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A brief overview of the theory of open heavy flavor dynamics in QCD matter produced in high
energy heavy-ion collisions is presented. First, we will summarise the phenomenological efforts
to estimate the heavy quark diffusion coefficients obtained within different models. Then, the
recent theoretical developments from different groups to probe the medium properties using heavy
quarks will be presented. Heavy quarks are also considered as an ideal probe for the initial stage
of heavy-ion collisions. In the end, we present the recent theoretical progress made to probe the
early-stage effects, pre-equilibrium phase, and electromagnetic fields.
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1. Introduction

Heavy quarks (HQs) [1-3] are considered an ideal probe of the quark-gluon plasma (QGP)
phase produced in high-energy nuclear collisions. Due to their large masses (M. ~ 1.5 GeV,
My, ~ 4.5 GeV), heavy quark-antiquark pairs are produced at the very early stage of high-energy
heavy-ion collisions. As a consequence, heavy quarks witness the entire space-time evolution of
the system and can act as an effective probe of the created matter. Furthermore, the thermalization
time of heavy quarks is delayed relative to the light partons of the bulk medium by a factor of
order ~ M /T, which renders it comparable to the lifetime of the QGP fireball. Thus, heavy flavour
particles are not expected to fully thermalize and therefore preserve a memory of their interaction
history, which can serve as a gauge of their interaction strength with the medium. Being a non-
equilibrium probe and produced early, they can also act as an excellent probe of the initial stage of
heavy-ion collisions, i.e., initial electromagnetic field and pre-thermal phase. The study of heavy
quark dynamics in QCD matter requires considering its propagation through the pre-equilibrium,
QGP, and hadronic phases after hadronization.

2. Heavy quark diffusion coefficients

One of the prime goals of all phenomenological studies [4-9] of open heavy-flavor observables
is to extract the heavy quark spatial diffusion coefficient, D ., which quantify the interaction of heavy
quarks with the bulk medium. D, is also directly related to the heavy quark thermalization time and
can be evaluated using lattice QCD (1QCD). Transport models are quite successful in describing
the experimentally measured observables, the nuclear modification factor, R44, and elliptic flow,
va, of the D-meson. Drag and momentum diffusion coefficients are inputs in the transport models
(cross sections are the inputs in the Boltzmann equation), which contain the microscopic details
mentioning how the heavy quarks interact with the hot QGP medium. Then, they compare their
results with the experimental data. The value of the transport coefficients with which they can
describe the experimental data, they relate it with the spatial diffusion coefficient, D,. The spatial
diffusion coefficient, D, can be calculated in the static limit (p — 0) from the drag coeflicient
D, =T/MT, where T is the temperature of the thermal bath, M is the mass of the heavy quark and
I' is the drag coeflicient. The standard quantification of the space diffusion coefficient is done in
terms of a dimensionless quantity 277D, [4] which is independent of mass. One can estimate the
charm quark thermalization time as 7, = "' (p — 0) [7]:
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In Fig. 1, the temperature variation of the D for the charm quark in QGP and pre-equilibrium
phase is shown along with D of the D-meson in the hadronic phase. Dy of the charm quark in the
QGP phase is obtained within the Boltzmann transport approach (BM) and Langevin dynamics (LV)
which can describe experimental data, the R44 and v, of D-meson [7]. D of the charm quark in

Tih = fm/c (D)

the pre-equilibrium phase, the Glasma phase, obtained within the framework Wong equation [10],
is indicated in the same plot. In the pre-equilibrium phase, indeed, it is the effective temperature
obtained from the energy density. First, the momentum diffusion coefficient in the expanding Glasma
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Figure 1: Spatial diffusion coefficient, D, as a function of temperature obtained within the Boltzmann
transport approach (BM) and Langevin dynamics (LV) which can describe experimental data in comparison
with the results from lattice QCD, along with D, of the D-meson in hadronic phase and c quark in pre-
equilibrium phase (Glasma).

phase is obtained considering o, = 2Dt at different Qy, the saturation scale. For the details, please
refer to ref. [10]. Then the effective temperature is obtained from the energy density at r = 0.5 fm,
considering the expansion, hence, the D. The spatial diffusion coefficient is computed D = T?/D.
In this calculation, two different values of Qg are considered, Oy = 1 GeV and Qg = 2 GeV. It is
important to mention that the estimation of the effective temperature in the pre-equilibrium phase
involves uncertainty, hence, in the D,. The D obtained in the pre-equilibrium phase is quite close
to the value obtained within pQCD at the same temperature. As shown in Fig. 1, the D, evolves
continuously from the pre-equilibrium phase to the QGP phase. The heavy quark thermalization
time in the QGP phase can be obtained from the D, using equation 1. The D, obtained within
the transport approach are well within the uncertainty of lattice QCD results. This highlights
the significance of the heavy quarks as a probe of QGP, which have the potential to connect the
phenomenology constrained by the experimental data to IQCD to study the transport properties of
the hot QCD matter. A recent study showed that the memory effect [11] slows down heavy quark
momentum evolution in QGP. This indicates one requires a large momentum diffusion coefficient,
hence, smaller D, to reproduce the same R4 4.

3. Recent developments

Temperature dependence of the transport coefficients plays an important role for a simultaneous
description of both the Ra4 and v, [12]. Hence, the simultaneous study of both observables
can constrain the temperature dependence of the heavy quark transport coefficients in QGP and
disentangle different energy loss models. In a recent study, it has been shown that the event-by-event
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Figure 2: Left panel: Temperature dependence of the drag coefficient I" obtained within QPM (black solid)
and pQCD (red dashed), scaled in order to reproduce the same Raq4 [13]. Right panel: Event-by-event
correlation coefficient of D-meson v, and light hadron v, obtained within QPM (solid line) and pQCD
(dashed line) as a function of the order of the harmonic » [13].

correlations [13], a measure of the linear correlation, is given by the correlation coeflicient C(n, m)

as. . .
St = EN (it = (i)

VB = N2 S (B~ oty

between light and heavy flavor flow harmonics, are novel observables to understand the heavy

C(n,m) =

(@)

quark-bulk interaction and are sensitive to the temperature dependence of heavy quark transport
coefficients. In the above equation, v5* and v/ are the values of anisotropic flows corresponding
to the event i for light and heavy quarks respectively. C(n,m) =~ 1 corresponds to a strong linear
correlation between light and heavy quark anisotropic flows.

In Fig. 2 (left panel), the temperature dependence of the drag coefficient, I', obtained within
QPM and pQCD is depicted which is rescaled to reproduce the same Ra4. In Fig. 2 (right panel),
the correlation coefficient C(n, n) as a function of the order of the harmonic n is shown within both
QPM and pQCD to understand the impact of the temperature dependence of heavy quark transport
coeflicients is presented. As shown in Fig. 2 (right panel), the correlation is stronger for QPM than
pQCD and sensitive to the temperature dependence of the drag coefficient, I'. If this correlation
coeflicient is measured in the experiment, it can further constrain the temperature dependence of
the heavy quark transport coefficients.

Heavy quark transport coeflicients are usually calculated assuming the collision partners from
the QGP are in thermal equilibrium. This assumption may not always correct for heavy-ion
collisions considering the fact that the bulk particles need time to reach thermal equilibrium and
particles with large momentum are far from thermal equilibrium. Hence, the non-equilibrium
effects should be considered to compute the heavy quark transport coefficients. Non-equilibrium
effects are introduced in ref. [14] in different possible scenarios to compute the heavy quark
transport coefficients. It is shown that each non-equilibrium scenario affects the charm quarks’
transport coefficients in a different way and the modifications are about 20-30%. Another interesting
development is the investigation of the nonperturbative effects of gluon emission off heavy quarks
propagating through the QGP within the T-matrix [15]. They incorporate the nonperturbative effects
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step by step by including the confining interactions, resummation in the heavy-light scattering
amplitude, and off-shell spectral functions for both heavy and light quarks. They observe that
the perturbative processes encounter a strong suppression of soft radiation due to the thermal
masses of the emitted gluons. The nonperturbative effects enhance the radiative contribution at low
momentum and temperature. However, its magnitude is small compared to the elastic contribution.

To describe the heavy quark Ra4 and v, simultaneously at low momentum requires the non-
perturbative contribution. Recently, the linear Boltzmann transport model has been extended by
implementing a Cornell-type potential [16] inspired by Ref. [17] that incorporates both short-range
Yukawa interaction and long-range color confining interaction for the heavy quark and QGP. They
have extracted the in-medium heavy quark potential through the model-to-data comparison which
is in reasonable agreement with the lattice QCD data. Considering both the collisional and radiative
loss within the DREENA-A [18], they recently incorporated 3+1D expansion to compute both the
Raa and v, for light and heavy flavored hadron which can able to describe the data at high p7.

In a small system produced at p-Pb collisions, experimental measurements indicate a surpris-
ingly large v, for the D meson [19]. However, the nuclear suppression factor, R, pp, is close to
one. Simultaneous description of both the R, p5 and v, in small system is a top challenge and very
few attempts have been made so far [20-22]. Recently, it has been shown [23] that within AMPT
considering both the parton interactions and the large Cronin effect, one can able to describe both
the observables; the Cronin effect enhances the charm quark yields and cancels out the effect of jet
quenching [23]. However, they have incorporated a large constant cross-section for the heavy quark
light parton interaction and large Cronin effect. System-size scan [24] of D meson R4 4 and v, can
through light to understand the heavy quark dynamics in small systems. It has been shown that in
central collisions the D meson v; is almost independent of system size. However, the R 44 approach
to one as the system size decreases. This is mainly due to the interplay between the shrinking path
length and the enhancement of eccentricities in small systems, due to which the v, remains almost
unchanged at high multiplicity.

The heavy baryon to heavy meson ratios are fundamental for the understanding of the in-medium
hadronization of the heavy hadrons with respect to the light flavored baryon to meson ratio [25]. Both
RHIC and LHC measured a large A./D ratio [26, 27] in nucleus-nucleus collisions. Enhancement
of A./D ratio will affect the D meson nuclear modification factor, R44. Heavy baryon to heavy
meson ratios can serve as a tool to disentangle different hadronization models as it is very sensitive to
harmonization mechanisms [28, 29]. Understanding heavy baryon to heavy meson ratios at different
colliding systems is a top challenge. In ref. [30], a 4-momentum conserving recombination model
for baryons is developed, which includes space-momentum correlations between charm quarks
and the hydro medium and maintains HQ number conservation. In this model, the equilibrium
limit is improved by incorporating a large set of “missing” heavy flavor baryon states not listed by
the particle data group but predicted by the relativistic-quark model(RQM), consistent with 1QCD
calculations. Recently the Catania group developed a coalescence plus fragmentation model for
charm quark hadronization at LHC energy at pp collisions [31] (see also [32]). The model is
essentially the same as the one developed for nucleus-nucleus collisions without jet quenching.
Within this model, they can able to describe A¥/D°, D*/D° and 22%/DO at pp collisions at LHC
energy. For more details, we refer to ref. [33].
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Figure 3: Left panel: Nuclear suppression factor for the D’-meson versus pr at different times in p-Pb
collisions at y/s=5 TeV [22]. Right panel: R4 and v, of D mesons for different evolutions with and without
Glasma phase [37]: (a) free streaming up to 0.3 fm/c followed by drag and diffusion in the QGP phase (green
dashed line); (b) Glasma dynamics up to 0.3 fm/c and then evolution as in (a) shown by magenta dotted line;
¢) drag and diffusion dynamics starting at 7o = 0.1 fm/c shown by blue solid line with K factor decreasing
by 11% relative to (a); (d) Glasma dynamics up to 0.3 fm/c and then evolution with K factor increasing by
18% relative to (a) shown by red solid line

4. Heavy quark as a probe of the initial stage effects

Till recently, heavy quark momentum evolution in the pre-equilibrium phase [34], before the
formation of QGP, was approximated by free streaming. In the pre-equilibrium phase, the energy
density is very high; this early stage dynamics can be quite relevant, especially for heavy quarks
considering their short formation time [35—42]. Within the color glass condensate (CGC) effective
theory the pre-equilibrium stage of the high energy collisions can be described in terms of strong
gluon fields, namely the Glasma. Recently it has been shown that these fields induce strong diffusion
of charm quarks in momentum space [36-38]. As a consequence, low pr charm quarks shifted to
high pr, and the spectrum of charm quarks tilted towards higher pr. The tilting of the spectrum
affects the nuclear suppression factor, the ratio between the final and the initial D meson spectrum.

In Fig. 3 (left panel), the D meson nuclear suppression factor, R, pp, is shown at different
times for D meson with g2u = 3.4 GeV for the Pb nucleus. The momentum evolution of charm
quarks in Glasma has been studied via the Wong equations; then at the time shown in the figure, the
fragmentation procedure is adopted to get the D—meson spectra. The R, p;, substantial deviation
from one is because of the interaction of the charm with the gluon fields produced in the p-nucleus
collisions. The shape of the R, p;, computed is in qualitative agreement with the experimental
data at the same energy [22]. In the p-nucleus collisions, the impact of the QGP phase is ignored.
However, in nucleus-nucleus collisions, the Glasma phase can be considered as the initial condition
for the QGP phase. In Fig. 3 (right panel), the D meson Rp,p;, and v, are compared with the
experimental results with and without the Glasma phase for different possible initializations [37].
It is important to mention in the Glasma phase the Rp,pp Will get enhanced at intermediate p7.
To reproduce the same Rp, pj, with the Glasma phase and without the Glasma phase, one requires
to enhance the interaction with the Glasma phase to compensate for the initial enhancement of the
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Figure 4: Left panel:Directed flow of D and D mesons [48] as a function of rapidity for Au+Au collisions
at RHIC energy vJonyny = 200 GeV in comparision with experimental data from STAR Collaboration [45].

Right panel:v;(D°) — v1(50) [51] as a function of pseudorapidity for three different cases for Pb+Pb
collisions and compared to experimental data from ALICE collaboration [46].

Rp,pp. As a consequence, it will enhance the v, with the Glasma phase. Hence, the inclusion of
the Glasma phase will help for a simultaneous description of both the Rp,pj, and v,. This initial
Glasma phase can play a significant role in the small system produced in p-nucleus collisions [43].
Recently, the heavy quark diffusion coefficient has been evaluated in ref. [40] in an over-occupied
gluon plasma. They have observed a rapid initial rise in the momentum broadening. It is important
to note that Glasma phase dynamics can not be mimicked within Langevin dynamics considering
the fact that in the Glasma phase, heavy quarks experience diffusion without substantial drag.

Heavy quarks are also considered as an excellent probe of the produced electromagnetic fields
and initial tilt of the fireball produced in non-central heavy-ion collisions which can be characterized
through the directed flow v; of the D-meson [44]. The electromagnetically-induced splitting, Avy,
in the directed flow of charm and anti-charm through D and D meson can characterize the produced
electromagnetic field. Recently, both the STAR and ALICE collaborations [45, 46] have measured
the v; and Av; of the D meson and observed a non-zero v; of the D meson.

The D meson dv;/dy measured at the highest RHIC energy by STAR Collaboration is about
25 times larger than that of the charged kaons. The Av; of D mesons at the highest RHIC energy is
smaller than the current precision of the measurement. The ALICE Collaboration at LHC reported a
positive slope for the Av;, which is about 3 orders of magnitude larger than that of the light-charged
hadrons. Very few attempts have been made so far to compute the D meson directed flow [44, 47—
51] both at RHIC and LHC energies. All the model calculations reported a finite directed flow for
the D meson. However, they obtained a negative slope for the D-meson Av;. As shown in ref. [51],
in a phenomenological approach, one can reproduce a positive slope of the Av; only if the magnetic
field dominates over the electric field. They indicate that the time evolution of the electromagnetic
field plays an important role in determining the slope of the Av;.

5. Summary

The study of heavy quark dynamics in QCD matter is quite complex and requires considering its
propagation through the pre-equilibrium phase, QGP phase, and hadronic phase after hadronization
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to compare with the experimental observables. Over the years since the first experimental data,
several advancements have been made to understand the heavy quark dynamics in QCD matter and
to extract the heavy quark transport coefficients. Non-perturbative effects along with hadronization
through coalescence plus fragmentation is the key ingredient to describe both the Rg4 and v,
simultaneously. Present calculations indicate heavy quark thermalization time is about 2-6 fm/c at
low pr.

Since recently we used to ignore the role of the pre-equilibrium phase considering its lifetime
is very short. However, recent calculation indicates that the pre-equilibrium phase is playing a
significant role and can alter the R4 and v, dynamics for a simultaneous description of both the
observables in nucleus-nucleus collisions. The pre-equilibrium phase can play an important role in
p-nucleus collisions considering the fact that the lifetime of the QGP phase might be very small in
p-nucleus collisions. Recent calculations indicate that with the pre-equilibrium phase, the Glasma
phase, one can reproduce the experimental data on R, pj,. It is important to note that Glasma phase
dynamics can not be mimicked within Langevin dynamics considering the fact that in the Glasma
phase, heavy quarks experience strong diffusion without substantial drag. Heavy quark directed flow
is a potential observable to characterize the strong electromagnetic fields produced in high-energy
collisions. Time evolution of the electromagnetic field plays a crucial role in determining the slope
of the Av;. For a complete study, it will be important to include the effect of electromagnetic fields
on the heavy quark transport coefficients [52, 53] while evaluating the v;.

So far the major focus is to study heavy quark dynamics at RHIC and LHC energies. However,
it’s time to focus on heavy quark dynamics at small systems produced in p-nucleus collisions
and beam energy scan. Considering the fact that the momentum evolution of the bottom quarks
is approximately that of Brownian motion [54], the bottom quark can act as a novel probe to
understand the transport properties of hot QCD matter. New observables like heavy light even-by-
event correlation and D — D correlation can further constrain the temperature dependence of the
heavy quark transport coefficients and disentangle different energy loss mechanisms.
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