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mc ∼ 1.5GeV, mb ∼ 4.7GeV
Heavy flavor probes

✦ , “see” full system evolution. 

✦ , feel strong electromagnetic fields in HICs. 

✦ ,  produced by hard scattering, pQCD.  

✦ , number is conserved during the evolution (thermal production can be neglected). 

✦ , can be treated as a Brownian particle. 

✦Small . strongly coupled to the QGP.

τc ∼ 1/mc, τb ∼ 1/mb < τ0 ∼ 1fm/c
τc, τb < τB ≈ R/γ ∼ 0.1fm/c
mc, mb ≫ ΛQCD
mc, mb ≫ T
m ≫ T ∼ q

𝒟s
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Heavy quark produced

Energy loss/gain, thermailization 

Quarkonium diss. and reg.

Hadronization mechanism
Senstive to the 

strongest EM fileds Hadronic interaction and 

bound states

τ( fm/c)τ0 ∼ 1fm/c

Q HF − hadrons



State of art

In the theoretical side, there are many models to describe heavy flavor energy loss & hadronization:  

Catania (coalescence+fragmentation; pp and AA),  
CUJET (fragmentation; only AA) 
Duke (coalescence+fragmentation; only AA),  
EPOS4 (coalescence+fragmentation: pp and AA),  
LBT (coalescence+fragmentation; only AA),  
Nantes (coalescence+fragmentation; only AA),  
PHSD (coalescence+fragmentation; pp and AA),  
POWLANG (local color neutralization; pp and AA), 
PYTHIA (fragmentation/color reconnection; only pp),  
Qufu (equal-velocity combination; only AA),  
TAMU (pp-fragmentation; AA-resonance recombination+fragmentation; pp and AA),  
Tsinghua (coalescence; only AA). 
….

They give a more or less good description of the expermential data. 
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Heavy flavor energy loss, hadronization model comparison
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Bulid a unified framework
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➡  EPOS4

To combine the light with heavy, open heavy flavor with quarkonium!

gives a good description of both charm and bottom hadrons production in pp & heavy ion 
collisions, central and peripheral collisions, RHIC and LHC energies!

Light hadrons

Open heavy flavor Quarkonium

Thermal medium properties: 

EoS, lifetime,temperature, 

velocity, shear viscosity…

Heavy quark energy loss 

Correlations 

Quark number conservation 

…

 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011; Phys.Rev.C 110 (2024) 2, 024909; arxiv: 2407.20919.will be released soon！

c̄ c b̄ b
q̄ c c

q

q

Jiaxing Zhao, Joerg Aichelin, Klaus Werner, Pol Bernard Gossiaux



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

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!

For each one we have a parton evolution according to the DGLAP .

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

 K. Werner, B. Guiot, PRC 108 (2023) 3, 034904

 K. Werner, PRC 109 (2024) 1, 014910
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VENUS(1990)—>NEXUS(2000)—> EPOS1(2002)—>EPOS2(2010)—>EPOS3(2013)—>EPOS4(2020)
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Corona: hadronic phase (UrQMD)

EPOS4: core-corona picture

The energy density is larger than the critical energy density  —> deconfined QCD matter!ϵ0

t

8

PbPb 5.02TeV

Core: string segment density larger than the critical density and also the transverse momentom of the 

segment;  hydrodynamics (vHLLE);



EPOS4: light hadrons production
Light hadrons have been described well from pp to AA by EPOS4!
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 K. Werner, PRC 109 (2024) 1, 014910



EPOS4: heavy quark production

Heavy quarks are produced initially via: 
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g + g → Q + Q̄
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 Fixed order next to 
leading log

EPOS4: heavy quark production
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✤ Heavy flavor production in p-p collisions in EPOS4

✤ System size dependence of energy loss and correlations



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)

EPOS4: heavy quark energy loss

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
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➡ IR regulator , where  given by HTLκm2
D mD

➡ Running coupling 

➡ Extension of Gunion-Bertsch approximation 
(massless and high energy)

➡ LPM effect for moderate gluon energy

1
q2 − κm2

D(T )

m2
D(T ) = (1 +

Nf

6 )4παsT2



EPOS4: heavy quark energy loss

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909

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

14

Recent lattice results 
with dynamic quarks
 HotQCD Collaboration, Phys.Rev.Lett. 130 (2023) 23, 231902

➡ IR regulator , where  given by HTLκm2
D mD

➡ Running coupling 
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• Enhancement Baryon / Meson Ratio

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

Phys.Lett.B 839 (2023) 137796

Phys.Rev.Lett. 118 (2017)21, 212301 

JHEP 06 (2015) 190

• Quark Number Scaling of Elliptic flow

v2(meson)
2 ≈ v2(baryon)

3

Heavy quarks hadronize into heavy flavor hadrons!

15

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

Low  heavy quark hadronizes by recombination while high  hadronizes by fragmentation.pT pT

Coalescence

Fragmentation

EPOS4: heavy quark hadronization
When the local energy density is lower than the critical value (  ~ 165 MeV )TFO



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

EPOS4: heavy quark hadronization
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Coalescence

Fragmentation

HQ with a given momentom
Which HQ hardons?

Which HQ hardons?

?

➡ How to calculate the coalescence probablity?

➡ How to decide the coalescence fraction?

Heavy quarks hadronize via coalescence + fragmentation in EPOS4!

Heavy quarks hadronize into heavy flavor hadrons!

➡ Which fragmentation function?

➡ How to decide the fragmentation fraction?

c

D0
Ds
Λc
Ξc



Works well for  , low energy ,…e+e− pp
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σH ∝ fA
i (x1, μF)fB

j (x2, μF) ⊗ σij→QQ̄+X ⊗ 𝒟Q→H

EPOS4: heavy quark hadronization

𝒟c→P ∝ rz(1 − z)2

[1 − (1 − r)z]6 [6 − 18(1 − 2r)z + (21 − 74r + 68r2)z2 − 2(1 − r)(6 − 19r + 18r2)z3 + 3(1 − r)2(1 − 2r + 2r2)z4]

𝒟c→V ∝ rz(1 − z)2

[1 − (1 − r)z]6 [2 − 2(3 − 2r)z + 3(3 − 2r + 4r2)z2 − 2(1 − r)(4 − r + 2r2)z3 + 3(1 − r)2(3 − 2r + 2r2)z4]
vector meson: 

pseudoscalar: 

HeavyQuarkEffectiveTheory-based Fragmentation:

The fragmentation fraction has given by e+e−

➡ Which fragmentation function?

M. Cacciari, P. Nason, and R. Vogt, Phys. Rev. Lett. 95, 122001 (2005), E. Braaten, K.-m. 
Cheung, S. Fleming, and T. C. Yuan, Phys. Rev. D 51, 4819 (1995).

➡ How to decide the fragmentation fraction?



Charmed hadrons from PDG and RQM.

EPOS4: heavy quark hadronization
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ΛcD

PDG   and    D. Ebert, R. Faustov, and V. Galkin, Phys.Rev.D 84 (2011) 014025.

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



EPOS4: heavy quark hadronization
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Σc Ξc Ωc

When the local energy density is lower than the critical value (  ~ 165 MeV )TFO
Charmed hadrons from PDG and RQM.



EPOS4: heavy quark hadronization
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➡ How to calculate the coalescence probablity?

➡ How to decide the coalescence fraction?

Ground states Wigner density:

Width is given by the potential model 

Excited states are involed via the thermal ratio:

Ri = ni
excited/nground Pi(p) = Ri × Pground(p)

Wavefunction

dN
d3P = gH ∑

NQ
∫

k

∏
i=1

d3pi

(2π)3 f(pi)WH(p1, . . , pi) δ(3) (P −
N

∑
i=1

pi), thermal light quark distribution

Sample a random number and choose the hadron to coalescence based on their coalescence probability.



1 − Pcoal. for fragmentation
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We include almost all hadrons (missing baryons predicted by the potential model; except the rare HF hadrons)

After hadronization, evolution in hadronic phase —> UrQMD

EPOS4: heavy quark hadronization
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EPOS4: @ Large system (AA)
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Central collisions Peripheral  collisions

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909



Bottom sectorRHIC energy
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EPOS4: @ Large system (AA)

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909
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EPOS4: @ Large system (AA)
RAA = dNAA/dpT

Ncoll dNpp/dpT

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909
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EPOS4: @ Large system (AA)

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909
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or , 
v2 = < cos[2(ϕ − Ψ2)] >

v2{2} v2{4}
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EPOS4: @ Large system (AA)

 JZ, J.Aichelin, P.B. Gossiaux, V. Ozvenchuk, K.Werner, Phys.Rev.C 110 (2024) 2, 024909



✤ Introduction of the heavy flavor probes

✤ Heavy flavor production in heavy-ion collisions in EPOS4

✤ Summary 

Outline

27

✤ Heavy flavor production in p-p collisions in EPOS4

✤ System size dependence of energy loss and correlations



28

QGP is formed ??? QGP is formed !!!

2. Quark number scaling law of the elliptical flow
1. Quarkonium suppression

3. Jet quenching

…

proton-proton vs. heavy ion collisions
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QGP is formed ??? QGP is formed !!!

2. Quark number scaling law of the elliptical flow
1. Quarkonium suppression

3. Jet quenching

…

1. Long-range two-particle correlation
Long-range correlations (near-side “ridge”) in high-multiplicity 
 pp collisions. —> collectivity in small systems 

2. Strangeness enhancement
Smooth transition with multiplicity from small to large system. 

3. Baryon / meson ratio ( ,..)Λ/K, p/π
Hadronization mechanism may be changed in high-multiplicity  
pp collisions and same as the AA collsions.

proton-proton vs. heavy ion collisions
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Evidence of different “Fragmentation” Fractions in pp (pPb) at LHC wrt  collisions but similar to HICs !e+e−

The large , , , , and  of  indicate a small QGP may be formed. Λc/D0 Σc/D0 Ξc/D0 Λb/B0 v2 D

ALICE, arXiv: 2405.14571 

pp collisions

Heavy flavor in small system



core-corona picture

The energy density is larger than the critical energy density  —> deconfined QCD matter!ϵ0

t

——> A small QGP is created and its evolution can still be described by the hydrodynamics!

30

pp 7TeV



EPOS4: @ small system (pp)
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011

Charm sector

✦ Momentum loss due to hadronization much larger 

✦ Small momentum shift in the evolution

✦ Charmed baryons are more sensitive to the QGP

✦ All measured spectra of charmed hadrons are reproduced 

Coalescence+fragmentation

Only fragmentation



EPOS4: @ small system (pp)
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011

Only fragmentation
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EPOS4: @ small system (pp)
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011

Only fragmentation
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Charm sector

Coalescence+fragmentation

Only fragmentation (w/o QGP)

 Multiplicity-dependent enhancement is confirmed by experiment ! 



EPOS4: @ small system (pp)
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011

Only fragmentation
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Coalescence+fragmentation

Only fragmentation (w/o QGP)

 Multiplicity-dependent enhancement is confirmed by experiment ! 

Yield ratios are a strong indication that a 

QGP is formed in high multiplicity region ! 



EPOS4: @ small system (pp)

33

Charm sector

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

✦ Initially charm are produced in hard processes —> no finite elliptic flow expected

✦ In EPOS4, the interaction with the QGP creats this flow even in pp collisions.

✦ Hadronization and hadronic scattering slightly change the v2

✦ Light hadrons show a finite v2 created by fluctuations of the energy 

density and hydro expansion 



EPOS4: @ small system (pp)
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011

✦ Initially charm are produced in hard processes —> no finite elliptic flow expected

✦ In EPOS4, the interaction with the QGP creats this flow even in pp collisions.

✦ Hadronization and hadronic scattering slightly change the v2

✦ Light hadrons show a finite v2 created by fluctuations of the energy 

density and hydro expansion 

Charm sector
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Bottom sector
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EPOS4: @ small system (pp)



✤ Introduction of the heavy flavor probes
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✤ Summary 
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✤ Heavy flavor production in p-p collisions in EPOS4

✤ System size dependence of energy loss and correlations



Flavor excitation Flavor creation Gluon splitting

Heavy quark correlations

 correlationscc̄  correlationsbb̄ 36



 correlationsDD̄  correlationsBB̄

Heavy quark correlations

37

Non-prompt  from bdecayJ/ψ

Flavor excitation Flavor creation Gluon splitting



pp, OO, ArAr, KrKr, PbPb 0-10%
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System size dependent energy loss
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———> to investigate the heavy quark energy loss 



from the same vertex (correlated)
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Correlations from different process
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Small Large

At creation

After energy loss

After hadronization
“Partonic wind”
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Small Large
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The correlation is washed out by the uncorrelated heavy quark pairs in QGP!

 CorrelationsDD̄
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If only consider the correlation from correlated heavy quarks: (hard to do in the experiment !!!)
The correlation is washed out by the uncorrelated heavy quark pairs in QGP!

“Partonic wind”

 CorrelationsDD̄
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Small Large
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correlation (correlated) = correlation (all) - correlation (uncorrelated): (easier to do in the experiment !!!)
The correlation is washed out by the uncorrelated heavy quark pairs in QGP!
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It is possible to observe the correlation in the large system by subtracting the  correlations !DD

200 000 events 80 000 events

 CorrelationsDD̄



✤ Based on the newly developed EPOS4 framework, the yield of all charmed hadrons 
( , also bottom hadrons), the elliptic flow v2, and the correlation of heavy flavor 
hadrons are well described in both pp and heavy-ion collisions. 

✤ Our results show that independent of the system size, almost all observables can be well understood in pp 
collisions assuming that there is system-independent critical energy density for the creation of a QGP —> 
the existence of a small QGP in high energy pp collisions.  

D0, D+, Ds, Λc, Ξc, Ωc

✤ pA collisions 

✤ EPOS4 is now ready for light and open heavy flavors, and the quarkonium part is coming soon.

Summary
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✤ Test the hadronization mechanism by considering the influence of the light quark 
mass, hadronization temperature, baryon diquark structure, and so on.

On going: 

✤ It is possible to observe the correlation in the large system by subtracting the  (uncorrelated) correlations !DD



Thanks for your attention!


