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Introduction: Heavy quarks are primarily produced in hard scatterings on
short time scales and traverse the surrounding medium, interacting with its
constituents. Consequently, the production of hadrons containing heavy quark(s)
serves as a particularly valuable probe for investigating the transport properties of
the hot matter formed in ultrarelativistic heavy-ion collisions.

The contemporary understanding of multi-particle production in central
heavy- ion collisions at RHIC and LHC energies suggests the formation of a hot,
strongly- interacting matter with hydrodynamical properties often referred to as a
“quark-gluon” fluid”. This medium absorbs energetic quarks and gluons through
multiple scatterings and medium-induced energy loss (see, e.g., [1-5]).

This study continues a series of investigations into the thermalization of
heavy quarks in quark-gluon plasma (QGP). In our previous works [6-11], we
explored the interplay between thermal and non-thermal mechanisms of hidden
and open charm production at RHIC and LHC energies (200 GeV and 2.76 TeV
per nucleon pair respectively).

In this paper, we analyze and interpret LHC PbPb data on the momentum
spectra of JAy mesons [12] in PbPb collisions at a center-of-mass energy of 5.02
TeV per nucleon pair, within the framework of the two-component HYDJET++
model [13]. Among various heavy-ion event generators, HYDJET++ is
distinguished by its focus on simulating the jet-quenching effect, accounting for
medium-induced radiative and collisional partonic energy loss (the “non-thermal”
hard component), while also reproducing the main features of nuclear collective
dynamics through the parametrization of relativistic hydrodynamics with preset
freeze-out conditions (the “thermal” soft component). Previous studies have
demonstrated that the HYDJET++ model successfully reproduces experimental
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LHC data across a range of physical observables in PbPb collisions, including the
centrality and pseudorapidity dependence of inclusive charged particle
multiplicity, transverse momentum spectra of inclusive and identified hadrons (z,
K, p), 77" femtoscopic correlation radii, momentum and centrality dependencies
of elliptic and higher-order harmonic coefficients, dihadron angular correlations,
and event-by-event fluctuations of anisotropic flow [14-17]. Our previous research
revealed that, at RHIC energies, both light and heavy charmed hadrons are not in
thermal equilibrium with the medium, undergoing thermal freeze-out earlier than
light hadrons (those composed of light quarks). At LHC energies of 2.76 TeV per
nucleon pair, light charmed hadrons (open charm hadrons containing a single c
quark) appear to reach thermal equilibrium with the medium and are well-
described by HYDJET++ parameters applicable to light hadrons. In contrast, JAy
mesons still exhibit characteristics of an earlier kinetic freeze-out. This work aims
to assess the situation at a higher energy of 5.02 TeV per nucleon pair.

1. Charm production in HYDJET++ model: HYDJET++ is a model of
relativistic heavy ion collisions, which includes two independent components: the
soft hydro-type state (“thermal” component) and the hard state resulting from the
medium-modified multi-parton fragmentation (*non-thermal” component) [13].
The soft component corresponds to the hadronic state produced on the chemical
and thermal freeze-out hypersurfaces, which are derived from the parametrization
of relativistic hydrodynamics under predefined freeze-out conditions. This is
achieved using the adapted event generator FAST MC [18, 19]). Hadron
multiplicities are determined within the framework of the effective thermal
volume approximation, employing a Poisson multiplicity distribution centered
around its mean value. This mean is assumed to be proportional to the number of
participating nucleons at a specified impact parameter of an AA collision. To
simulate the elliptic flow effect, the hydro-inspired parametrization is
implemented for the momentum and spatial anisotropy of a thermal hadron
emission source.

The approach used for the hard component is based on the PYQUEN
partonic energy loss model [20]. The simulation of a single hard NN sub-collision
by PYQUEN is modeled as a modification of the jet event generated by PYTHIA
6.4 [21]. This approach integrates several key effects, including medium-induced
rescattering, collisional and radiative energy loss of hard partons within the
context of an expanding quark-gluon plasma, as well as considerations of realistic
nuclear geometry and nuclear shadowing. The mean number of jets produced in
an AA event is calculated by multiplying the number of binary NN sub-collisions
at a specified impact parameter with the integral cross section of the hard process,
determined by the minimum transverse momentum transfer, p™". Partons
produced in hard processes with a momentum transfer lower than p™ are
considered as being “thermalized”. Consequently, their hadronization products
are included “automatically” in the soft component of the event.
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The input parameters of the model for both the soft and hard components
have been tuned to fit heavy ion data on various observables for inclusive hadrons
at RHIC [13] and LHC [14].

Charmed meson production in HYDJET++ includes both soft and hard
components as well. Thermal production of D, J/y, and A. hadrons is treated
within the statistical hadronization approach [22, 23]. Momentum spectra of
charm hadrons are computed according to thermal distributions, and the
multiplicities N, (where C = D, J/w, A) are calculated through the corresponding
thermal numbers N, as N, = y."N.", where y. is the charm enhancement factor (or
charm fugacity), and n. is the number of charm quarks in a hadron C. The
fugacity y. can be treated as a free parameter of the model, or calculated based on
the number of charm quark pairs obtained from PYTHIA and multiplied by the
number of NN sub-collisions.

Non-thermal charmed hadrons are generated by PYQUEN, taking into
account in- medium energy loss of heavy (b, ¢) quarks using the “dead-cone”
generalization [24] of the BDMPS model [25, 26] for radiative loss and the high-
momentum transfer limit [27, 28, 29] for collisional loss.

2. Jly-meson production in lead-lead collisions at \syy = 5.02 TeV: The
HYDJET++ model parameters for both the soft and hard components have been
finely tuned to fit heavy ion data on various observables for inclusive hadrons.
The chemical and thermal freeze-out temperatures, set at T, = 165 MeV and Ty, =
105 MeV, respectively, for inclusive hadrons are of particular relevance. Earlier
work [6] demonstrated that the HYDJET++ model could accurately reproduce pr
and y spectra of Jiy mesons at RHIC energies (Vsay = 200 GeV) [30], under the
assumption that the thermal freeze-out of Jhy occurs at the same temperature as
chemical freeze-out. This notion of early thermal freeze-out for Jhy had been
previously proposed to explain SPS data at 158 GeV/nucleon [31]. A similar
trend was observed at LHC energies (Vsyn = 2.76 TeV) [6, 7, 8, 9, 10, 11], and
this pattern persists even at Vsyy = 5.02 TeV.
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Fig. 1. Transverse momentum spectrum of inclusive J/y-mesons for rapidity |y] < 0.9 in 10% of
most central PbPb collisions at Vsyy = 5.02 TeV. The points denote ALICE data [12], histograms
represent simulated HYDJET++ events (red dashed — freeze-out parameters as for inclusive
hadrons, blue solid — early thermal freeze-out).
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Figure 1 presents a comparison between HYDJET++ simulations and
ALICE data [12] for the pr spectrum of J/y» mesons in the 10% most central PbPb
collisions within the mid-rapidity region (ly] < 0.9) at Vsyy = 5.02 TeV. The
results suggest that if J/ys undergoes thermal freeze-out at the same temperature as
chemical freeze- out (albeit with reduced collective velocities), the simulated
spectrum aligns with the experimental data. A comparison in the forward rapidity
region (2.5 < |y| < 4) for the 20% most central PbPb collisions is shown in Figure
2. It matches the data up to pr ~ 4 GeV/c. However, an enhanced contribution
from the hard component was required to better match the overall shape of the pr
spectrum. The observed discrepancy at high pr might suggest the need to further
tune the version of PYTHIA specifically for charmonium production.

It is important to note that HYDJET++ does not model final state effects for
guarkonia, such as the melting of primordial quarkonia in the hot medium or
dissociation by comovers. Therefore, it is not designed to accurately reproduce
data at high transverse momenta for prompt (and consequently, inclusive) J/y
mesons. Conversely, the production of non-prompt J/w mesons from B-meson
decays is particularly interesting due to the potential to observe medium-induced
bottom quark energy loss in this channel, which can be analyzed using our model.
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Fig. 2. Transverse momentum spectrum of inclusive Jiy-mesons for rapidity 2.5 <y| < 4 in 20%
of most central PbPb collisions at Vsyy = 5.02 TeV. The points denote ALICE data [12],
histograms represent simulated HYDJET++ events (red dashed — freeze-out parameters as for
inclusive hadrons, blue solid — early thermal freeze-out).

Summary: The phenomenological analysis of charmed meson production
in lead-lead collisions at a center-of-mass energy of 5.02 TeV per nucleon pair
has been conducted using the two-component HYDJET++ model, which
accounts for both thermal and non-thermal production mechanisms. The model
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successfully reproduces the momentum spectra of J/y» mesons by assuming that
the thermal freeze-out of J/y» mesons occurs significantly earlier than that of
light hadrons, likely during the phase of chemical freeze-out. This earlier freeze-
out is associated with reduced radial and longitudinal collective velocities. As a
result, a substantial fraction of J/yw mesons, particularly those with transverse
momenta up to pr ~ 4 GeV/c, appears to be out of kinetic equilibrium with the
hot hadronic matter created in PbPb collisions. This observation suggests that
the interaction cross section of Jiy mesons at this energy remains considerably
smaller than that of light hadrons.
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The investigation of quarkonium production in heavy-ion collisions is
essential for gaining insights into the properties of the quark-gluon
plasma (QGP) and understanding the underlying mechanisms of particle
production in high-energy physics.  This  paper provides a
phenomenological analysis of the various properties of J/w mesons in
PbPb collisions at a center-of-mass energy of 5.02 TeV per nucleon pair.
The momentum spectra data of J/w mesons are accurately reproduced using
the two-component model HYDJET++, which integrates both thermal and
non-thermal production mechanisms. A substantial fraction of J/ mesons
undergo earlier freeze- out compared to light hadrons, aligning with
observations at an energy of 2.76 TeV. These results offer important
insights into the dynamics of J/ meson production and their interactions
within the quark-gluon plasma.

U4, Phjjuh

J/¥ dkgnuubph wnwpwmgdwi ophtiwsunhm pyniunkpn 5.02
TeV PbPb-h pupumdubtph durdwiiuay HYDIJET++ Unphjnid

Owlip hnutbph pwjunidubph dudwbwl pjuplnuhnidh wnwowg-
dwl htinwqnunmpniip Juplinp b pupdp Eubpghwgh $hqhugnid’
pyunl-qninttwghtt yjuquugh hwnlnipnibaubph b dwuthlutph wew-
owgdwt hhupnid pujws dkjpwuhquubph JEpupkpyuw; yuwnlkpugnid-
ubp dknp phpkjnt hwdwnp:
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Uju hnpuénmd ubpyuyugdwé E quugush jhtunnpnunid 5,02 TeV
dhonihh Eubkpghwyny PbPb-h pwpunidubtpnid Jp dkgnuubph wwppkp
hwwnlnipniuubph pEundktininghwljwub tpnidnipinii:

JAp dkgnuutiph hdwyniuh uvykunpuhtt njjujikpp dogpuinpku Yk-
pupununpynid ki oqguiugnpsting kpypununphs unnp HYDIET++, npp
ubkpwnmd £ husybu obpduwhl, wyuwybu k| ny ohpdwjhtt wnwewgdub
dbjuwmthquubp: JA dbgnuutph dh qquih dwup Gupwupydnud £ wybih
Jun uunkgdwl, hwmdbdwwnws phpl hwnpntubph hbkwn, husp hwdpuy-
unwd £ 2,76 TeV tukpghwubph dwdwbwl nhnwpynidubph htwn:

Uju wpmyniupubipp upbnp gunltpugnid tu nwhu /4 dkqnuuk-
nh wnwowgdwt nphuwdhuyh b pywpl-qpnintughtt wuquumnd
npuitg hnpiuqylgnipniiph Epupbppug:

A.B. BeasieB

Ocob6ennoctu poxnenus J/'¥Y-Me30HOB B coyiapeHHsIX HOHOB CBMHLIIA
npu 3Heprum 5.02 T3B B monesin HYDJET++

UccnenoBanne pokieHNs] KBAPKOHHEB B CTOJIKHOBEHUSAX TSKENBIX MOHOB
MMeeT KIIF0YeBOE 3HaYeHHE IS TTOTydYeHHs MIPe/ICTaBICHN O CBOMCTBAaX KBapK-
ritooHHON 1a3mMbl (QGP) u i MOHUMaHKs MEXaHH3MOB POXKICHHS YaCTHUIl B
(u3nKe BBHICOKMX Hepruil. B manHoi paboTe nmpoBeneH (GEeHOMEHOIOTHUSCKHM
aHaM3 pa3uuHbIX CBOMCTB J/\y-Me30H0B B PHPD cronkHOBeHMsX mpu sHepruu
5,02 T2B Ha mapy HyKJIOHOB B cucTeMe IieHTpa Macc. CIeKTpbl UMITYJILCOB J/y-
ME30HOB OBUIH TOYHO BOCIIPOM3BE/ICHBI C UCIIOIE30BAHNUEM JIBYXKOMITOHECHTHOM
momenu HYDJET++, xoTopas BKIIOWaeT Kak TepMajibHBIC, TaK W HETEp-
MaJIbHbIe MEXaHU3MbI POXKICHHS. BbUTO MOKa3aHo, 4TO CyIlecTBeHHAs qous Jy-
ME30HOB IpeTepreBacT 0ojee TEPMUIECKOE BEIMOPaXBAHHE IO CPABHEHHUIO C
JIETKUMH aJIpOHaMH, YTO COTiacyercsi ¢ HabmoqeHusIMu Jutst sHepruu 2,76 TaB.
OTU pe3ynapTaThl MPENOCTABIAIOT Ba)KHBIE CBEACHUS O TUHAMHUKE POXKICHUS
J/\y-Me30HOB 1 UX B3aMMOJICHCTBHSIX B KBaPK-TJIFOOHHOM TIIa3Me.
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