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Abstract. We study the impact of pre-equilibrium evolution on the charm quark
Raa and v, in Pb+Pb collisions at +/syy = 5.02 TeV. We observe that there is
significant diffusion in the pre-equilibrium evolution, but there is no measurable
effect on the final state observables.

1 Introduction

Heavy quarks (charm and bottom) are produced at the earliest stages of heavy-ion collisions
owing to their large masses. They take longer to thermalize than their lighter counterparts,
and their motion through the quark-gluon plasma can be described as a Brownian motion
within the Langevin or Fokker-Planck frameworks [1, 2].

It has been proposed that heavy-quark observables can help provide insight into the stage
of pre-equilibrium bulk evolution [3, 4]. While the lifetime of the pre-equilibrium stage is
relatively short, it comprises significantly higher energy densities. As a result, heavy quarks
are postulated to have much stronger interactions in the earliest stages, which can leave an
imprint on final-stage heavy flavor observables.

Here, we summarize the consequences of pre-equilibrium interactions on two charm ob-
servables: the nuclear modification factor (R44) and the elliptical anisotropy coefficient (v;)
of D-mesons. This is based on our study where we describe the light and heavy flavor ob-
servables using the IP-Glasma + MUSIC + UrQMD + MARTINI framework [5].

2 Model Setup
2.1 Bulk medium

The initial stage of the bulk medium is modeled using IP-Glasma [6]. Nucleon positions in
the colliding nuclei are sampled from the Woods-Saxon distribution, and the binary collision
positions are identified using the nucleon-nucleon cross-sections. Color charges are sampled
provided the nucleon position information, and gluon fields are determined and evolved using
the classical Yang-Mills equations. We track the energy density at different space-time points
during the evolution.
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Figure 1. Charm quark positions in the background medium at 7 = 1.5 fm at midrapidity.

Starting from 7 = 0.4 fm, the medium is evolved using the relativistic viscous hydrody-
namic code MUSIC [7], and a constant energy density freezeout at the 0.18 GeV/fm? energy
density hypersurface is saved. It is used to compute hadrons, which are sampled using the
iSS package [8]. These hadrons then undergo scatterings and decays in UrQMD [9]. The
model parameters are the same as in [10].

2.2 Charm production

Charm quarks are produced at the binary collision positions determined earlier. We use
PYTHIA 8.2 [11] to sample p — p, p — n, and n — n collisions to generate heavy quark QQ
pairs from initial hard scatterings and gluon splittings. The medium modification to charm
production rates is not considered. Nuclear modification to the parton distribution functions
are accounted for by using the distributions from EPS09 [12]. We allow a finite formation
time of 1/m, in the local rest frame of the charm quark where m, is the charm mass.

2.3 Charm propagation

Charm quark propagation through the pre-equilibrium and the hydrodynamic medium is
treated in the Langevin framework within MARTINI [13, 14]. The discretized version of
the Langevin equation in the local rest frame of the medium is given by

dp; = —n(IpDp; dt + &(p) dt,

EWENO) = (6, - 2T

Ipl
where dp; is the change in the i-th component of momentum p; of the charm quark. The
drag coefficient is given by n while the transverse and longitudinal diffusion coefficients are
denoted as k7 and k. Here, £ is the stochastic term whose strength is determined by the size
of the diffusion coefficients. In this work, we chose «r = k1, = «.

The spatial diffusion coefficient Dy is obtained from 2+1 flavor lattice QCD [15]. It is
related to 7 and « at zero relative momentum using Einstein relations. We parametrize the
momentum dependence of n and k from perturbative calculations [18] and use the lattice
results to fix the values at zero momentum.

Obtaining drag and diffusion coefficients in the pre-equilibrium phase requires defining a
temperature in this regime. We assume isotropy and use the ideal gas equation of state with
gluon degrees of freedom to define the temperature here. This is a simplification aimed at

) k(D) + % i (Ip). (1)
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Figure 2. Impact of charm quark pre-equilibrium evolution on D-meson R4,. Experimental data taken
from [16, 17].
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Figure 3. Impact of charm quark pre-equilibrium evolution on D-meson v,. Experimental data taken
from [16, 17].

getting a rough estimate of the size of the phenomenological effect of pre-equilibrium charm
interactions. The spatial diffusion coefficient can be obtained from zero-flavor lattice calcu-
lations [19]. When adjusting for different critical temperatures, the temperature dependence
of D, for zero-flavor and 2+1 flavor lattice calculations is consistent [20].

2.4 Hadronization

Charm quarks are hadronized when their surrounding medium temperature falls to 165 MeV.
We hadronize using a hybrid coalescence + fragmentation approach. Coalescence is done
using the Duke coalescence model [21]. We include the D-mesons and charmed baryons A,
2. Q. and E.. The overall coalescence probability is normalized by a free parameter. For this
work, the parameter is chosen such that the net coalescence probability for a quark at rest in
the medium is 0.2. Charm quarks, which do not coalesce, are allowed to fragment where the
momentum fraction is generated using the Peterson fragmentation function [22].

3 Results and Discussion

Figure 1 shows the charm quark positions at mid-rapidity at 7 = 1.5 fm. We calculate the
D-meson observables R4 and v, for two centralities 0-10% and 30-50%. Figures 2 and 3
depict R44 and v, of D-meson for these two centralities with and without the presence of
pre-equilibrium evolution. We observe that the pre-equilibrium evolution of the charm quark
slightly modifies the R44, especially in the py range 2 — 6 GeV, while its effect on v2(pr)
remains negligible. Furthermore, we analyzed the dependence of the formation time of
charm quarks and the uncertainty band in the lattice estimation of 227DT on R44. We observe
that the formation time of the charm quark in the medium plays a crucial role in the high pr
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regime of the D-meson R44. Additionally, uncertainties in the diffusion coefficient estimation
introduce noticeable effects on the R4, particularly in the high transverse momentum region.
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