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Jet suppression

C. Adler et al.[STAR], Phys. Rev. Lett. 90 (2003)

082302
* Au-Au central
e d-Au AR
- PP

far-side jet
suppressj

e o
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“““ pp

e STAR, pp

0.2

Au Au, 0-5 % centr. -

(1 STAR, Aut+Au -

STAR (2003):
DiscoveryofiJ et Quencd
strong suppression of far-side
jetin A+A vs p+p and d+A

HSD (Hadron-String Dynamics)
microscopic transport approach (2004):

W. Cassing, K. Gallmeister, C. Greiner,
J.Phys.G30 (2004) S801; NPA 748 (2005) 41

A good description of jet quenching in p+p,
d+A and near-side jet angular correlation
A for central Au+Au

strong underestimation of suppression of
the far-side jet due to hadronic
interaction

C indication for strong jet suppression
in QGP

=

Modeling of interaction
of jet partons with sQGP




Degrees-of-freedom of QGP

o % I,
o pQCD: (Yang-Mills) shear viscosity h
IQCD: QGP EoS at finite my -
J. Ghiglieri, G.D. Moore, D. Teaney, JHEP 1803 (2018) 179
' [ ' I ' I ! |
L= —== 10—
s ,/ ] j\.rf =10
0.8 /
I/
- I
206 : IT'B:O
& I w
= - I T — 1
04 ! === Free quarks and gluons — = _
i | - - Bag model, B=(150MeV)'| - LO pzqep mmm
I LO psrs
02 I o pQCD - b
- ll‘;‘ « Lattice i NLO pipgep mm
- | | | | 1 NLO pars
0 1 . L - 1 1 01 L L il L | L L iy
0 02 AN 08 1 10 100 1000
Non-perturbative QCD a pQCD T/T.
PQCD: Thermal (non-perturbative) QCD:
C weakly interacting system > C strongly interacting system
C massless quarks and gluons C massive quarks and gluons

C Quasiparticles = effective degrees-of-freedom
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%/f‘ Dynamical QuasiParticle Model (DQPM)

DQPM 1 effective model for the description of non-perturbative (strongly interacting) QCD
based on IQCD EoS

Degrees-of-freedom: strongly interacting dynamical quasiparticles - quarks and gluons
Theoretical basis :

C aesummedd si-madtei cl e Gr e el dsarkf(giuord propagasr (2PI) :

gluon propagator: @' =P2-8 & quark propagator Syt = P?- [,
gluon selfenergy:[ I g-i2g,

& quark seltenergyn ;=Mq*-i2g;-

Properties of the quasiparticles are specified by scalar complex self-energies:

Rq,: thermal masses S |ﬁ” ), Imrinteraction widths (73 ha,)

o
-'”-.9'5 p [GeV]
",

. _ . _ Nt
A spectral functions r,=-2ImS, A Lorentzian form: .
B
153
Y 1 1 B
pi(w,p) = == = - = 03
J 2 (w—Ej)uﬁ (w+Ej)2+7§) =
_ 4wy, Js
(w? — p? — M2)? 4 47202 EXp)=p’+ M} -y} 0

1.0

A. Peshier, W. Cassing, PRL 94 (2005) 172301; W. Cassing, NPA 791 (2007) 365: NPA 793 (2007), H. Berrehrah et al, Int.J.Mod.Phys. E25 (2016) 1642003;
P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC101 (2020) 045203
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DQPM: parton properties

0

Realization concept:
C introduceanansatz( HTL ;

Wi

Masses and widths of quasiparticles depend
onTand ‘g

. 2 T, ) N 1 /LZ
-m;(T, JU'B) — CH%TZ (1 + f _Eq q

2N, * 2 T2x2

T2r2

) 207, 2
m2 ) (T.um) = €, 1) 2 (1+ £ )

———TEEEE

0.2 0.3 0.4 0.5 0.6
T [GeV]

t h

0

15.0F

125

10.0F

751

5.0F

2.5

0.0

f ew par aghependersé of masses/wititles ( T,
C evaluate the QGP thermodynamics in equilibrium using the Kadanoff-Baym theory
C fix DQPM parameters by comparison of the DQPM entropy density to IQCD at >;=0

Strong coupling (g) is defined from |QCD

entropy density at * g=0, using 9

pe=0  Crossover

— pIT*
— 7"

— ]
— s/T? 4

f lattice Qcp 3

0.15 0.20 0.25 0.30

T
—— DQPM, i5=0
—-- DQPM, ig=0.2 GeV
------ DQPM, p1p = 0.4 GeV

cows=03

T T
§laco:ng=0 ]
T laco: Ny=2
I 1aco:Ng=2+1]

TITe(pe)

9 (Spepm _0
or\ T3 B

1 6%(s/ssp) =d((s/ssp)° — 1)1

s95P —19/9 727

g = gz(Ta ”B)/(Llw)

E DQPM allows to explore QCD in the non-perturbative regime of the (T, * z) phase diagram
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$/a  Partonic interactions: matrix elements

DQPM partonic cross sections A leading order diagrams

I, a v, b

C Propagators for massive bosons and fermions: T 9" — qiq” /M2
PR MZ + 2i7v,q0
C (Quasi-) elastic channels: ) j
Fq 5 g—i‘ﬂ[q
gqoA qq6 scattering *’&qu_ﬂ,fqz+2i,},qqo

gq A gq scattering

t — channel u — channel s — channel

0gA gg scattering

s — channel

C Inelastic channels:

P q+q—8g
t — channel u — channel s — channel 4 — point g — q + (—1

H. Berrehrah et al, PRC 93 (2016) 044914, :

Int.J.Mod.Phys. E25 (2016) 1642003, P. Moreau et al., PRC100 (2019) 014911
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S/ Differential cross sections

3 A
~ 3 M g "
A Onshell: 4 < ¢ Off-shell: 4 Initial masses pole masses
) F'e 5 1 ke Final massesintegration over
o \\ 0 o \\ o spectral functions
0
My g A M My
Initial masses pole masses , P
My /4 i 1S /
Final massespole masses 4
ORI RN R TR T T 2 LN L T A
S=4 GeV
1015" —— on-shell qq/=qq’ E L
= - off-shell i 101k
) 0' = = 1 pQCD limit F
% 105" "true" pQCD E
5} - [
% 1071t pPQCD, F
o : [
> - 1
3 1077} 107°%
=% C
1073 { 107% DQPM 7
G N N N SN N VRN WS S I ML (N WAIr N (N S R T M U W WA SN N T ST SN S S SN S T S R S S S
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

cos(0) cos(8)
Plot by llia Grishmanovskii

C DQPM: MA 0,gA 0C reproduces pQCD limits
C Differences between DQPM and pQCD : less forward peaked angular distribution
leads to more efficient momentum transfer

P. Moreau et al., PRC100 (2019) 014911
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S/ Total elastic cross sections

AL L L L L L L
[ = on-shel ]
- IK === gff-shell 4
L I|| i
F N s m——— = =l
o o=
— II'\.
a g L e———— R ————————— =
o e ———— e ——r s
J"I‘--_FF
&
F
Y F=12T,
W' = udud  —— guagu  —— gg-gg -
TN TN T N T T T T T N T T T T T T O T T A T T T

2 i il 8 10 12 14
VE [Gev]

C off-shell effects are stronger at low s/2

L I T
10" : off-shell, Vs =2 GeV
F — ]

uu-uu
uli-ud
gu-rgu = (4/9)
gg-gg = (4/3)

107" E

C MR MR R TR L 1
1.0 15 2.0 25 3.0
TfTr

C strong T dependence
C ~ scaling with color ratio

2

- 9 Cy—— C -— 9

[Mogl* = =M IQ%(—Q) [Mgql”
99 c,” 9 Cy 99

T T T T T T T T
10"
T off-shell, T=1.2T,

'T._;m E — ud dud —ui-dd ]
T ouus U —— guogux(z) ]
—_— Ul iz
— gg>ggx(g) |
107F E

i P T T NI T T NI 1 1 T 1 1

R g
V'S [GeV]

strong channel dependence at low s12

200F T T T T T ]

________ —_— 5 =2GeV ]
wsF T T el ——- VS =56eV ]
15.0 3

off-shell, T=1.2T,
P =—— ud=2ud = gu-gu = gg-3gg

o [mb]

pg [GeV]

C weak my dependence

. Grishmanovskii et al., PRC 110, 014908 (2024), plots from PhD Thesis 8



DOQPM: Mean-field potential for quasiparticles

Space-like part of energy-momentum tensor Tph,defines the potential energy density:

V(T pug) = ng (T, pg) + qug (T, p1q) + ng (T, pg)

=ds /dw de w)np(w/T) O(£P?) -
space-like gluons + space-like quarks+antiquarks do & i
'1"1',;~~~::/,l./ T “~w,,( ) O(w) np((w = pg)/T) O(£P?) - -
. Tr, o= l,/%(f%){ 2w pg(w) O(w) np((w + ptg)/T) O(£P?) -+
C Mean-field scalar potential (1PI) for quarks and
gluons (Uqg, Ug) vs parton scalar density r:
4.0 ————rr
_ d‘/}a(ﬁs) " U +0 +U- 35/ DOPMTS

Us(ps) dp

Ug=Us, Ug~2Us

Quasiparticle potentials (Ug, Ug) are repulsive !

PHSD: C the force acting on a quasiparticle j:

p,[fm]

F~ M /E, VU, (x) = M;/E; dU,/dp, Vp.(x)

J=9:4.9 - _
C accelerates particles

Cassing, NPA 791 (2007) 365: NPA 793 (2007)



QGP near equilibrium

DQPM (T, m,):
transport properties at finite (T, m,)



W
g”//“ Transport coefficients:  shear viscosity h at finite (T, m,)

Relaxation-Time Approximation (RTA) S;A 0 eadi ngdiagrace r
( + cross-check with Kubo formalism): (

3 4
PN in) = o Y / e s ) di(1 £ ),

E_Q7 g \ ]
I ] ’
[T 1 T T 1T~ T T T "1 Parton interaction
([ o] | ® 4 ©O = IQCDN-0 rate:
10'k = e DQPM RTA T Bayesian |
‘|| far-from-equilibrium holography: rf 8.8 E d} f j Oij
F %\ | —v—(—*—1PHSD )—#<SMASH) 1 :
T\ ' —o0==URQMD

<y = = N,=3PNJL —-—- N, 2LSM

Shear VISCOSIty h/s (T, m,)
./ | thiw_

0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 24
T/T,

h/s from DQPM = h/s from PHSD in a box

U Good agreement witHQCD
U Light increasef shearviscosity with

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203 Lattice QCD: N. Astrakhantsev et al, 11
JHEP 1704 (2017) 101



é%/ \ Transport coefficients

h/s versus (T,m) Bulk viscosity z/s Speed of sound c,?
e e TN
/\ @‘-» j AT R T

P. Moreau et al., PRC100 (2019) 014911; Electric conductivity s /T oo diftusion
0. Soloveva et al., PRC110 (2020) 045203 s kB/T2
o ,,,,_,,

Full diffusion coefficient matrix 10 1020
0
" . 3 .
B KBB KBQ KBS Viag §
35 . kQB  KQQ kQS | Vtag O-OQQ K,
e KSB  KsQ kS Viag B £ R
o
J. A. Fotakis et al., PRD 104 (2021) , 034014 f/o-
By 3
g, <O =

C Weak dependenc®f transport coefficientson Hj|

12




Probing the properties of the sQGP
with jet partons
7,
“*  Extension of DQPM (T, m,)
elastic (24> 2) + inelastic (24> 3)
scattering

13



Partonic inelastic 2A 3 interactions

quark+quark

s

Pa

Pa m Pa n b, b1
g Pa
Py » » P2 Py » » P2 P > » P
Pa > E > m 2 > > ”m
Ph‘b—b—%m Py P2
P3 P73

guark+ gluon(uchannel)

p3 Pa

Pa P2 Pa P2 Pa ———— 000000008 P2
Y
lLeeeee - p3
A

Py mn P J4 Pb 0900009000 ——— 1

Pu P2 Pa ———— 0000000008 P2
\i

p1 Dy %—b— it

]

quark+gluon(t-channel)

P D3
P P P P Pa P
P3
Pb P2 P P2 Py P2
Pa n Pa > B > n Pa > > n
Ph P2 Py P2 Py Mumui&m P2
P3 P3 P

quark+gluon(schannel)

a P1 4 Pa P
\ p3 P3
p3
p2 Py ! Py P2
Pa P P P
p3 P3
” P2 Py P2

O 0O O

No approximations applied
All interference terms included
Emitted gluon is massive in DQPM

I. Grishmanovskii et al., PRC 109, 024911 (2024)
14



W . . . . .
&/ Partonic cross sections: elastic vs. inelastic

N BEILIEAE AN BT N RSN AL A R A B
F ' ' ' ' ' i —— inelastic — V5=2GeV ]
10" : 10'h -=-- elastic Vs=5GeV ]
100k [
_ : S 10%
2 [ [eeemmmmmmmmm—mm————————=a £ z
E 107~ =
& b | ] S 107 ===
107%E : ===
; 1072
107F — inelastic i
i —=—- elastic — 6T ] 10_3
1074b— 7 S 4 L é —— é — ‘1'0‘ . ‘1‘2‘ . ‘1'4‘ 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Vs [GeV] TITe
—_— 2 3
|M2_>2|2 X Ozg |M2—>3| X g

E Elastic cross sections dominate at low energies and high temperatures
E Inelastic cross sections dominate at high energies and low temperatures
E Temperature dependence is stronger for the inelastic reactions and is mainly

driven by the DQPM strong coupling

* In calculations - emitted gluon

has a thermal pole mass m %(T) I. Grishmanovskii et al., PRC 109, 024911 (2024)

15



b
§/a Inelastic cross sections: emitted gluon m

e B B e o LI L LR L L B LR B LR B
T=02GeV ] I
— /5=5GeV ]
— 5 =10 GeV ]
- 1 'E 10"
[ ] ® T=1.2T,
f ] — M, =0
- . Mg =0.49 GeV |
[ . —— M, =15 GeV
Ob—— 0 ey A ']EU---- S N B BT R R
025 050 075 1.00 125 150 175 2.00 0.0 2.5 5.0 7.5 10.0 12.5
M, [GeV] v's [GeV]

C Shift of the threshold of inelastic
Sqq With increasing mass of
coiliding quarks M,

C Strong dependence of inelastic total
cross section on the mass of emitted
gluon m,

l. Grishmanovskii et al., PRC 109, 024911 (2024) 16



Jet transport coefficients from elastic scattering

On-shell: Off-shell:
§ integration over momenta 6 integration over momenta
o masses = pole masses o +two additional integrations over
medium parton energies
3 " Ms ,
3
(1) 77777 \90 (2) E2 _ m2 + p2 / o 1 )
My % Mo = Pl (A s — = f—wp(w,p)fi(w)
g M Mo 2F (2m)
ﬁf4 4 p e =
- 4
1 d’p;
o) = b [ ot . d'p,
2E; j—;,g "I (2m)2E; (O)F =55 2. &ifi o
d’p d*py " i=04.9 (27)
) / (2m)32E, f (27)32E, y &’py d ps

(2m)32E, J (27)

X (1£ f1)(1 £ f2)O|M*(27)*6W (p; + pj — p1 — p2) o
x (1£ £1)(1 £ f2)O|M|*(2m)*6 (p; + p; — p1 — p2)

<O>u = Z<O> ugq + Z<O>TH}_ + <O> ug — (O>ma—>uu T (O>ud—>ud + <O}us—ms + <O>uﬁ_;u_ﬁ + <O> ud—sud + (O)ug—mg T <@>ug—>1eg
q q

C Scattering rate G O=1

C Transverse momentum transfer O=lpr—pr'|* = (0)=g
squared per unit length A:

Energy loss per unit length dE/dx: O = (E — E') = (0O) = dE/dx
Drag coefficient A: —nr —1p
9 ICI O =pL—py, .

O O
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Partonic interaction rates in equilibrated sQGP

I [GeV]

T [fm/c]

Interaction rate

LA L D L D e L |
10_1?/——"-——'— i
0 .

/’,:""A-
//”’
’,7 .
1073k R — quark — elastic -
Ert —— gluon ===~ inelastic ]
I B BT B BRI B B B
015 0.2 025 030 035 040 045 0.50
T [GeV]
Relaxationtime ( U ~ 1/ J)

A B B N RN L BRI BRI B
2.00F === elastic ]

[ —— elastic + inelastic
175F
150 F
1.25F
1.00F
0.75F .
o.soiw

e o o e by by b by b
015 020 025 030 035 040 045 0.50
T[GeV]

@ 0.001;

T

T

on—shell u — u scattering
,\ ~ T=T,

1 T=0.3 GeV
0100/ ~_ T=0.4GeV|
'> ~_ T=05GeV
=
> 0.010}
-}

-4 e
10 0 2 4 6 8 10

Vs [GeV]

In thermalized QGP low energies are favored
where the elastic scatterings dominate

<

The partonic interaction rate and relaxation time
are primarily governed by elastic scattering

Inelastic processes i with massive gluon
emission i are suppressed in the thermalized
QCD medium

I. Grishmanovskii et al., PRC 109, 024911 (2024) 18
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Afrom elastic scattering

[T [T

—— DOPM, =0 iolac:N=0 ]
--- DOPM,pp=02GeV  1QCD:Np=2
weeer DOPM, g = 0.4 GeV I 10co:Np=2+1]

m— DQPM (10 GeV/c) <*—

— = DQPM (10 GeV/c), ajer = 0.

a(T)

e DQPM (100 GeV/c)
— - LBT [Ns= 3]
+ CSPM
Lattice [Pure SU(3)]

7 ] P
TTdus)

LA, Lee, Winn, Prog.Part.Nucl.Phys. 127 (2022) 103990]

|
L Lattice [{2+1)-flavor] T T T T
16 - JETSCAPE Matter M. Xie et. al, 2206.01340 ]
|\. JETSCAPE JETSCAPE LBT LIDO, 2010.13680 ]
AN . J ET 14— JET Collaboration [ C. Andres et. al, KLN LHC, 1606.04837 |
i L & C. Andres et. , KLN RHIC, 160504837 |
I 120 C. Andres et. al, Hirano LHC, 1606.04837 ?
I 10 [ C. Andres et. al, Hirano RHIC, 1606.04837 __|
! -~ L + M. Xie et. al, 2003.02441 ]
:,‘— = - :%— 8 4+ X Fealel al, Quark Jel, 191101309
Qjot = 0.3 6 ‘ -
I § H + 1
! 4- ‘}\ 1 } 3
: Lﬁ t4 7
. + . ,
| 2 L q; = o® * 4 ]
I 0 C ! | ! ! | | L ! | | L 1 L | ]
d ! ] ] . P ! 0.2 0.4 0.6 0.8
0.2 0.4 0.6 0.8 1.0 T (GeV)
T [GeV]

Cf. talk by Liliana Apolinario

Agreement with the other models at low jet energy

Rapid rise with decreasing medium temperature due to strong increase of g(T)

I. Grishmanovskii et al., Phys. Rev. C 106, 014903 (2022) 19



Aand dE/dx from elastic scattering vs jet energy

l4r
L off-shell
12 F —— DQPM, T=0.3 GeV
[ DQPM, T=0.4 GeV
10F —  DQPM (pQcD limit)

- —— BAMPS

w
T

N

(1/T2)dE/dx

quark jet

1 L 1 | L L
10 50 100
EIT

[ off-shell
L —— DQPM, T=0.3 GeV
DQPM, T=0.4 GeV
- —  DQPM (pQCD limit)
[ —— BAMPS

quark jet

E Logarithmic growth of g-hat and energy loss dE/dx with jet energy E

E DQPM predicts stronger suppression than pQCD
E

Aligning with pQCD-based calculations in the pQCD-limit

I. Grishmanovskii et al., PRC 106, 014903 (2022)



Afrom elastic (2A 2) vs. inelastic (2A 3) scattering

T T T T T LR AT
p=10GeV/c ]
—— elastic ]
——— inelastic |
101:-
E‘. ¥
o
100;
1 1 1 MR B 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8
T [GeV]
T T T T T T T g
p =100 GeV/c ]
—— elastic ]
——— inelastic |
102F
=
o

107

P IR
0.2 0.3 0.4 0.5 0.6 0.7 0.8
T [GeV]

100.|....|....|...

[Th

Scaled cross section [mb]

102

107k

107 b—

1073 |

—— S ———— -]
— -

— T —————
——
-

:_ ineli 6 12T E
q 19 —— 3T, ]
=== Oglg" — 6T,
1 L L 1 L L I L L L I 1 L L I 1 1 L I L 1 L I L
2 4 6 8 10 12 14
V's [GeV]

E Strong dependence of elastic (~g*) and

inelastic (~g®) cross sections on strong
coupling g

Temperature and momentum dependence is stronger for inelastic reactions

E Stronger energy loss at large jet energies and small temperatures
Y ? 0 gestionabledsuppression of jets in heavy-ion collisions

I. Grishmanovskii et al., PRC 110, 014908 (2024)
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Different scanarios for strong couplings

6 Jetisnotapartof the QGP medi um Y sotthesmag couphin

Y ¢ o n sdifteeemt strong couplings

Pa D1
in thermal (), jet ( ), and radiative ( ) vertices
Vertex Pb p2
Model e medium parton e jet parton e emitted gluon
Scenario 0 gPaM(T) YAidefaulto DQPM (the
Scenario 1 g=ITx03 Y constant strong co
Zakharov model | §eenario 11 gPQPM(T) 9(Q?) g(k?)
. N 2 487 1
LBT mode Scenario 111 DQPM E E q —
cenario g () 9(E) 9(E) (llNC—QNf)ln(ﬁ)
DREENA framework | g..nario TV gDQPM(T) g(ET) 9(Q?)
6—_ 1 1 I_ D()pN‘I ]

—-= DREENA E=10 GeV
=== DREENA E=100 GeV -
=== QLBT E=10 GeV
QLBT E=100 GeV

[l B. G. Zakharov, JETP Lett. 112, 681 (2020).
[l] F.-L. Liu et al., Eur. Phys. J. C 82, 350 (2022).
[IV] D. Zigic et al, Front. Phys. 10, 957019 (2022).

|. Grishmanovskii et al., PRC 110, 014908 (2024) 02 0.3 T[Get\]qu 0.5 0.6 ’s



Afrom elastic + inelastic scattering

. _pwGevie =100 GeVc
I Ll T T T T L | 10 HkSEEﬂﬂfiﬂ oo — 'Erl':::u[
| DapMm Lattice [Pure SU(3)] = o
: . === Sgen.l Lattice [{2+1}-flavor] T
L -f" “, —_— = SR, JETSCAPE
8t !/ Zakha{’." ----- scen. Il LBT [Ny=3] -
| : . ,,\ =ss=: Sgon. I JET

. .

I ’.“.L \
|f -' .'\ n
|"DREENA‘+‘

C. Andres ¢t al., Hirana
€. Andres et al., KL

i i i

—

I ol |

E High sensitivity to the choice of the strong coupling( iscenari o00)

E Thedidef aul t withih®théimal couplings produces the highest values
of the transport coefficients

I. Grishmanovskii et al., PRC 110, 014908 (2024)
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T [GE“] 0.2 0.3 ; [GS‘::-I] 0.5 0.6 0.2 03 ; [Gl:c’:] 0.5 06



o
gj/f

-

] ﬁ- efrom elastic + inelastic scattering

(UTH dEfdx (/7% dE fdx (/7% dE S dx

(1 T%) dE dx

{1/ T%) dE [ dx

p=10 GeV/c p =100 GeV/c

E ! T r T T T T T T
[ Scenario 0: DQPM — elastic.

10 — inelastic 1
F — glastic + inelastic

107k
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107 ! . . : . : :

Scenario |
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'ID"E—

w0 [ /’-

107 T P T S T T SR |

107k

100
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-1 L 1
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I 1 I I
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1 1 1
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1
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[T

102 3

(1/72) dE™e fdx

-—
2
T

— p=10GeV/c

[ L L " 1 " L L 1 L L L 1 L " L 1
0.0 0.2 0.4 0.8
M, [GeV]

High sensitivity to the choice of
the strong coupling( Aiscenar i c

Thendef aul t withEh@ P M
thermal couplings produces the
highest energy loss

Energy loss is decreasing with
increasing m,

I. Grishmanovskii et al., PRC 110, 014908 (2024) 24
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Relation between d ¢ and a

(n/s)(g/T%)

o T3
In the weak coupling limit: n/s=~1.25—
B. Miiller, PRD 104, L071501 (2021) q
- 1r- - r-° Tt T ] 1.0
6 W DQPM E
o DQPM, as=03 0.8
5 DQPM Zakharov '
—== 125 :
0.6
w
= |
0.4]
0.2f
04

T/T.

mh mh

—— T T T T T
[ — I',I;"S (DQPM) ] I M. Astrakhantsev et al. (2017) [93]

[ o 1.257%/G (DQPM) | A Nakamura et al. (2005) |
e 1.257%/G (DREENA ¥ 5 sekaietal (2007

Ry )

Y0 15 20 25 30 35

Sensitive to the choice of the strong coupling

Valid in the weak coupling regime (at high temperatures)

E Violated in the strong coupling regime (at low temperatures)

I. Grishmanovskii et al., PRC 110, 014908 (2024)

25



3
%/”f‘ Spatial diffusion coefficient Dg(T) for heavy quarks

Charm quark Bottom quark

C—— DQPM U v adsicm F—— DQPM " vies AdS/CFT ' "]
17.5F ..., papm, M- o L Auce ] T7.5F ... papm, M+ & AuCE ]
! QPM @ lacp]Ny=0(2012) QPM @ 1aco)ns=0(2012) ]
15.0F =+~ QPM, M § 1QCD, Ny=0(2023) ] 15.0p -+ QPM, M=o F 1aco;Ny=0(2023) ]
[ — T—matr!x @ 1QCDTN,=2+1 ] [ — T-matr!x ¥ 1QCDIN;=2+1 |
12.5._.... T-matrix, M - oo ! QD) Ny=2+1, M 5 o0 _ 12.5:_...- T-matrix, M > o ! lQCD|Ny=2+1, M oo ] _:
=
41._:

bottom
25 30

E Inelastic reactions play a minor role (vs. elastic reactions) D, = lim ———

in the determination of Dg which is obtained for pA O limit p—0 (A/p)M

E Dgdecreases with increasing mass of the heavy quark

I. Grishmanovskii et al., 2503.22311 26
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Baryons
Antibaryons

Mesons
Quarks

Gluons

QGP:
in-equilibrium & off-equilibrium

Microscopic transport theory

S
=@

Au + Au /syy = 200 GeV

NN

b=22fm - Section view
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Parton-Hadron-String-Dynamics (PHSD)

PHSD is a non-equilibrium microscopic transport approach for the description of
strongly-interacting hadronic and partonic matter created in heavy-ion collisions

Initial A+A Dynamics: based on the solution of generalized off-shell Cassing-Juchem transport
nitia equations for time-like paricles derived from Kadanoff-Baym many-body theory

collision
= C! Initial A+A collisions : LUND string model
p N+N A string formation A decay to pre-hadrons + leading hadrons
(¢ Formation of QGP stage if local > &yjica : L.
Partonic phase dissolution of pre-hadrons A partons | /
C! Partonic phase - QGP: iy G
QGP is described by the Dynamical QuasiParticle Model (DQPM) J‘ .
matched to reproduce lattice QCD EoS for finite T and m (crossover) NS

- Degrees-of-freedom: strongly interacting quasiparticles:
massive quarks and gluons (g,9,q,,,) With sizeable collisional

widths in a self-generated mean-field potential s
- Interactions: (quasi-)elastic and inelastic collisions of partons s S |
Hadr.on'fphase ¢! Hadronization to colorless off-shell mesons and baryons: 457 o meson

Strict 4-momentum and quantum number conservation

VAN

Mmeson

(! Hadronic phase: hadron-hadron interactions i off-shell HSD
including n & A m selected reactions (for strangeness, anti-baryons, deuteron production)

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3 28



PHENIX Au+Au s, = 200 GeV

| Au+Au, s = 200 GeV, 0-80% |
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Charm dynamics in PHSD

Dynamics of heavy quarks in A+A : vl @

9,,(D) (hb)

1. Production of heavy (charm and bottom) quarks
in initial binary collisions (s..(s), pt: PYTHIA & FONLL)
+ shadowing and Cronin effects O e ermenelt

——PHSD

E769 (pA)

. T T
10’ 10° 10° 10

2. Interactions in the non-perturbative QGP i according to the DQPM: e
elastic scattering with off-shell massive partons Q+gA Q+q
S qq(T.M,S,c08Q,Mg,my), C collisional energy loss \3/ %émv N o j}/
. . 5~ 0 ._,//_*v\[_, y g
3. Hadronization: c/cbar quarks A D(D*)-mesons:
Dynamical hadronization scenario for heavy quarks : coalescence 1\ fragmentation
coalescence with <r>=0.9 fm & fragmentation G\ ™8ie 0.0 D) o€
G/ L& 0% @ .
0.4< e< 0.75 GeV/fm3 e< 0.4 GeV/fm3 oo Cioeie \ D oo
o @f‘ a
4. Hadronic interactions: s DNV &

D+baryons; D+mesons based on G-matrix and effective chiral

Lagrangian approach with heavy-quark spin symmetry (>200 channels
(Juan Torres-Rincon, Laura Tolos)

10°

10° 4

* PHSD references on charm dynamics: o it R ‘
2800 3000 3200 3400 3600

Taeso0o Song et al., PRC 92 (2015) 014910, PRC 93 (2016) 034906, PRC 96 (2017) 014905 o
PRC 97 (2018) 064907: PRC 101 (2020) 044901; PRC 101 (2020) 044903 30




PHSD vs charm observables at RHIC

2.0
D in 0-10 % Au+Au @ 200 GeV 0.25 PHSD: partonic scattering : w = w
= STAR (0-10 %) | hadronic scattering: w  w/o
- — - without cold nuclear matter effect ool tagmepell.b fn, = gonies
1.5 —— with shadowing . 0.20 bl ot T
STA R with shadowing+Cronin m STAR in 0-80 % centrality
= | 0.15- . )
v
Raa and Vo VS Pt = 101 i > with hadronic 1]
> E 0.10 rescatterin TR, el
from DY -mesons °mg 1.9 . )___S%,A— i %
in Au+Au @ 200 GeV C 0.5+ : 0.051 W L St
____ R _,g.f'?g{Without hadronic rescattering
(3) STAR data: PRL 113, 142301 (2014) v
0.0 T T T T T T T T T T T T T 900 0 " a ) 2' " :; ) (l
0 1 2 3 4 5 6 7
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0.20
0-10 % Au+Au @ 200 GeV | minimum bias Au+Au @ 200 GeV
1.5 ®  PHENIX - m PHENIX
P H E N I X PHSD w shadowing 0.154 PHSD w shadowing i
| - - -efromD -—-—-efromD
—-—-e from B { ——efromB
alle
Raaand v, vs py 1.0 1 0,10 alle
from single electrons ° s >
. X o
in Au+Au @ 200 GeV C 0.05.|
0.5 4 ’
: - =TT YO |
D RN 0.00
0.0 ——— T T T T T T T L T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4
p; (GeV) p, (GeVic)

C The exp. data for the Ry, and v, are described in the PHSD by QGP collisional energy loss due to
elastic scattering of charm quarks with massive quarks and gluons in the QGP

+ by the dynamical hadronization scenarioAcoal escence & fragmentationi

+ by strong hadronic interactions due to resonant elastic scattering of D,D* with mesons and baryons

C Feed back from beauty contribution becomes dominant for single electrons Ry, and v, at p; >3 GeV

T. Song et al., PRC 92 (2015) 014910, PRC 93 (2016) 034906, PRC 96 (2017) 014905 31



Charm R, at LHC: PHSD vs ALICE

¢ in PHSD the energy loss of D-mesons at high py can be dominantly attributed to partonic scattering
C Shadowing effect suppresses the low pr and slightly enhances the high p; part of Raa

C Hadronic rescattering moves Ry peak to higher p. increases v,
T. Song et al., PRC 93 (2016) 034906 32



