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Heavy-flavor hadron production in relativistic heavy ion collisions at energies available at BNL
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Employing the recently developed EPOS4HQ event generator, we study the production of different heavy-
flavor mesons in relativistic heavy-ion collisions at BNL Relativistic Heavy Ion Collider and CERN Large
Hadron Collider energies. The transverse momentum spectra, yield ratio, nuclear modification factor, and elliptic
flow can be well described in the EPOS4HQ framework. We furthermore analyze the processes which modify
these observables as compared to pp collisions and are at the origin of the experimentally determined nuclear
modification factor RAA.
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I. INTRODUCTION

Theory predicts that matter at high temperature and/or
high density forms a plasma of quarks and gluons (QGP) in
which partons are not confined anymore. One of the main
goals of heavy-ion reactions at ultrarelativistic energies is to
study this new form of deconfined matter. In the last years
ample evidence that this state exists has been gathered. The
observation of strangeness enhancement [1], flow harmonics
compatible with hadronization after an hydrodynamic expan-
sions [2], jet quenching [3], and quarkonium suppression [4]
points in this direction.

Presently the main objective is to get a more quantita-
tive understanding and investigate the properties of the QGP
matter.

The agreement of observables like spectra and flow har-
monics with viscous hydrodynamical calculations reveals the
strongly coupled nature of the QGP. The very small viscos-
ity η/s [5], which is necessary to bring the calculations in
agreement with data, is close to the lowest possible limit
given by anti-de Sitter/conformal field theory correspondence
(AdS/CFT) [6]. So we have strong evidence that a system has
been created that behaves as an almost ideal fluid.

Despite the fact that we have a good qualitative under-
standing about the space-time evolution of the system, there
are many open questions when it comes to a quantitative
analysis. The above-mentioned probes (yields, spectra, flow
harmonics) give only an indirect access to the properties of
an expanding system, one has to rely on model calculations or
simulations—which have uncertainties. So we need additional
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probes to get complementary information about the system,
done in the same model and/or simulation. Heavy flavor
hadrons have turned out to be an almost ideal probe to study
the time evolution of the QGP due to the following reasons: (a)
The heavy quark mass (mc = 1.5 GeV and mb = 4.5 GeV) is
much larger than the quantum chromodynamics (QCD) cutoff,
�QCD ≈ 200 MeV. Therefore their production can be well
described by perturbative QCD (pQCD). (b) Heavy quarks are
produced at the early stage of heavy ion collisions and witness
all later stages of the collision. (c) The heavy quark mass is
much larger than the typical temperature of the QGP medium,
which is about a couple of hundred of MeV, estimated by the
spectrum of the directly produced photons [7]. Consequently,
the mass of heavy quark changes little in the hot medium and
their number is conserved during the evolution.

With these advantages, heavy flavor physics has attracted
a lot of attention from both the theoretical and experimen-
tal communities and several models have been advanced to
describe the heavy flavor observables. The Parton-Hadron-
String Dynamics (PHSD) [8,9] approach, in which the heavy
quark physics is embedded in an approach which described
the light hadrons as well, is based in the dynamical quasi-
particle model (DQPM), which respects the equation of state
of strongly interacting matter. The Catania model [10–12] is
also based on a DQPM approach and describes the expand-
ing medium by a Boltzmann equation. Based on the EPOS3
event generator we have also studied heavy quark production
[13] using a elastic and inelastic pQCD cross sections. The
Linear Boltzmann Transport (LBT) model [14] solves as well
a Boltzmann equation for the heavy quarks including elastic
and inelastic collisions but the medium is described by viscous
hydrodynamics. Other models like TAMU [15,16], Duke [17],
and Torino [18,19] use a Fokker-Planck equation to describe
the dynamics of heavy quarks and model the expanding QGP
by ideal or viscous hydrodynamics. Apart from PHSD and
EPOS, all these models have in common that they concentrate
on heavy quark physics only and do not take advantage of
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the fact that the many light hadron observables allow for as-
sessing the expansion of the QGP despite different expansion
properties of the QGP possibly a strong influence on the heavy
quark observables [20].

Thanks to the high statistic data, which are now or will
soon become available, the error of the key observables, such
as the enhancement of the baryon to meson ratio and the
elliptic flow, is strongly reduced. This allows for a detailed
quantitative comparison between theory and experiment. In
this paper we compare the heavy hadron observables with
the results of EPOS4HQ. EPOS4HQ is the heavy hadron
extension of the recently advanced EPOS4 approach [21–24],
which has been successfully used to study the light hadron
observables. In the EPOS4HQ approach the heavy flavor pro-
duction has been substantially improved in comparison with
the former EPOSLHC approach. Heavy flavor quarks can now
be produced in a hard process, as well as by gluon splitting
and flavor excitation. The interaction of heavy partons with
the QGP includes elastic and gluon emission reactions as
in Refs. [25,26]. After the hadronization the heavy hadrons
still have final state interactions, modeled by ultrarelativistic
quantum molecular dynamics (UrQMD). The calculations are
based on version EPOS4.0.1.s9.

In this paper we will systematically investigate all pub-
lished heavy flavor observables. It is organized as follows.
The heavy quark initial production and the medium evolution
in EPOS4HQ are discussed in Sec. II. Next, the heavy quark
initial spectra and energy loss mechanism is the subject of
Secs. III and IV. In Section V, we will present the hadroniza-
tion in EPOS4HQ, which differs substantially from former
heavy quark calculations with EPOS2/EPOS3/EPOSLHC by
including baryons and excited mesons states. The results and
the comparison with experimental data are shown in Sec. VI.
A conclusion will be given in Sec. VII.

II. EPOS4

A. EPOS4 primary interactions

A fundamental ingredient of the EPOS4 approach [21–24]
is the observation that multiple partonic scatterings must
strictly happen in parallel, and not sequentially, based on very
elementary considerations concerning time-scales. To take
this into account, EPOS4 brings together ancient knowledge
about S-matrix theory (to deal with parallel scatterings) and
modern concepts of perturbative QCD and saturation, going
much beyond the usual factorization approach. The paral-
lel scattering principle requires sophisticated Monte Carlo
techniques, inspired by those used in statistical physics to
investigate the Ising model.

In the EPOS4 approach, we distinguish “primary scatter-
ings” and “secondary scatterings”. The former refer to the
above-mentioned parallel scatterings with the initial nucleons
(and their partonic constituents) being involved, happening
at very high energies instantaneously. The theoretical tool is
S-matrix theory, using a particular form of the proton-proton
scattering S matrix ( “classical” Gribov-Regge approach
[27–30]). Within such an approach, one can deduce the very
important AGK theorem [30], which leads to factorization and

FIG. 1. Rigorous parallel scattering scenario, for n = 3 parallel
scatterings, including nonlinear effects via saturation scales. The red
symbols should remind us that the parts of the diagram representing
nonlinear effects are replaced by simply using saturation scales.

binary scaling in nuclear scatterings, which is not trivial in
a multiple scattering scheme. However, introducing energy-
momentum sharing [31] (which is absolutely crucial for real-
istic event-by-event simulations, AGK is violated (and so is
factorization and binary scaling). The main new development
in EPOS4 [21–24] is a way to accommodate simultaneously:
(1) rigorous parallel scattering, (2) energy-momentum shar-
ing, (3) AGK theorem and factorization for hard processes, by
introducing (in a very particular way) saturation, compatible
with recent “low-x-physics” considerations [32–43].

Validity of AGK means that we can do the same as
models based on factorization (defining n and using par-
ton distribution functions) to study very hard processes, but
this represents only a very small fraction of all possible ap-
plications, and there are very interesting cases outside the
applicability of that approach. A prominent example, one of
the highlights of the past decade in our domain, concerns
collective phenomena in small systems. It has been shown
that high-multiplicity pp events show very similar collective
features as earlier observed in heavy ion collisions [44]. High
multiplicity means automatically “multiple parton scattering”.
As discussed earlier, this means that we have to employ the
full parallel scattering machinery developed earlier, based on
S-matrix theory. We cannot use the usual parton distribution
functions (representing the partonic structure of a fast nu-
cleon), we have to treat the different scatterings (happening
in parallel) individually, for each one we have a parton evolu-
tion according to some evolution function E (representing the
partonic structure of a fast parton), as sketched in Fig. 1.

We still have Dokshitzer–Gribov–Lipatov–Altarelli–Parisi
(DGLAP) evolution, for each of the scatterings [we only
show the spacelike (SL) cascade], but we introduce saturation
scales. But, most importantly, these scales are not constants,
they depend on the number of scatterings, and they depend as
well on x+ and x−. An example of a multiple scattering AA
configuration is shown in Fig. 2.

B. EPOS4 heavy quark issues

At each step in the SL cascade, there is the possibility of
quark-antiquark production, and in the Born process as well.
In the following, we discuss in particular the case of heavy
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FIG. 2. Rigorous parallel scattering scenario, for n = 3 parallel
scatterings for a collision of a nucleus A with a nucleus B, including
nonlinear effects via saturation scales.

flavor quarks, with the general notation Q for quarks and Q̄
for antiquarks (for details see Ref. [22]). Heavy flavor may
be produced in different ways, as shown in Fig. 3. Starting
from a gluon, a Q-Q̄ pair may be produced in the SL cas-
cade, as shown in Fig. 3(a), provided the virtuality is large
enough. The number of allowed flavors is considered to be
depending on the virtuality (variable flavor number scheme).
It is also possible to create a Q-Q̄ in the Born process, via
g + g → Q + Q̄ or q + q̄ → Q + Q̄ (for light flavor quarks
q), as shown in Fig. 3(b), and finally Q-Q̄ may be produced
in the time-like cascade (TLC), via g → Q + Q̄, as shown
in Fig. 3(c). Let us first consider the Q-Q̄ production in the
space-like cascade (SLC). We may have the situation as shown
in Fig. 4(a), where a heavy flavor parton (here a Q̄) is emitted,
and the corresponding antiparticle (here a Q) continues the
SLC. But before reaching the Born process, it is emitted, and a
gluon continues the SLC. The two heavy flavor partons have in
general low transverse momenta. Another possibility is shown
in Fig. 4(b), where a heavy flavor parton produced in the
SLC “survives” till the Born process, and the latter has most
likely the form Q + l → Q + l , with l being a light flavor par-
ton. Other than the production during the SLC, heavy flavor
may be produced in the Born process, via g + g → Q + Q̄
or q + q̄ → Q + Q̄ (for light flavor quarks q), as shown in
Fig. 4(c). Finally, heavy flavor may be produced during the
time-like cascade, as shown in Fig. 5, either initiated from
a TLC parton in the SLC [Fig. 5(a)], or initiated from an
outgoing parton of the Born process [Fig. 5(b)]. In the first
case, the transverse momenta are in general small.

The next step will be, for a given Feynman diagram, to
construct the color flow diagram. Let us take the graph of

FIG. 3. Different possibilities to create heavy flavor, (a) in the
space-like cascade (SLC), (b) in the Born process, (c) in the time-like
cascade (TLC).

FIG. 4. Heavy flavor production (a,b) in the SLC and (c) in the
Born process. The magenta point indicates the Born process.

Fig. 5(b), i.e., heavy flavor production during the TLC of an
outgoing Born parton. As usual, the gluons are emitted to
either side with equal probability, so a possible color flow
diagram is the one shown in Fig. 6. We identify three chains of
partons: 1-2-3-4-5, 6-7-8, and 9-10-11. The initial TL partons
(the horizontal blue lines with arrows) or most likely quarks
and antiquarks (in any case 3 and 3̄ color representations). Let
us assume that 3 is a quark, and 6 an antiquark (light flavor,
both), then the two chains containing heavy flavor are of the
form Q̄ − g − q and q̄ − g − Q, in both cases, the heavy flavor
partons are “end partons” in the chains.

These chains of partons are finally mapped (in a unique
fashion) to kinky strings, where each parton corresponds to
a kink, as shown in Fig. 7. The general mapping procedure
(chains of partons to kinky strings) as well as the string decay
procedures (producing so-called “prehadrons”) are described
in detail in [31].

C. EPOS4 core-corona method and fluid evolution

The above-mentioned parallel scattering happens at zero
time. After that, we obtain a more or less important number of

FIG. 5. Heavy flavor production in the TLC.

024909-3



JIAXING ZHAO et al. PHYSICAL REVIEW C 110, 024909 (2024)

FIG. 6. A possible color flow diagram corresponding to the graph
of Fig. 5(b).

prehadrons. We employ a core-corona procedure [24,45–47],
where the prehadrons, considered at a given proper time τ0,
are separated into “core” and “corona” prehadrons, depending
on the energy loss of each prehadron when traversing the
“matter” composed of all the others. Corona prehadrons (per
definition) can escape, whereas core prehadrons lose all their
energy and constitute what we call “core”, which acts as an
initial condition for a hydrodynamic evolution [47,48].

The evolution of the core ends whenever the energy density
falls below some critical value εFO, which marks the point
where the fluid “decays” into hadrons. It is not a switch from
fluid to particles, it is a sudden decay, called “hadronization”.
Let us consider a (randomly chosen, but typical) 5.02 ATeV
lead-lead scattering. In Fig. 8, we plot the energy density
in the transverse plane (x, y). We consider two snapshots,
namely at the start time of the hydroevolution τ0 (upper plot)
and a later time τ1 close to final freeze-out (lower plot). The
initial distribution has an elongated shape (just by accident,
due to the random positions of interacting partons). One can
clearly see that the final distributions are as well elongated,
but perpendicular to the initial ones, as expected in a hydro-
dynamical expansion due to the larger pressure perpendicular
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FIG. 7. The chains 1-2-3-4-5, 6-7-8, and 9-10-11 are mapped to
kinky strings (red lines). The black points indicate the kinks, which
carry the parton momenta.
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FIG. 8. Energy density in the transverse plane (x, y) for a Pb-Pb
collision at

√
sNN = 5.02 TeV with an impact parameter of 10.4 fm.

The upper plot represents the start time τ0 (of the hydroevolution),
and the lower plot a later time τ1, close to final freeze-out.

to the elongation, which creates a strong collective (elliptic)
flow. More examples can be found in [24].

In EPOS4, as discussed in detail in [24], we developed
a new procedure of energy-momentum flow through the
“freeze-out (FO) hypersurface” defined by εFO, which allows
defining an effective invariant mass, decaying according to
microcanonical phase space into hadrons, which are then
Lorentz boosted according to the flow velocities computed at
the FO hypersurface. We also developed new and very effi-
cient methods for the microcanonical procedure [24]. Also in
the full scheme, including primary and secondary interactions,
energy-momentum and flavors are conserved.

III. INITIAL CHARM QUARK MOMENTUM
DISTRIBUTION

EPOS2 and EPOS3 provided only the interaction points
at which charm and anticharm quarks have been produced.
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Their transverse momentum had been chosen to reproduce the
fixed order next to leading log (FONLL) calculations [49,50]
and energy and momentum has not been conserved at the
interaction points. Correlations between the heavy quark and
antiquark, imposed by the pQCD processes, have not been
conserved in the standard version.

EPOS4, on the contrary, provides the correlation, imposed
by the pQCD processes, between the momenta of the charm
and the anticharm quark which are created at the same ver-
tex. These correlations are interesting as they can be used to
study the thermalization of heavy quarks in a QGP [51,52].
These pQCD correlations are difficult to compare with other
approaches. Only PYTHIA provides this correlation as well.
In the standard version of PYTHIA, however, only the leading
order cross section is calculated and therefore the opening
angle between c and c̄ is 180◦. Including initial and final
state interactions this distribution is modified but a one-to-one
correspondence with the diagrams included in EPOS4 is not
possible. The initial single (anti)charm quark pT distribution,
given by EPOS4HQ for pp collisions can be compared with
the FONLL calculations [49,50], the most advanced pQCD
approach for describing single charm quark distributions. In
Fig. 9 we display the FONLL and EPOS4 single charm and
bottom quark distributions for 5.02 TeV pp collisions. We see
that the EPOS4 distribution is at the upper limit of the error
bars of the FONLL calculation for low pT and consistent with
FONLL for high pT . This means that EPOS4 gives a larger
charm production cross section, which is consistent with the
experimental data obtained recently [53]. When produced in
heavy-ion collisions, shadowing, saturation effects, and the
Cronin effect modify the initial (anti)charm quark distribution.
In Fig. 10 we compare for PbPb at

√
sNN = 5.02 TeV the

extrapolated pp pT distribution (black dashed line) with the
PbPb pT distribution, which takes the above-mentioned cold
nuclear matter effects into account (blue line). At large pT

both distributions are almost identical but at low pT one sees
differences due to the different saturation scales in pp and
PbPb collisions, which affect the pT spectra close to this
scale.

IV. EPOS4HQ: HEAVY QUARK ENERGY LOSS
IN HOT MEDIUM

In contradistinction to EPOS4, in EPOS4HQ heavy quarks
interact with the partons of the QGP, formed by the light
partons and gluons from the core. We include in this study
both elastic [25] and radiative [26] collisions. To determine
where the interaction takes place, we calculate the interac-
tion rate and move the heavy quark to the interaction point,
select whether the QGP parton is a gluon or a quark, and
draw the momentum of the scattering QGP parton from its
corresponding thermal distribution. The thermal distribution
is determined by the local temperature and mean velocity at
the position at which the collision takes place. The scattering
cross sections of the heavy quark with gluons and light quarks
are calculated by pQCD matrix elements with a running cou-
pling constant.

The pQCD elastic scattering cross section diverges for a
small momentum transfer in the t and u channels. These

FIG. 9. The initial transverse momentum distribution of charm
(upper) and bottom (lower) quarks for pp collisions at 5.02 TeV. The
solid black line is the EPOS4HQ calculation, while the orange (blue)
dashed line presents the FONLL [49] result. The uncertainty of the
FONLL result is given by the orange (blue) shaded area.

infrared divergences are healed by the Debye screening mass
mD(T ) of gluons in the hot medium, which is calculated in
the hard thermal loop (HTL) approach. It serves as a regulator
of the propagator of the exchanged gluon. Scattering at high
momentum transfer is, on the contrary, described by a free
gluon propagator for massless gluons. A smooth transition of
the energy loss between both regimes can be assured by an
effective Debye mass meff = κmD(T ) in the gluon propagato,
with κ = 0.2 [25].

The pQCD inelastic scattering cross section has been
calculated in [26]. This cross section contains five matrix
elements for gluon emission from the heavy quark and the
light quark and gluon, respectively. Also for the inelastic cross
section the momentum of the plasma particle is chosen by a
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FIG. 10. The transverse momentum distribution of charm quarks
at creation and before hadronization for central PbPb collisions at√

sNN = 5.02 TeV. The transverse momentum distribution observed
in pp collisions, multiplied by the number of initial binary collisions,
is shown as a black dashed line.

Monte Carlo approach from the local thermal distribution. As
in the elastic cross section, the gluon propagator is regulated
by meff = κmD(T ). For the gluon emission vertex a constant
αS = 0.3 is used. The emitted gluon is considered as massless.
The different limits of the pQCD cross section calculations as
well as more details of the approach have been discussed in
Ref. [26].

The validity of this approach can be confirmed by com-
paring its spatial diffusion coefficient Ds [54] with lattice
calculations. Figure 11 shows 2πTDs of our model, in com-

FIG. 11. 2πTDs obtained in our approach in comparison with
lattice data from [55]. The full red line corresponds to our
collisional+radiative model, while the orange long-dashed line rep-
resents the contribution from the sole collisional part; the dashed
curves illustrate the equivalent calculation if the IR regulator is taken
as the Debye mass (κ = 1).

parison with recent unquenched lattice data [55]. The former
lattice data for 2πTDs were calculated in a quenched approx-
imation, so we do not include them here. We see that both
coefficients agree well for κ = 0.2 whereas there are large
differences for the choice κ = 1. Inelastic collisions have only
a negligible influence on Ds.

Both the elastic as well as the inelastic collisions have been
already employed in the EPOS2 and EPOS3 frameworks to
describe heavy meson data in heavy-ion collisions at CERN
Large Hadron Collider (LHC) energies [13,52]. We use this
theoretical framework without modification also in this new
EPOS4HQ version. In this paper the K factor for elastic as
well as for inelastic collisions, which has been varied in the
past Refs. [13,52] in calculations in which the HQ part was
coupled to EPOS2 or EPOS3, is equal one, so the calculated
pQCD cross sections are not modified by an overall factor.

Figure 10 displays the change of the momentum distri-
bution of heavy quarks caused by the interactions with the
QGP for central PbPb collisions at

√
sNN = 5.02 TeV. As

said, the blue line is the initial transverse momentum distribu-
tion. The pT distribution of the heavy quark just before they
hadronize is represented by the red line. At low pT there is
little difference between the curves because the initial pT of
the heavy quarks is close to the value one expects if the heavy
quarks come to a thermal equilibrium with the light quarks,
so the momentum change is small. For large momenta, on the
contrary, we observe a pT shift to lower pT values of the order
of 5 GeV.

V. HADRONIZATION SCHEME

When the QGP is expanded to the critical value of the local
energy density εFO = 0.57GeV/fm3), the system hadronizes
and the heavy quark converts into a heavy flavor hadron. In
the EPOS4HQ framework, there are two ways in which the
heavy quark can hadronize, either by fragmentation or by
coalescence. In the coalescence process, the heavy quarks
coalesce with light quarks from the hypersurface at which
they are localized. The fluid at the hypersurface has an av-
erage velocity. The momentum of the light quark, with which
the parton coalesces, is selected randomly from the thermal
distribution with the fluid temperature TFO, which is related to
the critical energy density εFO via the equation of state, and
the average fluid velocity at the hypersurface.

In this study, we neglect the coordinate information of
quarks and require only that the hadronization hypersurface
is the same for the heavy and light quarks. In the numerical
simulation the coalescence formula is applied in the center-
of-mass frame of heavy and light quarks.

The momentum distribution of Heavy Flavor (HF) hadrons,
produced via the coalescence process, can be calculated by

dN

d3P
= gH

∑
NQ

∫ k∏
i=1

d3 pi

(2π )3
f (pi )

×WH (p1, . . . , pi ) δ(3)

(
P −

N∑
i=1

pi

)
, (1)

where gH is the degeneracy factor of color and spin. P and pi

are the momenta of heavy flavor hadrons and the constituent
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quarks, respectively. The δ function conserves momentum.
The integration is carried at the point where the heavy quark
crosses the hadronization hypersurface, which is given by
EPOS4. The summation is performed over all heavy quarks in
the system. f (pi ) is the momentum space distribution of the
constituent in the heavy hadron at the moment of hadroniza-
tion with k = 2 for mesons and 3 for baryons. WH (p1, . . . , pk )
is the Wigner density of a given heavy hadron H , which can be
constructed from the heavy hadron wave function, the solution
of the Schrödinger equation, and which is approximated here
by a three-dimensional harmonic oscillator state with the same
root mean square radius. After integration over the coordinate
space, the Wigner density of the mesonic ground state can be
expressed as

W (pr ) = (2
√

πσ )3e−σ 2 pr
2
. (2)

pr is the relative momentum between the two constituent
quarks in the center-of-mass (c.m.) frame, pr = |E2p1 −
E1p2|/(E1 + E2), E1(p1) and E2(p2) are the energies (mo-
menta) of the quark and antiquark in the heavy hadron c.m.
frame, respectively. Baryons are treated as two two-body sys-
tems (baryons are produced by recombining two particles first
and then by using their center of mass to recombine this
diquark with the third quark). The light quarks (antiquarks)
are assumed to be thermalized. In the rest system of the
hypersurface their distribution is given by

fq(pq) = 1

(2π )3

g

eEq/TFO + 1
, (3)

where g = 6 is the statistical factor. Eq =
√

p2
q + m2

q is the en-
ergy of the light quark. The quark masses are mu/d = 0.1 GeV,
ms = 0.3 GeV.

The heavy quark coalescence probability Pcoal in a static
hot medium with an energy density εFO = 0.57 GeV/fm3 for
the ground states of the open heavy flavor states, e.g., D0, D+,
Ds, �c, �c, and �c for charm, B0, B−, Bs, �b, �b, and �b for
bottom, is obtained by integrating Eq. (1) with a δ distribution
δ3(p1 − pQ) for the momentum of the heavy quark and with a
δ distribution δ3(p2 − pq) for the momentum of the quark. pq

is sampled from the thermal distribution, Eq. (3). We neglect
here the rarely produced heavy flavor hadrons, such as multi-
charmed (bottomed) baryons, Bc, and quarkonium. For heavy
flavor mesons, the averaged square radius can be expressed

as 〈r2〉 = 3
2

m2
Q+m2

q

(mQ+mq )2 σ
2 with charm quark mass mc = 1.5 GeV

and mb = 4.5 GeV for bottom quarks. The root-mean-square
radius of the ground state charmed meson has been calcu-
lated by the two-body Dirac equation [56]. It gives

√
〈r2〉 =

0.85 fm, for in-medium D0. So, the corresponding width σ =
3.725 GeV−1 for D0. In the absence of theoretical studies of
the in-medium radius of the charmed baryon, we take the
same width σ for any two-quark systems in charmed baryons.
Because the reduced masses are very similar, the averaged
radius of bottom mesons is comparable to that of charmed
mesons. So, we take the same width for bottom mesons and
any two-quark systems in bottom baryons.

The probability that excited states are created, which can
strongly decay into the ground states, is estimated via the
statistic model. There the hadron density at the temperature

TABLE I. Number of excited states considered in EPOS4HQ
(Nexcited) and their relative contributions to the ground states, Ri.

D0 D+ Ds �c �c �c

Nexcited 9 8 5 91 91 53
R 2.91 0.96 2.06 7.63 3.97 4.22

B0 B− Bs �b �b �b

Nexcited 6 6 2 91 91 53
R 2.95 2.95 2.26 7.67 3.92 5.99

TFO is given by [57]

ni = gi

2π2
TFOm2

i K2

(
mi

TFO

)
, (4)

where gi is the spin isospin degeneracy. mi is the mass of the
hadron. K2 is the second-order Bessel function. In our study,
we consider almost all possible excited states, also the missing
baryons, which are predicted by the quark model [58] and
lattice QCD [59,60], as shown in Table I. For each ground
state hadron D, Ds, �c, �c, and �c we calculate the density
of their excited states m and the ratio Rm = nm

excited/nground.
This ratio is momentum-independent. Finally we sum up R =∑

Rm and multiply the ground state momentum-dependent
coalescence probability, which is calculated via Eq. (1) with
the Wigner function as discussed above, by 1 + R to obtain
its effective momentum distribution with all excited state con-
tributions. The sum of the effective momentum distributions
for all hadrons gives the total coalescence probability Pcoal(p).
Same as for the bottom sector.

The probability that a charm (bottom) quark with a given
momentum pc(pb) forms a specific hadron by coalescence is
shown in Fig. 12. Heavy quarks, which do not hadronize via
coalescence, will fragment into a heavy-flavor hadron. The
fragmentation probability is therefore 1 − Pcoal. In EPOS4HQ,
we use the heavy quark effective theory-based fragmentation
function [50,61]. The fragmentation ratios to various charmed
hadrons are taken as the e+e− collisions [62] and are shown
in Table II. After the hadronization, all charmed hadrons and
light hadrons evolve together in the hadronic phase, which
is controlled by the UrQMD [63]. Bottom hadrons do not
interact in the hadronic phase.

VI. RESULTS

In this section, we present the EPOS4HQ results for open
heavy flavor hadrons. We are as exhaustive as possible and

TABLE II. Fragmentation ratio of charm (bottom) quark to
charmed (bottomed) hadrons in percent.

D0 D+ Ds �c �c �c

60.8% 24.0% 8.0% 6.0% 1.0% 0.2%

B0 B− Bs �b �b �b

42.4% 42.4% 8.0% 6.0% 1.0% 0.2%
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FIG. 12. The momentum dependent coalescence probabilities of
charm (upper) and bottom (lower) quark in a hot and static medium
with an energy density of 0.57 GeV/fm3.

show the results for all published experimental data on trans-
verse momentum and elliptic flow. We present as well yield
ratios like RAA and interpret these results with the help of ad-
ditional information, which the EPOS4HQ approach provides.

A. Transverse momentum spectra

1. Charm hadrons

The transverse momentum spectra of D0, D+, Ds, �c, �c,
and �c in PbPb collisions at

√
sNN = 5.02 TeV and for 0–

10 %, 30–50 %, and 60–80 % centrality are shown in Figs. 13
and 14. The EPOS4HQ calculations (thick black line) are
compared with the ALICE data: D0 and D+ from [64], Ds

form [65,66], and �c from [67]. For D0 (�c) we show as
well the initial pT distribution of those charm quarks which
are finally entrained in D0 (�c) hadrons (dotted blue line)

FIG. 13. pT spectra of charmed hadrons D0, D+, Ds, �c, �0
c ,

and �c in the 0–10 % centrality class of PbPb collisions at
√

sNN =
5.02 TeV. The experimental data of D and D+ [64], Ds [65,66], �c

[67] are from the ALICE Collaboration. The thick black line is the
EPOS4HQ result, the dotted blue and dashed green lines are the pT

distribution of charm quarks at production and before hadronization,
respectively, which finally are part of the D0 (�c).

as well as that before hadronization (dashed green line) to
demonstrate how the passage through the QGP and the subse-
quent hadronization modifies the initial distribution. At high
transverse momenta the pT distribution before the c quarks
hadronizes is strongly suppressed as compared to the initial
distribution, testifying to the energy loss of the c quark in
the QGP. At low momentum, when the momentum of the c
quark is of the order of the averaged momentum of the QGP
partons, collisions have the consequence that the c quarks
approach an equilibrium with the QGP. Comparing the dashed
green line to the black line, we can see clearly the influence
of the hadronization on the transverse momentum change.
High pT charm hadronizes almost exclusively via fragmen-
tation, which shifts the spectra to lower pT . Low pT charm
hadronizes by combining with another light antiquark (or two
light quarks for baryons), which shifts the momentum to a
higher region. This momentum shift is more pronounced for
�c due to two light quarks entrained. Where data are avail-
able, the transverse momentum distributions of EPOS4HQ are
for all centrality bins close to the measured ones.

The pT spectra of different charmed hadrons, produced
in AuAu collisions at RHIC at

√
sNN = 200 GeV and in the

0–10 % and 10–40 % centrality bins, are shown in Fig. 15.
The EPOS4HQ results (thick black line) are compared with
the STAR data [68] for D mesons and [69] for Ds mesons.
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FIG. 14. pT spectra of charmed hadrons D0, D+, Ds, �c, �0
c , and

�c in the 30–50 % and 60–80 % centrality classes of PbPb collisions
at

√
sNN = 5.02 TeV. The experimental data of D and D+ [65], Ds

[65], �c [67] are from ALICE.

For the D0 data we show as well the initial pT distribution of
those charm quarks which are finally entrained in a D0 meson
(dotted blue line) as well as that before hadronization (dashed

FIG. 15. pT spectra of charmed hadrons D0, D+, Ds, �c, �0
c , and

�c in the 0–10 % and 10–40 % centrality classes of AuAu collisions
at

√
sNN = 200 GeV. The experimental data of D [68], Ds [69] are

from STAR. The thick black line is the EPOS4HQ result, the dotted
blue and dashed green lines are the pT distribution of charm quarks
at production and before hadronization, respectively, which finally
are entrained in D0 mesons.
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FIG. 16. pT spectra of charmed hadrons B0, B−, Bs, �b, �b, and
�b in the 0–100 % centrality class of PbPb collisions at

√
sNN =

5.02 TeV. The experimental data of B0 [70] and Bs [71] are from the
CMS collaboration. The thick black line is the EPOS4HQ result, the
dotted blue and dashed green lines are the pT distribution of bottom
quarks at production and before hadronization, respectively, which
finally are entrained in B0 mesons.

green line) to demonstrate how the passage through the QGP
and the subsequent hadronization modifies the initial distribu-
tion. As compared to the LHC results the energy loss while
traversing the QGP shifts the momentum less and therefore
the spectrum at high pT is less suppressed. Also at RHIC we
reproduce nicely the available experimental data.

2. Bottom hadrons

The transverse momentum spectra of bottom hadrons B0,
B−, Bs, �b, �b, and �b in the 0–100 % centrality class of
PbPb collisions at

√
sNN = 5.02 TeV are shown in Fig. 16.

The experimental data of B0 [70] and Bs [71] are from the
CMS collaboration. For the B0 data we show as well the initial
pT distribution of the charm quarks (dotted blue line) as well
as that before hadronization (dashed green line), which are
finally part of B0 mesons. The momentum loss of a bottom
quark while passing through the plasma is less than that of a
charm quark. This is due to the kinematics of the interaction
of the large mass b quarks with the QGP partons, which sup-
presses the momentum transfer as compared to the interaction
of c quarks.

Another source of information about B mesons are the
decay products, especially the nonprompt J/ψs. Their pT

FIG. 17. pT spectrum of B0 and nonprompt J/ψ in the 0–10 %
PbPb collisions at 5.02 TeV. The experimental data are from ATLAS
[72] and ALICE [73].

spectrum has been measured for central events in PbPb at√
sNN = 5.02 GeV by the ATLAS [72] and the ALICE [73]

collaborations. Their results are displayed in Fig. 17 and com-
pared to that of EPOS4HQ calculations. We display in this
figure as well the pT distribution of the B0 mesons in this cen-
trality bin. In our calculation we assumed that nonprompt J/ψ
come exclusively from B0 decays and that the experimental
pT differential branching ratio B(pT ) is the same in pp as in
PbPb. Then we can calculate the nonprompt J/ψ pT spectrum
in PbPb by multiplying the calculated B0(pT ) spectrum in
PbPb with B(pT ). Doing this we assume that shadowing does
not influence the branching ratio, an assumption which creates
an additional uncertainty.

B. Yield ratio

Next we present the yield ratio between different heavy
flavor hadrons as a function of pT . Yield ratios of charmed
hadrons are important because they present an experimen-
tal probe to study fragmentation functions into the different
hadron species. This is especially true at high pT where on the
one side hadrons are almost exclusively produced by fragmen-
tation and on the other side hardly any theoretical calculation
of these fragmentation functions is available. Yield ratios can
also eliminate systematic uncertainties and have therefore a
smaller error than absolute yields. They may also contribute to
solve physics questions. For example, the yield ratio of Ds/D0

can reveal the strangeness enhancement in the QGP phase of
the heavy-ion collisions. The enhancement of the baryon to
meson ratio, as compared to the e+e− collisions, e.g., p/π ,
�/K , shows the importance of hadronization by recombina-
tion which is absent in e+e− collision where hadronization
is exclusively described by fragmentation functions. This en-
hancement has also been observed in the heavy flavor sector,
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FIG. 18. Yield ratio of �c/D0, �0
c/D0, and Ds/D0 in the 0–10 %

(left) and 30–50 % (right) centrality class of PbPb collisions at√
sNN = 5.02 TeV. The experimental data are from ALICE, �c/D0

[67], Ds/D0 [65,66].

like in the �c/D0 ratio, and is even present in high energy pp
collisions [67,74].

In Fig. 18 we present the yield ratios of �c/D0, �0
c/D0,

and Ds/D0 in the 0–10 % (left) and 30–50 % (right) centrality
classes of PbPb collisions at

√
sNN = 5.02 TeV. The experi-

mental data are from the ALICE collaboration, �c/D0 from
[67], Ds/D0 from [65,66]. We observe that in both centrality
classes the experimental Ds/D0 ratio is well reproduced by
the EPOS4HQ calculations. This is a strong hint that in the
QGP, from where the light quarks originate, the strange quark
multiplicity corresponds to the equilibrium value for a system
close to TFO, as assumed in the EPOS4HQ approach. Also
the �c/D0 ratio of EPOS4HQ is for both centrality classes
and in the whole pT interval in agreement with experiment
[67], including the peak structure of the distribution at around
pT = 3 GeV. This ratio is well above the ratio measured in
e+e− collisions. The enhancement of the baryon to meson
ratio in heavy ion collisions can be well understood within
the quark recombination/coalescence model [10,15,56,75,76]
and therefore the agreement between theory and data gives
evidence that at low pT the majority of �c is created in
coalescence processes. At higher pT , where fragmentation
dominates, the agreement shows that the employed fragmen-
tation functions [50,61] are realistic. We also display the
prediction for the �c/D0 ratio. The shape is similar to the
�c/D0, but the value is reduced to one half of the former due
to the strange quark.

FIG. 19. Nuclear modification factor RAA of D0 in the 0–10 %,
10–30 %, and 30–50 % PbPb collisions at 5.02TeV. The experimental
data are from ALICE [64,65]. The black thick (orange lines) lines
are the ratio of D0 in PbPb and pp after (before) UrQMD. The
blue dotted and green dashed lines are the ratio of charm quarks at
production and before hadronization, respectively, which finally are
entrained in D0 mesons.

C. Nuclear modification factor RAA

Heavy quarks are produced in primary hard scattering
processes, which occur in the early stage of the heavy-ion
collisions. Therefore it is useful to define the nuclear modi-
fication factor

RAA ≡ 1

〈Ncoll〉
dNAA/d pT

dNpp/d pT
, (5)

which compares the pT distribution in AA collisions with that
in pp collisions multiplied by 〈Ncoll〉, the average number of
initial hard binary collisions. If the pT distribution, observed
in heavy-ion collisions, is just a superposition of that observed
in pp collisions we expect RAA = 1. In Fig. 19 the full black
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lines show the RAA for the finally observed hadrons, calculated
in the EPOS4HQ approach, and the experimental data [64,65]
are marked as red points. We see that RAA is smaller than 1.
This has two reasons:

(i) Nuclear shadowing modifies the parton distribution
function of a nucleus in comparison to that of a proton.
In [64] the measured integrated RAA for D0 mesons
(0.689 for the centrality [0–10 %] and for |y| < 0.5,
what EPOS4HQ reproduces within the error bars) is
compared with perturbative QCD calculations of D0-
meson production including only initial-state effects
modeled using two different sets of nuclear parton
distribution functions (PDF), namely, nCTEQ15 and
EPPS16. These calculations show, however with a
large error bar, that the major fraction of the suppres-
sion comes from the PDF’s, i.e., from the fact that in
a nucleus the parton distribution function is different
than in a proton. This is confirmed by EPOS4HQ. The
RAA for the initially produced charm quarks as around
1 at large pT but is almost constant ∼0.7 at low pT

values, as seen in Fig. 19, top, as a blue dotted line.
There we display RAA as a function of pT for [0–10 %]
central PbPb collisions at

√
sNN = 5.02 TeV. After

production, heavy quarks propagate in the QGP and
interact with the thermal partons by exchanging energy
and momentum via elastic and inelastic collisions, as
discussed in Sec. III. Due to the energy loss, at high
pT the initial momentum of a c quark will shift to a
lower momentum, the spectrum becomes softer and
RAA falls well below one (green dashed line). At low
pT the momentum of the c quark increases due to
these collisions and the c-quarks approaches thermal
equilibrium. This leads to a slight increase of RAA.

(ii) Second, due to hadronization by coalescence, which is
more important in AA than in pp collisions, we observe
at low pT an increased production of heavy baryons
and therefore a lower production of heavy mesons.
This lowers RAA at low pT , as seen, when comparing
the green dashed and the orange line.

Both processes lead to a complex structure of RAA with
a maximum at intermediate pT . For less central collisions,
shown in Fig. 19 in the middle for [10–30 %] and in the
bottom row for [30–50 %] centrality, the form of RAA as a
function of pT is similar but RAA increases because the energy
loss in the plasma gets smaller. The RAA of Ds and �c are also
investigated and shown in Figs. 20 and 21, which show a good
agreement with the experimental data.

Figure 22 shows the centrality dependence of RAA for D0

mesons in AuAu collisions at
√

sNN = 200 GeV. We display
RAA(pT ) for two different centrality classes [0–10 %] and
[10–40 %] and for the pT interval for which experimental data
are available and not only extrapolations. The STAR data are
from [68]. In this figure we display as well the RAA of the
those c quarks which are later part of D0 mesons. The blue
dotted line shows RAA at the moment when the c quarks are
produced. Also at RHIC energies for large pT c quarks RAA

is equal one because shadowing modifies only the c-quark

FIG. 20. Nuclear modification factor RAA of Ds in the 0–10 %,
10–30 %, and 30–50 % PbPb collisions at 5.02 TeV. The experimen-
tal data are from ALICE [66].

distribution at low pT . There the suppression of c quarks in
AuAu can reach 50% as compared to pp. The interaction of
heavy quarks with the QGP (difference between green long
dashed line and the blue dotted line) modifies strongly the RAA

at high pT . Coalescence dominates for low pT heavy quarks
and therefore the momentum of the D meson is larger than
that of the heavy c quark embedded, leading to an enhance-
ment of RAA at small pT (difference between dashed orange
and long dashed green line). The final hadronic interactions
(difference between black and long dashed green line) have
little influence of the final form of RAA(pT ).

Finally we compare in Fig. 23 RAA(pT ) of B+ mesons,
measured by the CMS collaboration for PbPb collisions at√

sNN = 5.02 TeV with the EPOS4HQ calculations. B mesons
are too heavy to approach equilibrium with the QGP. For this
reason we observe only a momentum shift of the b quarks
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FIG. 21. Nuclear modification factor RAA of �c in the 0–10 %,
10–30 %, and 30–50 % PbPb collisions at 5.02 TeV. The experimen-
tal data are from ALICE [67] and CMS [77].

towards lower pT values. The data agree quite nicely with the
EPOS4HQ calculations.

From the confrontation of the EPOS4HQ results with
calculations employing the generalized parton distribution
function we can conclude that the shadowing in EPOS4HQ is
well described. From the agreement of the EPOS4HQ results
with data we can furthermore conclude that also the other
processes, which influence the final pT distributions of open
heavy flavour mesons, are quite reasonable described.

D. Elliptic flow v2

The elliptic flow v2 is another key observable to study
the interaction of heavy quarks with the QGP. In noncen-
tral heavy ion collisions, the initial spatial anisotropy of the
overlap region is converted into an anisotropic azimuthal dis-
tribution in momentum space of the final particles at low
pT . This anisotropy can be characterized in terms of Fourier

FIG. 22. Nuclear modification factor RAA of D0 in the 0–10 %
and 10–40 % AuAu collisions at 200 GeV. The experimental data
are from STAR [68]. The black thick (orange lines) lines are the ratio
of D0 in AuAu and pp after (before) UrQMD. The blue dotted and
green dashed lines are the ratio of charm quarks at production and
before hadronization, respectively, which finally are entrained in D0

mesons.

FIG. 23. Nuclear modification factor RAA of B+ in the 0–100 %
PbPb collisions at 5.02 TeV. The experimental data are from the CMS
collaboration [70].
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coefficients

vn ≡ 〈cos[n(� − �n)]〉, (6)

where � is the azimuthal angle of the particle and �n is the
azimuthal angle of the event plane for the nth-order harmon-
ics. Elliptic flow, v2, is the second-order coefficient, whose
value is in hydrodynamical calculations proportional to the
initial spatial eccentricity of the overlap region. Being pro-
duced in a hard process, at creation heavy quarks have v2 = 0.
So any observed v2 of heavy mesons is due to the interac-
tion of heavy quarks with QGP partons or of heavy mesons
with other hadrons. The final elliptic flow of heavy flavor
hadrons comes from the heavy quark itself and also from the
light antiquark, which merges with the heavy quark in the
hadronization process. Also the hadronization process itself
may contribute slightly. The measurement of v2 of heavy-
flavor hadrons at low pT can therefore help to quantify the
coupling between heavy quarks and the hot medium as well
as to understand the hadronization mechanism. At high pT ,
heavy quarks hadronize via fragmentation. In this case, the
elliptic flow v2 together with RAA can be used to explore the
path-length dependence of the in-medium energy loss as in
the almond shaped overlap region the path length of the heavy
quark in the QGP medium depends on its azimuthal direction.

In EPOS4 the event plane �n can be determined, which is
not possible in experiments with a limited acceptance. There-
fore a multiparticle correlation or cumulants method has been
developed to determine v2. Depending on the number n of par-
ticles, whose correlations are calculated, the result is named
v2{n}. The higher the order, the more nonflow effects, such as
resonance decays and jets, are eliminated. This technique has
been widely applied in the light-flavor sector [82]. Recently it
has also been used for the heavy flavor flow analysis [80].

In Fig. 24 we show the pT dependence of v2{2} and v2{4} of
D0 mesons measured by the CMS collaboration [80] at midra-
pidity for PbPb collisions at

√
sNN = 5.02 TeV in different

centrality bins. From top to bottom we display the results for
the centrality bins [0–10 %], [10–30 %], and [30–50 %]. We
see that indeed the experimental v2{4} is slightly smaller than
v2{2}. In older publications usually v2{2} or the equivalent
scalar product (SP) approach has been used. The EPOS4HQ
results, obtained with Eq. (6) and shown as well, should be
compared with v2{4}.

We display in this figure as well the EPOS4HQ results for
different times during the evolution of the heavy-ion reac-
tion. Initially the flow of heavy quarks (dotted blue line) is
compatible with zero. After passing through the QGP (dashed
green line) the c quarks have already acquired v2 by collisions
with the QGP partons. Hadronization does not change v2

substantially as can be concluded by comparing the orange
short-dashed line (v2 of D0 mesons after hadronization) with
the green dashed line but shifts the maximum to larger pT

values, mainly because the pT of the D meson is different
from that of the c quark. Hadronic interactions (the difference
between the orange and the black line) still change slightly the
value of v2(pT ). The final distribution is given by the black
line which agrees quite nicely with the experimental data. For
the [30–50 %] centrality bin we show in Fig. 24 as well v2 of
the B0 mesons, as a magenta dashed-dotted line, for which no

FIG. 24. Elliptic flow v2 of D0 in the 0–10 %, 10–30 %, and
30–50 % centrality classes of PbPb collisions at

√
sNN = 5.02 TeV.

The experimental data are from the ALICE [78] and CMS [79,80]
collaborations. The black thick (orange lines) lines are the v2 of D0

after (before) UrQMD. The blue dotted and green dashed lines are v2

of charm quarks at production and before hadronization, respectively.
The magenta dashed-dotted line in the middle panel is the v2 of B0

after UrQMD.

data exists. At low pT it is considerably smaller than that of
the D0 mesons due to the large mass of the transfer of v2 to
b quarks during the interactions with the QGP partons being
less efficient. At higher pT , where the v2 is created by the
path length difference, v2 of B0 mesons approaches that of
D0 mesons because the mass difference gets increasingly less
important.

At RHIC v2(pT ) of D0 mesons has been measured by
the STAR collaboration [81]. The data for semicentral AuAu
collisions at

√
sNN = 200 GeV are displayed in Fig. 25 and

compared with EPOS4HQ results. We display in this fig-
ure also our results for central collisions for which no data
are available yet.
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FIG. 25. Elliptic flow v2 of D0 in the 0–10 % and 10–40 %
centrality classes of AuAu collisions at

√
sNN = 200 GeV. The

experimental data are from STAR [81].

VII. SUMMARY

We used the newly developed EPOS4 approach, which
describes quite well a multitude of light hadron observables,
to study the physics of heavy quarks. For this we imple-
mented the same description of the dynamics of heavy quarks
in the QGP as in the former EPOS3/EPOS2 calculations
and included a new hadronization approach, which allows to
create in the hadronization process all known heavy hadron
species. This approach is named EPOS4HQ. In this approach
we investigated the production of heavy hadrons in ultrarela-
tivistic heavy-ion collisions at RHIC and LHC energies. We
compared transverse momentum spectra, yield ratio, nuclear
modification, and elliptic flow of different charmed hadrons
for both PbPb collisions at

√
sNN = 5.02 TeV and AuAu

collisions at
√

sNN = 200 GeV. As already in pp collisions,

we find a quite good agreement of all observables with the
available experimental data. This agreement is considerable
better than for the results we obtained using the same descrip-
tion of the heavy quark/heavy meson dynamics in EPOS2 and
EPOS3. We can also extend this approach to RHIC energies
which was not possible with the EPOS3/EPOS2 approach.

We studied as well in detail how the different observables
are modified during the heavy ion collisions. We displayed
the initial distribution of c quarks, the modification of the
c-quark distribution due to heavy quark-QGP interactions, the
influence of hadronization and of the final hadronic rescat-
tering. This allowed for an understanding of these physical
processes which influence the heavy quark observables. We
observed that the initial parton distribution function in large
nuclei shows a strong suppression of low pT heavy quarks
as compared to the scaled pp parton distribution function.
This agrees quantitatively with calculations, which use explic-
itly the generalized parton distribution function. At high pT ,
where the parton distribution functions in nucleons and heavy
nuclei are similar, the interaction of the heavy quarks with
the QGP medium are responsible for the low RAA values. The
other processes are subdominant but influence quantitatively
the results. The elliptic flow at low pT is as well created by
the interaction of the heavy quarks with the QGP medium
but its maximum is shifted in the hadronization process. At
high pT it is the path length difference which creates the
finite v2 values. Despite EPOS4HQ being based on the fun-
damental Gribov-Regge approach and describing all presently
available heavy hadron data in heavy ion collisions it should
be noted that EPOS4HQ needs parametrization to cope with
kinematic ranges, which are not accessible by more funda-
mental approaches. Therefore it cannot be proven whether
all the subprocesses are described correctly. The agreement
of the EPOS4 results with the light hadron section reduced
the uncertainty considerably. An experimental study of the
system size dependence would further help to reduce the
uncertainties.
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