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Heavy quarks as effective probes of hot nuclear matter

+*Mostly produced at the very early stage

of the collision in partonic scattering o P
eavy quark interaction

rocesses.
P with the medium: Energy
*Transverse through QGP while loss Mechanism
interacting with the medium constituents .
and witness the QGP evolution. : Input: Heavy quark transport coefficients
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Heavy Quark transport

* Transport coefficients: Drag and
momentum Ditfusion
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* Simplified Boltzmann Equation
o 0 P. Jdp,

* Soft momentum transfer

For the process  HO(P)+g/q(Q)— HO(P)+g/q(Q)
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Charm quark drag in an expanding QGP

MK, M. Singh, V.Chandra, S. Jeon, C. Gale, PRC 102 (2020), 044907

+ Viscous hydrodynamics approach

B. Schenke, S. Jeon, C. Gale, PRC 2010

+ Fluctuating Initial state + MUSIC

C. Gale, S. Jeon,B. Schenke, P,
Tribedy, Venugopalan PRL 2012

+ Pb+Pb collision at 2.76 TeV
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Drag coefficient of a charm quark with momentum p =5
GeV at different space-time points. Curved lines indicate
constant drag coetficient contours.
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Bulk viscous corrections: 4,=4"+4™

Choice of bulk viscosity 15 w002
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+ Effects of viscous dynamics to the HQ drag and diffusion depends on the choice of the temperature behaviour of viscous
coetficients.

+ These viscous corrections are essential to maintain consistency in the theoretical description of HQ dynamics in
expanding QGP medium.

* Impact of these corrections on heavy flavour phenomenology?
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Phenomenological Model

MK, M. Singh, S. Jeon, and C. Gale, PRC 102, 044907 (2020)
M. Singh, MK, S. Jeon, and C. Gale, PRC 108, 054901 (2023)

Our tframework: \/[A T [[--MUSIC

Brownian motion of HQ Hardronization
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PP

HQ event generation: MARTINI

Heavy favour

Heavy Flavor: CI;IQ . HQ evolution Nuclear suppression
production factor, elliptic flow
A A
" Input: Medium Information I
' Input: HQ interaction with the medium 3
I
: Fluctuating E ] | .
Bulk Matter- : initial condition o QGP evolution :
- IPGlasma) | o MUSIO) :



Viscous effects on charm quark momentum evolution
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Charm quark momentum evolution in the viscous QGP medium

=

['he initial momentum is taken as p=5 GeV

Equilibrium and equilibrium + shear curves almost overlap as the effect of shear correction on energy loss is

negligible.



Two key observables

Nuclear suppression factor R, , Elliptic flow V,

Heavy flavor spectra after going through QGP

Raa =
Heavy flavor spectra before going through QGP

Heavy flavor spectra in heavy-ion + heavy-ion collision

Heavy flavor spectra in proton+proton collision (scaled)




Heavy quark interaction: recent updates

» Spatial diffusion coetficient 19 4 ALICE ® LQCD, charm
~ | —— QPM, charm ® LOQCD. hottom
» Total energy loss= Collisional +Radiative S.Cno, QP M, bottom ¢ LQCD, M — o
G. Qin, S. Bass, PRC 92, 024907), 109 = QPM, M — oc
w— T-matrix, charm
» Non- perturbative effects: Quasiparticle model (F. Scardina, | === T-matrix. bottom
et.al., PRC, 2017), T-Matrix estimation (H. van Hees, M. , O1 «+eeer T-matrix, M —
Mannarelli, V. Greco, R. Rapp (2008); Z. Tang, S. Mukherjee, P. 3
Petreczky, R. Rapp, EPJA 60, 92 (2024) 5 6
» Model-to-data comparison: Y. Xu et.al., PRC 97, 014907 (2018) 41 ]
» Lattice results: (D. Banerjee, et.al., PRD, 2012) N 4{
First lattice data (2+1 flavor): = 1 Q -
[HotQCD Collaboration] PRL 130, 231902 (2023) [ """"""""" AdS/CFT
[HotQCD Collaboration] PRL 132, 051902 (2024) 0

150 200 250 300 350 400
T MeV:

[HotQCD Collaboration] PRL 132, 051902 (2024)


https://inspirehep.net/literature/1806921

D meson observables

We can extract information about the
system from these observables
(eg, formation time of heavy quark)
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4— longer formation time

4— shorter formation time
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an efficient probe ofiinitial stage ot BIl(E:

-
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PRE-HYDRO
STAGE

O The initial stage of collision, which sets the
initial conditions for the hydrodynamical

evolution of the QGP

[ As heavy quark is mostly created in the very
early stage of the collision event, they can retain
imprints of the initially produced matter in
nucleus-nucleus collisions.

e Smooth background * Fluctuating realistic Condition
(results from IP-GLASMA)
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Smooth v/s fluctuating initial stage
M. Singh, MK, B. Schenke, S. Jeon, and C. Gale, PRC (2026)
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Note: So far, we didn’t consider heavy quark energy loss in the Pre-equilibrium stage

One possible way to study the evolution of charm quark in non-Abelian background is to consider them as classical colored
particles with Wong's equations as the governing equation of classical particles in the Glasma

Pooja, Santosh K. Das, Vincenzo Greco, Marco Ruggieri, Eur.Phys.J.Plus 138, 313 (2023)



L Can heavv: quarks be an efficient probe o

-

K. Tuchin, PRC 93, 014905
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+*Strong magnetic field may be generated in heavy-ion collisions D. E. Kharzeev et.al. PRD 78, 074033 (2008)
The generated magnetic field can be in the order of eB=(1-15m; V. Skokov, et.al Int. ]. Mod. Phys. A 24, 5925 (2009)

This can be the largest magnetic field ever created in the laboratory!!

How the fermions behaves when the magnetic field provides the largest energy scale in the system?

+*The evolution and lifetime of the magnetic field created in the initial stages of heavy-ion collisions is one of the
challenging question in HIC physics

*Heavy quarks, created in the very early stage, may witness the strongest magnetic field generated in HIC
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Heavy flavor directed flow as a sign of magnetic field

Measurements on heavy quark directed flow provide sign

of the large magnetic fields [ALICE Collaboration], PRL 125,
022301 (2020).

Similar observation at the RHIC: J. Adam et. al. [STAR
Collaboration], PRL 123,162301 (2019).

Heavy mesons directed flow is observed to be three orders
of magnitude higher than that of the charged hadron

Splitting of heavy mesons directed flow is observed to
be three orders of magnitude higher than that of the
charged hadron

“Directed flow of charm quarks as a witness of the initial strong
magnetic field in ultra-relativistic heavy ion collisions”S. K.Das,

S.Plumari, S.Chatterjee, |.Alam, F.Scardina, V.Greco, PLB 768,
260-264 (2017).

14

Avy

09

=09

ALl
a R 10° x v,(h")
g * 10°x v,(h")
..................... - SRR B
5-40% E
pr> 0.2 GeV/c
bars: stat. uncert. H

—~—

boxes (filled/empty): syst. uncert. (corr./uncorr.

+ Pb-Pb, V5, = 5.02 TeV

O VI(DO)
o v,(bo)

$ 10-40%
3 <p;<6(GeV/c)

not feed-down cormected

0.5+

=05

o 10% x [v4(h*) = v4(h)]

5-40%
pr> 0.2 GeV/c

dAv,/dn = [1.68 £ 0.49 (stat) + 0.41 (syst)] x 10

10-40%
N 3 <pr <6 (GeV/c)

dAv,/dn = [4.9 £ 1.7 (stat) £ 0.6 (syst)] x 10"

| | |
-0.5 0 0.5

n

l l I
-0.5 0 0.5

i




Heavy flavor directed flow as a sign of magnetic field

Interplay of drag by hot matter and electromagnetic force on the :
directed flow of heavy quarks l:g";
l

Sandeep Chatterjee "*, Piotr Bozek?
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Heavy quark+magnetic field

Ze-Fang Jinag et.al., PRC 105, 054907 (2022)
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Topics for discussion

Goal

o Address the gap in theoretical studies by incorporating electromagnetic field effects into heavy-quark physical observables.
o Understand the strength and evolution of the magnetic field in collision physics

Theoretical formulation on the Brownian motion of heavy quark transport in magnetized nuclear medium

* Brownian motion: Langevin equation in the presence of the magnetic field

* Diffusion coefficient of heavy quark in the presence of magnetic fields

* Radiative energy loss in magnetic field

* Magnetized medium: Setting up a magnetohydrodynamical description of the nuclear matter

PRE-HYDRO

STAGE
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HQ diffusion in magnetized medium
MK S. K. Das and V. Chandra, PRD 100,074003 (2019)

Solving Dirac equation in the presence of magnetic field, we obtain Landau levels as energy eigenvalues

EZEEz\/pZ2+mf2+2l|qu|

e
' ' [ | ==e—- LLL + Ideal EoS ==t
Consider the process, P+k—p +k N [ g e
06k | -=---- LLL + 1 LL ’/‘;T:"’
[ | ---- LLL +2 LLs P etad
o LLL + 3 LLs e e
Cqe . 0.5F | —— LLL + 4 LL 2Tt T -
In the static limit B, — Ko, | - l
<l 04f
The magnetic field provides the preferred spatial direction and one need to 04 |
consider the heavy quark motion parallel and perpendicular to the field. l
0.2}
K =<< g’ >> K =4 2 E
| TSN 4 LTS 4> 0.1}

Matrix element in the magnetized QGP K. Fukushima, K. Hattor1,
H. U. Yee and Y. Yin, PRD (2016)

Magnetic field induced anisotropy in the heavy quark
momentum diffusion
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HQ diffusion beyond the static limit at finite B

MK, S. K. Das and V. Chandra, PRD 100,074003 (2019)
A. Bandyopadhyay, PRD 109, 034013 (2024)

K1

HQ motion parallel to B HQ motion transverse to B

Quantifying the impact of magnetic field on the heavy quark observables ?

19



Quarkonium potential

While the Cornell potential, comprising of a short-range Coulomb interaction and a long- range linear confinement term,
captures quarkonium properties in vacuum, its extension to a thermal medium is far more complex.

V(r) =

J d3p (eip'r— 1) Vcornen(P)

e S
.

encodes the screening effects of the thermal medium

Dielectric permittivity can be obtained from gluon-self energy by applying the Hard Thermal Loop (HTL) approximation,

P2 . ﬂTpamlz),R

i
pe+mpr  (p*+mpg)?

/N

medium-induced screening accounts for the Landau damping

e !(p) =



Equilibrium and non-equilibrium part of fluid

I x> px), 1 ) Equilibrium part : Fluid cell with collective expansion, thermodynamic properties T(x), y(x) and flow velocity

1
Jolx, p) =
° exp[ﬂ(u-p)+a]+a
Non-equilibrium physics : f(&x,p) =folx,p)+6f(x,p)
N“(x) —}l aryon diffusion current
Estimation of Non-equilibrium distribution function: Transport theory "(x) =T Cl_%l’“’ + @\
bulk viscous pressure  shear stress tensor
(- p)
prof =—-——=(~1)
: RTA approximation
IR
of) = pro,f
(1) (l/t . p) H
When the relaxation time is momentum-dependent, the conservation laws can no longer be guarantee
S5 f(l) - — R P) pﬂa f+6f* Extended RTA approximation D. Dash, S. Bhadury, S. Jaiswal, A. Jaiswal, PLB 831, 137202 (2022)

(u - p) (1)
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Relativistic hydrodynamics within ERTA

D. Dash, S. Bhadury, S. Jaiswal, A. Jaiswal, PRC 108, 064913 (2023)

Using the derived hydrodynamic equations, the evolution of a fluid can be studied

22

Temperature evolution for boost invariant fluid
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B AN
030}
Employed a power law parametrization to describe the energy dependence N
of the relaxation time = N\,
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O 0.25
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0.20}
The resulting transport coefficients are found to be sensitive to the energy
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Modified potential within the ERTA

S. Singh, S. Bhadury, R.Ghosh, MK, PRD 109, 094056 (2025)

Stepl: Non-equilibrium correction to distribution function

0.0
Step 1I: Modified self energy and screening within the ERTA -
= -0.2f
Step III: Modified quarkoium potential @]
> I
é -0.4 |
The ERTA framework introduces substantial _
modifications to the RTA-based corrections _o6h
—— Equilibrium
As the value of £ increases, the potential _ |
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1.0 1.5 2.0 2.5

medium modifications driven by non- 0.0 0.5
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Binding energy of quarkonium

S. Singh, S. Bhadury, R.Ghosh, MK, PRD 109, 094056 (2025)

Solving the Schrodinger equation with this potential yields the
quantized energy levels of quarkonium systems such as
charmonium

The black solid line represents the equilibrium result,
corresponding to the case without any viscous corrections

As the system evolves and cools, the quarkonium states become
more strongly bound due to reduced thermal screening in the
medium
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Thermal width of quarkonium

: 2 R £=
(T = - fd‘r @ (r)2 Im V (r; T) 0.35] e
0.30} o =0 |
—— Equilibrium [
= 0.25F N\ O SO T
o T U S e
3 -
= 0.20 TS
L| - ~§~~.~.~
0.15} Tt T
These estimations are in simple system 0.10f
A realistic medium expansion is required 0 T 00 > c

T (fm/c)

As in the case of heavy quark, magnetic field may have an
important role in the properties of quarkonium.



Summary and Outlook
Heavy quarks:

M We have studied the heavy quark transport in an 3+1-D expanding QCD medium while including the pre-equilibrium
corrections

MHeavy quark transport coefficients act as the input parameters for the Langevin simulation: Impact of bulk evolution on
heavy flavour observables

M Charm quark observables are sensitive to the initial state of the heavy-ion collision

[ Magnetic field introduces anisotropy in the heavy quark transport

Heavy quarkonium

M Quarkonium potential within the Extended RTA approach

M The impact of magnetic field on the potential and the observables Thank y0u !



Collisional energy loss

The drag force which accounts for the resistance to the heavy quark motion, leads to its energy loss in the
QGP medium.

The collisional energy loss of the heavy quark in the QGP is related to the drag coefficient as, ——— = A(p*, T)p
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Bulk viscous correction: Heavy quark drag

Stepl: Bulk correction to distribution function

1 2
8f,,(Q, X) = TIBy(X)By(Q, T), By(X) = — . B0, T)=— g/q(Q)( g/q(Q))< g/q)

Step II: Correction to the general integral

MBy(X) 1

5127y, E,

((F(p)))yPuk =

AP, T) = Ay(p, T,

Step III: Bulk correction to HQ drag

A=A4"+ A"

(s +m2 —m /q)2 4sm

co 2 1 1 2r
q PE ,
Al = J' _dQJ d COS Y BM(Qa T)J d cos Hcmz | %HQ,g/q |2 J' d¢cme qu/q(E ’)F(p ),
o £g ) J -1 0 !
o 2 1 \/(S+m —m,)2 4sm 1 oy
q Z , , ,
A2 — JO EquJ'_l d COS y P fg/q(E )[_1 d cos ecmz | %HQ,g/q | ‘;) d¢cm BM(Q ’ T)F(p ) .
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1.4
WMIARTINI--MUSIC 1.2
M. Singh, MK, S. Jeon, and C. Gale, PRC 108, 054901 (2023) 1
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