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Heavy Quark & Quark Gluon Plasma

SPS     to    LHC

TeVtoGeVs 76.23.17=

MeVtoMeVTi 600200=

~100 times

~3 times

Das, Torres-Rincon, Rapp, Phys. Rept. 1129-1131 (2025)



Heavy quark physics at different scales

Study thermalization 
process of HQ

Constrain diffusion 
coefficient Ds

low pT medium pT 

Study hadronization 
process of HQ

Constrain hadron 
wave-function

high pT 

Study parton energy 
loss and mass effect 

Constrain jet transport 
parameter 

S. Cao (HP 2018)



Studying the heavy quark dynamics in HIC
________________________________________________________________________________________________________________

• initial prod.
pQCD-NLO
Shadowing

Pre-equilibrium 
Effect

Electromagnetic 
field

a

b,c

D,B

• Dynamics in QGP
Heavy quark QGP interaction

 Transp. coeff. of QCD matter 

-> thermalization ?

Mass & color in Jet quenching

Heavy quark momentum evol.

(Langevin/Boltzmann/E. loss model)

• hadronization:

   coalescence and/or

      fragmentation.

   Hadronic rescattering

Bulk pre-equilibrium
at t0 ≈ 1/2mc,b< 0.1 fm/c



Boltzmann Kinetic equation 
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 is rate of collisions which change the momentum 
of the  charmed quark from p to p-k
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where   we  have  defined  the  kernels 
,

→ Drag Coefficient 

→ Diffusion Coefficient

B. Svetitsky  PRD 37(1987)2484

➢ The plasma is uniform ,i.e., 
        the distribution function is 
        independent of  x.
  
➢    In the absence of any 
        external force,  F=0
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Boltzmann Equation Fokker Planck

It will be interesting to study both the equation in a identical environment
 to ensure the validity of this assumption at different  momentum transfer 
and their subsequent effects on RAA and v2.

A is the deterministic friction (drag) force

is stochastic force.
ijC

Langevin dynamics:

Heavy quark momentum evolution: Langevin vs Boltzmann

Das, Scardina, Plumari  and Greco
Phys. Rev. C,90,044901(2014)



Momentum evolution starting from a  (Charm) in a Box

Langevin Boltzmann 
( )GeVp

pd

dN

initial

10
3

−= 

mD=0.83 GeV

In case of Langevin the distributions are 
Gaussian as expected by construction

Evolution: Boltzmann vs Langevin (Charm)

Das, Scardina, Plumari  and Greco
PRC,90,044901(2014)

T=400 MeV



Momentum evolution starting from a  (Charm) in a Box

( )GeVp
pd
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initial
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Evolution: Boltzmann (Charm)

T=200 MeV



Momentum evolution starting from a  (Charm) in a Box

Langevin Boltzmann 
( )GeVp

pd

dN

initial

2
3

−= 

In case of Langevin the distributions are 
Gaussian as expected by construction

In case of Boltzmann the charm quarks follow 

the Brownian motion: At Low Momentum. 

Evolution: Boltzmann vs Langevin (Charm)

T=400 MeV



Momentum evolution starting from a  (Bottom) 

Langevin Boltzmann In a Box

P=10 GeV

P=10 GeV

Das, Scardina, Plumari  and Greco
PRC,90,044901(2014)

EMMI-RRTF, NPA 979 (2018) 

Langevin dynamics overestimate the interaction
Boltzmann generate more v2 for the same RAA.

T=400 MeV



Langevin Equation 

 +−= pp
dt

dp
)(

 is the deterministic friction (drag) force

is stochastic force

where

jkki ttDtt  )()()( −=with 



The Fokker-Planck equation can be recast to Langevin equation: 

Transport coefficients are connected by Fluctuation Dissipation Theorem.

 r-space: N_coll (Glauber mode)

 p-space: NLO (pQCD)

Heavy quark initialization 

For the bulk evolution: Hydrodynamics/Transport 



Heavy Quark Production pp collisions 

Peterson fragmentation function: 

,

Scardina, Das, Minissale, Plumari, Greco 
PRC, 96,044905 (2017)
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Nuclear Modification Factor (RAA) and Elliptic Flow (v2) 
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Time evolution of Heavy quarks observables

RAA   developed during the 
early stage of  the evolution                 T_i

V2  developed duringing  the later stage of 
the evolution                   T_c

T dependence of the interaction i.e the transport
coefficients are the essential ingredient for the 
simultaneous description of HQ observables.  

Das, Scardina, Plumari, Greco (2015)

Hadronic phase impact
Non-perturbative effect

Rapp, van Hees (2008)



ALICE, JHEP 01 (2022) 174

Comparison with models at LHC energy



Heavy quark diffusion

Banerjee, Datta, Gavai, Majumdar
arxiv: 2206.15471 [hep-ph]

τth ~ 3.2 fm/c

τth ~ 5.6 fm/c

τth ~ 3.8 fm/c

τth ~2.5 fm/c

τth ~1.2 fm/c

τth ~1.8 fm/c

Scardina, Das, Minissale, Plumari, Greco 
PRC,96, 044905 (2017) 

He, Fries, Rapp, PRL,110, 112301 (2013)



Heavy quark diffusion

ALICE JHEP, 01:174, 2022.

Das, Torres-Rincon, Rapp, Phys. Rept. 1129-1131 (2025)

Altenkort at el, PRL 132, 051902, 2024

. Quark Mass Dependence of Heavy Quark 
  Diffusion Coefficient from Lattice QCD. 

Banerjee, Datta, Laine, JHEP, 08:128, 2022



Angular De-correlation ofccbar:

Δθ Zhu ,Xu, Zhuang, PRL100, 152301 (2008)

Nahrgang, Aichelin, Gossiaux, Werner
PRC,90, 024907 (2014)

Cao, Qin, Bass 
PRC, 95 (2015)

DDbar correlation is 
sensitive to energy loss 
mechanism 

DDbar correlation can 
disentangle different 
Energy loss mechanism  



Magnetic field≈ 50m
2

≈ m
2

Schematic calculation: early time 
behavior quite uncertain theoretically 

Charm quark as a probe of the magnetic field in HIC



Heavy quark directed flow (v1) @LHC

With both B and E

Das, Plumari, Chartarjee, Scardina, Greco, Alam
PLB, 768 (2017) 260

For heavy quarks  v1≈ 10-2 

100  times larger  than light quarks v1 !

For Light quarks predicted v1≈ 10-4 

[Gursoy et al., PRC89 (2014)]
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Heavy quark directed flow@ RHIC and LHC   

Das, Plumari, Chartarjee, Scardina, Greco, Alam
Phys. Lett. B, 768 (2017) 260

STAR Collaboration PRL 123, 162301 (2019) ALICE Collaboration PRL 125, 022301 (2020)

Heavy meson directed flow at RHIC & LHC:

❖ Order of magnitude larger 
than light hardon v1

❖ Opposite v1 for charm and 
anti-charm



Hadronization: Coalescence plus Fragmentation  

Hadron wave function

)()/()( zDzpfpf HpTppTH →=

Fragmentation function gives the probability to get a hadron from a parton: 

<z>~0.9  for  charm quark  and <z>~0.5 for light quark

Coalescence is the convolution of two /three parton distribution folded by a wave function:

V. Greco, C.M. Ko, and P. L ́evai
PRL 90 , 202302 (2003)

R. Rapp et.al NPA 979 (2018) 



Heavy Baryon to meson ratio
(Serve as a tool to disentangle different hadronization mechanisms)

STAR, PRL 124 (2020)

Plumari,Minissale, Das, Cosi, Greco 
EPJC 78 (2018) 4, 348

He, Rapp, PRL 124 (2020) 042301

Baryon in resonance recombination model
to all hadron at p→0

ALICE:PLB 839 (2023)



Heavy quark in small system (p-nucleus)

CMS Collaboration
arXiv:1804.09767v2

ALICE Collaboration
Phys. Rev. Lett. 113 (2014) 232301

What mechanism could build up v2 without  energy loss?



Heavy quarks as probes of the pre-equilibrium phase

(Relativistic) Velocity

Lorentz force

Gauge-invariant conservation of the color 
Current carried by charm quaks + gluons

Equations of motion of heavy quarks are solved in the background
given by the evolving Glasma fields

HQs can probe the very early evolution
of the Glasma fields

Hamilton equations of motion of c-quarks:

Wong (1979)

(Adapted from M. Ruggieri)



Nuclear modification factor (RpPb) for p-Pb collisionsp-Pb @ 5.02 TeV

Initial distribution: from perturbative QCD
Evolution: interaction with the Glasma

Ruggieri  and Das
PRD, 98, 094024(2018 )

RpPb ≠ 1
Interaction with the fields created

by the collision

D-mesons RpPb

Standard fragmentation [Peterson et al.(1983)]



Diffusion results in acceleration

p-Pb @ 5.02 TeV

Migration from low to
higher momentumRuggieri and Das

PRD, 98, 094024(2018 )

Heavy quarks seem to be accelerated
by the (color-)electric field

We called it  cathode tube effect



Heavy quarks diffusion: Plasma vs Glasma

Diffusion
in momentum space

HQs in hot plasma

HQs in Glasma

T=500 MeV

Ruggieri and Das
PRD, 98, 094024(2018 )



Heavy quark diffusion in the pre-equilibrium phase 

Liu, Das, Greco, Ruggieri, 
PRD 103, 034029 (2021)

Das, Hard Probes (2023)

Diffusion in pre-equilibrium phase is Ballistic. Memory effect. 

Ruggieri, Das, PRD, 98(2018 )

Mrowczynski, EPJA 54 (2018)
Boguslavski, Kurkela, Lappi and J. Peuron, JHEP (2020)
Pandey, Schlichting, Sharma, PRL 132 (2024)
Avramescu, Greco, Lappi, Maentysaar, Mueller, PRL, 134, (2025)



Brownian Motion: Quark to  Corona



Brownian Motion: Quark to  Corona





Transport theory

0→t

03 → x

Exact 
solution

22C)p,x(fp =


Collision
s

Collision integral is solved with a local stochastic sampling

We consider two body collisions

Das, Scardina, Plumari  and Greco
Phys. Rev. C,90,044901(2014)



RAA and v2 at RHIC 

(With near isotropic cross-section)  

With isotropic cross section one can describe both RAA and V2 
simultaneously  within the Boltzmann approach !

Das, Scardina, Plumari  and Greco
Phys. Rev. C,90,044901(2014)

At fixed RAA Boltzmann approach generate larger v2 .
(depending on mD and M/T)



35

Heavy quark  radial flow: collective outward expansion

Particles fly outward from the centre due to pressure gradient: 
motion is organized, particles moves collectively outwards, not 
random. Examples: Explosion of fireworks, ballon bursting.



Adopted  from T. Parida

Schenke, Shen,Teaney, PRC 102,034905 (2020)
Parida, Samanta, Ollitrault, PLB, 857, 138985 (2024)
ATLAS: PRL, 136, 032301 (2026)
ALICE: PRL, 136, 032302 (2026)



change in the pT induced by the radial flow fluctuation

standard deviation of the pT fluctuation

deviation of the particle spectrum from the mean spectrum 

Momentum fluctuation normalized by standard deviation
Yield fluctuation normalized by mean



38

Heavy quark  radial flow

The v0(pT) of heavy-flavor has a strong and distinct sensitivity to both 
transport coefficients and hadronization mechanisms. In particular, the 
hadronization effect for the v0 at low pT is as large as about a factor of two.

Sambataro, Plumari, Das, Greco
2510.19448 [hep-ph]

https://arxiv.org/abs/2510.19448
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