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Abstract: The dissociation, or “melting”, of heavy quarkonia states due to color charge screening
is a predicted signature of the Quark Gluon Plasma (QGP) formation, with a quarkonium state
predicted to dissociate when the temperature of the medium is higher than the binding energy of the
quarkonium state. A conclusive experimental observation of quarkonium melting coupled with a
detailed theoretical understanding of the melting mechanism would enable the use of quarkonia states
as temperature probes of the QGP, a long-sought goal in the field of relativistic heavy-ion collisions.
However, the interpretation of quarkonia suppression measurements in heavy-ion collisions is
complicated by numerous other cold nuclear matter effects which also result in the dissociation of
bound quarkonia states. A comprehensive understanding of these cold nuclear matter effects is
therefore needed in order to correctly interpret quarkonia production measurements in heavy ion
collisions and to observe the melting of quarkonium states experimentally. In this review, recent
measurements of quarkonia production in pA and AA collisions and their state-of-the-art theoretical
interpretations will be discussed, as well as the future measurements needed to further the knowledge
of cold nuclear matter effects and realize a measurement of quarkonia melting in heavy ion collisions.

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

1. Introduction

Relativistic heavy-ion collisions provide the opportunity to study one of the rarest
forms of matter ever created - the quark-gluon plasma (QGP). Quarks and gluons, which
are normally tightly bound within hadronic bound states of protons and neutrons in nuclei,
can be liberated in high-energy collisions of heavy nuclei and result in the formation of the
dense partonic plasma phase [1]-[3]. The QGP is interesting for many reasons in addition
to being a novel state of QCD matter; it is predicted to have existed shortly after the Big
Bang, therefore studying it can provide insight into the early formation of the universe, and
it also behaves as a nearly perfect hydrodynamic fluid [4][5]. Understanding the formation,
dynamics, and behavior of the QGP, as with any unique state of matter, would result in
significantly improving our understanding of the fundamental physics of the strong nuclear
force and how it gives rise to the properties of nuclei.

A key property to understand the behavior of any medium is its temperature depen-
dence. The idea to use heavy quarkonia, bound states of charm-anticharm (c¢, “charmonia”)
or beauty-antibeauty (bb, “bottomonia”) quarks, as temperature probes of the QGP came
from a landmark paper by T. Matsui and H. Satz [6]. In their paper, Matsui and Satz
proposed that quarkonia states would “melt”, or be prevented from forming, in a hot
deconfined nuclear medium because the free QCD color charges would screen the poten-
tial between the two heavy quarks in a mechanism analogous to Debye screening. The
screening was predicted to occur when the temperature of the medium exceeded that of
the binding energy of the quarkonium state [6]. Since different quarkonium states have
different binding energies, if one could experimentally observe the melting of quarkonia in
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a hot nuclear medium, one could infer the temperature of the medium itself. The possibility
of experimentally measuring the temperature of the QGP has made the observation of
the “melting”, or dissociation of heavy quarkonia states due to color charge screening, a
golden observable in the field of relativistic heavy-ion physics. The idea is that definitive
experimental observation of quarkonia melting would enable the use of quarkonium states
as temperature probes of the quark-gluon plasma.

The straightforward picture of quarkonia melting due to color-charge screening in
high-energy nucleus-nucleus (“AA”) collisions has evolved over the years as experimental
and theoretical studies have revealed that quarkonia production in high-energy collisions
is much more complex than initially thought. From the theoretical side, quarkonium
production in pp collisions is still not yet completely understood theoretically [7]-[9], and
recent theoretical work revealing an imaginary component to the quarkonium potential
complicates the picture of color-charge screened quarkonium dynamics proposed by Matsui
and Satz [11]-[13]. From the experimental side, signatures previously thought to only
occur in the presence of QGP have been observed even in small collision systems [14],
raising questions about whether other QGP effects, including quarkonia melting, could
be taking place in small systems as well. Additionally, other effects besides the proposed
melting mechanism, commonly called Cold Nuclear Matter (CNM) effects, can cause the
dissociation of quarkonia states, and these effects must be fully understood and quantified
in order to isolate the signatures of quarkonia dissociation due to melting in the QGP
[7]. Therefore, there are a few requirements that must be met before concluding that
quarkonia melting has been experimentally observed. First, it must be proved that no other
mechanisms (such as CNM effects) are responsible for the quarkonium dissociation. Second,
it must be shown that the suppression depends on the binding energy of the measured
quarkonia. The first criterion remains much more difficult to satisfy than the second.
Disentangling dissociation by melting from dissociation due to other effects remains a
challenge.

In this review, recent measurements of quarkonia production in pA and AA colli-
sions will be discussed to highlight the current state of our experimental knowledge of
quarkonium suppression in nuclear systems. Photoproduction of quarkonia and the pro-
duction of quarkonia from beauty hadron decays will not be discussed, as these production
mechanisms are different than that for prompt quarkonia and are also not subject to the
predicted melting effects. For details on quarkonium production in vacuum (pp collisions)
and comprehensive theoretical introductions, the reader is referred to excellent reviews on
these topics [7]-[9] [15]-[17]. In Section 2, experimental methods for the reconstruction of
quarkonia states and the common observables measured to probe quarkonia suppression
are briefly reviewed. The discussion of recent experimental results begins in Section 3 with
recent results in nucleus-nucleus collisions, where the clearest observations of quarkonium
suppression are observed. Then in Section 4 recent results from proton-nucleus collisions
are reviewed, which tend to complicate the interpretation of the results in nucleus-nucleus
collisions.

2. Experimental methods and observables
2.1. Reconstruction of quarkonia states

In order to measure the predicted sequential suppression mechanism discussed in the
previous section, one must measure both ground and excited states of the charmonia and
bottomonia resonances. For charmonia, the states most experimentally accessible in heavy
ion collisions are the J/¢(1S), x.(1P), and ¥ (2S). For bottomonia, the corresponding
most accessible states are the Y(1S), Y(2S), and Y(3S). With the exception of the x.,
the states are typically measured in the dielectron or dimuon decay channel, depending
on the experiment. The dilepton decay channels produce clean experimental signals, as
they produce two charged particle tracks in a detector which can be precisely measured.
Electrons and muons are identified experimentally with dedicated particle identification or
muon detectors, respectively.
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Fewer experimental measurements exist for the x. and Y(3S) states in heavy ion
collisions as these states are particularly challenging to measure experimentally. The x.
state is typically reconstructed in the radiative decay x.» — J/¢y, which suffers from
significant combinatorial background due to 1% — 7+ decays. The Y(3S) state is extremely
heavy and therefore rarely produced. It is particularly difficult to measure in heavy ion
collisions as the 35S state is predicted to be most affected by dissociation due to cold and hot
nuclear matter effects. Therefore, large experimental luminosities are needed to precisely
measure the Y(3S) in nuclear collisions.

The production of quarkonia states can be “prompt”, where the quarkonium state is
produced directly in a hard QCD interaction, or “non-prompt”, where the quarkonium is
produced in the decay of a beauty hadron. The production of a lower-energy quarkonium
state from the decay of a higher-energy quarkonium state is included within the definition
of prompt quarkonia, therefore the only production mechanism for bottomonia states is
prompt production. For the charmonia states, however, measuring prompt or nonprompt
production probes different physics [7]. Prompt charmonia are created directly in a hard
QCD interaction in the early stages of a collision, and in the case of heavy-ion collisions are
therefore thought to experience the full evolution of the QGP. Non-prompt charmonia are
produced in the decays of beauty hadrons, and in this production mechanism the charmonia
are believed to be produced outside the QGP medium [7]. In order to probe the dissociation
of quarkonia states due to the presence of a nuclear medium, prompt charmonia are
the preferred probes. Experimentally, quarkonia can be measured in inclusive, prompt,
or non-prompt production. In inclusive production measurements, all candidates for a
particular charmonium state in a particular decay channel are measured and no distinction
is made between candidates produced promptly and non-promptly. Prompt and non-
prompt charmonia production measurements are performed experimentally by fitting
the pseudo-decay time distribution of the charmonia candidates in order to separate
candidates produced from b-hadrons, which have larger decay times, from promptly
produced charmonia.

2.2. Observables for quarkonia suppression

Measurements of quarkonia suppression begin by first measuring the cross section
of a quarkonium state in pA, AA, or even pp collisions. Then, one must choose a baseline
for which the cross-section measurement will be compared against. Typically this baseline
is either the cross-section of the quarkonium state in pp collisions, or for the case of a
higher-resonance quarkonium state, the cross-section of the ground or lower-resonance
state measured in the same collision system.

The classic observable for quarkonium suppression is the nuclear modification factor,
defined as the ratio of the quarkonium production yield in a nuclear collision system (pA,
AA) to the cross section in pp collisions scaled by the average nuclear overlap, < T44 >,
determined from a Glauber model analysis [18]:

B dN/dx
< Taa > xdoy,/dx

Raa 1
The nuclear modification factor is typically measured as a function of a variable x,
where x is often a kinematic variable, such as the quarkonium transverse momentum
pr or rapidity y, or a variable describing the collision centrality, such as the number of
participating nucleons in a collision, Npgyt.
Another observable used to probe suppression is the double ratio of quarkonia pro-
duction in AA collisions relative to that in pp collisions. This ratio is sometimes denoted by

p:

NAA /NAA
2S /

_ v/ Nijg )

L= 5pp pp
Nyas)/Nyzy
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The double ratio of quarkonia production is not as powerful as the R4 4 as it gives 13
only information on the relative suppression between the excited state and the ground 1.
state, rather than the absolute suppression. However, it is easier to measure experimentally 13
as many factors cancel in the ratio, and combined with an R 4 4 measurement of the ground 1o

state, it can be used to derive the excited state R4 4. 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, 1
ATLAS, and CMS [19]-[27]. Measurements of elliptic flow of Y mesons are beyond the scope s
of this review but are included in the references for the interested reader [28][29]. The most s
precise measurement of bottomonia state suppression in AA collisions comes from CMS, 1
which recently measured all three Y states in PbPb collisions at v/s = 5.02 TeV [26]. The s
measurements, shown in Figure 1, were performed as a function of centrality and pr and 1
compared to several different theoretical models. A clear sequential suppression is observed 15
for the Y states, with the Y(3S) state the most suppressed, just barely more suppressed than s
the Y(2S) state, and both the 2S and 3S states being significantly suppressed compared to 15
the Y(1S) state. The sequential suppression is observed to be stronger, with the higher Y = 1s3
states being more suppressed, in central collisions. The suppression measured as a function 15
of pr is constant within the experimental uncertainties [26]. 155

The CMS data were compared to several theoretical models including a coupled s
Boltzmann model [30], an open quantum system (OQS) model [31], the Heidelberg model 1
[32], the Comover Interaction Model (CIM) [33], and the TAMU transport model [34]. These 155
models represent a wide variety of approaches to describing the dissociation of quarkonia 15
states in nucleus-nucleus collisions and their key features will be briefly summarized here. 16
The coupled Boltzmann and TAMU models are both transport models which describe 1
the quarkonia production and dissociation in QGP using kinetic rate equations. Typically e
starting from a space- and momentum-integrated Boltzmann equation, the rate equation e
contains two transport coefficients that describe the quarkonia dynamics in a nuclear 1
medium [35]. The first coefficient is the quarkonia dissociation rate and the second is the 16
quarkonia yield in the equilibrium limit, which depends on the medium’s evolution as 1
a function of temperature. Different transport model calculations vary in their approach 1
to obtaining the two transport coefficients and the medium temperature response. In 1
the TAMU model that is compared to the CMS data in Figure 2, a microscopic model s
[36] is used to compute the modified quarkonium binding energies in the QGP, and a 1o
lattice QCD Equation of State is used to compute the medium evolution as a function
of temperature [34]. Both transport models shown in Figure 2 include contributions 1
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 Y meson. 1
The coupled Boltzmann model instead uses two coupled Boltzmann equations, one foran s
unbound QQ pair (Q denoting a heavy quark) and one for bound QQ quarkonium states 17
[30]. The coupled approach notably provides access to studying the effect of correlated 17
quarkonium regeneration, in which a b- and b-quark pair produced during the dissociation 1
of a bottomonium state could once again recombine to form a new bottomonium state [30]. 17
The Open Quantum System (OQS) approach treats the quarkonium as a quantum system 1z
that interacts with its surrounding environment, in this case the QGP [31][37]-[39]. The 1
reduced density matrix of the quarkonium system is computed and its equation of motion, 1
the so-called “Master equation”, is determined [9]. The OQS formalism provides a fully 1
quantum description of the quarkonium system, including its dynamics out of thermal 1
equilibrium with the QGP [31] [39] and accounting for quantum correlations between the 1
quarkonium system and the QGP medium [9]. The OQS model compared to the CMS 1
data in Figure 2 demonstrates a recent example of combining the OQS framework with 1
an effective field theory that describes the non-relativistic nature of quarkonium, in this s
case potential non-relativistic QCD (NRQCD) [31] [39]. The Heidelberg model computes 1
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the bottomonium wave functions by solving a temperature-dependent radial stationary 10
Schrodinger equation with an effective potential that includes both real and imaginary 1
components to account for the color screening and damping effects, respectively [32]. 12
Finally, the Comover Interaction Model describes the dissociation of quarkonia states via 10
their interactions with other “co-moving” particles with similar rapidities in a cold or hot 10
nuclear medium [33]. A key parameter in this model is the comover density, which is 15
obtained from measurements of the particle multiplicity as a function of rapidity [33]. 196

The double ratio of the Y(3S) to the Y(2S) production yield in PbPb collisions to that 1o
in pp collisions provides an excellent testing ground for the theoretical models [26][40]. An 10
example of this can be seen in Figure 2, where the measured double ratio and its theoretical 19
predictions are shown as a function of the collision centrality and the quarkonium pr. All 20
models except for the Coupled Boltzmann model reasonably describe the data. The OQS 2
predictions are closest to the measured data points, being directly on top of them in several 2
cases. The Heidelberg model also does a good job but overpredicts the ratio at high pr. The 20
TAMU and CIM models are consistently slightly below the data points, and the Coupled 2
Boltzmann model is significantly below the data. It would be interesting to see in the future 20
if perhaps adjustments of the relative yields of correlated and uncorrelated bottomonium 20
regeneration in the Coupled Boltzmann model could give a better agreement with the CMS 27

data. 208
PbPb 1.61 nb™, pp 300 pb?*(5.02 TeV) PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)
[ P e e e e T 1 s e RS
125 p <30Gevic CMS T N 120 yi<24 CMS 7
L r‘Iyl<2-4 T cent | [ Cent 0-90% ]
1; 1 0-90% | r =
[#] Y(1S) (2015 PbPb/pp) T ] r [# Y(1S) (2015 PbPb/pp)
0.8 + N 0.8 -
< [ Y(2S) T ] < [ [ Y(2s) ]
o 0.6l T 1 eoel i
o5l @ Y(3S) i 1 oo #Y(39) 1
oal ® + 1 oapppmErelt] J -
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Figure 1. The R4 of the Y(1S), Y(25), and Y(3S) states measured by CMS as a function of (a)
centrality and (b) quarkonia pr. 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 R4 4 of Y states has also recently been measured at RHIC by STAR [41]. Figure 3 20
shows the STAR results as a function of centrality compared to results from CMS and to 20
two theoretical models already introduced above, the TAMU transport model [34] and the u
open quantum system model using potential non-relativistic QCD [37]-[39]. It is interesting 22
to observe that the Y(1S) suppression at RHIC is consistent with that observed at the LHC, 2
despite the significantly different center of mass energies. In contrast with the Y(15), the 2.
Y(2S) appears to be slightly more suppressed at RHIC than at the LHC, but the STAR 2
measurement is still consistent with the CMS data within the experimental uncertainties. 2
The theoretical models agree well with the CMS data and the STAR Y(2S) data, however 2
both models predict a smaller Y(1S) suppression at RHIC than what is observed in the s
data. These recent measurements in the bottomonia sector confirm a sequential suppression 2
pattern but do not yet single out a specific theoretical model that can describe the relative 2o
excited state suppression and the suppression dynamics as a function of collision energy. 2z

3.2. Charmonia 2
3.2.1. Ground state suppression 223

The ground state of the charmonia resonances, the /1, has been studied extensively 2
in relativistic heavy-ion collisions. Measurements of |/ hadroproduction have been s
performed in PbPb collisions at /s = 2.76 TeV ([42]-[48]) and 5.02 TeV ([49] - [56], in XeXe 2
collisions at v/s = 5.44 TeV ([57]), in AuAu collisions at /s = 200 GeV ([58]-[62]), and in 27
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Figure 2. The Ry 4 of the Y(15), Y(25), and Y(3S) states measured by CMS compared to several
theoretical models, as a function of (a) centrality and (b) quarkonia pr. 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 3. The R 44 of Y(1S) (top) and Y(25) (bottom) mesons measured by STAR and CMS, compared
to theoretical models. See text for details of the theoretical models. Figure by the STAR collaboration,
obtained from [41] under American Physical Society copyright and re-used with permission. Image
is enlarged with respect to the original version.
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Figure 4. The nuclear modification factor R 4 4 for prompt [/ 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 25
[63]-[68] and polarization [69] measurements are beyond the scope of this review but are 2
included in the references for the interested reader. Several measurements in non-identical, 2.
or AB, nucleus-nucleus collisions have also been recently performed, in *HeAu collisions ~ 2u
by PHENIX [70] and in PbNe collisions by LHCb [71]. As previously mentioned in the 2
preceding sections, the discussion here will focus on measurements of prompt charmonia 2
production when available for the aforementioned datasets as prompt measurements are 2
most sensitive to probing dissociation effects due to the nuclear medium. The most recent 2
measurements from RHIC and the LHC, summarizing the current state of the art for [/¢{ 2
suppression measurements, will be reviewed and discussed along with some of the most 2
common theoretical approaches used to interpret them. 23

The most recent measurement of prompt J/¢ production in high-energy nucleus- 2
nucleus collisions was performed by ALICE in PbPb collisions at /syn = 5.02 TeV [56], 20
where the ALICE results were also compared to measurements by CMS and ATLAS in  2u
PbPb collisions at the same collision energy [51] [52]. The R4 4 results as a function of /¢ 2«
pr at midrapidity for three different centrality bins are shown in Figure 4. The ATLAS a3
and CMS results span the high-pr region, while the ALICE results cover the low-pr region 2
down to 1.5 GeV/c. All three measurements are consistent in the pr range where they s
overlap, resulting in a continuous description of the [/¢ Ra4 from low to high pr. At 2
low pr, the R 44 rises dramatically, particularly in the most central collisions where itis 2«
even larger than one. In the next centrality bin from 10-30%, the central values in the two 2
lowest pr bins are slightly lower than in the 0-10% centrality bin but are still consistent 24
with the first centrality bin within the uncertainties. The most noticeable difference is in the 2o
pr range between 5-10 GeV /c, where the suppression in 10-30% centrality is slightly less  2s:
than that seen in the 0-10% bin, consistent with previous measurements that found the [ /¢ 2
meson suppression to be strongest in the most central collisions. In the final centrality bin, 25
interestingly the |/ suppression at low pr is consistent within the uncertainties with the 2
suppression observed by ATLAS and CMS at high pr. 255
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Moving to other collision systems besides PbPb, the inclusive J /i R4 4 has also been
recently measured in XeXe collisions by ALICE [57] and in AuAu collisions by STAR
[62]. Figure 5 shows the | /¢ R 44 measured as a function of centrality in XeXe and PbPb
collisions. The XeXe data set has much larger uncertainties and fewer measurement bins
than the PbPb data due to the smaller integrated luminosity available. However, it is
still interesting to see that the J/¢ suppression in XeXe is largely consistent with that
observed in PbPb, despite the fact that the XeXe system is a much lighter collision system
(Axe =129 and Ap, = 208). The data is compared to the TAMU transport model [72]
[73] which was previously introduced for the Y states in Section 3.1. The transport model
predictions describe the XeXe data more accurately than the PbPb data, which they slightly
underpredict for the mid-centrality range.

B L e o o e e e
X114 ALICE inclusive J/y — p*p,25<y <4 _
® Pb-Pb \s,,=5.02 TeV

12 ® Xe-Xe |Sy=544Tev 1

1f .
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Figure 5. The R4 4 for J/¢ 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 /¢ suppression was performed
by the STAR collaboration, which measured the J /1 R4 4 as a function of pr and centrality
[62] . The results shown as a function of pr and binned in five different centrality ranges
are shown in Figure 6 and compared to previous results from RHIC and LHC experiments.
The J/¢ Raa measured at RHIC is relatively constant as a function of pr within the
experimental uncertainties. The difference between the RHIC and LHC results is most
prominent at low pr, where the ALICE R 4 4 value is much larger than that measured by
STAR. When comparing to the CMS measurements, the RHIC R 4 4 measurement is slightly
above the CMS measurement for pr between 8-10 GeV /c but is also consistent with the
CMS result within the uncertainties. Comparisons with several theoretical models are
presented. The Tsinghua [75] [76] and TAMU [72]-[74] models are both transport models
employing a kinetic rate equation approach to describe the charmonium dissociation and
regeneration. The transport models tend to agree with each other at low pr, then diverge
at high pr but both are consistent with the data. The remaining collisional dissociation
models are only shown in the most central AuAu bin (0-20%), and are based on NRQCD
calculations computed with two different values of the charmonium formation time (“#;4,”
and “t,;,”") [77]. The precision of the experimental data cannot yet distinguish between
the two formation time scenarios, but this might be possible in the future [78]. All of the
models also include cold nuclear matter effects on the [/ production.

The enhancement of the | /¢ R4 4 at low pr has been attributed to the production of
J /¢ mesons from the recombination of ¢ and ¢ pairs in the extremely hot nuclear medium
formed at the LHC [7][9]. At high pr, the exact origin of the |/ suppression is not yet
understood as multiple dissociation mechanisms could be involved, as will be discussed.
The picture becomes murkier when moving away from very central collisions towards more
peripheral collisions, where the extent of the produced QGP medium and possible interplay
with other CNM effects is relatively unknown. The ATLAS and ALICE measurements of
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Figure 6. The J/¢ Ry4 measured by STAR as a function of pr 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 /¢ Ry were compared to several theoretical predictions, shown in Figures 7 and
8. The ALICE measurements were compared to three different models: the Statistical
Hadronization Model with charm quarks (SHMc) [79], the Boltzmann transport model
(BT) [80][81] and a charmonium dissociation model [82] [83]. The Boltzmann transport
model has already been described in the previous section. In the SHMc model, the charm
quarks are assumed to thermalize in the QGP medium and the yields of the charm hadrons
are computed with statistical mechanics using a grand canonical partition function [79]
[84]. A key component of the SHMc model is that quarkonia states are only formed during
hadronization at the phase transition of the QGP (at the chemical freeze-out temperature
Tcr) [84][85]. This approach differs from the other models shown in Figure 7, which assume
that at least some quarkonia bound states remain intact and can interact with the QGP
medium despite the existence of color screening effects [80]-[83]. The dissociation model
shown in Figure 7 specifically focuses on describing the dynamics of high-pr J/¢s in a
QGP, and includes ] /1 dissociation contributions from the expected color-charge screening
and from collisions of the | /¢ with the medium constituents [82]. Despite the significantly
different physical pictures described by the two models, both the Boltzmann transport
model and the SHMc model describe the low pr ALICE data particularly well, while at
high pr the dissociation model agrees extremely well with the ALICE data in very central
collisions. In semi-central collisions, neither the Boltzmann transport or SHMc models can
fully describe the trend of the data.

The ATLAS measurements were compared to color-screening models [82][86] and
models involving [/ suppression via parton energy loss [87][88]. The first color-screening
model is the same model that is referred to as the “Dissociation” model in the ALICE
plot in Figure 7, which accounts for |/ dissociation due to color screening and collisions
in the medium [82]. The second color-screening model that is compared to the ATLAS
data focuses particularly on dissociation due to color-exchanges between the QQ state
and the QGP medium, which the authors describe as a nuclear absorption-like effect, in
addition to the expected melting from color-charge screening [86]. Therefore, it is important
to clarify that the “color-screening” models compared to the ATLAS data do not only
include quarkonia dissocation due to color-screening, but they also include dissociation
due to non-melting effects as well. The first energy loss model referred to in the ATLAS
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