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Bulid a unified framework
Light hadrons

Open heavy flavor QuarkoniumCatania model
PHSD model
Duke model
LBT model
TAMU model

Nantes model (previous)
Torino model
…

Tsinghua model

TAMU model
Tsinghua model
Comover model
Many new progress based on 
open-quantum system:
Munich-KSU model
Nantes model
Osaka model
PHSD-Nantes model
…

Thermal medium properties:
EOS, lifetime,temperature, 
volicity, shear viscosity…

Heavy quark energy loss
Quark number conservation
Correlations
…

Thermal medium properties:
EOS, lifetime,temperature, 
volicity, shear viscosity…

EPOS4: Give us a chance to combine light with heavy, open heavy flavor 
with quarkonium, from small to large collision systems!



✤ A brief Introduction to EPOS4 

✤ Quarkonium production in EPOS4 

Outline
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✤ Open heavy flavor production in EPOS4 



EPOS4: A Monte Carlo tool for simulating high-energy scatterings

S-matrix theory (to deal with parallel scatterings happens in high energy collisions)

e.g. three parallel scatterings

 K. Werner. PRC 108 (2023) 6, 064903

https://klaus.pages.in2p3.fr/epos4/An abbreviatation of Energy conserving quantum mechanical multiple 
scattering approach, based on Parton (parton ladders), Off-shell remnants, 
and Saturation of parton ladders.

EPOS4

Consistently accommodate these four crucial concepts is realized in the EPOS4!
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For each one we have a parton evolution according to some evolution function, such as DGLAP .

 K. Werner, B. Guiot, PRC 108 (2023) 3, 034904
 K. Werner, PRC 109 (2024) 1, 014910
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Core: hydrodynamics (vHLLE);   Corona: hadronic phase (UrQMD)

➡ If the energy loss is bigger than the energy of the prehadron, it is considered to be a “core”
➡ If the energy loss is smaller than the energy, the prehadron escapes, it is called “corona” 

EPOS4: core-corona picture

The energy density is larger than the critical energy density  
—> deconfined QCD matter!
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Light hadrons have been described well from pp to AA!



✤ A brief Introduction to EPOS4 

✤ Open heavy flavor production in EPOS4 

✤ Quarkonium production in EPOS4 

Outline
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EPOS4: heavy quark production
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Heavy quarks are produced initially via: 
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q + q̄ → Q + Q̄Space-like cascade Time-like cascade

} }
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Flavor excitation dominates at low  while gluon splitting becomes 
important at high .

pT
pT

Flavor excitation Flavor creation Gluon splitting

FONLL FONLL

EPOS4: heavy quark production

Fixed order next to 
leading log



P.B. Gossiaux. J. Aichelin. Phys.Rev.C 78 (2008) 014904.
J. Aichelin, P. B. Gossiaux, and T. Gousset, Phys. Rev. D 89, 074018 (2014)
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EPOS4: heavy quark energy loss

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, arXiv:2401.17096 

Both collisional and radiative energy loss are included 

Heavy quark is treated as a Brownian particle and its evolution is described by 
the Boltzmann equation



When the local energy density is lower than the critical value (T~165MeV)
Heavy quarks hadronize into heavy flavor hadrons!
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EPOS4HQ: heavy quark hadronization

Peterson Fragmentation, HQET-based Fragmentation, String Fragmentation,…

❖ Fragmentation

Works well for  , low energy ,…e+e− pp



When the local energy density is lower than the critical value (T~165MeV)
Heavy quarks hadronize into heavy flavor hadrons!

12

EPOS4HQ: heavy quark hadronization

❖ Fragmentation
❖ (Color)Recombination

• Enhancement Baryon / Meson Ratio

Phys.Rev.Lett. 124 (2020) 17, 

Phys.Lett.B 839 (2023) 137796

Phys.Rev.Lett. 118 (2017)21, 

JHEP 06 (2015) 190

• Quark Number Scaling of Elliptic flow

Hadronization in the hot medium shows a huge difference!

v2(meson)
2

≈
v2(baryon)

3



When the local energy density is lower than the critical value (T~165MeV)
Heavy quarks hadronize into heavy flavor hadrons!

13

EPOS4HQ: heavy quark hadronization

❖ Fragmentation
❖ (Color)Recombination

The heavy quark combines with the light quark(s) that are close 
together in phase space.

Low  heavy quark hadronizes by recombination while high  
hadronizes by fragementation.

pT pT

Fragmentation

Recombination



Heavy quarks hadronize via coalescence + fragmentation in EPOS4HQ!
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1 − Pcoal. for fragmentation (HQET based fragmentation function)

EPOS4HQ: heavy quark hadronization
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We include almost all hadrons (missing baryons predicted by the potential 
model; 17 ,10 ,38 ,54 ,92 ,54 ; except the rare HF hadrons)D Ds Λc Σc Ξc Ωc

dN
d3P

= gH ∑
NQ

∫
k

∏
i=1

d3pi

(2π)3
f(pi)WH(p1, . . , pi) δ(3) (P −

N

∑
i=1

pi),

After hadronization, evolution in hadronic phase —> UrQMD

When the local energy density is lower than the critical value (T~165MeV)

Ground states Wigner density: Width is given by the potential model

Excited states are involed via the thermal ratio:

EPOS4  with only string fragmentation



 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011
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EPOS4HQ: @ pp

Spectra, multiplicity dependent observables, yield ratios,  can be explained well!v2
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 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, arXiv:2401.17096 
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EPOS4HQ: @ AA

Central collisions Peripheral  collisions



17

EPOS4HQ: @ AA

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, arXiv:2401.17096 

Bottom sectorRHIC energy
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EPOS4HQ: @ AA

RAA

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, arXiv:2401.17096 
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✤ A brief Introduction to EPOS4 

✤ Quarkonium production in EPOS4 

Outline

✤ Open heavy flavor production in EPOS4 



Flavor excitation Flavor creation Gluon splitting

 correlationscc̄  correlationsbb̄

Heavy quark correlations
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Flavor excitation Flavor creation Gluon splitting

Heavy quark correlations

 correlationsDD̄  correlationsBB̄
20



Quarkonium production in pp collisions

Non-perturbative partPerturbative part Decays

✦ Color evaporation model (CEM)

✦ Color singlet model (CSM)

✦ Color octet model (COM)

✦ Non-relativistic QCD model (NRQCD)

✦ Wigner density matrix formalism

R.Vogt, V. Cheung, Y. Ma, H. Fritzsch,…

Y. Ma. H.S. Shao, K.Chao, R. Venugopala, M.Butenschoen, 
B.Kniehl ,C.H. Chang, J. Wang…

C.H. Chang, E. Berger, D. Jones, R. Baier,…

  G.T. Bodwin, E. Braaten, T.C. Yuan, G. Lepage,…

T. Song, JZ, P.B. Gossiaux, E. Bratkovskaya, J. Aichelin,…

21
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Wigner density matrix formalism —> density matrix projection

density matrix of the quarkonium density matrix of N quarks and antiquarks system

In phase-space, the differential production probability:

Wigner density of 
the quarkonium

Wigner representation of the 
ensemble of N heavy quarks 
produced in a pp collision

T. Song, J. Aichelin, E. Bratkovskaya. PRC 96 (2017) 1, 014907.
T. Song, J. Aichelin, JZ, P.B. Gossiaux, E. Bratkovskaya. PRC 108 (2023) 5, 054908

JZ, P.B. Gossiaux, T. Song, E. Bratkovskaya, J. Aichelin. arXiv: 2312.11349. 
D. Villar, JZ, J. Aichelin, P.B. Gossiaux. Phys.Rev.C 107 (2023) 5, 054913

Quarkonium production in pp collisions

PΦ(t) = Tr[ρΦ ̂ρtot]

Assume that the unknown quantal N-body Wigner density can be replaced by the average of 
classical phase space distributions:  . Classical momentum space 
distribution of the heavy quarks can be provided by EPOS4, PYTHIA, …. The relative distance 
in their center-of-mass frame is given by a Gaussian distribution.

W (N) ≈ ⟨W (N)
classical⟩

Only one “free” parameter  σQQ̄

σQQ̄ ∼ 1/pr

dPnl

d3P
= g∑ ∫

d3R d3r d3p
(2πℏ)6

WΦ
nl(r, p)∏

j>2
∫

d3rjd3pj

(2πℏ)3(N−2)
W (N)(r1, p1, r2, p2, . . . , rN, pN)
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The Wigner function can be constructed via a Wigner transformation in the 
spherical coordinate.

Wigner function of excited states depends not only on the |r| and |p|, but also 
the angle between them.

JZ, P.B. Gossiaux, T. Song, E. Bratkovskaya, J. Aichelin. arXiv: 2312.11349. 

Quarkonium Wigner function
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Widths are chosen to match the root-mean-square radius ⟨ ⟩ of the real quarkonium wave function !r2
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Charmonium production in pp collisions
Prompt  =  +   x 30% +   x 61% J/ψ J/ψ χc ψ(2S)

Black: prompt; Red: flavor creation; Blue: flavor excitation; Green: gluon splitting

Prompt  = ψ(2S) ψ(2S)



25

Charmonium production in pp collisions
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If we artificially erase the correlation between  and , we find the 
results underestimate the exp. data especially in the high  region!
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heavy quark 
correlation is 
important for 
the quarkonium 
production!
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Bottomonium production in pp collisions
Prompt  =  +  x 23% +  x 20% +  x 7% +  x 7% +  x 1% Υ(1S) Υ(1S) χb(1P) χb(1D) Υ(2S) χb(2P) Υ(3S)
Prompt  =  +  x 9.3% +  x 10.6% Υ(2S) Υ(2S) χb(2P) Υ(3S)
Prompt  = Υ(3S) Υ(3S)
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Summary

Light hadrons

Open heavy flavor Quarkonium
Coming soon!

✤ To a unified framework to describe at the same time of light, open heavy 
flavor, and quarkonium!

A public version with heavy quark, EPOS4HQ will be released soon.



Thanks for your attention!
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[ ̂p2
1

2m1
+

̂p2
2

2m2
+ V(r1, r2, s1, s2)]ψ = Eψ

Cornell potential + Spin-spin interaction

T. Kawanai, S. Sasaki,  PRD 85 (2012) 091503. 

Can explain the exp. mass very well!
JZ, K. Zhou, S. Chen, P. Zhuang, PPNP. 114 (2020) 103801. 

Two-body Schroedinger equation:

Quarkonium static properties in a vacuum



Quarkonium Wigner function

Approximate the wave function by a 3-D isotropic harmonic oscillator wave function

The Wigner function of quarkonium can be constructed by their wave function.

Widths are chosen to match the root-mean-square radius ⟨ ⟩ of the real quarkonium wave function !r2

Parameter in the sotropic harmonic oscillator wave function

Real quarkonium wavefunction by solving the Schroeding eq.

Cornell potential + Spin-spin interaction
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Particle data Group

Charmed/bottom mesons



arXiv: 1105.0583

Λc

Σc

38 states
54 states
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Ξc

Ξc

arXiv: 1105.0583

38 states
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Charmed/bottom baryons
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arXiv: 1105.0583

54 states

Charmed/bottom baryons


