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• Motivation
• Overview of our nonperturbative transport approach 
• Transport Coefficients
� T-matrix formalism
� Predictions and comparison to lattice-Quantum ChromoDynamics (lQCD) data

• Heavy-Quark(HQ) transport
� Diffusion + radiation

• HQ hadronization
� Recombination + Fragmentation

• Data-theory comparison to ALICE and CMS data for Pb-Pb data and STAR data for Au-Au



Motivation
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Ingredients for Transport

HQ Medium Interaction
Elastic HQ transport coefficients from 

heavy-light T–matrices.
• Vector Confinement Potential (VCP)

• Wilson Line Correlator (WLC)

HQ Production
Fixed order next-to-leading 

logarithm (FONLL)+
nPDF modifications

HQ Transport
Diffusion 

+
 Radiation
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HQ Hadronization
Fragmentation

+
Recombination

Bulk evolution
(2+1) D viscous flow: VISHNU 

Hadronic 
Rescattering

UrQMD

Observables
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TRANSPORT 
COEFFCIENTS
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Transport Coefficients: T-matrix formalism
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Based on T-matrix formalism: nonperturbative scattering framework for strongly coupled QGP; 

Self-Consistent Dyson-Schwinger like calculation 

 

 

 

4D Bethe-Salpter Equation

Quark propagator

Self-Energy

Infinite-Ladder Resummation

 

 

Quantum effects encoded in self-consistently evaluated spectral functions

T-matrix: [Riek+Rapp PRC 82(2010),Liu+Rapp PRC 97(2018)]
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Transport Coefficients: lQCD Constraints
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Input potential 

 

 
 

 

Determined by vacuum quarkonium spectroscopy

Constraints from thermal lQCD

  

VCP: Tang +Rapp PRC 108(2023) ; WLC: Tang et al EPJA60(2024)

 



Transport Coefficients: Predictions
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VCP vs WLC

  

VCP tends to agree better with lQCD data for spatial diffusion coefficient

Spatial diffusion coefficient 

lQCD data: HotQCD, PRL132 (5) (2024),
HotQCD, arxiv: 2506.11958
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HQ TRANSPORT Q



HQ Transport: Diffusion
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Encodes soft momentum kicks from the medium. 

 

[Weiyao Ke, et al, PRC 98]

 

Fokker-Planck for HQ diffusion ⬄ Langevin dynamics

Heavy quark treated as quasi-particle + quantum effects encoded in transport coefficients



3/25/2026 Hard probes in non-equilibrium QCD matter, ICTS-2026 11

HQ Transport: Radiation
 

 

  

+

[Weiyao Ke, et al, PRC 100]
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HQ 
Hadronization

Recombination

 



Hadronization: Recombination
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Recombination: Resonance Recombination Model(RRM)

Relativistic Breit-Wigner cross section + Boltzmann Equation 

 

 

Equilibrium PSDs for quarks  Equilibrium limit for Hadrons!

 

Meson Phase Space Distribution 

Baryon Phase Space Distribution

 
 

 

Extension to baryons: Formation of an intermediate di-quark  
 

 

For a flowing medium

 [Ravagli+Rapp,2007]



Hadronization: Fragmentation
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Fragmentation: Statistical hadronization approach ; constrained using p-p data   [He+Rapp, PLB 2019] 
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*RQM: Relativistic Quark Model

lQCD predicts more baryon states [Madanagopalan et al, PoS LATTICE 2014]
[ALICE: EPJC 79 (2019)]; [ALICE: PRC 107 (2023)]



Hadronization: Recombination + Fragmentation
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RRM
Fragmentation

 
‘Populate’ heavy quark to one hadron.

Do this for all hadrons in spectrum
+

perform strong feed-downs into ground 
state as in p-p

Preserves space-momentum correlations

c
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Semi-Central Central

 

Observables

  

Elliptic flow coefficient Nuclear Modification Factor

Framework has good sensitivity to in-medium QCD force

VCP constraints aligns better with lQCD data  

Fair agreement with ALICE and CMS data 

[ALICE: PLB 813(2021)][CMS: PLB 816(2021)]
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Hadro-chemistry
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VCP constraints: fair agreement with STAR data

 

 

~30% shadowing for semi-central



Conclusion
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• We have developed a new framework for heavy-flavor transport in URHICs combining 
state-of-the-art ingredients into a fully nonperturbative and lattice-QCD–constrained 
transport coefficients, without any parameter tuning towards experimental data. 

• Effects such as

1. Pre-Equilibrium Effects
2. Event-by-event fluctuations in the hydro evolution
3. Hadronic diffusion
are expected to be sub-leading and incorporation of this is underway.

The presentation here is based on work done in 
T. Krishna, R. Rapp, Y. Fu, S. A. Bass, and W. Ke, Phys. Lett. B 871,(2025)(139999)
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Thank 
You



TRENTO and VISHNU
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Free streaming for pre-equilibrium
QGP Phase

VISHNU
• 2+1D relativistic viscous 

hydrodynamics solver that includes 
shear viscosity.

• Calibrated to produce light hadron 
observables. 

Hadronic Phase



T-matrix: Back-up
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VCP:

Improved hyper/fine splittings 



T-matrix: Back-up
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WLC:

Quarkonium spectral function

Need smaller screening masses, even less potential screening Predictions from 
Perturbative 

Hard-Thermal-Loo
p Approach



Implementation of Recombination probability
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To effectively partition charm quarks into fragmentation or recombination, we calculate a self 
consistently derived recombination probability. 

Charm quark 
momentum 
in fluid-rest 
frame

Prec equal to 1 for a charm quark at rest 
in the thermal frame.

Comes from baryons
24



HQ Transport: Diffusion vs Radiation
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Partons considered independent until

 

 



RQM and RRM info for Baryons
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• Similar to RRM. Form qq-> dq and dp+Q->B. With two separate 
potentials. 

qq-> dq potential Qdq-> B potential

26

HQ transport - LIDO

Width for mesons = 0.1 GeV; width for 
baryons near threshold = 0.1 GeV, away 
from thereshold = 0.3 GeV
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To effectively partition charm quarks into fragmentation or recombination, we calculate a self 
consistently derived recombination probability. 

Charm quark 
momentum 
in fluid-rest 
frame

Prec equal to 1 for a charm quark at rest 
in the thermal frame.

Comes from baryons
27

Recombination Probability



RRM vs Fragmentation
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More Theory to Data comparison-I

3/25/2026 Hard probes in non-equilibrium QCD matter, ICTS-2026 29



 

Hadron Cross 
Section 
(mb)

0.437

0.178

0.115

0.236

0.026

0.003

1.0

[ALICE: EPJC 79 (2019)]; [CMS: PAS-HIN-18-017]; [CMS: JHEP 01 (2024) 128]; [ALICE: PRC 107 (2023)] 30

 

More Theory to Data comparison-II



Transport Coefficients: T-matrix formalism
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Based on T-matrix formalism: nonperturbative scattering framework for strongly coupled QGP; 
 

 

 

 

 

 
 

 

  

Self-Consistent Dyson-Schwinger like calculation 

 

 

 

4D Bethe-Salpter Equation

Quark propagator

Self-Energy

Infinite-Ladder Resummation

 

 

Quantum effects encoded in self-consistently evaluated spectral functions
T-matrix: [Riek+Rapp PRC 82(2010),Liu+Rapp PRC 97(2018)]

 
 


