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QCD Matter: Open Questions

• Transport properties + their emergence from the underlying interaction

• Spectral functions + degrees of freedom

• Mechanisms for converting quarks + gluons into hadrons

• Role of quantum effects in the strongly-coupled QGP
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Why Heavy-Flavor Probes?

Hadron Matter

-  Large mass:  mQ >> LQCD , 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, Lc, J/y, …

-  Discernible transition from diffusion to radiation

-  Mass effects in radiation

-  Hot vs. cold matter effects
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Integrated approach needed!

Heavy-Quark Free Energy



HEFTY Overview + Organization

• 12 PIs from 10 institutions, 10 active junior personnel

• Management: PI (Rapp) + 2 co-spokespersons (Petreczky + Vogt)

                          + ombuds person (Vogt)

• 4 Working Groups [4 conveners], meet biweekly, detailed minutes:

   WG-1: Heavy flavor in equilibrium QCD matter    [Petreczky]

   WG-2: Heavy flavor in small systems                        [Vitev/Vogt]

   WG-3: Open HF transport                                        [RR]

   WG-4: Quarkonium transport                                   [RR]

     - a few inter-WG projects to date

• Quarterly PI Meetings (6 since Dec. ‘22)

• 1st Collaboration meeting (in-person, June 7-9, ’23, LBNL) 

• HEFTY Summer School + 2nd Coll Mtg (June 24-28, ’24, Santa Fe)

• Collaboration webpage (tamu.hefty.edu) 



HEFTY Flow Chart + PI Expertise

[Rapp (PI), Petreczky + Vogt (co-spokespersons), + 9 co-PIs]
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HEFTY Webpage

• hefty.tamu.edu 

  - announcements (press releases, etc.) 

  - working group schedules + minutes

  - publications, talks + data repository

  - calendar + events (non-/HEFTY mtgs.)

  - bylaws, code of conduct

  - several pwd protected areas



Publications

• Preprints posted on internal webpage ~7 days prior to arXiv submission

• HEFTY acknowledgment

• 15 papers thus far (+procs.), including 2 DOE web highlights

Recombination of Bc Mesons 

at the LHC

Heavy-Quark Diffusion 

from Lattice QCD 

Altenkort,Mukherjee,Petreczky et al [PRL ‘23]

Wu,Tang,He+Rapp [PRC’24)]

• Diffusing b + c quarks recombine

 large enhancement at low momenta

•  Spatial diffusion coefficient close

   to quantum bound, weak T-dependence



Working Group Personnel + Hiring 

• WG-1: Petreczky (conv), Mukherjee, Rapp; 

                  Zhanduo Tang, Hai-Tao Shu, Jorge DaSilva;

    HF spectral + transport properties in equilibrium matter (lQCD +EFT)

• WG-2: Vitev (conv), Dong, Frawley, Mehen, Qiu, Vogt; 

                 Vincent Cheung, Reed Hodges, Jia-Yue Zhang;

    HF production mechanisms in small systems: pp, pA, eA  (pQCD + EFT)

• WG-3: Rapp (conv), Bass, Dong, Lee, Vitev, Vogt; 

                 Yu Fu, Weiyao Ke, Tharun Krishna;

    HF transport + hadronization in AA (diffusion, radiation, Bayesian analyses)

• WG-4: Rapp (conv), Frawley, Lee, Mehen, Strickland, Vitev, Vogt; 

                Jacob Boyd, Biaogang Wu; KSU-faculty bridge hire ongoing

    Quarkonium transport in AA  (quantum diss/reco coupled to open HF)    

Dedicated (junior) personnel critical to develop collaborative synergy!



Summary of Milestones                      [WG] 

• Years 1-2 

 MS-1: Complete set of bottomonium spectral functions in sQGP with uncertainties     [1]

 MS-2: Comprehensive theory of open HF production + hadronization in pp and ep       [2]

• Years 2-3 

 MS-3: Lattice based microscopic description of open and hidden HF in sQGP                 [1]

 MS-4: Over-constrained extraction of T- and p-dependent HF trans. coeffs. in AA          [3]

 MS-5: Quantified extraction of HF jet-transport coefficients in AA                                     [3] 

 MS-6: Comprehensive quantum transport approach for quarkonia in sQGP                    [4] 

• Years 4-5 

 MS-7: Complete set of nonperturbative quarkonium transport coefficients                     [4]

 MS-8: Microscopic theory of quarkonia and open HF production in pA and eA      [2]

 MS-9: Assessment of HF transport + hadronization mechanisms: diffusive -> radiation [3] 

 MS-10: Microscopic lQCD-based quantum transport analysis of quarkonia in AA      [4]



Working Group-3 Progress: Open HF Transport 

Deliverable:
A theoretical framework for transport + hadronization of heavy quarks in heavy-ion collisions 
based on first-principles transport coefficients utilizing rigorous data analysis methods

• MS-4: Over-constrained extraction of T- and p-dependent HF transport coefficients from
                Bayesian data analysis based on MS-3 (trans. coeffs. WG1) MS-8 (initial conds. WG2)

   -- T-matrix charm-quark trans. coeffs. implemented into realistic QGP-hydro  [Y.Fu, Z.Tang]

• MS-5: Quantified extraction of HF jet-transport coefficients

   -- Systematic comparisons of radiative energy loss calculations (opacity expansion) with    
       effective transport implementation of coherent radiation  [W.Ke, Z.Tang]

• MS-9: Novel assessment of HF transport + hadronization mechanisms in transition  
                   from diffusive to energy loss regime

   -- Implementing resonance recombination model utilizing 6-dim heavy-quark phase 
       distributions from hydro transport output  [T.Krishna, Y.Fu]



WG-3 Highlights: Open HF Transport 

• MS-4: TAMU T-matrix c-quark trans. coeffs in Duke QGP-hydro  [Y.Fu, T.Krishna, Z.Tang]

• MS-5: Radiative energy loss: opacity expansion vs. effective transport    [W.Ke, I.Vitev]

• Sensitive to interaction

• reco in progress

• promising v2 values

• Effective interference + dead cone effect 

   agrees with high-pT theory 

• Paves the way to connect to low-pT transport
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Working Group-4 Progress: Quarkonium Transport 

Deliverable:
A theoretical framework for quantum transport of quarkonia in heavy-ion collisions utilizing 
density matrices based on lattice-QCD derived potentials + reaction rates, coupled to open HF

• MS-6: Microscopic quantum transport approach for quarkonia in sQGP based on matching 
                  of Brownian motion and semi-classical regimes

   -- Constructing semiclassical transport with nonpert. reaction rates and regeneration via 
       explicit HF diffusion [J.Boyd]

• MS-7: Complete set of nonperturbative quarkonium transport coefficients

   -- Calculated charmonium and bottomonium reaction rates utilizing T-matrix (WG1)  [B.Wu] 

• MS-10: Comprehensive analysis of quarkonium data at RHIC + LHC to extract transport 
                     parameters + in-medium heavy-quark potential based on MS-7 + MS-8 (WG-2)

   -- Published analysis of bottomonium suppression in pA collisions using cold-nuclear-matter  
       effects (WG2) + QGP suppression in hydro evolution [S.Thapa]



WG-4 Highlights: Quarkonium Transport 

• MS-6: Transport with recombination via explicit HQ diffusion [J.Boyd]

• MS-7: Charmonium + bottomonium reaction rates in sQGP from T-matrix  [B.Wu, WG1]
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Summary + Future Perspectives

• Development and synergy of HF transport components beyond 

    state-of-the-art, covering RHIC/LHC + EIC

• Systematic + sustained WG structure + activities

• Genuine HEFTY collaborative efforts in year-1, 

     progressing towards MSs

• Increasing inter-WG activities

• Exchange visits of junior personnel throughout HEFTY institutions

• Bridge position at Kent State Univ

• Year-2 summer school
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