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Outline

+ Introduction of the heavy flavor probes

+ Heavy flavor production in heavy-ion collisions in EPOS4
+ Heavy flavor production in p-p collisions in EPOS4
+ System size dependence of energy loss and correlations

< Summary



Heavy flavor probes
m. ~ 1.5GeV,my ~ 4.7GeV

+7. ~1/m,,t, ~ 1/my, < 1y~ 1fm/c, «see” full system evolution.
+7.,7, < 15 =& R/y ~ 0.1fm/c, feel strong electromagnetic fields in HICs.

+mg, my, > N\ cp, produced by hard scattering, pQCD.

+m_, ny, >> 1, number is conserved during the evolution (thermal production can be neglected).
+m > 1 ~ g, can be treated as a Brownian particle.
+Small 9. strongly coupled to the QGP.
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(fm/c)
Heavy quark produced
Hadronization mechanism
Senstive to the
strongest EM fileds Hadronic interaction and

Energy loss/gain, thermailization bound states
Quarkonium diss. and reg.



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) . o 2
Duke (coalescence+fragmentation; only AA), . I . a
EPOS4 (coalescence+fragmentation: pp and AA), .~ e o TS ,

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.




Heavy flavor energy loss, hadronization model comparison

The Influence of bulk evolution models on heavy-quark phenomenology
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Bulid a unified framework

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

Light hadrons

Thermal medium properties:
EoS, lifetime,temperature,
velocity, shear viscosity...

Open heavy flavor Quarkonium @ I

Heavy guark energy loss

Correlations i N
Quark number conse rvatiOn Jiaxing Zhao, Joerg Aichelin, Klaus Werner, Pol Bernard Gossiaux

- EPOS4 gives a good description of both charm and bottom hadrons production in pp & heavy ion
collisions, central and peripheral collisions, RHIC and LHC energies!

WiIll be released soon! vz J.Aichelin, PB. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011; Phys.Rev.C 110 (2024) 2, 024909; arxiv: 2407.20919. 6



EPOS4

EPOS4: A Monte Carlo tool for simulating high-energy scatterings https://klaus.pages.in2p3.friepos4/
VENUS(1990) —>NEXUS(2000) —> EPOS1(2002) —>EP0S2(2010) —>EP0OS3(2013) —>EPOS4(2020)

An abbreviatation of Energy conserving guantum mechanical multiple scattering approach, based
on Parton (parton ladders), Off-shell remnants, and Saturation of parton ladders. K. Werner. PRC 108 (2023) 6, 064903

K. Werner, B. Guiot, PRC 108 (2023) 3, 034904
K. Werner, PRC 109 (2024) 1, 014910

parallel factorization
., pE scattering binary scaling
.
:: e /Born 1 X 1
S LE energy -
conservation <~ Saturation

e.g. three parallel scatterings

S-matrix theory (to deal with parallel scatterings happens in high energy collisions)
For each one we have a parton evolution according to the DGLAP .

Consistently accommodate these four crucial concepts is realized in the EPOS4!



EPOS4: core-corona picture

Bi & system 'E' energy density [GEV”H"IB] (n=0.0, t=1.09 fm/c) J i 'E' energy density [Gvem’] M=00,t=7.73fm/c) JO
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Core: string segment density larger than the critical density and also the transverse momentom of the
segment; hydrodynamics (VHLLE);

Corona: hadronic phase (UrQMD)

The energy density is larger than the critical energy density ¢, -> deconfined QCD matter!
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EPOS4: light hadrons production
Light hadrons have been described well from pp to AA by EPOS4!

K. Werner, PRC 109 (2024) 1, 014910
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EPOS4: heavy quark production

Heavy quarks are produced initially via:

sLc” T Q

N RN IS
Space-like cascade g+q—>0Q+0 Time-like cascade

10



EPOS4: heavy quark production

Born

Q
Ol
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Flavor excitation
10_1; R
— bpp Vs = 5.02TeV, |y|<1
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Flavor excitation dominates at low p; while gluon splitting becomes important at high p;-
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Outline

+ Introduction of the heavy flavor probes

<+ Heavy flavor production in heavy-ion collisions in EPOS4
+ Heavy flavor production in p-p collisions in EPOS4
+ System size dependence of energy loss and correlations

< Summary
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EPOS4: heavy quark energy loss

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

Both collisional and radiative energy loss are included
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J. Aichelin, P. B. Gossiaux, and T. Gousset, Phys. Rev. D 89, 074018 (2014)
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EPOS4: heavy quark energy loss

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

Both collisional and radiative energy loss are included R B B M
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EPOS4: heavy quark hadronization

When the local energy density is lower than the critical value ( 1o ~ 165 MeV )
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EPOS4: heavy quark hadronization

When the local energy density is lower than the critical value ( 1o ~ 165 MeV )
Heavy quarks hadronize into heavy flavor hadrons!

Heavy quarks hadronize via coalescence + fragmentation in EPOS4!

HQ with a given momentom

/v Coalescence =g \Which HQ hardons?
N 2

\ Fragmentation == Which HQ hardons?

= Which fragmentation function?
= How to decide the fragmentation fraction?

= How to calculate the coalescence probablity?

= How to decide the coalescence fraction?

16



EPOS4: heavy quark hadronization

= \Which fragmentation function?
Works well for e*e™, low energy pp....

Oh “ﬁA(xlaﬂF)f]B(xzaﬂF) 0y 0ii»00+X X @Q—>H

HeavyQuarkEffective Theory-based Fragmentation:

M. Cacciari, P Nason, and R. Vogt, Phys. Rev. Lett. 95, 122001 (2005), E. Braaten, K.-m.
pSGUdoscaIar Cheung, S. Fleming, gnd IyC. Yuan, Phys. Rev. D 51, 4819 (1995).
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EPOS4: heavy quark hadronization

When the local energy density is lower than the critical value ( 1o ~ 165 MeV )
Charmed hadrons from PDG and RQM.

Meson M(MeV) J¥ Meson M(MeV) g AC Baryon M(MeV) J* Meson M(MeV) J
& j i A 2286.46 +=0.14  15(1/2)" A. 3747 4D(3/2)
D 18369.66 = 0.05 0~ D 1965.35 = 0.07 0~
AT (2765) 2766.6 £ 2.4 725(1/2)" || AF(2880) | 2881.63+0.24  1D(5/2)*
DY 1864.84 = 0.05 0~ 8 ks 2112.2 0.4 b B
A 3130 35(1/2)* A, 3200 2D(5/2)%
D*(2010) | 2010.26 +0.05  1- DE (2460) 2459.5 + 0.6 1+ A, 3715 55(1/2)7 A, 3767 4D(5/2)*
A, 3973 S(1/2) A 3097 1F(5/2
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* L = + L
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PDG and D. Ebert, R. Faustov, and V. Galkin, Phys.Rev.D 84 (2011) 014025.




EPOS4: heavy quark hadronization

When the local energy density is lower than the critical value ( 1o ~ 165 MeV )

Charmed hadrons from PDG and RQM.
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EPOS4: heavy quark hadronization

= How to calculate the coalescence probablity?

Ground states Wigner density:

W(r,p) = /d4y5_ipy¢(r + g)w(r _ g) Wavefunction

. . . . . -2 — E mﬂ+mq_ 2
W’(prr) _ (Qﬁg)ge_g?pf Width is given by the potential model (7<) 2 (motmy)2 0
dN ~ k d3pl N
- = YW )oY P - .|, thermal light quark distribution
)| | AT (R ot
o U i= -

Excited states are involed via the thermal ratio:
g; , P T
= L ToamiK.
i T ga tFOT R (TFO)
R' = n! /n

excited

ground P l(p ) =R "X P ground(p )

= How to decide the coalescence fraction?

Sample a random number and choose the hadron to coalescence based on their coalescence probability.
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EPOS4: heavy quark hadronization

We include almost all hadrons (missing baryons predicted by the potential model; except the rare HF hadrons)

E- " R 2 N
100 T =165 MeV _ 100 T =165 MeV _
5 Total ]
10! 101
1072 1072
Q;8;10-3 D;8;10—3
1074 104
1075 1075
1076 107 —
10—7’.... A I I\ Y I 10—7'....|....|....|....|....|....'
0O 5 10 15 20 25 30 0O 5 10 15 20 25 30
pe (GeV/c) Py (GeV/c)

1 —-P.. forfragmentation

After hadronization, evolution in hadronic phase -> UrQMD

21



EPOS4: @ Large system (AA)

Central collisions
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Peripheral collisions
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22



EPOS4: @ Large system (AA)
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EPOS4: @ Large system (AA)
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EPOS4: @ Large system (AA)
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EPOS4: @ Large system (AA)
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Outline

+ Introduction of the heavy flavor probes

+ Heavy flavor production in heavy-ion collisions in EPOS4
+ Heavy flavor production in p-p collisions in EPOS4
+ System size dependence of energy loss and correlations

< Summary
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proton-proton vs. heavy ion collisions

QGP is formed !

Pre-Equilibrium @ @
Phase (< 1)
-,  Pb Pb

p) with QGP

QGP is formed 2?2

Hydrodynamic
o o Evolution

a) without QGF

pp,pPb,dAu, . .. A/

PbPb, AuAu, . ..

1. Quarkonium suppression

2. Quark number scaling law of the elliptical flow

3. Jet quenching
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proton-proton vs. heavy ion collisions

QGP is formed !

Pre-Equilibrium @ %
-, Pb Pb

QGP is formed 2?2

Hydrodynamic
o o Evolution itz ol
p p
a) without QGF b) with QGP
/ \ PbPb, AuAu, . ..
pp,pPb,dAu, . .. A 3
1. Long-range two-particle correlation - 1. Quarkonium suppression
-ong-range correlations (near-side “ridge") in high-multiplicity 5 'Quark number scaling law of the elliptical flow

pp collisions. -> collectivity in small systems
2. Strangeness enhancement
Smooth transition with multiplicity from small to large system.

3. Baryon / meson ratio (A/K, p/x,..)

Hadronization mechanism may be changed in high-multiplicity
pp collisions and same as the AA collsions.

3. Jet quenching
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Heavy flavor in small system
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Evidence of different “Fragmentation” Fractions in pp (pPb) at LHC wrt e "e ™ collisions but similar to HICs |

The large A./D°, 2_./D° E /D A,/B°, and v, of D indicate a small QGP may be formed.
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core-corona picture

energy density [GeV/fm’] (n=0.0, t=0.40fm/c) JO energy density [GeV/fm"] Mm=00,t=1.741fm/c) JO

y [fm]
y [fm]

“2 45 1 05 0 05 1 15 2

X [fm]

The energy density js larger than the critical energy density €, -> deconfined QCD matter!

v

--> A small QGP is created and its evolution can still be described by the hydrodynamics!
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dN/dp,dy [(GeV/c)™'] dN/dprdy [(GeV/c)™ ]

dN/dpdy [(GeV/c)™']

EPOS4: @ small system (pp)  Charm sector

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

I | o

R
10-2 ﬁog snn = 5.02TeV, |y|<O 5 | — EPOS4HQ , Coalgscence+fragmentation
DP° == Pure EPOS4 p*
10731 \; e ALICE —= \ 3 .
‘ oo Onlyifragmentation
10_4 ~~~~~ —= E
1075 : =
10—6_ """ Df:) bf. U[['QMDt ....... - . . .
10_7; :":gh;:m ﬁfc,:‘%,%;gﬂ,zat,rm | + Small momentum shift in the evolution
2 I B |
| + Momentum loss due to hadronization much larger
+ Charmed baryons are more sensitive to the QGP
+ All measured spectra of charmed hadrons are reproduced
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Charm sector

EPOS4: @ small system (pp)

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

JZ, J.Aichelin, PB. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011
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Charm sector

Multiplicity-dependent enhancement is confirmed by experiment !
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EPOS4: @ small system (pp)

1.5

Charm sector

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

Fraction

I D

- |y|<0.5, pr all
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—— charm interacts with the QGP-

- = charm w/o interaction

Yield ratios are a strong indication that a

QGP is formed in high multiplicity region !

Multiplicity-dependent enhancement is confirmed by experiment !



EPOS4: @ small system (pp)  Charm sector

JZ, J.Aichelin, PB. Gossiaux, K.Werner, Phys.Rev.D 109 (2024) 5, 054011
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| + In EPOS4, the interaction with the QGP creats this flow even in pp collisions.
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]~ + Hadronization and hadronic scattering slightly change the v2
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EPOS4: @ small system (pp)  Charm sector
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Outline

+ Introduction of the heavy flavor probes

+ Heavy flavor production in heavy-ion collisions in EPOS4
+ Heavy flavor production in p-p collisions in EPOS4
+ System size dependence of energy loss and correlations

< Summary
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Heavy quark correlations
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Heavy quark correlations
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System size dependent energy loss

pp, OO, ArAr, KrKr, PbPb 0-10% ---> to investigate the heavy quark energy loss
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At creation

After energy loss

After hadronization

Correlations from different process

from the same vertex (correlated)
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1/N dN/dA¢ (rad™h)

DD Correlations

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

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

“* Based on the newly developed EPOS4 framework, the yield of all charmed hadrons

(D°,D*,D_, A, E Q. also bottom hadrons), the elliptic flow vz, and the correlation of heavy flavor

hadrons are well described in both pp and heavy-ion collisions.
“* QOur 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.

+ It is possible to observe the correlation in the large system by subtracting the DD (uncorrelated) correlations !
+ EPOS4 is now ready for light and open heavy flavors, and the quarkonium part is coming soon.
On going:

+ pA collisions

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

43



Thanks for your attention!



