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Abstract This document summarizes the efforts of the
EMMI Rapid Reaction Task Force on “Suppression and
(re)generation of quarkonium in heavy-ion collisions at the
LHC?”, centered around their 2019 and 2022 meetings. It pro-
vides areview of existing experimental results and theoretical
approaches, including lattice QCD calculations and semi-
classical and quantum approaches for the dynamical evolu-
tion of quarkonia in the quark-gluon plasma as probed in
high-energy heavy-ion collisions. The key ingredients of the
transport models are itemized to facilitate comparisons of
calculated quantities such as reaction rates, binding energies,
and nuclear modification factors. A diagnostic assessment of
the various results is attempted and coupled with an outlook
for the future.
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1 Introduction

High-energy nucleus-nucleus collisions, such as those at the
Large Hadron Collider (LHC) and Relativistic Heavy-Ion
Collider (RHIC), provide the unique opportunity to cre-
ate in the laboratory the conditions of the microsecond-
old Universe, in particular the color-deconfined state called
the Quark—Gluon Plasma (QGP). The microscopic under-
standing of the remarkable properties of the QGP and its
hadronization remains a key challenge in nuclear physics.
The quarkonium families, charmonia and bottomonia,
play acritical role in this objective and have long been promi-
nent observables used to probe the fundamental color force
in the hot QCD medium. Theoretically, the vacuum heavy-
quark (HQ) potential provides a well-calibrated starting point
for the study of quarkonium interactions in medium, see
Refs. [1-5] for recent reviews. In particular, the string term
in the HQ potential characterizes the long-range nonpertur-
bative part of the force and is associated with the confining
property of QCD. It is expected to play a central role in the
transition from hadronic to partonic degrees of freedom, and
may well be responsible for the strongly coupled properties
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of the QGP as evidenced by its transport properties, up to
temperatures of 2-3 times the pseudo-critical temperature,
Ty, of the QCD crossover transition [6].

Similar to the way quarkonium spectroscopy provides
information about the QCD force in vacuum, a systematic
investigation of the in-medium force must involve the study
of different quarkonium states in matter, e.g., as they sub-
sequently dissolve with increasing temperature. The com-
plexity in describing the in-medium properties of quarkonia
and their implementation into transport calculations in ultra-
relativistic heavy-ion collisions (URIHCs) prevents their use
as a straightforward thermometer of the medium produced
in these reactions. On the contrary, using available informa-
tion on the space-time and temperature evolution in URHICs
from other sources (e.g., hydrodynamic simulations or elec-
tromagnetic radiation), one can utilize quarkonium observ-
ables to deduce their in-medium properties and infer the fun-
damental interactions in QCD matter. In the vacuum, the 1S
ground-state bottomonia (Y (1S) and 7;) are small enough
in size to be sensitive to the color-Coulomb 1/r part of the
HQ potential. However, excited bottomonia and all charmo-
nia are predominantly bound by the non-perturbative string
term, which is characterized by a linearly increasing potential
~ or with a “string tension” ¢ ~ 1 GeV/fm (and/or residual
mesonic forces). Thus, charmonia and excited bottomonia
are excellent probes of the in-medium confining force, as
originally envisioned for the J /¢ meson [7].

In the cooling of the expanding fireball, quarkonia can also
be (re-)generated through recombination of individual heavy
quarks and antiquarks diffusing through the medium. In par-
ticular, quarkonium formation can occur through quarks and
antiquarks from different initial pairs. This mechanism [8—
10] has been shown to be critical for understanding the rise of
J /¥ production from RHIC to the LHC where (re)generation
seems to constitute the main part of the yield observed in
central Pb—Pb collisions [11]. The data are also compati-
ble with production of J/v exclusively through statistical
hadronization at the QCD crossover phase boundary [12].
Precise measurements of the cc production cross section and
the extraction of the charm-quark diffusion coefficient [13]
are key objectives for the experimental program with heavy
ions at the LHC in Runs 3 and 4 (2021-2029) [14] and will be
important for drawing more definite conclusions. The mea-
sured elliptic flow, characterized by the flow coefficient vy,
is significant for the J /v mesons; it is consistent with trans-
port model predictions at relatively low transverse momen-
tum (pr) and requires additional ingredients (such as space-
momentum correlations of diffusing charm quarks) at higher
pr [15]. The recent measurement of a rather large v, of J /v
mesons in high-multiplicity p-Pb events [16] came as a sur-
prise and cannot be reproduced by transport model calcula-
tions [17], suggesting that initial-state effects could be the
origin of the azimuthal correlations.

@ Springer

Regarding bottomonia, the current understanding suggests
that (re)generation is less important for Y (1S), but possi-
bly figures as a major component in the strongly suppressed
yield of excited states [18,19]. However, the interplay of the
reaction rates and in-medium binding energies, and thus the
strength of the underlying HQ potential (i.e., its in-medium
screening) remains a matter of debate [20-23] and is also
amenable to an interpretation based on comover interactions
modeled with cross sections extracted from p-Pb data. It is
therefore of great importance to obtain additional informa-
tion about the typical time at which quarkonia are produced,
in particular through pt spectra and elliptic flow, which con-
tain information about the fireball collectivity imprinted on
the quarkonia at the time of their decoupling. No significant
elliptic flow has been observed experimentally for bottomo-
nia [24,25].

On the theoretical side, the basic objects are the quarko-
nium spectral functions which encode the information on
the quarkonium binding energies and the (inelastic) reaction
rates as well as melting temperatures. Steadily-improving
constraints on the determination of the quarkonium spectral
functions are available from thermal lattice QCD (IQCD),
see Refs. [4,26] for reviews. The information from the spec-
tral functions can then be utilized in heavy-ion phenomenol-
ogy via transport models. The latter provide the connection
between first-principles information from 1QCD and experi-
ment that greatly benefits the extraction of robust information
on the in-medium QCD force and its emergent transport prop-
erties, most notably the inelastic reaction rates of quarkonia.
Thus far most transport models are based on rate equations
and/or semiclassical Boltzmann equations [11]. In recent
years transport approaches utilizing open-quantum system
(0OQS) frameworks have been developed in a Schrodinger-
Langevin [27-29] or density-matrix [30-32] formulation, see
also the review in Ref. [33]. These approaches can test the
classical approximation underlying the Boltzmann and rate
equation treatments and possibly quantify the corrections.
Quantum effects may be particularly relevant at high pt in
connection with finite formation times of quarkonia which
are enhanced by the Lorentz time dilation in the moving
frame; schematic treatments of this effect in semiclassical
approaches suggest that varying formation times can lead to
observable differences for high-momentum charmonia and
bottomonia yields [18,21,22,34,35].

Finally, the implementation of phase-space distributions
of heavy quarks diffusing through the QGP into quarko-
nium transport is being investigated by a few groups [36-38],
which, as mentioned above, has direct impact on the magni-
tude and pt dependence of (re)generation processes [39,40].
In particular, the role of non-perturbative effects in the HQ
interactions in the QGP (which are believed to be essential
to explain the large elliptic flow observed for D mesons) [13]
needs to be accounted for; the associated large scattering
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widths are likely to require quarkonium transport implemen-
tations beyond semiclassical (or perturbative) approxima-
tions, which reiterates the motivation for quantum treatments
of recombination processes.

The larger experimental data samples in Runs 3 and 4 at
the LHC, combined with advanced detector performance and
measurement techniques, will lead to significant improve-
ments over the current measurements, with extended kine-
matic coverage (in pt) and the possibility to reach currently
unobserved quarkonium states [14]. But even at present, the
uncertainties in the quarkonium data are in some cases signif-
icantly smaller than model uncertainties. Improvements are
needed in the conceptual aspects discussed above, as well
as on the input parameters of the models. Clearly, the mod-
eling of quarkonium production has reached a stage where
the complexity of the problem, in connection with the pre-
cision reached by experiment, can no longer be handled by
individual group efforts. A broadly-vetted consensus on the
future path can only be achieved in a setting such as the one
offered by a Rapid Reaction Task Force (RRTF) within the
ExtreMe Matter Institute (EMMI) at GSI Darmstadt, which
allows for much more in-depth discussions and working ses-
sions, with the main protagonists from around the world in
one room. We considered it critical to initiate a broad initia-
tive now, to enable the theoretical progress that is needed for
the interpretation of Runs 3 and 4 data at the LHC.

Based on the physics case outlined above, the most impor-
tant issues where consensus and progress is most urgent were
identified to be: (i) the identification and model comparisons
of transport parameters; (ii) the controlled implementation
of constraints from lattice QCD, and (iii) the significance of
quantum transport treatments. More concretely, these were
addressed guided by the following questions:

1. To what extent are the currently employed transport
approaches (mostly carried out in semiclassical approxi-
mations) consistent in their treatment of quarkonium dis-
sociation and regeneration?

2. Whatare the equilibrium limits of the transport approaches
and how do the former compare to the results of the sta-
tistical hadronization model?

3. What is the significance of the effects on quantum trans-
port of the quarkonium wave packets, and what is needed
to develop quantum transport into a realistic phenomenol-
ogy?

4. How can the abundant information from lattice QCD
(quarkonium correlation functions, heavy-quark free
energies and susceptibilities, and the open heavy-flavor
sector) be systematically implemented into transport
approaches?

5. What are the ultimate model uncertainties, and will those
allow conclusions regarding the fundamental question of

the existence of hadronic correlations in a deconfined
medium?

It is clear that the major experimental effort directed at
measuring quarkonium with increasing precision needs to
be matched by the effort on the theory front. Our RRTF was
intended to stimulate a coordinated pooling of resources and
lead the way towards a “unified” extraction of the funda-
mental QCD heavy-quark potential. We also reiterate that
the modeling of heavy-quark diffusion in quarkonium pro-
duction in a deconfined medium has important implications
for the extraction of the diffusion coefficients of heavy quarks
in QGP [13,26].

Our article is structured as follows: we start out with a
brief overview of the experimental status of quarkonium mea-
surements at RHIC and the LHC in Sect. 2 and then collect
some basic theoretical concepts for both the description of
heavy quarkonia in medium as well as their implementation
into transport models for heavy-ion collisions in Sect. 3. In
Sect. 4 a rather detailed yet compact account of all trans-
port approaches employed in the present effort is given; this
is organized into a total of 19 categories (addressing model
components and ingredients) that each research group was
asked to elaborate on within their approach. In Sect. 5 we
compare and discuss the numerical results of targeted cal-
culations that all transport models were asked to carry out
as far as their approach allows. We summarize and conclude
our effort in Sect. 6.

2 Experimental overview

Quarkonium yields and the nuclear modification factor Raa
have been measured in heavy-ion collisions (including p/d-A
collisions, which we will not discuss here) at the LHC and
RHIC as a function of centrality and transverse momentum
for both the charm and the bottom sector, both for ground
states and for radially-excited states (the 1/ (2S) meson has
not been measured yet in Au-Au collisions at RHIC). We
briefly outline the status of quarkonium measurements in
nucleus-nucleus collisions, with emphasis on the RHIC and
LHC data.

2.1 Charmonium

After the studies of charmonium production at the SPS
(/snN = 17.3 GeV) [41,42] remained somewhat inconclu-
sive, there was a question as to whether or not the observed
suppression pattern of charmonium states is to be related to
QGP effects. Since then, measurements at RHIC (/sny =
200 GeV)revealed a strong suppression of J /¢ production in
Au-Au collisions compared to pp [43—46], of a similar mag-

@ Springer
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Fig. 1 The dependence of Raa of J /v mesons on the charged particle
multiplicity (at midrapidity) for Pb—Pb at 5.02 TeV and Au—Au colli-
sions at 200 GeV, measured at midrapidity (left) and forward rapidity
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Fig. 2 The pr dependence of Raa of J/¥ mesons in central Au—Au (left panel) and Pb—Pb (right panel) collisions

nitude as measured at SPS and stronger at forward rapidity
than at midrapidity.

In U-U collisions at RHIC, the production yield of J /v
was measured to be higher than in Au-Au collisions for the
same number pf participating nucleons, Np,t values, in cen-
tral collisions [48]. Another observation at RHIC was that
the J /v suppression is similar at ./sxy = 39 and 62.4 GeV
compared to 200 GeV [49,50]. A strong suppression was
observed in Cu—Au collisions [51], while no suppression was
measured in Cu—Cu [45], albeit with large uncertainties.

A clearly different behavior was measured in Pb-Pb colli-
sions at the LHC, where a significantly reduced suppression
was observed (larger Ra4) [52,53]. The current LHC J /¢

@ Springer

data [54] are compared to the RHIC data in Fig. 1 as a func-
tion of centrality, expressed as the charged-particle pseudo-
rapidity density d N /dn (at n = 0), a proxy for the energy
density of the fireball. As at RHIC, the Raa values are larger
at midrapidity than at forward rapidity.

Another marked difference between the LHC and RHIC
datacanbe observed in Fig. 2. While the RHIC data exhibit no
significant pr dependence, the LHC data show significantly
larger Raa values at low pr, even with a hint at exceeding
unity, at midrapidity. The J/v¥ Raa data are compared to
those of the D mesons and pions for central Pb—Pb collisions
in the the left panel of Fig. 3. The observed ordering is a fin-
gerprint of the different production mechanisms of the charm
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Fig. 4 The production ratio of ¥ (2S) to J/¢ as a function of colli-
sion energy measured in pp (pA) collisions (circles) and central Pb—Pb
collisions (filled circles)

and light quarks and suggests as well a (re)generation mech-
anism for the J /v mesons in QGP and/or at hadronization
(QCD crossover phase transition).

While the elliptic flow of J /¢ was found to be compatible
with zero at RHIC (albeit with large uncertainties) [55], it is
large at the LHC [56,57]. This is shown in the right panel of
Fig. 3, where the J/v vy data are compared to those of D
mesons and pions for mid-central collisions.

The relative production of ¥ (2S) and J /iy mesons as a
function of collision energy is shown in Fig. 4. The data
points for pp collisions are from experiments at the SPS [58],
HERA (pA) [59], RHIC [60,61], and the LHC [62-64]. The
average value of the pp measurements is represented by the

black horizontal line with the 1o -uncertainty represented by
the dashed lines. The point for central Pb—Pb collisions at
SPS energy is from the NAS5O experiment [65] and the point
at the LHC is from ALICE [66].

2.2 Bottomonium

The early observation by the CMS collaboration at the LHC
of the suppression of Y mesons [67], which was clearly
stronger for the radially-excited states, was followed by the
current precise measurements of Raa for the Y states by
CMS [68-70] and ATLAS [71] at midrapidity and ALICE
at forward rapidity [72]. A similar Y (1S) and Y (2S) sup-
pression pattern (and magnitude, for Y (1S)) was measured
at RHIC by STAR [73]. A summary of the data is presented
in Fig. 5.

The suppression shows a similar magnitude at forward
rapidity and midrapidity. It is gradually stronger going from
the 1S to the 2S and 3 S states; this significant pattern is
denoted as “sequential suppression”, with the picture of the
melting of the excited states in QGP and their “missing”
feed-down to the 1S state.

The data are shown as a function of pr in Fig. 6 for midra-
pidity in 0-90% Pb-Pb collisions. No prominent features
were observed, except a small increase of Raa vs. pr for the
Y (1S) state. Elliptic flow of T mesons was measured to be
small, both at forward rapidity [24] and at midrapidity [25],
compatible with zero.

3 Theoretical background

One of the advantages of quarkonium physics in QCD matter
is the availability of first-principle IQCD computations for a

@ Springer
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Fig. 6 The dependence of R44 of Y mesons on pr for 0-90% Pb—Pb
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variety of finite-temperature quantities, such as quarkonium
correlation functions, heavy-quark free energies and suscep-
tibilities. This is particularly relevant for a strongly coupled
medium where non-perturbative effects are expected to be
prevalent and perturbative calculations must be interpreted
with care. However, since IQCD computations are carried
out in Euclidean space—time, the information is usually not
readily applicable for use in transport simulations of heavy-
ion collisions.

In Sect. 3.1, we discuss some of the methods that have
been used to assess in-medium quarkonium properties and
their implementation into transport models, and in Sect. 3.2
we give a more detailed account of pertinent IQCD results.

@ Springer

3.1 Theoretical methods

A key concept in facilitating the connection between 1QCD
and effective-model calculations are in-medium spectral
functions. Quite generally, the latter encode information on
the degrees of freedom in the medium (through the presence
or absence of well-defined peaks), their in-medium masses
and (if applicable) binding energies and the elastic and inelas-
tic reaction rates represented by their widths. Both binding
energies and reaction rates are related to the in-medium inter-
action between heavy quarks and between the heavy quarks
and the thermal partons of the medium, respectively. This
connection also highlights the importance of utilizing a rea-
sonably realistic model of the thermal medium in which the
heavy quarks and quarkonia are embedded.

In practice one, therefore, needs effective descriptions of
the in-medium quarkonium dynamics. In the present con-
text, this brings in another asset of the HQ sector, namely
the use of 1/m g expansion schemes, such as HQ effective
theory (which amounts to neglecting the antiparticle compo-
nents of the Dirac spinors), non-relativistic QCD (NRQCD),
and potential NRQCD (pNRQCD). The latter, in particu-
lar, is based on neglecting the energy transfer in HQ scat-
terings, which allows one to convert the 4D Bethe-Salpeter
equation into 3D Lippmann—Schwinger type equations (or,
in coordinate space, a Schrodinger equation), rendering the
problem much more tractable. One further needs appropriate
many-body approaches to implement the in-medium physics.
Among the ones being used are: (i) perturbative Lagrangian-
based hard-thermal loop (HTL) perturbative approaches, (ii)
the dynamical quasi-particle model (DQPM) which utilizes
a running coupling and accounts for parton spectral func-
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tions which can describe the 1QCD equation of state (EoS)
down to temperatures close to Ty, [74], and (iii) the thermo-
dynamic 7 -matrix, which is a non-perturbative Hamiltonian-
based approach that solves the 1-and 2-body correlation func-
tions self-consistently based on a unified 2-body potential for
both heavy and light-parton interactions [75,76].

To make contact with experiment, the equilibrium physics
of quarkonia has to be implemented in transport descrip-
tions. This has traditionally been done in semiclassical mod-
els, including the comover interaction model (CIM) [77],
simulations of the Boltzmann equation [78-80] and kinetic
rate equations [9,81,82]) based on dissociation rates in QGP
and/or hadronic matter as well as suitably computed equilib-
rium limits to account for regeneration processes. Constraints
from 1QCD have been considered by, e.g., using the results
for the HQ free or internal energies as underlying potentials
to compute in-medium binding energies [21,34,83], and to
test the masses and widths of charmonium spectral functions
via pertinent Euclidean correlator ratios [34].

Due to the small energy scale (or long time scale) provided
by the in-medium quarkonium binding energies, especially at
temperatures in the vicinity of the quarkonium “dissociation
temperature”, several efforts are underway to develop quan-
tum transport equations based on the framework of open-
quantum systems. Most of them utilize a classification of
regimes where the binding energy, relative to the tempera-
ture, is either small (where quantum effects are expected to
be relevant) or large (where semiclassical approximations
are reliable); these are further combined with scale hier-
archies from HQ effective field theories. Information from
1QCD can be implemented through transport coefficients,
such as the HQ diffusion coefficient, albeit without explicit
3-momentum dependencies (which will be challenging to
obtain from 1QCD). The question of regeneration, especially
in the case of multiple quark pairs, has not been addressed
yet at a level suitable for phenomenological applications. The
equilibration of a single pair has been studied in Ref. [84] and
in semiclassical limits for multiple pairs in Refs. [85,86]. All
of these considerations will figure in the model descriptions
given in Sect. 4.

3.2 Lattice QCD results

Lattice-QCD calculations can provide first-principles input
into theoretical modeling of quarkonium production in
heavy-ion collisions. Many quantities of interest, like in-
medium quarkonium masses and widths, or transport coef-
ficients, are encoded in the spectral functions, defined as
the imaginary part of the retarded meson correlation func-
tions [4,87]. For example, the in-medium widths of quarko-
nia are closely related to the reaction rates used in trans-
port models. If the widths are reasonably small, quarkonium
states can be identified by peaks in the spectral functions. As

temperature increases, the peaks become broader and ulti-
mately can no longer be used to identify quarkonium states.
For example, if the width of the peak is much larger than
the energy splitting between different quarkonium states it is
no longer possible to extract well defined quarkonium states.
Obtaining the spectral functions from 1QCD is challenging
because the latter is formulated in Euclidean time, and the
correlation functions are given in terms of integrals over spec-
tral functions. Temporal correlation functions are related to
spectral functions via a Laplace transformation, while spa-
tial correlation functions are related to spectral functions via
a double integral transformation [4]. Lattice QCD calcula-
tions can also be combined with EFT approaches. For exam-
ple, information about quarkonium spectral function can be
obtained using a lattice formulation of NRQCD [88-93]. In
this way one avoids large discretization effects due to HQ
masses An additional benefit arises from the fact that meson
correlators in NRQCD do not obey periodic boundary con-
ditions, which effectively implies that information on meson
correlators can be obtained from doubling the temporal extent
in the Euclidean time direction. Heavy-Quark Effective The-
ory (HQET) can be used for IQCD calculations of the HQ
diffusion coefficient [94-96].

Most lattice studies of quarkonium spectral functions use
point meson operators, i.e., meson operators with the quark
and antiquark field located at the same spatial point. It turns
out that temporal meson correlation functions with point
meson operators have limited sensitivity to the in-medium
properties of quarkonia [1,4]. This is due to large contribu-
tions from the continuum part of the spectral function to the
correlators of point meson operators, as well as the rather
small temporal lattice extent at high temperatures [97,98].
Therefore, no conclusive results on the in-medium proper-
ties of the quarkonium states could be obtained from the
temporal correlation functions of point meson operators.
There only seems to be a consensus that the 1S bottomo-
nium state can survive in the QGP for T > 400 MeV, with
a small mass shift [89,90,99]. The study of spatial meson
correlation functions is not limited to small separations, ren-
dering them more sensitive to the in-medium properties of
quarkonia [100-102]. In particular, indications were found
that 1S charmonia states may dissolve for temperatures of
200-300MeV [100,101], while 1S bottomonium states will
dissolve for temperatures above 500MeV [102]. The latter
finding is consistent with the analysis of bottomonium spec-
tral function in lattice NRQCD.

Correlators of extended meson operators, i.e., meson oper-
ators with quark and antiquark fields separated by some spa-
tial distance, are more sensitive to the in-medium modifica-
tion of quarkonia, since the contribution of the continuum
part to the spectral function is reduced. Using NRQCD with
extended operators it was possible to analyze in-medium
masses and widths of different bottomonium states [91,92].
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Interestingly, it was found that the in-medium mass shift of
all bottomonium states is small and compatible with zero
within estimated errors. The in-medium width of different
bottomonium states was found to increase with temperature,
and that the magnitude of the width follows a hierarchy in
the sizes of the different states [91,92].

The in-medium modification of Q Q interactions in QGP
has been traditionally studied in terms of the free energy and
singlet free energy of a static QQ pair. The latter quantity
can be defined in Coulomb gauge. State-of-the-art calcula-
tions in 2+1 flavor QCD with physical quark masses suggest
that color screening in the free energy sets in at distances
r ~ 0.3/T [103]. Previous studies of the Q Q free energy
for two [104] and three [105] degenerate quark flavors with
unphysical masses have been used as input potentials in some
phenomenological models.

The Q Q free energy characterizes the interactions at time
scales much larger than the inverse temperature. For quarko-
nia physics, it is more relevant to consider a complex poten-
tial defined in terms of Wilson loops [106]. The first calcu-
lation of the complex potential along these lines with 2+1
flavor QCD with unphysical quark masses found [107] that
the real part of the potential is screened. A parametrization
of these results using a generalized Gauss law model [108]
has also been used in some phenomenological models. The
corresponding lattice calculations are performed on N; = 12
lattices and with limited statistics. Another lattice study that
also uses N; = 12 lattices, but with much larger statistics,
extracted a different result [109]. Here, simple but physically
motivated parametrizations of the spectral functions were
used to obtain the real and imaginary parts of the potential:
the real part of the potential turns out not to be screened in
general [109]. The only way to obtain a screened potential
from the lattice results of Ref. [109] is to use a perturbative
HTL inspired representation of the spectral function [109].
However, it turns out that, although HTL results for the equa-
tion of state of in good agreement with lattice calculations
at high temperatures [110,111], HTL calculations are in dis-
agreement with the lattice results on the Wilson line correla-
tors even for very high temperatures [109]. More recently, the
analysis of Wilson line correlators from Ref. [109] has been
repeated using lattices with much larger temporal extent,
N; = 20— 36, and it was again found that the real part of the
potential is not screened [112]. Very recently, a microscopic
calculation of the Wilson line correlators has been carried
out in the thermodynamic 7 -matrix approach [113]; it was
found that, with a refined input potential which also shows
little screening at small and intermediate distances, the lat-
tice results can be reasonably well reproduced, but with very
large quarkonium widths.

The HQ momentum diffusion coefficient, «, is also used
as an input to a few phenomenological models of quarkonia
production. It can be calculated on the lattice using HQET,
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as mentioned above, in terms of a chromo-electric corre-
lation function with fundamental Wilson lines [94]. Most
1QCD calculations of « have been performed in quenched
QCD [114-119]. Very recently the first lattice calculation of
the HQ diffusion constant in 2+1 flavor QCD appeared [120],
which includes the HQ mass dependence of « and the
related HQ spatial diffusion coefficient, D, [121]. Within the
pNRQCD approach one can consider a chromo-electric cor-
relator with adjoint Wilson lines. This correlation function
defines another transport coefficient «,qj, which enters the
pNRQCD-based open quantum system approach of quarko-
nium production [122]. To leading order in perturbation the-
Ory, K = Kudj, but this is not true in general. Unfortunately,
no lattice QCD calculations of «,gj are available so far.

As will be discussed below, phenomenological models
of quarkonium production in heavy-ion collisions require
knowledge of the in-medium HQ masses. Generalized charm
and bottom susceptibilities can be useful for constraining
these masses. Lattice calculations of these quantities exist
both in quenched [98] and full QCD [123-127]. It was
inferred that the in-medium charm- and bottom-quark masses
decrease with increasing temperature [98,121,123].

4 Model descriptions

In this section we provide a synopsis of each of the phe-
nomenological approaches to describe heavy-quarkonium
transport in URHICs that has been included in the present
effort. By summarizing each approach, guided by the same
list of key ingredients, assumptions and inputs, we attempt
to lay out the strengths and areas of future improvement in
the various model calculations.

4.1 The Duke-MIT approach

The Duke-MIT approach is based on a set of coupled
Boltzmann equations that describe the in-medium evolu-
tion of both heavy quarks and quarkonia [128]. The Boltz-
mann equation for quarkonia describes their dissociation and
recombination. It is derived by using the pNRQCD effective
field theory in the hierarchy of energy scales

M >> Mv>> Mv> > T, (1)

and the open quantum system approach in the quantum opti-
cal limit [129-131]. The symbol Mv?> > T means that the
temperature is on the order of or smaller than the binding
energy; e.g., T = 1.5Mv? is still in the validity region
of the framework. The dissociation and recombination pro-
cesses are formulated in a factorized way such that their
collision terms can be written as a convolution of a dipole
transition term of the heavy quark-antiquark wave function
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and a generalized (chromoelectric) gluon distribution func-
tion of the QGP [130]. The generalized distribution function
(GGD) is achromoelectric field correlator defined in a gauge-
invariant and non-perturbative way, and it naturally general-
izes the gluo-induced and inelastic scattering processes to
account for the situation where the medium partons induc-
ing these processes can be off-shell and non-perturbative.
When T > Aqcp, the GGD has been calculated to next-to-
leading order accuracy [132]. When T ~ Aqcp, the GGD
has been calculated by holography [133,134] and can be stud-
ied by Euclidean lattice QCD calculations [135]. The con-
sistency between the dissociation and recombination imple-
mentations has been tested in a static QGP box [37]. The
bulk dynamics of the QGP is described by a 2+1D viscous
hydrodynamic equation that has been implemented in the
“VISHNU” package and calibrated against the production
of light particles [136]. The Boltzmann equation for open
heavy quarks describes their diffusion and energy loss in the
QGP, which has been implemented in the “Lido” package
and has been calibrated against open heavy-flavor produc-
tion observables [137]. The effect of nPDFs is taken into
account by using the EPPS16 parameterization [138] and the
feed-down network is considered in the hadronic stage. The
framework has been used in phenomenological studies of
bottomonium production in heavy ion collisions [128].

Model ingredients

e In-medium potential An unscreened Coulomb potential
is used as the in-medium potential.

e Vacuum limit of potential/spectroscopy The Duke-MIT
approach reproduces the Y'(1 S) mass in vacuum by con-
struction but not the 2S and 3 S excited states, which is
a consequence of using a Coulomb potential.

e Reaction rates For dissociation, both gluo-dissociation
and inelastic scattering contributions are included in
a pNRQCD based calculation. The pNRQCD calcu-
lation takes into account the interference between the
heavy quark scattering and the heavy antiquark scatter-
ing. Therefore, it goes beyond the quasi-free approxima-
tion. For recombination, similar processes (gluo-induced
and inelastic) are included [139]. For unbound heavy
quark-antiquark pairs, the diffusion and energy loss are
included independently for each heavy quark.
Three-momentum dependence comes in since the reac-
tion rates are calculated in the rest frame of the heavy
quark-antiquark pair for dissociation and recombination
and boosted back to the laboratory frame [140]. The rest
frame is a natural frame for the non-relativistic treatment
in the effective field theory. However, for sufficiently
large transverse momenta, the non-relativistic treatment
breaks down in the rest frame since the partons from the
medium get significantly boosted.

e Assumptions about the medium (degrees of freedom, etc.)
The calculations of the gluo-induced and inelastic pro-
cesses mentioned above assume the medium consists of
free quarks and gluons. However, the Boltzmann equa-
tion for quarkonium formulated in our framework can
easily go beyond this. The nonperturbative nature of the
medium partons relevant for quarkonium is encoded in
terms of the chromoelectric field correlator mentioned
above. It has been shown that, beyond leading-order in
the strong coupling, this chromoelectric field correlator
for quarkonium is different from the one used to define
the heavy quark diffusion coefficient [132, 141].

e Temperature dependence of heavy quark masses The
heavy quark mass is treated as independent of temper-
ature here.

e Equilibrium limits in transport The heavy quark Boltz-
mann equation can drive the system of unbound heavy
quarks to kinematic equilibrium. The quarkonium Boltz-
mann equation can drive the system of bound and
unbound pairs into chemical equilibrium [37].

e Constraints from lattice QCD At the moment, there is no
constraint from lattice QCD calculations. However, the
next systematic step is to apply lattice QCD techniques
to calculate the chromoelectric field correlator mentioned
above [135].

e Range of applicability and how is this range established
The range of applicability is established by the power
counting of the effective field theory pNRQCD. When
the temperature is much bigger than the inverse of a typ-
ical quarkonium size, quarkonium cannot exist as a well-
defined bound state inside the medium, so the dynam-
ics are effectively described in terms of an unbound but
possibly correlated pair. When the temperature is much
smaller than the inverse of the typical quarkonium size,
the effective dynamics is described as quarkonium disso-
ciation and recombination and these processes can be sys-
tematically calculated in pNRQCD. When the medium
becomes nonperturbative, a nonperturbative determina-
tion is needed. Due to the use of the optical limit there
is also a upper limit on the temperature since the optical
limit assumes that the binding energy of states is small
compared to 7 7T.

e Quantum features The Boltzmann equation for quarko-
nium is derived from the open quantum system in the
quantum optical limit, with a systematic semi-classical
(gradient) expansion. Quantum corrections to the recom-
bination term have been worked out but not yet imple-
mented. There is no quantum correction to the dissocia-
tion term [130,131].

e Regeneration The recombination is formulated in the
open quantum system approach (quantum optical limit)
and thus it is consistent with the description of dissoci-
ation [129-131]. The recombination term in the Boltz-
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mann equation is calculated in pNRQCD, which is valid
when the quarkonium size is small, compared to the
medium temperature. When the temperature is much big-
ger, the effective dynamics are described in terms of an
unbound but possibly correlated heavy quark-antiquark
pair, which is consistent with the quantum Brownian
motion limit of the open quantum system framework.

e Coupling to open heavy-flavor sector The open heavy-
flavor transport is an important part of the coupled Boltz-
mann equations. It provides the heavy quark-antiquark
distribution that is needed as an input in the recombina-
tion term, which allows the study of both correlated and
uncorrelated recombination processes. The open heavy-
flavor transport is necessary for the system to reach
kinetic equilibrium.

e Hadronic-Phase Transport No hadronic-phase transport
except for feed down.

e [nitial quark/quarkonium distributions Momentum dis-
tribution: Pythia with nPDF parametrized by EPPS16;
spatial distribution: binary collision density obtained
from Trento that has been calibrated against light par-
ticle production observables [136,142].

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? nPDF parameterized by EPPS16.

e Constraints from pA and dA collisions EPPS16 uses some
pA datato fit the nPDF. We also use p-Au data from STAR
to fix the cold nuclear matter effects in 200 GeV Au-Au
collisions.

e Medium evolution model 2+1D viscous hydro (“VISHNU”)

that has been calibrated against light particle production
observables.

e Feed down implementation Feed down contributions
from 28, 38, 1P, and 2P states for Y states.

e Comparisons to experimental data Can describe Y (nS)
data from both LHC and RHIC collisions, except for
the recent Y (3S) data from CMS since recombination
of T(3S) has not been included.

e Phenomenological breadth We included Y (nS) and
X»(nP) in the reaction network. We studied both RHIC
and LHC collision energies.

4.2 The Munich-KSU approach

We utilize a set of coupled quantum evolution equations
for the reduced density matrix derived in Refs. [31,32,122]
using the formalism of open quantum systems (OQS) and the
effective field theory (EFT) potential nonrelativistic QCD
(pPNRQCD) [143,144]. The resulting set of coupled evolu-
tion equations describes the time evolution of singlet and
octet Coulombic states propagating in a thermal medium at
temperature 7 realizing the hierarchy of scales

M > 1/ap > 7T ~gT, Agcp > E, (2)
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where M is the heavy quark mass, ag is the Bohr radius of
the quarkonium state, T, is the temperature of the strongly-
coupled QGP medium and E is the Coulombic binding
energy of the bound state. In this regime, the evolution equa-
tions take the form of a Lindblad equation

d ! o
PO i 01+ Y (C?p(z)c;" - {erier p(t)}) ,

n=0 2
3)

dt

where p () and H are the quarkonium density matrix and in-
medium Hamiltonian and the collapse operators C; encode
interactions with the medium. The anticommutator term is
responsible for the in-medium width. The first term in paren-
theses ensures that the evolution is trace preserving. For a
detailed discussion, see Egs. (2)-(5) and accompanying text
of Ref. [19].

We work in the bottom sector, which realizes the dilute
limit described by the above Lindblad equation linear in the
quarkonium density p(¢). We, furthermore, work up to order
(apm T')? in the finite temperature pPNRQCD multipole expan-
sion and implement an additional expansion to linear order
in E/(wwT). The heavy quark mass is taken in the 1.5 scheme:
M = Mb = M'r(] S)/Z = 4.73 GeV where MT(I S) is taken
from the Particle Data Group [145]. The Bohr radius is com-
puted by solving its self-defining relation

2

=, “4)
Cras(1/ap)Mp

ao

where Cr = (NC2 —1)/(2N,) = 4/3 is the quadratic Casimir
of the fundamental representation of SU(N, = 3), o5 (1/ap)
is the strong coupling evaluated at the energy scale 1/ag
using the 1-loop, 3-flavor running coupling and A%=3 =
332 MeV [145]. This gives ap = 0.678 GeV~Ll. In the
OQS+pNRQCD formalism, interactions with the medium
are calculated systematically and occur as in-medium mod-
ifications to the heavy quarkonium potential (the real and
imaginary parts of which cause a thermal mass shift § M
and thermal width T, respectively) and color singlet to octet,
octet to octet and octet to singlet transitions (the latter imple-
menting recombination of the heavy quark-antiquark pairs).
For the hierarchy of scales realized in Eq. (2), the imaginary
part of the in-medium potential is controlled by the heavy
quarkonium momentum diffusion coefficient « (7") and the
real part by y(T), which is the dispersive counterpart of
k(T); these transport coefficients are fixed from indepen-
dent, unquenched lattice measurements of I and § M [146].

Model ingredients

e [n-medium potential We use a vacuum Coulomb poten-
tial plus a quadratic in-medium modification through the
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transport coefficient . The Coulombic binding energy
|E| =1/(M aé) = 460 MeV sets the scale of the spacing
of the energy levels.

Vacuum limit of potential/spectroscopy In the kinemat-
ical situation described by Eq. (2), the real part of
the in-medium quarkonium potential is the sum of a
Coulomb part, —Croay/r, and a term proportional to
y(T)r? [31,147]. Taking the vacuum limit 7 — 0,
the in-medium potential reduces to the Coulomb poten-
tial plus a correction proportional to y(T = 0)r2 ~
Adycp r* [143]. We emphasize that to accurately repro-
duce the vacuum spectrum (in particular fine and hyper-
fine splittings), higher-order loop corrections in oy to
the Coulomb potential may be necessary to include (cf.
Ref. [144]). In the adopted hierarchy of energy scales,
they are parametrically subleading with respect to the
considered in-medium quarkonium potential. The imag-
inary part of the in-medium quarkonium potential is pro-
portional to k(7)) r2 [31,147].

Reaction rates Using the OQS+pNRQCD formalism, we
systematically calculate interactions with the medium
at strong coupling: our self-energy contributions induce
a thermal shift in the quarkonium energy, a thermal
quarkonium width and singlet-octet, octet-octet and
octet-singlet transitions that describe recombination and
account for gluodissociation [148] parton dissociation
[149] and screening effects (in the short-distance limit).
We note that the thermal decay width can be computed
as either (1) an expansion in E /(7 T) with the state of
the art expression extending up to order E/(nT) or (2)
using the eigenvalue of the non-Hermitian Lagrangian
which emerges at a given order in the E/(wT) expan-
sion. For a detailed discussion of method (1) and explicit
expressions, see Sect. 4.1 of Ref. [32]. For this report
we use method (2) since, in practice, it provides a better
description of the dynamical evolution than using widths
based on the vacuum states. We consider a quarkonium
state comoving with the medium; the width is, therefore,
independent of p.

e Assumptions about the medium (degrees of freedom, etc.)

We assume a strongly-coupled QCD plasma in local
thermal equilibrium. The degrees of freedom are sin-
glet and octet quarkonium states. Interactions with in-
medium gluons are integrated out and described using the
pNRQCD Lagrangian. In a medium realizing the hierar-
chy of scales of Eq. (2), the relevant transport proper-
ties of the medium are encoded in the heavy quarkonium
momentum diffusion coefficient « (7') and its dispersive
counterpart y (7).

Temperature dependence of heavy quark masses The
heavy quark mass is treated as independent of temper-
ature. Similar effects are already included in the chro-
moelectric field correlator mentioned above [130]. We

work in the 1§ scheme for the heavy-quark mass in which
M = M, = M~ys)/2. It is important to note that the
mass of the bottom quark is not an observable quantity
and is, furthermore, a scheme-dependent quantity. In our
framework, the heavy-quark mass is a parameter enter-
ing the evolution equations; it receives no medium cor-
rections. The bound-state mass, on the other hand, is an
observable quantity, and its thermal correction up to order
a(% (7 T)? in the multipole expansion of pPNRQCD at finite
temperature is given by s My (is) = %aé y(T).
Equilibrium limits in transport We do not enforce and
have not observed (on time scales relevant to HICs) an
equilibrium limit; this is a subject of ongoing investiga-
tion.

Constraints from lattice QCD The transport coefficients
k(T) and y (T), which fully encode the interaction of the
quarkonium state with the medium, are calculated from
lattice measurements of the thermal width I'" [92,109]
and the thermal mass shift § M [109] of the Y (15). For a
presentation of the method (with older lattice data), see
Ref. [146].

e Range of applicability and how is this range established

We do not extend the medium evolution to temperatures
below Ty = 190 MeV. As discussed in our executive
summary, our evolution equations are derived assuming
the hierarchy of scales 7T > E; furthermore, our in-
medium width operator is computed order-by-order as an
expansion in E/(z T). At zeroth-order in this expansion
[31,122,150,151], we do not extend our analysis below
Ty = 250 MeV. Our state of the art results include terms
up to and including order E/(x T); a phenomenological
comparison against the zeroth-order results (see discus-
sion at the end of Sect. 4.2 of Ref. [32]) leads us to select
Ty = 190 MeV as a lower bound when including these
terms. Finally, to ensure that 7T < 1/aq is fulfilled at
all times, we do not extend our analysis above T ~ 500
MeV.

Quantum features Our in-medium EFT description of the
system is fully quantum. In practice, we solve the Lind-
blad equation by computing the real-time evolution of
the Schrodinger equation for a large ensemble using the
quantum trajectories algorithm. This provides a numeri-
cal solution of the evolution of the reduced density matrix
that describes both singlet and octet states.
Regeneration pNRQCD octet to singlet chromoelectric
dipole transitions implement quantum regeneration. The
quantum mechanical wave function includes both bound
and free bb pairs and transitions between these two types
of states.

Coupling to open heavy-flavor sector We work in the
dilute limit and thus only in the bottom sector; open bot-
tom states are implemented via the octet (unbound) con-
tribution.
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e Hadronic-Phase Transport When the local temperature
of the medium falls below Ty, we terminate the coupling
with the medium and evolve the state in the vacuum; in
practice, this corresponds to termination of the evolution.
We apply our feed-down procedure to the resulting sur-
vival probabilities and do not implement hadronic-phase
transport.

e [nitial quark/quarkonium distributions As the heavy
quark mass M, which sets the scale of heavy quarkonium
formation, is the largest scale of the combined system, our
initial state is point-like with respect to the medium. We
thus utilize a peaked Gaussian as a numerically tractable
approximation of a position-space delta function. We
sample the initial positions of these quantum mechanical
wave-packets from the AA binary collision profile for
a given impact parameter and sample their initial trans-
verse momentum from a pt/( p% + (M)?)? distribution
where (M) is the average mass of a bottomonium state.

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? We do not include cold nuclear matter or
nPDF effects.

e Constraints from pA and dA collisions We do not include
constraints from pA and dA collisions.

e Medium evolution model We make use of a 3+1D dissipa-
tive hydrodynamics code based on the relativistic quasi-
particle anisotropic hydrodynamics (aHydroQP) frame-
work [152—154]. The aHydroQP framework has been
tuned to reproduce a large set of experimental soft-
hadronic observables, such as the total charged-hadron
multiplicity, identified hadron spectra, integrated and
identified hadron elliptic flow, and HBT radii at both
RHIC and LHC nucleus-nucleus collision energies [155—
160]. The evolution uses a realistic equation of state deter-
mined from lattice QCD measurements [161] and self-
consistently computed second- and higher-order dissipa-
tive transport coefficients [154].

e Feed down implementation We implement a feed-down
procedure on our results for the survival probability
before comparing against experimental measurements.
The feed-down procedure consists of multiplying a vec-
tor containing the survival probabilities by a feed-down
matrix, the entries of which are determined from the
branching fractions of the considered states obtained
from the Particle Data Group listings. For a more detailed
description, including the states considered and the pre-
cise values of the entries of the feed down matrix, see
Sect. 6.4 of Ref. [150].

e Comparisons to experimental data We compare with
experimental measurements of the nuclear modification
factor Raa of the Y'(1S), Y(2S) and Y (3S) states as
functions of the number of participants and of transverse
momentum; double ratios of the aforementioned nuclear
modification factors; and the elliptic flow v, of the afore-
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mentioned states from the ALICE [72], ATLAS [162]
and CMS [69,163] collaborations.

e Phenomenological breadth We work exclusively in the
bottom sector and compare with experimental data for
the Y (1S), T(2S) and Y (3S) states obtained in Pb-Pb
collisions at \/syy = 5.02 TeV.

4.3 The Nantes model

The Nantes model is based on earlier work by Blaizot and
Escobedo [85]. Using NRQCD and the open quantum sys-
tems framework, coupled quantum master equations are
derived in the quantum Brownian motion regime, describing
the dynamics of a single quark-antiquark pair in the QGP.
Our work extended their equations in order to ensure that the
positivity of the density operator is preserved [164,165]. The
static screening in the medium and the dynamical processes
occurring between the Q Q pair and the medium constituents
are described by a complex potential. The quantum master
equations (QMEs) derived take into account both diffusive
and dissipative effects in the medium. The dissociation and
diagonal recombination are described by the singlet <> octet
color transitions of the pair. All together, this results in a
quantum master equation of the Lindblad type expressed as
dDy4

—— = LoDyl + LilDypl+ L2[Dy sl + L3[Dypl

dt
+L4[Dgg), )

where D, ; is the density operator containing a singlet and an
octet component. Lo and £ represent the kinetic energy and
the (screened) real potential, while £,, £3, and L4 respec-
tively account for the fluctuations, the dissipation and the
preservation of positivity; they depend on the assumed imag-
inary part W of the complex potential.

The off-diagonal recombination is not treated as only one
pairis considered in our modeling. The medium is assumed to
have a uniform temperature, which is either fixed during the
whole evolution or is dynamical. The dynamical medium fol-
lows an average temperature profile obtained from EPOS4,
corresponding to the average temperature along the path
of multiple pairs. The resolution of the quantum master
equations is performed in one dimension. We have devel-
oped a new complex potential, specifically tailored to model
the three-dimensional phenomenology [166]. In addition, to
obtain tractable equations for the evolution of a Q Q pair, the
center of mass degrees of freedom were integrated out.

Model ingredients

e [n-medium potential One-dimensional temperature-
dependent complex potential parameterized [166] to
reproduce decay widths and mass spectra of the three-
dimensional potential by Lafferty and Rothkopf [108].
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e Vacuum limit of potential/spectroscopy In the vacuum,
the real part of the potential is linear with a saturation
corresponding to twice the mass of the lightest D or B
meson. The mass spectra of charmonium and bottomo-
nium states are reproduced with a precision of 20 MeV.

e Reaction rates The reaction rates are obtained from an
imaginary potential, which is one-dimensional and fitted
to a three-dimensional potential [108]. Each term L5, L3,
and L4 brings it own contribution, with increasing power
of the relative velocity. The dominant one stemming from
the £, term simply leads to 'y = 2(yr|W|y/).

e Assumptions about the medium (degrees of freedom, etc.)
The medium constituents are light quarks and gluons. The
medium is assumed to be in equilibrium.

e Temperature dependence of heavy quark masses The tem-
perature dependence of quark mass is taken as mg +
Vo (T)/2, where mg is the bare mass — taken as 1.47
GeV for ¢ quarks and 4.88 GeV for b quarks and V, is
the asymptotic value of the 1D real potential.

e Equilibrium limits in transport The QME (5) admits a
unique asymptotic state for each temperature and such
a state is reached as the final outcome of any initial
state. For large relative distance, the complex potential
saturates and the QME for the QQ pair splits into two
independent QMEs for each quark. In the semi-classical
limit, these QMEs are equivalent to Fokker-Planck equa-
tions (with a momentum diffusion coefficient expressed
as W”(0)) and naturally lead to Boltzmann distributions
for individual quarks. In the quantum regime, the HQ
effective temperature is 10% to 20% higher than the
medium temperature. This is due to the UV regularization
procedure adopted for the imaginary potential. When the
evolution is performed in a box, the asymptotic spatial
densities of both Q and Q are finite and some Q Q spa-
tial correlation emerges at small relative distance. The
corresponding asymptotic distribution of quarkonia is
presently under investigation.

e Constraints from lattice QCD Lattice QCD is used to
constrain the complex potential.

e Range of applicability and how is this range established
The model is developed in the quantum Brownian regime
due to the assumed scale hierarchy.

e Quantum features The treatment within the open quan-
tum system framework is fully quantum (under the usual
assumptions made in the Quantum Brownian regime).

e Regeneration “Diagonal” regeneration is included but not
“off-diagonal” regeneration as only one pair is consid-
ered.

e Coupling to open heavy-flavor sector As explained pre-
viously, the O Q dynamics naturally factorize when the
distance between Q and Q is large. This has however
little influence on the quarkonia probability measured at

finite time since only pairs which do not evolve too far
apart during the evolution contribute.

e Hadronic-Phase Transport No transport in the hadronic
phase.

e Initial quark/quarkonium distributions The initial distri-
bution of heavy quarks is taken from the EPOS4 frame-
work. The ensuing transverse distribution of charmed
hadrons is found in good agreement with the experi-
mental distributions for the cases investigated up to now
[167]. In AA collisions, the spatial distribution of heavy
quarks and heavy quarks pairs follows a N¢op scaling. In
our approach, there is no initial quarkonia per se but Q Q
pairs. The initial internal degrees of freedom for these
pairs are described as a pure-state density operator either
in the singlet or in the octet representation. As for the rel-
ative distance dependence, compact Gaussian states are
privileged, although it is also possible to initiate the evo-
Iution with any eigenstate from the vacuum or thermal
potential.

e Are cold nuclear matter effects, nPDF effects, etc.
taken into account? No Cold Nuclear Matter effects are
included.

e Constraints from pA and dA collisions No constraints
from pA/dA collisions.

e Medium evolution model Two cases are considered: a
static medium with fixed temperature and an evolving
medium following an average temperature profile from
EPOS4.

e Feed down implementation No realistic feeddown is
included.

e Comparisons to experimental data No comparison to
experimental data for the moment.

e Phenomenological breadth Charmonium and bottomo-
nium systems can be studied within our model. As our
model is one-dimensional, we only consider even (S-like)
and odd (P-like) eigenstates of the real part of the com-
plex potential.

4.4 Parton-hadron string dynamics

Quarkonium production in the Parton-Hadron-String Dynam-
ics (PHSD) is composed of the production of heavy quark
pairs, the interaction and dynamics of heavy (anti)quarks in
the medium and the Wigner projection of heavy quark pairs
onto the quarkonium wave function based on the Remler for-
malism [86,168-172].

First, the Wigner production is carried out in pp colli-
sions without any nuclear matter effects. Heavy quarks and
heavy antiquarks are separated from each other in space by
Monte Carlo such that the average distance is on the order
of the inverse mass and each momentum is provided by
the PYTHIA event generator [173] after rescaling the rapid-
ity and transverse momentum of heavy quark to mimic the
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FONLL calculations [174]. Then the Wigner projection finds
out the most suitable radius of each quarkonium state from the
comparison to the experimental data in pp collisions [175].

In heavy-ion collisions the (anti)shadowing effects are
implemented using the EPS09 [176] which modifies heavy
quark production and affects quarkonium production as well.
Produced heavy quarks and antiquarks interact in the QGP
within the Dynamical Quasi-Particle Model (DQPM) [74].
Quarkonium properties in the QGP, such as the dissoci-
ation temperature and radius are obtained by solving the
Schrodinger equation with the heavy quark potential from
lattice QCD. Once the local temperature is lower than the
dissociation temperature, quarkonium begins to form through
the Wigner projection with a temperature-dependent radius.
Since each state of quarkonium has a different dissociation
temperature, this projection takes place at different times and
positions in heavy-ion collisions. We take into account 1S,
1P, and 2 S states for charmonia and 1S, 1P, 2S, 2P, and 3S
states for bottomonia and also feed down from excited states
to a lower state as well as B-hadron decay to charmonium.

Whenever a heavy (anti)quark scatters in QGP, a Wigner
projection is carried out and the density of each quarkonium
state is updated. If a heavy quark pair forms a bound state, its
cross section with thermal partons will be smaller than the
sum of the cross sections of heavy quarks and of heavy anti-
quarks due to the interference terms. Therefore, we introduce
an ad-hoc suppression factor to the heavy quark scattering
such that only part of the scatterings affects quarkonium pro-
duction and dissociation. The suppression factor is roughly
10 % for bottomonia in Pb+Pb collisions at /sy = 5.02
TeV, which produces results consistent with experimental
data [177].

Model ingredients

e In-medium potential The present form of PHSD uses the
lattice free energy as heavy quark potential. But we can
switch the potential to the internal energy or a combina-
tion of both energies. By solving the Schrodinger equa-
tion with the heavy quark potential, one obtains the disso-
ciation temperatures and the binding energies of charmo-
nia (J /¥, x¢, ¥') and of bottomonia (Y (nS), x,(mP)).
If a dissociation temperature is lower than 7, it is taken
to be T.

e Vacuum limit of potential/spectroscopy The heavy quark
mass in vacuum is adjusted such that the ground state of
quarkonium has the physical mass in the Particle Data
Book. As a result, the charm quark mass is taken to be
1.26 GeV and the bottom quark mass 4.62 GeV. These
are only used to solve the Schrodinger equation and the
masses of open charm and bottom quarks in the PHSD
are, respectively, 1.5 GeV and 4.8 GeV.
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e Reaction rates The reaction rate of quarkonium is directly
related to the reaction rate of heavy quarks, based on the
Remler formalism [168—172]. It is similar to a quasi-
free approach. However, if the heavy quark and heavy
anti-quark form a bound state, the reaction rate will be
smaller than twice the reaction rate of heavy quarks due to
interference terms of heavy quark scattering and heavy
antiquark scattering. So an adhoc suppression factor is
introduced to the reaction rate of heavy quark, which is
about 0.1 for bottomonia.

e Assumptions about the medium (degrees of freedom, etc.)
A QGP in PHSD is composed of off-shell massive par-
tons whose pole mass and spectral width depend on tem-
perature and baryon chemical potential and are fitted to
the equation-of-state (EoS) from the lattice QCD cal-
culations [74]. The scattering cross sections of heavy
quarks and light partons are calculated at leading order in
the strong coupling constant, but the propagator of mas-
sive offshell partons implements a resummation of the
parton propagator and removes all singularities, making
it unnecessary to introduce an explicit Debye screening
mass [178].

e Temperature dependence of heavy quark masses In prin-
ciple heavy quark will also be off-shell in medium. But
that is not taken into account in the present form of the
PHSD, since its effects on the observables are expected to
be small. So the heavy quark mass is constant and does not
depend on temperature in the PHSD simulations [179].
The charm quark mass is taken to be 1.5 GeV and bottom
quark mass 4.8 GeV [180].

e Equilibrium limits in transport We have recently tested
the Remler formalism which the PHSD adopts in thermal-
ized and thermalizing boxes and found that the results are
in good agreement with the statistical model [172].

e Constraints from lattice QCD In the PHSD approach, the
pole mass and spectral width of massive off-shell partons
which interact with heavy quark are fitted to lattice EoS
through the strong coupling that depends on temperature
and baryon chemical potential [74]. And the heavy quark
spatial diffusion coefficient from lattice calculations is
also described in the DQPM with an adhoc multiplication
factor of 2 [180,181].

e Range of applicability and how is this range established
In principle there is no limitation for the application
of the Remler formalism, because it is calculating the
quarkonium density in quantum statistics. In practice,
the dynamics of heavy quarks are calculated resorting
to semi-classical trajectories which are a good approxi-
mation to the exact quantum mechanical evolution when
the local temperature is larger than the binding energies.
At lower temperatures, quantum corrections should how-
ever be applied.
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e Quantum features Once the local temperature is lower
than the dissociation temperature of quarkonium in
heavy-ion collisions, there is a possibility for Q and Q
which are close in phase space to form a bound state,
based on the projection of the pair on the quarkonium
wave function. Whenever a heavy (anti)quark scatters in
the QGP, the projection is carried out and updated.

e Regeneration In the Remler formalism each scattering
of a (anti)heavy quark brings about quarkonium disso-
ciation and regeneration simultaneously, based on the
change of 2-body Wigner density. Since the formalism
provides only the change of quarkonium density with
time, it is not simple to separate dissociation and regen-
eration.

e Coupling to open heavy-flavor sector Quarkonium pro-
duction and dissociation are closely related to the dynam-
ics of heavy (anti)quarks, since the quarkonium exists in
QGP as a density probability, which is calculated from
the distribution of heavy (anti)quarks in coordinate and
momentum space.

e Hadronic-Phase Transport The dissociation cross sec-
tion of quarkonium into a Q Q pair by light pseudoscalar
or vector mesons is obtained by assuming a constant tran-
sition amplitude, which is fitted to experimental data at
SPS energy [182]. The transition amplitude squared is
multiplied by 3, if there is a vector meson such as D* or
B* in the final state due to spin degeneracy, and divided by
3, if the light meson has strangeness. The reverse reaction
is realized by the detailed balance.

e [nitial quark/quarkonium distributions The initial spa-
tial distribution of heavy quark pairs is given by the dis-
tribution of primary nucleon+nucleon scatterings in the
Glauber model, and the initial momentum distribution is
generated by the PYTHIA event generator [173] and then
tuned by rescaling rapidity and/or transverse momentum
of heavy quark pairs such that the distribution becomes
similar to that from the FONLL calculations [183]. In pp
collisions the produced heavy quark pair is projected on
the quarkonium wave function after separating the heavy
quark and antiquark by a distance which is inversely pro-
portional to heavy quark mass on average. In heavy-ion
collisions the projection is carried out when the local
temperature is lower than the dissociation temperature of
each quarkonium state.

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? In the PHSD approach (anti)shadowing
effects on heavy quark production are included using
EPS09 [176,184]. This suppresses the production of
heavy flavor at low pr and at mid-rapidity, depending on
collision energy. It also affects the production of quarko-
nium.

e Constraints from pA and dA collisions There is no addi-
tional constraint from pA and dA collisions except intro-
ducing EPS09 for the (anti)shadowing effects.

e Medium evolution model The production and time evo-
lution of a nuclear medium in heavy-ion collisions are
described using PHSD [185-189] where initial partons
are produced through the string fragmentation or string
melting, and then evolve and interact in off-shell dynam-
ics. Around the critical temperature the off-shell partons
hadronize to off-shell hadrons which eventually freeze
out as on-shell hadrons.

e Feed down implementation We first realize the feed down
in pp collisions, because experimental data are available
there. The branching ratio of each excited state to a lower
energy state is given by the Particle Data Book, and its
contribution to the ground state is controlled by adjusting
the radius of the excited states, because the yield of each
state depends on its radius in the Wigner projection [175].
The same method is applied to heavy-ion collisions. We
also take into account B-hadron decay to charmonium
which is not negligible at LHC energies.

e Comparisons to experimental data We have tested our
model first in pp collisions and found good agree-
ment with the experimental data on the rapidity dis-
tributions and pr-spectra of J/¢, Y and their excited
states [175,177]. Based on these successful results in pp
collisions, the Remler formalism is applied to bottomo-
nia production in Pb-Pb collisions at /sy = 5.02 TeV
and it produces the results consistent with experimental
data [177].

e Phenomenological breadth Our model is applicable to
any quarkonium state, if its wave function is given. This
method does not depend on collision energy or system
size.

4.5 The Saclay model

The aim of the “Saclay model” is to highlight the importance
of the finite energy gap between singlets and octets (which
essentially corresponds to the binding energy). It is an elabo-
ration of a model that was developed in [190] for illustration
purposes. We studied there the conditions that a master equa-
tion should fulfill in order to lead to thermal equilibrium. We
found that taking into account the finite energy gap between
energy levels was crucial, and we derived a general set of
equations (valid in the E > I' limit) that describe an evolu-
tion in which the free energy monotonically decreases.

As a simple model we consider equations that consist of a
rate equation for the singlet combined with a Langevin equa-
tion for the octet component. The rate equation that governs
the populations of singlets (p; ) and octets (py,) is given by
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where S;., = sin (%), with r the relative coordinate, and

'~ is a correlator of Ay fields in the Coulomb gauge, eval-
uated in the hard-thermal-loop (HTL) approximation. The
octet can also decay into a singlet. However, we checked in
[190] that the probability for that to happen during the life-
time of the fireball is negligible, so we ignore it, which is
achieved in practice by taking py, = 0 in eq. (6). We note
that in this model, the decay width of the bound state depends
both on its binding energy and its wave function.

In [191] we made a phenomenological application of this
model. We did that considering two different choices for the
real part of the potential. In the first case, we considered a
Yukawa potential with the running of the coupling constants
that would correspond to a computation in which 1 /r ~ mp.
In the second scenario, we considered the real part of the
potential that was fitted to the lattice data of [108]. The results
presented here extend some of the results reported in [191].

Model ingredients

e In-medium potential As just mentioned, two different
scenarios are considered, which, for simplicity, we name
the “perturbative” and the “lattice-inspired” scenarios
[191]. In both cases, we solve the Schrodinger equation
using the real part of the potential. In the perturbative
case, we use a Yukawa potential in which « is evaluated
at the Bohr radius of Y'(1S5) (1/ap = 1322 MeV) and the
o for the calculation of the Debye mass is evaluated at
w = 2 T. In the lattice inspired case, we use the real
part of the potential fitted to the lattice data of [108].

e Vacuum limit of potential/spectroscopy In the perturba-
tive case, we would get a Coulomb potential at zero tem-
perature. In the lattice inspired scenario, we recover a
Cornell potential. Note however that with the parameters
used this Cornell potential (composed of a Coulomb plus
a linear confining part) reproduces the spectroscopy only
approximately.

e Reaction rates We assume that the leading mechanism is
inelastic scattering with medium particles. This is com-
puted in the HTL one-gluon exchange approximation
using the wave functions and binding energies obtained
by solving the Schrodinger equation with the real part
of the potential. The octet wave function is modeled in
the large N, limit. Our reaction rate can be encoded in a
frequency-dependent imaginary potential (which reduces
to the commonly used static imaginary potential when
the frequency dependence is ignored). It was studied and
computed in [190].
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Assumptions about the medium (degrees of freedom, etc.)
We assume the accuracy of the one-gluon exchange
approximation and HTLs. The only exception is the real
part of the potential in the lattice-inspired scenario, which
is taken from a fit to lattice data.

Temperature dependence of heavy quark masses Our
heavy quark masses do not depend on temperature.
Equilibrium limits in transport Strictly speaking, the
equations we use do not bring the system to equilibrium
because we did not include regeneration. However, we
checked in [190] that this was an accurate approximation
for the typical time scales that we are interested in at the
LHC.

Constraints from lattice QCD In the lattice inspired sce-
nario we use as input lattice data on the real part of the
potential.

Range of applicability and how is this range established
One condition for the model to be valid is that the decay
width be much smaller than the energy gap between sin-
glets and octets. We start with a quantum non-Markovian
master equation and only in this limit we arrive to a
Markovian rate equation that we can solve. The validity
of other approximations used (one-gluon exchange and
validity of the HTL propagators) is difficult to establish.
Quantum features Quantum features are included in the
rate (wave function and binding energy, as well as the
gap between energy levels).

Regeneration We do not consider regeneration since we
work in the dilute limit (valid for bottomonium) and we
have checked that in this limit regeneration effects are
not important for the relevant LHC time-scales.
Coupling to open heavy-flavor sector There is no direct
relation to open heavy-flavor. In our model the octet
evolves following a Langevin equation that uses the
heavy quark diffusion coefficient as input. However,
since we do not include regeneration, this has little impact
on the results that we present.

Hadronic-Phase Transport We do not consider hadronic
effects.

Initial quark/quarkonium distributions In the present
simple approach, the survival probability coincides with
R4 4. The spatial distribution of quarkonium at the initial
time is proportional to the density of collisions (uninte-
grated number of collisions in the Glauber model). We
do not consider the momentum distribution.

Are cold nuclear matter effects, nPDF effects, etc. taken
into account? No

e Constraints from pA and dA collisions No
e Medium evolution model We assume a Bjorken expan-

sion using the equation-of-state of a free gas. The initial
energy density scales as the density of participants.
Feed down implementation We do not include feed down.
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e Comparisons to experimental data Our motivation was to
underline the importance of the finite energy gap between
singlets and octets. No attempt was made to quantitatively
reproduce experimental data.

e Phenomenological breadth Our main focus is on bot-
tomonium since the dilute approximation and the condi-
tion E > I' are more likely to be fulfilled in that case.

4.6 The Santiago comover interaction model

The comover interaction model (CIM) [77,192-195] was
originally proposed to explain the suppression of quarko-
nium states by final-state interactions with a hadronic or
partonic medium. In this framework, the suppression arises
from the scattering of the nascent quarkonia with comoving
particles, i.e. particles with similar rapidities whose density
is directly connected to the particle multiplicity measured
at that rapidity for the corresponding colliding system. The
comover interaction is governed by the Boltzmann gain and
loss differential equations in a transport theory for a quarko-
nium state. The main parameter of the model is the comover-
quarkonium cross section that results from the convolution of
the comover momentum distribution in the transverse plane
and the momentum-dependent comover-quarkonium cross
section, proportional to the quarkonium geometrical cross
section [196]. This model includes the initial-state nuclear
effects through nuclear shadowing, i.e., the nuclear modifi-
cation of the parton distribution functions. This model takes
into account not only the dissociation of quarkonium, but
also the possibility of recombination of Q Q into secondary
quarkonium states [197,198]. We recall two basic features
of the comover approach. First, larger quarkonia are more
affected by dissociation, due to larger interaction cross sec-
tions. As a consequence, excited states are more suppressed
than the ground states. Second, the suppression increases
with comover densities, which are proportional to particle
multiplicities. Thus, the suppression increases with central-
ity in nucleus-nucleus collisions and is stronger in the nucleus
direction for proton-nucleus collisions [199].

Model ingredients

e Reaction rates The rates are based on gluon and pion dis-
sociation; they depend on the comover momentum dis-
tribution in the transverse plane (assumed to be charac-
terized by an effective temperature, Tfr) and the momen-
tum dependent comover-quarkonium cross section as
FL(E®, T) = 0% 2(E©) p(E®, T). The average
over the comover energies is carried out using

o 00 o Et% n 0
_ co _ _thr _
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where Et%r = Mg +meo —2Mp o p corresponds to the

threshold energy to break the quarkonium bound state
(and as such is sensitive to the binding energies of the
different states), E®® = /p? + m2, is the energy of the
comover in the quarkonium rest frame (with m¢, = 0 and
140MeV for gluons and pions, respectively), and p° is
the transverse density of comovers, proportional to their
multiplicities. The geometric cross section, ag%() ~ m'ZQ,
depends on the bound-state size; the phase space parame-
ters n >~ 0.5-2 and the effective temperature, T~ 200—
300MeV control the energy dependence and are fitted to
the CMS and ATLAS p-Pb data.

e Assumptions about the medium (degrees of freedom, etc.)
The medium is formed by the comoving particles, con-
sidered to be partons or hadrons, i.e., gluons or pions.
The relevant degrees of freedom are mostly hadrons in
proton-nucleus collisions, whereas the gluons become
relevant in the hotter nucleus-nucleus environment. As
for the momentum distribution of the comovers in the
transverse plane, we take a Bose-Einstein distribution
1/(6ECO/Teff —1.

e Temperature dependence of heavy quark masses The
heavy quark masses are independent of temperature.
They do not appear explicitly in the model.

e Equilibrium limits in transport We use the Boltzmann
equation to describe the dissociation of quarkonium,

do®
t(f_l' (b7s1 )’) = _O‘C‘)ig pco(bvsﬂ )’) pQ(bvs’ )’) )

®)

where 6°°~< is the the energy-averaged quarkonium—

comover-interaction cross section of quarkonium disso-

ciation due to interactions with the comoving medium

characterized by transverse density p°(b, s, y) at t;. By

integrating this equation from 7; to Ty, one obtains the

survival probability S$(b,s,y) = exp { _ g9
p(b,s,y) In (,oco(b, s, y)/ppp(y))} of a quarkonium
interacting with comovers, where the argument of the
logarithm comes from 7/7; converted to ratios of den-
sities where we assumed that the interaction stops at ¢
when the densities have diluted, reaching the value of the
proton-proton density at the same energy and rapidity,
Ppp-

e Constraints from lattice QCD No lattice constraints are
used.

e Range of applicability and how is this range established
Our approach can be used to describe quarkonium pro-
duction in both proton-nucleus and nucleus-nucleus col-
lisions at SPS, RHIC, and LHC energies without the need
to invoke any other phenomena. It may also be at play in
high-density proton-proton collisions.
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e Quantum features N/A

e Regeneration We consider the regeneration contribution
for charmonium states. The regeneration through the
uncorrelated charm and anticharm quark is represented
by the gain term in the Boltzmann equation

d,oQ

dr

0—Q

T (b,s,y) =—0c°

X [IOCO(b’S, y) pQ(bvss )’) —pq(b,s, y) ,oq(b,s, )7)] .

(€))

No regeneration is considered for bottomonium states.

e Coupling to open heavy-flavor sector N/A

e Hadronic-Phase Transport The Boltzmann transport
equations apply for both the partonic and hadronic
phases.

e [nitial quark/quarkonium distributions The initial quarko-
nium and heavy quark distributions are proportional to
the number of binary collisions.

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? We take into account nCTEQ15 or EPPS16
shadowing. Nuclear absorption is included at low (SPS)
energies.

e Constraints from pA and dA collisions The parame-
ter n that characterizes how quickly the cross section
approaches the geometrical cross section, o °~ 2 (E®) =
ag%,(l — Et%r/ E®)" is fixed through a fit to proton-
nucleus data. Both ground- and excited-quarkonium
states are taken into account.

e Medium evolution model We assume a dilution in time of
the comover densities due to longitudinal motion, which
leads to a T ~! dependence on proper time, since Bjorken
expansion is included. Transverse expansion is neglected.

e Feed down implementation Realistic feed-down contri-
butions are included.

e Comparisons to experimental data and phenomenolog-
ical breadth The model has been used to reproduce the
nuclear modification factor of ground and excited char-
monium and bottomonium states in proton-nucleus and
nucleus-nucleus collisions at SPS, RHIC, and LHC ener-
gies.

4.7 The statistical hadronization model

The Statistical Hadronization Model (SHM) [200-202]
assumes full dissociation of all quarkonium states in the
QGP and exclusive generation at the QCD (crossover) phase
boundary, in a concurrent hadronization process of all quark
flavors. While the production of the heavy quarks occurs in
hard parton scattering processes at initial stages of the colli-
sion, their thermalization, an essential condition for the appli-
cability of SHM, is realized in the expansion of the decon-
fined medium. In the SHM, the absence of chemical equi-
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librium for heavy quarks is accounted for by introducing a
fugacity factor (g, in case of charm quarks). The fugacity is
not a free parameter but is obtained from the balance equa-
tion [202] that accounts for the distribution of all initially
produced heavy quarks into hadrons at the phase boundary,
with a thermal weight constrained by exact charm conserva-
tion. With this approach, the knowledge of the heavy quark
production cross section along with the thermal parameters
obtained from the analysis of the yields of hadrons com-
posed of light quarks [12], is sufficient to determine the total
(pr-integrated) yield of hadrons containing heavy quarks in
ultra-relativistic nuclear collisions.

With the assumption of the kinetic freeze-out taking place
also at the phase boundary and employing hydrodynamics to
determine the collective expansion velocity (at the freeze-out
hypersurface), the transverse momentum distribution can be
calculated as well. A corona contribution is added (both for
the total and pr-differential yields), based on measurements
in pp collisions.

Model ingredients

e In-medium potential Full dissociation (screening) is

assumed for all quarkonium states.

Vacuum limit of potential/spectroscopy Not directly rel-

evant, but quarkonium (vacuum) masses are essential

inputs for the model.

Reaction rates N/A

Assumptions about the medium (degrees of freedom, etc.)

Not explicit, but full (partial) thermalization of charm

(bottom) quarks in the quark-gluon phase is assumed.

e Temperature dependence of heavy quark masses N/A

e Equilibrium limits in transport N/A

e Constraints from lattice QCD Not considered in an
explicit way. Full dissociation of all quarkonium states is
assumed.

e Range of applicability and how is this range established
Applicable for AA collisions. Given the assumption of
(full) heavy-quark thermalization, the SHM is most justi-
fied at LHC energies, but it was applied for lower energies
too, down to SPS energies [203].

e Quantum features Not explicit (quantum numbers are of
course considered and very relevant for SHM).

e Regeneration Exclusive generation at the QCD crossover
boundary.

e Coupling to open heavy-flavor sector Full open heavy-
flavor chemistry is predicted and plays a major role in
the model. In fact, the knowledge of the full spectrum
of the heavy-quark resonances is crucial for the quarko-
nium production in SHM. While the PDG hadron spec-
trum is the default implementation in the model, a ver-
sion with enhanced charm baryon resonances was also
explored [202]. This leaves the charmonium predictions
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unchanged, under the assumption that the possible exis-
tence of such additional states (not yet measured) leads to
a commensurately larger (by 1%) total charm production
cross section.

e Hadronic-Phase Transport None.

e [nitial quark/quarkonium distributions No explicit treat-
ment of initial heavy-quark distributions.

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? Yes, currently based on the ALICE mea-
surements of D? mesons in (central) Pb-Pb collisions
[204]. The charm production cross section in Pb-Pb colli-
sions is the value describing in SHM the D” data in central
Pb-Pb collisions. The equivalent shadowing value, 30%,
is used for the bottom sector as well.

e Constraints from pA and dA collisions Such constraints
apply in SHM only if interpreted exclusively as shad-
owing on the total initial heavy-quark production. This
was employed earlier, but is since recently superseded by
the direct knowledge via the measurement of D%-meson
production in (central) Pb-Pb collisions.

e Medium evolution model Hydrodynamics (MUSIC [205]
and Fluidum [206]), either in an explicit manner [207]
or needed to extract the 8 parameter at 7 = 156.5 MeV
[202], the temperature at which we assume kinetic freeze-
out of quarkonium and open heavy flavor hadrons.

e Feed down implementation Feed down from excited
quarkonia is considered, based on statistical production,
more recently also from bottom hadrons.

e Comparisons to experimental data Full comparisons to
the centrality dependence of integral yields (R4 4) and to
the pt spectraand Raa vs. pr in central and semi-central
collisions.

e Phenomenological breadth Yes, with the remark that Y
treatment is based on an ad-hoc thermalization fraction
in the bottom sector [208].

4.8 The Texas A&M University (TAMU) model

The starting point of the TAMU transport approach is a set
of kinetic rate equations which describe the time evolution
of quarkonium yields, Ng, according to [34,81]

dNg(7) c
IS = ToT(@) [No@) ~ NGT@)] . (10)

This provides a versatile tool that has been uniformly applied
to a wide variety of quarkonia, Q, including both ground- and
excited-state charmonia [209,210] and bottomonia [18,211],
as well as B, mesons [212] and the exotic X (3872) [213],
over a large range of collision energies, from SPS via RHIC
to the LHC [11]. The key transport parameter is the inelas-
tic reaction rate, I'g. In the QGP it is calculated based on
in-medium HQ masses and binding energies obtained from a

thermodynamic 7-matrix approach [75,214] constrained by
lattice QCD. The rate is dominated by “quasifree” dissoci-
ation processes [10, 18,34], which are computed using per-
turbative diagrams with an effective but universal coupling
constant g as the main parameter. In the hadronic phase, the
reaction rate is obtained from effective interactions with a
large set of hadronic states (currently restricted to charmo-
nia). The long-time equilibrium limit of each state, Ngl, is
manifest in the regeneration term and computed from relative
chemical equilibrium between the HF states in the system
at given temperature. Transverse-momentum spectra have
been computed from the Boltzmann equation for the sup-
pressed primordial yields supplemented with a blast-wave
approximation for the regenerated yields [40]. The latter has
recently been improved by accounting for transported (off-
equilibrium) HQ spectra obtained from relativistic Langevin
simulations [15,38].

Model ingredients

e [n-medium potential The in-medium binding energies
for charmonia [34] and bottomonia [18] are taken
from in-medium 7 -matrix calculations using the finite-
temperature HQ internal energy from lattice QCD as the
in-medium potential proxy [75,214].

e Vacuum limit of potential/spectroscopy The vacuum
potential, as the zero-temperature limit of a screened Cor-
nell potential, reproduces quarkonium spectroscopy (cur-
rently without spin-induced interactions). This provides
an important benchmark for a smooth transition to real-
istic binding energies at moderate temperatures.

e Reaction rates The inelastic reaction rates for quarkonia
are evaluated from both leading-order gluo-dissociation,
g+9 — Q0+ 0, and next-to-leading order (NLO)
inelastic parton scattering, p + Q — p + Q + Q where
P =q,q, g The NLO processes are evaluated in a quasi-
free approximation, as a half-off-shell inelastic scattering
off the heavy quark (plus antiquark) in the bound state,
thereby accounting for the in-medium binding and con-
serving four-momentum. The v (2S) rate in the QGP has
been multiplied by an additional phenomenological K -
factor of 3 extracted from d-Au collision data at RHIC
(see the pertinent item below). For bottomonia, inter-
ference effects between the scattering off the b and b
quarks are accounted for using an interference factor,
[(1 — exp(ig - 7)], that depends on the size, r, of the
bound state via the 3-momentum transfer, g. This leads
to an r-dependent reduction of the width, also referred
to as an imaginary part of the potential; in practice, it
is mostly relevant for the Y (1S) [18] and therefore not
implemented for charmonia. Reaction rates in hadronic
matter are included for charmonia as described below
under Hadronic-Phase Transport.
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e Assumptions about the medium (degrees of freedom, etc.)

The thermal QGP medium is modeled with massive
quasiparticles that are used to compute the inelastic dis-
sociation reactions. The quasiparticle masses are taken
as mg 4 o gT, to approximately describe the energy
density of the QGP down to temperatures of approx-
imately 190MeV. A transition to a hadron resonance
gas is performed using a mixed-phase construction at a
temperature of 7, = 180MeV (with charmonium reac-
tion rates estimated from effective hadronic models). For
bottomonia, hadronic dissociation is currently neglected.
The QGP EoS has been updated with a 1QCD parameter-
ization [215], matched to a hadron resonance gas below
a transition temperature of 7, = 170MeV. The impact
of this modification on bottomonium transport has been
found to be small [18].

Temperature dependence of heavy-quark masses The HQ
mass is composed of a bare mass and a temperature-
dependent in-medium contribution determined from the
infinite-distance limit of the potential. The bare mass is
fitted to the quarkonium masses in vacuum where the
potential saturates at a string-breaking distance of about
1fm. The temperature corrections to the HQ mass are
constrained together with the in-medium potential by
results from lattice QCD for the heavy-quark internal
energy [75].

Equilibrium limits in transport The quarkonium equi-
librium limits are calculated from the statistical model.
In the QGP, the total abundance of heavy quarks (with
their in-medium masses) is assumed to be conserved
(given by their production in primordial N N collisions),
using fugacity factors, y¢, throughout the fireball evolu-
tion. The quarkonium equilibrium number then follows
from the standard thermal density multiplied with a fac-
tor of yé. In addition, a thermal-relaxation time correc-
tion is accounted for in the equilibrium limits to simulate
the presence of non-equilibrated HQ distributions [39],
which imply a reduced phase space for quarkonium pro-
duction and thus a smaller equilibrium limit [36,38].
Constraints from lattice QCD The quarkonium spectral
functions in the thermodynamic 7 -matrix approach, from
which the combination of in-medium quarkonium bind-
ing energies and HQ masses are taken, have been con-
strained by Euclidean correlation functions computed
in 1QCD [75], and cross-checked using the widths as
employed in the rate equation [34]. Furthermore, the in-
medium charm-quark masses have been checked against
charm-quark susceptibilities in the QGP [214], cf. also
Ref. [216] for more recent work.

e Range of applicability and how is this range established

Both (LO) gluo-dissociation and (NLO) quasifree disso-
ciation have been computed, with the former only rel-
evant (albeit numerically small) in a small temperature
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window close to T, for J /¢ and YT(18S,2S,1P); this fol-
lows the expected applicability for temperature ranges,
Ep > T and Ep < T, respectively, although with a
rather large coefficient for the temperature, 7', due to non-
perturbative effects. A conceptual drawback is the cur-
rent use of tree-level amplitudes to compute the quasifree
reaction rates. A more realistic and consistent implemen-
tation directly using the nonperturbative in-medium 7'-
matrix amplitudes is currently underway.

Quantum features The TAMU transport model is gener-
ally a semi-classical transport approach. A quantum fea-
ture is implemented in the early evolution after primordial
production via bound-state formation times, rOQ; they are
different for the various quarkonia, scaled by their bind-
ing energies as ‘EOQ « 1/Ep (0.2-2fm/c), thus increasing
for higher excited states. The build-up of wave packets
for heavy quarkonia is assumed to reduce their dissoci-
ation rates by a factor ~ 7/ tOQ for v < ‘L'OQ, with the
rates growing from zero to the equilibrium value linear
in time, with an additional Lorentz-time dilation at finite
pr-

Regeneration Regeneration is included for all quarkonia,
manifestly enforcing the statistical-equilibrium value in
the long-time limit. For the pt spectra of the regenera-
tion component thermal blast-wave spectra are employed
following the fireball’s flow profile at an average regen-
eration temperature which is smaller for more loosely
bound states which emerge at lower temperatures but at
higher flow velocities.

Coupling to open heavy-flavor sector In the baseline
implementation, the effect of the thermalization pro-
cess of HQ spectra is implemented using a thermal-
relaxation time approximation for the quarkonium equi-
librium limits. Explicitly transported charm-quark spec-
tra have recently been employed using the resonance
recombination model (RRM) with space-momentum cor-
relations (SMCs) [15], which extends the relevance of
regeneration contributions by about a factor of two in
pT; this results in a much improved the description of the
J /¢ vy at intermediate pt in Pb-Pb collisions at LHC
energies. Furthermore, the Boltzmann equation for char-
monia has recently been solved by implementing time-
dependent (transported) charm-quark distributions from
Langevin simulations into the regeneration term [38];
these calculations have demonstrated the sensitivity of
the (pr-dependent) regeneration yield to the degree of
charm-quark equilibration (corresponding to the thermal-
relaxation time factor in the equilibrium limit, cf. the item
Equilibrium limits in transport).

Hadronic-Phase Transport Transport in the hadronic
phaseis currently only implemented for charmonia. Start-
ing from effective SU(4)-symmetric Lagrangians, reac-
tion rates are calculated for charmonium dissociation
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induced by - and p-mesons [39]. In Ref. [210] these
calculations have been extended to include a large set of
hadron resonance states through suitable changes in the
available phase space. The J/y rates in hadronic mat-
ter are generally small (up to ~ 10MeV), while those
for the ¢ (2S) are larger (up to a few tens of MeV) and
phenomenologically relevant.

e [nitial quark/quarkonium distributions The initial momen-
tum distributions of primordial quarkonia in pp collisions
are from fits to experimental pt spectra, while the initial
spatial distributions follow a collision profile taken from
the Glauber model.

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? Various CNM effects are included in the
TAMU model: Nuclear shadowing with both Nyt and
pt1 dependence; Cronin effect via a Gaussian smearing to
simulate nuclear p7 broadening [40], and nuclear absorp-
tion through effective (high-energy) Q-N cross sections
extracted from pA data at SPS and RHIC energies [40].

e Constraints from pA and dA collisions Data from p/dA
collisions at SPS and RHIC are primarily used to con-
strain the CNM effects. However, the medium assumed to
be formed in d-Aureactions at RHIC has also been used to
determine a nonperturbative correction to the QGP sup-
pression rate of the ¢ (2S) in terms of a phenomenolog-
ical K factor of ~2-3 multiplying its quasifree reaction
rate [210].

e Medium evolution model The fireball model used in the
calculation is an isentropically and cylindrically expand-
ing isotropic fireball [10,34,40,81]. This expansion
model reproduces the hadron spectra at thermal freeze-
out that are consistent with the empirically extracted
light-hadron spectra (7, K, p) similar to hydro calcula-
tions. The entropy is estimated from the multiplicities of
observed charged particles and assumed to be conserved
during the adiabatic expansion.

e Feed down implementation Constant feeddown fractions
are used for charmonia [217] and bottomonia [18].

e Comparisons to experimental data TAMU calculations
have been used to compare to charmonium data at the
SPS (Pb-Pb, S-U, In-In at 17 GeV), RHIC (Au-Au at 39,
62 and 200 GeV and Cu-Cu at 200 GeV), and the LHC
(Pb-Pb at 2.76 and 5.5 TeV), bottomonium data at RHIC
(Au-Au at 200 GeV) and the LHC (Pb-Pb at 2.76 and 5.5
TeV), and B, data at the LHC (Pb-Pb at 5.5 TeV) (as well
as in p/dA systems, see above).

e Phenomenological breadth The TAMU model has been
broadly applied to charmonium, bottomonium, B, and
X (3872) phenomenology in AA and p/dA collisions at
SPS, RHIC, and LHC energies, using the same input
quantities within the same formalism. Specifically: J /v,
xc(1P) (spin averaged), ¥ (2S) [34,81,209,210] and
X (3872) [213] for charmonia, Y (1S), x»(1P), Y (2S),

Y (3S) and x (1P) for bottomonia [18], as well as B.(1S)
and B, (1P) for charm-bottom mesons [212].

4.9 The Tsinghua model

In the Tsinghua transport model, the evolution of quarko-
nium in hot and dense QCD matter is described by a rel-
ativistic Boltzmann transport equation [83,218-222]. The
phase-space distribution of quarkonium states, fy (p, x), is
controlled by the relativistic Boltzmann transport equation
(with Bjorken coordinates),

sinh(y —7n) 0

——4-VT-VT}f¢

a
h(y — n)—
[cosniy — -+ 2RI D

— —afy +p (1)

where v represents different states (e.g., ¥ = J/¥, xc, ¥’
for charmonia); n and y are the rapidities in coordinate and
momentum space, respectively, and vy = pr/Er is the
quarkonium transverse velocity with the transverse energy

Er = /mfh + pzT. The anomalous suppression and regen-
eration mechanisms are reflected in the loss term « and the

gain term 8. Hot medium effects such as color screening
effect and gluo-dissociation are included in «. The regener-
ation process, which is the inverse of the gluo-dissociation,
is represented byn S,

1 d’k
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where f, is the gluon distribution taken as a Bose distri-
bution; E¢(E() is the energy of gluon (heavy quark) and
Pg(po) is the momentum of gluon (heavy quark). The disso-

ciation rate, Wg%Q, contains the in-medium binding energy
which is reduced by the color screening effect, and also the
gluo-dissociation cross section in the reaction g + v —
Q + Q. In the B term, the regeneration rate W8Y for the
inverse reaction of gluo-dissociation is connected with the
dissociation rate via detailed balance. Quarkonium regener-
ation also depends on the densities of heavy quarks, f, 5.
The HQ density in the expanding medium is controlled by
the diffusion equation, since heavy quarks are strongly cou-
pled with the QGP. With this collisional term, the transport
equation can be solved analytically [222].

In nucleus-nucleus collisions, the quarkonium initial dis-
tribution is treated as a superposition of quarkonium distri-
bution in pp collisions. Cold-nuclear-matter effects, such as
nuclear absorption, Cronin effect, and shadowing effect, are
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included by modifying the initial distribution extracted from
pp collisions. For the non-prompt J /¢ from B decays, the
Langevin equation is employed to simulate the energy loss
of bottom quarks in the medium [223]. The hadronization of
bottom quarks into B mesons is described with the instanta-
neous coalescence model [223].

Model ingredients

e [n-medium potential Charmonia and bottomonia expe-
rience a color screening effect in the hot deconfined
medium, which reduces the heavy-quark potential and the
in-medium binding energies. The color screening effect
increases with the temperature and distance. As quarko-
nium dissociation mainly happens in the early stage of the
medium evolution with high temperatures, we employ an
effective constant in-medium binding energy in the cal-
culation of quarkonium dissociation [219,220].

e Vacuum limit of potential/spectroscopy The vacuum limit
of potential is Cornell potential, V(r) = —a./r + or
with &, = /12 and 0 = 0.2 GeV?2. The charm and
bottom quark masses are taken as 1.5 GeV and 4.5 GeV,
respectively.

e Reaction rates Gluo-dissociation, g + ¥ — Q + Q is
considered as the dominant dissociation process in the

QGP for tightly bound quarkonium. The cross-section,

ag%Q, in vacuum can be derived through the operator

product expansion method and was calculated firstly by
Peskin and Bhanot [224,225]. The gluon density is taken
as the Bose distribution f, = 1/(eP™/T — 1), where
T and u are the temperature and the four-velocity of
the medium given by hydrodynamic models. At differ-
ent temperatures, the channging density of thermal glu-
ons gives the temperature dependence in the quarkonium
dissociation rates. For excited quarkonium states, their
dissociation rates are obtained via the geometric scaling
of their radii over the ground-state one.

o Assumptions about the medium (degrees of freedom, etc.)
The hot deconfined medium generated in high-energy
nuclear collisions is treated as an ideal gas consisting of
massless u/d quarks and gluons, and strange quarks with
a mass of my = 150 MeV. There is a first-order phase
transition between QGP and the hadronic gas, where the
critical temperature is 7, = 165 MeV at the zero baryon
chemical potential.

e Temperature dependence of heavy quark masses The
heavy quark mass is independent of temperature.

e Equilibrium limits in transport We use the Boltzmann
equation to describe the dissociation and regeneration
of quarkonium in relativistic heavy-ion collisions. The
dissociation and regeneration are related to each other
via the detailed balance. Thus, the equilibrium limit is
naturally satisfied.
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e Constraints from lattice QCD The in-medium heavy-
quark potential is close to the internal energy extracted
from the lattice QCD calculations. The quarkonium in-
medium binding energy can be calculated with the two-
body Schrodinger equation where the in-medium poten-
tial is taken as the internal energy extracted from the free
energy evaluated in Ref. [226]. An effectively constant
binding energy is then extracted and used in the calcula-
tion of the quarkonium decay rate.

e Range of applicability and how is this range established
As the formation time/decoherence of quarkonia was not
considered, the Tsinghua model mostly applies in the
quantum optical limit. The charm quark phase-space dis-
tribution is assumed to be a kinetically thermalized dis-
tribution as mentioned in “initial quark/quarkonium dis-
tribution” section. This approximation is based on the
observation of the large v, of D mesons in experiment.
It is assumed to be a good approximation for charm with
low transverse momentum and/or in central collisions. In
addition, regeneration is not considered for bottomonium
due to the scarcity of bottom quark in the hot medium.

e Quantum features There are no quantum features in the
Tsinghua model.

e Regeneration Regeneration is considered for charmo-
nium states, via uncorrelated charm and anti-charm quark
as represented by the gain term in the Boltzmann equa-
tion. The regeneration process is related to the dissocia-
tion process via detailed balance.

e Coupling to open heavy-flavor sector For prompt char-
monium, the charm-quark is assumed to be kinetically
thermalized as used in charmonium regeneration. For
bottom quarks, energy loss in the medium is simulated
with the Langevin equation. The final momentum distri-
bution of B mesons is used to calculate the production of
non-prompt J /.

e Hadronic-Phase Transport Charmonium experience addi-
tional suppression through scattering with 7 and p
mesons in the hadron gas via J /v +7 — D+ D*, D*+
D, and J/¥ + p — D* 4+ D*, D + D, with inelastic
cross-sections taken from Ref. [227]; @ and p mesons
are assumed to be thermalized in the hadronic phase.

e [nitial quark/quarkonium distributions The quarkonium
initial distribution in nucleus-nucleus collisions is treated
as a superposition of quarkonium distributions in pp
collisions. The quarkonium momentum distribution is
obtained by fitting the experimental data of J /v distri-
bution in pp collisions, with a further modification from
CNM effects. In the regeneration part, where the charm-
quark momentum distribution is needed, it is taken as
a kinetically thermalized distribution. In this case, the
initial momentum distribution of charm quarks does not
affect charmonium regeneration. The initial spatial distri-
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butions of charm quarks and quarkonium are proportional
to the density of binary collisions, 1.9 (XT).

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? Yes, CNM such as nuclear shadowing, the
Cronin effect, and nuclear absorption are included. The
survival probability is related to the nuclear absorption

cross-section [227], o’/V The absorption cross sections

abs
I/

for the excited states are obtained from o,

through
geometric scaling, a'/;s = (ri) /(r3 /]//)oj/ V' where the

mean-square-radius gan be obtained by s?)ﬁi/ing the two-
body Schrodinger equation [222]. The Cronin effect is
included in the initial distribution of quarkonium via the
Gaussian smearing method [228]. The nuclear shadowing
factor is calculated with the EPS09 package [176].

e Constraints from pA and dA collisions The nuclear
absorption cross-section, aaj b{ :/f, and Cronin momentum-
broadening parameter, agy, are determined by fitting
experimental data from pA and dA collisions.

e Medium evolution model 2+1D ideal hydrodynamics
is mostly used to describe the medium evolution in
Tsinghua model for many years [229]), while a 3+1D
viscous hydro (MUSIC package) has been used in past
two years. In the present context paper, the results are
obtained with the 2+1D ideal hydro. The initial condition
(entropy density) of the hydrodynamics in the transverse
plane is given by the two-component model [230]. The
maximum entropy density is determined by the charged-
hadron multiplicity observed in the experiment. The start
time of hydrodynamics is tgp = 0.6 fm/c and the max-
imum temperature is 7o = 510 MeV for central Pb-Pb
collisions with /sy = 5.02 TeV.

e Feed down implementation For J /v, the feeddown con-
tributions from y. and i (2S) are considered. For T,
the feeddown contributions from higher states such as
YT (1P), T(2S), Y (2P), and Y (3S) are considered. The
feeddown branching ratios are taken fromthe PDG [231].

e Comparisons to experimental data The Tsinghua model
has been used to explain the nuclear modification fac-
tor, Raa, anisotropic flow, v,, and mean transverse-
momentum squared, p%), of charmonium and bottomo-
nium states.

e Phenomenological breadth The Tsinghua model has
been applied in the studies of charmonium, bottomonium,
and B, in both small (p-Pb) and large (Pb-Pb, Au-Au) col-
lision systems, at the collision energies of SPS, RHIC,
and LHC.

4.10 Cold nuclear matter effects

Cold nuclear matter effects generally refer to all modifica-
tions present in pA collisions, when there is a nuclear tar-
get, but not in pp collisions. These effects are referred to as

being “cold” in the sense that it is assumed that no quark-
gluon plasma is created. Note that this assumption may be
challenged in high-multiplicity pp and pA collisions. These
effects are also presented in AA collisions when quark-gluon
plasma is also created. The nuclear modifications of the par-
ton distributions (nPDF effects) are typically included by a
parameterization such as the EPPS16 [138] parameterization.
The centrality dependence of nPDF effects may also be taken
into account, see Ref. [232]. Enhanced k7 broadening in the
nucleus relative to a proton, due to multiple scattering or a
Cronin-type effect, is also sometimes included [233]. The
kr broadening may or may not be related to energy loss in
cold matter. A number of energy loss models have been pro-
posed, see for example Ref. [234]. Such models can account
for quarkonium suppression at high xr. Other models that
include intrinsic charm without energy loss can also provide
a good description of this suppression, see Ref. [233].

Quarkonium absorption by nucleons has been studied by
many different groups but has been suggested to be negli-
gible at the LHC. See Ref. [235] for a discussion of the
energy dependence of absorption. Dissociation of quarko-
nium by comovers has also long been suggested, see Sect. 4.6.
The comovers can be considered to be partons or hadrons,
see Refs. [236-238] for some early discussions of hadronic
comover dissociation. It was found that, in this description,
the nuclear dependence of comover dissociation is similar to
nuclear absorption [239].

In the traditional color evaporation model (CEM), the
quarkonium production cross section is some fraction, F¢, of
all Q Q pairs below the H H threshold where H is the lowest
mass heavy-flavor hadron. The color of the octet Q Q state is
‘evaporated’ through an unspecified process which does not
significantly change the momentum. The quarkonium yield
may be only a small fraction of the total Q Q cross section
below 2m g . Schematically, the production cross section of
quarkonium state C in a pp collision is

CEM iy
o&™(syy) = FCZ/ ds
- J4m?
ij
x [[dndn 70018 £ 00 1)
x J($)6i;6, uF. ug) - (13)
whereij = ggorggandg;;(s)istheij — Q Q cross section
and pur and pg are the factorization and renormalization

scales, respectively. In pA collisions, the cold nuclear matter
effects on quarkonium production are

2
dmy

ocem(pA) = S Fe ) / o ds
- . J4m
l,J
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x /cbq dxy F (x1, g kr) Fi(xa, g k)

X 61 (8, Wk, 1%, (14)
where
F(x2, W, kr) = Rj(x2, g, A) fj(x2, u3)G alkr) (15)
FF (o, w% kr) = fi(xr, n3)Gp(kr), (16)

where Sy is the survival probability for nucleon absorption,
R; is the nuclear modification of the parton distributions
(nPDF), and G,(k7) and G4(kr) account for transverse
momentum broadening in the proton and nucleus, respec-
tively [233].

The CEM has been improved (ICEM) to better account for
feed down and the quarkonium mass [240]. The unpolarized
direct quarkonium production cross section in pp collisions
in the ICEM is

2mg
o=F /
L),
LJ
x dM dx; dx; ﬁ(x,-,MF)fj(xj',MF)&ij(Pc57MR)|[,CE:MMI :
crc

a7

Note that the change in integration range changes Fc to F.
while the change in the momentum range modifies the pr
distribution of the quarkonium states relative to each other.

Model ingredients

In-medium potential N/A

Vacuum limit of potential/spectroscopy N/A

Reaction rates N/A

Assumptions about the medium (degrees of freedom, etc.)

N/A

Temperature dependence of heavy quark masses N/A

e Equilibrium limits in transport N/A

e Constraints from lattice QCD N/A at the moment. If lat-
tice could provide constraints on feed down, then it would
be useful. Also, for NRQCD-type formulations, calculat-
ing the LDMEs could be useful.

e Range of applicability and how is this range established
The calculation of initial production is applicable over
all center of mass energies.

e Quantum features N/A

e Regeneration N/A at the moment, however, in the past
the HVQMNR code was used by Thews and Mangano
to calculate regeneration by “non-diagonal quarkonium
production” [241].

e Coupling to open heavy-flavor sector N/A

e Hadronic-Phase Transport N/A

e [nitial quark/quarkonium distributions The charm quark

mass and scale parameters used to calculate the J/v
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distributions are [242] (m, ur/m, ur/m) = (1.27 £

0.09 GeV, 2.1:%:;2, 1.6f8:};). In the case of Y produc-

tion, (m, jp/m, jLg/m) = (4.65+0.09GeV, 1.47577,
l.lfgj%). The values of F¢ are fixed for the central
parameter set in each case and all calculations employ-
ing other masses and scales use the same value of F¢
to obtain the extent of the J/y and T mass and scale
uncertainty bands. The normalization factors for the
CEM are F;;y = 0.020393 for the central result with
(m, up/m, ugr/m) = (1.27GeV, 2.1,1.6) and Fy =
0.022 with (m, up/m, ugr/m) = (4.65GeV, 1.4, 1.1).
The calculations use the CT10 proton parton distribu-
tions [243]. The quark mass makes a larger contribution
to the cross section uncertainty than does the scale choice
[243].

e Are cold nuclear matter effects, nPDF effects, etc. taken
into account? The EPPS16 [138] parameterization is
employed for the nPDF calculation. The intrinsic k7
broadening employed in p + p production is augmented
in nuclei according to multiple scattering in the nucleus
[233]. While absorption [235] is included at lower ener-
gies, it is considered negligible at LHC energies.

e Constraints from pA and dA collisions There are very
few constraints from pA and dA collisions in the basic
model. There are constraints from these collisions in the
global analyses of the nPDFs used in the calculations.
For example, EPS09 [176] used 7 data from RHIC to
constrain the gluon distribution and EPPS16 [138] used
LHC p-Pb data on W* and Z° production to separate
the antiquark distributions in the sea at high Q2 and on
dijet data to further constrain the gluon distribution. The
centrality dependence of Rgay(pT) Was used to study the
centrality dependence of shadowing [232]. Fixed-target
PA data were used to constrain the J /i absorption cross
section [235]. However, absorption is considered negli-
gible at the LHC collider energies and is not included in
the calculation [233]. The intrinsic k7 employed in pp
collisions was obtained from comparison to data but the
broadening in pA collisions is based on a model and not
a fit within these calculations [233].

e Medium evolution model N/A

e Feed down implementation The traditional CEM does
not distinguish between the states, all of the distribu-
tions are assumed to be the same. Thus, the feed down
distributions are all identical to that of the ground state
modulo emission of soft particles, photons or pions, in
the decays. In the improved CEM, the feed down dis-
tributions depend on the specific mass and momentum
of the particular quarkonium state and are thus realistic
in terms of the model [240,244-246]. For example, the
model reproduces the pt dependence of the 1 (2S)/vr
ratio [240].
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e Comparisons to experimental data The model agrees
well with experimental data, both for the traditional CEM
and the improved CEM [246].

e Phenomenological breadth Both the traditional CEM
and the improved CEM can be applied to charmonium
and bottomonium production, including both S and P
states, J/v¥, ¥(2S), and Y(nS) as well as x. and yxp
states respectively [243-246]. Charmonium production
in particular has been studied from pjp = 40 GeV to
s =13 TeV [233].

The improved CEM has been developed to also calculate
quarkonium polarization [244—248]. The calculation was
also extended to Pb-Pb collisions including only cold
nuclear matter effects [249] and was shown to agree with
the data. Note that because the polarization calculation
involves a ratio of cross sections with a certain spin, such
effects generally cancel in the ratios [249]. Indeed, only
the charm quark mass generally affects the polarization
but is not a strong effect [244].

The ability of the CEM to consistently cover the entire
energy range, from near production threshold to the high-
est available energies can be contrasted with the NRQCD
approach which typically requires a pr cut to fit the
LDMEs [250] to the data and has only been matched to
the low pr part of the spectrum by including a color-glass
condensate contribution, matching to the high pr part
[251]. Such an approach cannot work at lower energies,
such as fixed-target energies. Additionally, the NRQCD
LDME:s that have been fit to total cross section quarko-
nium data [252] also cannot describe pr distributions
[253].

5 Comparisons of model ingredients and interpretation
of results

In this section we will confront the theoretical inputs and
results of the transport models to quantitatively analyze key
components of in-medium quarkonium kinetics and how
they manifest themselves in phenomenologically-relevant
outcomes. We start by collecting the temperature evolution
of the medium expansion models in Sect. 5.1 for the case
of central Pb—Pb (,/sny = 5 TeV) collisions and then turn
to the arguably most fundamental transport parameter, i.e.,
the reaction rate, for various charmonia and bottomonia as a
function of temperature in Sect. 5.2. To aid in the interpreta-
tion of these results, we inspect the inputs for binding ener-
gies and HQ masses in Sect. 5.3, the resulting 3-momentum
dependence of the rates in Sect. 5.4 and the spatial depen-
dence of the imaginary part of the potentials (as applicable) in
Sect. 5.5. We then turn to more phenomenologically-oriented
studies, by testing the medium evolution models with a pre-
scribed temperature dependent reaction rate to compute an

<) 07 T T T T T T T T T T
% i Pb-Pb \s,=5.02 TeV, 0-10%, central cell
9 0.6 — TAMU -
— —Esilr;ghua .
— u e -
0.5 Munich-KSU
r — Santiago b
041 — Saclay ]
— Nantes ]
0_3: PHSD {
— SHM .
0.2: ----- Nantes, HQ :
0.1 -
0 C 1 1 1 N

10 12 14 16 18 20
T (fm)

Fig. 7 Temperature evolution of the central cell in 0-10% central Pb—
Pb collisions at 5.02 TeV as a function of proper time in the fire-
ball expansion models employed in the current work. For the Nantes
approach the local (average) T as “seen” by the a heavy-quark pair
is plotted in addition (dashed line). The SHM uses MUSIC hydrody-
namics [205]. The horizontal dash-dotted line starting at t = 15fm
represents lattice QCD predictions for the chiral crossover transition
(as a weighted mean of the two available predictions [254,255])

Raa in Sect. 5.6, and by studying the impact of formation
time effects in early quarkonium evolution on their suppres-
sion factor in Sect. 5.7.

5.1 Medium evolution

In Fig. 7 we collect calculations of the temperature evolu-
tion for the central cell in 0-10% central Pb-Pb collision
at /snn = 5.02 TeV for the expanding QCD medium
using the approaches included in the present effort. For
the hydrodynamical models (Duke, Munich-KSU, Nantes,
and Tsinghua), the results shown are for the central cell
(x = y = ny = 0), which is usually the hottest region of the
plasma; the 4 results agree quite well, in particular for the
former three, while the latter one cools faster due to the EoS
based on a massless parton gas (and a first-order transition)
which is “harder” (generating a faster transverse expansion)
and has a smaller temperature at given entropy density, com-
pared to the 1QCD-based EoS used in the other 3 models.
A marked difference in the hydro models is the assumption
of the initial thermalization time, 7y, which controls the ini-
tial temperature, Ty, varying between close to 700MeV at
79 = 0.2fm for Munich-KSU and ~400MeV at 1) >~ 1.5fm
for Nantes; this may also be affected by the initial temper-
ature profiles used in the calculations (e.g., two- vs. three-
dimensional). For the Saclay (ideal Bjorken hydrodynamics),
Santiago (comover), Tsinghua (2+1D ideal hydrodynamics),
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and the TAMU fireball (isentropically expanding blastwave
with IQCD EoS) models, spatial averages lead to lower tem-
peratures, and the primarily longitudinal expansion in the for-
mer two leads to a significantly slower cooling at later times
(which affects the more weakly bound quarkonia). In the
SHM, the MUSIC 3+1D hydrodynamic calculations [256]
with IP-Glasma initial conditions are used in a blast-wave
parametrization, although the pertinent quarkonium produc-
tion is only evaluated at the pseudo-critical temperature, Tpe
=~ 155MeV. For the Nantes approach additional information
is provided in terms of the average temperature encountered
at the position of a HQ pair propagating through the fireball,
which is significantly smaller than the values in the central
cell but agrees fairly well with the spatially uniform profile
of the TAMU fireball evolution. The temperature evolution
extracted from the PHSD transport model has a rather steep
decrease, starting at about 660 MeV and dropping down to
~150MeV after about 9 fm.

5.2 Reaction rates

We first discuss charmonia in Sect. 5.2.1 followed by bot-
tomonia in Sect. 5.2.2

5.2.1 Charmonia

The available results for charmonium reaction rates, i.e., the
1S and 2 S vector states, are compiled in Fig. 8 as a function
of temperature for 2 different momenta. We note that most
OQS approaches work with an EFT scale hierarchy which is
not applicable to charmonia. In the Nantes approach, results
are only shown for temperatures below the dissociation tem-
perature, while for TAMU the rates above the dissociation
temperature simply correspond to two times the HQ collision
rate (as a means to characterize the decorrelation of a primor-
dially produced HQ pair that would end up in a quarkonium
state in a pp collision). The Tsinghua model assumes a con-
stant J /v binding energy and geometric scaling for the rates
of excited states, while the comover model does not evaluate
charmonium rates microscopically but via a constant disso-
ciation cross section fit to data for each state.

At vanishing momentum, the J/y rates from TAMU,
Tsinghua and Nantes agree well at temperatures below
~350MeV. This bodes well for the comparison between
TAMU and Nantes, as both rates are computed with a similar
mechanism (inelastic parton scattering closely related to the
imaginary part of the potential) and a potential that leads to
similar in-medium binding energies, cf. Fig. 10. For Tsinghua
and Nantes the further increase beyond 77 >~ 350MeV is
markedly stronger, but likely due to different mechanisms.
For Tsinghua, this is rooted in the gluo-dissociation cross
section with a constant in-medium binding energy which
is peaked near the binding energy; at higher momenta this
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reduces the rate at higher 7. For TAMU, once the binding
energy vanishes for 7 2 380MeV, and for Santiago with
constant comover cross section, the 7 dependence becomes
rather weak, close to linear or weaker. This can also be seen
for the ¥ (2S). For the latter, the Nantes and TAMU rates
are again comparable, albeit in this case with rather differ-
ent input for the bound-state properties. The Santiago and
Tsinghua ¥ (2S) rates are obtained from the J/v rate by
geometric scaling of the radii. Especially the Santiago rates
are much larger than all other 1 (2S) rates at low T (we
recall that they can explain the 1 (2S) suppression in pA
collisions), while the TAMU rates include an extra K -factor
of ~3 to mimic nonperturbative effects and enable a better
description of pA results.

At finite charmonium momentum (taken as p = 5GeV
in the bottom panels of Fig. 8), the Nantes and comover
results remain unchanged for both J /v and ¥ (2S). On the
other hand, the TAMU results increase (as consequence of
a perturbative matrix element for the heavy-light coupling
and a larger phase space available for dissociation) while
the Tsinghua results decrease (as a consequence of the gluo-
dissociation cross section being probed beyond its peak struc-
ture).

5.2.2 Bottomonia

Next, we turn to the 7 dependence of the inelastic bot-
tomonium rates, compiled in Fig. 9, again for 2 differ-
ent 3-momenta. The Duke, Munich-KSU, Nantes, TAMU,
Tsinghua, PHSD and Santiago (comover) rates for Y (1S) at
p = 0 approximately agree in the phenomenologically most
relevant range of 7 =~ 300-400MeV. While the underly-
ing mechanism (inelastic parton scattering) and in-medium
binding for Nantes and TAMU are similar (see Fig. 11), the
Tsinghua (gluo-dissociation) and Duke results utilize con-
stant quark masses and binding energies, which are also
quite different from each other being based on either a Cor-
nell potential (large binding and large HQ mass) or color-
Coulomb potential (small binding and small HQ mass),
respectively. The Y (1S) widths for Saclay (with a binding
similar to Nantes and TAMU) are rather small. Finally, the
PHSD and comover results have the weakest 7-dependence,
and they are quite large at relatively low 7. Moving on to
p = 10GeV, the Santiago, Munich-KSU, Nantes, PHSD and
Saclay widths do not change significantly (or at all), while
the Duke and TAMU widths increase and the Tsinghua width
decreases. The overall spread in the results increases. For
the Y (25), the calculated widths generally increase substan-
tially relative to the Y (1S), especially at low temperatures,
with the exception of PHSD (which utilize the same reaction
rates for Y (1S) and Y'(2S)). The large spread (the agree-
ment between Nantes and Tsinghua for p = 0 must be con-
sidered a coincidence given the very different mechanisms),
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Fig. 8 Temperature dependence of reaction rates for J /v (left column) and v (2S) (right column), and for 3-momentum fixed to 0 (5) GeV in the

upper (lower) row

suggests that phenomenological constraints currently suffer
from large uncertainty; e.g., even small contributions from
regeneration can make a big difference in a phenomenologi-
cal extraction based on a small Raa, whereas regeneration is
expected to be relatively less important for the Y (1S) (except
for the SHM).

5.3 Quarkonium binding energies and heavy-quark masses

As already mentioned above, the in-medium binding energies
of quarkonia are an important ingredient to compute their dis-
sociation rates, as this determines the available phase space
for inelastic reactions, and more compact states (at larger
binding) are also subject to interference effects (that depend
on the wave function) which further suppress the rate. We
define the binding energy in the standard way as the differ-
ence between the bound-state mass and the Q' Q threshold
(defined as twice the in-medium HQ mass).

For charmonia, shown in Fig. 10, we can reiterate what
we discussed before, i.e., a rather good agreement between
Nantes and TAMU, while Tsinghua uses a constant Ep, in
part motivated by the restriction to gluo-dissociation which
becomes increasingly inefficient for small E, [10] but is
extended to excited states by geometric-size scaling. For

the excited states the Nantes binding energies are somewhat
larger, even exceeding the commonly quoted vacuum values
(relative to the open-charm threshold), see, however, Sect. 4.3
for caveats on the model applicability at low 7.

For the bottomonium sector, more results are available.
One may broadly classify them as constant vs. T-dependent
and being based on either a Cornell or a color-Coulomb
only potential. Specifically, the Duke, Munich-KSU and
Tsinghua groups employ constant Y (1S) binding energies
that are at about half of the vacuum value (similarly for
Y (2S) and xp for Duke and Munich-KSU), while Nantes,
TAMU, Saclay and PHSD have a strong 7-dependence
which, for the former three, starts out near the vacuum value
around 7j. Furthermore, only Nantes and TAMU have an
in-medium b-quark mass, which drops with 7" and results
in a near-constant Y (1S) mass close to the vacuum value.
Most other approaches have a significantly smaller Y (1S)
mass even close to Tj,c. Similar observations also hold for the
excited states, where in particular the color-Coulomb based
approaches have much smaller bound-state masses compared
to the vacuum values, mostly due to the relatively small b-
quark masses, cf. Fig. 12.
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5.4 Momentum dependence of reaction rates

Transverse-momentum spectra are a pivotal observable in
heavy-ion collisions. In the context of quarkonium trans-
port models one needs to calculate the 3-momentum depen-
dence of the dissociation rate, which is directly reflected in
the nuclear modification factor of the primordial-production
component. However, because of detailed balance, the 3-
momentum dependence also affects the regeneration of

quarkonia, which is additionally influenced by the interplay
with the phase space distribution of heavy quarks as they
diffuse through the expanding fireball.

We start again by inspecting available model results
for charmonia, for 3 different temperatures, see Fig. 13.
The Santiago (comover) and Nantes models are currently
restricted to p = 0 and therefore have no p-dependence. The
Tsinghua results for the J /v exhibit the typical momentum
dependence generated by the peaked structure of the gluo-
dissociation cross section, namely initially large values that
quickly fall off once the center-of-mass energy exceeds the
peak position. This effect is further accelerated with increas-
ing temperature due to the increase in thermal-parton motion.
As mentioned before, for the excited states, the rates are
geometrically scaled by the bound-state size. In the TAMU
model, the J/vy rate at T = 200MeV exhibits a strong
increase with momentum which is driven by a steep increase
in phase space due to a relatively large binding energy of
about 550 MeV, requiring a rather large threshold momentum
of the thermal partons. For the ¥ (2S), where E; >~ 10MeV
at T = 200 MeV (and vanishing at higher T), the phase-
space suppression is absent and the remaining increase with
p of about 25% is due to the perturbative-scattering matrix
element, as can also be seen for the J /v at T = 400 MeV.

The 3-momentum dependence of bottomonium reaction
rates is compiled in Figs. 14, 15 and 16 for temperatures
of 200, 300 and 400MeV, respectively. At T = 200MeV,
the spread in the rates is substantial, spanning more than an
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Fig. 13 Momentum dependence of charmonium reaction rates for 7 = 200 (upper row), 300 (middle row) and 400 (lower row) MeV

order of magnitude for all states. For the Y (1S), this spread
is mitigated by the overall smallness of the rates (except
for PHSD and the Santiago models, recall Fig. 9) which
renders them phenomenologically of little relevance. Nev-
ertheless, one finds a qualitative ordering according to the
binding energy (recall Fig. 11), with decreasing rates follow-
ing the increasing binding energy from PHSD to Duke to
Munich-KSU to Tsinghua to Nantes and TAMU. While the
Santiago, Munich-KSU and Nantes models have currently
no p-dependence, PHSD and Duke show an increasing trend
which is even more pronounced in TAMU due to the large
binding (suppressing the phase space at small p), while the
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gluo-dissociation of Tsinghua is decreasing (roughly com-
parable to the TAMU gluo-dissociation for the x; which has
approximately the same binding at this temperature). For the
Y (2S) the spread is also large (with little p-dependence in
most models), which, as noted before, is likely due to cur-
rent uncertainties in the phenomenological implementations.
Similar remarks apply to Y (3S) and x;(1P).

At higher temperatures, the model agreement for the
Y (1S) is better (as noted in the context of the 7-dependence).
The TAMU and Tsinghua rates for the excited states at
T > 300MeV are probably underestimated, since once the
binding vanishes, one is basically dealing with heavy-light
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Fig. 15 Same as Fig. 14, but for T = 300 MeV

couplings, which are underestimated when using perturbative
diagrams (recall, e.g., the K-factor for the ¥/ (2S)) [23,26].
This is probably more realistic in models based on the dipole
expansion where the rate is taken as I' ~ r2« (with the HQ
momentum diffusion coupling, «, usually taken from lattice-

p (GeV)

QCD results), which incorporates non-perturbative interac-
tion strength (which is large [13]). However, this expansion
breaks down for small E}; where r becomes large, and simi-
larly for the quantum-optical limit in the Duke model (where,
eg., 'y, 210GeV at T =400MeV).
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Fig. 16 Same as Fig. 14, but for T = 400 MeV

5.5 Imaginary potential in coordinate space

Next we turn to models that include an explicitly r-dependent
imaginary part in their heavy-quark potentials. This enters
into transport models based on open quantum systems where
the quarkonium wave function is coupled to a QGP medium
consisting of light degrees of freedom.! Upon integrating out
the light degrees of freedom, one can obtain an evolution for
the heavy-quarkonium reduced density matrix. In the Marko-
vian limit that emerges when the time scale for medium relax-
ation, 1/T,is much faster than the time for internal transitions
(parametrically given by 1/ E}), the resulting evolution equa-
tion is of Lindblad form [19, 166]. The real part of the poten-
tial can be combined with the transition rates, defined in terms
of jump operators, into a complex effective Hamiltonian. The
Lindblad equation is then solved by using either the method
of quantum trajectories or quantum diffusion with a stochas-
tic potential where the correlators for the stochastic terms
in the potential are set by the imaginary part of the poten-
tial. This leads to a non-unitary dynamics of the quantum
mechanical wave function via the complex effective Hamil-
tonian, which results in suppression of quarkonium states.
In Fig. 17 we compare the imaginary part, W, of the sin-
glet effective potential, Vsinglet,eff = N[V]+iW, used in the
Nantes and Munich-KSU OQS approaches. At low tempera-

' An r-dependent dissociation rate can also be obtained by incorpo-
rating an interference factor to diagrammatic computations with subse-
quent use in semiclassical transport [18,257].
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tures (upper panels), the Nantes and Munich-KSU results are
rather different, while at higher temperatures (lower panels)
they are closer, although the functional form remains quali-
tatively different. In the Munich-KSU approach, the imagi-
nary part of the singlet effective potential is manifestly inde-
pendent of the HQ mass and, at leading order in a E;,/T
expansion, given by W = —ikr?/2, where & = «/ T3 is the
scaled heavy-quarkonium transport coefficient which can be
defined via chromoelectric correlators; here, a temperature-
dependent parameterization is used that was fit to 1QCD data
in Ref. [116]. We note that beyond leading order in Ep/T
the imaginary part of the effective Hamiltonian cannot be
expressed as a local potential as there appear additional con-
tributions proportional to the anti-commutator between the
HQ relative momentum and their distance. For purposes of
comparison, both the Munich-KSU and Nantes groups did
not include such momentum-dependent contributions to the
width.

The dipole expansion in the Munich-KSU approach,
which causes the r2 behavior, limits the reliability of the
imaginary part of the potential to relatively small distances.
In practice, this problem is mitigated since the imaginary
part of the effective potential causes the wave function to
be rather localized near the origin when using the effective
Hamiltonian evolution. From Fig. 17 one sees that the imag-
inary part in the Nantes approach has a weak dependence on
the HQ input mass. With increasing temperature its structure
is compressed to smaller distances, a feature that is also seen
in the Munich-KSU framework.
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Fig. 17 The imaginary part of the effective potential for charmonium (left) and bottomonium (right). The top and bottom rows correspond to 7" =
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5.6 Nuclear modification factor with a common reaction
rate

Another comparison of the models was conducted for the
Raa observable for direct Y (1S) production by imposing a
simple but uniform parametrization for I'y (assumed to be
constant vs. momentum), consisting of a linear increase from
0at7 =200MeV to 0.2 GeV at T = 600 MeV, which every
group implemented in their respective evolution model.? Ini-
tial formation time effects for the bound states, as well as
CNM effects and feeddown, have been neglected. The results
are shown in Fig. 18 as a function of centrality and pt. For
the TAMU model the regeneration component is shown sep-
arately as well as its sum with the (suppressed) initial pro-
duction. The results of the SHM, included for the case of
50% thermalized bottom quarks, constitute pure generation
at Tpe.

2 For models not directly relying on I as an input for the dynamical
evolution, a proper rescaling of the corresponding quantity — like the
imaginary potential W — has been applied.

At first sight, models vary significantly in their results
for the centrality dependence. However, closer inspection
reveals that the Nantes results are anomalously high as the
underlying EPOS4 background is assumed to thermalize only
after ~ 1.5 fm/c which leads to a rather low initial temper-
ature, recall Fig. 7. The TAMU result is reasonably close
to the 3 curves by Saclay, Munich-KSU and Tsinghua, with
a shape close to Munich-KSU but with a higher yield in
peripheral collisions which is presumably caused by larger
medium thermalization times leading to smaller initial tem-
peratures, cf. Fig. 7, while Tsinghua has a smaller initial
temperature in central collisions but a larger one at “inter-
mediate” centralities which could explain the stronger sup-
pression in more peripheral collisions. The Saclay and the
Munich-KSU results are closest to each other, which may
be due to a longer lifetime in the Bjorken model (Saclay)
and escape effects in the Munich-KSU which render the lat-
ter’s Raa higher in peripheral but lower in central collisions
where the initial temperature is higher. Both models generate
a stronger suppression than TAMU, which is largely consis-
tent with the temperature evolution shown in Fig. 7.
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Fig. 18 Left: Raa as a function of Npy for Y (1S), pr-integrated;
right: Raa as a function of pr for 0-10% centrality. For the TAMU
model the regeneration component is shown separately (dotted line) and

5.7 Quarkonium formation time effects

To study the impact of quarkonium formation times calcula-
tions were performed starting from a “realistic” initial Q Q
state (the one used in the respective dynamical model, usu-
ally reported as a “point-like initial state” in the OQS and
the ground state in semiclassical approaches). This state was
evolved in a QGP at fixed temperature 7 =300 MeV, neglect-
ing regeneration. The models provided the “survival” prob-
ability as a function of time to find this Q Q pair at p =0 in
an eigenstate of the in-medium potential.

Figure 19 illustrates how suppression mechanisms under-
lying the calculations of the decay rate are realized in a basic
time evolution scenario at constant 7. We focus the discus-
sion on the bottomonium case which was addressed by most
of the groups. In the TAMU approach, where the initial state
is an in-medium Y'(1S) state and regeneration mechanisms
were discarded for the purpose of this study, one finds as
expected a survival probability = exp(—I't), where I agrees
with the reaction rate displayed in Fig. 9 (including the gluo-
dissociation mechanism); the inclusion of a formation time
typically delays the evolution, with an offset of ~ 0.05 fm/c.
The same exact agreement with the exponential decay law is
obtained in the Saclay calculation as the regeneration was not
considered in this implementation of the model. In the Duke
approach the regeneration component was not removed, lead-
ing to a slight deviation with respect to the exponential decay
initiated with a vacuum state of the T(lS)3, of the order of
5% after 8 fm/c. In the Munich-KSU calculation, the evolu-
tion starts from a compact state close to a Dirac §-function
peak. While the evolution of the survival probability of the

3 Note that “in-medium states” are not defined in the Duke approach
owing to the I' < Ej, hierarchy.
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also summed to the suppression component (dashed line). The results
of the SHM, included in the left plot for the case of 50% thermalized
bottom quarks, constitute pure generation at 7}

in-medium state decreases nearly exponentially, the associ-
ated decay rate is found to be twice the imaginary part of
the eigenvalue (& 8.95 — 0.017i GeV) corresponding to the
fundamental eigenstate of the non-hermitian effective Hamil-
tonian, which is an indication that this mode governs the evo-
lution starting from very early time. In the Nantes approach,
the initial condition is taken as a compact bb state as well. At
early time (during typically the first 1 fm/c), the dynamics
is impacted by quantum interference which leads to a non-
exponential decay of the survival probability and could be
interpreted as an effective formation time. After 1 fm/c, one
observes an exponential decrease, with a decay rate close to
the one evaluated in Fig. 9 for an in-medium state.

6 Conclusions

In this report we have summarized the common effort of a
task force, composed of various theoretical groups, to scru-
tinize their models for the description of quarkonium pro-
duction in high-energy heavy-ion collisions. To begin with,
a synopsis of each model was given guided by 19 items
to specify the inputs and spell out underlying assumptions.
This revealed a large variety of the approaches, e.g., input
potentials ranging from perturbative color-Coulomb to Cor-
nell potentials with different degrees of screening, reaction
rates based on gluo-dissociation and/or inelastic scattering,
implemented into semiclassical vs. quantum transport mod-
els, deviations in the treatment of regeneration (from none
to diagonal to multiple independent Q Q recombinations),
and different accounting for cold-nuclear-matter effects, to
name a few. A set of calculations of derived quantities has
been defined to study how these differences manifest them-
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Fig. 19 The survival probability as a function of time for charmonium
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selves in key quantities of the transport approach, specifically
in-medium binding energies and HQ masses, inelastic reac-
tion rates in momentum space (and/or imaginary parts of the
potential in coordinate space), and nuclear modification fac-
tors with controlled rates and medium conditions.

Let us summarize the results in light of the 5 basic ques-
tions posed in the introduction. First, concerning the model
consistency, the semiclassical approaches employ rather dif-
ferent inputs for the in-medium binding energy and the reac-
tion rate (which is strongly affected by the binding energy),
while all of them include regeneration in a way that accounts
for multiple heavy-quark pairs in the system; in current
quantum-transport approaches, which mostly focus on bot-
tomonia, regeneration, if any, is only based on a single bb
pair, sometimes further restricted to the configurations that
in a pp collision would form an Y state (which is a small
subset). Second, concerning the equilibrium limits relevant
for regeneration, they have not been explicitly compared, but
from the model descriptions it appears that currently only the
semiclassical treatments have control over them, although
they are expected to be quantitatively different due to differ-
ent HQ masses and binding energies. Third, concerning the
significance of quantum effects, the comparisons of suppres-
sion factors appear to confirm that these are mostly relevant
in the early stages; the long-time behavior of suppression
can be characterized by exponential decays that correspond
to the pertinent reaction rate in semiclassical approaches and
the lowest eigenvalue in the quantum approaches. Fourth,
concerning 1QCD constraints, they have been implemented
in a number of models, either in terms of directly computed
quantities, i.e., transport coefficients (which, however, are
restricted to vanishing 3-momentum), or more indirectly by

o 1k
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in the right plot shows the perturbative case for the Saclay model (the
default is lattice). All calculations are for a constant temperature of 300
MeV. NB: Nantes and Duke contain regeneration

computing IQCD quantities (e.g., free energies or Euclidean
correlators) within a model approach to constrain its input
quantities (like the potential or HQ masses); the latter vari-
ant usually offers broader phenomenological flexibility as
well as microscopic insights. Finally, concerning the ulti-
mate model uncertainties, it will be necessary to go beyond
a diagnostic level of comparing the model calculations of
specific quantities as conducted in this work. Clearly, a more
systematic implementation of 1QCD constraints on the input
quantities (such as the in-medium potential) on an equal foot-
ing across model approaches is desirable. Then one could
envision that a comparison of semiclassical to quantum trans-
port approaches with the same microscopic input (such as in-
medium potential and HQ masses, evaluated within the same
process for the reaction rate, e.g., inelastic parton scattering)
could reveal systematic uncertainties in the transport part.
This might also identify in how far simplifications in certain
components of the model calculations are justifiable. In doing
all this, it will be important to account for the strongly cou-
pled nature of the QGP, which manifests itself in both binding
energies and reaction rates. While the former are a direct con-
sequence of the in-medium QCD force (input potential), the
latter are closely related to the single HQ transport coeffi-
cient, which has been experimentally established to be in the
strong-coupling regime. Since the HQ interactions with the
QGP which govern HQ transport can also be expected to be
operative in the bound-state properties of quarkonia, a self-
consistent treatment will provide the strongest constraints.
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