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Introduction:  heavy quark fragmentation
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• HQ mQ >> ΛQCD  production separated from hadronization in pp: factorization

• Hadronization: fragmentation function, including fragmentation weights 
constrained by e+e- data, then applied to pp  universal?  

Peterson, PRD27, 105 (1983)



Charm quark fragmentation: Λc/D
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• Charm fragmentation fractions non-universal e+e-  mini.bias pp

e+e-

x5

ALICE, PRL127(2021)202301; PRC104(2021)054905

• f(c Λc) ↑ vs f(cD0) ↓  Λc/D much enhanced!

ALICE, PRD105(2022)L011103



Bottom quark fragmentation: Λb/B 
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• decreasing from saturation value in mini.bias toward smaller size
• tending to e+e- value at very low dNch/dη

LHCb Collab., PRL132 (2024) 081901

• Λb/B vs dNch/dη: system-size scan of pp collisions

Mini.bias saturation
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Bottom-hadrons: Statistical Hadronizaton Model
• 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)

 for small system-size with low multiplicity dNch/dη, exact conservation of quantum 
charges important canonical ensemble SHM

• Grand-canonical vs canonical ensemble

 for large enough system size/high enough dNch/dη, relative fluctuation of quantum
charges small  grand-canonical ensemble SHM, e.g., mini.bias pp

Khazeev & Satz, EPJC 52,187 (2007)
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Grand-canonical SHM for b-hadrons
• grand-canonical thermal density for primary b-hadrons (Boltzmann)  

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



Strong decay systematics of excited states
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• 3P0 model: A  B + C via creating a q-qbar pair of JPC=0++

meson baryon

• Branching Ratio ∝ # of possible diagrams once a decay channel opens up (mesons)

• probability of producing a q-qbar pair ∝ exp(-2m/TH)
 exp(-2mq/TH) : exp(-2ms/TH) = 1 : 1/3 [mq~8, ms~100 MeV]
 diagrams involving s-sbar counted as 1/3

• E.g. BR(B-*B-+π0)= BR(B-*B0bar+π-)=1/(1+1+1/3)=43%;         
BR(B-*B0

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



Strong decay systematics: BR’s estimation
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• E.g. BR(Λb
0*Σb+ π- 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
sbar + Λ) =1/3/(3+2+1/3+2*1/3)=6%

• done for all RQM excited mesons/baryons (Σb
* , Ξb

*
, Ωb

*)  
numbers comparable to (limited) results in PDG & computed in 3P0 with full wave func.

X. Liu et al. ’07, Ferretti et al., ’18, Z. Wang et al., ’23

• Branching Ratio ∝ # of possible diagrams once a decay channel opens up (baryons)
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Ground-state b-hadron densities/ratios
• total density of weakly-decaying b-hadrons @ TH=170 MeV

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

LHCb Collab., PRL132 (2024) 081901

PDG

RQM



Canonical ensemble (CE) SHM
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• 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



Canonical suppression: chemical factors
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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



Canonical suppression: chemical factors
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As volume/system size increases,
• canonical strangeness & baryon suppression attenuates 

CF of Bs , Λb, Ξb ,Ωb increase  

• same residual CF at large V: common canonical bottom number suppression



CE-SHM densities with feeddowns
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• 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



Ground-state b-hadron ratios vs Volume
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• All ratios tend to the corresponding GCE-SHM values at large system size

GCE 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



B0
s/B vs dNch/dη
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• 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



Λb
0/B vs dNch/dη
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• 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



Summary
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• Bottom-hadron production in high-energy pp collisions:
relative chemical equilibrium via statistical hadronization

• System-size dependence of Λb/B: canonical suppression of Λb
arising from exact conservation of baryon number toward smaller size

• role of many “missing” heavy-baryons highlighted
 awaiting discovery!



Back-up: SHM for light hadrons in e+e-
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• Canonical ensemble SHM for light hadrons in e+e-

• strict conservation of quantum charges

• hadron yield

Becattini, Nucl.Phys. A702(2002)336



Back-up: Boost-invariance in pp collisions
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First, the ALICE measurement of charged-particle multiplicity dNch/dη in 5.02 
TeV minimum bias pp collisions [PLB845(2023)137730] indeed shows a rather flat 
behavior in a rather wide rapidity window, from η=0 up to η≈±4; see the blue curve 
in the following figure copied from Fig.1 of ALICE PLB845(2023)137730 (the dip 
at pseudo-rapidity η=0 disappears when translated into rapidity y using the 
appropriate Jacobian, and the narrower rapidity distribution in PbPb collisions is 
due to the QGP interaction/thermalization that reduces the kinematic spread).



Back-up: Boost-invariance of Lb/B in pp
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Second, LHCb has directly measured the Λb/B (multiplied by the pertinent branching fractions) at 
varying rapidity slices for y=[2, 4.5] in 7 and 8 TeV minimum bias pp collisions,  as shown in the 
following figure (copied from Fig.6 of LHCb Chin. Phys. C40, No.1(2016) 011001), where

which translates to Λb/B ~ 0.5 (i.e. the grand-canonical saturation value shown in Fig.2(b) in our 
manuscript) when plugging in the pertinent branching fractions. This ratio is indeed roughly 
constant in the whole range of rapidity covered by the measurement.



Bottom quark fragmentation
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Λb
0/B vs dNch/dη: 

scan of pp system size 

• increasing with dNch/dη toward saturation 
at mini.bias value,

• tending to e+e- value at very low dNch/dη

LHCb Collab., PRL132 (2024) 081901

• Bottom fragmentation fractions non-universal e+e-  pp

Heavy Flavor Averaging Group, EPJC 81, 226 (2021)

• e+e-  mini.bias pp:
b baryons enhanced vs 
bB reduced 



Statistical Hadronization Model (SHM)
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• 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 Pb-Pb

• one-particle partition function 

• 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

 hadron thermodynamic state not reached by dynamical collisions 
among hadrons/partons, but rather a generic fingerprint of hadronization

• QCD hadronic population from partons: born into equilibrium = maximum entropy state

 SHM applicable to pp collisions

• Applying SHM to bottom-hadron production in pp

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

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

 for small system-size with low multiplicity dNch/dη, exact conservation of quantum 
charges important canonical ensemble SHM

• Grand-canonical vs canonical ensemble

 For large enough system size/high enough dNch/dη, relative fluctuation of quantum
charges small  grand-canonical ensemble SHM

Khazeev & Satz, EPJC 52,187 (2007)
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Ground-state b-hadron fractions
• fragmentation fractions

• PDG  RQM: 
Λb

0 & Ξb
0,- enhanced by ~50%

• RQM: good agreement with 
mini.bias p-pbar & pp data
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