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Abstract. We present phenomenological findings on charm quark transport
while including its energy loss in both pre-equilibrium and hydrodynamic stages
of the evolution. We employed the MARTINI event generator for the produc-
tion and evolution of heavy quarks in the relativistic heavy-ion collisions. The
sensitivity of the heavy meson nuclear modification factor and flow coefficient
to the early stage of heavy-ion collisions and bulk medium evolution is analyzed
for Pb+Pb collisions at 5.02 TeV. Our study provides insights into the interac-
tion strength of charm quarks during the early phase and within the quark-gluon
plasma.

1 Introduction

The accurate modeling of quark-gluon plasma evolution generated in relativistic nucleus-
nucleus collisions relies on the understanding of the dynamics in the collision’s early phase.
Being generated during the early phase of the collisions, heavy quarks serve as effective
probes of the early stages of the collision event. Heavy quark transport in the medium can
therefore provide information about temperature, viscosity, and other transport properties.
Efforts have been made to understand the Brownian transport of heavy-flavor particles in
the quark-gluon plasma (QGP) and to estimate key experimental observables such as the
nuclear suppression factor R44 and elliptic flow v, at RHIC and LHC energies. Despite the
existence of many studies on heavy-flavor dynamics in an expanding viscous QGP medium
and the estimation of non-equilibrium effects on the heavy quark transport coefficients, major
challenges persist in the phenomenological study of heavy quarks. The effects of the initial
stage and the pre-equilibrium evolution of heavy quarks in the initial background are usually
ignored.

We model relativistic heavy-ion collisions at LHC energies with a hybrid dynamical ap-
proach consisting of a fluctuating IP-Glasma initial state [1], followed by the viscous hydro-
dynamic approach MUSIC [2]. We evolve charm quarks in both the IP-Glasma initial stage
and the hydrodynamically expanding QGP phase using the MARTINI event generator [3].
By integrating charm quark energy loss in the fluctuating initial state, in addition to that in
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Figure 1. Multi-stage model for heavy quark evolution in heavy-ion collisions

the QGP phase, we present the phenomenological implications of charm quark evolution in
the early stages of heavy-ion collisions.

2 Charm quark multi-stage evolution

We describe heavy-quark evolution with a multi-stage model as described in figure 1. We ini-
tially generate charm quarks using PYTHIAS.2, which involves sampling the 6-dimensional
momentum distributions of QQ systems. The initial spatial distribution of charm quarks is
obtained from the IP-Glasma initial state, with charm quarks randomly sampled on the back-
ground IP-Glasma. The precise determination of charm quark interactions in the expanding
space-time geometry, which captures the gluon fields in the fluctuating initial state, is non-
trivial and not yet fully developed. The phenomenological implication of the impact of charm
quark evolution in the pre-equilibrium stage is an interesting aspect to explore. In the present
analysis, as a first step toward capturing the impact of the fluctuating initial state on charm
quark evolution, we approximate the initial state as an evolving QCD medium dominated by
gluons. We assume that the gluons form a thermalized medium with a conformal equation of
state where a temperature can be defined. The transport of heavy quarks is studied as Brown-
ian motion in such a medium, where the interaction strength of the quarks in the medium can
be measured in terms of the appropriate diffusion coefficient.

The next phase is the evolution of the charm quark in the hydrodynamically expanding
QGP. Relativistic second-order viscous hydrodynamics is employed to describe the evolution
of the QGP medium. The change in charm quark momentum, dp;, over a time interval dt, can
be quantified numerically using the Langevin equations in the local rest frame of the medium
as follows [4],

dp; = —n(p)p; dt + &(p) dt,

EWEN0)) = (6 - %

where 7(p;) is the drag coeflicient, ;7 is the longitudinal/transverse momentum diffusion
coeflicient, and &; denotes the stochastic force acting on the charm quark. We utilized recently
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Figure 2. The impact of charm quark energy loss in the initial stage of the collision on the D-meson
nuclear suppression factor Rs4 and elliptic flow v,. The temperature-dependent lattice estimation of
spatial diffusion coefficient is used to quantify the interaction strength of charm quark in the medium

estimated Ny = 2+1 lattice spatial diffusion coefficient 27DT [6] to describe the charm quark
interaction strength in the medium. The spatial diffusion coefficient can be related to n(p;)
and KL/t [4, 5]

The current analysis specifically focuses on open charm mesons. We use a combination
of fragmentation and heavy-light coalescence mechanisms for the hadronization process. In
the fragmentation approach, a charm quark with momentum p fragments into a D-meson with
momentum zp. We also consider the coalescence model, where the recombination probability
is described by the momentum-space Wigner function [7].

To quantify the impact of charm quark evolution in the early stages of the collision, we
analyze charm quark observables with and without accounting for its pre-equilibrium energy
loss, as shown in figure 2. The switching time from the Glasma to plasma phase is fixed at
7, = 0.4 fm. Here, we considered only the fragmentation mechanism for the hadronization
process. It is observed that the R44 is modified by the pre-equilibrium energy loss of the
charm quark. Elliptic flow is another key observable that measures the azimuthal anisotropy
of charm mesons. The elliptic flow, v,, is estimated using the scalar product method. It is
shown that the fluctuating initial state modifies the D-meson v, in two ways. In comparison
with a smooth background, fluctuations increase local pressure gradients, which in turn in-
crease vp. Additionally, a fluctuating background causes a decorrelation between the event
planes of light and heavy-flavor mesons, which suppresses v,. Refer [8] for details. The evo-
lution of charm quarks in the fluctuating initial state further modifies D-meson v,. Despite the
relatively short lifetime of the initial phase, we observe that the energy loss of charm quarks
in the IP-Glasma phase has a non-negligible effect in the phenomenological study.

In figure 3, we consider momentum-dependent heavy quark transport coefficients and the
heavy-light coalescence mechanism in addition to the fragmentation process for hadroniza-
tion. This allows for a comparison of our results with experimental data. A parameterized
momentum dependence, motivated by perturbative QCD estimates of heavy quark coeffi-
cients, is introduced into the temperature-dependent 2 + 1 flavor lattice rates. It is observed
that both the momentum dependence and the coalescence hadronization mechanism play sig-
nificant roles in the phenomenological study of heavy quarks.
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Figure 3. Comparison of D meson R4 with the experimental data [9] for Pb+Pb at 5.02 TeV.

3 Summary

One of the interesting questions we aim to address is whether charm quarks can act as
efficient probes of the initial phase despite their shorter lifetime and fluctuating energy
density profile. An exact solution to this aspect requires a thorough understanding of charm
quark interactions with the non-Abelian fields, which is highly non-trivial. In this study,
we provide a qualitative estimation of the effect of pre-equilibrium charm quark evolution
on charm meson observables by approximating the pre-equilibrium phase as a gluonic
system with a temperature. Our analysis shows that charm quarks demonstrate their potential
to provide penetrating tomographic information about the initial stage of heavy-ion collisions.
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