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Abstract—The phenomenological analysis and interpretation of experimental data from RHIC and LHC
on the production of J/y and D mesons in heavy-ion collisions are performed within the two-component
HYDJET++ model including the thermal and hard mechanisms of hadron production. It is shown that the
thermal freeze-out of charmed mesons at RHIC energies occurs earlier than the thermal freeze-out of light
hadrons (assumingly, simultaneously with chemical freeze-out), which indicates that J/y and D mesons are
not in kinetic equilibrium with the formed hadronic matter. At the same time, a significant part of D mesons
at LHC energies are in kinetic equilibrium with the formed thermalized matter, but J/y mesons are still char-

acterized by early freeze-out.
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1. INTRODUCTION

Investigation of the properties of subnuclear matter
at extremely high energy densities and temperatures,
which are reached in ultrarelativistic heavy-ion colli-
sions, is one of the most rapidly developed fields of
current nuclear physics. Experimental data on multi-
ple particle production in heavy-ion collisions at
RHIC and LHC are consistent with the assumption of
the formation of hot strongly interacting matter with
hydrodynamic properties (“quark—gluon fluid”),
which absorbs high-energy quarks and gluons because
of their multiple scattering and energy loss [1—6].

Processes with the production of heavy quarks are
among important tools for the diagnostics of hot mat-
ter in high-energy nuclear collisions. In particular, it is
still unclear whether ¢ quarks are thermalized in the
quark—gluon matter (so-called “quark—gluon
plasma”), which is assumingly formed at the initial
stage of the most central ultrarelativistic heavy-ion
collisions [7]. An adequate theoretical description of
energy loss mechanisms for heavy quarks in dense
matter and a computer model implementation of the
corresponding mathematical formalism are necessary
to answer this question. Another interesting character-
istic of the late stage of heavy-ion collisions is the
degree of thermalization of heavy mesons in the
hadronic fluid formed after the statistical hadroniza-
tion of the quark—gluon plasma [8, 9]. Phenomeno-

logically analyzing the SPS data on multiple hadron
production in lead—lead ion collisions (experiments
with a fixed target at the maximum beam energy of 158
GeV per nucleon), the authors of [10] assumed that
the “freeze-out” of momentum spectra of J/y mesons
occurs at an earlier stage of the reaction than the
freeze-out of spectra of light hadrons, which can be
due to a larger mass and a smaller cross section for the
interaction of charmed mesons. It can be expected
that the cross section for interaction of charmed
mesons in the hadronic matter (as well as the hadronic
fluid density) will increase with the energy of beams
(at RHIC and LHC), which can significantly affect
their degree of thermalization. It is noteworthy that
the situation for mesons containing one (D) or two
(J/y) valence ¢ quarks can be significantly different.
An important component of the simulation of the pro-
duction of heavy mesons in collisions of relativistic
nuclei is the inclusion of both the thermal (soft) and
nonthermal (hard) production mechanisms.

In this work, we report the results of a phenomeno-
logical analysis of RHIC and LHC data on momen-
tum spectra of J/y and D mesons in Au—Au collisions
at a c.m. energy of 200 GeV per nucleon pair and in
Pb—Pb collisions at a c.m. energy of 2.76 GeV per
nucleon pair. Events were simulated within the two-
component HYDJET++ Monte Carlo model [11],
where the final state of the reaction is a superposition
of two independent components, soft hydrodynamic
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and hard jet. It was shown in previous works that this
model describes well various characteristics of the
multiple production of inclusive (light) hadrons in
heavy ion collisions at the RHIC [11] and LHC [12—
15] energies.

2. HYDJET++ MODEL

Multiple hadron production in heavy ion collisions
at the RHIC and LHC energies was simulated with a
HYDJET++ event generator, where the final state of
the reaction is a superposition of two independent
components, soft hydrodynamic (processes of pro-
duction with low transverse momenta, thermal com-
ponent) and hard jet (processes of production with
high transverse momenta, nonthermal component).
The dominant mechanism of production of charged
mesons in this model is the thermal mechanism
implying particle production owing to the statistical
hadronization of the quark—gluon plasma. The hard
mechanism involves rescattering and energy loss of
heavy quarks in the hot quark—gluon matter. The
model was described in detail in [11, 16]. The main
characteristics of the model, which are important for
this study, are briefly as follows.

The hadronic state of the soft component of the
HYDJET++ model is simulated with the hydrody-
namic parameterization of the freeze-out hypersur-
face [17, 18]. It is assumed that the chemical composi-
tion of a hadronic fireball is fixed in the “chemical
freeze-out” stage at a given temperature 7. In the gen-
eral case, the chemical freeze-out stage (when the
relation between the numbers of different hadrons
ceases to change) and the thermal freeze-out stage
(when the momentum distribution of hadrons ceases
to change) can be separated in time and can occur at
different temperatures 7°" and 7™, respectively (such
that 7¢ > 7T!). The thermal production of charmed
hadrons is considered in the statistical hadronization
approximation [8, 9]. In this case, the distribution of
hadrons in the rest frame of a hadronic fluid element
has the form

Yc gi (1)

0. —

where p*° is the energy of the hadron in the rest frame
of the fluid element, g; is the spin factor, y, = 1 is the
charm enhancement factor as compared to the ther-
mal value (“fugacity”), n, is the number of valence ¢
quarks in the hadron C (C = D, J/y, A.), and the
signs + and — in the denominator correspond to the
quantum statistics of fermions and bosons, respec-
tively. The fugacity v, = 1 can be considered as a free
model parameter or can be determined in terms of the
total number of cc pairs calculated in the perturbative
QCD. The multiplicity of hadrons in each event is
simulated according to the Poisson distribution
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around the mean value N, which is calculated on the
freeze-out hypersurface in the effective thermal vol-
ume approximation. For charmed hadrons, we have

N_c = piq(T)Veffﬂ

eq 3 0 (2)
pe(T) = [ P/ T ).
Here, p.*(7) is the thermal (equilibrium) density of
hadrons C at the temperature 7" and V, is the total
effective volume of hadron emission from the hyper-
surface of the proper time T = const. This volume is
calculated at a given impact parameter b of a nuclear
collision as

M R(bO)
Ve = II do _[ \/1 + &(b) tanh’ Y1 (r,b)cos2d

nmﬂx
xcosh Yy(r, byrdr j Y, ()dn,
nmin

where Y} (M) and Yy(r, b) are the longitudinal (Gauss-
ian) and transverse (linear) collective rapidity profiles,
respectively; R(b, ¢) is the transverse size of the fireball
in the azimuthal direction ¢, and &(b) is the momen-
tum anisotropy parameter of the source. The charac-
teristics of stable particles and resonances were taken
from the SHARE table [19].

In order to simulate the hard component, the
HYDJET++ model involves the PYQUEN (PYthia
QUENCched) event generator [20], which modifies the
characteristics of hard parton jets obtained with the
PYTHIA hadronic interaction generator [21]. Radia-
tive and collisional energy loss of hard quarks and glu-
ons is associated with each scattering event in a hydro-
dynamically expanding medium and interference
effects are included in gluon radiation by modifying
the radiation spectrum as a function of decreasing
temperature 7. The radiative energy loss of a massless
quark per unit length dE4/dl is calculated within the
BDMPS model [22—24]:

E
rad 2 2
dE™ _2073Ck dw[l_ﬁx?}mcos(mlr,»,

dl nL 3
HDh, %)
where
2
A
o = J,-(l_x&xz)mg g = Hoke
3 K o(l — x)

L is the transverse size of the hot region of the quark—
gluon matter, kg is the gluon mean free path, T, =
L/(2),), x = ®/E is the gluon-carried fraction of the
energy of the hard quark, o is the QCD running cou-
pling constant for N;active quark flavors, Cp = 4/3 is
the quark color factor, and U, is the Debye screening
mass. For heavy quarks with the mass m,, we used the
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simple generalization of Eq. (4) obtained in the “dead-
cone” approximation [25]:

_ 1 dErad|
meo (+ @) dl |,

1/3 4/3
(A ("M
B_&%J (EJ '

Collisional energy loss per unit length dE*'/dl and
the elastic scattering cross section dc/df for the hard
quark with the energy £ and mass m, on “thermal”
partons with the energy m, = 37 <« E are calculated
in the limit of high squared transverse momentum
transfer 7 [26—28]:

dE
di

&)

where

Tmax

dEcol _ 1 I
dl 4T\ o

uo

do
dt—1t, 6
" (6)

2 2
do _ CZﬁOCs(f) E

, 7
dt . Ez—mj @

where C = 1 and 4/9 for gg and ¢qq scatterings, respec-
tively, and the maximum possible momentum transfer
is given by the expression

fae = i[s — (m, +m)*1[s — (m, — mo)°1,
where

2 2
s =2myE + my +m,.

The evolution of dense matter where hard partons lose
the energy is described within one-dimensional
hydrodynamics with the production of particles on a
certain proper time T hypersurface [29]. The rescatter-
ing intensity within the PYQUEN algorithm is deter-
mined primarily by the initial maximum temperature

T,"" of the quark—gluon fireball formed in the over-
lapping region of colliding ions. The initial tempera-

max

ture 7, (b = 0) for central heavy-ion collisions is the
input parameter of the model; the initial temperature

max

for noncentral collisions 7, () is calculated from
the condition that the corresponding energy density
€,(b) is proportional to the ratio of the nuclear overlap-
ping function to the effective transverse area of the
overlapping region. The transverse energy density at
each point of the overlapping region is taken to be pro-
portional to the product of two nuclear thickness func-
tions 7. The number of hard jets (including pairs of
heavy quarks) in each event is simulated according to
the binomial distribution around the mean value N,
defined for a given energy of colliding beams Js and
the impact parameter b as
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- hard
jet miny _ 2 dGNN (pT:\/E)
MO pf™) = [ dpi [y SR B
wo o " ®)
Xj d‘lfj."d"TA('l)TA("z)S("l,"z,PTay)-
00

Here, 6'vy (o, Vs) and o' (pr, Vs)/dp3dy are the
total inelastic cross section and differential cross sec-
tion for hard processes with the transverse momentum

transfer pr > pT in nucleon—nucleon collisions (cal-
culated within the PYTHIA model), respectively; 7,
and r, are the transverse distances from the vertex of
the initial hard process to the centers of the first and
second nuclei, respectively; and the coefficient S < 1
presents the nuclear shadowing effect of the initial dis-
tribution of partons in nucleons. The accepted approx-
imation implies that partons produced in hard pro-
cesses with momentum transfers lower than py ' are
involved in the thermalized system; therefore, the
products of their hadronization are “automatically”
included in the soft component of the event. Thus, the

model parameter py ™ determines the contribution of
the hard component to the total multiplicity of events.

3. MOMENTUM SPECTRA OF J/y
AND D MESONS IN GOLD-GOLD
COLLISIONS AT RHIC ENERGIES

The input parameters of the HYDJET++ model for

gold—gold collisions at an energy of /s,y = 200 GeV
were chosen [11] by fitting RHIC data on the momen-
tum spectra of inclusive charged hadrons at various
centralities of interactions. The parameters important
for our study are the chemical and thermal freeze-out
temperatures 7" = 165 MeV and 7™ = 100 MeV,
respectively; the maximum rapidities of the longitudi-

nal and transverse flows ¥, = 3.3 and Y = 1.1,
respectively; the minimum transverse momentum
transfer in initial hard parton—parton scatterings
pr " = 3.5 GeV/c; and the maximum initial tempera-
ture of the quark—gluon plasma 7, = 300 MeV. The
pr spectra of J/y and D° mesons simulated with the
parameters listed above are shown in Figs. 1 and 2 in
comparison with the STAR data [30, 31]. The fugacity
Y. = 7 was chosen from the condition of the identity of
the absolute experimental and simulated yields of
inclusive J/y mesons. It is seen that simulated spectra
(dashed lines) are much harder than the experimental
spectra, which possibly indicates that the thermal
freeze-out of charmed mesons occurs earlier than that
of light hadrons and, correspondingly, the collective
rapidity of the former is lower than that of the latter
[10]. Under the simplifying assumption (which
Vol. 124
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Fig. 1. (Color online) Transverse-momentum distribution
of inclusive J/y mesons in 20% of the most central Au—Au

collisions at the energy /sy = 200 GeV for the rapidity
range |J| < 1. The points are STAR experimental data from
[30] and the lines are the results of the HYDJET++ simula-
tion with the freeze-out parameters for (dashed curve) inclu-

sive hadrons and (solid curve) “early” thermal freeze-out.

reduces the number of free parameters) that the ther-
mal freeze-out of charmed mesons occurs at the same
temperature, 7" = 7% = 165 MeV, the collective

max

rapidities ¥;" " = 1.1 and Y7 = 0.5 chosen for such a
thermal freeze-out hypersurface allow the description
of the data for both J/y and D° mesons (solid lines in
Figs. 1 and 2).

Thus, the above model analysis of RHIC data indi-
cates that the thermal freeze-out of charmed mesons
occurs earlier than the thermal freeze-out of light had-
rons (assumingly, simultaneously with chemical
freeze-out), which can be explained by their larger
mass and smaller interaction cross section in the
hadronic matter. The J/y and D mesons are not in
kinetic equilibrium with a thermalized medium
formed in central collisions of gold ions at RHIC.

4. MOMENTUM SPECTRA AND THE
ELLIPTIC FLOW OF J/y AND D MESONS
IN LEAD—-LEAD COLLISIONS
AT THE LHC ENERGIES

Various characteristics of multiple production of
inclusive hadrons in lead—lead collisions at the LHC

energy «/syy = 2.76 TeV were phenomenologically
analyzed within the HYDJET++ model in [12—15]. It
was shown that the model successfully reproduces data
on the momentum spectra [12], anisotropic flow [13],
two-particle angular correlations [14], and fluctua-
tions of the elliptic and triangular flows of charged
hadrons [15]. The following main input parameters of
the model were used: chemical and thermal freeze-out
temperatures 7" = 165 MeV and 7" = 105 MeV,
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Fig. 2. (Color online) Transverse-momentum distribution
of D mesons in 10% of the most central Au—Au collisions

at the energy syy = 200 GeV for the rapidity range
[y| < 1. The points are STAR data from [30] and the lines
are the results of the HYDJET++ simulation with the
freeze-out parameters for (dashed curve) inclusive had-

rons and (solid curve) “early” thermal freeze-out.

respectively; maximum rapidities of the longitudinal

and transverse flows ¥;"* = 4.5 and Y7 = 1.265,
respectively; the minimum transverse momentum
transfer in the initial hard parton—parton scattering
pi™ = 8.2 GeV/c; and the maximum initial tempera-

max

ture of the quark—gluon plasma 7, ™~ = 1 GeV. The
simulated p spectra of J/y, D*, D**, and D’ mesons
are shown in Figs. 3 and 4 in comparison with the
ALICE data [32, 33]. As in the case of comparison
with the STAR data, the fugacity y, = 11.5 was chosen
from the condition of identity of the absolute experi-
mental and simulated yields of inclusive J/y mesons.

The situation for J/y mesons is close to the case of
the RHIC energy: the pr spectrum simulated with the
same freeze-out parameters as for inclusive hadrons is
harder than the experimental spectrum. Under the
assumption of “early” freeze-out 7t = T¢h = 165 MeV,
the data can be described by the model (up to p; =

3.5 GeV/c) with a lower collective rapidity (¥,"" = 2.3
and Y7 = 0.6) and a larger contribution of the hard

component (pr = 3.0 GeV/c). A slight model under-
estimation of the yield of J/y mesons at high trans-
verse momenta (hard component) can be due to the
necessity of a special adjustment of the used PYTHIA
version to LHC data on the production of J/\y mesons
in proton—proton collisions, but observed discrepancy
does not affect the results of the reported analysis.

The situation for D mesons at LHC is qualitatively
different as compared to RHIC: their momentum
spectra can be described within the HYDJET++
Vol. 124
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pr. GeV/e

Fig. 3. (Color online) Transverse-momentum distribution
of inclusive J/y mesons in 20% of the most central Pbo—Pb

collisions at the energy /s yy = 2.76 TeV for the rapidity
range 2.5 <y < 4. The points are ALICE data from [32] and
the lines are the results of the HYDJET++ simulation (the

lines mean the same as in Fig. 1).

model with the same freeze-out parameters as for
inclusive hadrons. Figure 4 illustrates the comparative
contributions of the soft and hard components as
functions of the transverse momentum of D mesons. It
is seen that the thermal component, which is in kinetic

2
d°N_ (GeV/e)?
dprdy
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equilibrium with the hadronic matter, dominates up to
pr =4 GeV/c. In this case, the data are described up to
the highest transverse momentum (pr = 16 GeV/c),
which indicates that the model of rescattering and
energy loss of heavy quarks in hot matter used to gen-
erate the hard component in the HYDJET++ model
is successive.

An important physical observable characterizing
the degree of thermalization of the system of particles
formed in relativistic nuclear collisions is an elliptic
flow, i.e., the second Fourier harmonic v, of the
expansion of the azimuthal distribution of particles
with respect to the reaction plane. In particular, the
observation of a high elliptic flow of inclusive and
identified hadrons in heavy-ion collisions at RHIC
and LHC indicates the formation of strongly interact-
ing matter with hydrodynamic properties [1—4, 6]. We
compared the results of simulation of the elliptic flow
of charmed mesons with the ALICE data [34, 35].
Figures 5 and 6 show the momentum dependences of
the elliptic flow coefficient v, for J/y, D*, D**, and D°
mesons. Good agreement of the simulation results
with the experimental data can indicate that assump-
tions on the freeze-out conditions for heavy mesons
and on the relation between the contributions of the
soft (thermalized) and hard (nonthermalized) compo-
nents used in the model are physically justified.

10°F 3

102}

103

10—4 L L Lohy L L 1 N 1
0 2 4 6 8 101214 16 18
Pr> GCV/C

012 14 16 18
Pr> GCV/C

10121416 18 2 4 6 8 1
stGeV/c

Fig. 4. (Color online) Transverse-momentum distribution of (left panel) D, (middle panel) D** and (right panel) D° mesons
in 20% of the most central Pb—Pb collisions at the energy /s yn = 2.76 TeV for the rapidity range [y| < 0.5. The points are ALICE
data from [33], the solid curve is the HYDJET++ simulation with the freeze-out parameters for inclusive hadrons, and the dotted
and dashed curves are the contributions of the soft and hard components, respectively.
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Fig. 5. (Color online) Transverse-momentum depen-
dences of the elliptic flow v, of inclusive J/y mesons in
semicentral Pb—Pb collisions (centrality of 20—40%) at
the energy /sy = 2.76 TeV for the rapidity range 2.5 <
y < 4. The points are ALICE experimental data from [34]
and the histograms are the HYDJET++ simulation for
“early” thermal freeze-out (the solid, dotted, and dashed
histograms mean the same as the respective lines in Fig. 4).

Thus, the model analysis of LHC data shows that
the thermal freeze-out of D mesons occurs simultane-
ously with the thermal freeze-out of light hadrons,
whereas the thermal freeze-out of the J/y mesons, as
at the RHIC energy, occurs earlier than the thermal
freeze-out of light hadrons. This effect is possibly
caused by an increase in the cross section for the inter-
action of D mesons at the LHC energy (which
becomes comparable with the cross section for the

1%
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interaction of light hadrons), whereas the cross section
for the interaction of J/y mesons in the hadronic mat-
ter remains significantly smaller.

5. CONCLUSIONS

The model analysis of the data on the production of
charmed mesons in heavy ion collisions at the RHIC
and LHC energies has been reported. The conditions
of freeze-out of the spectra of D and J/y mesons and
the possibility of their thermalization have been exam-
ined. The importance of the nonthermalized compo-
nent for the description of data has been demon-
strated.

It has been shown that the momentum spectra of D
and J/y mesons in the most central gold—gold colli-

sions at the energy +/s vy = 200 GeV can be reproduced
within the two-component HYDJET++ model
including the hydrodynamic (soft) and jet (hard) com-
ponents with identical freeze-out parameters. It has
been established that the thermal freeze-out of
charmed mesons occurs earlier than the thermal
freeze-out of light hadrons (assumingly, simultane-
ously with chemical freeze-out), which can be due to
their larger mass and smaller interaction cross section
in the hadronic matter. Thus, D and J/y mesons at
RHIC energies are not in kinetic equilibrium with the
formed thermalized hadronic matter.

The momentum spectra and elliptic flow of D and
J/y mesons in lead—lead collisions at the energy

\Syy = 2.76 TeV have been described within the

>
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Fig. 6. (Color online) Transverse-momentum dependences of the elliptic flow of (left panel) DE, (middle panel) D and (right

panel) D" mesons in semicentral Pb—Pb collisions (centrality of 30—50%) at the energy +/syy = 2.76 TeV for the rapidity range
[y| < 0.8. The points are ALICE experimental data from [35] and the histograms are the HYDJET++ simulation with the freeze-
out parameters for inclusive hadrons (the solid, dotted, and dashed histograms mean the same as the respective lines in Fig. 4).
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HYDJET++ model under the assumption that the
thermal freeze-out of D mesons occurs simultaneously
with the thermal freeze-out of light hadrons, whereas
the thermal freeze-out of J/y mesons occurs earlier
than the thermal freeze-out of light hadrons. This
effect is possibly caused by an increase in the cross
section for the interaction of D mesons at the LHC
energy (which becomes comparable with the cross
section for the interaction of light hadrons), whereas
the cross section for the interaction of J/\y mesons in
the hadronic matter remains significantly smaller.
Consequently, a significant part of D mesons (up to
the transverse momentum pr = 4 GeV/c) at LHC, in
contrast to RHIC, are in kinetic equilibrium with the
formed hadronic matter.
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