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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 Jy and y (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 modi cations due to cold-nuclear-matter
(CNM) effects. Multi-differential observables are calculated in terms of nuclear modi cation factors

as a function of centrality, transverse momentum, and rapidity, including the contributions from
feeddown from bottom hadron decays. For our predictions for y (2S) production, the mechanism of
sequential regeneration relative to the more strongly bound J y 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 proposedJ y 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 con rmed by experiments [ 6-11]. This signature features an approximately constant
(or even rising) J y vyield with collision centrality in terms of the nuclear modi cation
factor, Raa , and a concentration of the regeneration yield at relatively low momenta [ 12-15].
In addition, the regenerated charmonia exhibit an appreciable elliptic ow inherited from
the recombining charm and anticharm quarks that have been dragged along with the
expanding reball [ 16]. However, signi cant model uncertainties remain, most notably in
the underlying assumptions about the J y dissociation temperature, which controls the
onset of regeneration in the cooling reball, 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 xed common temperature corresponding to the pseudo-critical temperature of the chiral
cross over transition, Tpe ' 160 MeV [17] (see also Ref. [L8]), 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 reball. 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 emerged19].

Successful measurements of the excited statey (2S), in heavy-ion collisions were
conducted at the Super Proton Synchrotron (SPS) R0]. 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 y (2S) (about 60 MeV in vacuum) implies that it has a much smaller
dissociation temperature than the J y (with a vacuum binding energy of 630 MeV), and
thus its in-medium kinetics is operative at later stages in the reball evolution. In this
regard, small collision systems, i.e., d-Au(0.2 TeV) collisions at the Relativistic Heavy-lon
Collider (RHIC) [ 26] and p-Pb collisions at the LHC [ 27], turned out to give valuable
constraints on the reaction rates of the y (2S). The expected smaller initial temperatures in
these systems did not cause signi cant J y suppression beyond CNM effects, while the
stronger suppression of the y (2S) has been interpreted as being due to nal-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 y (2S) reaction rate [28,29]. When deployed
to heavy-ion collisions, this has led to the notion of a “sequential regeneration” of J y and
y (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 pr 6.5GeV/ 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 signi cantly, we will implement the most recent
experimental values for the total charm cross section and re ne our treatment of CNM
effects (including their pr dependence); we will also utilize an improved input for the in-
medium charmonium binding energies to ensure an approximately constant J y 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 speci cally elaborate on our previous predictions for recent
ALICE data on y(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 brie y recall our calculations
of charmonium reaction rates and how they gure in the kinetic rate equation within a
schematic reball for Pb-Pb collisions at the LHC; we also pinpoint updates speci c 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
modi cation 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 py dependence
of J y and y (2S) production in Pb-Pb (5.02 TeV) collisions, based on ts to pp spectra. This
analysis encompassespr spectra, pertinent nuclear modi cation factors across different
centralities, centrality-dependent yields within different momentum bins, and the average
pr and p% 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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2.1. Transport Parameters

Our starting point is a kinetic rate equation that describes the time evolution of
charmonium yields, Ny, according to [31]:

dj\;lp—fr) = _r¢(T(T)) [NI/J(T) — N:;q(T(T))} , (1)

where I'y is the reaction rate and N;q the equilibrium limit of state . In the present work,
we include the lowest three states, = [ /¢, (2S), and x., where the latter represents an
average over the three 1P states X0, xc1, and x2, with an average mass m, = 3.543 GeV
and a total spin degeneracy of nine.

For our purposes below, it is useful to note that the time evolution of Ny from
Equation (1) can be formally decomposed into two distinct processes corresponding to a
primordial and a regeneration component. The primordial component refers to the initial
¥ yields that undergo suppression in the medium. This suppression is directly given
by the loss term, —T'y (T (7)) Ny (7), reflecting the exponential suppression of the initially
produced 1 states. On the other hand, the regeneration component arises from the ther-
mal production of charmonium states within the medium, determined by the approach
towards the chemical equilibrium limit, N;q(T(T)). The regeneration contribution can
thus be defined as the solution to the homogeneous rate equation, which starts from a
vanishing initial condition. It is equivalent to the difference of the full solution minus the
suppression contribution.

The charmonium transport parameters, i.e., reaction rates and equilibrium limits, will
be discussed in the following two Sections 2.2 and 2.3.

2.2. Charmonium Reaction Rates

The reaction rates in the QGP phase are calculated using in-medium charm-quark
masses and binding energies guided by the thermodynamic T-matrix approach. In an
update to previous work [31] where results based on the internal energy potential from
lattice-QCD (1QCD) computations were employed, we modified the binding energies
to ensure that for the given input charm—quark masses, m(T), the resulting J/¢ mass
is constant with temperature [5]. This leads to somewhat larger binding energies for
temperatures below ~300MeV, by up to a maximum of ~150MeV at T ~ 220 MeV, which
are, in fact, in better agreement with self-consistent T-matrix calculations within the strongly
coupled scenario of Ref. [33]. The net effect on observables, is, however, quite small, well
within other uncertainties in our input, such as the nuclear shadowing. The inputs are
summarized in Figure 1.
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Figure 1. Charm—quark mass (left panel) and charmonium binding energies (right panel) as a
function of temperature.

The dominant contribution to the reaction rates arises from inelastic scatterings of
thermal partons (i = ¢,4,g) with charm quarks inside the bound state, ie., i + ¢ —
¢ + ¢+ i. These processes are implemented using perturbative Born diagrams in a quasifree
approximation [24], where one of the heavy quarks in the bound state, denoted as c*, is
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assumed to be the half-off-shell, thereby carrying the binding energy. The other quark
is treated as a spectator, which essentially amounts to neglecting recoil corrections. The
dissociation rate is then determined by a convolution of the inelastic (half-off-shell) 2 — 2
cross section (or rather the matrix element squared) with a thermal parton distribution
function, f;:

&p;
Mi(p T) =2 [ b ilwp Thocioei(s). @

Here, the factor of two accounts for the ¢ and ¢ quark, with p denoting the momentum
of the charmonium. The incoming relative velocity of a ¢ quark and a thermal parton is

given by
2
\/ (P p)" = m2m?

we+ (pe)wi(pi)
where m; denotes the thermal-parton mass and w,+ ;) denotes the on-shell energy of the c*
quark (thermal parton). The results of the quasifree rates are summarized in Figure 2; they
generically show an increase with 3-momentum, mostly caused by a suppression at low
momentum, which is quite sensitive to the binding energies, while a weak increase remains
even in the limit of vanishing binding due to the increase in final-state phase space. For
the ¢(25), which is essentially unbound even at low QGP temperatures, it turns out [28]
that coupling the light parton to the bound state using a perturbative scattering diagram is
insufficient to describe its suppression observed in d-Au collisions at RHIC [26] and p-Pb
collisions at the LHC [27]. Therefore, the QGP rates for the (2S) were augmented by a
K-factor of three to simulate nonperturbative interaction strength [28].

Ocxj =

’ )
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Figure 2. Dissociation rates of charmonia in the medium as a function of momentum at different
temperatures (left panel) and as a function of temperature at p=0 and 3 GeV /c (right panel).

We also revisit the relevance of gluo-dissociation processes, g+ — ¢ + ¢, whose
inelastic rate can be written as [34,35]

3
d d’p
T T) = [ s o(@ne Toraoysse(s) @
Here, we adopt a slightly different (and, as we believe, more consistent) implementa-
tion compared to our previous studies [31] by following our recent work on bottomonia [32].
Rather than expressing the cross section entirely in terms of its binding energy (as originally
derived for a Coulombic bound state), we write it as

206
Oypg—cc = mgw(x) (5)

where the dependence on the strong coupling constant, «;, signifies the perturbative cou-
pling to the timelike gluons from the surrounding heat bath (assumed to be made of massive
partonic quasiparticles), while the remaining dependencies on Eg and charm-quark mass
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characterize the in-medium bound-state properties. Thus, these are implemented on the
same footing as the quasifree process. The functions gy (x) then take the following form for
the three different charmonia we account for:

2 (x—1)3
%(%)z(rxr)) . foryp =]/
16(x—1
go(0) = E(B) 55 for y = (25) (6)
3%(33_2)24(#1)2(9?720%12) for ¥ = xc,
2 2
where x = ko/Ep and kg = % is the incident gluon energy in the rest system of .

The center-of-mass energy squared is obtained from the incoming charmonium and
gluon 4-momenta in the thermal system, respectively:

s=(p®W + pg))2 = m + my + 2Eywe — 2P - Py, 7)

PO = (Epp) and pg = (g B) - ®)

The gluo-dissociation rates of the J /¢ and x., shown in Figure 3, are negligible com-
pared to the quasifree rates at temperatures T 2 250 MeV and T 2 190 MeV, respectively
(even more so at finite 3-momentum). Once the gluo-dissociation rates become comparable
or larger than the quasifree rates at lower temperatures, both rates are numerically small,
implying that their impact on charmonium transport will be small (this will be quantified
below). The gluo-dissociation rates for the 1(25) are negligibly small, as expected from the
small binding energy of the (25).

For the rates in hadronic matter, we follow previous developments [24,28] where effec-
tive SU(4) Lagrangian calculations of meson exchange interactions in pion- and p-meson-
induced dissociation [36,37] were extended to a large set of non/strange resonances based
on phase space considerations. For the ]/, the resulting rates remain quite small; however,
they are significant for the 1(2S), although still significantly smaller than in the QGP (with
K factor), as shown in the right panel of Figure 2.
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Figure 3. Gluo-dissociation rates of charmonia in the QGP as a function of momentum (left panel)
for three different temperatures and as a function of temperature at p = 0 (right panel) where they
are also compared to the quasifree rates.

2.3. Charmonium Equilibrium Limits

Detailed balance enforces the yields of the charmonium states, Ny, to approach their
respective equilibrium limits, Nf;q. We evaluate these equilibrium limits through the
standard thermal-density expression:

d3 d m
eq _ 2 P _ _ Y 25 2 ¥
N, (T) = Vepdy; / 2y exp(—Ey/T) = VFB—27T2 'YchtpKZ(_T ) , ©)
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q__
where dy is the spin degeneracy factor, E, =  p?+ m§ is the charmonium energy, Vg

denotes the (time-dependent) reball volume, and Kj is the modi ed Bessel function of
the second kind. The charm—quark fugacity, g, is computed as in previous work of our
approach [31,32], assuming the conservation of cc pairs during the expansion of the reball:

11(9cnop Vrs)

=20 P TP L 9200 Veg 10
Io(Gemop Vra) dchhid VrB (10)

Nez = égcnop FB
where ngp and npjg 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 |y and I, are the modi ed
Bessel functions of the rst kind. The fugacities are matched to the number of charm—
anticharm quark pairs, Nz, 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 reballs
of URHICs, which tend to suppress the regeneration contribution [ 38|, we adjust the

R

equilibrium limit with a relaxation time factor[ 24,R =1 exp dt9 t. ,where the
0

charm—quark thermalization time, t¢, is taken as 4.5fm/ c, representing an approximate

average over the 3-momentum and temperature (see, e.g., Figure 3.3 in Ref. B9]).

2.4. Initial Conditions and Medium Evolution

The cross section forcc 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
speci c rapidity interval as Nz = dsSce/ dyNeq, where N¢ 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 y(2S) to J y (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 y (2S) overJ y ratio for pp collisions at 5.02 TeV.

Cross Section Mid-Rapidity Forward Rapidity
dsce/d y (mb) 1.165 0.133[19,41] 0.72 0.07
dsyy/d y (mb) 5.64 43 3.93 [44]
Inclusive cross section ratio

Nyp(pzs)/ Nj’,”y 0.147 p4)

A modi cation 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 y
production in p-Pb collisions at forward and backward rapidities, 2.5 < jyj < 4. We t
the product of the measured forward and backward nuclear modi cation factors,  Rppp,
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 tis not inconsistent with recent nuclear parton distribution
functions, see, e.g., Ref. £6]. 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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to be formed, it was found that about 10-20% of the inclusive ]/ suppression is from
hot-matter effects (primarily from the feeddown of suppressed excited states), which must
be “corrected" for when assessing the shadowing effect. Therefore, we adopt a baseline
of 10-30% suppression of the integrated yield stemming from shadowing, with a pr
dependence that reproduces the forward-backward Rp,pp, product. The Npart dependence
of the shadowing for the c¢ cross section is displayed in the right panel of Figure 4.

2.0 : : : : : 1.00 . . . |

E pr, \ SNN = 5.02 Te\/7 J/l/)

Z. 1O F e 0.75]

B L0 - 2 0.501

c T o =

2 051 — 10% 4 ALICE [ % 0.251

~ --- 30% B 10-30%
0.0 . ‘ : . : 0.00 . . . .

0 2 4 6 8 10 12 0 100 200 300 400
pr (GGV/C) Npart

Figure 4. Our parameterizations of the suppression of the c¢ production cross section due to nuclear
shadowing of the parton distribution functions as a function of py (left panel) in p-Pb collisions
in terms of the product at forward and backward rapidities and compared to ALICE data [45] and
versus Npart in Pb-Pb collisions (right panel).

In our comparisons to experimental results for Pb-Pb collisions discussed below,
we incorporate the experimental uncertainties of the charm—anticharm cross section o,
denoted by Ao, along with the shadowing factor S and its uncertainty AS. The uncertainty
of the pp cross section and its shadowing is combined into an effective cross section, &,
as follows:

0z = (S £ AS)(0ce £ Aoge) 2 Soez + ASoe & SAve: = (S £ AS) oz, (11)

where AS is determined by the expression

AS:S\/<%S)2+<A£Z_E>2. (12)

The resulting uncertainty bands will be displayed in the figures in the subsequent
sections to provide a visual quantification of the total uncertainty involved.

Data for inclusive |/ production also include feeddown contributions from final-
state decays. For the “prompt” feeddown from electromagnetic and strong decays of
excited states, we account for 8% and 25% from 1(2S) and x. mesons, respectively [48].
Additionally, there is also a “non-prompt” fraction from bottom decay feeddown (unless
explicitly removed experimentally). We estimate this fraction from available data [48] in
pp collisions at the LHC, cf. Figure 5. It amounts to around 5% at pr = 0 and increases to
approximately 50% at pr = 20GeV /c. We fit the data using the empirical parameterization

fa(pr) = 0.4710g(0.09p7 + 1.1) . (13)

The implementation of the rate equation into URHICs requires the space-time evo-
lution of the volume and temperature of the expanding medium. Toward this end, we
employ a rather simple fireball model for a cylindrical, isotropic, and isentropic evolu-
tion, as elaborated in previous studies [12,24,31] for SPS, RHIC, and LHC energies. The
volume expansion, reminiscent of hydrodynamic models, essentially corresponds to a time-
dependent blastwave model with a collective flow at thermal freezeout (T, ~ 100 MeV
in central Pb-Pb collisions) that reproduces measured pr spectra of light hadrons. The
total entropy in the fireball, calculated from the observed multiplicity of charged parti-
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cles using a hadron resonance gas model, is assumed to remain constant throughout the
adiabatic expansion. By monitoring the entropy density, s(T) = St/ Vep, at each time
T, we can infer the fireball temperature once we specify the equation of state (EoS) for
the medium, i.e., s(T). For the QGP phase, we adopt an ideal gas of massive quarks and
gluons, while the hadronic phase is represented by a noninteracting gas of resonant states,
including mesons and anti/baryons with masses of up to 2 GeV. The critical temperature is
set to T, = 180 MeV (we checked that employing a more realistic EoS based on lattice-QCD
data, with a continuous transition into a hadron resonance gas, has a negligible impact
on quarkonium kinetics [32]). While the assumption of an isotropic volume, Vgp, without
spatial temperature gradients is rather schematic, it enables a straightforward calculation
of the charm—quark fugacity factor, . in Equation (10). The latter governs the equilibrium
limit, Equation (9), of the different charmonium states and is therefore key in obtaining a
reliable gain term for the regeneration contribution. The extension to individual cells with
different temperatures, as figuring, e.g., in a hydrodynamic evolution, renders this more
challenging, but will be addressed in future work. Figure 6 illustrates the resultant tem-
perature evolution as a function of proper time across various centralities at LHC energies
in the forward rapidity region. At central rapidities, where the observed charged-particle
multiplicities are about 20% larger for the same centrality class, the initial temperatures
increase by about 6%.

1.00 =t

] — Fit

HH  ALICE |y| < 0.9

HH ATLAS |y| < 0.75
CMS Jy| < 0.9

0.75-

<20.501

0.25- | .

ool
0 0 20 30 40

pr (GeV/c)

Figure 5. Fraction of bottom hadron decay feeddown to inclusive | /¢ production as measured by
ALICE, ATLAS, and CMS in pp collisions at the LHC [48]; our functional fit is shown by the solid line.

Right after the near-instantaneous formation of a c¢ pair, which would develop into
a ¢ in a pp collision, we incorporate initial formation time effects to approximate the
(quantum) expansion dynamics of evolving into a fully formed bound state. Contrary to
expectations derived from a classical cross section perspective where the transverse size
(i.e., cross sectional area) would grow quadratically with time, we utilize a scaling that is
linear with time [49] and scale down the reaction rates by a factor of T/ ¢y for T < Tiorm.
The quantum formation times are estimated based on energy uncertainties associated with
the splitting in binding energies, i.e., Trorm (J /¢, ¥(25), xc) = 1,2,2 fm/c.

Concerning regeneration processes, we assume their onset once the cooling medium
has reached the pertinent dissociation temperature, i.e., the point where the binding en-
ergy vanishes, Ty;ss >~ 180,240,360 MeV for ¢(2S), x., and ]/, respectively. Quantum
mechanical uncertainty suggests that bound states are distinctly defined only when their
binding energies are on the order of or greater than their respective width. However, even
for smaller (or vanishing) Ep values, resonance-like correlations can persist, potentially
facilitating the population of the relevant quantum states. A more elaborate treatment of
this regime, also referred to as the quantum Brownian motion regime, as well as of the
formation time effects referred to above, necessitates a quantum transport approach.
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600

t (fm/c)

Figure 6. The temperature evolution of the fireball model at forward rapidity in 5.02 TeV Pb-Pb
collisions at different centralities.

3. Time and Centrality Dependence of Charmonium Yields at the LHC

Primordial heavy-quark(onium) production in URHICs is expected to scale with
the number of binary nucleon—-nucleon collisions upon initial impact, No. To quantify
medium effects as a deviation from this expectation, it is a common practice to analyze (the
modification to) the quarkonium production yields in terms of the nuclear modification

factor, Rpa, defined as
N, 1? 4 (N part )

qujp Neont (Npart) ’

where N denotes the inclusive ¢ yield in pp collisions at the same collision energy. The
number of nucleon participants, Npart, is estimated from a Glauber model for a given impact
parameter, b [40], and serves as a measure of the centrality of the nuclear collision. Unless
otherwise stated, the denominator of the R4 will include both prompt and nonprompt
feeddown contributions and utilize the central values for the input cross sections at a given
rapidity, and the reaction rates are for quasifree dissociation.

In the remainder of this section, we focus on pr-integrated yields using a 3-momentum
averaged reaction rate obtained by solving the rate equation, Equation (1); we first discuss
the time evolution of direct /¢ and ¢(2S) production for two specific centralities in
Section 3.1 and then turn to the centrality dependence of inclusive yields in comparison to
the experiment in Section 3.2, including the recently measured ¢(2S)/ ]/ ratio.

RﬁA (Npart) = (14)

3.1. Time Evolution of Charmonium Yields

To illustrate the time evolution of the nuclear modification factors for /¢ and ¢(25),
we focus on 0-20% and 60%-90% central Pb-Pb (5.02 TeV) collisions at forward rapidity, cf.
Figure 7. We include contributions from both primordial and regenerated yields, alongside
their equilibrium limits, where the numerator only includes direct production (i.e., exclud-
ing the prompt and weak-decay feeddown). In the initial phases of the QGP evolution in
central collisions, both primordial charmonium states undergo strong suppression, with the
(25) yield essentially being wiped out. In contrast, peripheral collisions show significantly
less suppression, especially for the /1, due to a lower fireball temperature and shorter
lifetime. Nevertheless, a marked suppression of the ¢(25) is still operative as its reaction
rates are still appreciable at the critical temperature as well as in the hadronic phase.
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Figure 7. Time evolution of charmonium kinetics in central (left panel) and peripheral (right panel)
Pb-Pb collisions at the LHC at forward rapidity. Blue and orange lines represent the direct /¢ and
(2S) yields, respectively, where the dashed and solid lines correspond to the suppressed primordial
and regenerated contributions, respectively, while the dashed—dotted lines are the pertinent equilibrium
limits (including the thermal relaxation time correction). The calculations are carried out for a charm
cross section of doz/dy = 0.72 mb (the central value at forward rapidity, recall Table 1) including an up
to 20% shadowing in central collisions (which is down to about 4% at 60-90% centrality).

In central collisions, the regeneration of the |/ starts well within the QGP phase
but never really reaches the equilibrium limit, especially in the later stages where the
reaction rates are too small (although the large equilibrium limit still produces a small
contribution from regeneration). On the other hand, the ¢(25) regenerates significantly
later because of its smaller dissociation temperature and the associated larger reaction rates,
reaching (and sustaining) its equilibrium limit toward the end of the mixed phase (and
into the hadronic phase). As a consequence of the “sequential regeneration” of J/¢ and
(25), their final ratio surpasses the pertinent equilibrium limit at any given temperature.
In peripheral collisions, both charmonium states commence regeneration concurrently.
However, the (2S) is subject to significantly higher rates compared to the ]/, which
leads to a larger regeneration R a, although quantitatively still small owing to the relatively
low equilibrium limit.

3.2. Centrality Dependence

The centrality dependence of ] /¢ and (2S) yields is obtained by evaluating Equation (1)
with initial conditions determined for a given (average) participant number, complemented
with prompt and nonprompt feeddown contributions. The results for inclusive |/ and
¥(25) production in Pb-Pb (5.02 TeV) collisions, as a function of Npart at mid- and forward
rapidity, are summarized in Figure 8. The | /¢ yield exhibits the well-established behavior
at LHC energies: a strong initial suppression that sets in rather gradually with centrality
and is taken over by regeneration contributions at participant numbers of around 100-150.
At mid-rapidity, both suppression and regeneration are slightly stronger than at forward
rapidity, due to a hotter medium and a larger charm cross section, respectively. The
interplay of these mechanisms produces a fairly flat centrality dependence for the total
Raa, with a mild rise at mid-rapidity, again due to the larger charm production. Overall,
the ALICE ]/ data are reasonably well described [6,8,9], with a preference for shadowing
on the weaker side of our central values. For the ¢(2S), the right panels in Figure 8 show
our predictions based on Refs. [12,28] with the updated inputs as discussed in the previous
section. Compared to the |/, a much steeper suppression of the initial production is found
due to the larger rates and smaller dissociation temperatures, leading to a near-complete
suppression for Npart 2, 100. Detailed balance causes a regeneration contribution that takes
over from the primordial yield at Npart as low as ~40. The resulting inclusive R4 is also
quite flat, but leveling off at a substantially smaller value than for the |/, chiefly due to
the smaller equilibrium limit caused by its larger mass.
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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 at Raa for the daughter Jy
mesons, which we will assume here for both J y and y (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 reball 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 reball lifetimes shown in Figure 6,
the assumption can be justi ed for central AA collisions at the LHC, but is probably not
guantitatively accurate in semi-central and questionable in peripheral collisions, cf. also
Ref. [16]. For each charmonium state, one has

reg Z R .
y my coshr (r) prsinhr(r)
T No(b)mt . rdrK 4 ( = ) lo( T ), (19)

q__
where my = p% + mf, denotes the transverse mass andNg(b) normalizes the absolute

yield to the result of the rate equation, Equation ( 1); K; and Ig are the modi ed Bessel
functions of the second and rst kind, respectively. The radial ow rapidity, r(r), is given
by r(r) = tanh ! Vs » Where Ris the radius of the reball and vsis 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 y and in the
hadronic phase at T = 160MeV for y (2S), independent of centrality (e.g., t = 6.6 and
9.2 fm/ cfor central collisions, recall the left panel in Figure 7), see also Ref. 28].

4.3. Comparison to Experimentat [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 y pr spectra and their pertinent Raa at mid-rapidity, as shown in Figure 12
In 0—10% central collisions (left panels), we nd the well-established features of a strong
suppression at high momenta, pr & 5GeV/ ¢, and a marked rise toward lower pr 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 at suppression-dominated
regime at high pr, are in good agreement with ALICE data, indicating that the blastwave
approximation with a collective ow of thermalized charm quarks recombining into Jy
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 pr,
the data tend to be overestimated, while for an intermediate pt around 5GeV/ ¢, 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  pr, closer
to 5GeV/ cin 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
pr-dependent shadowing. Our focus was on charmonium kinetics in 5.02 TeV Pb-Pb colli-
sions, and speci cally on predictions for y (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 y (2S) are operative at lower temperatures than
for the J y, with signi cant contributions also from the hadronic phase. While the total

J y vyield is close to its chemical equilibrium values in the QGP phase of central Pb-Pb
collisions (around temperatures of 250 MeV), the y (2S) yields chemically equilibrate
later at temperatures of 160 MeV. This delay has signi cant consequences for observables,
most notably a y (2S)/ J y ratio above the equilibrium values at any given temperature
and a shift of the “ ow bump" in the nuclear modi cation factor to higher momenta for
y(2S) than for J y. The former was con rmed by experiments, while the latter is a more
subtle effect that the data are not (yet) sensitive to. Furthermore, we also recon rmed the
rather negligible effect of gluo-dissociation on the reaction rates and highlighted limitations
of our blastwave approximation for the pr spectra of the regenerated charmonia, which
leads to an overestimation of the low pr yields in peripheral Pb-Pb collisions. On the
other hand, in central collisions, the pr-dependent Raa s 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 speci c cases (and enabled, e.g., a resolution of
the so-called J y v, 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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