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Abstract: The dissociation, or “melting”, of heavy quarkonia states due to color charge screening 1

is a predicted signature of the Quark Gluon Plasma (QGP) formation, with a quarkonium state 2

predicted to dissociate when the temperature of the medium is higher than the binding energy of the 3

quarkonium state. A conclusive experimental observation of quarkonium melting coupled with a 4

detailed theoretical understanding of the melting mechanism would enable the use of quarkonia states 5

as temperature probes of the QGP, a long-sought goal in the field of relativistic heavy-ion collisions. 6

However, the interpretation of quarkonia suppression measurements in heavy-ion collisions is 7

complicated by numerous other cold nuclear matter effects which also result in the dissociation of 8

bound quarkonia states. A comprehensive understanding of these cold nuclear matter effects is 9

therefore needed in order to correctly interpret quarkonia production measurements in heavy ion 10

collisions and to observe the melting of quarkonium states experimentally. In this review, recent 11

measurements of quarkonia production in pA and AA collisions and their state-of-the-art theoretical 12

interpretations will be discussed, as well as the future measurements needed to further the knowledge 13

of cold nuclear matter effects and realize a measurement of quarkonia melting in heavy ion collisions. 14

Keywords: quarkonia suppression; sequential suppression; cold nuclear matter effects 15

1. Introduction 16

Relativistic heavy-ion collisions provide the opportunity to study one of the rarest 17

forms of matter ever created - the quark-gluon plasma (QGP). Quarks and gluons, which 18

are normally tightly bound within hadronic bound states of protons and neutrons in nuclei, 19

can be liberated in high-energy collisions of heavy nuclei and result in the formation of the 20

dense partonic plasma phase [1]-[3]. The QGP is interesting for many reasons in addition 21

to being a novel state of QCD matter; it is predicted to have existed shortly after the Big 22

Bang, therefore studying it can provide insight into the early formation of the universe, and 23

it also behaves as a nearly perfect hydrodynamic fluid [4][5]. Understanding the formation, 24

dynamics, and behavior of the QGP, as with any unique state of matter, would result in 25

significantly improving our understanding of the fundamental physics of the strong nuclear 26

force and how it gives rise to the properties of nuclei. 27

A key property to understand the behavior of any medium is its temperature depen- 28

dence. The idea to use heavy quarkonia, bound states of charm-anticharm (cc, “charmonia”) 29

or beauty-antibeauty (bb, “bottomonia”) quarks, as temperature probes of the QGP came 30

from a landmark paper by T. Matsui and H. Satz [6]. In their paper, Matsui and Satz 31

proposed that quarkonia states would “melt”, or be prevented from forming, in a hot 32

deconfined nuclear medium because the free QCD color charges would screen the poten- 33

tial between the two heavy quarks in a mechanism analogous to Debye screening. The 34

screening was predicted to occur when the temperature of the medium exceeded that of 35

the binding energy of the quarkonium state [6]. Since different quarkonium states have 36

different binding energies, if one could experimentally observe the melting of quarkonia in 37
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a hot nuclear medium, one could infer the temperature of the medium itself. The possibility 38

of experimentally measuring the temperature of the QGP has made the observation of 39

the “melting”, or dissociation of heavy quarkonia states due to color charge screening, a 40

golden observable in the field of relativistic heavy-ion physics. The idea is that definitive 41

experimental observation of quarkonia melting would enable the use of quarkonium states 42

as temperature probes of the quark-gluon plasma. 43

The straightforward picture of quarkonia melting due to color-charge screening in 44

high-energy nucleus-nucleus (“AA”) collisions has evolved over the years as experimental 45

and theoretical studies have revealed that quarkonia production in high-energy collisions 46

is much more complex than initially thought. From the theoretical side, quarkonium 47

production in pp collisions is still not yet completely understood theoretically [7]-[9], and 48

recent theoretical work revealing an imaginary component to the quarkonium potential 49

complicates the picture of color-charge screened quarkonium dynamics proposed by Matsui 50

and Satz [11]-[13]. From the experimental side, signatures previously thought to only 51

occur in the presence of QGP have been observed even in small collision systems [14], 52

raising questions about whether other QGP effects, including quarkonia melting, could 53

be taking place in small systems as well. Additionally, other effects besides the proposed 54

melting mechanism, commonly called Cold Nuclear Matter (CNM) effects, can cause the 55

dissociation of quarkonia states, and these effects must be fully understood and quantified 56

in order to isolate the signatures of quarkonia dissociation due to melting in the QGP 57

[7]. Therefore, there are a few requirements that must be met before concluding that 58

quarkonia melting has been experimentally observed. First, it must be proved that no other 59

mechanisms (such as CNM effects) are responsible for the quarkonium dissociation. Second, 60

it must be shown that the suppression depends on the binding energy of the measured 61

quarkonia. The first criterion remains much more difficult to satisfy than the second. 62

Disentangling dissociation by melting from dissociation due to other effects remains a 63

challenge. 64

In this review, recent measurements of quarkonia production in pA and AA colli- 65

sions will be discussed to highlight the current state of our experimental knowledge of 66

quarkonium suppression in nuclear systems. Photoproduction of quarkonia and the pro- 67

duction of quarkonia from beauty hadron decays will not be discussed, as these production 68

mechanisms are different than that for prompt quarkonia and are also not subject to the 69

predicted melting effects. For details on quarkonium production in vacuum (pp collisions) 70

and comprehensive theoretical introductions, the reader is referred to excellent reviews on 71

these topics [7]-[9] [15]-[17]. In Section 2, experimental methods for the reconstruction of 72

quarkonia states and the common observables measured to probe quarkonia suppression 73

are briefly reviewed. The discussion of recent experimental results begins in Section 3 with 74

recent results in nucleus-nucleus collisions, where the clearest observations of quarkonium 75

suppression are observed. Then in Section 4 recent results from proton-nucleus collisions 76

are reviewed, which tend to complicate the interpretation of the results in nucleus-nucleus 77

collisions. 78

2. Experimental methods and observables 79

2.1. Reconstruction of quarkonia states 80

In order to measure the predicted sequential suppression mechanism discussed in the 81

previous section, one must measure both ground and excited states of the charmonia and 82

bottomonia resonances. For charmonia, the states most experimentally accessible in heavy 83

ion collisions are the J/ψ(1S), χc(1P), and ψ(2S). For bottomonia, the corresponding 84

most accessible states are the Υ(1S), Υ(2S), and Υ(3S). With the exception of the χc, 85

the states are typically measured in the dielectron or dimuon decay channel, depending 86

on the experiment. The dilepton decay channels produce clean experimental signals, as 87

they produce two charged particle tracks in a detector which can be precisely measured. 88

Electrons and muons are identified experimentally with dedicated particle identification or 89

muon detectors, respectively. 90
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Fewer experimental measurements exist for the χc and Υ(3S) states in heavy ion 91

collisions as these states are particularly challenging to measure experimentally. The χc 92

state is typically reconstructed in the radiative decay χcn → J/ψγ, which suffers from 93

significant combinatorial background due to π0 → γγ decays. The Υ(3S) state is extremely 94

heavy and therefore rarely produced. It is particularly difficult to measure in heavy ion 95

collisions as the 3S state is predicted to be most affected by dissociation due to cold and hot 96

nuclear matter effects. Therefore, large experimental luminosities are needed to precisely 97

measure the Υ(3S) in nuclear collisions. 98

The production of quarkonia states can be “prompt”, where the quarkonium state is 99

produced directly in a hard QCD interaction, or “non-prompt”, where the quarkonium is 100

produced in the decay of a beauty hadron. The production of a lower-energy quarkonium 101

state from the decay of a higher-energy quarkonium state is included within the definition 102

of prompt quarkonia, therefore the only production mechanism for bottomonia states is 103

prompt production. For the charmonia states, however, measuring prompt or nonprompt 104

production probes different physics [7]. Prompt charmonia are created directly in a hard 105

QCD interaction in the early stages of a collision, and in the case of heavy-ion collisions are 106

therefore thought to experience the full evolution of the QGP. Non-prompt charmonia are 107

produced in the decays of beauty hadrons, and in this production mechanism the charmonia 108

are believed to be produced outside the QGP medium [7]. In order to probe the dissociation 109

of quarkonia states due to the presence of a nuclear medium, prompt charmonia are 110

the preferred probes. Experimentally, quarkonia can be measured in inclusive, prompt, 111

or non-prompt production. In inclusive production measurements, all candidates for a 112

particular charmonium state in a particular decay channel are measured and no distinction 113

is made between candidates produced promptly and non-promptly. Prompt and non- 114

prompt charmonia production measurements are performed experimentally by fitting 115

the pseudo-decay time distribution of the charmonia candidates in order to separate 116

candidates produced from b-hadrons, which have larger decay times, from promptly 117

produced charmonia. 118

2.2. Observables for quarkonia suppression 119

Measurements of quarkonia suppression begin by first measuring the cross section 120

of a quarkonium state in pA, AA, or even pp collisions. Then, one must choose a baseline 121

for which the cross-section measurement will be compared against. Typically this baseline 122

is either the cross-section of the quarkonium state in pp collisions, or for the case of a 123

higher-resonance quarkonium state, the cross-section of the ground or lower-resonance 124

state measured in the same collision system. 125

The classic observable for quarkonium suppression is the nuclear modification factor, 126

defined as the ratio of the quarkonium production yield in a nuclear collision system (pA, 127

AA) to the cross section in pp collisions scaled by the average nuclear overlap, < TAA >, 128

determined from a Glauber model analysis [18]: 129

RAA =
dN/dx

< TAA > ×dσpp/dx
(1)

The nuclear modification factor is typically measured as a function of a variable x, 130

where x is often a kinematic variable, such as the quarkonium transverse momentum 131

pT or rapidity y, or a variable describing the collision centrality, such as the number of 132

participating nucleons in a collision, Npart. 133

Another observable used to probe suppression is the double ratio of quarkonia pro- 134

duction in AA collisions relative to that in pp collisions. This ratio is sometimes denoted by 135

ρ: 136

ρ =
NAA

ψ(2S)/NAA
J/ψ

Npp
ψ(2S)/Npp

J/ψ

(2)
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The double ratio of quarkonia production is not as powerful as the RAA as it gives 137

only information on the relative suppression between the excited state and the ground 138

state, rather than the absolute suppression. However, it is easier to measure experimentally 139

as many factors cancel in the ratio, and combined with an RAA measurement of the ground 140

state, it can be used to derive the excited state RAA. 141

3. Recent results in Nucleus-Nucleus Collisions 142

3.1. Bottomonia 143

The suppression of bottomonia states in PbPb collisions has been studied by ALICE, 144

ATLAS, and CMS [19]-[27]. Measurements of elliptic flow of Υ mesons are beyond the scope 145

of this review but are included in the references for the interested reader [28][29]. The most 146

precise measurement of bottomonia state suppression in AA collisions comes from CMS, 147

which recently measured all three Υ states in PbPb collisions at
√

s = 5.02 TeV [26]. The 148

measurements, shown in Figure 1, were performed as a function of centrality and pT and 149

compared to several different theoretical models. A clear sequential suppression is observed 150

for the Υ states, with the Υ(3S) state the most suppressed, just barely more suppressed than 151

the Υ(2S) state, and both the 2S and 3S states being significantly suppressed compared to 152

the Υ(1S) state. The sequential suppression is observed to be stronger, with the higher Υ 153

states being more suppressed, in central collisions. The suppression measured as a function 154

of pT is constant within the experimental uncertainties [26]. 155

The CMS data were compared to several theoretical models including a coupled 156

Boltzmann model [30], an open quantum system (OQS) model [31], the Heidelberg model 157

[32], the Comover Interaction Model (CIM) [33], and the TAMU transport model [34]. These 158

models represent a wide variety of approaches to describing the dissociation of quarkonia 159

states in nucleus-nucleus collisions and their key features will be briefly summarized here. 160

The coupled Boltzmann and TAMU models are both transport models which describe 161

the quarkonia production and dissociation in QGP using kinetic rate equations. Typically 162

starting from a space- and momentum-integrated Boltzmann equation, the rate equation 163

contains two transport coefficients that describe the quarkonia dynamics in a nuclear 164

medium [35]. The first coefficient is the quarkonia dissociation rate and the second is the 165

quarkonia yield in the equilibrium limit, which depends on the medium’s evolution as 166

a function of temperature. Different transport model calculations vary in their approach 167

to obtaining the two transport coefficients and the medium temperature response. In 168

the TAMU model that is compared to the CMS data in Figure 2, a microscopic model 169

[36] is used to compute the modified quarkonium binding energies in the QGP, and a 170

lattice QCD Equation of State is used to compute the medium evolution as a function 171

of temperature [34]. Both transport models shown in Figure 2 include contributions 172

from uncorrelated bottomonium recombination, where a b- and b-quark pair produced 173

in different initial partonic hard scattering events could recombine to form an Υ meson. 174

The coupled Boltzmann model instead uses two coupled Boltzmann equations, one for an 175

unbound QQ pair (Q denoting a heavy quark) and one for bound QQ quarkonium states 176

[30]. The coupled approach notably provides access to studying the effect of correlated 177

quarkonium regeneration, in which a b- and b-quark pair produced during the dissociation 178

of a bottomonium state could once again recombine to form a new bottomonium state [30]. 179

The Open Quantum System (OQS) approach treats the quarkonium as a quantum system 180

that interacts with its surrounding environment, in this case the QGP [31][37]-[39]. The 181

reduced density matrix of the quarkonium system is computed and its equation of motion, 182

the so-called “Master equation”, is determined [9]. The OQS formalism provides a fully 183

quantum description of the quarkonium system, including its dynamics out of thermal 184

equilibrium with the QGP [31] [39] and accounting for quantum correlations between the 185

quarkonium system and the QGP medium [9]. The OQS model compared to the CMS 186

data in Figure 2 demonstrates a recent example of combining the OQS framework with 187

an effective field theory that describes the non-relativistic nature of quarkonium, in this 188

case potential non-relativistic QCD (NRQCD) [31] [39]. The Heidelberg model computes 189
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the bottomonium wave functions by solving a temperature-dependent radial stationary 190

Schrodinger equation with an effective potential that includes both real and imaginary 191

components to account for the color screening and damping effects, respectively [32]. 192

Finally, the Comover Interaction Model describes the dissociation of quarkonia states via 193

their interactions with other “co-moving” particles with similar rapidities in a cold or hot 194

nuclear medium [33]. A key parameter in this model is the comover density, which is 195

obtained from measurements of the particle multiplicity as a function of rapidity [33]. 196

The double ratio of the Υ(3S) to the Υ(2S) production yield in PbPb collisions to that 197

in pp collisions provides an excellent testing ground for the theoretical models [26][40]. An 198

example of this can be seen in Figure 2, where the measured double ratio and its theoretical 199

predictions are shown as a function of the collision centrality and the quarkonium pT . All 200

models except for the Coupled Boltzmann model reasonably describe the data. The OQS 201

predictions are closest to the measured data points, being directly on top of them in several 202

cases. The Heidelberg model also does a good job but overpredicts the ratio at high pT . The 203

TAMU and CIM models are consistently slightly below the data points, and the Coupled 204

Boltzmann model is significantly below the data. It would be interesting to see in the future 205

if perhaps adjustments of the relative yields of correlated and uncorrelated bottomonium 206

regeneration in the Coupled Boltzmann model could give a better agreement with the CMS 207

data. 208
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Figure 1. The RAA of the Υ(1S), Υ(2S), and Υ(3S) states measured by CMS as a function of (a)
centrality and (b) quarkonia pT . Figures are by the CMS Collaboration, obtained from [26] under
CERN copyright, and licensed under CC BY 4.0. Images are cropped from the original versions.

The RAA of Υ states has also recently been measured at RHIC by STAR [41]. Figure 3 209

shows the STAR results as a function of centrality compared to results from CMS and to 210

two theoretical models already introduced above, the TAMU transport model [34] and the 211

open quantum system model using potential non-relativistic QCD [37]-[39]. It is interesting 212

to observe that the Υ(1S) suppression at RHIC is consistent with that observed at the LHC, 213

despite the significantly different center of mass energies. In contrast with the Υ(1S), the 214

Υ(2S) appears to be slightly more suppressed at RHIC than at the LHC, but the STAR 215

measurement is still consistent with the CMS data within the experimental uncertainties. 216

The theoretical models agree well with the CMS data and the STAR Υ(2S) data, however 217

both models predict a smaller Υ(1S) suppression at RHIC than what is observed in the 218

data. These recent measurements in the bottomonia sector confirm a sequential suppression 219

pattern but do not yet single out a specific theoretical model that can describe the relative 220

excited state suppression and the suppression dynamics as a function of collision energy. 221

3.2. Charmonia 222

3.2.1. Ground state suppression 223

The ground state of the charmonia resonances, the J/ψ, has been studied extensively 224

in relativistic heavy-ion collisions. Measurements of J/ψ hadroproduction have been 225

performed in PbPb collisions at
√

s = 2.76 TeV ([42]-[48]) and 5.02 TeV ([49] - [56], in XeXe 226

collisions at
√

s = 5.44 TeV ([57]), in AuAu collisions at
√

s = 200 GeV ([58]-[62]), and in 227

http://creativecommons.org/licenses/by/4.0/
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Figure 2. The RAA of the Υ(1S), Υ(2S), and Υ(3S) states measured by CMS compared to several
theoretical models, as a function of (a) centrality and (b) quarkonia pT . See text for details of the
theoretical models. Figures by the CMS Collaboration, obtained from [40] under CERN copyright.
The size of the images is reduced with respect to the original versions.
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Figure 4. The nuclear modification factor RAA for prompt J/ψ production measured by ALICE [56],
CMS [52], and ATLAS [51] in PbPb collisions at

√
s = 5.02 TeV, measured in three different centrality

bins: a) 0-10 %, b) 10-30 % (ATLAS 20-40 %), c) 30-50 % (ALICE), 30-100 % (CMS), 40-80 % (ATLAS).
Figures are by the ALICE Collaboration, obtained from [56] under CERN copyright, and licensed
under CC BY 4.0. The size of the images is reduced with respect to the original versions.

CuCu collisions at
√

s = 200 GeV [59], to name the most recent measurements. Recent flow 228

[63]-[68] and polarization [69] measurements are beyond the scope of this review but are 229

included in the references for the interested reader. Several measurements in non-identical, 230

or AB, nucleus-nucleus collisions have also been recently performed, in 3HeAu collisions 231

by PHENIX [70] and in PbNe collisions by LHCb [71]. As previously mentioned in the 232

preceding sections, the discussion here will focus on measurements of prompt charmonia 233

production when available for the aforementioned datasets as prompt measurements are 234

most sensitive to probing dissociation effects due to the nuclear medium. The most recent 235

measurements from RHIC and the LHC, summarizing the current state of the art for J/ψ 236

suppression measurements, will be reviewed and discussed along with some of the most 237

common theoretical approaches used to interpret them. 238

The most recent measurement of prompt J/ψ production in high-energy nucleus- 239

nucleus collisions was performed by ALICE in PbPb collisions at
√

sNN = 5.02 TeV [56], 240

where the ALICE results were also compared to measurements by CMS and ATLAS in 241

PbPb collisions at the same collision energy [51] [52]. The RAA results as a function of J/ψ 242

pT at midrapidity for three different centrality bins are shown in Figure 4. The ATLAS 243

and CMS results span the high-pT region, while the ALICE results cover the low-pT region 244

down to 1.5 GeV/c. All three measurements are consistent in the pT range where they 245

overlap, resulting in a continuous description of the J/ψ RAA from low to high pT . At 246

low pT , the RAA rises dramatically, particularly in the most central collisions where it is 247

even larger than one. In the next centrality bin from 10-30%, the central values in the two 248

lowest pT bins are slightly lower than in the 0-10% centrality bin but are still consistent 249

with the first centrality bin within the uncertainties. The most noticeable difference is in the 250

pT range between 5-10 GeV/c, where the suppression in 10-30% centrality is slightly less 251

than that seen in the 0-10% bin, consistent with previous measurements that found the J/ψ 252

meson suppression to be strongest in the most central collisions. In the final centrality bin, 253

interestingly the J/ψ suppression at low pT is consistent within the uncertainties with the 254

suppression observed by ATLAS and CMS at high pT . 255
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Moving to other collision systems besides PbPb, the inclusive J/ψ RAA has also been 256

recently measured in XeXe collisions by ALICE [57] and in AuAu collisions by STAR 257

[62]. Figure 5 shows the J/ψ RAA measured as a function of centrality in XeXe and PbPb 258

collisions. The XeXe data set has much larger uncertainties and fewer measurement bins 259

than the PbPb data due to the smaller integrated luminosity available. However, it is 260

still interesting to see that the J/ψ suppression in XeXe is largely consistent with that 261

observed in PbPb, despite the fact that the XeXe system is a much lighter collision system 262

(AXe = 129 and APb = 208). The data is compared to the TAMU transport model [72] 263

[73] which was previously introduced for the Υ states in Section 3.1. The transport model 264

predictions describe the XeXe data more accurately than the PbPb data, which they slightly 265

underpredict for the mid-centrality range. 266

PbPb
〉

part
N〈, 

XeXe
〉w

part
N〈

0 50 100 150 200 250 300 350 400

A
A

R
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1.4  < 4y, 2.5 < -µ+µ → ψALICE inclusive J/

= 5.02 TeVNNsPb −Pb

= 5.44 TeVNNsXe −Xe

Transport model (Du and Rapp)
Xe-Xe

Pb-Pb

Figure 5. The RAA for J/ψ mesons in XeXe collisions compared to PbPb collisions, measured as a
function of centrality. Figure by the ALICE Collaboration, obtained from [57] under CERN copyright,
and licensed under CC BY 4.0. The size of the image is enlarged with respect to the original version.

In AuAu collisions, the most recent measurement of J/ψ suppression was performed 267

by the STAR collaboration, which measured the J/ψ RAA as a function of pT and centrality 268

[62] . The results shown as a function of pT and binned in five different centrality ranges 269

are shown in Figure 6 and compared to previous results from RHIC and LHC experiments. 270

The J/ψ RAA measured at RHIC is relatively constant as a function of pT within the 271

experimental uncertainties. The difference between the RHIC and LHC results is most 272

prominent at low pT , where the ALICE RAA value is much larger than that measured by 273

STAR. When comparing to the CMS measurements, the RHIC RAA measurement is slightly 274

above the CMS measurement for pT between 8-10 GeV/c but is also consistent with the 275

CMS result within the uncertainties. Comparisons with several theoretical models are 276

presented. The Tsinghua [75] [76] and TAMU [72]-[74] models are both transport models 277

employing a kinetic rate equation approach to describe the charmonium dissociation and 278

regeneration. The transport models tend to agree with each other at low pT , then diverge 279

at high pT but both are consistent with the data. The remaining collisional dissociation 280

models are only shown in the most central AuAu bin (0-20%), and are based on NRQCD 281

calculations computed with two different values of the charmonium formation time (“tmax” 282

and “tmin”) [77]. The precision of the experimental data cannot yet distinguish between 283

the two formation time scenarios, but this might be possible in the future [78]. All of the 284

models also include cold nuclear matter effects on the J/ψ production. 285

The enhancement of the J/ψ RAA at low pT has been attributed to the production of 286

J/ψ mesons from the recombination of c and c pairs in the extremely hot nuclear medium 287

formed at the LHC [7][9]. At high pT , the exact origin of the J/ψ suppression is not yet 288

understood as multiple dissociation mechanisms could be involved, as will be discussed. 289

The picture becomes murkier when moving away from very central collisions towards more 290

peripheral collisions, where the extent of the produced QGP medium and possible interplay 291

with other CNM effects is relatively unknown. The ATLAS and ALICE measurements of 292
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Figure 6. The J/ψ RAA measured by STAR as a function of pT and binned in centrality. AuAu
results from RHIC are compared with PbPb results from the LHC. Figure by the STAR Collaboration,
obtained from [62] and licensed under CC BY 4.0. The figure is enlarged with respect to the original
version.

the J/ψ RAA were compared to several theoretical predictions, shown in Figures 7 and 293

8. The ALICE measurements were compared to three different models: the Statistical 294

Hadronization Model with charm quarks (SHMc) [79], the Boltzmann transport model 295

(BT) [80][81] and a charmonium dissociation model [82] [83]. The Boltzmann transport 296

model has already been described in the previous section. In the SHMc model, the charm 297

quarks are assumed to thermalize in the QGP medium and the yields of the charm hadrons 298

are computed with statistical mechanics using a grand canonical partition function [79] 299

[84]. A key component of the SHMc model is that quarkonia states are only formed during 300

hadronization at the phase transition of the QGP (at the chemical freeze-out temperature 301

TCF) [84][85]. This approach differs from the other models shown in Figure 7, which assume 302

that at least some quarkonia bound states remain intact and can interact with the QGP 303

medium despite the existence of color screening effects [80]-[83]. The dissociation model 304

shown in Figure 7 specifically focuses on describing the dynamics of high-pT J/ψs in a 305

QGP, and includes J/ψ dissociation contributions from the expected color-charge screening 306

and from collisions of the J/ψ with the medium constituents [82]. Despite the significantly 307

different physical pictures described by the two models, both the Boltzmann transport 308

model and the SHMc model describe the low pT ALICE data particularly well, while at 309

high pT the dissociation model agrees extremely well with the ALICE data in very central 310

collisions. In semi-central collisions, neither the Boltzmann transport or SHMc models can 311

fully describe the trend of the data. 312

The ATLAS measurements were compared to color-screening models [82][86] and 313

models involving J/ψ suppression via parton energy loss [87][88]. The first color-screening 314

model is the same model that is referred to as the “Dissociation” model in the ALICE 315

plot in Figure 7, which accounts for J/ψ dissociation due to color screening and collisions 316

in the medium [82]. The second color-screening model that is compared to the ATLAS 317

data focuses particularly on dissociation due to color-exchanges between the QQ state 318

and the QGP medium, which the authors describe as a nuclear absorption-like effect, in 319

addition to the expected melting from color-charge screening [86]. Therefore, it is important 320

to clarify that the “color-screening” models compared to the ATLAS data do not only 321

include quarkonia dissocation due to color-screening, but they also include dissociation 322

due to non-melting effects as well. The first energy loss model referred to in the ATLAS 323
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ALI-PUB-555658 ALI-PUB-555663

Figure 7. The prompt J/ψ RAA measured by ALICE as a function of pT and compared to predictions
from several theoretical models. The data and theory comparisons are shown for two centrality
bins: (a) 0-10 % and (b) 30-50 %. Figures are by the ALICE Collaboration, obtained from [56] under
CERN copyright, and licensed under CC BY 4.0. The size of the images is reduced with respect to the
original versions.

figure describes the quarkonia suppression in AA collisions as being predominantly due 324

to radiative energy loss of the charmonia in the QGP [87]. The radiative energy loss 325

model is based on the idea that quarkonia suppression in QGP could have the same 326

underlying origin as the phenomenon of jet “quenching”, in which jets, high-energy sprays 327

of particles produced from the hadronization of a single quark or gluon, are suppressed or 328

“quenched” in the QGP compared to pp collisions [87]. Phenomenologically, the quenching 329

(or suppression) depends on the original pT of the quark or gluon (or charmonium state) 330

and an effective color factor that accounts for the different radiation patterns between 331

quarks and gluons [87]. It is indeed interesting that this quenching model gives almost 332

identical predictions as the first color-screening model, despite the very different underlying 333

theoretical mechanisms, and both are in very good agreement with the experimental data. 334

The second energy loss model compared to the ATLAS data shares the idea that radiative 335

energy loss is the dominant mechanism explaining the J/ψ suppression, but rather than 336

comparing the J/ψ suppression with the quenching of jets, in this approach it is instead 337

compared with the suppression of individual hadrons [88]. It is also found in this model 338

that the J/ψ suppression and hadron suppression can be described by the same underlying 339

mechanism. One caveat to the energy loss models is that they are expected to be most 340

relevant at high pT (>≈ 10 GeV), therefore they are not expected to describe the observed 341

J/ψ suppression at low pT where melting could be playing an important role. However, it 342

is certainly interestingly to observe that the ATLAS data at high pT are consistent with both 343

dissociation due to color screening and suppression due to energy loss, and that no single 344

model in Figures 7 and 8 can describe the suppression over the full measurement range. 345

3.2.2. Excited state suppression 346

There are far fewer measurements of the charmonia excited states in relativistic heavy- 347

ion collisions. Several measurements exist for the ψ(2S) in PbPb collisions at
√

sNN = 2.76 348

TeV [45][48], and 5.02 TeV ([49][51][52][89]). The χc state has never been measured in any 349

nucleus-nucleus collision. 350

The most recent measurement comparing the suppression of ψ(2S) to J/ψ mesons 351

was performed by the ALICE collaboration at
√

sNN = 5.02 TeV [89]. The suppression 352

factor RAA was measured as a function of pT and centrality and compared to CMS results 353

measured at the same center of mass energy [52]. Figure 9 shows the RAA of J/ψ and ψ(2S) 354

mesons measured by ALICE and CMS as a function of the quarkonia transverse momentum 355

pT . Note that the ALICE results are for inclusive J/ψ and ψ(2S), while the CMS results are 356

for prompt J/ψ and ψ(2S). The ALICE and CMS results nicely complement each other, 357

with the ALICE results covering the extremely low pT region and the CMS results spanning 358
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Figure 8. The prompt J/ψ RAA measured by ATLAS as a function of pT and compared to predictions
from theoretical models. Figure by the ATLAS Collaboration, obtained from [51] under CERN
copyright, and licensed under CC BY 4.0.. Figure is enlarged with respect to original version.

the high pT region up to pT = 30 GeV/c. The data clearly shows that the ψ(2S) has a 359

lower RAA across the entire pT range measured compared to the J/ψ, indicating that the 360

ψ(2S) is indeed more suppressed than the J/ψ in PbPb collisions. The data are compared 361

to theoretical predictions based on the TAMU transport model, which was previously 362

introduced in Section 3.1. The model calculations describe the data quite well, in particular 363

accurately capturing the rise at low pT attributed to charmonium recombination. 364

The RAA of prompt J/ψ and ψ(2S) has also been measured as a function of the collision 365

centrality by both ALICE and CMS [52][89]. The measured RAA distributions are shown 366

in Figure 10, with the CMS measurement shown on the left and the ALICE measurement 367

shown on the right. When comparing the two measurements as a function of centrality, it is 368

important to note that the experiments probe different charmonia pT regions. This explains 369

why the two measurements are consistent with each other when integrated over centrality 370

and plotted as a function of pT , but appear to disagree when integrated over pT and plotted 371

as a function of centrality. Nevertheless, although the absolute value of RAA for a given 372

value of Npart cannot be directly compared between the two measurements, the trends are 373

still interesting. The ALICE measurement, which has a lower charmonia pT range than the 374

CMS measurement, flattens out towards the most central (highest < Npart >) collisions. 375

The CMS results, however, show a generally decreasing trend of the RAA towards the most 376

central collisions for prompt J/ψ. The ψ(2S) results in the CMS measurement have larger 377

uncertainties, so the trend with centrality is not as clear, but they could hint at a possible 378

decrease with centrality as well. 379

The double ratio of ψ(2S) to J/ψ yields in PbPb collisions to the ratio in pp collisions 380

has been measured by ALICE, ATLAS, and CMS at
√

s = 5.02 TeV [49][51][89]. The ALICE 381

measurements of the double ratio as a function of pT indicate that the ψ(2S) is suppressed 382

by roughly a factor of 40-50% in PbPb collisions compared to pp collisions [89]. The CMS 383

measurement hints at a slightly larger suppression at midrapidity, but in the most forward 384

rapidity bin probed, 1.6 < |y| < 2.4 the suppression is consistent with that observed by 385

ALICE [49][89]. ATLAS measured the double ratio as a function of centrality for both 386

prompt and non-prompt charmonia. The double ratio for the non-prompt charmonia was 387

observed to be consistent with one, supporting the interpretation that the non-prompt 388

charmonia, which originate from b-hadron decays, hadronize outside the medium and are 389

therefore unaffected by the suppression mechanisms responsible for dissociating prompt 390

charmonia in the medium [51]. 391

A key missing component in the picture of sequential charmonium suppression in 392

AA collisions is the χc(1P) state. With a binding energy in between that of the J/ψ and 393

http://creativecommons.org/licenses/by/4.0/


Version February 6, 2024 submitted to Symmetry 12 of 28

ALI-PUB-528412

Figure 9. The nuclear modification factor RAA for J/ψ and ψ(2S) mesons in PbPb collisions at
√

s =
5.02 TeV, as a function of the quarkonium transverse momentum pT . The ALICE data is inclusive
mesons, while the CMS data is prompt mesons. The figure and ALICE data is from [89], while the
CMS data is from [52]. Figure by the ALICE Collaboration, obtained from [89] under CERN copyright,
and licensed under CC BY 4.0.. Figure is enlarged with respect to original version..

the ψ(2S), a measurement of its suppression is needed to fully confirm the sequential 394

suppression of charmonia states. As with the Υ states, no single model can fully describe 395

all of the experimental data on the charmonia, which likely indicates, as the variety of 396

available models also suggests, that multiple mechanisms contribute simultaneously to 397

charmonia dissociation in the QGP. 398

4. Recent results in pA collisions 399

4.1. Bottomonia 400

Bottomonia production in pA collisions has been predominantly studied at the LHC, 401

with measurements reported by all LHC experiments in pPb collisions [90]-[95]. The most 402

recent measurement of the nuclear modification of bottomonia states at the LHC was 403

performed by CMS [95]. Figure 11 shows the RpPb for the Υ(1S), Υ(2S), and Υ(3S) states 404

measured as a function of rapidity for pT < 30 GeV/c. A sequential suppression of the 405

upsilon states is observed with the Υ(3S) being more suppressed than the Υ(2S), which is 406

more suppressed than the Υ(1S). The sequential suppression is flat within the experimental 407

uncertainties as a function of the quarkonia pT and y. The data in Figure 11 are compared 408

to predictions from the Comover Interaction Model (CIM) [33] using two different sets of 409

nuclear Parton Distribution Functions (nPDFs), nCTEQ15 [96] and EPS09 at leading order 410

(LO) [97]. The CIM was previously introduced in Section 3.1 and describes the quarkonia 411

dissociation via collisions with co-moving particles at similar rapidities as the quarkonium 412

[33]. The use of different nPDFs is to test different descriptions of the initial nuclear state. 413

Obtained from fits to a wide variety of data, nPDFs quantify the difference in the partonic 414

structure of a bound nucleus compared to a hypothesis of the partonic structure in A 415

non-interacting protons and neutrons, where A is the atomic mass number. If a bound 416

nucleus were simply a superposition of non-interacting protons and neutrons, the nPDFs 417

would not show significant modification relative to the A-scaled proton PDFs. However, 418

indeed studies of vast amounts of experimental data have revealed that nuclei are not 419

simple superpositions of non-interacting hadrons and have their own complex structure of 420

which little is understood on a partonic level [96]. One such example of this structure is the 421

existence of nuclear “shadowing”, in which the nuclear PDF is observed to be suppressed 422
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Figure 10. The nuclear modification factor RAA for prompt J/ψ and ψ(2S) mesons in PbPb collisions
at

√
s = 5.02 TeV as a function of the centrality (here defined with the average number of particles

participating in the interaction, Npart). (a) Measurement by CMS, from [52]. Figure by the CMS
Collaboration, obtained from [52] under CERN copyright, and licensed under CC BY 4.0.. The figure
size is reduced with respect to the original version. (b) Measurement by ALICE, from [89]. Figure by
the ALICE Collaboration, obtained from [89] under CERN copyright, and licensed under CC BY 4.0..
The figure size is reduced with respect to the original version. Note that the color scheme for the J/ψ

and ψ(2S) is switched between the two figures.

in certain partonic kinematic regions compared to the same regions in a proton PDF, for 423

reasons not yet fully understood. Recent progress on nPDF interpretation and fitting is 424

described in the excellent review in [98]. Both nPDF sets used in conjunction with the CIM 425

model are fitted to Deep Inelastic Scattering and Drell-Yan data measured with nuclear 426

targets, and also include inclusive π0 production data measured in dAu collisions at RHIC 427

[96][97]. The nCTEQ15 nPDFs are fitted to fewer data points than the EPS09 nPDFs and the 428

determination of the uncertainty approaches also varies between the two collaborations 429

[96]. The CIM model with either nPDF set does a good job of describing the CMS Υ data, 430

with perhaps the only exception being a slight discrepancy with the Υ(3S) data at negative 431

rapidity. 432

The Υ(1S) RpPb data were also compared to predictions involving an energy loss 433

mechanism [99] as well as predictions that only included nuclear shadowing effects using 434

the EPS09 nPDFs computed at next-to-leading-order [97][100] shown in Figure 12. The 435

energy loss model depicted here specifically accounts for the fully coherent energy loss 436

(FCEL) mechanism that occurs due to the interference of gluon emission amplitudes before 437

and after a partonic hard scattering event [101][102]. The data are consistent with all of 438

the compared theory models, indicating that the observed Υ suppression is consistent 439

with being produced as a result of CNM effects, but the exact effects responsible for the 440

suppression remain unknown. 441

Recent measurements of Υ production in
√

s =8.16 TeV pPb collisions were also 442

performed by the ALICE experiment [94]. Figure 13 shows the ALICE and LHCb measure- 443

ments of the Υ(1S) RpPb compared to several theoretical models. The first is a model using 444

the EPS09NLO nPDFs to describe the nuclear shadowing effects combined with the Color 445

Evaporation Model (CEM) to describe the Υ production [100]. In the CEM, the mass of a 446

QQ pair is restricted to be less than the open heavy flavor meson threshold, and the total 447

cross section for a quarkonium state given this mass constraint is computed from a fraction 448

F of the total QQ pairs satisfying this criteria [100]. The next models were previously 449

introduced during the discussion of Figure 12 and include fully coherent energy loss model 450

predictions [103] with and without the additional inclusion of nuclear shadowing effects 451

with the EPS09 nPDFs [104]. The EPPS16 reweighted and nCTEQ15 reweighted predictions 452

are, respectively, the EPPS16 [105] and nCTEQ15 [96] nPDF sets reweighted with heavy 453

flavor hadron production data from the LHC to study the effect of the heavy flavor data on 454

constraining the gluon nuclear PDF [106]. The final model shown is the Comover model 455
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Figure 11. The nuclear modification factors RpPb measured for Υ(1S), Υ(2S), and Υ(3S) mesons as a
function of y compared to predictions from the Comover Interaction Model (CIM). Figures are by the
CMS Collaboration, obtained from [95] under CERN copyright, and licensed under CC BY 4.0. The
size of the figures is reduced with respect to the original version.
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Figure 13. The nuclear modification factor RpPb measured for Υ(1S) states by ALICE and LHCb and
compared to (a) predictions involving different CNM effects and (b) predictions from the Comover
interaction model. Figures are by the ALICE Collaboration, obtained from [94] under CERN copyright,
and licensed under CC BY 4.0. The size of the figures is reduced with respect to the original version.

with nCTEQ15 nPDFs for shadowing contributions [33]. As seen with the CMS results, 456

the data from ALICE and LHCb are consistent with models involving several different 457

CNM effects. The Comover model is particularly promising in that it can describe the 458

suppression of all three Υ states and it appears to do a slightly better job of describing the 459

data at negative rapidity than the other models. 460

4.2. Charmonia 461

4.2.1. Ground state suppression 462

Following the strong suppression of J/ψ mesons observed in AA collisions, it is 463

natural to ask what we currently know about J/ψ suppression in pA collisions. At the 464

LHC, measurements of the J/ψ RpPb have been performed at
√

s = 5.02 TeV and 8.16 TeV 465

[93] [109]-[117]. As with the AA results, measurements of prompt J/ψ production will be 466

highlighted here as these are most sensitive to probing J/ψ dissociation mechanisms. The 467

LHC measurements will be briefly introduced and then their theoretical comparisons will 468

be discussed, since the data are compared to many of the same theoretical models. Figure 469

14 shows the most recent prompt J/ψ RpPb results from ALICE [117], compared to previous 470

LHC measurements at midrapidity as well as several theory predictions and plotted as a 471

function of the J/ψ pT . While one rapidity bin of the CMS measurement is shown in Figure 472

14, the measurement was also performed in multiple rapidity bins to probe the nuclear 473

effects on J/ψ production as a function of both pT and rapidity, as shown in Figure 15. 474

Due to its forward kinematic acceptance, LHCb has measured the prompt J/ψ RpPb in a 475

complementary rapidity range to that of the midrapidity LHC experiments, probing more 476

positive and negative rapidity values in the center of mass frame [110]. The LHCb RpPb 477

results are shown as a function of pT for two different rapidity bins in Figure 16. The LHCb 478

and ALICE RpPb measurements are shown as a function of the center of mass rapidity in 479

Figure 17. 480

All of the RpPb results in Figures 14-17 are compared to theoretical predictions, most 481

of which incorporate different cold nuclear matter effects. Several of the nuclear PDFs 482

used in the models in Figures 14-17 have already been previously introduced, such as the 483

EPS09 at LO and NLO [105] and the nCTEQ15 [96] and EPPS16 [105] nPDFs with a re- 484

weighting to include the impact of LHC heavy flavor data [106][107]. A new addition is the 485

nCTEQ15HQ set [118], which included open heavy flavor and quarkonium measurements 486

in pPb data from the LHC in a global nPDF analysis (the “HQ” in the name stands for 487

Heavy Quark). The HELAC-Onia models compared to the LHCb data in Figure 16 are 488

based on the HELAC-Onia package which computes the matrix elements involved in 489

collinear NRQCD factorisation predictions of quarkonia production [119][120]. A Color 490

Glass Condensate (CGC) approach is also introduced as a model comparison to the J/ψ 491

RpPb data [121]-[123]. The CGC model is an effective field theory applicable when the 492

http://creativecommons.org/licenses/by/4.0/


Version February 6, 2024 submitted to Symmetry 16 of 28

ALI-PUB-561246

Figure 14. The prompt J/ψ RpPb measured by ALICE, ATLAS, and CMS as a function of the J/ψ

pT and compared to several theoretical predictions. See text for descriptions of the theory models.
Figure by the ALICE Collaboration, obtained from [117] under CERN copyright, and licensed under
CC BY 4.0. The figure size is reduced with respect to the original version.

Figure 15. The J/ψ RpPb measured by CMS as a function of pT and y. See text for descriptions of the
theory models. Figure by the CMS Collaboration, obtained from [109] under CERN copyright, and
licensed under CC BY 4.0. The size of the figure is reduced with respect to the original version.
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Figure 16. The prompt J/ψ RpPb measured by LHCb in two different rapidity bins corresponding
to (a) the pPb beam configuration with the proton beam entering the detector and (b) the Pbp
beam configuration with the Pb beam entering the detector. See text for details of the theoretical
comparisons. Figures by the LHCb Collaboration, obtained from [110] under CERN copyright, and
licensed under CC BY 4.0. The size of the figures is reduced with respect to the original version.

saturation scale, the scale at which the gluon density in a nucleus “saturates” and reaches 493

its maximum limit, is much larger than the energy scale associated with nonperturbative 494

QCD, denoted by ΛQCD [121]. The cc pair is produced from the radiation of a “probe” 495

parton, and the pair proceeds to interact with the dense gluonic system in the target nucleus 496

[122][124]. In contrast to the rest of the models, the transport model predictions [108] in 497

Figure 14 involve a hot nuclear medium and the treatment of the quarkonia production 498

and dissociation using a rate equation approach as described in Section 3.1. 499

Several interesting features can be noted from comparing the midrapidity results in 500

Figures 14-15 with the forward and backward rapidity results in Figure 16. At midrapidity 501

and high pT , the RpPb is slightly larger than one. This can be most clearly see in the CMS 502

results shown in Figure 15, in which the RpPb is observed to be larger than one in most 503

of the measured pT bins in -0.9 < yCM < -1.93. It is when approaching the more forward 504

rapidities that the value of RpPb begins to drop below one, consistent with what is observed 505

in the LHCb data. The RpPb is smaller than one for almost the entire pT range probed in 506

the forward region, and for pT < 3 GeV at midrapidity. The RpPb plotted as a function of 507

rapidity shows a decreasing trend from negative to positive rapidity, as shown in Figure 17. 508

Another observation is that the data cannot be described by a single nuclear PDF set, as can 509

be seen most clearly with the LHCb data. The data are consistent with the models, which 510

seem to suggest that nPDF modifications at a minimum are needed to describe the data but 511

that other CNM effects such as energy loss or saturation effects could also be at play. 512

RHIC data is also extremely valuable for studying cold nuclear matter effects, as 513

quarkonia measurements in many nuclear systems, collision energies, and phase space 514

are needed to begin to disentangle the different effects and understand their underlying 515

mechanisms. An example of this can be seen in the recent measurement from PHENIX 516

of the J/ψ RpAl , RpAu, and RHeAu [70]. The RAB results from PHENIX are shown for 517

each collision system as a function of pT in Figure 18 and as a function of rapidity in 518

Figure 19. The theoretical models, which have already been discussed previously, include 519

different parameterizations of nuclear shadowing effects via the EPPS16 nPDFs [100][105], 520

the EPS09 nPDFs [105], and the reweighted EPPS16 and nCTEQ15 nPDFs [106][107], and a 521

transport model that includes hot medium effects on the charmonia production [74][108]. 522

Contrary to the LHC results, the PHENIX results shown here begin to differentiate between 523

theoretical models, as can be seen for the observed values of the RAB at negative rapidity 524

in p+Au and 3He+Au, which do not agree with the EPPS16 predictions from Vogt and 525

Shao. These predictions did not include nuclear absorption effects, which is expected to be 526

significant at RHIC energies [125]. When adding a nuclear absorption model [126] to the 527
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Figure 17. The J/ψ RpPb measured as a function of rapidity and compared to several theoretical
models. See text for details of the models. Figure by the ALICE Collaboration, obtained from [116]
under CERN copyright, and licensed under CC BY 4.0. The figure size is reduced with respect to the
original version.

same calculations (predictions labeled with “+ Abs” in the figure), the agreement between 528

the data and predictions is greatly improved. This study presents a nice example of how 529

a specific cold nuclear matter effect can begin to be isolated, or at least identified as the 530

dominant effect, in different nuclear systems in order to better understand its underlying 531

mechanism. 532

The STAR collaboration has also recently measured the J/ψ RpAu, as can be seen in 533

Figure 20 [127]. The STAR p+Au results are compared to the J/ψ RAA measurement by 534

STAR in Au+Au collisions, to d+Au results measured by PHENIX, and to several theoretical 535

calculations. The p+Au and d+Au results are consistent with each other over the entire 536

measured pT range, which suggests that the measured nuclear modification is primarily 537

due to nuclear effects associated with the Au nucleus. There are several similarities between 538

the RpAu measured at midrapidity and the RpPb measured at midrapidity. For both cases, 539

the nuclear modification factor is consistent with one starting around 3 GeV/c. The small 540

enhancement above one at high pT that was observed in the ATLAS and CMS data is not 541

observed in the ALICE or STAR data, possibly due to the larger statistical uncertainty for 542

the latter results. The theoretical comparisons include effects due to nuclear shadowing 543

[97][106][107][119][120], a CGC model [128][129], a transport model including a hot nuclear 544

medium effect [73][108], an energy loss model [130], and a comover model [131]. Notably, 545

the STAR data are consistent with predictions involving cold nuclear matter effects and the 546

TAMU transport model which involves the formation of a QGP medium. The Comover 547

model predictions seem to do particularly well at describing the data at low pT , but the 548

other models do a better job of describing the data over the entire measured pT range. It is 549

worth mentioning that particularly for the J/ψ results discussed in this section, the data can 550

be described by many models that describe individual CNM effects, usually in combination 551

with nuclear shadowing. However it is likely the case that multiple CNM effects occurring 552

simultaneously are responsible for the observed J/ψ dissociation. Understanding the 553

relative contributions of various CNM effects to the observed suppression remains a 554

challenging but important goal. 555

4.2.2. Excited state suppression 556

Proton-nucleus systems are ideal for studying excited-state charmonium production 557

as these states are generally statistically-limited in nucleus-nucleus collisions. Recent 558

measurements in pA collisions have studied χc production, which is particularly interesting 559

as it has never been studied in AA collisions. As previously discussed in Section 2, the 560

prompt J/ψ yield measured experimentally includes J/ψ production via the decays of 561
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Figure 18. The J/ψ nuclear modification factor as a function of pT measured by PHENIX in three
different collision systems: p+Al (left plots), p+Au (middle plots), and 3He+Au (right plots). The
top row shows the results at negative rapidity, while the bottom row shows the results at positive
rapidity. See text for details of the theoretical predictions. Figures by the PHENIX Collaboration,
obtained from [70] and licensed under CC BY 4.0. The size of the figures is reduced with respect to
the original version.

Figure 19. The J/ψ nuclear modification factor as a function of y measured by PHENIX in three
different collision systems: p+Al (left), p+Au (middle), and 3He+Au (right). See text for details of the
theoretical predictions. Figure by the PHENIX Collaboration, obtained from [70] and licensed under
CC BY 4.0. The size of the figure is reduced with respect to the original version.
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Figure 20. The nuclear modification factor RpAu for J/ψ mesons measured as a function of pT by
STAR and compared to several theoretical models. Figure by the STAR Collaboration, obtained from
[127] and licensed under CC BY 4.0. The size of the figure is reduced with respect to the original
version.

higher charmonium states, including the χc. LHCb measured for the first time at the LHC 562

the fraction of J/ψ mesons produced from χc decays [132], where the total χc yield included 563

the χc1 and χc2 states. The result is shown in Figure 21 as a function of the J/ψ pT . The pPb 564

measurement is consistent with the fraction measured in pp collisions except in the lowest 565

pT bins at negative rapidity, however the increased fraction in these bins is compatible with 566

the observed ψ(2S) suppression in pPb collisions [132]. 567

The production of ψ(2S) mesons in pPb collisions has been measured by all four LHC 568

experiments [93], [133]-[139]. Figure 22 shows the ψ(2S) RpPb measured by CMS as a 569

function of y in three different pT bins [136]. The ψ(2S) suppression is most evident in the 570

lowest pT bin probed, from 4 to 6.5 GeV/c, where the ψ(2S) is significantly suppressed 571

with respect to the J/ψ particularly at negative rapidity. In the middle pT bin, from 6.5 to 572

10 GeV/c, the ψ(2S) appears significantly suppressed at negative rapidity but is consistent 573

with the J/ψ, and no suppression, for y > 1. In the highest pT bin probed, the ψ(2S) 574

suppression is consistent with one although it is systematically lower than the J/ψ RpPb 575

values. It is interesting that the RpPb values for the J/ψ are consistently slightly larger than 576

one, while the values for the ψ(2S) tend to be smaller than one except in the highest pT bin. 577

LHCb has also measured the prompt ψ(2S) RpPb and compared it to several theoretical 578

models [134]. The LHCb measurement as a function of rapidity is shown in Figure 23. The 579

LHCb results clearly show that the ψ(2S) is more suppressed than the J/ψ at negative 580

rapidity than at positive rapidity, which is also consistent with the trend observed by 581

CMS in the pT bins where the measurements overlap. The LHCb data are compared to 582

models involving shadowing via the EPS09 PDFs at LO [140][141] and NLO [142], and 583

to energy loss predictions with and without nuclear shadowing effects included [103]. 584

Interestingly, while the J/ψ suppression can be described by the theoretical models, none 585

of them successfully describe the ψ(2S) suppression. The same difficulty of theoretical 586

models to describe both the J/ψ and ψ(2S) suppression was observed by ALICE when they 587

measured the inclusive ψ(2S) RpPb [137]. Figure 24(a) shows the ALICE measurements 588

compared to several theoretical models, employing some of the same cold nuclear matter 589

effects as were included in the models compared to the LHCb data. The models include 590

shadowing effects [106][142], CGC models [123][143], an energy loss model [99] and the 591

Comover model [131]. The Comover model compared to the data in Figure 24(b) appears 592
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Figure 21. The fraction of prompt J/ψ mesons produced from χc decays, measured in pp, pPb, and
Pbp collisions as a function of the J/ψ pT . Figure by the LHCb Collaboration, obtained from [132]
under CERN copyright and licensed under CC BY 4.0. The size of the figure is reduced with respect
to the original version.
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Figure 22. The nuclear modification factor RpPb for prompt J/ψ and ψ(2S) mesons measured as a
function of rapidity and pT . The top left figure shows the results in the lowest pT bin probed, 4-6.5
GeV/c, the top right figure shows the results in pT = 6.5-10 GeV/c, and the bottom figure shows the
results in pT = 10-30 GeV/c. Figures by the CMS Collaboration, obtained from [136] under CERN
copyright and licensed under CC BY 4.0. The size of the figures is reduced with respect to the original
version.
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reduced with respect to the original version.

to be the only model able to describe both the J/ψ and ψ(2S) suppression, at least getting 593

the approximate order of magnitude for the ψ(2S) suppression correct. 594

Recent studies of ψ(2S) suppression have also been performed at RHIC by PHENIX in 595

p+Al and p+Au collisions [144]. The PHENIX results also show a significant ψ(2S) suppres- 596

sion at negative rapidity that cannot be explained by models using different nuclear PDFs, 597

specifically the reweighted EPPS16 and nCTEQ15 nPDFS [106][107] as shown in Figure 598

25. The authors note that nuclear absorption cannot explain the observed suppression as 599

the initial-state CNM effects should be similar for the J/ψ and ψ(2S). It would however 600

still be interesting to confirm this by comparing to models including a nuclear absorption 601

component, as was done in [70]. It would also be interesting to see if the Comover model 602

can reproduce the observed ψ(2S) suppression in the backward region, as it appears to 603

be able to do for the ALICE data shown in Figure 24, which could also not be described 604

by shadowing alone. The PHENIX nuclear modification factor measurements were also 605

compared to recent measurements from ALICE [115] as a function of centrality and trans- 606

port model predictions [108], which are shown in Figure 26. Note that in Figure 26, the 607

ALICE nuclear modification factor as a function of centrality is denoted by QpPb due to 608

potential biases in the determination of centrality in pPb collisions. The transport model 609

predictions describe the data better in the forward rapidity region than in the backward 610

rapidity region, although the backward predictions are still consistent with the data points 611

within the large uncertainties. It is important to note here that the ALICE data shown in 612

Figure 26 were also well described by Comover model predictions, again showing that the 613

observed suppression is consistent with predictions involving hot or cold nuclear matter 614

effects. 615

5. Conclusions 616

Significant progress has been made both experimentally and theoretically to better 617

understand quarkonium production and modification in nuclear systems. The measure- 618

ments presented here show that the production of quarkonia in nuclear systems are indeed 619

suppressed with respect to pp collisions, and the suppression in nucleus-nucleus collisions 620

where QGP is expected to be present is indeed stronger than that observed in smaller 621

proton-nucleus systems. There is experimental evidence of the sequential suppression 622

of quarkonia states as a function of their binding energy for both the bottomonia and 623

charmonia systems. However, the experimental measurements and theoretical descriptions 624
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Figure 24. The nuclear modification factor of incluive J/ψ and ψ(2S) mesons as a function of rapidity
and compared to several theoretical models. (a) depicts comparisons to models using different nPDFs
as well as an energy loss model and (b) depicts comparions to CGC and Comover model predictions.
See text for details of the theoretical models. Figures by the ALICE Collaboration, obtained from
[137] under CERN copyright and licensed under CC BY 4.0. The size of the figures is reduced with
respect to the original version.

Figure 25. The J/ψ and ψ(2S) nuclear modification factors measured as a function of rapidity by
PHENIX in (a) p+Al and (b) p+Au collisions. Figures by the PHENIX collaboration, obtained from
[144] under American Physical Society copyright and re-used with permission. The size of the figures
is reduced with respect to the original version.

Figure 26. The ψ(2S) nuclear modification factor measured as a function of centrality (RpAu) by
PHENIX (RpAu) and ALICE (QpPb). Figure by the PHENIX collaboration, obtained from [144] under
American Physical Society copyright and re-used with permission. The size of the figure is reduced
with respect to the original version.
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cannot yet definitively conclude that the observed suppression in AA collisions is due to 625

quarkonium melting. Other effects, such as parton energy loss and comover interactions 626

can also describe the data within the current experimental uncertainties. In order to better 627

understand the complex quarkonium dynamics in AA collisions, the cold nuclear matter 628

effects that modify quarkonium production in pA collisions and the quarkonium produc- 629

tion mechanisms in pp collisions, the baseline for comparisons to AA collisions, must 630

be more thoroughly understood. Future measurements in a variety of collision systems, 631

combined with the increased luminosities expected with future RHIC and LHC data, will 632

enable precise and differential measurements that will help to improve our knowledge of 633

quarkonia production and dissociation in nuclear systems. 634
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