2% of these going into J/ψ’s, then evidently A − A collisions do not modify J/ψ binding. Hence835

the relevant observable is the fraction of charmonia to open charm, or more generally, that of quarkonia to the relevant836

open heavy flavor production [133, 134]. In this quantity, if measured over the entire phase space, the effects of pos-837

sible initial state nuclear modifications (shadowing/antishadowing, parton energy loss) cancel out, so that whatever838

changes it shows relative to the pp pattern is due to final state effects. Here we should note that since the distribution839

of the different open charm channels is in good approximation energy-independent, the measurement of a single such840

channel is sufficient —it gives, up to a constant, the total open charm cross-section.841

A direct comparison of measured open and closed heavy-flavour cross sections has not been performed yet at842

RHIC or the LHC. However, one can compare the measured nuclear modification factors of D mesons (or non-843

photonic single electrons as their proxy) and J/ψ. At RHIC, the open charm cross section has been measured in pp844

and Au − Au via non-photonic single electrons from semileptonic charm decays. As shown in the top left of Fig. 24,845

the resulting RAA shows no deviation from binary scaling, though the uncertainties are sizeable. Hence, one can846

conclude that the modification of the J/ψ RAA is a true final state effect and not just a reduction of charm production847

by initial state effects. As evident from the large uncertainties, the measurement of the total charm cross section, i.e.848

low pT charm, is extremely challenging. At the LHC this has not been achieved yet, preventing such a comparison in849

the bottom left of Fig. 24. Instead one can try to make a comparison at high pT where both, open and closed charm,850

have been measured. This then opens the question which pT intervals are appropriate for a comparison. A comparison851

of D and J/ψ in the same pT range will not access the same charm quarks and/or gluons. As this is an issue to be852

addressed on theoretical grounds, one can make this comparison anyways in the meanwhile, as shown in the bottom853

right panel of Fig. 24.. The RAA of high pT D and J/ψ show a surprising similar centrality dependence. This, however,854

is nothing new at the LHC. Already at RHIC the same trend can be observed, as shown in the top right of Fig. 24.855

Possible alternative variables to consider are the production ratios of the different quarkonium states; this has very856

recently become of particular interest for bottomonium studies. Since Υ(1S), Υ(2S) and Υ(3S) lie quite close to each857

other in mass, in the ratio of their rates again initial state effects are expected cancel out.858
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2.5. Summary and outlook859

At the end of the LHC Run-I, a large wealth of quarkonium measurements has enriched and complemented the860

observations from SPS and RHIC experiments. The main results and their current interpretation are summarised once861

more in the following:862

• In the charmonium sector, J/ψ at high transverse momentum indicate a clear suppression with respect to binary863

scaling of its yield in pp collisions. This suppression is stronger than the one observed at RHIC energies, as864

expected in a sequential melting scenario.865

• An opposite behaviour has been observed in the low pT region, where the J/ψ RAA measured at LHC is larger866

than the one obtained at lower energies. This observation is interpreted as an evidence for a new production867

mechanism setting in at high energies, based on the (re)combination of c and c̄ quarks either during the collision868

history or at the hadronization. The measurement of a non-zero J/ψ v2, for low-pT J/ψ, is considered a further869

confirmation of the important role played by this additional contribution.870

• Theoretical models assuming a fraction of J/ψ produced by (re)combination of the order of 50% at low pT and871

then vanishing at high pT, provide a fair description of the experimental data. On the contrary, calculations872

including only cold nuclear matter effects cannot account for the observed suppression.873

• With the advent of the high LHC energies, bottomonium states have become accessible and can be considered874

as fundamental tools to investigate QGP formation. Υ(nS) are expected to be a cleaner probe than charmonium,875

because of smaller (re)combination probability, absence of feed-down from higher states and more robust theo-876

retical calculations. For the first time the RAA for Υ(1S), Υ(2S), and Υ(3S) has been measured. Results indicate877

a clear ordering with binding energy, as expected in the sequential melting scenario.878

Even if a qualitative understanding of the quarkonium behaviour at LHC energies is nowadays rather well assessed,879

there are still several aspects which require to be furthered:880

• In order to quantify the hot matter effects on quarkonium production, a precise knowledge of the cold nuclear881

matter effects is required. Accurate quarkonium measurements in p−A collisions are, therefore, mandatory to882

refine the interpretation of the A − A results.883

• Theoretical calculations are, as of today, still affected by large uncertainties, mainly due to the uncertainties on884

the cold nuclear matter effects and, for models including a (re)generation component, also on the uncertainties885

on the cc production cross section. The comparison of the measured J/ψ RAA and theory predictions should886

benefit from the measurement of this latter ingredient down to zero pT.887

• Intriguing results have been obtained on the ψ(2S) in the LHC Run-I. Seen the results dependence on the covered888

rapidity and transverse momentum ranges, the interpretation of the ψ(2S) behaviour would clearly gain from a889

more differential study feasible in a large statistics data sample.890

• Similarly, also bottomonia would benefit from multi-differential studies to assess the kinematic dependence of891

all the Υ states.892

• Finally, the availability of charmonium and bottomonium results spanning more than three orders of magnitude893

in
√

sNN and covering very different kinematic regions represents clearly a challenge for all theoretical models,894

which should now move towards a consistent description of quarkonium data.895

The incoming LHC Run-II data are, therefore, expected to shed more light, moving from a qualitative understand-896

ing of the quarkonium fate in a hot medium towards a more quantitative one.897
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