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Heavy quarks & heavy hadrons
• Heavy quark  mQ >>ΛQCD

mc~1.5 GeV, mb~4.5 GeV

• Bottomonium vs open bottom hadrons 
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Heavy quark hadronization in pp collisions
• Heavy quark  mQ >>ΛQCD  production separated from hadronization: factorization

Peterson, PRD27, 105 (1983)
• b-quark hadronization: hadro-chemistry non-universal!

Λb/B vs pp system size

LHCb, PRL132, 081901 (2024) 

HFAG, EPJC81, 226 (2021)
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Part (I)

Bottom hadro-chemistry 
in minimum bias pp collisions

Grand-canonical Ensemble 
Statistical Hadronization Model
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Statistical Hadronization Model (SHM)
• QCD hadronic population from partons: born into equilibrium = maximum entropy state

• Hadron yields governed by partition function of a free hadron resonance gas (HRG)

• Grand-canonical ensemble SHM for light hadrons in PbPb

• hadron yield
P.B.-Munzinger et al., Nature, 561 (2018) 321

TH~Tc~156 MeV
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SHM for Bottom-hadrons in pp
• QCD hadronic population from partons: born into equilibrium = maximum entropy state

• Statistical Hadronization Model (SHM) for bottom-hadron production in pp

 relative chemical equilibrium achieved between different bottom-hadron species
primary production yields Ni ∝ statistical thermal densities

 bottom quarks produced in early hard processes, bottom-hadron yields not 
in absolute equilibrium (unlike light hadrons)

Khazeev & Satz, EPJC 52,187 (2007)

• Mass spectrum of bottom-hadrons: PDG incomplete?  to be augmented by RQM
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Grand-canonical SHM for b-hadrons
• Grand-canonical ensemble  thermal density for primary b-hadrons  

γs=0.6 -- strangeness suppression factor

• 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

TH=170 MeV -- hadronization temperature
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Strong decay of excited states: Branching ratios

 Branching Ratio ∝ # of possible diagrams once a decay channel opens up
• 3P0 model: A  B + C via creating a q-qbar pair of JPC=0++

BR(B-*B-+π0)=1/(1+1+1/3)=43%;          
BR(B-*B0

s+π0)=1/3/(1+1+1/3)=14%;   
BR(Bs*B-+K)=1/(1+1+1/3)=43%

BR(Λb
0*Λb

0 +2π)=3/(3+2+2*1/3+1/3)=54%
BR(Λb

0*B- + p) =1/(3+2+1/3+2*1/3)=16%
BR(Λb

0*Ξb + K) =2/3/(3+2+1/3+2*1/3)=11%
BR(Λb

0*B0
s+ Λ) =1/3/(3+2+1/3+2*1/3)=6%
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Ground-state b-hadron densities/ratios
• total density & production fractions of ground state b-hadrons @ TH=170 MeV

• production ratios at large dNch/dη:    
RQM favored!

LHCb, PRL132, 081901 (2024) 

PDG

RQM

Agree with Tevatron p-pbar
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Fragmentation & pT-spectra
• FONLL b-quark pt-spectrum + fragmentation into all primary states + decay simulations 
 ground-state b-hadrons pT-spectra: z= pT/pt

weight ∝ primary density (relative chemical equilibrium)

αB=45, αBs=25, αbaryon=8 to tune the slope of spectra 

• Fitting meson spectra  predicting baryon & total dσbbbar/dy= 39.3 μb for 5.02 TeV
mid-y based on SHM chemistry  baseline for b-hadron production in Pb-Pb collisions
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Part (II)

System size (dNch/dη) dependence of
bottom hadro-chemistry in pp collisions

Canonical Ensemble 
Statistical Hadronization Model
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Canonical ensemble (CE) SHM
• Canonical ensemble partition function: strict conservation of quantum charges     

(electric charge, baryon-number, strangeness, charm-, bottom-number)

• 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
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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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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, Bs/B,  Λb/B suppressed by a factor 2; 
Ξb/B suppression stronger, two-fold role of baryon + strangeness 

Λb/B

Bs/B

Ξb/B
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B0
s/B vs dNch/dη

• B0
s/B vs dNch/dη increasing from small multiplicity to saturation at large size

Data taken from LHCb Collab., 
PRL131 (2023) 061901

• RQM a bit smaller than PDG

PDG

RQM
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Λb
0/B vs dNch/dη

• Λb
0/B vs dNch/dη increasing from e+e- value with small multiplicity to   

saturation/GCE limit at large size

Data taken from LHCb Collab., 
PRL132 (2024) 081901

• RQM strongly favored by data

RQM

PDG



9th International HF Symposium Guangzhou, Dec.7 2024M.He@NUST 19

Part (III)

Bottom hadro-chemistry in 
Pb-Pb collisions:

b-quark diffusion + recombination in QGP

Hadro-chemistry computed above in minimum bias pp collisions
= a controlled reference for studying modifications in heavy-ion collisions 
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b-quark diffusion & hadronization in QGP

T ~ Tc 
hadronization:
b+q(s)  B(Bs)
b+q+qΛb

Hadronic 
phase
diffusion

B,Λb

b-bbar pQCD
production
τhard~ 1/2mb
<< τform~0.6 fm/c

b-quark Brownian 
diffusion in QGP
τeq

b ~ τeq
c *mb/mc

~ 20 fm/c
>> τQGP ~ 6 fm/c

• mb>>ΛQCD, T controlled baseline via pQCD & number conservation
• τhard~1/2mb  color test charge experiencing full evolution of medium
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HQ interaction & diffusion in QGP
• Heavy quark Brownian motion simulated by Langevin equations

• Q-q/g soft scatterings: T-matrix resummation of lattice-constrained HQ potential

Q

j=Q,q,g

Review: MH, van Hees & Rapp, PPNP ’23
scattering amplitude  quark propagator 
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HQ thermal relaxation rate in QGP
• T-matrix resummation of lattice-constrained HQ potential  relaxation rate

• Non-perturbative enhancement at low p & T;  pQCD at high p & T 
• x K-factor=1.6 for better phenomenology, also mimicking spin-dependent 

force/radiative contributions

γ=A ~∫ |TQj|2 (1-cosθ) f j

HQ potential U = F + TS Resonance formation near Tc Accelerating thermalization

x5
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Hadronization: resonance recombination 
Recombination:                                               vs.    Fragmentation:

Breit-Wigner

• 21 Resonance Recombination via Boltzmann equilibrium limit  energy conservation

Ravagli et al.’07, MH et al.’12, ’20

• 31 RRM: diquark correlations in heavy-baryons

B
�𝒅𝒅

b
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Recombination: space-momentum correlations 
• Inhomogeneous distribution: SMCs  recombination beyond momentum space 

• Left-over b-quarks: fragmentation in the same manner as in pp

excited state

ground state

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

• RRM vs frag. crossing at pT~14 GeV for Λb1 
vs Λb6 at pT>25 GeV

SMCs
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Modifications of 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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b-hadron nuclear modification factors
• RAA : hierarchy of flow effects and suppression driven by their quark content

pp reference from SHM
dNbbbar/dy~0.9 for 0-10%

non-prompt D0 & Ds

• Bs: b-quark coupled to equilibrated strangeness via recombination
Λb: 3-body baryon recombination, RRM with SMCs
Ξb: combining two-fold role of being baryon + containing a s-quark

• Non-prompt D0 & Ds: weak decays of all b-hadrons via PYTHIA8
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Summary: transport coefficient Ds(2πT)
• HQ spatial diffusion coefficient: Ds=T/mQA(p=0)=T/mQγ  <x2>~Dst

Ds(2πT) = (η/s)4π * (1-2.5)

• 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

• maximum coupling strength near Tc  small Ds & η/s strongly coupled QGP 
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Summary: b-quark hadronization

• Statistical hadronization of b-quarks in high-energy pp collisions:
grand-canonical  canonical ensemble 

 bottom hadro-chemistry well described in mini.bias & system-size scan – non-universal!

• role of many “missing” heavy-baryons highlighted

 awaiting discovery!

• b-quark diffusion + hadronization in QGP created in heavy-ion collisions

 probe of hadro-chemistry modifications & QGP transport properties


	Bottom quark hadronization in proton-proton collisions & in QGP
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28

