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Heavy quarks are predominantly generated at the initial stage of relativistic heavy-ion colli-
sions such that heavy flavor observables have the potential to provide information on the pre-
equilibrium medium dynamics. In this study, we investigate the sensitivity of D-meson RAA and
v2 to early-time charm quark dynamics in Pb+Pb collisions at

√
sNN = 5.02 TeV. We employ

the IP-Glasma+MUSIC+UrQMD framework to model the evolution of the bulk medium. Charm
quarks are generated using PYTHIA with nuclear parton distribution functions and evolved using
Langevin dynamics within MARTINI. We observe that even though there is significant momentum
broadening in the earliest stage, D-meson RAA and v2 are only weakly sensitive to pre-equilibrium
interactions.

I. INTRODUCTION

Heavy-ion collision experiments conducted at the Rela-
tivistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) offer a unique opportunity to study
QCD matter under extreme but controlled conditions.
Model-to-data comparisons are the main tool for infer-
ring the properties of the Quantum Chromodynamics
(QCD) matter produced. However, modeling heavy-ion
collisions is complex and requires a sophisticated multi-
stage framework. The current state-of-the-art approach
incorporates initial states with information about the
nucleonic and sub-nucleonic degrees of freedom [1, 2],
hydrodynamical evolution of the Quark-Gluon Plasma
(QGP) [3–5], and hadronic transport [6, 7]. The multi-
stage model parameters can be constrained using exper-
imental data by performing Bayesian analyses [8–11].

Heavy quarks, the charm and bottom quarks (top
quarks are rarely produced in the considered collisions),
serve as valuable probes for studying the properties of
the QCD medium [12–17]. Charm quark transport in
the QGP is sensitive to the temperature and transport
properties of the medium. The Brownian transport of
heavy flavor particles in the QGP along with key exper-
imental observables such as nuclear suppression factor
RAA and elliptic flow coefficient v2 has been extensively
studied at RHIC and LHC energies [18–27]. Despite the
success of theoretical frameworks in describing the charm
quark dynamics in an expanding QGP and explaining the
measured data, significant challenges remain. As heavy
quarks are predominantly created in the very early stage
of collisions, they have the potential to retain imprints
of the initially produced matter. However, the effects
of the initial stage and the pre-equilibrium evolution of
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heavy quarks in the fluctuating initial background are of-
ten neglected owing to the short duration of this phase.
Recent advancements have been made in understanding
the heavy quark transport coefficients during the pre-
hydrodynamic stage [28–33]. These studies suggest that
even though the pre-equilibrium phase is short lived, the
interaction strength in this stage is large enough to af-
fect heavy flavor observables. Consequently, the poten-
tial sensitivity of hard probes to the pre-equilibrium stage
in phenomenological studies is gaining attention [34–38].

In this study, we utilize the impact parameter depen-
dent glasma (IP-Glasma) model [2, 39] coupled to the
viscous hydrodynamic simulation MUSIC (which is short
for ‘MUSCL for Ion Collisions’, where MUSCL stands for
Monotonic Upstream-centered Scheme for Conservation
Laws) [40–42] and the hadronic transport model Ultra-
relativistic Quantum Molecular Dynamics (UrQMD) [6],
to model the bulk medium evolution. This framework
has been successful in describing a wide range of soft
hadronic observables in heavy-ion collisions [43]. The
model is based on describing the nuclei, prior to their
collision, as two sheets of color glass condensate, which
captures the essence of the low momentum-fraction glu-
ons present in the nuclei accelerated to high energies.
The gluon field generated by the collision of the ener-
getic nuclei evolves for a short time according to the
classical Yang-Mills equations. The energy-momentum
tensor of these gluons then serves as the input for vis-
cous hydrodynamics, which takes over the time evolu-
tion of the bulk medium. We simulate the evolution of
charm quarks starting from the fluctuating IP-Glasma
initial stage, followed by their evolution in the hydrody-
namically expanding QGP, using the MARTINI (Mod-
ular Algorithm for Relativistic Treatment of Heavy Ion
Interactions) event generator [44, 45]. By incorporating
the charm quark dynamics in the initial stage and in the
QGP phase, we provide first phenomenological insights
into charm quark evolution within the IP-Glasma initial
state and its effects on the final state observables.

The article is organized as follows. Sec. II describes the
multi-stage model for charm quark evolution, where we
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discuss the bulk medium spacetime evolution (Sec. II A),
heavy quark initial production (Sec. II B), its evolution
in the medium (Sec. II C), and the hadronization mecha-
nism (Sec. IID). Results and discussions of the study are
presented in Sec. III. Finally, we summarize our findings
in Sec. IV and present an outlook.

II. CHARM QUARK EVOLUTION WITHIN A
MULTI-STAGE MODEL

We adopt multi-stage models to describe the evolution
of both the background QGP medium and charm quarks
in heavy-ion collisions.

A. Bulk medium evolution

All the model parameters for bulk medium evolution
are the same as those utilized in Ref. [43]. The very
first stage is modeled by IP-Glasma, which describes the
initial production and evolution of color fields due to the
impact of two energetic nuclei. IP-Glasma is based on
the Color Glass Condensate (CGC) framework [46]. The
CGC action can be expressed as [47],

SCGC =

∫
d4x

(
− 1

4
F a
µνF

aµν + JaµAa
µ

)
, (1)

with Jaµ the current term that sources soft gluons field
Aa

µ, and F a
µν the field strength tensor, where a denotes

the color index. The evolution of the gluon fields is gov-
erned by the Classical Yang-Mills (CYM) equations:

[Dν , F
µν ]a = Jaµ, (2)

with

Da
ν = ∂ν − igAνt

a,

Jaµ = δµ±ρaA(B)

(
x∓,x⊥

)
, (3)

where ta are the SU(3) generators and ρa are the color
charges. Here, the color current originates from the nu-
cleus A(B) moving along the positive (negative) light-
cone direction x+(x−). The Glasma distributions, ob-
tained by solving the CYM equations event-by-event,
subsequently serve as input to fluid dynamics. We use
140 IP-Glasma events per 10% centrality.

The next phase involves the evolution of the QGP
medium. We switch from IP-Glasma to a fluid descrip-
tion using the hydrodynamic solver MUSIC at longitu-
dinal proper time τ = 0.4 fm. The state of a fluid
can be described by the energy-momentum tensor of the
medium. For dissipative QGP, the ideal form of the
energy-momentum tensor is modified with the inclusion
of shear tensor πµν and bulk-viscous pressure Π as,

Tµν = εuµuν −∆µν(P +Π) + πµν , (4)

where ε and P denote the local energy density and
pressure of the QGP, uµ is the fluid velocity, gµν =
diag(1,−1,−1,−1) and ∆µν = gµν−uµuν . Second-order
viscous hydrodynamics, specifically the DNMR formula-
tion [48, 49], incorporating both shear and bulk viscosity,
is utilized to describe the evolution of the QGP medium.
The stress tensor and bulk-viscous pressure follow the
relaxation-type equations

τππ̇
⟨µν⟩ + πµν = 2ησµν − δπππ

µνθ + ϕ7π
⟨µ
β πν⟩β

− τπππ
⟨µ
β σν⟩β + λπΠΠσµν , (5)

τΠΠ̇ + Π = −ζθ − δΠΠΠθ + λΠππ
µνσµν , (6)

where θ = ∂µu
µ is the scalar expansion rate, π⟨µν⟩ =

∆µν
αβπ

αβ , and σµν = ∆µν
αβ∂

αuβ with the symmetric, trace-

less projection operator defined as ∆µν
αβ ≡ 1

2 (∆
µ
α∆

ν
β +

∆µ
β∆

ν
α) − 1

3∆
µν∆αβ . This framework is implemented

numerically in MUSIC. The first-order viscous coeffi-
cients, the shear (η) and bulk (ζ) viscosities, are tuned
to data in [43]. The second-order transport coefficients
δππ, ϕ7, τππ, λπΠ, τπ, δΠΠ, λΠπ, τΠ are expressed in terms
of shear and bulk viscosities [49].
The Cooper-Frye procedure [50] is used to determine a

freeze out surface from which hadrons are sampled using
the iSS sampler [51]. Sampled hadrons undergo hadronic
scatterings and resonance decays within UrQMD [6]. Fi-
nal hadronic lists from UrQMD are then used to calculate
charged hadron observables.

B. Heavy quark production

Due to their high mass, heavy quarks are predomi-
nantly created in the initial hard collisions. The initial
spatial distribution of heavy quark production points is
obtained from information provided by the IP-Glasma
initial state. For each IP-Glasma event, we store the lo-
cation of the original binary collisions. Then charm/anti-
charm quark pairs are sampled using PYTHIA [52] at the
binary collision positions with a probability that depends
on the cross-section for charm quark production.
To account for nuclear shadowing effects, EPS09 nu-

clear parton distribution functions [53] are utilized. Ad-
ditionally, isospin effects are considered by sampling
n + n, p + p, and p + n collisions. Only initial charm
production is considered in the present analysis, since
thermal production of heavy quarks in the medium is
negligible, because of the high charm quark mass [54].
As the charm spatial and momentum profile is stochas-

tically sampled, we use the same background IP-Glasma
event for multiple charm events. For each IP-Glasma
event, we sample twenty-five thousand charm events in
the 0-10% centrality bin and fifty thousand charm events
in the 30-50% centrality bin.
We implement a formation time of τF = 1/mc in the

charm quark’s rest frame. Heremc is the mass of a charm
quark. Charm quarks are allowed to interact with the
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FIG. 1. Charm quark locations within the surrounding
medium at τ = 1.5 fm at mid-rapidity.

medium only after their formation time has passed. Be-
fore the formation time is reached, charm quarks/anti-
quarks are bound to their original partner via a Cor-
nell potential [55]. We will study the effect of varying
the formation time below. Charm quark positions in the
background medium at midrapidity for a single event are
shown in Fig. 1.

C. Heavy quark evolution in Glasma and QGP

The precise estimation of charm quark interaction with
the gluon fields in the (3+1)-dimensional space-time ge-
ometry in the earliest phase of heavy-ion collisions is a
complex task and has not yet been fully developed. Nev-
ertheless, the interesting question is whether the heavy-
quark evolution in the initial state has any phenomeno-
logical implications, given the short lifetime of this stage.
In the present study, we focus on this aspect. As a first
step in studying the impact of evolution during the fluc-
tuating initial stage on charm observables, we approxi-
mate the initial stage as an evolving QCD medium solely
composed of gluons. The evolution of the energy den-
sity ε in the initial stages is described by the IP-Glasma
model. We assume that the system is locally thermalized
to extract an effective temperature, from which we can
compute the charm quark drag and diffusion coefficients.

These then enter the calculation of the in-medium dy-
namics of the heavy quarks. In both the Glasma and
QGP, it is modeled as Brownian motion within MAR-
TINI, where its interaction strength with the medium is
quantified via the drag and diffusion coefficients. The
momentum change dpi of the charm quark over a time
interval dt can be described using the Langevin equations

in the local rest frame of the medium as [25, 56],

dpi = −η(|p|)pi dt+ ξi(p) dt,

⟨ξi(t)ξj(0)⟩ =
(
δij −

pipj
|p|2

)
κT (|p|) +

pipj
|p|2 κL(|p|), (7)

with η(pi) the drag coefficient, κT the transverse and κL

the longitudinal momentum diffusion coefficients. The
term −η(|p|)pi is the drag force that quantifies the av-
erage momentum transfer of the charm quark due to the
interaction, and ξi represents the stochastic force acting
on the charm quark.
To study the evolution of a charm quark in the

medium, first we obtain the energy-density and fluid four-
velocity at the space-time location of the charm quark
from IP-Glasma or MUSIC. In the IP-Glasma phase,
temperature is obtained from this energy-density assum-
ing the ideal gas equation of state with gluon degrees
of freedom. In the QGP phase, in MUSIC, we use the
lattice QCD equation of state matched with a hadronic
resonance gas at low temperatures [57]. The next step
is to boost the heavy quark momentum to the local rest
frame of the medium and to estimate the change in mo-
mentum dpi during the time step dt. After modifying the
momentum, we boost back the charm quark momentum
to the lab frame and update its position after dt.
The detailed transport of heavy quarks in the QCD

medium depends on their transport coefficients in the
respective medium. One of the latest advances in this
direction is the first Nf = 2 + 1 lattice estimation of the
spatial diffusion coefficient Ds for the temperature range
195 MeV < T < 352 MeV with dynamic light quarks cor-
responding to a pion mass of 320 MeV [58]. In this work,
we parametrize the spatial diffusion coefficient and ex-
trapolate it to temperatures outside this range (with fluc-
tuating initial conditions some hot spots can reach much
higher temperature, especially at the earliest times). A
more recent study extends the Ds estimation to higher
temperatures [59], but it is consistent with the previous
result and our extrapolation.
The drag and diffusion coefficients are obtained from

Ds at zero momentum using the Einstein relations κ =
2T 2/Ds and η = T/(mcDs). Further, we parametrize the
momentum dependence of η and κ. The parametrization
is inspired by the perturbative QCD calculation of charm
quark transport coefficients [60, 61]. The momentum de-
pendence of η and κT = κL = κ is shown in Fig. 2.
It is observed that the heavy quark drag coefficient de-
creases as the heavy quark momentum increases, while
the diffusion coefficients show the opposite trend. With
increasing heavy quark momentum the charm quark dif-
fusion coefficient rises and eventually saturates at high
momentum. We will explore the effect of including the
momentum dependence on observables later in this work.
It is important to note that with the correct choice

of critical temperature, the spatial diffusion coefficients
obtained from Nf = 0 lattice calculations [62], are con-
sistent with the results of the 2 + 1 flavor lattice calcu-
lations [63]. Hence we use the same Ds parameterization
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FIG. 2. Momentum dependence of drag (left panel)and diffusion (right panel)coefficients

in both the Glasma and the QGP phases.

D. Heavy quark hadronization

Charm quarks are evolved in the medium to the
hadronization temperature Th = 165 MeV. At T = Th,
a modified color evaporation model is first employed to
determine whether a charm quark forms a charmonium
state with another charm quark. Additionally, recom-
binant charmonium production is considered for all the
remaining charm quark/anti-quark pairs. Details of the
algorithm used for charmonium production is given in
Ref. [45].

We employ a combination of fragmentation and heavy-
light coalescence mechanisms for hadronizing charm
quarks that remain after charmonium production. Ex-
perimental results have indicated the necessity of a coa-
lescence approach in the low pT regime. In the coales-
cence model, the probability that a heavy-flavor quark
will coalesce with a neighboring light-flavor quark (or
quarks) to form a hadron is described by the momentum-
space Wigner function fW

H . The momentum spectrum
of the produced hadron (D-mesons and baryons) can be
written as [64],

dNH

d3pH
=

∫ N∏
i=1

d3pi
dNi

d3pi
fW
H (p1,p2, ...,pN )

× δ
(
pH −

N∑
i=1

pi

)
, (8)

where pH is the momentum of the heavy flavor hadron
H and pi are the momenta of the constituent quarks.
Here, dNi/d

3pi is the momentum distribution of the
i−th constituent quark in the recombined meson or
baryon. The conservation of 3-momentum is ensured by
the δ−function.

In this work, we use the instantaneous coalescence
model [65]. The momentum space Wigner function for an
S-wave meson takes a Gaussian form and can be written

as,

fW
H=M = NcoalgM

(2
√
πσ)3

V
exp

(
− p2rσ

2
)
, (9)

where the subscript M denotes mesons, Ncoal is a nor-
malization factor, and gM is the degeneracy factor of
the mesons. The quark distributions is assumed to be
uniform in the volume V . The width parameter of the
Gaussian distribution is defined as σ = 1/

√
µω where

µ = mcmu/d/(mc + mu/d) is the reduced mass of the
heavy and light quark system. For quantitative estima-
tion, we consider the thermal mass of light quarks as
mu/d = 300 MeV. The angular frequency of the oscilla-
tor ω is taken to be 0.106 GeV, as tuned in Refs. [18, 66].
The relative momentum in the two-body center-of-mass
frame is

pr =
1

E′
1 + E′

2

(E′
2p

′
1 − E′

1p
′
2). (10)

For baryons (B) such as Λc,Σc, Ξc and Ωc, the Wigner
function can be extended to a three-particle system by
initially combining two particles and then using the cen-
ter of mass of this pair to combine with the third particle
as [65],

fW
H=B = NcoalgB

(2
√
π)6(σ1σ2)

3

V 2
exp

(
− p2r 1 σ

2
1 − p2r 2 σ

2
2

)
,

(11)

where gB is the baryon degeneracy factor and σi =
1/
√
µiω. The parameters µ1 and µ2 describe the reduced

mass of a two-particle and three-particle system, respec-
tively. The relative momentum pr 1 of two particles in
the center-of-mass frame takes the same form as that of
Eq. (10) and relative momentum pr 2 with the third par-
ticle can be defined as,

pr 2 =
1

E′
1 + E′

2 + E′
3

(
E′

3(p
′
1 + p′

2)− (E′
1 + E′

2)p
′
3

)
.

(12)

We calculate the total probability for a charm quark of
momentum pH to hadronize by coalescence and the prob-
ability that the coalesced hadron is a meson. There is an
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overall normalization factor Ncoal that determines the
probability that charm quarks at rest in the local rest
frame of the medium hadronize by coalescence. We fix
Ncoal = 0.2 to get a good agreement with the experi-
mental data. The coalescence probabilities are shown in
Fig. 3. For every charm quark, a random number be-
tween 0 and 1 is generated. If this value is less than
the probability of coalescence, the heavy quark under-
goes hadronization by coalescence. If it is greater than
the probability, then it hadronizes by fragmentation.

For fragmentation, charm quarks are rotated to the
z-axis and their four momenta are written in lightcone
coordinates. A charm quark with momentum p+ in light-
cone coordinates in the rotated frame fragments into a D-
meson with momentum zp+. A random transverse kick
is sampled from a Gaussian of width 0.335 GeV. The
kick is applied to the D-meson before rotating the four-
momentum back to the original frame. The fragmenta-
tion factor z is sampled from the Peterson fragmentation
function [67],

f(z) ∝ 1

z
(
1− 1

z − ε̄
(1−z)

)2 , (13)

with the parameter ε̄ = 0.15. We put a lower cutoff on z
such that z > mD/p+.

III. RESULTS AND DISCUSSIONS

We analyze the nuclear suppression factor RAA and the
elliptic flow coefficient v2 of D mesons in Pb+Pb collision
at

√
sNN = 5.02 TeV within the multi-stage model. The

energy loss of charm quarks in heavy-ion collision can be
quantified in terms of the nuclear suppression factor as,

RAA =
1

Ncoll

dNAA/dpT
dNpp/dpT

, (14)

where dNAA/dpT is the D meson yield in the nucleus-
nucleus collision for a given centrality range and
dNpp/dpT denotes the D meson yield in minimum bias
proton-proton collisions. Here, Ncoll is the average num-
ber of binary collisions in the considered centrality class
of the nucleus-nucleus collision.
The elliptic flow coefficient v2 is written in terms of

complex Q2 vectors, which are defined as

Q2 =
1

N

N∑
k=1

e2iϕk , (15)

where ϕk is the azimuthal angle of the k−th particle.
Here N is the total number of particles of interest. The
ALICE collaboration used the scalar product (SP) defi-
nition of D-meson v2 [68–70]

v2{SP} = ⟨Q2DQ∗
2A⟩

/√
⟨Q2AQ∗

2B⟩⟨Q2AQ∗
2C⟩

⟨Q2BQ∗
2C⟩

, (16)

where Q2D is the Q2 vector of D mesons and Q2A,
Q2B and Q2C are Q2 vectors of subevents A, B and
C. The ALICE collaboration uses scintillator detectors
(V0) in the backward and forward direction for subevents
A and B and the Time Projection Chamber (TPC) at
midrapidity for subevent C. The V0 detectors measure
energy deposition while the TPC can measure charged
particle yields. In our model, the bulk hydrodynamic
background is boost invariant, and we use mid-rapidity
charged hadron Q2 vectors Q2h as a substitute for all the
subevents A,B, and C. Then Eq. (16) simplifies to

v2{SP} =
⟨Q2DQ∗

2h⟩√
⟨Q2hQ∗

2h⟩
, (17)

which we use to calculate D-meson v2.
Two particle azimuthal correlations have also been sug-

gested to be sensitive to pre-equilibrium evolution [38].
The calculation of this observable within our model will
be given in [71].

A. Impact of charm quark pre-equilibrium
evolution on observables

As charm quarks propagate through the Glasma, they
undergo energy loss and momentum broadening. De-
spite the shorter lifetime of the pre-equilibrium phase,
the Glasma contributes to the heavy quark transport
and thereby the momentum broadening. Recent stud-
ies [32, 73] have found that the pre-equilibrium and equi-
librium contributions to the total transverse momentum
broadening of a charm quark for a one-dimensional boost-
invariant hydrodynamical expansion are comparable with
(∆p2T |non-eq)/(∆p2T |eq) = 0.93. In our analysis using the
IP-Glasma+MUSIC+UrQMD framework, we obtain a
result consistent with this, namely

∆p2T |non-eq
∆p2T |eq

≈ 0.8− 1, (18)
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depending on the centrality.

To evaluate the phenomenological significance of this
pre-equilibrium contribution, we calculate the D-meson
observables by including charm quark evolution during
the pre-equilibrium phase. Fig. 4 shows the resulting
RAA and v2 of D-mesons, comparing scenarios with and
without pre-equilibrium charm quark energy loss for dif-
ferent centralities. We consider the formation time of the
charm quark as τF = 1/mc (in the quark’s rest frame),
where mc is the mass of the charm quark. In the scenario
that includes pre-equilibrium evolution (represented by
the red curve), the charm quark undergoes energy loss
and momentum broadening during the Glasma phase
until τ = 0.4 fm, after which they propagate through
the QGP. Conversely, in the absence of pre-equilibrium
effects (denoted by the blue curves), the charm quark
evolution is described by the equation of motion under
the zero-temperature Cornell potential until their forma-
tion, or until τ = 0.4 fm, whichever is later. After this
time, similar to the first case, the charm quark is trans-
ported through the QGP medium. The charm quark pre-
equilibrium evolution slightly modifies the final D-meson
RAA in the momentum range 2 GeV < pT < 8 GeV
for both centralities. The elliptic flow is little affected by
the charm quark pre-equilibrium evolution. It is interest-
ing to note that the considered final charm observables
are not sensitive to the pre-equilibrium evolution of the
charm quark, despite the significant contribution to the
momentum broadening.



7

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

With Pre-equilibrium

Pb-Pb 5.02TeV
30-50% Centrality

Evolution

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

With Pre-equilibrium

Pb-Pb 5.02TeV
30-50% Centrality

Evolution

R
A
A

pT (GeV )

R
A
A

pT (GeV )

τF = 1/(2mc)
τF = 1/mc
τF = 2/mc

ALICE

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

Without Pre-equilibrium

Pb-Pb 5.02TeV
30-50% Centrality

Evolution

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

Without Pre-equilibrium

Pb-Pb 5.02TeV
30-50% Centrality

Evolution

R
A
A

pT (GeV )

R
A
A

pT (GeV )

τF = 1/(2mc)
τF = 1/mc
τF = 2/mc

ALICE

0

0.1

0.2

0.3

0 2 4 6 8 10 12

With Pre-equilibrium

Pb-Pb 5.02 TeV
30-50% Centrality

Evolution

0

0.1

0.2

0.3

0 2 4 6 8 10 12

With Pre-equilibrium

Pb-Pb 5.02 TeV
30-50% Centrality

Evolution

v 2

pT (GeV )

v 2

pT (GeV )

τF = 1/(2mc)
τF = 1/mc
τF = 2/mc

ALICE

0

0.1

0.2

0.3

0 2 4 6 8 10 12

Without Pre-equilibrium

Pb-Pb 5.02 TeV
30-50% Centrality

Evolution

0

0.1

0.2

0.3

0 2 4 6 8 10 12

Without Pre-equilibrium

Pb-Pb 5.02 TeV
30-50% Centrality

Evolution

v 2
pT (GeV )

v 2
pT (GeV )

τF = 1/(2mc)
τF = 1/mc
τF = 2/mc

ALICE

FIG. 6. Sensitivity of D-meson RAA and v2 on the formation time of charm quarks in the 30−50% centrality bin. Experimental
data taken from [68, 72].

The enhancement of RAA with an added Glasma inter-
action phase may seem counter-intuitive. Quarks indeed
face more drag as a result of this added interaction, which
reduces their momentum. But this is more than compen-
sated by the high-momentum kicks received at large tem-
peratures in the Glasma phase. These kicks are encoded
in the diffusion term. They are primarily responsible for
large momentum broadening and they also enhance the
momentum of low-momentum charm quarks.

Charm quarks are isotropically oriented after their pro-
duction from initial hard scatterings. Large diffusion
in the Glasma phase effectively scrambles these charm
quarks but the final result is that they are still isotrop-
ically oriented. At this stage, background medium flow
has not developed, and charm quark momenta continue
to stay uncorrelated with the background. So while their
momentum broadening may be large, there is no net phe-
nomenological effect on v2.
The small effect in RAA may not be discernible in ex-

periments, as the size of the effect is smaller than sys-
tematic uncertainties in the model. We quantify some of
these uncertainties in the remainder of this section.

B. Fluctuating vs smooth initial conditions

In this subsection, we emphasize the importance of the
event-by-event simulation employed in our study. The
RAA and v2 of D-mesons for the centrality 30 − 50%

from the IP-Glasma+MUSIC+UrQMD framework with-
out any Glasma energy loss are depicted in Fig. 5. These
results are compared with those obtained using a smooth
hydrodynamic background to highlight the effects of a
fluctuating background. The smooth profile is generated
by using an initial state obtained by averaging all IP-
Glasma initial states in the 30-50% centrality bin. The
IP-Glasma initial states are rotated by their spatial ec-
centricity angle before averaging. All the other parame-
ters are kept the same. We see that both the RAA and the
v2 are enhanced for the event-by-event fluctuating hydro
background. This highlights the importance of using a
realistic background when calculating charm observables.

C. Uncertainty from formation time and
coalescence probability

We chose a formation time τF = 1/mc in the quark’s
rest frame. In the lab frame, in Minkowski coordinates,
this translates to tF = E/m2

c . This is an important pa-
rameter as it decides how much interaction the charm
quark undergoes in the earliest stage of the Glasma. For
more energetic charm quarks, formation times may be
larger than the hydro start-time. In that case, forma-
tion time also decides how much of the hot QGP is seen
by charm quarks. We do simulations after halving and
doubling the formation times. The sensitivity of D-meson
RAA and v2 at 30-50% centrality on the formation time of
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FIG. 7. D-meson RAA (top) and v2 (bottom) for different
values of coalescence normalization parameter Ncoal. Exper-
imental data taken from [68, 72].

the charm quark is shown in Fig. 6. The results indicate
that formation time has a notable effect on both RAA

and v2 in the high pT region. The observation holds true
with and without pre-equilibrium evolution of the charm
quarks. For a shorter formation time, RAA is suppressed
more in the high pT regime, whereas v2 is enhanced. This
is because charm quarks see more of the medium and lose
more energy. We observe a similar effect in the 0-10%
centrality class.

The normalization factor Ncoal quantifies the coales-
cence probability of charm quarks in the medium. Fig. 7
compares results for Ncoal = 0.2 and Ncoal = 1, with
Ncoal = 1 corresponding to full coalescence in the static
limit (i.e., at zero momentum). Reducing Ncoal from 1
to 0.2 primarily modifies the low-pT region of RAA, with
a smaller but noticeable impact on v2. We note that
the hadronization model employed in the present analy-
sis is relatively simple. Nevertheless, we do not expect a
more sophisticated hadronization model to significantly
alter how pre-equilibrium dynamics affect the studied ob-
servables, leaving our conclusions unaffected. A compre-
hensive comparison of various hadronization models for
D-meson and quarkonia is provided in Ref. [64]. The
analysis of the impact of various hadronization models
on the observables is left for a future study.
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FIG. 8. Effect of pT dependent charm quark transport co-
efficients on D-meson observables. Experimental data taken
from [68, 72].

D. Uncertainty from charm quark transport
coefficients

In general, the heavy quark transport coefficients de-
pend on its momentum and the temperature of the sur-
rounding medium. Heavy quark transport coefficients
can be estimated within leading order perturbative QCD
while including the elastic and inelastic scattering pro-
cesses of heavy quarks in the medium. However, at-
tempts to use the Debye mass as an infrared regulator
in the gluon propagator for t-channel interactions, along
with a fixed coupling constant in perturbative QCD ma-
trix elements, have shown limitations in accurately de-
scribing experimental observables related to heavy flavor
particles. Several efforts have been made in the estima-
tion of the heavy quark diffusion coefficient using vari-
ous non-perturbative models and parameters. We refer
to Ref. [19] and references therein for details. Most of
the approaches struggle to simultaneously describe the
key observables associated with heavy quarks, the heavy
meson nuclear modification factor RAA, and elliptic flow
v2 (commonly referred to as “heavy quark RAA and v2
puzzle”). Many studies have introduced a K-factor to
scale the scattering cross section of heavy quark inter-
actions in the medium, which can be adjusted until the
model describes the experimental data. It is important
to emphasize that the current analysis utilizes the recent
Nf = 2 + 1 flavor lattice QCD result for the temper-
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FIG. 9. Impact of the lattice QCD uncertainty of the temperature dependence of spatial diffusion coefficient on observables.
Experimental data taken from [68, 72].

ature dependence of the charm quark spatial diffusion
coefficient. The necessity of including the momentum
dependence of the charm quark transport coefficients in
order to accurately describe the RAA and v2 of D mesons
is illustrated in Fig. 8. The effect of the pT dependence
of the energy loss of the charm quark in the medium is
clear, especially at the higher momentum regime of RAA.

Though we can get a good agreement with data by
utilizing the temperature and momentum dependence
of transport coefficients, discrepancies remain in certain
momentum ranges. These deviations primarily arise from
uncertainties in the precise temperature and momentum
dependence of heavy quark transport coefficients. To ac-
count for the former, we consider the uncertainty band
on the temperature-dependent Nf = 2+ 1 flavors lattice
result [58]. The consideration of the lattice uncertainty
is crucial, particularly because we extrapolate the lattice
data for high temperatures. The inclusion of the 2πTDs

uncertainty band modifies the uncertainty of both RAA

and v2 as shown in Fig. 9. The lattice QCD uncertainty
has a visible impact on the errors of the observables, the
effect being more prominent for v2, especially for cen-
tral collisions. For RAA, we still observe a small dif-
ference between the cases with and without charm quark
pre-equilibrium evolution in the intermediate momentum
regimes. However, the effect of pre-equilibrium evolution
is insignificant at high pT as the RAA bands overlap each
other. Notably, most of the data points are within the
uncertainty band when including the uncertainty from

the lattice calculation.

Lattice QCD calculations are performed in the static
limit, where the momentum of the heavy quark is ef-
fectively zero, making it challenging to quantify the
uncertainties associated with the momentum depen-
dence of the transport coefficients. While parametrized
momentum-dependent forms of these coefficients can be
derived from various theoretical models, a more precise
approach to determine the momentum dependence in-
volves conducting a systematic model-to-data Bayesian
analysis, as discussed in Ref. [74]. However, such an anal-
ysis lies beyond the scope of the present study.

IV. SUMMARY AND OUTLOOK

We studied the evolution of charm quarks from the
very initial state of heavy-ion collision within a multi-
stage hybrid framework. The IP-Glasma model was
used to describe the fluctuating initial state, followed
by MUSIC for the hydrodynamic evolution of the QGP,
and UrQMD for final hadronic interactions. One of
the key questions explored in this work is whether the
charm quark can serve as an efficient probe of the ini-
tial stage. The exact solution to this aspect requires
a detailed understanding of how charm quarks interact
with the non-Abelian gauge fields, which is a highly com-
plex and challenging task. In the present study, we pro-
vide a qualitative estimation of the effect of the evolu-
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tion of charm quarks during the pre-equilibrium phase
on charm meson observables, approximating this early
stage as a thermalized system composed predominantly
of gluons. The QGP evolution is modeled hydrody-
namically using MUSIC, and the interaction between
charm quarks and the bulk medium is quantified us-
ing recent lattice QCD estimates. We found that while
the pre-equilibrium phase makes a significant contribu-
tion to the momentum broadening of the charm quark,
(∆p2T |non-eq)/(∆p2T |eq) ≈ 0.8− 1, its effect on the consid-
ered final state observables is small. The pre-equilibrium
evolution slightly enhances the D-meson RAA in the mo-
mentum range 2 GeV < pT < 8 GeV, while its effect
on v2 is minimal. Furthermore, the size of the effect is
comparable to the size of the systematic uncertainties
inherent to the model.

A precise determination of the interaction strength be-
tween heavy quarks and Glasma fields is essential for
moving beyond the approximation of the Glasma as a
locally thermalized gluon bath. A recent study [30] has
extracted the diffusion coefficient of heavy quarks in the
presence of highly occupied, non-Abelian gauge fields.
We aim to explore this aspect further in a forthcoming
study. In addition, a radiation-improved Langevin model
can be used to calculate the observables [18] within the
developed framework. This will be particularly relevant
in view of the recent observation of the dead-cone ef-
fect [75] in QCD.

DATA AVAILABILITY
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openly available [76].
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