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1. Bulk dynamics in HIC



@ For the simulation of heavy ion collisions

Parton-Hadron-String Dynamics (PHSD) is a non-equilibrium microscopic
transport approach describing a strongly-interacting hadronic and partonic
matter produced in heavy-ion collisions

Dynamics: based on the Kadanoff-Baym many-body theory (beyond semi-
classical BUU)

N Quark-Gluon Plasma: IQCD EoS Dynamical Hadronic interactions
Initial state: Au+Au non-perturbative QCD - quasiaprticles Hadronization =>final hadrons + leptons

time

PHSD provides a good description of ‘bulk’ hadronic and electromagnetic
observables from SIS to LHC energies

PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; P. Moreau et al., PRC100 (2019) 014911
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Dynamical Quasi-Particle Model

for QGP at (non)zero pg

QGP is composed of massive off-shell partons
a, & pole mass, width of parton from lattice E

oS
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P. Moreau et al., PRC100, 014911 (2019)



2. Open charm



Initial production 1
How many charms are produced?

Fermi motion is
important in low E
collision

25

0-10 % Au+Au
central collisions
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2. +/s of NN

1. Simulate NN collisions in AA

3. Charm is produced
with the ratio o.;/oyy
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T. Song et al., PRC92, 014910 (2015)
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Initial production 2
Charm position & momentum?

1073 800
- - - charm (FONLL)
< 10 vosnpipa27eT 1 el
o ]
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7 ] 5400-
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charm (tuned PYTHIA)
10° . | . | . | . ‘ . D_’ . _\ . _. R
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P, (GeVic)
Charm production points Charm momentum is given by PYTHIA
are given from Glauber after rescaling pr,y to imitate FONLL
modeling of nuclei distributions

T. Song et al., PRC92, 014910 (2015)
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Initial production 3
(anti)shadowing effects with EPS09
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E PHENIX ® -2<y<-1.4 (Au) 4 1.4<y<2 (d)
0.6¢ 1 = - - without cold nuclear matter effect
050 ool— with shadowing  ++ = with shadowing + Cronin
= y=1 05 0 -0.5 -1 : — T 1 T T T 1
0 4: | | L 11111 | | | L 11111 | | | 1111 0 1 2 3 4 5 6
107 107 107" GeV
X p; (GeV)

It affects charm production, depending
on collision energy, centrality and mass
number of nucleus

T. Song et al., PRC96, 014905 (2017)

Parton distribution function
changes in nucleus



Charm interaction in QGP

« Charm quark interacts with massive off-shell partons

1~ ki -y b oa g, g g ok n
N M % gf} e
EEML‘J QMEE .fc;/_)_\'\,fc: ()
H. Berrehrah et al., PRC89, 054901 (2014) 20 I
l. Grishmanovskii et al., 2503.22311 (2025) 18] ¢ = lqcD
. . .o . . 11 DQPM (m =1.2-1.8 GeV)
including radiative interactions 16
141
w12—_
It is consistent with the spatial s oS

diffusion coefficients from IQCD

T. Song et al., PRC110, 034906 (2024)
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Hadronization

fragmentation
,ﬂ
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0-10 % central

0.8+
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Coalescence probability decreases
with centrality and pr

T. Song et al., PRC93, 034906 (2016) 14



D meson interactions

- Effective chiral Lagrangian + unitarization
L. M. Abreu et al., Ann.Phys.,326, 2737 (2011); T — T + VG T

C. Garcia-Recio et al.,, PRD87, 074034 (2013)
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T. Song et al., PRC92, 014910 (2015) E__(MeV)



In total 256 hadronic reactions are considered

D+K—D+K (6 cross sections)
D+K—D+ K (6 cross sections)
D+n— D+n (2 cross sections)
D*+1m—D*+11 (10 cross sections)
D*+K—D*+K (6 cross sections)
D*+K — D*+K (6 cross sections)
D*+n— D*+n (2 cross sections)

D+N—D+N (6 cross sections)

D+N—=D*+N (6 cross sections)
D*+N—D+N (6 cross sections)
D*+N—=D*+N (6 cross sections)
D+N—D+N (6 cross sections)

D+N—D*+N (6 cross sections)
D*+N—D+N (6 cross sections)
D*+N—D*+N (6 cross sections)

D+A— D+A (14 cross sections)

D+A— D*+A (14 cross sections)
D*+A— D+A (14 cross sections)
D*+A— D*+A (14 cross sections)
D+A— D+A (14 cross sections)

D+A— D*+A (14 cross sections)
D*+A— D+A (14 cross sections)
D*+A— D*+A (14 cross sections)

D+N— D*+A (8 cross sections)
D*+N— D+A (8 cross sections)
D*+N— D*+A (8 cross sections)
D*+A— D+N (8 cross sections)
D+A— D*+N (8 cross sections)
D*+A— D*+N (8 cross sections)



PHSD approach has been successtul

at RHIC at LHC

2.0 1.6
D%in 0-10 % Au+Au @ 200 GeV ] = ALICE (0-10 %)

= STAR (0-10 %) 1
- = = without cold nuclear matter effect
1.5 — with shadowing .
-------- with shadowing+Cronin

PHSD w shadowing (0-10 %)
-------------- PHSD w/o shadowing (0-10 %)

R, (Iyl<1)
R,, (D° D, D*", |y|<0.5)
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p; (GeV)
T. Song et al., PRC92, 014910 (2015) T. Song et al., PRC93, 034906 (2016)
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R, (D meson)

at SPS energy (158 A GeV)

1.6

0-60 % Pb+Pb @ 158 A GeV

1. non-negligible effect
from (anti)shadowing

2. A bump appears due
to the flow, same as at
RHIC and LHC

3. Hadronic scattering

041 (anti)shadowing | shifts the peak of Ry, to
sl atT, 1 higher p;

] freeze-out ]
00— 4. Weaker suppression

0 1 2 3 4 5

P, [GeV] of Ry, at high py
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dN"/dM [GeV]

Dimuon production from charm pair
at SPS

p:£>0.2 GeV, |n¢|<0.8

0-60 % Pb+Pb @ 158 A GeV
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Dimuon from charm is not sensitive to QGP HG interactions at

SPS energies
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at FAIR energies

Fermi momentum (FM) is important
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3. Hidden charm



3.1 quarkonium production in p+p

b, L5

Heavy quark pair
production

(pPQCD process)
momentum from
PYTHIA

relative distance from
uncertainty principle

TV !

Bound state

Quarkonium formation
(non-pQCD process)

depends on model

We use the Wigner projection

19



Wigner projection

Wigner density of S- & P-wave states: ( p,r| p1, 71} D2, 12)

W D r? 2 2
P (r.p) =8 exp| —— —o"p |,
d‘]{.'rg a-

6 D [r? 3
Py (r-p) = 3 dids g2yt

r- )
xexp[——z—crp}
o

D, d1, d2: color-spin degeneracies of quarkonium, heavy quark
and antiquark
r, p: relative distance and momentum in center-of-mass frame

o. the only parameter ~ quarkonium radius

20



JJW in pp @ 200 GeV

prompt: purely initial J/y
direct: including the feed-down
from x_, @’

Inclusive: including . ¢’ and

B decay

Jhy in p+p @ 200 GeV (Jy|<0.35)
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Jhy in p+p @ 200 GeV (1.2<y<2.2)
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J/winpp @276 TeV | °

inclusive J/y in p+p @ 2.76 TeV

5

T % T L T T > T T T % T

r(J/y)=0.4 fm m ALICE
T(XC)=0-42 fm — - —prompt
— = direct
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The same parameters
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do/dp.dy (ub/ GeV/c)

J/JW in pp @ 5.02 TeV ]

inclusive J/y in p+p @ 5.02 TeV (|y|<0.9)

10’ E T T T T T T |
m ALICE ]
= - = prompt
— — direct
10° = inclusive 4
107
r(J/y)=0.4 fm i,
r(x,)=0.42 fm ~ o 5
1074 r(y")=0.7 fm >
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inclusive Jhy in p+p @ 5.02 TeV

J L T T v T | I 4 I
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The only parameters

Y(nS) inpp @ 5.02 TeV

1S yin p+p @ 5.02 TeV

Y(nS) in

Fp‘Fp'@'S'.O'Z-TeV
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3.2 quarkonium production in p+A

Nuclear absorption J/¥+meson interaction
(J/¥+nucleon interaction) [ /Y] WTNWW

« A constant cross section
Is introduced as a
parameter to fit the
experimental data

L. M. Abreu et al., PRC 97,
044902 (2018)

SU(4) effective model 25



HSD: E. L. Bratkovskaya, W. Cassing, and H. Stoecker, Phys. Rev. C 67, 054905 (2003), arXiv:nucl-th/0301083

J/¥+meson—> sum of ALL final channels (DDbar, D*Dbar* etc.)

T : ' 1 | T | T
1 I

0y I +p .
: A Ttteee :
i =~ JJWHK S s=eag
e Pawe/ TS '
° 10° L e
: J¥+K :

10” . | . ! .

4.0 4.5 5.0 5.5
s [GeV]
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HSD: E. L. Bratkovskaya, W. Cassing, and H. Stoecker, Phys. Rev. C 67, 054905 (2003), arXiv:nucl-th/0301083

o [mb]

0,01

(b, D*) (D% D)

38

——
4,0 42 44

s'2 [GeV]

c [mb]

0.1+

JI¥ +p

©, D |

(D, D*) (D% D) |

HSD: E. L. Bratkovskaya, W. Cassing, and H. Stoecker, Phys. Rev. C 67, 054905 (2003), arXiv:nucl-th/0301083
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38 4:0 l 4:2 I 4:4 l 4:5 ' 418 l 5.0
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10 L L L L I 10
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(D5 D); ( B.',D)
0,14
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J/¥ and y’production in pA at SPS

T

. 1 r(Jhy)=0.4 fm
First produce charm | 7 ry)=042m

pair and do Wigner L_sl rv)=07fm
projection with The same parameters
& consider nuclear

absorption 1@ 400 A Gev]

10 ] T Ll
= —e
= 1 INA50 .. (J/y)=6 mb
8 1 [-0.425<y<0.575 ]
[8) 1 o o ]
2 0505 preliminary
Po) 11 @ Jhy ]
= A
< v
o 0.1 .
m:L #\‘
c,..(y)=10.6 mb

0.01 . .

pBe pPb
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2.0

Roa Of J/1 and y'at SPS

p+Be @ 400 A GeV| p+Pb @ 400 A GeVI
2.0 — r

Even in p+Be collisions, nuclear absorption exists
Much larger nuclear absorption in p+Pb collisions

29



J/y at 400 A GeV vs. 158 A GeV

preliminary

- p-Be
_809-
=3 _ Gabs=6 mb
3
b 08
= c,,.=9-12 mb
S 07 i
© o
0.6 p-Pb
71 158 AGeV = NA50
1 400AGeV = NA60
0.5 . , : : , . , I .
0 1 2 3 4 5

L [fm]

A larger absorption cross section is needed at 158 A GeV
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J/¥ in p+Au @ FAIR (29 A GeV)

p+Au @ 29 A GeV with 5, =10 mb

Total
O-]/l/) (47’[)
=0.36ub

-0.5

-1.0

p, [GeV]

It decreases to 0.25 ub for o,,, = 20mb

454.0

397.3

— 340.5

— 283.8

— 227.0

— 170.3

— 113.5

56.75

0.000
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Y’ in p+Au @ FAIR (29 A GeV)

p+Au @ 29 A GeV with 5, =10 mb

Total 1.0 s
o (4m) K-

=0.058ub "

> 0.0

— 340.5
— 283.8
— 227.0
— 170.3

— 113.5

56.75
0.000

-0.5

-1.0
1 2 3 4

p; [GeV]

It decreases to 0.039 ub for o, = 20mb
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3.3 Quarkonium production in AA

Different from p+p collisions,

Quarkonium cannot be formed above the dissociation
temperature

Quarkonium radius changes with time (temperature)
Quarkonium dissociation and regeneration take place

We use the Remler formalism

E. A. Remler and A. P. Sathe, Ann. Phys. 91, 295 (1975).

E. A. Remler, Ann. Phys. 95, 455 (1975).

E. A. Remler, Ann. Phys. 136, 293 (1981).

D. Y. A. Villar, J. Zhao, J. Aichelin, and P. B. Gossiaux,
arXiv:2206.01308 (2022).

T. Song, J. Aichelin, and E. Bratkovskaya, Phys. Rev. C
96, 014907 (2017), 1705.00046.

¥
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Remler’s formalism

T. Song et al., PRC107, 054906 (2023)

Q|

QQ

Dissociation temperature
(first projection)

for free energy potential
T T T T T T

o

—a—Y (1S)
*—X, (1P)
—A—Y (2S)
v—X, (2P)

S
1
——

Whenever Q (Q) :
scatters, Wigner ]
projection is updated, {

I
|
1
using temperature- 18] /
dependent radius %

w
L

+—Y (3S)

24

bottomonia radis [fm]

-

o

1. This is carried out for all QQ pairs for all physical states:
JIW, X W' for cc and Y(1S), Y(2S), Y(3S), X,(1P), x,(2P) for bb
2. Heavy quark potential and scattering are closely related to quarkonium

production/dissociation .



There must be a suppression of heavy
(anti)quark scattering, if it is bound

If QQ form a color singlet, the size of QQ
pair will be small and the scattering
cross section must be reduced due to
interference

1.0

0-100 % Pb+Pb @ 5.02 TeV

—
CMS PHSD

Y(1S)

Y(28) [d

IIIII

0-100 % Pb+Pb @ 5.02 TeV (ly|<2.4)
i T y T T T

CMS PHSD
Y(1S) =
Y2s) =




Raa Of J/W in Pb+Pb @ 158 A GeV

r(J/y)=0.4 fm Pb+Pb, 158 A GeV
r(x.)=0.42 fm e - ' ' ' | '
e | r(y')=0.7 fm -

-
N

X |
|

N
i
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The same parameters

-
o
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=
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8 A
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(O] .
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s |
= .
O 0.7 S, -
= A NAG60 i
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8 1 e o o e e .
= 05 Ou/(20.)703 reliminar
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0-4 l L} l Ll I T
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Npart
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J/Y In Au+Au at FAIR energies

* IN progress
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Summary

PHSD which has been successful for open/hidden charm at
RHIC, LHC is applied to SPS, FAIR energies.

Charm production is sensitive to the fermi momentum near
the threshold energy (for example, Au+Au @ 5.2 GeV).

Dimuon spectrum from charm is insensitive to partonic &
hadronic interactions in heavy-ion collisions at SPS & FAIR
energies.

Based on the success of Remlar’s formalism (Wigner
projection) for J/y production in pp, we have extended it to
p+A collisions at SPS/FAIR energies.

J/@ in Pb+Pb collisions at SPS suggests g,,,=0.3(20,) in
QGP.
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Thanks for your attention



interaction rate I' [GeV]

Y(1S) interaction rate =

10 % interaction rate of b and b quarks

10; T ' T ' ' ] 10: — 1 1 - T ' T T T r T 7
1 --- b-quark scattering*2 ] - = = b-quark scattering*2
bottomium % bottomium
g T=300MeV_
14 e - 1 T Mey T
] P Qo L - ---cCZIZIZIZZ-S-ZZIIZIZIIZIZIZIZZIE
e A T=200 MeV
4 c
9
©
0.1+ i @ 01- .
| &
] £
001 T T T T T T 001 T T T T T T T T T T T T T T T T T T T
0.2 0.4 0.6 0.8 0 2 4 6 8 10 12 14 16 18 20
T [GeV] p [GeV]

T. Song, J. Aichelin, J. Zhao, P. Gossiaux, E. Bratkovskaya, PRC108, 054908
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Effects of hadronic scattering

Pb+Pb, 158 A GeV (0<y<1) Pb+Pb, 158 A GeV (0<y<1)

-
N
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N
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Y
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=
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o
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Measured/expected J/vy yield
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