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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)

Thermal freeze-out

T~ 20 fmc

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

Quark-Gluon

Pre-equilibrium Plasma

O initial charm production is well
described by pQCD — FONLL

Au HAu
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!

ll. 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
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Highlights of model comparisons

E
F

MMI-charm: R. Rapp et al., NPA979 (2018) 21-86;
rankfurt-Duke-Nantes-Catania: Y. Xu et al.

“Jet”’-charm:
, PRC 99 (2019), 014902; T. Song et al.

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

, 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 15, Trans. coeff - medium
i S || Medium : = PHSD-Hydro2D
e . D ; — = Duke=-Hydro2D
£ ydro: ¥ 1.01
- PHSD Hydro3D S cesses PHSD-PHSD
sl HQWSIt?onn. utw Catania-pQCD Initial conditions "E seeme Duke=PHSD
g ‘ ™ PHSD Catania-QPM Hydro2D Medium effect !E 0.5 Trans. coeff
EO S O s Nantes « Transport coefficients
trento average IC e Y = A Einstein’s relationship 0.0 0 5 1I'D 1I5
edixy), =06 fm/c ¥ CCNU-LBT PHSD
/ \ pr[GeV]
. " / Duke Langevin dynamics for heavy quark o .
—— Transport coefficients 9 Chal’m qual‘kS are sensitive to the hIStOI’y
i e Mo ‘A/p B - of the QGP evolution and retain information
s A . e QP eV 2nd retain inform
i ’ . ’ ’ on the entire time evolution from Initia
s i D“sn' ..é/ . .
L PSLT . Rl ’I L condition up to the late stage of the reaction
U Initial conditions: larger effect (up to 20%) on v, than on Ry,
U Transport coefficients: huge influence on R,, and v, within Langevin models
U 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

(based on Boltzmann collision terms) is required



Dynamical Models = PHSD

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

gquarks/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 oY)
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



2
Si/" 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) : Gq'1 = p2.- Eq
Properties of the quasiparticles are specified by scalar complex self-energies: Zq=Mq2-i27qw
Rez,: thermal masses (Mg, M,); ImZ,:interaction widths (y4,v4) - spectral functions p,=-2ImG,
d introduce an ansatz (HTL; with few parameters) for the (T, yg) dependence of masses/widths

O evaluate the QGP thermodynamics in equilibrium using the Kadanoff-Baym theory
O fix DQPM parameters by comparison to the entropy density s, pressure P, 2

. @ latlice‘
energy density € from DQPM to IQCD at u; =0 —*m
B —sm
. . . —ur
=» Quasi-particle properties at (T, M) : - | e
2.0 r 1 r : r 2.5 . y 10 +' light quark o
: | @ 1QCD (N;=0) I T=2T,
"]u—}f/ 2.0 — DQPM (N;=0) ] : | i l 5
1.5} / T || - - - DOPM (N,=3) 01 J‘ ‘ b 01
% / ij{é} |.5+ ] 1077 0} L ‘ ‘ .
<} 1.0 \ // - S IQCD: pure glue o 4 i 10°? 100 200 300 400 500
= \_// Lok ] ) ; i T [MeV]
: 1007 |
0.5F 1
-—— _I‘i I&@ 0.3 0\/0
- === T T e ——-= ¥, 2 1
== . “lo. 3 2
1 3 T?TP 5 [3 7 0.0 N7 g j 3k\6e\|\

*DQPM provides mean-fields (1PI) for q,g and effective 2-body partonic interactions (2PI);
gives transition rates for the formation of hadrons 2> QGP in PHSD

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; 7
P. Moreau et al., PRC100 (2019) 014911, O. Soloveva et al., PRC101 (2020) 045203



S, . L.
/&  Transport coefficients: shear viscosity

Shear viscosity n/s at finite T, p,=0 Shear viscosity n/s at finite (T, pg)

» DQPM: Relaxation Time Approximation (RTA)
and Kubo formalism

Hydro: Bayesian analysis, S. Bass et al., NPA967 (2017) 67

1t ® 1QCDN=0 .
; e= =RTA2y  ===Kubo ]

b —RTAT™
Bayesian

n/s

0.1---

10 12 14 16 18 20 22 24
T/T,

» Very weak dependence of shear viscosity on g

P. Moreau et al., PRC100 (2019) 014911, O. Soloveva et al., PRC 101 (2020) 045203 8



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 :
p N+N - string formation = decay to pre-hadrons + leading hadrons
) Formation of QGP stage if local & > &.iticqs =0.5 GeV/fm3:

Partonic phase dissolution of pre-hadrons - partons

 Partonic phase - QGP:
QGP is described by the Dynamical QuasiParticle Model (DQPM)
matched to reproduce lattice QCD EoS for finite T and pg (crossover)

- Degrees-of-freedom: strongly interacting quasiparticles:
massive quarks and gluons (g,9,q,,,) With sizeable collisional
widths in a self-generated mean-field potential
propagated in self-generated mean-field potential Uq, Ug

- Interactions: (quasi-)elastic and inelastic collisions of partons

Hadronic phase o
() Hadronization to colorless off-shell mesons and baryons:

Strict 4-momentum and quantum number conservation

‘és”»?zfa«

.“!&, .{:ﬁ&; Tl

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

LUND string model

»1GeV]

Ighq ark i

~—
e e P —

0 s 10 15 0
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off-shell
g+t q

off-shell
meson

Mmeson

WAN

P.Moreau

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing,

EPJ ST 168(2009)3 9



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
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10° £ - ] = &
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E; 10° b ° /\-I»Z0
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o =
10" & - §+
10% | g
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V. Konchakovski et al.,
PRC 85 (2012) 011902; JPG42 (2015) 055106

O PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coefficients v,, ...) from SIS to LHC energies

10



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 i 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 11



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

= D°/D*" (STAR)
D’ (tuned Pythia) ]
- -=- D*' x0.565/0.224 7
(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 12



N
Q&,Z/f‘. Heavy quark scattering in the QGP (DQPM)

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

QGP!

<:| Non-perturbative

) Elastic cross section uc=>uc
q(g) charm
uc—uc
u: off-shel 7 [MP]
» c: on-shell i O Distributions of Q+q, Q+g collisions
¢  (m, =15GeY) ¢ vs s'2 in Au+Au, 10% central
4 2
Oé 0-10 % central ciollisioDs
0.4 . 10 ok
0.2 : : TTTTeetg

coll

dN_/ds'? (GeV")
=

H. Berrehrah et al, PRC 89 (2014) 054901; "
PRC 90 (2014) 051901; PRC90 (2014) 064906 s (GeV)
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W
§’/f Heavy quark scattering in the QGP
pr g N

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
cosf

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

H. Berrehrah et al, PRC 89 (2014) 054901; PRC 90 (2014) 051901; PRC90 (2014) 064906
14



N
§/// Charm spatial diffusion coefficient Dg in the hot medium

Al
o
= D, for heavy quarks as a function of T for p,=0 and finite p, assuming
adiabatic trajectories (constant entropy per net baryon s/ng) for the expansion

D, =lim(p — 0) where np =A/p; A(p,T) = drag coefficient

e 50—
| ' [ — s/ng=30 —  DpQCD
brQeb i [ - s/ng=20 Moore& Teaney (@,=3) |
Moore&Teaney {a,=0.3) | 40+ - Tolos et al. |
30 Tolos et al. ' :
@ 10CD . Banerjee et al. r J
HG Q Jee et ) 30k 1
] q r -
S |
= 20F T: L
& S0
201 i
L, =0 r .
L ’,
#
10 L e
- 10F #,-’ 4
- g =0 [ >
G-III||||||l||-|||||I- ﬂ‘ll--l----I--::l----l....l....l.
0 100 200 20q) 400 0 50 100 150 200 250 300
T [MeV] T [MeV]

AT <T,: hadronic Dg

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

=» 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 a 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)%* 16



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)
. . 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!
17



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

18



Raa @t RHIC - coalescence vs fragmentation

Influence of hadronization scenarios: coalescence vs fragmentation

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

atAu+An
= STAR (0-10 %) Roun(pr) = —¥p " "/dpr
2.0+ - - . e arAutAn ATP+D ¢
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 2 %% —n—0-10 %
p B - +--10-40 % 1
' S 06 - -4--40-80 % |
o
3
0.5 § 0.4
3
1]
S 02
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 6
p, (GeVic) p. (GeV/c)

 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

19



Raa @t RHIC: hadronic rescattering

PHSD: paronic scattering : w W

2.0 hadronic scattenng: w WO
coal Hragm.: <r==05fm - -—- - - -
1.5 }
‘lDyL”;"“L cecee T ]
|27 § Hk"‘“-’-it;:; S J )
“-5'/{ n STAR e
: 40-80 % :
DD T T T T T T
181 -|v- QGP collisional
L’— — energy loss '
1.0 oy 525 Tf
- “E:-H
- g, 1
0.5 i”‘"‘-'-‘-":;_:;_-__l:.-_,_—
10-40 %
DD T T T T T T T T T T T
(5. with hadronic
} iﬂ rescattering
1.0 V,Lf’f o <
.7 RS QGP
0.5 /} —> ﬁi }‘i-»; s W
| 0109 Without T
0.0 T T T T T T T
0 1 2 3 4 5 6
p, (GeVic)

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 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 T -
[ ]
=" 1 with hadronic 1]
0.104 rescattering _}1 -
] = = Te - -
________-.-J"-"- - ..l .0 p
?;;"ﬂ D___-_'_T_‘.IE}—""". ¥
0.05 ’:gf___,,f; T 1 4
.’//*’ - without hadronic rescattering
D.DD 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

ap\p\(s) = <R(I;)b(.1‘1.Q)R;)b(-l"LQ» U;:\;;\r('s‘)

RA(X1,Q), RA(X5,Q) for i=zj=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 20T \tid-rapidity ()
and Cronin effects in d+A and Au+Au @ 200 GeV
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PHSD vs charm observables at RHIC

2.0
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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

U 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 22



Charm R, at LHC: PHSD vs ALICE

1.6
1.4+
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> 0.1
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= ALICE (30-50 %)
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O in PHSD the energy loss of D-mesons at high pr can be dominantly attributed to partonic scattering

U Shadowing effect suppresses the low p; and slightly enhances the high p part of Raa

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)
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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
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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%=200GeV
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-
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----initialcand c
1.51 finalDand D
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0.

0
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o/

Q 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 Raa, generates v,
 Hadronic rescattering moves Rus 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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Thermal dileptons from QGP vs. dileptons
from correlated charm

in-medium effects

Low- Intermediate- High-Mass Region 1
=10 fm <0.1fm 3

MRS | BT HPE R S B
0 1 2 3 4 5
mass [GeVic?]



Dilepton sources

J from the QGP via partonic (q,gbar, g) interactions:
PHSD: non-perturbative QGP - DQPM

* + gQ ¢ © g
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s feCtS \ Plot from A. Drees
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What is the best energy range to observe dileptons from QGP?
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Dileptons at RHIC and LHC

o Au+Au, 200 GeV, min-bias I o' Pb+Pb, 2.76 TeV, 0-10 % I
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Message:

STAR data at 200 GeV and the ALICE data at 2.76 TeV are described by PHSD within
1) a collisional broadening scenario for the vector meson spectral functions
+ QGP + correlated charm

2) Charm contribution is dominant for 1.2 <M < 2.5 GeV

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907 31



Dileptons at FAIR/NICA energies: predictions

E ‘ ' 1 10' 3 ' o
3\ (e) Pb+Pb collisions at 200 GeV 3\ @ Pb+Pb collisions at 39 GeV
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Relative contribution of QGP versus charm increases with decreasing energy!

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907 32



Dileptons: QGP vs charm

Excitation function of dilepton yield integrated for 1.2<M<3GeV

mid-rapidity The number of primary cc pairs in Pb+Pb

Pb+Pb. b=2 fm. 1.2<M<3 GeVI collisions at b=2 fm as a function of s
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QGP contribution overshines charm with decreasing energy: Vs < 30 GeV
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Dilepton transverse mass spectra

:> The inverse slope parameter
in the mass range M=[1.75,2.95]
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@ Summary - |i

d Charm quarks are sensitive to the history of the QGP evolution
and retain information on the entire time evolution from initial
stage up to the late stage of the HIC

=» heavy quarks are a very suitable probe to study the QGP
properties

 Intermediate dilepton masses M>1.2 GeV :

® Dominant sources : QGP (gbar-qg) and correlated charm D/Dbar

¥ Fraction of QGP grows with increasing energy;

however, the relative contribution of QGP dileptons to dileptons
from charm pairs increases with decreasing energy

=» QGP contribution overshines charm with decreasing energy
Good perspectives for FAIR/ NICA /BES RHIC !
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