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Heavy quarks & heavy hadrons
• Heavy quark mc~1.5, mb~4.5 GeV >>ΛQCD
     
    produced in early hard process τ ~ 1/2mQ

• Hadronization  well separated from production
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Outline of Part I

Part I: Heavy quark hadronization in pp

• Heavy flavor hadro-chemistry: non-universal

• Statistical hadronization: grand-canonical  canonical

• Providing baseline heavy-hadron pT-spectra for Pb-Pb
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Heavy quark hadronization in pp collisions
• Heavy hadron production cross section: factorization

Λb/B vs pp system size scan

LHCb, PRL132, 
081901 (2024) 

• Hadronization: heavy quark conservation

mini.bias pp

x5

e+e- e+e-
ALICE, PRL127, 
202301 (2021) 

- hadro-chemistry: universal?  non-universal!
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Difference e+e- vs pp  statistical hadronization

• High-energy pp collisions = light-quark-rich environment 
  
   Coalescence of c/b with surrounding q

• Stochastic/statistical coalescence = Statistical Hadronization Model (SHM) 

Heavy-hadron primary production yields Ni ∝ thermal densities ni 

• e+e- = heavy Q-Qbar produced as two back-to-back jets
  
   heavy quark vacuum fragmentation: costly to excite a diquark-antidiquark pair

 Enhancing heavy-baryon production: nΛc∝ nq
2    vs   nD ∝ nq 

Relative chemical equilibrium between different heavy-hadron species

 not conducive to Λc baryon production
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Mini. bias pp: Grand-canonical SHM
• Grand-canonical thermal density for primary heavy-hadrons

γs=0.6 – strangeness suppression factor

TH=170 MeV – ‘universal’ hadronization temperature

PDG: 5 B, 4 Bs,   
               5 Λb, 2 Σb, 4 Ξb, 1 Ωb

RQM: 25 B, 20 Bs,
               30 Λb, 46 Σb, 75 Ξb, 42 Ωb 

Ebert et al., PRD 84 (2011) 014025

• Heavy-hadron mass spectrum: ‘missing’ c/b-baryons
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Ground-state c/b-hadron ratios
• Ground-state heavy-hadron total density = primary + feed-downs 

ALICE, PRD 105 (2022) L011103; MH & Rapp ’19

PDG

RQM

RQM

PDG

Λb/B vs system-size  Hc/D0  mini.bias pp

MH & Rapp ’23

？
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pT-dependence: fragmentation + decay simulation
• FONLL c/b-quark pt-spectrum + fragmentation into all primary states + decay simulations 

weight ∝ primary density (relative chemical equilibrium)

α tuned to fit the slope of known spectra 

 ground-state b-hadrons pT-spectra: z= pT/pt

Λc/D0 vs pT   

More excited
c-baryons

PDG

RQM

ALICE, PRL127(2021)202301
MH & Rapp, ’19

Σc(2455)/D0 vs pT   

ALICE, PRL128(2022)012001
MH & Rapp, ’19

SHM+RQM
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pT-dependence: b-hadron ratios in mini. bias pp

Bs/B  Λb/B  Ξb/B  

PDG

• PDG  RQM: feeddown of more “missing” excited baryons  enhancing
                             the ground-state Λb & Ξb to B ratio  

RQM

PDG

RQM

MH & Rapp, ’23
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But still why Λb/B falls with system size? 
Λb/B vs pp system size scan

LHCb, PRL132, 
081901 (2024) 

e+e-

• Coalescence viewpoint: nΛb∝ nq
2   vs  nB ∝ nq  Λb/B ∝ nq

2/nq = nq falling toward smaller system 

• Statistical hadronization viewpoint: switch to canonical ensemble for smaller system 
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Canonical ensemble (CE) SHM
• Canonical ensemble partition function: strict conservation of quantum charges 

•  Primary hadron yield: CE vs GCE  

chemical factor <1:
canonical suppression for 
charged hadron with 

- E.g. exact baryon-number conservation requires: simultaneous creation
  of a pair of baryon and antibaryon  energy-expensive exp(-2mN/TH) 
  canonical suppression for baryon production

correlation volume ~ system size



ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025M.He@NUST 12

Ground-state b-hadron ratios vs Volume

• All ratios tend to the corresponding GCE-SHM values at large system size

Grand-canonical 
limits

canonical 
suppression

• As volume/system size reduces, canonical suppression due to strangeness/baryon    
  number conservation  Bs/B,  Λb/B, Ξb/B suppressed by a factor 2 or more 
  

Λb/B

Bs/B

Ξb/B 
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Ground-state b-hadron production ratios

RQM

PDG

Λb/B vs system-size  

- Λb
0/B GCE saturation limit   e+e-  vacuum fragmentation limit

- RQM strongly favored by data

PDG

RQM

Bs/B vs system-size  

Data LHCb Collab., 
PRL131 (2023) 061901

Data LHCb Collab., 
PRL132 (2024) 081901

Dai & MH,  ’24



ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025M.He@NUST 14

Outline of Part II

Part II: Open heavy-flavor transport in Pb-Pb

• Interaction of HF with medium: T-matrix approach 

• Heavy quark diffusion & hadronization in QGP 

• Collective flow & pT-dependent modifications of hadro-chemistry

Hadro-chemistry & pT spectra computed above in minimum bias pp collisions
 = a controlled reference for studying modifications in heavy-ion collisions 
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Heavy flavor transport as probes of QGP
|          |                                                                                                                 |                                                        |      

τ [fm/c]

0       0.5                                                        5                                                      10

T ~ Tmelt
onset of 
quarkonium 
regeneration

T ~ Tc 
hadronization:
c+q D
c+q+q Λc 

hadronic
phase
diffusion

Dψ�𝒄𝒄
𝒄𝒄  

• mQ>>T  number conserved through diffusion/hadronization: tagged & traceable probes 
• τQ

eq ≥ τQGP  carrying a memory of interaction history: quantitative gauge of coupling strength 

D,Λc 
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HQ interaction & diffusion in QGP
• Heavy quark Brownian motion: Fokker-Planck/Langevin equation

• Q-q/g soft scatterings: T-matrix resummation of in-medium HQ potential

Q

    j=q,g

Riek & Rapp ’10; Liu, MH & Rapp ’19; Review: MH, van Hees & Rapp ’23

2-body scattering amplitude  1-body HQ propagator 

Q

thermal relaxation rate
 γ ~∫ |TQj|2 (1-cosθ) f j 

momentum diffusion coeffi.
Einstein relation Dp=γmQTq0

 ~ q2/2mQ << q ~ T << mQ

Σi = ij

j=q,g
Q



ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025M.He@NUST 17

Charm quark thermal relaxation rate in QGP

- Non-perturbative enhancement at low p & T;  approaching pQCD at high p & T 
- x K-factor=1.6 for mimicking spin-dependent force/radiative contributions  Tang & Rapp ’23

γ=A ~∫ |TQj|2 (1-cosθ) f j
T-matrix w/ U-potential  Resonance formation near Tc Accelerating charm thermalization

T-matrix

pQCD

Riek & Rapp ’10; Liu, MH & Rapp ’19; Review: MH, van Hees & Rapp ’23
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Hadronization: resonance recombination 
Recombination:                                               vs.    Fragmentation:

 

• 21 Resonance Recombination via Boltzmann equilibrium limit

Ravagli & Rapp ’07; MH, Fries & Rapp ’12

• 31 RRM: diquark correlations in heavy-baryons

D
�𝒅𝒅

c

- energy-conservation via finite width ΓM  T-matrix     resonance 

MH & Rapp ’20
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Recombination: space-momentum correlations 
• Inhomogeneous distribution: SMCs  enhancing Λc/D at intermediate pT 

• Capturing full flow  Heavier particle’s pT-spectrum harder

excited state

ground state

• Excited state more massive: recombination 
spectrum harder than ground state (SMCs/flow)

• SMCs extends recombination to higher pT  
increasing total v2

SMCsΛc

D
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Hadronic phase diffusion
• D + light mesons/baryons: mostly empirical resonant scattering amplitudes

• D-meson v2 increased by ~15% at 
    intermediate pT~ 3-4 GeV

• AD(p=0) ~ 0.1 fm/c near Tc  to be updated

MH, Fries & Rapp ’11
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D-meson & Λc-baryon’s flow @ 5 TeV Pb-Pb

-  Λc’s v2 significantly larger than D0,    
    predictions from RRM in MH & Rapp ’20

 -  v2 at low pT: gauge of coupling strength 

flow bump
shadowing

suppression

ALICE, JHEP 01 (2022) 174 ALICE highlights @ Quark Matter 2025

- Brown curve taken from our model 
calculation in MH & Rapp ’20

-   Simultaneous description of D’s RAA & v2 
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Ds enhancement over D0

RAA[Ds] > RAA[D0] at low pT

  Ds/D0 enhanced in PbPb vs pp

ALICE PLB 827 (2022) 136986
MH, Fries & Rapp ’13; MH & Rapp ’20 

•  In pp, strangeness is under-saturated γs=0.6
    in Pb-Pb, strangeness equilibrated γs=1

•  Equilibrated strangeness coupled to c-   
   quark via recombination  
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Charm hadro-chemistry Λc/D: ppPb-Pb
purple curves taken from our model predictions in MH & Rapp ’20 & MH & Rapp ’19

ALICE PLB 839 (2023) 137796 

stronger depletion compatible with pp

tend to pp

stronger 
flow push

- Same RQM charm-hadron spectra (in particular baryons) in Pb-Pb & pp

- RRM satisfying correct relative chemical equilibrium limit  same integrated Λc/D as in pp  

- RRM with SMCs capturing full flow effects  enhancing Λc/D at intermediate pT  
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Bottom-hadron nuclear modification factors

B-

Bc
-

non-prompt D0 & Ds

MH & Rapp ’23 Zhao & MH, ’25 

- Enhanced strangeness coupled to b-quark
     via RRM  larger RAA for non-prompt Ds

- Statistical recombination of b-quark with 
plenty of near-thermalized c-quarks  

     x5-6 enhancement of Bc at low pT
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Summary: transport coefficient Ds(2πT)
• HQ spatial diffusion coefficient: Ds=T/mQA(p=0)=T/mQγ   <x2>~Dst 

-  Models & lattice Ds(2πT)~1-3 near Tc,  x10 smaller than pQCD  collisional rate 
   Γcoll ~3/Ds ~1 GeV > Mq,g  thermal partons melted, Brownian markers/HQs survive

-  Minimum Ds(2πT) near Tc  maximum coupling strength of strongly coupled QGP 

c/b quark Ds used in our 
transport in addressing 
c/b-hadron phenomenology 

latest full lattice QCD result
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Summary: hadronization & sQGP
• Heavy flavor hadro-chemistry: non-universal but environment-dependent

• HQ probing the inner working of sQGP

- Same force responsible for color-neutralization = hadronization ~ recombination 

-   Large enough system: mini.bias pp  PbPb, grand-canonical ensemble SHM saturation 

- e+e-: vacuum fragmentation limit; In between, canonical suppression important for Λc/D

- “Missing” baryons essential via SHM 

-  Small Ds close to quantum limit  large collisional rate: sQGP = quantum liquid

- Recombination  flow pattern + pT-dependent modifications of hadro-chemistry
   (but only kinematic redistribution in pT with integrated Λc/D unchanged)

-  Likely supported by residual confining force (small screening of HQ potential) Liu & Rapp, ’15
HotQCD Colla. ’24 



ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025M.He@NUST 27

Outlook
• Open problems: Ξc/D & y-dependence of Λc/D in pp/pA

• Outlook for charm at finite μB

Ξc/D  Ξc/D  

Λc/D  

mid-y

foward-y

- Adapting our transport model:   

finite μB EoS & hydro 

c-quark interaction in μB-QGP  A(p,T,μB)  

D-meson interaction in μB-HRG  hadronic phase more important   

- Recombination in a quark   
  excessive QGP still pivotal 

D-/D+ >1  p-dependence via recombination

Λc/D0 [cud/c-ubar] may be more pronounced wrt LHC
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Back-up

The following are back-up slides
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Canonical suppression: chemical factors

At a small volume/system size,
• CF of Bs & Λb < B, canonical strangeness & baryon suppression
• CF of Ωb < Ξb

 < Λb, increasing strangeness content despite common baryon
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Canonical suppression: chemical factors

As volume/system size increases,
• canonical strangeness & baryon suppression attenuates
• same residual CF at large V: common canonical bottom number suppression
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Ground-state b-hadron densities with feeddowns

• As volume/system size reduces, Bs/B,  Λb/B suppressed by a factor 2; 
  Ξb/B suppression stronger, two-fold role of baryon + strangeness 
• All ratios tend to the corresponding GCE-SHM values at large system size
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Ds/D & Lc/D vs dNch/deta

ALICE, PLB829(2022)137065
Chen & MH, ’21 
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RRM equilibrium mapping: check out
 Event-by-event Langevin-RRM simulation with very large trans. coeffi. 
     & with SMCs properly incorporated

 kinetic & chemical equil. mapping  

 Observables come out as RRM predictions with realistic T-matrix coeffi.
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SMCs in hydro light quark distribution
 hydro: a manifestation of SMCs
         

longitudinal boost invariance: y- η transverse SMCs pT vT
 hydro-q: low (high) pT more concentrated in center (boundary)
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SMCs in Langevin-charm quark distribution
 Langevin-c: low (high) pT more populated in central (outer)
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SMCs: enhancing Λc/D0 
 Including SMCs makes spectra harder & enhances the Λc

+/D0 

• Fast-moving c-quarks [pT~ 3-4 GeV] moving to outer part of fireball find 
     higher-density of harder [pT~ 0.6-0.9 GeV] light quarks for recombination
 
• An effect entering squared for the recombination production of Λc

+ 
      larger enhancement for  Λc

+  Λc
+/D0  ratio enhanced!    

T-matrix coeffi.

K=12

SMCs
SMCs
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Modifications of bottom hadro-chemistry

B0
s/B- Λb

0/B- 

Ξb
0-/B-

pp  PbPb

• pp  PbPb
 Bs/B – enhancement at low pT: b coupled to equilibrated strangeness via recombination

 Λb/B – flow-bump at intermediate pT~5-15 GeV [significantly higher than c-sector]: 
stronger flow push on baryons, captured by 3-body RRM with SMCs

 Ξb/B – enhancement more pronounced: combining two-fold role of containing
                a s-quark & being a 3-body baryon
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