Probing the hot QCD matter by heavy quarks

Santosh K. Das*
School of Physical Science, Indian Institute of Technology Goa, Ponda 403401, Goa, India

Heavy quarks (HQs) [1], mainly charm
and bottom quarks, are recognized as excel-
lent probes of the quark-gluon plasma (QGP)
phase produced in high-energy nuclear colli-
sions. This is attributed to their consider-
able large masses (M. ~ 1.5 GeV, M, ~ 4.5
GeV), leading to the early production of heavy
quark-antiquark pairs in the early phases of
high-energy heavy-ion collisions. As a result,
heavy quarks witness the entire space-time
evolution of the system and serve as an effec-
tive probe of the formed matter. Furthermore,
the thermalization time of heavy quarks is de-
layed in comparison to the light partons in the
bulk medium, by a factor approximately pro-
portional to M /T, where M is the mass of the
heavy quark and T is the temperature of the
thermal bath. Therefore, heavy quarks are not
projected to undergo complete thermalization,
allowing them to retain a memory of their in-
teraction history, which can serve as a gauge of
their interaction strength with the surround-
ing bulk medium. As non-equilibrium probes,
produced in the early stages, they also excel in
investigating the initial phase of heavy-ion col-
lisions, encompassing the initial electromag-
netic field and the pre-thermal phase.

The conventional method for investigat-
ing the dynamics of HQs in the quark-gluon
plasma involves tracking their coordinate and
momentum evolution through the Fokker-
Planck equation, which is stochastically solved
using Langevin equations [1]. Heavy quarks
drag and diffusion coefficients are inputs to
solve the Langevin equation. Transport mod-
els have proven to be highly effective in
explaining experimentally measured observ-
ables, such as the nuclear modification factor
(Raa) and elliptic flow (v2), for D-mesons. A

*Electronic address: santosh@iitgoa.ac.in

key objective in all phenomenological investi-
gations [1, 2] of open heavy-flavor observables
is to deduce the heavy quark spatial diffusion
coefficient, denoted as D,. This parameter
serves as a measure of the interaction strength
between heavy quarks and the surrounding
bulk medium. Additionally, D, is directly
associated with the thermalization time of
heavy quarks and can be determined through
lattice QCD (1QCD) calculations. The spa-
tial diffusion coefficient, D, is determined in
the static limit (p — 0) using the expression
D, = T/MT, where T is the drag coefficient.
The conventional characterization of the spa-
tial diffusion coefficient is expressed in relation
to the dimensionless quantity 277 D,, which
remains independent of the mass of the heavy
quark. Simultaneously describing the heavy
quark nuclear modification factor (Ra4) and
elliptic flow (v2) at low momentum necessi-
tates the inclusion of nonperturbative contri-
butions; temperature dependence of the trans-
port coefficients also play a crucial role for
a simultaneously description of both the ob-
servables. A recent investigation has demon-
strated that the memory effect [3] decelerates
the evolution of heavy quark momentum in
the quark-gluon plasma (QGP). This obser-
vation suggests that a larger momentum dif-
fusion coefficient, and consequently a smaller
D,, is needed to reproduce the same nuclear
modification factor (Raa).

The heavy baryon to heavy meson ratios
play a crucial role in comprehending the
in-medium hadronization of heavy hadrons
in comparison to the ratio of light-flavored
baryons to mesons [4]. Both RHIC and LHC
experiments have observed a large A./D ra-
tio in nucleus-nucleus collisions. The enhance-
ment of the A./D ratio can impact the nuclear
modification factor of D mesons. These ratios
serve as valuable tools for untangling differ-
ent hadronization models, given their sensitiv-



ity to hadronization mechanisms [4, 5]. The
challenge lies in comprehending heavy baryon
to heavy meson ratios across diverse colliding
systems.

Until recently, the evolution of heavy quark
momentum in the pre-equilibrium phase [6],
occurring prior to the formation of the quark-
gluon plasma (QGP), was typically modeled
as free streaming. In this pre-equilibrium
phase, characterized by a very high energy
density, the early dynamics can be particu-
larly relevant, especially for heavy quarks due
to their short formation time [7]. In the frame-
work of the color glass condensate (CGC) ef-
fective theory, the pre-equilibrium stage of
high-energy collisions can be characterized by
strong gluon fields, specifically referred to as
the Glasma. Recent studies have revealed
that these fields induce significant diffusion of
charm quarks in momentum space [7]. Con-
sequently, low pr charm quarks are shifted
towards higher pp, resulting in a spectrum
of charm quarks that is tilted towards higher
momenta. Considering the charm quark mo-
mentum evolution in Glasma phase, one can
describe the measured nuclear modification
faction of D-meson in p-Pb collisions. Pre-
equilibrium phase can ulter the R44-vy ten-
sion in nucleus-nucleus collisions. It is crucial
to emphasize that the dynamics of the Glasma
phase cannot be replicated within Langevin
dynamics. This distinction arises from the
fact that, during the Glasma phase, heavy
quarks undergo diffusion without experiencing
significant drag effects.

Heavy quarks are also regarded as excel-
lent probes for exploring the electromagnetic
fields produced and the initial tilt of the fire-
ball formed in non-central heavy-ion collisions,
as manifested through the directed flow v
of the D-meson [8]. The electromagnetically-
induced splitting, denoted as Awvq, in the di-
rected flow of charm and anti-charm through
D and D mesons can be indicative of the gen-

erated electromagnetic field. Recent measure-
ments by both the STAR and ALICE collab-
orations [9, 10] have reported non-zero values
for v1 and Av; of the D meson, providing valu-
able insights into the dynamics of heavy-ion
collisions.
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