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Motivation

The goal: study of the properties of hot and dense nuclear and partonic matter by
,charm probes‘ (or heavy quark probes)

i
N, A

Time

Thermal freeze-out

7~ 20 fiivie

The advantages of the ’charm probes’:

O dominantly produced in the very early
stages of the reactions in initial binary
collisions with large energy-momentum Mixed Phase
transfer

Hadrons

T~ 1fmie Quark-Gluon
Pre-equilibrium Plasma

O initial charm production is well
described by pQCD — FONLL |
Au +Au

O heavy quark scattering cross sections are small
(compared to the light quarks) = not in an equilibrium with the surrounding matter

[ sensitive to the properties of the QGP during the expansion (and not only to its final
state)

=» Hope to use ’'charm probes’ for an early tomography of the QGP




Dynamical description of hard probes

|. Modeling of time evolution of the ,medium*‘ = system:

O expanding fireball models <€ assumption of global equilibrium

O ideal or viscous hydrodynamical models € assumption of local equilibrium

O microscopic transport models < full non-equilibrium dynamics!

Il. Modeling of the interaction of the hard probes with the ,medium®:

O Fokker-Planck model, Langevin model € transport coefficients

O linear Boltzmann models € cross sections

O microscopic collision integral € cross sections

coupling|mass in gluon propagator| mass in external legs
)| a(0?) K=0.2,mp mge =10
2) | a(Q?) Kk=0.2,mp Mge = m(l])_gPM
3)| a(T) Kk=02,mp mge="0
4)| a(T) IH?QPM Mge = mf])g!’M
5)| e(T) nlngM mge =0
6) | a(0?) mgQPM Mge = ”,‘ll)gPM
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Highlights of model comparisons

EMMI-charm:

R. Rapp et al., NPA979 (2018) 21-86; “Jet”-charm:

S. Cao et al., PRC 99, 054907 (2019)

Frankfurt-Duke-Nantes-Catania: Y. Xu et al., PRC 99 (2019), 014902; T. Song et al., PRC 101 (2020) 044901; ibid. 044903

O interaction of heavy quarks with medium; charm transport coefficients;
initial conditions; comparison: Langevin vs. Boltzmann description;
O hydro vs. microscopic transport description of the medium; non-equilibrium effects etc.

Y. Xu et al., PRC 99 (2019), 014902
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=» Charm quarks are sensitive to the history
of the QGP evolution and retain information
on the entire time evolution from initial
condition up to the late stage of the reaction

Initial conditions: larger effect (up to 20%) on v, than on Ry,
Transport coefficients: huge influence on R,, and v, within Langevin models
Medium evolution: Ry, and v, from nonequilibrium transport differ from hydro and Langevin results

Langevin models are not an appropriate tool to study the charm dynamics in HICs!
Microscopic transport description of HIC dynamics (medium) and charm interactions



Dynamical Models = PHSD

The goal:
to describe the dynamics of charm o Hadronic phase

quarks/mesons in all phases of HICs
on a microscopic basis

Realization:

a dynamical non-equilibrium transport approach
O applicable for strongly interacting systems,

O which includes a phase transition from hadronic
matter to QGP

The tool: PHSD approach

Baryons Au + Au ,/syy = 200 GeV

Quarks ' e

Gluons b=22fm - Section view

Antibaryons.

Mesons ' l




e eswse Degrees-of-freedom of QGP

g.'/é{)\: S _OQO
o % ° 06600"\%)«»
. . . . [ I
For the microscopic transport description 15 —
of the system one needs to know all WL '
degrees of freedom as well as their _ rf ]
properties and interactions! Jos =0 -
- - = ' ]
< 1QCD gives QGP EoS at finite pg 04 = Free quarks and gluons - |
- : —— Bag model, B=(150MeV)
o2k 1 pQCD _
I :j « Lattice |
0 Ll l | . | . |
0 0.2 0.4 0.6 0.8
| need to be interpreted in terms ey
Non-perturbative QCD <&« pQCD
of degrees-of-freedom
pPQCD: Thermal QCD

O weakly interacting system = QCD at high parton densities:

O massless quarks and gluons J strongly interacting system

 massive quarks and gluons

How to learn about the degrees-of- 3 guasiparticles
freedom of the QGP from HICs? - q P

. . = effective degrees-of-freedom
=» microscopic transport approaches
=» comparison to HIC experiments



Thermal QCD =

3
S/

Temperature

DQPM (T, 1)

Early Universe

The Phases of QCD

O
LHC@CERN @~ o ®
O O
Quark-Gluon Plasma
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2
ci/" Dynamical QuasiParticle Model (DQPM)

DQPM — 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 :

O ,resummed‘ single-particle Green‘s functions = quark (gluon) propagator (2PI) :

gluon propagator: A+ =P?-II & quark propagator S;* = P?- X,
gluon self-energy: =M *-i2y,w & quarkself-energy: 3 =M ?-i2y w

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

Rez,: thermal masses (Mg, M,); Imz, :interaction widths (y4,vq4)

.,
-'”-.9'5 p [GeV]
.,

- spectral functions p, = -2ImS, -> Lorentzian form: "o
820
T
153
Y 1 1 3
pi(w,p) = = = - = 103
J E; (w—Ej)uﬁ (w+Ej)2+7§) =
_ 4wy, Js
(@-p - M) 4w B =ped -y

f1,0

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



N
S/ Parton properties

Modeling of the quark/gluon masses and widths (ansatz inspired by HTL calculations)

Masses: 5
5 N -1 5 N
M o(d )(T UR) = g (T,ug) \ T + = = DQPM :
8N, T
: only one parameter (c = 14.4)
; A
: “(T, up) 1 o Nex= 1y + (T, pg)- dependent coupling
M2(T, _ (T pp) (N +—N)T~+— = »Kp)- C€P
oI 1B) § ¢t 2 g T constant has to be determined
from lattice results
Widths:
1N2—1J (T, up)T 2c
T, h|{———+1
Tala) (T #8) = 3797 gm (QQ(T, g )
B 1 g~(T HB)T 2c 20 — ARRARAREEEEREEEERERE AR A ——
"}/g(T, I,LB) = gNC 8ﬂ' hl m —+ 1 Fltlat:,'f;

e/T*

Coupling g: input - IQCD entropy density s
function of T at uz=0

P(s/555) = d(Jssp) —1) <

QCD _ 19/97T2T3 ' ' ' T [GeV]

5SB
H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,

EoS py =0 from WB
Phys.Lett. B730 (2014) 99-104




b
%/" DQPM at finite (T, p): scaling hypothesis

O Scaling hypothesis for the effective temperature T*
for N;=N, =3 W. Cassing, NPA 791 (2007) 365 E‘ 150 “,:
> 3 |IQCD: I
— / — — = B 10[} _—a— Dyacei-Schwinger [C. Flscher etol 2014 N
ILL“ JLLd JLLS ]!'L(f T*z L T2 ‘Liq % [P s—— [H-:uII[iri ....... [ ] uuuuu 5]
— —Ej E 50 [ 1ot oo vt ot 20y
. = - W frespe—cut from fuctuations [Albe etal, 2014)
 Coupling: | |
.- L 200 400
g( T TC (‘,“' f— O)) _ Q‘( T TG (JI'_II')) Baryonic chemical potential (MeV)
0.18 T T
. . . 0.16 ]
Q Critical temperature T,(uq) in crossover region: 014
obtained by assuming a constant energy density € o TS
along a critical line T=T,(pq), Where € at T.(u,=0)=156 GeV B oosf - 1aCDu
IS flxed by IQCD at ”’q:O sz :l-ls=0 1QCD Taylor-exp.
0.02 [ Endrodi et al. 1102.1356
0.00

1 1
0.0 0.2 0.4 0.6

HglGevl
T.(u,
> )R ey SR S S S

Te(g =0) o~ 8.79 GeV 2
I Consistent with lattice QCD: ,
- N Te(us) _ UB
IQCD: C. Bonati et al., PRC90 (2014) 114025 T = 1—K ? 4 ...
c C

IQCD K = 0.013(2) +—— Kporm ~ 0.0122 H. Berrehrah et al, PRC 93 (2016) 044914,

Int.J.Mod.Phys. E25 (2016) 1642003, 10



5 . .
/&  DQPM thermodynamics at finite (T, Hq)

Entropy and baryon density in the quasiparticle limit (G. Baym 1998):

qup _ ndqp _ / @ df3p3
“dw 3 5 21 (2m)
—/‘;—”% [dg ?—; (Im(In —A~) + ImTTRe A) 27
T (2m) ) —_— -
onp(w — ) 1
d, L (Im(In—S, ") +ITm T, Re S
i Z d OnF ,uq) (Im(ln _ q—l) +1Im Eq Re Sq) |:q ;j . d,uq ( q _1 i)
g=u.,d,s _ _
onp(w+ it _
+ Z d; d”F @ + Ha) (fin(ln —$:1) + Tm 5, Re Sq)] + ) dg F(au ) (1m(1n - 7') +1Im g Re Sy)
- - qzﬂ,cf? 4 T T
B. Vanderheyden, G. Baym, J. Stat. Phys. 93 (1998) 843
Blaizot, lancu, Rebhan, Phys. Rev. D 63 (2001) 065003
15 a) uB—O 15'_b) 1, = 0.4 GeV
Input: 10} 10 Output:
lattice E0S | - DQPM EoS
pg =0 of * Lattice QCD S| pg >0 ]
L gg .l...!!‘“m..l. . . M
?Wcic.....-j e e

0 robuliPA W VT WY NN T S ST NN S ST ST T S S SR 1
0.15 0.20 0.25 030 035 040 0.15 020 025 030 035 040
T [GeV] T [GeV]
|IQCD: Sz. Borsanyi et al., JHEP 1208 (2012) 053
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4
L DQPM: parton properties

Coupling as a function of (T, ) Pole masses and widths vs (T, ug)

3.0

N;=2+1 DQPM
25 ]

7\ |quark massli |

2.0 = 0.2 GeV ;. 0.5
o= 0.4 GeV ‘3 04l
g 1.5} — 1= 0.6 GeV =
>= 0.3}
1.0+ * 1QCD:N;=0,p,=0 1 E’n_z_
0.5- ]
S . 01}
09 2 34 5 6 78910 :':__
TiTc(pg)
08
=0
, : & osf
=> Lorentzian spectral function: = |
________ 00 EFn 04f
........................ "u.,ﬂ’"%g.s p[GeV] n 2 f_

.,

0 0 :1| .

[,-A29] (d‘m)d

P. Moreau et al., PRC100 (2019) 014911 12



-& . . . .
$/a  Partonic interactions: matrix elements

DQPM partonic cross sections - leading order diagrams

O Propagators for massive bosons and fermions: LU g — qhq¥ /M2
q = —id, e
" — MZ + 2i7v,q0
d (Quasi-) elastic channels: i J

gqq’ = gq’ scattering

= ’&57" -
Tq2 — M'q2 + 2iv4q0

gg - gq scattering

t — channel u — channel s — channel

gg-> gg scattering

s — channel

L Inelastic channels:

£ 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 etal., PRC100 (2019) 014911 1



b
S/
@/r- \

Differential cross sections

[1 On-shell: ;

J DQPM: M->0, y>0 = reproduces pQCD limits

M3

Initial masses: pole masses

Final masses: pole masses

10t

100

do/dcos(0) [GeV~?]

1
9*

198

1071

102

S

——
=4 GeV?

on-shell
off-shell
pQCD limit
"true" pQCD

qq/-qq/ |

pQCD,

-1.0  -05

0.0
cos(0)

.015. i

1.0

3 A4
Q Off-shell: S

1 oy 2
© \\ O
B\ "
M, f Mo
©] ..
/ Initial masses: pole masses

Final masses: integration over
spectral functions

~—05 00 05 1.0
cos(0)

O Differences between DQPM and pQCD : less forward peaked angular distribution

leads to more efficient momentum transfer

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

14



Total

Cross section

=Y
P L N
,
- On-shell: M3 . Off-shell: S
1 e 2 1 oy 2
O -——-\—;,’——\———- o O -———\—/—:——\———- @)
My i Mo My 4 Mo
@ p ®;
My /4 &/
—_—T=12T, =—T=2T, —_—uyg=0 =——p;=03GeV \\//__
—T=3T, — 1y = 0.6 GeV off-shell
101' ————————— -:- — = = = -— eas e e e -
V— i - = = _
= S / uu—uu uu—>dd
g 10° ‘/“;— ----- 3 E uu—suu MU TSS
© - - =ud—>ud
- = =us—us
10"} /' 1L 11 ug—>ug |
: ] —ggge
DQPM; p, =0 — = onshell | [ DQPM;T=12T, — —on-shell | [ DQPM
Uu—uu off-shell uu—>uu off-shell T=12T_ ;p;=0
10'2 P P R R B RS S R FE PSR RS SR S PRI SN [T SRS NS S T NS S S U S [T S S S ST Pa— P R R I BTSSR S SR RS R PR B
o 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 8
a) S1.’2 [GGV] b) S1.’2 [GBV] c) S11'2 [GeV]
0 strong T dependence O weak pg dependence - strong channel
dependence
15

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



»
g’jf‘ Transport coefficients: shear viscosity n

» Relaxation Time Approximation

3 |
nRTA(T M 15T Z / d P3 22 (p’T /JB) dz(l:lzfz)fz / |

1=q,q,9

Relaxation tlme

Interactlon rate d Do T

on pg 1B 71

d3 d3 Z)Tf(T. ;13} — 2""'(T }13)‘
p3 p4 A
1+ 1+
/ (2m)32E;5 / (27r)32E4( )£ 0) _

® A O ®m IQCDN=0

| e DQPM RTA 'Y Bayesian

'| | far-from-equilibrium holography:
—v—(—e—) PHSD —¢—SMASH
—o—URQMD

=, — = N,=3PNJL —-—- N,=2LSM

|M|2(Pi,pj,p3,?34) (27f)45(4) (Pi +pj —P3— p4)

S o =

0.6 08 1.0 1.2 14 1.6 1.8 2.0 2.2 24
T/Tc

» Good agreement with IQCD
» Light increase of shear viscosity with g

Lattice QCD: N. Astrakhantsev et al,
JHEP 1704 (2017) 101 P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203 16



Sy i
N Transport coefficients

P K4 (d; 9" = B; S; Q) - diffusion coefficient matrix for the
o baryon (B), strange (S) and electric (Q) charges using
AN TR T Chapman-Enskog method (CE) & RTA

Bulk viscosity (/s

RBB KBQ KBS
RQB RQQ kKQs
ks KsQ KsSs

Electric conductivity o./T Baryon diffusion
coefficient xg/T?

Speed of sound c.?

T T

J. A. Fotakis, O. S., C. Greiner, O. Kaczmarek
and E. Bratkovskaya PRD 104 (2021) , 034014

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203



b A
/e Transport coefficients: §

The jet transport coefficienti[\ 9; : Quark get —— DOPM (10.GeVic)
in non-perturbative strongly interacting QGP  8F | | M«=001GeV [~ DQPM(10Gevic) 4 =0]
(DQPM): - B M
| d{{&p'}' }2} T :\ CSPM
@[P} — 6:— : Lattice [Pure SU(3)]
dx - |.\ Lattice [(2+1)-flavor]
[ JETSCAPE
w 5F N, § JET
| N : 5,01
Elastic scattering of jet o ar
parton with off-shell 2 -_.\_:;:i\f’” 2 b e
partons from sQGP: M1 A My b g
A/ F i
1F !
E
({0%) = Z /dmp,{m)[dm pi(m') 0 "0_2 —
I=q.§.2 T [GEV]
d?'k d}k! d3p.~'
Xf IS e m"]f (27 2E" f (27 P2E] Quark jet :
o) |M |2 (O> = (O)uu—nm + (O)HE"—)H.E_{ + Z(O)udﬁud
¥ ’ r o
x0T Qr)y TP+ =P —q)— = + 2(O)usus + (Ohugous

Gluon jet :
(O> = 4(O>gu—>gu + 2<O>gs—>gs + {O>gg—>gg-

llia Grishmanovskii et al., Phys. Rev. C 106, 014903 (2022) 18

o,(m) — parton spectral function



QGP:
in-equilibriumn =» off-equilibrium

Microscopic transport theory!

W. Cassing, ,Transport Theories for Strongly-Interacting Systems’,
Springer Nature: Lecture Notes in Physics 989, 2021
19



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

Dynamics: based on the solution of generalized off-shell transport equations derived

Initié' '_MA from Kadanoff-Baym many-body theory
collision
= Q Initial A+A collisions : LUND sring model
p N+N - string formation = decay to pre-hadrons + leading hadrons
(J Formation of QGP stage if local € > &gitica : L.
Partonic phase dissolution of pre-hadrons - partons | /
U Partonic phase - QGP: B ?
QGP is described by the Dynamical QuasiParticle Model (DQPM) {;‘]J‘ :
matched to reproduce lattice QCD EoS for finite T and pg (crossover) S e

Y 3 N\ = 2
%t N el
L }

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

widths in a self-generated mean-field potential / b O
- Interactions: (quasi-)elastic and inelastic collisions of partons s S
Hadronic phase off-shell off-shell
o e % <> meson

() Hadronization to colorless off-shell mesons and baryons: LA
Strict 4-momentum and quantum number conservation |

AN

Mmeson

 Hadronic phase: hadron-hadron interactions — off-shell HSD

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3 20



Stages of a collision in PHSD

t=0.05fm/c

O

Au + Au ,/syy = 200 GeV

b=2.2fm - Section view

@ Baryons (394)
. Antibaryons ( 0)
Q Mesons( 0
@ auarks( 0)

@ Gluons( 0)

P.Moreau



Stages of a collision in PHSD

t=1.6512 fm/c

O

Au + Au ,/syy = 200 GeV

b=22fm Section view

@ Baryons (394)
. Antibaryons ( 0)
@ Mesons (1523)

@ Quarks (4553)

@

@ Gluons (368)

P.Moreau



Stages of a collision in PHSD

t=3.91921 fm/c

O

Au + Au ,/syy = 200 GeV

b=2.2fm - Section view

@ Baryons (426)
@ Antibaryons ( 29)

@ Mesons (1189)

@ Quarks (4459)

@ Gluons (783)

P.Moreau



Stages of a collision in PHSD

P.Moreau

t=7.31921 fm/c

Au + Au /syy = 200 GeV

b=2.2fm - Section view

Baryons (540)

Antibaryons (120)

Mesons (2481)

Quarks (2901)

Gluons (492)



Stages of a collision in PHSD

t=12.0192 fm/c

Au + Au /syn = 200 GeV

b=2.2fm - Section view

@ Baryons (626)
‘ Antibaryons (202)
@ Mesons (3357)

@ uarks (1835)

. Gluons (269)

P.Moreau



Stages of a collision in PHSD

25.5191 fm/c

t

200 GeV

2.2 fm - Section view

Au + Au /syn

b

‘ Baryons (710)

@ Antibaryons (272)

@ Mesons (4343)

@ Quarks ( 899)

@ Gluons ( 46)

3
©
[
A
(o}
=
o



E d’Nidp® [GeV]

Non-equilibrium dynamics: description of A+A with PHSD

Q) Important: to be conclusive on charm observables, the light quark dynamics

must be well under control!

10° 5
PHSD 3.2 A+A 0-5% & |y| <0.5 ]
10° £ - ] = &
o
e K
10"k o K
e p
4 A
E; 10° b ° /\-I»Z0
Z o A+’
o =
10" & - §+
10% | g
» AGS 4 SPS * BES o RHIC
10° iy 1 1
2 3 45 7 10 20 30 4050 70 100 200
Vs . [Ge .
w1 PHSD: P. Moreau
10° F= T Tr ' rrrrrrrrrrp Tt
3 PHENIX Au+Au Vs, = 200 GeV
¥
0 0-5% central & n| < 0.35 3
10 r ‘ n-
o m
DE'——---~'=-_A = K
10 F o K
F A
10 E g
. p
3 STAR
107 * A0
A*0.1
10.3 E
10% L
0.0 0.5 1.0 15 20 25 30 35
P, [GeV]

03k A+A 0-5% central lyl<0.5 j
025 F
e 0.2
=~
=015 F wio CSR - - - 7
NL3 —
0.1 F NL1 == ]
AGS (ES895-E896) e
_ SPS (NA49) m
0.05 RHIC (STAR) +* 7]
RHIC (BES) A
0 L L 'l 1 L L 1 L
2 4 6 8 10 12 14 16 18
Vs [GeV]
0.07F ! )
% STAR Au + Au, all charged
0.06F o data minbias, n| <1
(.05 " PHSD
—=- HSD
ot
e % ]
0.02f —-~%—%—%—E———{——% 1
[ ]
0.00 N N
® PHENIXprdl  Au+ A, all charged
0.12} -5 PHSD 3040%, Il <1, p,: 0751 GeVie
—&= HSD
0.10
0.08
: 0.06 1
I ——%_11
0.04 /H,}_-}-{f._% 'S -1
0.02 1

0.00

L
10

Vs [GeV]

.
10

A
10 Au+ Au, 30-60% b
0.05F & ; A
=T 0.00F f ‘ },n_:'
£'4) | PHSDISTAR prel. v, 3
S S B B A TGV
¥, ¥ oIl GeV 3
v 30 GeV
i —- W 62GeV
0.10 ) — e 2mGey .
L5 -0 0.5 0.0 0.5 1.0 1.5
nh beam
0.2 Pb-Pb, {5y =2.76 TeV
* v, 0 -5 % centralify.
0.00F o v,
. 1
__0.08F 4 v,
=~ >
.=0.06
0.04 -
*
*l
0.02 . ]
< .1 . .
0.00 n ) 2 : s

P, [GeV/e]

V. Konchakovski et al.,
PRC 85 (2012) 011902; JPG42 (2015) 055106

0 PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coefficients v,, ...) from SIS to LHC energies
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Dynamics of heavy quarks —
open charm and beauty
(D/Dbar, B/Bbar) —
in heavy-ion collisions




Charm dynamics in PHSD

Dynamics of heavy quarks in A+A :

1. Production of heavy (charm and bottom) quarks

in initial binary collisions + shadowing and Cronin effects [ B ie
10" ] = % 4 FExperimental data |
——PHSD
2. Interactions in the non-perturbative QGP — according to the DQPM: L
elastic scattering with off-shell massive partons Q+g-2>Q+q
= collisional energy loss \3/ mgw N o »j/
3. Hadronization: c/cbar quarks =D(D*)-mesons:
Dynamical hadronization scenario for heavy quarks : fREsecsics S frgimentation
. . o u";t";."ﬁ ®© o (.C
coalescence with <r>=0.9 fm & fragmentation S) #ie e @\
h_,‘n 7o e
0.4< £< 0.75 GeV/fm3 £< 0.4 GeV/fm3 oo Lo \ Do
. : \ @ r"ﬁ ®e °©
4. Hadronic interactions: ecarsoovm DN L

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)

& (mb)

* PHSD references on charm dynamics:
Taesoo Song et al., PRC 92 (2015) 014910, PRC 93 (2016) 034906, PRC 96 (2017) 014905

PRC 97 (2018) 064907: PRC 101 (2020) 044901; PRC 101 (2020) 044903 29



Charm production in NN collisions

 A+A: charm production in initial NN binary collisions:

The total cross section for charm
production in p+p collisions o(cc)

— LR T LR | T LR | T T L ]
104 (@) Alice ATEAS |
: LHCb ]
10° =
PHENIX 2011
_ PHENIX 2017
S 10°d  E653(pA) 3
o INA16 (pPA)g A E743 (pA)
L 103 3
a E769 (pA)
o
10° 3 E
10" 4 = % 4 Experimental data .
——PHSD :
10” URRRS T T T T T T T T T
10’ 10° 10° 10°
1/2
s~ (GeV)

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya,
PRC 97 (2018) 064907

cC
probability P = 0-0(_inel)

NN

Momentum distribution of heavy quarks:
use ,tuned’ PYTHIA event generator to reproduce
FONLL (fixed-order next-to-leading log) results

........ charm (FONLL) _
=== charm (tuned Pythia) 1

= DD (STAR)
D’ (tuned Pythia) ]
--- D* x0565/0.224 1
(tuned Pythia) ]

1079 lyi<t "
in p+p collisions at 200 GeV ;

0 1 2 3 4 5
P, (GeVic)

T o
-]
o]
w

T. Song et al., PRC 92 (2015) 014910, PRC 93 (2016)
034906, PRC 96 (2017) 014905 30



N
:gz//“ Heavy quark scattering in the QGP (DQPM)

L) Elastic scattering with off-shell massive partons Q+q(g)=2>Q+q(9)

<:| Non-perturbative

QGP!
A f’ll&
(] Elastic cross section uc=>uc
q(g9) charm
uc—uc
us offshen 7 [MP]
" c: on-shell i O Distributions of Q+g, Q+g collisions
He . pn, =oeet) ; vs s¥2 in Au+Au, 10% central
1 2
0‘1; ' 0-10 % central collisions
0.4 016 107 c,C+q,q
0:2 0.4 — "T-oC.C+g
0.2 >
2 1o
. :m
025 \ =
4 q e o |
lGqy, 03 3 \Ge s 193
10-1 T T T T T T T T T
2 3 4 L) 6
H. Berrehrah et al, PRC 89 (2014) 054901; "
PRC 90 (2014) 051901; PRC90 (2014) 064906 s (GeV)

31



N
SQ’/// Heavy quark scattering in the QGP
P

A Differential elastic cross section for cq=>cq, bq=>bq for s”=s,%+2GeV at 1.5T«

10% 5
3 - = = C+Q -> Cc*+Q
| b+qg -> b+q
10'4 T=1.5T,
1 Sart(s)=Sqri(s ,)+2 GeV

0 DQPM - anisotropic angular distribution

Note: pQCD - strongly forward peaked

= Differences between DQPM and pQCD :
less forward peaked angular distribution
leads to more efficient momentum transfer

m_=pole mass
10°4

1 m=15 GeV
1 m,=4.8 GeV

do/dcosb (mb)

107 3 -
10_2_' il = Smaller number (compared to pQCD)
PHSD I of elastic scatterings with massive
] ] partons leads to a larger energy loss
107 . . . .
-1.0 05 0.0 0.5 1.0
coso

! Note: radiative energy loss is NOT included yet in PHSD,
it is expected to be small (at low pt) due to the large gluon mass in the DQPM

H. Berrehrah et al, PRC 89 (2014) 054901; PRC 90 (2014) 051901; PRC90 (2014) 064906
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"
S/
@4/5

= D, for heavy quarks as a function of T for p,=0 and finite p, assuming

Charm spatial diffusion coefficient Dq

adiabatic trajectories (constant entropy per net baryon s/ng) for the expansion

D, =lim(p — 0)

A — T T T T T T T T
— DpQCD
Moore&Teaney {a,=1.3)
30 Tolos et al.
H G @ IQ(D , Banerjee et al.
qﬁ_\
= 20F
[
(o}
10
- g =0
c-...l....n.. ! !
0 100 200 REL]] 400
T [MeV]

O T<T,: hadronic Dg

L. Tolos , J. M. Torres-Rincon, PRD 88 (2013) 074019
V. Ozvenchuk et al., PRC90 (2014) 054909

where np = A/p ; A(p,T) = drag coefficient

50

—  DpQCD

[ —— s/ng=30
[ ——= s/mp=20 Moore& Teaney (@,=3) |
40r ——  Tolos et al. .
3 ]
= | |
T{ L
200 i
g =0 .
L ; J
[ o :
10f o ]
L ” 1
i == DQPM 1
ﬂ‘....l....u....|....|....|....|.-
0 50 100 150 200 250 300

T [MeV]

=» Continuous transition at T!

H. Berrehrah et al, PRC 90 (2014) 051901, arXiv:1406.5322



Hadronization of heavy quarks in A+A

O PHSD: if the local energy density € 2g; = hadronization of heavy quarks to hadrons

T. Song et al., PRC 93 (2016) 034906
Dvnamical hadronization scenario for heavy quarks :

coalescence with <r>=30.9 fm & fragmentatior; Coalescence probability
0.4< €< 0.75 GeV/fm €< 0.4 GeV/fm in Au+Au at LHC
coalescence fragmentation b ly|<0.5

0-10 % central
0.8+ - ---30-50 % central |

coalescence probability

o0 o P00 e
0 €D

£ =0.75 GeV/fm? D\

Coalescence probability 81 p2 -
for c+J—>D f(p,k,) = 62 exp {—5—2 — kp5 } Width & € from root-mean-square
' radius of meson <r>:

€ =0.4GeV/fm3

p; (GeVic)

1 ki —mik
where piﬁ(rl—rg), k, — 2 25t TR (r2>:§ m? + m3 52

+
mi + 1m2 3 (1 + ma)?

Degeneracy factor : gy = 1 for D, = 3 for D*=D*;(2400)° , D*;(2420)° , D*,(2460)%* 34



D-meson scattering in the hadronic phase

1. D-meson scattering with mesons
L. M. Abreu, D. Cabrera, F. J. Llanes-Estrada, J. M. Torres-Rincon, Annals Phys. 326, 2737 (2011)

. . . . D%x ->D™+x’ - - - D%n -> D'+
Model: effective chiral Lagrangian approach with Dl > Dt e DO > D4
102_ Dc+.‘r' > DD"“R-

heavy-quark spin symmetry

Interaction of D=(D°%D*,D*,) and D*=(D*°,D**,D**,) £
with octet (n,K,Kbar,n)
. H 1 0?20 DG;. I 22|00 I 24|00 I ESIOD I 2800
2. D-meson scattering with baryons " (o)
C. Garcia-Recio, J. Nieves, O. Romanets, L. L. Salcedo, L. Tolos, Phys. Rev. D 87, 074034 (2013)
. . . 1035 a 0 0 0
Model: G-matrix approach: interactions of AU A AL
1 ====D+p-=D+n -—-- +n -= D" +n
D=(D°,D*,D*,) and D*=(D*°,D**,D**,) L p— a5 D't e D4 > D01
with nucleon octet JP=1/2* and Delta decuplet JP=3/2* TSNS
Unitarized scattering amplitude = solution of <
coupled-channel Bethe-Salpeter equations: i
i
T=T+VGT AR Y
102800 I BOIOD I 32IOD - 34|00 I 3600

= Strong isospin dependence and complicated structure " (MeV)
(due to the resonance coupling) of D+m, D+B cross sections!
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B-meson scattering in the hadron gas

L. Tolos and J. M. Torres-Rincon, Phys. Rev. D 88, 074019 (2013)
J. M. Torres-Rincon, L. Tolos and O. Romanets, Phys. Rev. D 89, 074042 (2014)

1. B-meson scattering with mesons 2. B-meson scattering with baryons
103 E ] 103 E - i ) ”
; B+n" > B%n’ - -~ B+n' ->B+n" B+n->B+n === B+p->B+p
e s ae B'.|-._]-EC|I > §0+ﬂ:' - B.+'J'ED > B-+?[D T 7 °c-- B+p -> §0+n —-=-=B*+n -> B*+n
T b 2 —
102__ [ B-+T|:. > B.+T|:. 10 _g ——— ——— B*'+p - B*'+p ___________ B*'+p > B*0+n _§

-
i %
o3
§
hin Shnieinttatiatiatians 2
1 1

1 0_1 T T T T T T 2 "\.-{»-..._wi'_w“m
5600 5800 6000 6200 10 - - . - T -
o 6400 6600 6800 7000
s " (MeV) 12
s~ (MeV)

» >200 hadronic channels = implemented in the PHSD
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Raa at RHIC - coalescence vs fragmentation

Influence of hadronization scenarios: coalescence vs fragmentation

| Model study: without any rescattering (partonic and hadronic)

ATAuU+ANR ¢
= STAR (0-10 %) Roun(pr) = —Np " "/dpr
2.0+ . - . e arAutAn ATP+D g
without any scattering Nyinary X dNp"™" /dpr
<r>=0.9 fm |
<r>=0.5 fm o
- ) <r>=0.9 fm
< centrality
= 10d 4t e =\ TS z % —n—0-10 %
p B - +--10-40 % 1
' S 06 - -4--40-80 % |
o
3
0.5+ § 0.4
3
1]
S 024
0.0 T T T T T T T T T T T T T T ] s - :h:’\:\l‘]—
0 1 2 3 4 5 6 7 0.0 L T = .
0 1 2 3 4 5 5]
p, (GeVic) p. (GeV/c)

O Expect: no scattering: Rya=1

O Hadronization by fragmentation only (as in pp) =2 Raa=1

O Coalescence (not in pp!) shifts Ryato larger pt = ,nuclear matter’ effect

O The hight of the Ry, peak depends on the balance: coalescence vs. fragmentation
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Raa @t RHIC: hadronic rescattering

2.0

PHSD: paronic scattering : w W

1.54

hadronic scattenng: w WO
coal Hragm.: <r==05fm - -—- - - -

Influence of hadronic rescattering:

Central Au+Au at s»2=200 GeV :
N(D,D*) ~30
N(D,D*+m) ~56 collisions
N(D,D*+B,Bbar) ~10 collisions
=» each D,D* makes ~ 2 scatterings with hadrons

0.25

= STAR :
40-80 % ]

DD T T T T T T

181 -|v- QGP collisional
(j—:‘__' energy Ioss

0.0

10-40

ﬁ%\

%o

1.54

1.0

with hadronic

i&rescattermg

PHSD: partonic scattering © w W
hadronic scattering: w  wio
coal Hragm.: <==0.5fm -4 - o
0.20 1 <r==0.9fm —— —- _
B STAR in 0-80 % centrality
0.154
[ ]
=" 1 with hadronic 1
0.10 rescattering ] A
[ _ —& -
-_-::"'_- T, .. bL . B
_n-"';fﬂ_‘ J _'_T_‘.'Er— S % Y
0.05 1 f_,_,:‘-’-’f___;a-: = 4 4
: /g“'without hadronic rescattering
0.00 T T T T T T T T T
0 1 2 3 4
p, (GeVic)

O Hadronic rescattering moves Ruya peak to
higher p+!
O substantially increases v, at larger p+

T. Song et al., PRC 92 (2015) 014910
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Cold nuclear matter effect: shadowing +Cronin

Shadowing effect: charm production is N*N* in HIC dominated by gluon fusion
ol V' (s) = (R]*(21,Q)R; " (x2,Q)) ot (s)
RA(X1,Q), RA(X5,Q) for i=j=gluon are obtained from the EPS09 model
K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP 0904, 065 (2009)

The modifications of the charm transverse

Raa from single e (n) in d+Au @ 200 GeV
momentum in N*N* vs NN due to the shadowing

2.0

. . Mid-rapidity (e
and Cronin effects in d+A and Au+Au @ 200 GeV pidity (&)
T} 1.5
< 16
=2 4] G
- 1.4 51.0
- <
= 1 o
a 1.2 0-100 % d+Au @ 200 GeV
= _ 054 m  PHENIX (|y|<0.35)
_Q: T — ' = ——=wo cold nuclear matter effect
. —\w shadowi
E |g 1=-=" .2 m---:zh:dx::g+ Cronin
0.8 . .
'8 i o0 0 1 2 3 4 5 6 7 8 9
= 06- . p, (GeV)
o i i i 20—
] with shadowing + Cronin 1 ) ) Lyl
g pa- S minimunm bias d+Au @ 200 GeV ] Forward backward rapidities (u)
o - - - minimum bias Au+Au @ 200 GeV ] l
£ 021 —— 0-10 % central Au+Au @ 200 GeV - 154
=] ] T .
DG DU T T T T T T T 3
A=A 0 2 4 6 8 21079-"
o
P, (GeV) I
0.5 0-100 % d+Au @ 200 GeV
; : PHENIX = -2<y<-14(Au) 4 1.4<y<2(d)
O Shadowing effect increases Ruya for low py - =~ Wo coid nuclear mattr effec
00 : wlshatljcwi?g -I-m---lwsruadulwing+clromr‘1 .
H H 0 1 2 3 4 5 6
d Cronin effect increases Raa for pr>1 GeV b, (GeV)

T. Song et al., PRC 96, 014905 (2017) 39



PHSD vs charm observables at RHIC

2.0
D" in 0-10 % Au+Au @ 200 GeV 0-251 pysp: partonic scattering : w = w
= STAR (0-10 %) hadronic scattering: w  w/o
STA R - - - without cold nuclear matter effect | - ool Mg :::gg::: o 2 I
1.5 — with shadowing 4
with shadowing+Cronin m STAR in 0-80 % centrality
—_ 0.15
Raaand v, vs py v -

0 = > with hadronic 1]
from D° -mesons o 0.10 rescattering ="
. 3 2
in Au+Au @ 200 GeV &  « P 1 g..;

0.05 % N
() {g.f-"{ WIthout hadronic rescattering
0.0 STAR data: PRL 113, 142301 (2014) 0.00 V T T T . T r T
. T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4
GeVic
P, (GeV) P, ( )
0.20
0-10 % Au+Au @ 200 GeV | minimum bias Au+Au @ 200 GeV
PH ENIX 1.5 ® PHENIX - m PHENIX .
PHSD w shadowing 0.154 PHSD w shadowing i
- —-efromD | ---efromD
—-—-efromB { —— efromB
Raaand v, vs pr e fo e i
: 1.0 1 |
from single electrons . 010
. § >w
in Au+Au @ 200 GeV = <«
054 0.05
be,ad)ty' -3 T R 0.0+
0.0 — T T T T T
0 1 2 3 4 5 6 7 8 9

p, (GeVic)

O The exp. data for the Rap 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 scenario ,,coalescence & fragmentation*

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

O 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 40



Charm R, at LHC: PHSD vs ALICE

1.6
1.4+

1.2+

R,, (D°, D', D*", |y|<0.5)

= ALICE (0-10 %) 1
PHSD w shadowing (0-10 %) 1
-------------- PHSD w/o shadowing (0-10 %) ]

p; (GeV)

1.6
1.4+

1.24

R,, (D° D', D*, |y|<0.5)

0.0

- PHESD W/0 shadowing (30-50 %) 1

= ALICE (30-50 %) 1
PHSD w shadowing (30-50 %)

P, (GeV)

0.3

v, (D’, |y|<0.8)

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

= ALICE (0-10 %)
PHSD w shadowing (0-10 %)

T

P, (GeV)

0.31

, (D%, 1y|<0.8)

> 0.1

-~ PHSD w/o shadowing (30-50 %)

= ALICE (30-50 %)
PHSD w shadowing (30-50 %)

O in PHSD the energy loss of D-mesons at high pr can be dominantly attributed to partonic scattering

0 Shadowing effect suppresses the low pr and slightly enhances the high p; part of Rya

U Hadronic rescattering moves Ry peakto higher pr. increases v,

T. Song et al., PRC 93 (2016) 034906
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PHSD vs charm observables at LHC (predictions)

!

51.4
c

1.2

T

» 0-10%
: e Average

==\ 1
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ALICE

Pb-Pb, {5y = 2.76 TeV

D°, D*, D* ly|<0.5

o with pp pf-extrap. reference
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1
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T. Song et al., PRC 92 (2015) 014910,
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Energy gain/loss at RHIC

O Transverse momentum gain or loss of charm quarks per unit time
at mid-rapidity in 0-10 % central Au+Au collisions at s¥2= 200 and 19 GeV

0.5 T T T T T T T T T T T T

10" 5 — T T T T T T T T T T T T I
| B B . g E E
00d eoccaneenn = : -t 1 B ‘B -1 . i 0-10 % Au+Au collisions
et i 3 ; $ ! 1“! ] = 100 for central cell E
&) R & 1! =0, y=0, |n|<0.5 ;
£ -054 et il = 1 (x=0, y=0, |n|<0.5)
= o 0-10 % Au+Au coll @ 200 GeV 3 wd | Eon =200 GeV
14 -10 % Au+Au collisions eV ; = 1\ e E
é 104 /o only mid-y charm (|y|]<1) | = ] ,.:' Lo E,.=62GeV ]
S ™ —u—p,=0-1 GeV @ 1, \\ ————— E =19 GeV
~ {* @ 10 1 . E
o —e— 1-2 GeV = ] —.
< 45- —a—  2-3GeV . > ; ~ T
o 1 i
|* —4—  34GeV g .y T I
—%x— 456G = 3 TSI 3
-2.0 T T T T T T T T E'r T T T T T 1 @ ] ‘-u::b:"'\-..——.--c
0 1 2 3 4 5 6 7 8 ] ]
05 T T T T T T T T T T T T T T T 1D- T T T T T T T T T T T T T T
0 1 2 3 4 5 L] 7 g
t (fmic)
E
5 - N -
% 2;1‘1&?14;;;;!::;:?;;;2?)8@ 19GeV A considerable energy and transverse
= —=—p =0-1 GeV 1 momentum loss happens in the initial stage
;.t ' —e—  1-2GeV ' of heavy-ion collisions during the QGP
-1.5 - —A— 2-3GeV i . :
‘ e 3-4GeV _ phase, because the energy density is
(@) %~ 4-5GeV extremely large
-2.0 T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8

t (fm/c) 43



Thermalization

of charm quarks in A+A ?

- - - initial c and ¢ in PHSD
c and c at Tc in PHSD

......... thermalized c and (—: at TC E
T without flow 1
N> —-—--thermalized c and c at Tc 3
8 with bulk flow (v.=0.44)
o) .
© 107 1
o
o)
|—
o
& qg2] S%=200GeVv
Z 1 it
in 0-10% central
, | Au+Au collisions
10°4
p. (GeV)

O Scattering of charm quarks with massive partons softens the p; spectra

= elastic energy loss

O Charm quarks are close to thermal equilibrium at low p;< 2 GeV/c

T. Song et al., PRC 92 (2015) 014910
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dN/d¢ (ly|<1)

Angular correlation between D-Dbar

Azimuthal angular distribution between the transverse momentum of D-Dbar at
midrapidity (Jy| < 1) before (dashed lines) and after the interactions with the
medium (solid lines) in central Pb+Pb collisions at s¥2=17.3 and 200 GeV

Pb+Pb, 200 Gev, b=2 fm I

Pb+Pb, 17.3 GeV, b=2 fm I

2.0-
(a) PHSD : _
----initialcand c
1.51 finalDand D
1.0-
0.5-
0.0 T 1 1 T 1 1
0.0 0.2 04 0.6 0.8 1.0
b/

dN/d¢ (ly|<1)

0.5-
04-
0.3—-
0.2—.

0.1

(b)

PHSD :
----jnitial cand c
finalDandD ,~

0.0

0.

0

0.8 1.0

o/

4 Initial correlations - from PYTHIA : peaks around ¢ = 0 for \s =17.3 GeV,
while around ¢ =  for Vs= 200 GeV

O Final correlations: smeared at Vs= 200 GeV due to the interaction of charm
quarks in QGP

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907



Summary

O PHSD provides a microscopic description of non-equilibrium
charm dynamics in the partonic and hadronic phases

U Partonic rescattering suppresses the high p; part of Ras, generates v,
 Hadronic rescattering moves Rua peak to higher p+, increases v,

U The structure of Rya at low pris sensitive to the hadronization scenario, i.e. to
the balance between coalescence and fragmentation

L Shadowing effects suppress Ry, at LHC at low transverse momenta,
Cronin effect slightly increases Ry, above p;>1 GeV

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

+ by the dynamical hadronization scenario ,,coalescence & fragmentation*
+ by strong hadronic interactions due to resonant elastic scattering of D,D*
with mesons and baryons

O Feed back from beauty contribution for Ry, and v,° from single electrons for
Au+Au at 200 GeV becomes dominant for p;>3 GeV

O Initial azimuthal angular correlation of QQbar pairs is washed out during the
evolution dominantly due to the transverse flow
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