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Thermal production of charm quarks in relativistic heavy-ion collisions
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We investigate the thermal production of charm quarks in the strongly interacting quark-gluon plasma (sQGP)
created in heavy-ion collisions at relativistic energies. Our study is based on the off-shell parton-hadron-string
dynamics (PHSD) transport approach describing the full time evolution of heavy-ion collisions on a microscopic
basis with hadronic and partonic degrees of freedom. The sQGP is realized within the effective dynamical
quasiparticle model (DQPM) which is adjusted to reproduce the lattice quantum chromodynamics (lQCD) results
for the thermodynamic observables of the sQGP. Relying on the fact that the DQPM successfully describes the
spatial diffusion coefficients Ds from the lQCD, which control the interaction of charm quarks with thermal
partons (expressed in terms of strongly interacting off-shell quasiparticles), we evaluate the production of charm
quark pairs through the rotation of Feynman diagrams such that the incoming charm quark and outgoing light
parton in elastic scattering diagrams are exchanged. The charm quark annihilation is realized by detailed balance.
We find that the number of produced thermal charm quark pairs strongly depends on the charm quark mass in the
QGP. While for the heavy charm quarks of mass mc = 1.8 GeV it is subdominant compared to the primary charm
production by binary nucleon-nucleon collisions at BNL Relativistic Heavy Ion Collider (RHIC) and CERN
Large Hadron Collider (LHC) energies, the numbers of primary and thermal charm quarks become comparable
for a smaller (bare) mc = 1.2 GeV. Compared with the experimental data on the RAA of D mesons in heavy-ion
collisions at RHIC and LHC energies, it is more favorable for charm quarks in the QGP to gain additional mass
due to thermal effects rather than to have a low bare mass.
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I. INTRODUCTION

Heavy flavors (charm and beauty quarks/antiquarks) are
one of the promising tomographic probes of the properties
of hot and dense matter created in relativistic heavy-ion col-
lisions. There have been extended experimental [1–4] and
theoretical efforts (cf. Refs. [5–12] as well as the reviews
[13–16]) in the last decade to improve our understanding
of the production mechanisms of heavy flavors and their
interactions in the quark-gluon plasma (QGP) and in the
hadronic corona after hadronization. Since heavy flavors are
massive, they are dominantly produced by primary nucleon-
nucleon scatterings in heavy-ion collisions. Therefore, the
number of produced heavy flavors scales with the number of
nucleon binary collisions. However, heavy flavors can addi-
tionally be produced by partonic reactions in the QGP, e.g.,
quark-antiquark annihilation or gluon-gluon fusion, which we
denote by “thermal” production mechanism in the QGP even
if it may happen at early reaction time, when the QGP does not
equilibrate yet. With increasing collision energy, the temper-
ature of produced QGP grows, and the possibility for thermal
production of heavy flavor increases. This goes along in
competition with the backward reactions of charm-anticharm
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quark annihilation. If the system achieves chemical equilib-
rium, the forward and backward reactions compensate each
other, and the fugacity (which controls the deviation from a
statistical phase-space distribution) of the charm quarks will
approach 1 [17]. However, in realistic heavy-ion collisions,
the system is far from equilibrium in the initial phase and also
deviates from equilibrium during the fast expansion phase,
not only chemically—as shown in the statistical hadronization
model (SHM) [18]—but also kinetically. Thus, one expects a
violation of the balance between production/annihilation of
charm-anticharm quarks produced in the QGP during heavy-
ion collisions.

Thermal production has been studied for more than three
decades. Because charm production requires energetic scatter-
ing of partons, it was found that the early stage of heavy-ion
collisions is important [19–21], and massive partons are
more effective for it [22]. In perturbative quantum chromo-
dynamics (pQCD), calculations have been carried out up
to next-to-leading order [23]. These calculations commonly
predicted that the thermal charm production would have siz-
able effects in heavy-ion collisions at high energies, such as
those at the CERN Large Hadron Collider (LHC). However,
charm production, even at the LHC, is well explained in the
SHM together with shadowing effects, which suppress charm
production at midrapidity and at small pT , corresponding to
small x in the parton distribution function. To understand this
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success, it is necessary to use reliable cross sections for charm
production in parton scattering.

The interactions of heavy flavor with thermal partons in
the QGP are partly known from the spatial diffusion coef-
ficients of heavy flavor, which are provided by lattice QCD
(lQCD) [24,25]. The properties of a thermalized, strongly
interacting QGP have been extensively studied with the
dynamical-quasiparticle model (DQPM) [26–31]. The DQPM
is an effective model that provides a microscopic picture of
the thermalized QGP, reproducing its macroscopic properties,
such as the equation of state (EoS) from lQCD, in terms
of quasiparticles whose pole masses and spectral widths de-
pend on temperature and baryon chemical potential [30]. The
DQPM is applied to parton interactions by using the leading-
order Feynman diagrams and reproduces the spatial diffusion
coefficient of heavy quark from lQCD in a wide range of
temperatures [32,33].

We stress that since the DQPM is based on propagator
two-particle irreducible representation, it is free from the
pQCD divergences and necessity to introduce Debye masses
for the regularization of scattering amplitudes. Indeed, the
properties of quasiparticles expressed in terms of complex
self energies—with the real part related to the thermal parton
masses and imaginary part to their widths–are matched to
reproduce the thermodynamic properties of lQCD at μB = 0
and extrapolated to finite μB using a scaling hypothesis. Thus,
the DQPM propagators effectively includes the resummation
effects since the self-energies are fitted to the lQCD data
which a priori contain the full QCD solutions.

Based on this success, we extend the calculations to charm
quark production in the QGP and in heavy-ion collisions by
changing the incoming charm quark to the outgoing anticharm
quark in the Feynman diagrams for the elastic scattering of a
charm quark.

Since the charm quark mass is higher than the typical
temperatures of the matter produced in heavy-ion collisions,
the thermal production of charm quarks is usually ignored.
However, the initial temperature of the sQGP, especially at
the top energy of the LHC, is considerably high. Furthermore,
the thermal masses of quarks and gluons increase with tem-
perature in the DQPM, which is supported by the thermal
quantum field theory [34,35]. Both effects enhance the possi-
bility of charm quarks being thermally produced in heavy-ion
collisions.

The goal of our study is to estimate the amount of thermal
charm-anticharm quark production by partonic interactions in
the sQGP, in addition to the primary charm/anticharm pro-
duction by initial binary nucleon-nucleon reactions in central
heavy-ion collisions at the BNL Relativistic Heavy Ion Col-
lider (RHIC) and the LHC, and investigate their properties in
comparison with the experimental data. Furthermore, we ex-
plore the balance between charm-anticharm quark production
and annihilation in the expanding QGP matter created during
heavy-ion collisions.

Assuming local thermal equilibrium, one can rely on hy-
drodynamics for the time evolution of nuclear matter in
heavy-ion collisions. However, the initial thermalization time,
from which hydrodynamics is applicable, is uncertain. On
the other hand, this initial time is most important for the

thermal/QGP production of charm due to its high temperature
and/or high energy density. Moreover, in the initial phase of
heavy-ion collisions, the system is out of equilibrium, so the
application of hydrodynamical models at very early times is
not possible.

In order to overcome these difficulties, we base our
study of charm dynamics on a nonequilibrium transport ap-
proach, the parton-hadron-string dynamics (PHSD), which
is a microscopic transport approach based on the first order
gradient expansion of the Kadanoff-Baym equations, taking
into account the off-shell-ness of particles for their strong
interactions [36–40]. Based on the DQPM for the description
of the sQGP phase, it describes the experimental data on open
and hidden heavy flavors in relativistic heavy-ion collisions
[9,41,42].

This paper is organized as follows. In Sec. II, we briefly
recall the DQPM. In Sec. III, the heavy quark production in
the DQPM and the thermal production rate of charm quarks
in the QGP are introduced. In Sec. IV, we study the thermal
charm production in heavy-ion collisions including charm
quark pair annihilation by the detailed balance. The depen-
dence on the charm quark thermal mass is also investigated
in comparison with experimental data. Furthermore, we study
the dependence of the charm diffusion coefficient Ds on the
choice of the charm quark mass mc. Finally, a summary is
given in Sec. V.

II. DYNAMICAL QUASIPARTICLE MODEL

Here, we briefly recall the basic ideas of the dynamical
quasiparticle model (DQPM) [26–31], which is an effective
model for the description of the sQGP in terms of strongly
interacting quasiparticles (quarks and gluons) matched to
reproduce the results of lattice QCD calculations in ther-
mal equilibrium and at vanishing chemical potential. The
quasiparticles are characterized by single-particle (two-point)
Green’s functions, i.e., “dressed” propagators,

GR
j (ω, �p) = 1

ω2 − �p2 − M2
j + 2iγ jω

(1)

for quarks, antiquarks, and gluons ( j = q, q̄, g), using ω = p0

for energy, the widths γ j , the masses Mj , and the complex
self-energies for gluons � = M2

g − 2iωγg and for (anti)quarks
�q = M2

q − 2iωγq, where the real part of the self-energies is
associated with dynamically generated thermal masses, while
the imaginary part provides information about the lifetime and
reaction rates of the particles.

We use an ansatz for the pole masses Mj (T, μq ) and
widths γ j (T, μq ) as functions of the temperature T and the
quark chemical potential μq, based on the Hard Thermal
Loop (HTL) thermal mass in the asymptotic high-temperature
regime [35,40]

M2
g (T, μq ) = g2(T, μq )

6

⎛
⎝(

Nc + 1

2
Nf

)
T 2 + Nc
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∑
q

μ2
q

π2

⎞
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(2)
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FIG. 1. Strong coupling αs as a function of scaled temperature at
μB = 0, 0.2, and 0.4 GeV, compared with lattice results.

for gluons, and for quarks (antiquarks) by

M2
q(q̄)(T, μq) = N2

c − 1

8Nc
g2(T, μq)

(
T 2 + μ2

q

π2

)
, (3)

where Nc (= 3) stands for the number of colors and Nf (= 3)
denotes the number of light flavors.

The widths γ j of quasiparticles are taken in the form [40]

γ j (T, μB) = 1

3
Cj

g2(T, μB)T

8π
ln

(
2cm

g2(T, μB)
+ 1

)
. (4)

Here, cm = 14.4 is related to a magnetic cutoff, which is an

additional parameter in the DQPM, while Cq = N2
c −1
2Nc

= 4/3
and Cg = Nc = 3 are the QCD color factors for quarks and
gluons, respectively. We also assume that all (anti)quarks have
the same T dependence for the width.

The thermal properties of quasiparticles and their interac-
tions (defined via transport coefficients) strongly depend on
the coupling constant g, which accounts for nonperturbative
effects and enters the definition of the masses and widths of
quasiparticles—Eqs. (3), (4). In the DQPM, g2 is extracted
from lQCD data on the entropy density s by a parametrization
method introduced in Ref. [43], using the scaling of the ratio
s(T, g2)/T 3 versus T for a given value of g2:

g2(T, μB = 0) = d
((

s(T, 0)/sQCD
SB

)e − 1
) f

. (5)

Here, d = 169.934, e = −0.178434, and f = 1.14631 are the
dimensionless parameters obtained by adjusting the quasipar-
ticle entropy density s(T, μB = 0) to the lQCD data provided
by the BMW Collaboration [44,45], and sQCD

SB = 19/9π2T 3

is the Stefan-Boltzmann entropy density. The extension of
the coupling constant to finite baryon chemical potential μB

is realized using a scaling hypothesis [38] that works up to
μB ≈ 500 MeV.

As shown in Fig. 1, the resulting αs starts with a small value
at high temperature but increases with decreasing temperature
and reaches 2.9 for μB = 0 and 2.0 for μB = 0.6 GeV at
Tc [30,46], which is consistent with the lattice QCD results
[47–49].

FIG. 2. Charm quark pair production by annihilation of a quark
and antiquark pair.

By comparison of the entropy density—computed within
the DQPM framework—to the lQCD data, one can fix the few
parameters used in the ansatz for the quasiparticle masses and
widths. Hence, the DQPM provides the quasiparticle prop-
erties, including dressed propagators and coupling constants.
The coupling g and propagators GR

j allow for computing scat-
tering amplitudes, cross sections, and transport coefficients of
quarks and gluons in sQGP, cf. Refs. [30,46,50].

III. THERMAL PRODUCTION OF CHARM
QUARKS IN THE QGP

The thermal production of charm quarks in a QGP is
closely related to the elastic scattering of charm quarks in the
QGP. Figures 2 and 3 show the Feynman diagrams for thermal
production from quark-antiquark annihilation and two-gluon
fusion, respectively. They are obtained by rotating the Feyn-
man diagrams for charm quark elastic scattering with light
(anti)quarks or gluons in Ref. [50]. The calculations of the
Feynman diagrams are performed by exchanging the incom-
ing charm quark with the outgoing light quark or a gluon
in the elastic scattering diagrams. For example, the squared

FIG. 3. Charm quark pair production by the fusion of two gluons.
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scattering amplitudes are related to each other as follows:

|M|2qq̄→cc̄(p1, p2; p3, p4) = |M|2qc→qc(p1,−p4; −p2, p3),

(6)

|M|2gg→cc̄(p1, p2; p3, p4) = −|M|2gc→gc(p1,−p4; −p2, p3),

(7)

where the second equation has an overall minus sign because
only one (odd number) fermion is changed to an anti-fermion.

We note that Figs. 2 and 3 are not simple leading-order
diagrams in the DQPM, as the exchanged quark and gluon
have dressed masses and widths from the interactions in the
QGP. The mass and width depend on temperature and baryon
chemical potential, and are extracted from the lQCD equa-
tion of state [30].

Since charm quark elastic scattering in the DQPM is quan-
titatively supported by lQCD in terms of the spatial diffusion
coefficients [33], the thermal production of charm quarks in
the DQPM is expected to be reliable. In the case of elastic
scattering the dressed mass and spectral width of light partons
play important role to remove singularities and reduce forward
scattering compared to the scattering of charm quark with
massless partons [50]. However, this role is not manifested
in the case of charm production, because t channel in the
elastic scattering turns to s channel in the charm production,
which does not have singularity, and the forward scattering is
suppressed in the charm production even for the massless light
partons.

Figure 4 shows the scattering cross sections for charm
production from quark-antiquark annihilation and two-gluon
fusion as a function of scattering energy at the temperatures
of 1, 2, and 3 Tc. The charm quark mass is taken to be
1.5 GeV. Both cross sections increase rapidly above the
threshold energy and then decrease. Since the strong cou-
pling has a maximum at Tc and decreases with increasing
temperature, the production cross sections are largest at Tc

and much smaller at 2 and 3 Tc. The lower panel shows the
production rate of charm quark pairs per unit time and unit
volume, defined by

�qq̄→cc̄ =
∑

q=u,d,s

∫
dm1ρq(m1)

∫
dm2ρq̄(m2)

×
∫

d3k1d3k2

(2π )6
fq(k1, m1) fq̄(k2, m2)vqq̄σqq̄→cc̄,

(8)

�gg→cc̄ =
∫

dm1ρg(m1)
∫

dm2ρg(m2)

×
∫

d3k1d3k2

(2π )6
fg(k1, m1) fg(k2, m2)vggσgg→cc̄; (9)

where ρi and fi are the spectral functions and momentum dis-
tribution function of parton i at temperature T , respectively;
vi j is the relative velocity of partons i and j, and σ is the
scattering cross section.

Although the production cross section has a maximum at
Tc, the production rate is quite small because only a few
reactions of quark-antiquark annihilation or two-gluon fusion
are above the threshold energy for charm pair production at

FIG. 4. (Top) scattering cross sections of a light quark-antiquark
pair and of two gluons to produce a charm quark pair as a function
of scattering energy

√
s at T = Tc, 2 Tc, and 3 Tc; (bottom) the

production rate of charm quark pairs in the QGP as a function of
temperature. The charm quark mass is taken to be 1.5 GeV.

low temperature. When comparing the two channels, quark-
antiquark annihilation has a slightly larger production rate
than two-gluon fusion, although the difference is small. We
note that the off-shell effect of light partons enhances the
charm production rate from gluon fusion by about 7%, while
the enhancement of the rate from quark annihilation is less
than 1%.

We also note that our 2 → 2 production rates are in
line with those from Ref. [23] which considers not only
2 → 2 reactions but also next-to-leading order 2 → 3 reac-
tions (q + q̄ → c + c̄ + g and g + g → c + c̄ + g) within the
pQCD framework, which give a visible contribution to the
production of charm pairs. However, for the case of nonper-
turbative QCD degrees of freedom of the DQPM, it has been
shown in Ref. [46] that the contribution of the 2 → 3 pro-
cesses for the emission of a massive gluon to the thermal rate
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in the equilibrated QGP is suppressed contrary to the elastic
2 → 2 scattering (cf. Fig. 16 of Ref. [46]). Thus, we expect
that the processes q + q̄ → c + c̄ + g and g + g → c + c̄ + g
would be even more strongly suppressed due to the large mass
of emitted gluon in thermal equilibrium. To clarify this issue
quantitatively would require a further study. Moreover, since
in Ref. [23] the smaller charm quark mass is used and 2 → 3
reactions are included, the obtained production rates are larger
than in this study. However, the rates are applied in Ref. [23]
only after the initial thermalization time of a fireball, which
will be overcome in our study by using the production cross
sections directly, as shown in the next section.

IV. THERMAL PRODUCTION OF CHARM QUARK PAIRS
IN HEAVY-ION COLLISIONS

Now, we compute the thermal production of charm pairs
in heavy-ion collisions at RHIC and LHC energies. For this
purpose, the PHSD is used to simulate heavy-ion collisions
[9,41], where charm is produced only through initial hard
scattering of nucleons. The energy-momentum of (anti)charm
quarks is provided by the PYTHIA event generator [51],
in which the transverse momentum and rapidity are tuned
to match those in the fixed-order next-to-leading logarithm
(FONLL) calculations [52]. In heavy-ion collisions, the charm
energy-momentum distribution is also modified due to the
(anti)shadowing effects, which are realized in PHSD by
EPS09 [53]. We recall that charm production is suppressed
at low transverse momentum and at midrapidity, which arises
from small x of the parton distribution function [41].

Since neither thermal production nor annihilation of charm
quarks is considered, the number of charm quarks is con-
served in heavy-ion collisions. However, by including the
processes in Figs. 2 and 3 for charm production as well as
charm annihilation in the QGP, the charm number is not con-
served anymore.

Figure 5 shows the number of thermally produced and
annihilated charm quark pairs per rapidity bin at midrapid-
ity as a function of time in central Au+Au collisions at√

sNN = 200 GeV and in central Pb+Pb collisions at
√

sNN =
5.02 TeV for a charm quark mass of 1.5 GeV. One can see that
the thermal production of charm dominantly takes place in
the early stage of heavy-ion collisions, where the temperature
is high and partons have larger energy to produce a charm
quark pair. If the partonic matter is completely thermalized,
the contributions from quark-antiquark annihilation and from
two-gluon fusion will be similar. However, the initial stage of
heavy-ion collisions is far from equilibrium. In the literature,
different types of off-equilibrium are quoted [33], for exam-
ple, the chemical off-equilibrium, the kinetic off-equilibrium,
the anisotropic off-equilibrium, and the off-equilibrium in
parton spectral functions. The PHSD accounts for all of them.

In the PHSD, initial partons are produced by string melting
when the local energy density exceeds a critical value of
approximately 0.5 GeV/fm3. The mass distributions of quarks
and gluons follow the spectral functions from the DQPM
through scatterings. We note that the initial mass distributions
of quarks and gluons differ from the thermalized spectral
distributions of the DQPM. In the PHSD, gluons are initially

FIG. 5. The PHSD results for the numbers of charm pair produc-
tion and annihilation per rapidity bin at midrapidity as a function of
time (upper) in central Au+Au collisions at

√
sNN = 200 GeV and

(lower) in central Pb+Pb collisions at
√

sNN = 5.02 TeV. The charm
quark mass is taken to be 1.5 GeV.

more massive, but (anti)quarks are less massive compared to
the equilibrium spectral functions of the DQPM. Thus, the
thermal production of charm quark pairs is dominated by
two-gluon fusion in the early stage of heavy-ion collisions,
as shown in Fig. 5. We also note that initial partons, which
are produced by string melting in the PHSD, have a formation
time that is proportional to E/m2

T , with E and mT being energy
and transverse mass of the parton, respectively; the parton
does not interact before the formation time has passed. This is
why the charm production is suppressed at a very early time
(� 0.2 fm/c) in Fig. 5.

When the local temperature decreases and approaches
Tc, all gluons split into quark and antiquark pairs, followed
by quark coalescence to form mesons and (anti)baryons.
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Therefore, two-gluon fusion is suppressed, and quark-
antiquark annihilation becomes the dominant channel for
thermal charm quark production, although the production rate
is much smaller than in the initial gluon-gluon fusion. The
number of produced thermal charm pairs per unit rapidity
at midrapidity is about 0.15 in central Au+Au collisions at
200 GeV and 2.1 in central Pb+Pb collisions at 5.02 TeV.

On the other hand, charm quark annihilation, which is
realized by detailed balance, contributes similarly to the
quark-antiquark production and two-gluon production as
shown by the dotted lines in Fig. 5, but these contributions
are less than those of the charm production channels.

Figure 6 shows the scattering energy distribution, which
produces thermal charm quark pairs at midrapidity in central
heavy-ion collisions at RHIC and LHC energies. To observe
the nonequilibrium effects of partonic matter on charm pro-
duction, the results from PHSD are compared with those
from the linearized Boltzmann approach [54], shown as col-
ored bands for quark-antiquark annihilation and two-gluon
fusion channels. The upper limit of the band indicates ther-
mal charm production from t = 0 fm/c, assuming thermal
equilibrium as soon as the two nuclei pass through each
other, and the lower limit is for t = 0.5 fm/c, which is a
typical initial thermalization time for hydrodynamical sim-
ulations at RHIC and LHC energies. One can see that the
results from the linearized Boltzmann approach are highly
sensitive to the initial thermalization time because the tem-
perature in the initial stage is high and more effective to
produce thermal charm quarks. The colored bands are wider
at RHIC because the lifetime of the QGP is relatively short,
and the initial time period between t = 0 and 0.5 fm/c is
more important than at the LHC. The broad bands in the
figure show the difficulty of studying thermal charm produc-
tion in a hydrodynamical approach since in these calculations
charm production before the initial thermalization time is not
included.

In the upper panel of Fig. 7, we show the number of
initially and thermally produced charm quark pairs at midra-
pidity as a function of time in central Au+Au and Pb+Pb
collisions at RHIC and the LHC. The initial production,
caused by primary nucleon-nucleon binary scattering, takes
place shortly after the two nuclei overlap. On the other hand,
thermal production takes time, and its number increases grad-
ually, although most are produced before t � 1–2 fm/c. One
can see that the number of thermal charm quarks at the LHC
is comparable to that of initial charm quarks at RHIC for
mc = 1.5 GeV.

The lower panel shows the pT spectra of initially produced
charm quark pairs and those of thermal charm quark pairs
for mc = 1.5 GeV at midrapidity in central Au+Au colli-
sions at

√
sNN = 200 GeV and in central Pb+Pb collisions

at
√

sNN = 5.02 TeV. We note that these are spectra at the
production time and that the interactions in the QGP are not
included. Comparing the solid and dashed lines, the spectra
of the thermal charm are softer than those of the initial hard
charm pairs. Counting the numbers, the number of thermal
charm quarks at midrapidity is about 6.5% of the number of
initially produced charm quarks at the same rapidity at RHIC
and 18% at the LHC.

FIG. 6. The distributions of scattering energy
√

s for thermal
charm production per rapidity bin at midrapidity for PHSD and
for the linearized Boltzmann approach in the PHSD assuming lo-
cal thermal equilibrium (upper) in central Au+Au collisions at√

sNN = 200 GeV and (lower) in central Pb+Pb collisions at
√

sN =
5.02 TeV. The upper and lower limits of the bands indicate the ther-
mal charm production from t = 0 fm/c and 0.5 fm/c, respectively, in
the linearized Boltzmann approach. The charm quark mass is taken
to be 1.5 GeV.

Finally, we examine the effects of thermal charm–
including the interactions of charm quarks in the QGP—on
experimental observables in heavy-ion collisions such as the
nuclear modification of D mesons RAA, which is defined as

RAA(pT ) ≡ dNA+A
D /d pT

NA+A
binary × dNp+p

D /d pT

,

where NA+A
D and Np+p

D are, respectively, the number of
D mesons produced in heavy-ion collisions and in p + p
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FIG. 7. (Upper) The PHSD results for the numbers of charm
quark pairs produced initially and thermally at midrapidity as a
function of time and (lower) their pT spectra in central Au+Au
collisions at

√
sNN = 200 GeV and in central Pb+Pb collisions at√

sNN = 5.02 TeV from the PHSD. The charm quark mass is taken
to be 1.5 GeV.

collisions, and NA+A
binary is the number of binary nucleon-nucleon

collisions in heavy-ion collision for the considered centrality
class.

Figure 8 shows the RAA of D mesons including thermal
charm production at midrapidity as a function of transverse
momentum (upper) in central Au+Au collisions at

√
sNN =

200 GeV and (lower) in central Pb+Pb collisions at
√

sNN =
5.02 TeV, compared to the experimental data from the STAR
[1,2] and ALICE [4] Collaborations. So far, the charm quark
mass has been taken to be 1.5 GeV. However, the thermal
production of charm pairs depends on the charm quark mass
due to the threshold of 2mc. If the charm quark is lighter, its
thermal production will increase. We vary the charm quark
mass from 1.2 GeV, which is close to the bare mass in QCD,
1.8 GeV, which is close to the D meson mass. The upper limit

FIG. 8. The PHSD results for the RAA of D mesons at midra-
pidity as a function of transverse momentum (upper) in central
Au+Au collisions at

√
sNN = 200 GeV and (lower) in central Pb+Pb

collisions at
√

sNN = 5.02 TeV with and without thermal charm pro-
duction in comparison to the experimental data from the STAR [1,2]
and ALICE [4] Collaborations. The charm quark mass for thermal
production varies from 1.2 GeV to 1.8 GeV, which corresponds,
respectively, to the upper and lower limits of the colored bands.

of the bands in Fig. 8 corresponds to the RAA of the D meson
with the thermal charm quark mass being 1.2 GeV, and the
lower limits to 1.8 GeV. As shown in Fig. 8, the thermal charm
quarks enhance RAA at small transverse momentum and have
only a small effect at large transverse momentum. We note
that the discrepancies at large pT between the solid line and
colored band are not the effects of thermal charm quarks but
merely statistical fluctuations. The number of thermal charm
quark pairs at midrapidity is 0.7–0.053 per unit rapidity at
RHIC and 11.5–0.55 at the LHC for mc = 1.2– 1.8 GeV.
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FIG. 9. The DQPM results for the scaled spatial diffusion co-
efficient of charm quarks as a function of the scaled temperature
(Tc = 0.158 GeV) for charm quark masses ranging from 1.2 GeV
to 1.8 GeV, which correspond to the upper and lower limits of the
orange band. The coefficients are compared with those from lattice
calculations [24,25].

Based on Fig. 8, it is hard to say something robust about
the thermal charm quark effects on RAA at RHIC, as the
contribution from the thermal charm is small compared to
the uncertainties in the experimental data. On the other hand,
the effects of thermal charm quarks are more visible at the
LHC because the error bars of the experimental data are rela-
tively small and more thermal charm pairs are produced. The
RAA of D mesons including thermal charm for mc = 1.8 GeV
is almost the same as the results without thermal production.
For mc = 1.2 GeV, however, the effects are clearly visible,
and the RAA of D mesons is enhanced at low transverse mo-
mentum. When compared with the experimental data from
the ALICE Collaboration, the small charm quark mass of
1.2 GeV overestimates the experimental data. This suggests
that a larger charm quark mass is more probable for thermal
production in heavy-ion collisions, which is consistent with
the gaining mass in the QGP through particle dressing [30,55].

Finally, we discuss the effect of the charm quark mass on
its spatial diffusion coefficient in the QGP. Figure 9 shows
the spatial diffusion coefficient of charm quarks as a func-
tion of temperature T scaled by the critical temperature Tc.
The upper and lower limits of the orange band correspond
to mc = 1.2 GeV and 1.8 GeV, respectively. The diffusion
coefficient decreases with increasing charm quark mass. The
orange band is compared with two lattice calculations [24,25],
one of which is consistent with our results, while the other is
about a factor of two lower. A smaller diffusion coefficient
can be obtained by increasing the strong coupling for charm
quark elastic scattering, which will enhance the thermal pro-
duction of charm quarks. Therefore, this strongly supports our
conclusion that the experimental data favor a heavier charm
quark than its bare mass.

Accounting for next-to-leading order 2 → 3 processes
within the non-perturbative DQPM framework [46] and a
comparison to the pQCD results of Ref. [23] would be an in-
teresting subject for the next study. Now we only can speculate
that the radiative processes will enhance charm production
in heavy-ion collisions and consolidate our finding that the
experimental data favor more massive charm quarks in the
QGP.

V. SUMMARY

We have studied the thermal production of charm quark
pairs in the sQGP in central heavy-ion collisions at RHIC and
LHC energies, considering two production channels—quark-
antiquark annihilation and two-gluon fusion (as well as their
backward reactions). The cross sections are obtained using the
DQPM, which reasonably describes the spatial diffusion coef-
ficient of heavy quarks determined by lQCD. Since the elastic
scattering for the spatial diffusion coefficient is closely related
to charm quark pair production, our results are expected to be
reliable.

The thermal charm production has been investigated in
heavy-ion collisions using the PHSD, which is a nonequi-
librium microscopic transport approach for describing the
dynamics of strongly interacting hadronic and partonic matter
produced in heavy-ion collisions. It has two advantages over
hydrodynamical approaches, which are widely used for the
description of heavy-ion collisions. The first one is that the
PHSD does not need to introduce an initial thermalization
time, which is necessary for hydrodynamical simulations, but
leads to a large uncertainty in the study of thermal charm
production. Secondly, the PHSD includes nonequilibrium ef-
fects, unlike hydrodynamics, which assumes local thermal
equilibrium. This point is also important for the study of
thermal charm quark production, since the initial stage of
partonic matter, where most thermal charm quarks are pro-
duced, is highly off-equilibrium. In the PHSD, two-gluon
fusion is dominant in the initial stage and then quark-antiquark
annihilation becomes more important when approaching Tc,
although the production rates from the two channels are simi-
lar in a thermalized QGP.

Comparing the initial charm quarks produced through
nucleon-nucleon hard scattering and thermal charm quarks,
the latter spectrum is softer, and its numbers amount to ap-
proximately 6.5% and 18% of the initial charm quarks at
midrapidity in central heavy-ion collisions at RHIC and LHC
energies, respectively, for mc = 1.5 GeV. However, these
numbers increase to 30% and 92% at RHIC and the LHC,
respectively, for mc = 1.2 GeV, and decrease to 2.3% and
4.5%, respectively, for mc = 1.8 GeV. In this way, the thermal
production of charm quarks strongly depends on the charm
quark mass. If the charm quark mass is as small as the QCD
bare mass, more charm quarks are produced, and, assuming
the charm quark mass to be close to the D meson mass, the
thermal production is strongly suppressed.

Compared with the experimental data on the RAA of D
mesons in heavy-ion collisions, especially at LHC, heavier
charm quark masses are favored. This is consistent with the
idea that the heavy quark is dressed and becomes more mas-
sive in the QGP.
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