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Deconfined QCD matter or QGP created in pp collisions?

p p

pp, pPb, dAu, . . .

Pb Pb

PbPb, AuAu, . . .

I. Small system vs. Large system

?
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✤ Observation of long-range correlations (near-side “ridge”), in high-multiplicity pp 
collisions. —>. Indication of collectivity in small systems 

1. Long-range two-particle correlation

 CMS, PLB 724, 213 (2013)  
And PLB 765, 193-220 (2017) 

I. Small system vs. Large system



✤ Smooth transition with multiplicity from small to large system. 

2. Strangeness enhancement

 ALICE, Nature Phys. 13, 535–539 (2017) 
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I. Small system vs. Large system



✤ Indicate the hadronization mechanism may changed in high-multiplicity 
pp collisions and same as the AA collsions.

3. Baryon / meson ratio

ALICE, PRC 99, 024906 (2019).
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I. Small system vs. Large system



✤ Hadronization mechanism changed in heavy flavor sector too!

4. Heavy flavor ratio

ALICE, PRL 127, 202301 (2021).
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I. Small system vs. Large system



Many measurements to investigate the properties of small system:

Collectivity

Particle productions Heavy flavor probes

multiplicity dependent vn
multi-particle cumulant

Enhancement of Λc /D0, Ξc /D0, . . .
Elliptic flow of D

Strangeness enhancement
Baryon to meson ratio

Study the hadronization mechanism in small system is improtant to particle 
production, dis., in the meantime, to probe the hot and dense QCD medium! 
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I. Small system vs. Large system

…

Benjamin’s talk



Enhancement of Baryon / Meson Ratio; Quark Number Scaling of Elliptic flow.
Play an important role in heavy ion collisions.
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Hadronization: the degree of freedom changes from quarks/gluons to hadrons
Hadronization is a non-perturbative process and can only be studied via models!

Fragmentation: 

Recombination: 
σH ∝ f A

i (x1, μF)fB
j (x2, μF) ⊗ σij→QQ̄+X ⊗ 𝒟Q→H Fragmentation function

Low momentum flavor hadronizes via 
recombination, while high momentum 
through the fragmentation!

I. Hadronizarion process
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So, how about the small system? 



I. Heavy flavor hadronizarion in small system

—> EPOS4HQ

✦ Mc, Mb >> ,  produced by hard scattering, described by pQCD. 

✦ Number is conserved during the evolution.
✦ Evolution (energy loss/gain) in the QGP is well studied.
✦ Hadronization probability can be managed partly based on heavy flavor effective theory.
✦ Few excited states compared to light hadrons.

ΛQCD

Heavy flavor can be a nice probe:

TAMU(SHM), Catania, Torino, PYTHIA8 with CR model.

M. He and R. Rapp, Phys. Lett. B 795, 117 (2019); 
V. Minissale, S. Plumari, and V. Greco, Phys. Lett. B 821, 136622 (2021);  
A. Beraudo, A. De Pace, D. Pablos, F. Prino, M. Monteno, and M. Nardi, (2023), arXiv:2306.02152 [hep-ph]. 	 	 	  
J. Christiansen, P. Skands, JHEP 08 (2015) 003

 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, arXiv: 2310.08684
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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. arXiv: 2301.12517
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.

II. EPOS4

Consistently accommodate these four crucial concepts is realized in the EPOS4!
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Core: hydrodynamics;   Corona: hadronic phase

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” 

II. EPOS4: core-corona picture

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

ϵ0
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, arXiv: 2310.08684



II. EPOS4HQ: heavy quark production

g + g → Q + Q̄
q + q̄ → Q + Q̄Space-like cascade Time-like cascade
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 K. Werner. arXiv: 2306.02396
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The interaction between heavy quark Q and q and g is described:

P.B. Gossiaux. J. Aichelin. Phys.Rev.C 78 (2008) 014904.

II. EPOS4HQ: heavy quark evolution

Both collisional and radiative energy loss are included 

J. Aichelin, P. B. Gossiaux, and T. Gousset,  
Phys. Rev. D 89, 074018 (2014)

Gluon emission of heavy quarks created by the interaction with light quarks:
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II. EPOS4HQ: hadronization

D0, D+, D+
s , Λc, Ξc, Ωc, . . .

We only deal with ground states, and the contributions from excited states (no matter they 
are P-or D-waves,…) are encoded in an overall momentum independent factor  !ℱ

How to estimate this factor ?ℱ

For ground states:

W(r, p) = 8e− r2
σ2 −p2σ2

.

W(ρ, λ, pρ, pλ) = 82e
− ρ2

σ2ρ
−p2

ρσ2
ρe

− λ2
σ2

λ
−p2

λ σ2
λ .

 are given by their mean radius 
calculated by two-body Dirac equation!

σ

Charmonium and multi-charm states are neglected!

When the local energy density is lower than critical value (T~165MeV)
Heavy quark hadronize via coalescence + fragmentation!

Determine the coalescence probability :Pcoal.

dN
d3P

= gH ∫
k

∏
i=1

d3pi

(2π)3Ei
pi ⋅ dΣiF(p1, . . , pk)Wm(p1, . . , pk) δ(3) (P −

N

∑
i=1

pi),
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1 − Pcoal. for fragmentation



For the excited states/resonance states:  
we include all hadrons [see backup slides]  
(missing baryons predicted by the potential model)
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The yield of the excited states to the ground state is given by the thermal ratio:
D*+

D0
=

D*+

D0 + D*0 + D*+68 %
=

1.42
1 + 1.42 + 1.42 * 0.68

= 0.419e.g.
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II. EPOS4HQ: hadronization

D. Ebert, et al. Phys.Rev.D 84 (2011) 014025.



EPOS4HQ reproduces spectra of different charmed hadrons quite well ! 

II. EPOS4HQ: results-spectra
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
arXiv: 2310.08684Heavy quark energy loss is very small.
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II. EPOS4HQ: results-yield ratio
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
arXiv: 2310.08684

 The yield ratio between charmed baryon to meson can be described via: 
  coalescence + fragmentation !
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
arXiv: 2310.08684
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 EPOS4HQ can well describe the elliptic flow of D meson!
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II. EPOS4HQ: results-elliptic flow
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
arXiv: 2310.08684

Small modification to the correlations!
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II. EPOS4HQ: results-correlations
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
in preparation…

II. EPOS4HQ: for large system
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
in preparation…
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II. EPOS4HQ: for large system
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 JZ, J.Aichelin, P.B. Gossiaux, K.Werner, 
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II. EPOS4HQ: for large system
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II. EPOS4HQ: for large system



✤ Based on the newly developed EPOS4 framework, which reproduces the light 
hadron observables in pp as well as in heavy-ion collisions, we bulit a new 
branch to investigate the heavy flavor physics, which is named EPOS4HQ.

✤ The yield of all charmed hadrons (D0, D+, Ds, Λc, Ξc, and Ωc), the elliptic flow 
v2, and the correlation of heavy flavor hadrons are studied in pp collisions, 
employing the EPOS4HQ. 

✤ Our results show that independent of the system size, all observables can be 
well understood assuming that there is system-independent critical energy 
density for the creation of a QGP.  

✤ Exotic states production in pp collisions

✤ pPb collisions
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III. Summary



Thanks for your attention!
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Particle data Group

Charmed mesons



arXiv: 1105.0583
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Ξc

Ξc

arXiv: 1105.0583
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Charmed baryons
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arXiv: 1105.0583
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