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Abstract: We provide an update on our semi-classical transport approach for quarkonium production

in high-energy heavy-ion collisions, focusing on J/ψ and ψ(2S) mesons in 5.02 TeV Pb-Pb collisions

at the Large Hadron Collider (LHC) at both forward and mid-rapidity. In particular, we employ

the most recent charm-production cross sections reported in pp collisions, which are pivotal for

the magnitude of the regeneration contribution, and their modifications due to cold-nuclear-matter

(CNM) effects. Multi-differential observables are calculated in terms of nuclear modification factors

as a function of centrality, transverse momentum, and rapidity, including the contributions from

feeddown from bottom hadron decays. For our predictions for ψ(2S) production, the mechanism of

sequential regeneration relative to the more strongly bound J/ψ meson plays an important role in

interpreting recent ALICE data.
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1. Introduction

The production of charmonia in ultra-relativistic heavy-ion collisions (URHICs) has
been an active area of research since four decades ago. The initially proposed J/ψ sup-
pression signature of quark–gluon plasma (QGP) formation [1] has developed into more
comprehensive transport models that account for regeneration mechanisms as dictated
by the principle of detailed balance, which ensures that the abundances of charmonia
approach their pertinent equilibrium limits; see, e.g., Refs. [2–5] for reviews. Abundant
charm production at the Large Hadron Collider (LHC), with around 100 charm–anticharm
quark pairs in a central Pb-Pb collision at a center-of-mass energy of 5.02 TeV per nucleon
pair, has led to predictions of a substantial amount of regenerated charmonia, which have
been confirmed by experiments [6–11]. This signature features an approximately constant
(or even rising) J/ψ yield with collision centrality in terms of the nuclear modification
factor, RAA, and a concentration of the regeneration yield at relatively low momenta [12–15].
In addition, the regenerated charmonia exhibit an appreciable elliptic flow inherited from
the recombining charm and anticharm quarks that have been dragged along with the
expanding fireball [16]. However, significant model uncertainties remain, most notably in
the underlying assumptions about the J/ψ dissociation temperature, which controls the
onset of regeneration in the cooling fireball, and in the input charm cross section, which
determines the equilibrium limit of the charmonia and thus controls the magnitude of the
regeneration. For example, the statistical hadronization model (SHM) offers a complemen-
tary perspective, where all charmonium states are produced via statistical hadronization at
a fixed common temperature corresponding to the pseudo-critical temperature of the chiral
cross over transition, Tpc c 160 MeV [17] (see also Ref. [18]), while most transport models
are based on a hierarchy of dissociation temperatures that is correlated with the charmo-
nium binding energies. Both transport and SHM models are quite sensitive to the amount
of charm–anticharm quark pairs in the fireball. Fortunately, the experimental knowledge
about the total charm cross section in proton–proton (pp) collisions has much advanced
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in recent years. With higher precision and an improved assessment of the contribution of
charm baryons, a noticeable increase in the value of the cross section has emerged [19].

Successful measurements of the excited state, ψ(2S), in heavy-ion collisions were
conducted at the Super Proton Synchrotron (SPS) [20]. Its strong suppression has been
explained by both the SHM [21] and by transport models [22–25]. In the latter, the small
binding energy of the ψ(2S) (about 60 MeV in vacuum) implies that it has a much smaller
dissociation temperature than the J/ψ (with a vacuum binding energy of >630 MeV), and
thus its in-medium kinetics is operative at later stages in the fireball evolution. In this
regard, small collision systems, i.e., d-Au(0.2 TeV) collisions at the Relativistic Heavy-Ion
Collider (RHIC) [26] and p-Pb collisions at the LHC [27], turned out to give valuable
constraints on the reaction rates of the ψ(2S). The expected smaller initial temperatures in
these systems did not cause significant J/ψ suppression beyond CNM effects, while the
stronger suppression of the ψ(2S) has been interpreted as being due to final-state effects in
the more dilute phases of these collisions, relative to Au-Au or Pb-Pb collision systems [15].
This allowed for a much-improved gauge of the ψ(2S) reaction rate [28,29]. When deployed
to heavy-ion collisions, this has led to the notion of a “sequential regeneration” of J/ψ and
ψ(2S) mesons [28]. An initial application to CMS data in Pb-Pb (5.02 TeV) collisions at the
LHC [30] involved a cut on the transverse momentum of the charmonia of pT g 6.5 GeV/c,
and thus was not directly probing the prevalent regime of the regeneration contributions.
This has been improved by recent ALICE data [9], which will play a key role in what
follows below.

In the present paper, we update our model for quarkonium kinetics in heavy-ion
collisions [24,31] in several respects. Most significantly, we will implement the most recent
experimental values for the total charm cross section and refine our treatment of CNM
effects (including their pT dependence); we will also utilize an improved input for the in-
medium charmonium binding energies to ensure an approximately constant J/ψ mass, as
was recently performed in our calculations for bottomonium transport [32], and reassess the
relevance of inelastic-scattering versus gluo-dissociation mechanisms. In our applications
to phenomenology, we will specifically elaborate on our previous predictions for recent
ALICE data on ψ(2S) production in 5.02 TeV Pb-Pb collisions at the LHC [9], thereby
reiterating the role that sequential regeneration plays in interpreting these data.

This paper is organized as follows: In Section 2, we briefly recall our calculations
of charmonium reaction rates and how they figure in the kinetic rate equation within a
schematic fireball for Pb-Pb collisions at the LHC; we also pinpoint updates specific to
this work, e.g., in-medium charmonium binding energies, the total charm cross section
with corrections from nuclear shadowing, and bottom-decay feeddown in the nuclear
modification factors. In Section 3, we discuss the time dependence of charmonia kinetics in
central and peripheral Pb-Pb collisions at the LHC, as well as the centrality dependence of
their inclusive yields with comparisons to data. In Section 4, we evaluate the pT dependence
of J/ψ and ψ(2S) production in Pb-Pb (5.02 TeV) collisions, based on fits to pp spectra. This
analysis encompasses pT spectra, pertinent nuclear modification factors across different
centralities, centrality-dependent yields within different momentum bins, and the average
pT and p2

T, with comparisons to data as available. We summarize and conclude in Section 5.

2. Kinetic Approach

In this section, we recall the basic components of our transport approach. We introduce
the kinetic rate equations and their transport parameters in Section 2.1, give a detailed
discussion of the reaction rates in Section 2.2 and of the equilibrium limits in Section 2.3,
and specify the initial conditions and underlying medium evolution in Section 2.4.
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where dψ is the spin degeneracy factor, Eψ =
√

p2 + m2
ψ is the charmonium energy, VFB

denotes the (time-dependent) fireball volume, and K2 is the modified Bessel function of
the second kind. The charm–quark fugacity, γc, is computed as in previous work of our
approach [31,32], assuming the conservation of cc̄ pairs during the expansion of the fireball:

Ncc̄ =
1

2
γcnopVFB

I1(γcnopVFB)

I0(γcnopVFB)
+ γ2

c nhidVFB , (10)

where nop and nhid are the densities of open- and hidden-charm states at a given tem-
perature T (charm quarks in the QGP phase or charm hadrons in hadronic matter, with
the contribution from charmonia being rather negligible), and I0 and I1 are the modified
Bessel functions of the first kind. The fugacities are matched to the number of charm–
anticharm quark pairs, Ncc̄, produced in primordial nucleon–nucleon collisions (accounting
for shadowing corrections) and evaluated in the following section.

To account for the nonthermal distributions of charm quarks in the expanding fireballs
of URHICs, which tend to suppress the regeneration contribution [38], we adjust the

equilibrium limit with a relaxation time factor [24], R = 1 2 exp

(

2
τ
∫

0

dτ2/τc

)

, where the

charm–quark thermalization time, τc, is taken as 4.5 fm/c, representing an approximate
average over the 3-momentum and temperature (see, e.g., Figure 3.3 in Ref. [39]).

2.4. Initial Conditions and Medium Evolution

The cross section for cc̄ pair production in pp collisions is a key input for the equi-
librium limits and thus controls the amount of regeneration. It is usually applied for a
specific rapidity interval as Ncc̄ = dσcc̄/dyNcoll, where Ncoll denotes the number of binary
nucleon–nucleon collisions at a given collision energy and centrality (estimated from the
optical Glauber model [40]; for the partonic production processes under consideration here,
which are mostly driven by gluon fusion, no distinction is made for the proton–neutron
and neutron–neutron collisions). Similarly, we obtain the initial number of charmonium
states, which are required to determine the initial condition for the rate equation. In Table 1,
we summarize the charm/onium cross sections for pp collisions at 5.02 TeV and the ratio
of ψ(2S) to J/ψ (we note that our values for the charm cross section, taken from Ref. [19],
are well in line with the most recent assessment in Ref. [41]). The open-charm cross section
at forward rapidity has been deduced from its counterpart at mid-rapidity through the
rapidity dependence outlined in Ref. [42]. This extrapolation yields a value 0.72 ± 0.07,
where we incorporate an uncertainty of ±10%.

Table 1. Charm/onium cross sections and ψ(2S) overJ/ψ ratio for pp collisions at 5.02 TeV.

Cross Section Mid-Rapidity Forward Rapidity

dσcc̄/dy (mb) 1.165 ± 0.133 [19,41] 0.72 ± 0.07
dσJ/ψ/dy (µb) 5.64 [43] 3.93 [44]

Inclusive cross section ratio

N
pp

ψ(2S)
/N

pp
J/ψ

0.147 [44]

A modification of the charm(onium) cross section due to cold-nuclear-matter effects,
commonly referred to as nuclear shadowing, is estimated using ALICE data [45] on J/ψ

production in p-Pb collisions at forward and backward rapidities, 2.5 < |y| < 4. We fit
the product of the measured forward and backward nuclear modification factors, RpPb,
which can be interpreted as the net effect of shadowing in a Pb-Pb collision, as shown in
the left panel of Figure 4. Our fit is not inconsistent with recent nuclear parton distribution
functions, see, e.g., Ref. [46]. In addition, we use the same parameterization at mid-rapidity,
which is compatible with recent ALICE data as well [47]. In earlier applications of our
transport approach to p-Pb collisions at the LHC [29], where a short-lived QGP is predicted
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This effect has been explicitly assessed in Ref. [16] based on microscopic b-quark diffusion
calculations and turns out to result in an approximately flat RAA for the daughter J/ψ

mesons, which we will assume here for both J/ψ and ψ(2S).

4.2. Transverse Momentum Spectra from Regeneration

Regarding the pT spectra of the regenerated component, we follow earlier work in
Ref. [12] and employ the blastwave model based on our fireball evolution, thereby assuming
that charm quarks have reached thermal equilibrium in the QGP. Based on the most recent
open-charm hadron phenomenology in URHICs, which suggests c-quark relaxation times
in the QGP of >3–4 fm [39,56], and in light of the fireball lifetimes shown in Figure 6,
the assumption can be justified for central AA collisions at the LHC, but is probably not
quantitatively accurate in semi-central and questionable in peripheral collisions, cf. also
Ref. [16]. For each charmonium state, one has

dN
reg
ψ

dp2
T

= N0(b)mT

∫ R

0
rdrK1(

mT cosh ρ(r)

T
)I0(

pT sinh ρ(r)

T
) , (19)

where mT =
√

p2
T + m2

ψ denotes the transverse mass and N0(b) normalizes the absolute

yield to the result of the rate equation, Equation (1); K1 and I0 are the modified Bessel
functions of the second and first kind, respectively. The radial flow rapidity, ρ(r), is given
by ρ(r) = tanh21(vs

r
R

)

, where R is the radius of the fireball and vs is its surface velocity.
We evaluate this expression at an average evolution time when most of the pertinent
regeneration yield has built up, i.e., in the middle of the mixed phase for J/ψ and in the
hadronic phase at T = 160 MeV for ψ(2S), independent of centrality (e.g., τ = 6.6 and
9.2 fm/c for central collisions, recall the left panel in Figure 7), see also Ref. [28].

4.3. Comparison to Experimental pT Spectra

We are now in a position to discuss our results in comparison to experimental data at
the LHC, focusing on Pb-Pb(5.02 TeV) collisions. We start with the decomposition of the
inclusive J/ψ pT spectra and their pertinent RAA at mid-rapidity, as shown in Figure 12.
In 0–10% central collisions (left panels), we find the well-established features of a strong
suppression at high momenta, pT s 5 GeV/c, and a marked rise toward lower pT due
to regeneration, reaching RAA values of one or even larger (mostly depending on the
strength of nuclear shadowing that suppresses charm production). The magnitude and
shape of this bump, as well as its transition to the rather flat suppression-dominated
regime at high pT, are in good agreement with ALICE data, indicating that the blastwave
approximation with a collective flow of thermalized charm quarks recombining into J/ψ

works well. In 30-50% semi-central collisions (right panels), both the high pT suppression
level and the low pT recombination bump are less pronounced; however, at the lowest pT,
the data tend to be overestimated, while for an intermediate pT around > 5 GeV/c, the
data are underestimated. This discrepancy indicates that the assumption of a thermalized
blastwave for the recombining charm quarks is not accurate anymore; indeed, Refs. [16,38]
have shown that employing transported c-quark spectra, which do not fully thermalize
in semi-central collisions, remedies this discrepancy. In particular, the crossing between
the regeneration and the primordial contribution will be shifted to a higher pT, closer
to 5 GeV/c in semi-central collisions, rather than 3 GeV/c as implied by the thermalized
blastwave approximation depicted in the right panels of Figure 12.
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in-medium binding energies and heavy-quark masses. Compared to our previous studies,
notable updates include revised in-medium binding energies guided by recent T-matrix
computations, state-of-the-art charm production cross sections from experiments, and their
pT-dependent shadowing. Our focus was on charmonium kinetics in 5.02 TeV Pb-Pb colli-
sions, and specifically on predictions for ψ(2S) observables that recently became available
at the LHC. An important role is being played by the mechanism of “sequential regenera-
tion", where regeneration processes for the ψ(2S) are operative at lower temperatures than
for the J/ψ, with significant contributions also from the hadronic phase. While the total
J/ψ yield is close to its chemical equilibrium values in the QGP phase of central Pb-Pb
collisions (around temperatures of >250 MeV), the ψ(2S) yields chemically equilibrate
later at temperatures of >160 MeV. This delay has significant consequences for observables,
most notably a ψ(2S)/J/ψ ratio above the equilibrium values at any given temperature
and a shift of the “flow bump" in the nuclear modification factor to higher momenta for
ψ(2S) than for J/ψ. The former was confirmed by experiments, while the latter is a more
subtle effect that the data are not (yet) sensitive to. Furthermore, we also reconfirmed the
rather negligible effect of gluo-dissociation on the reaction rates and highlighted limitations
of our blastwave approximation for the pT spectra of the regenerated charmonia, which
leads to an overestimation of the low pT yields in peripheral Pb-Pb collisions. On the
other hand, in central collisions, the pT-dependent RAAs align well with the ALICE data,
indicating that the charm–quark spectra at low and intermediate momenta are near local
thermal equilibrium. Improvements by implementing the full kinetics of charm–quark
diffusion have already been worked out for specific cases (and enabled, e.g., a resolution of
the so-called J/ψ v2 puzzle [16]), but are still awaiting systematic applications to the full
available data samples. Further objectives of future developments are the implementation
of nonperturbative matrix elements for the quasifree processes and a realistic implementa-
tion of quantum transport for charmonia [5] that, in particular, can cope with regeneration
reactions in the presence of multiple charm–anticharm quark pairs. Work in all these
directions is in progress.
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