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Introduction: Broader Context
(Q1) What are the transport properties of QCD matter and how do they emerge 
from the underlying interactions of quarks and gluons?
(Q2) What are the spectral functions of QCD matter and what can they tell us 
about the degrees of freedom at different temperatures?
(Q3) How does the quantum many-body physics of the sQGP limit its transport 
coefficients?
(Q4) What are the mechanisms of converting quarks and gluons into hadrons?
(Q5) How do elastic interactions in QCD matter at low p (diffusive regime) 
transition into inelastic reactions at high p (radiative regime)?
(Q6) How do jets evolve in QCD matter? 
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Why Heavy-Flavor Probes?     

-  Large mass:  mQ >> ΛQCD , T , Tc
-  Produced early, diffuse through QCD medium
-  Delayed thermalization: gauge of interaction strength
-  Ample connections to thermal lattice QCD
-  Hadronization:  reco. vs fragm. : c → D, Ds, Λc, J/ψ, …

-  Discernible transition from diffusion to radiation
-  Mass/dead cone effects in radiation, jet substructure
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Recent Progress
● Low-Momentum Brownian Motion

    - v2 + RAA data: 1.5 < 2πT DS < 4.5 , 

       supported by reaction task forces, lattice QCD,…
    → scattering rates Γc ≥ 0.5 GeV → quantum liquid
    - long-range non-perturbative forces essential

● Hadro-Chemistry
    - HQ coupling to collective light partons, SMCs
    → distinct patterns of charm-hadron production

● High-Momentum Energy Loss
   - Theoretical and experimental access to heavy flavor splittings
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Low Momentum: Diffusion + Flow
● 3-momentum dependence of transport coeffs.

● Non-perturbative HQ-QGP interactions at low pT
            → constraints on heavy-light interactions 

    → implications for in-medium color potential
       and sQGP structure
    → charm vs. bottom 

● Transport coefficients: community effort to move from 
     “poor man’s envelopes” to rigorous Bayesian inference?
             → include both meson and baryon data 
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Low Momentum: Diffusion + Flow
● Spatial diffusion coefficient DS ~ independent of   

heavy quark mass (to be verified with more precise 
lattice calculations)

● Thermalization time ~ linear with mass:

● DS estimates lead to 

● Is charm fully thermalised? How to assess that?
          →   Correlations of charm and bulk flow?

● b quarks have thermalization time x3-4 larger than c

● B mesons down to pT=0 (sPHENIX, future LHC runs)

● What additional information do we get from b quarks? 
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Intermediate Momenta: Kinetics + Hadronization
● Transition from:  - nonperturbative to perturbative interactions

                                     - diffusion to radiation

●  Single relaxation coefficient at low p vs. 3 transport / FP coefficients at intermediate p 

● How to measure/constrain transport coefficients? Important role of correlations: 
-  D-Dbar angular momentum correlations, ultimate measurement, longer term; 
-  start D-h as proxy in upcoming LHC/RHIC runs 

● Pros and cons of Fokker-Planck vs Boltzmann transport
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Ilia Grishmanovskii (DQPM 
approach, this conference)

EMMI RRTF report 2018
Nahrgang et al PRC90



Hard Probes 2023 / HF panel discussion

Intermediate Momenta: Kinetics + Hadronization
● Approach to kinetic and chemical equilibrium:

How can we compare to light flavour? Importance of hadron 
masses

● Chemistry + flow of excited baryon production 
● Measurement of charm resonances? First measurements of Ds* 

appearing in our field, look for baryonic charm resonances?

8[ALICE, Phys. Rev. C 99, 024906]

CMS

https://link.aps.org/doi/10.1103/PhysRevC.99.024906
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Intermediate Momenta: 
                       Piecing the puzzle together

● Jet measurements and correlation measurements
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Late splittings
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