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Open charm phenomenology with a multistage approach to relativistic heavy-ion collisions
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We study open charm flavor observables in Pb++Pb collisions at /syy = 2.76 TeV within the MARTINI
framework. The space-time expansion of the quark-gluon plasma is described using the hydrodynamical
approach-MUSIC with [P-Glasma initial conditions. The model parameters, including the viscous coefficients,
were obtained from a recent Bayesian model-to-data comparison. We evolve heavy quarks in this background
using Langevin dynamics while incorporating their collisional and radiative processes in the medium. The
sensitivity of charm observables to the IP-Glasma initial state, bulk evolution, and centrality of the collision
is studied. We find that the elliptic flow of open charm flavor has a strong dependence on the fluctuating initial
conditions in addition to the strength of the interaction of heavy quarks with the medium constituents. Within
this framework, the nuclear suppression factor and elliptic flow of D mesons act as efficient probes to study the
initial stages of heavy-ion collisions, transport coefficients associated with QGP medium as well as heavy quark

interactions.

DOLI: 10.1103/PhysRevC.108.054901

I. INTRODUCTION

Heavy-ion collision experiments at the BNL Relativistic
Heavy Ion Collider (RHIC) and CERN Large Hadron Col-
lider (LHC) provide access to strongly interacting matter: the
quark-gluon plasma (QGP). Relativistic viscous hydrodynam-
ics serves as an important framework to study the dynamical
evolution of the QGP [1]. The transport properties of QGP are
extracted from model to light flavor hadron data comparisons,
and significant effort has been devoted in this direction [2-5].
Recently, Bayesian analysis has been used to do a systematic
extraction of shear and bulk viscosities of the medium and
their uncertainty quantification [6-9].

Heavy flavor quarks provide additional probes to study the
properties of QGP [10-17]. They are largely created in the
initial stages of the collision, and pass through the QGP while
interacting with the light flavor quarks and gluons. Thermal
production of heavy quarks in the QGP medium is expected
to be negligible because of their larger mass compared to the
temperature scale of the medium [18]. Generally, heavy flavor
particles are not treated as part of the medium as the thermal-
ization time is longer than the QGP lifetime. Their dynamics
can be described as Brownian motion in the medium and can
be studied within the Langevin or the Fokker-Planck frame-
works [19-24]. Nuclear suppression factor R44 and elliptic
flow v, are the key observables associated with the heavy
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flavor particles at the RHIC and LHC energies. Several studies
have been done to estimate R44 and v, by modeling the Brow-
nian motion of the heavy quarks in the medium [25-31] and
to extract the momentum and temperature behavior of heavy
quark transport coefficients from these observables in heavy-
ion collision experiments [32-35]. Notably, the inclusion of
inelastic interactions of heavy quarks in the medium on top
of the elastic collisions reduces the gap between experimental
and theoretical observations [36].

The evolution history of the collision event is essential to
model the heavy quark dynamics in the expanding medium.
Heavy quark production and transport have been widely stud-
ied in the static limit and in expanding fireball models. Some
efforts have been made to study the heavy flavor dynamics
in evolving medium within 1 4+ 1 Bjorken hydrodynamics as
well as higher dimension hydrodynamics [37—41]. Most anal-
yses utilized smooth initial conditions for the hydrodynamical
evolution of the QGP medium through which heavy quarks
traverse. Advances in hydrodynamical models to describe
medium expansion seem to have a significant impact on the
heavy quark observables [42—44]. It is also known that the
initial state fluctuation has a significant influence on the light
flavor jet energy loss [45,46].

In this work, we employ the state-of-the-art hydrodynam-
ical model of QGP to study the charm observables. We
consider the evolution history of a Pb+-Pb collision event at
2.76 TeV energy with the IP-Glasma initial state [47-49].
IP-Glasma is a very successful dynamical model which de-
scribes a variety of observables in heavy-ion collisions. The
initial fluctuating color configuration in the heavy-ion nu-
clei that are approaching at high velocity can be determined
within IP-Sat approach [50,51] combined with the Yang-Mills
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equations [52]. Its evolution also follows from solving the
classical Yang-Mills equations. The Glasma distributions,
which are obtained event by event, act as the input for the hy-
drodynamical evolution. We used the recently updated shear
and bulk viscous coefficients obtained from the Bayesian
model-to-data analysis [9].

The charm dynamics are encoded in the drag and diffusion
coefficients in the Langevin equation. The Langevin equa-
tion is solved within MARTINI [37,53]. We studied open
charm observables within three different setups of drag and
diffusion coefficients. This analysis is an up-to-date study of
the heavy flavor nuclear suppression factor and elliptic flow
using the recent developments in the hydrodynamical descrip-
tion of QGP and drag and diffusion coefficients of the charm
quarks.

II. A HYBRID MODEL FOR HEAVY QUARKS

Modelling of heavy flavor evolution in collisions can be
divided into three distinct stages: heavy quark initial produc-
tion, its evolution in the hydrodynamized expanding medium,
and the hadronization process. In the current analysis, we
employ PYTHIA 8.2 [54] for perturbative production of charm
quarks by sampling six-dimensional momentum distributions
of Q0 systems. We allow the gluons to split into ¢ pairs, but
the medium-induced modification of the gluon splitting rate
is not accounted for. As the nucleons are bound in a heavy
nucleus, the parton distribution functions (nPDFs) will be
modified. To take into account the nuclear shadowing effect,
EPS09 nuclear parton distribution functions are used [55].
Isospin effects are accounted for by sampling p + p, p + n,
and n + n collisions. A finite thermalization time 7y in the
heavy-ion collision is considered, and the evolution of charm
quarks during this time is governed by the equation of motion
with the zero-temperature Cornell potential [37].

The QGP medium is initialized using the IP-Glasma
model [47-49] and evolved using the viscous hydrodynamical
approach MUSIC [56,57]. The lattice quantum chromody-
namics (QCD) equation of state (EoS) from the hotQCD
collaboration [58] at high temperature is smoothly matched
to the hadron resonance gas EoS at low temperatures and is
incorporated in the framework. The first thorough Bayesian
model-to-data comparison of relativistic heavy-ion colli-
sion measurements using a hybrid model combining viscous
expansion (MUSIC), evolution to particlization (iS3D) [59],
and particle transport (SMASH) [60] with IP-Glasma ini-
tial conditions has been recently presented for four different
model choices in [9]. We chose the model with Grad’s 14-
moment viscous correction with constant shear viscosity to
entropy density ratio and a temperature-dependent bulk vis-
cosity profile. In the present analysis, we have used the
maximum a posteriori estimates of all model parameters, in-
cluding the viscous coefficients, from this study.

The dynamics of heavy quarks in the QGP medium depend
upon its radiative and elastic interactions with the constituents
in the medium. The strength of interactions of heavy quarks in
the medium can be quantified in terms of drag and diffusion
coefficients. In the local rest frame of the medium, the heavy
quark motion can be studied numerically using the discrete

version of the Langevin equations [20,22],
dp; = —A;dt + Cjjp;dt, (D

where d p; denotes the change in momentum in time interval
dt. The drag force A; and covariance matrix C;; are defined as
follows:

A; = pA(IpIA, T), @)
C[j:\/E(Sij_%>+\/ﬁ%’ &)

where A denotes the drag coefficient and the quantities By
and B represent the transverse and longitudinal momentum
diffusion coefficients, respectively. The drag force describes
the heavy quark average momentum transfer due to the
interactions, whereas the matrix C;; quantifies the stochastic
force by using Gaussian-normal distributed random variable
p;j [22]. The dependence of drag and diffusion on heavy quark
momentum and temperature of the medium can be studied
within relativistic transport theory. The Langevin dynamics of
the heavy quarks is coupled with the expanding QGP medium
and solved within MARTINI as follows:

(i) Find the fluid four-velocity and temperature at the
space-time location of the charm quark from MUSIC;
(ii) Boost the charm momentum to the fluid local rest
frame and evolve the charm three momenta to the next
time step using Langevin equations;
(iii) Boost the charm momentum back to the laboratory
frame and update the charm position after the time
step.

The heavy quark transport coefficients are the key input
parameters that quantify the interaction strength of heavy
quarks with the medium. The transport coefficients can be
derived in perturbative QCD by including scattering and
radiative processes [16,61]. The specific interactions are en-
coded in the matrix elements. It has been seen that using
Debye mass as infrared (IR) regulator (u4;g) in the gluon prop-
agator for 7-channel interaction and a fixed coupling constant,
pQCD matrix elements are not able to describe the experi-
mental data associated with the heavy flavor particles [34,62].
As these parameters are the sources of uncertainty in the esti-
mation of heavy quark transport coefficients, the IR regulator
and coupling constant are determined in the analysis by phys-
ical arguments as described in [63]. In the present analysis,
the conventional choice of IR regulator, the Debye mass, is
replaced with a realistic hard thermal loop (HTL) parametriza-
tion of the IR regulator. Further, an effective coupling constant
(ctefr) that embeds nonperturbative dynamics is employed in
the study. The behavior of «.¢ is obtained from the analysis
of e*e™ annihilation [64] and decay of T leptons [65], and has
the following form [63]:

R*<0
RZ>0O

47 | L7,

2y -
aeff(R7) = Bo % — nflarctan(L+/7T),

C)

where R is the relevant energy scale, Sy = 11 — %N '+ with Ny
as the number of flavors and L, = In (&R? / A?) with QCD
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FIG. 1. Temperature dependence of spatial diffusion coefficient
of charm quark and comparison of the results with other approaches.

parameter chosen as A = 0.2 GeV. With these parametriza-
tions, the propagator with bare coupling «; is modified for
t-channel gluon exchange processes (heavy quark-thermal
medium interaction) as

- — &)

o et ()
ot —p@, T

where ¢ is the Mandelstam variable and ,u%R t, T)=«k4x(1 +

%)aeff (t)T? with k = 0.2. IR regulator is not required for
other channels and coupling constant is fixed as o« — otegr (5 —

m%,Q) and o — der (u — m%,Q) for s and u channels, respec-

tively, such that s = m%,Q

softness in the channels [63]. The matrix elements M,_,, and
M_,3 [that appear in Egs. (A4) and and (A5)] quantify the
interaction strength of elastic and inelastic process processes
of charm quark in the medium. The modified IR regulator
(for #-channel processes) and effective coupling enter into the
estimation of charm quark transport coefficients through these
matrix elements. Here, mp is the mass of the heavy quark.
For the charm quark, we took mpo = 1.25 GeV.

In this study, we consider three different setups to char-
acterize the coupling strength of heavy quarks in the QGP
medium. (i) Setup I—Constant value of 2w D;T : In the static
limit of heavy quarks, the coupling of heavy quarks in the
QGP can be described with one physical parameter-the spa-
tial diffusion coefficient Dy, which is often treated as a
phenomenological parameter. For /syy = 2.76 TeV energy
collisions, we take 2 D,T = 3.0. (ii) Setup I[I—Temperature
dependent heavy quark transport coefficients: Employing the
fluctuation-dissipation theorem, Dy can be expressed i 1n terms
of a drag coefficient in the limit p — 0 as, D; = m
The momentum dependence of D; is neglected in this sce-
nario. The temperature dependence of D; for the collisional
and radiative processes with the effective coupling and mod-
ified IR regulator is depicted in Fig. 1. For the pQCD elastic
collisional process, the value of (277 )D; lies in the range of
30-40 [66,67], which is an order of magnitude larger than that
obtained from Ny = 0 lattice result [68], Ny =2 + 1 lattice

and u = mH denote the maximal

data [69] and quasiparticle model (QPM) [33] estimation.
It is seen that the gluon radiation of heavy quarks in the
medium suppresses the D,. This can be understood from the
fact that the heavy quark is experiencing more drag as they
lose energy through collisional and radiative processes while
traveling through the QGP medium. The effective coupling
that incorporates the nonperturbative effects and the HTL IR
regulator seems to have significant impacts on the temperature
behavior of D,. With the above choice of parameters and
the inclusion of the radiative process in the analysis, it is
observed that 27w T)Ds ~ 2 — 7. (iii) Setup IlI—Temperature
and momentum dependent heavy quark transport coefficients:
For a heavy quark with a finite momentum, its dynamics in
the QGP medium are described with parameters, A(p, T),
Bo(p, T), Bi(p, T) where, in general, By # B [see Egs. (2)
and (3)]. The momentum and temperature dependence of the
heavy quark drag and diffusion coefficients is described in
Egs. (A1)-(A3). It is seen that the drag coefficient decreases
with an increase in heavy quark momentum, whereas the trend
is quite the opposite for momentum diffusion coefficients. The
transverse diffusion coefficient By increases with momentum
and saturates at higher momentum. However, the coefficient
By has a sharp rise with an increase in heavy quark mo-
mentum, which indicates large random kicks to the heavy
quark. The fluctuation-dissipation relation is enforced for the
longitudinal diffusion coefficient to ensure the equilibration
of heavy quarks in the medium. The details of the derivation
of drag and diffusion coefficient are given in the Appendix.
We have also analyzed the viscous effects to the heavy quark
transport coefficients. It is seen that viscous effects have no
visible impact on the temperature behavior of Dy, especially
in the high-temperature regime [67].

In MARTINI, Peterson fragmentation is employed to
describe the heavy quark hadronization process. For the open
heavy flavor mesons, heavy quark fragments into a meson, and
the fragmentation function estimates the fractional momen-
tum of the resulting hadron. Quarkonium is another possible
final state for the heavy quarks, and MARTINI separates out
this final state from open heavy flavor mesons using a three-
step algorithm as described in detail in [37].

III. RESULTS AND DISCUSSIONS

We evaluate the Rq4 and v, of D mesons. We used 100
hydrodynamic events per 10% centrality to simulate the
collective motion. For every hydrodynamic event, 5 x 10*
different charm configurations were used. The elliptic flow
harmonic v, was evaluated using the event plane method
where the azimuthal angle of D meson ¢p, is correlated with
the second order event-plane angle W;. In experiments, the
event plane angle is determined by the azimuthal distribu-
tion of all charged hadrons. We used the initial state spatial
anisotropy to determine the event-plane angle. In the studied
centrality class, the spatial anisotropy angle and the event
plane angle are strongly correlated.

We compared the results with the available experi-
mental data at 30-50 %. The nuclear suppression factor
Ras and elliptic flow v, of the D mesons are shown in
Fig. 2. We observe that the estimation with momentum and
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FIG. 2. Nuclear suppression factor and elliptic flow of D mesons
in three different setups. Experimental data of D meson Rs4 and v,
are from the ALICE collaboration, Refs. [70,71], respectively. The
nuclear suppression factor for setups I and II are almost identical.

temperature-dependent charm quark transport coefficients
(Setup-III) have a better agreement with the available data
for Rs4 in comparison with the other two setups. In contrast,
the setup underestimates the D meson v,. A recent study [72]
has predicted that the temperature dependence of heavy quark
interaction strength plays a vital role in the simultaneous
description of both Rqs and v, of D mesons at the RHIC
energy. However, there are still mismatches between the cal-
culations and measurements, especially at the LHC energies.
Notably, none of the models could explain the enhancement
in vy around pr = 10 GeV. This could be due to the uncer-
tainties of heavy quark interaction in the medium and heavy
flavor hadronization process, especially in the low pr regime
where the coalescence mechanism may have an impact on the
observables [73].

To quantify the impact of fluctuating IP-Glasma initial
state on heavy quark observables, we have compared the
results from event-by-event initialized calculations with those
from smooth initial conditions. The smooth initial profiles are
obtained from the optical Glauber model for impact parame-
ters 3.5 fm and 10 fm, which roughly correspond to the 0-10%
and 30-50% centrality bins. All other parameters were held
fixed.

The impact of fluctuating initial conditions on D meson
vy is illustrated in Fig. 3. At low pr, the fluctuating initial
condition seems to have a significant influence on the D
meson v, for 30-50 % centrality. The effect of fluctuating
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FIG. 3. Nuclear suppression factor and elliptic flow of D mesons
in setup-II in two different centralities with event-by-event initialized
and smooth hydro backgrounds.

initial conditions can be understood as a convolution of two
distinct effects. Fluctuations increase local pressure gradients
and enhance flow. That will lead to an increase in v,. However,
fluctuations also increase decorrelation between the event
planes of light flavor and heavy flavor mesons. As the two
are produced by different mechanisms in different stages of
evolution, their event plane angles are generally not identical.
Heavy flavor meson v, is measured by taking its projection on
the event plane determined by charged hadrons, which is dom-
inated by the light flavor mesons. This increased decorrelation
suppresses v,. The net effect is a combination of two factors.
As the charm quarks are much heavier than the background
medium, the enhancement in v, from the increased flow is
more than compensated by the decorrelation. This effect is
opposite to that observed in jets [74].

IV. SUMMARY

In this paper, a hybrid framework is developed to study the
evolution of heavy flavor by incorporating the recent devel-
opments in initial state dynamics and viscous QGP evolution
in the relativistic heavy-ion collisions in Pb+Pb collision at
J/Svnv = 2.76 TeV. We introduce fluctuating IP-Glasma initial
states and viscous hydrodynamics tuned to a global Bayesian
analysis for the first time in a phenomenological study of the
charm quark. The heavy quark dynamics is described within
the Langevin approach in the expanding medium in which
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heavy quark coupling strength with the medium is quantified
in terms of its transport coefficients. We explored the momen-
tum and temperature dependence of the charm quark transport
coefficients due to the collisional and radiative energy loss of
the heavy quarks in the QGP medium, as well as its impact on
the nuclear modification factor Rs4 and the elliptic flow v, of
D mesons. Our results with improved heavy quark dynamics
with the latest developments in multistage hybrid frameworks
for the dynamical evolution of collisions demonstrate that
heavy flavor observables are influenced by the IP-Glasma
initial state and bulk evolution of the medium. We see that
fluctuating initial conditions have a significant effect on charm
elliptic flow at low pr. These effects are the result of an in-
crease in both flow and decorrelations. While enhanced flow is
the dominant effect for light jets, the event-plane decorrelation
is more important for charm quarks. This indicates that the
heavier charm quark is less susceptible to becoming part of the
background flow than light quarks. Further, we observe that
the energy loss profiles of a charm quark and nonperturbative
effects in the QGP medium have a significant role in both Rs4
and v, of D mesons.

Looking into the future, it will be interesting to explore
the influence of pre-equilibrium interactions on heavy quark
energy loss. These effects are essential to maintain coherence
in the theoretical description of heavy flavor dynamics in
heavy-ion collisions [75-77]. Additionally, it is an important
aspect to take into account the uncertainties associated with
the momentum and temperature dependence of heavy quark
transport coefficients to simultaneously describe R44 and v;
in Pb+Pb collisions at 2.76 TeV. This tuning can be achieved
by utilizing a model-to-data comparison. We leave these inter-
esting aspects to the near future.

ACKNOWLEDGMENTS

We thank Bjorn Schenke and Gojko Vujanovic for helpful
discussions and feedback. We acknowledge Matthew Heffer-
nan and Nicolas Fortier for their help with the IP-Glasma
initial state files and with MUSIC parameters. Numerical
computations were done on the resources provided by the
Minnesota Supercomputing Institute (MSI) at the University
of Minnesota and on Beluga supercomputer at McGill Uni-
versity managed by Calcul Québec and the Digital Research
Alliance of Canada. M.S. is supported by the U.S. DOE
Grant No. DE-FG02-87ER40328. M.K. acknowledges a fel-
lowship from the Fonds de recherche du Québec - Nature
et technologies (FRQNT), support from the Natural Sciences
and Engineering Research Council of Canada, and the Spe-
cial Postdoctoral Researchers Program of RIKEN. S.J. and
C.G. are supported by the Natural Sciences and Engineering
Research Council of Canada under Grants No. SAPIN-2018-
00024 and No. SAPIN-2020-00048 respectively.

APPENDIX: TEMPERATURE AND MOMENTUM
DEPENDENCE OF CHARM QUARK TRANSPORT
COEFFICIENTS

By employing the Landau approximation [78], the colli-
sion integral in the Boltzmann equation can be simplified and
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FIG. 4. Drag coefficient A (top) and diffusion coefficient B, (bot-
tom) as a function of charm quark momentum in the local rest frame.

the transport coefficients can be defined as

A=y - D, A
_ Iy (e p)?)
Bo—Z|:(<|P| >>_|PT:|’ (A2)
1 p)2
By = z[m’m# —2(p-p) + |p|2<<1>>] (A3)

where ((F(]p’|))) denote the thermal average of a function
F(]p’]) and depends upon the heavy quark interaction process
in medium.

For the elastic collisional process, HQ(p) + l(q) —
HQ(p')+1(q"), where [ denotes light quarks or gluons,
((F(|p’]))) is defined as

POy =L [ e [
(( |P | >> - VHo 2Ep (27t)32Eq (2]‘[)32Epr
d*q
ﬁ@n)%“(;} +q9-p —4)
»
xS 1Moo fogg (EN( £ forg E)F(IP')),

(A4)

where yp¢ as the statistical degeneracy factor of heavy quark
and |M,_,| describes interaction amplitude of the heavy
quark-thermal particles elastic scattering process. Here, f,/,
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is the distribution function of thermal particles in the evolving
medium.

For the inelastic (2 — 3) process, HQ(p)+1(q) —
HQ(p) +1(q') + g(k') with k' = (Ex, K/, k) as the four-
momentum of the emitted soft gluon by the heavy quark in the
final state, the thermal averaged F (|p’|) takes the form as [79]

11 / d’q / da’p’
vuo 2E, ] Qm)32E, | (2mn)32E,

347 3/
x / <4 T opyt
Qny2E, | @ry2E,

x8Dpt+qg—p —q —K)) IMysl

(Fdp'D)) =

X fo1g(Eq)(L % fo14(Eq)) (1 + fo(Ep))

x O1(E, — Ex) 62(t —tr) F(IP'D,  (AS)

where |M;_3|* describes the matrix element squared the
radiative process [80]. The theta function 6,(E, — Ey) im-
poses constraints on the heavy quark initial energy and
6>(t — ) indicates that scattering time t is larger than the
gluon formation time 77 (Landau-Pomeranchuk-Migdal ef-
fect) [81,82].

Figure 4 shows the drag and diffusion coefficients of charm
quark as a function of momentum while including the colli-
sional and radiative processes with the modified IR regulator
and effective coupling.
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