=P | St HIC i SARD GOETHE 53
T [ a!‘l"' "y
B _rm'_l_ ) i : Helmholtz !:t.e.rnaEﬁl‘!E c RC-TR 211 };TﬁqNIK\;[]JERBASD'{ {3;11;

Probing the QGP with dileptons

Elena Bratkovskaya
(GSI, Darmstadt & Uni. Frankfurt)

In collaboration with Taesoo Song, Wolfgang Cassing, Pierre Moreau

COST THOR Working Group I & Il & GDRI Meeting N — .= I:
COST Action CA15213 - .
Instituto Superior Técnico, Universidade de Lisboa,
Monday June 11 - Thursday June 14 2018

TOPEAN COOPERATION




The ,holy grail‘ of heavy-ion physics:

® Search for the critical point

200F

¢ Study of the
phase transition
from hadronic to

:

Quark-Gluon-
Plasma

Temperature T [MeV]

. .
Nuclei i i Net Baryon Density

¢ Study of the in-medium properties of hadrons at high baryon
density and temperature



Feinberg (76), Shuryak (78)
Disadvantages:

_ low emission rate
dileptons and real photons are

emitted from different stages of the production from hadronic corona
reaction and not effected by final-

_ ) many production sources which
state interactions

cannot be individually

disentangled b ' tal dat
provide undistorted information Isentangied Dy experimental data

about their production channels

promising signal of QGP — charm ?,E,Q
,thermal‘ photons and dileptons /
Requires
which describe the
of heavy-ion collisions during

] .
the whole time evolution! T T decay 7 L

thermal y
decays




Dynamical Models = PHSD

The goal:

to describe the dynamics of partons (quarks and gluons)
and hadrons (baryons and mesons), i.e. all phases of HIC
on a microscopic basis

Realization:

a dynamical non-equilibrium transport approach

1 applicable for strongly interacting systems,

O which includes phase transition from hadronic matter to QGP

The tool:
PHSD (Parton-Hadron-String Dynamics) approach

@ Baryons Au + Au ,/syy = 200 GeV

| .ti j_l
4 T ! S
® Quarks

@ Gluons b=22fm - Section view s e -:'-: o - ;

@ Antibaryons.

@ Mesons : l




Q 450 rad
3, 965068 Degrees-of-freedom of QGP
% X OGOOOZ?)"W
! I I I
18
% 1QCD gives QGP EoS = ol
206 l:
S
04+ I' === Free quarks and gluons —
! -~ Bag model, B=(150MeV)' | -
02 | & pQCD =
. . I.‘; * Lattice |
! need to be interpreted in , o
terms of degrees-of-freedom 0 02 e O o8
Non-perturbative QCD < pQCD
Thermal QCD
pQCD: = QCD at high parton densities:
J weakly interacting system O strongly interacting system
J massless quarks and gluons O massive quarks and gluons

*» Effective degrees-of-freedom



W, : : : .
§/7 Dynamical QuasiParticle Model (DQPM) - Basic ideas:
Q
,J -

DQPM describes QCD properties in terms of ,resumed’ single-particle Green‘s
functions (propagators) — in the sense of a two-particle irreducible (2Pl) approach:

gluon propagator: A/ =P*-II & quark propagator§,~'=pP’ -2

gluon self-energy: II=M,*-i2y,» & quark self-energy: X =M ‘-i2y o

(scalar approximation)

" the resumed properties are specified by complex (retarded) self-energies:
- the real part of self-energies (Z,, 1) describes a dynamically generated mass (Mg,M,);

- the imaginary part describes the interaction width of partons (y,, v,)

ret ret
Spectral functions :  A~ImS§; ", A, ~ImA

O Entropy density of interacting bosons and fermions in the quasiparticle limit (2PI)
(G. Baym 1998):

dw d*p on
d / B —
sdap =—dg/ 2w (2x) a7 (ImIn(—A7") +ImITRe A) gluons
&S dow dp @
p onp((w—puy)/T) i

(O) —dq/ 2 (Om)’ S (ImIn(—S,') +Im X, Re S;) quarks
c do d°p Inp((@+py)/T) 1 i

- éfzn Ty 5 1 (Imln(—S7") +1m X5 Re 5;) antiquarks

A. Peshier, W. Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)



Sl DQPM(T): properties of quasiparticles

Properties of interacting quasi-particles: Y
massive quarks and gluons (g, q, q,,,) Ale,p) = E

(

1

1

(0-EP+P  (0+E)P+7¥

)

with Lorentzian spectral functions :

E=p+M -y

" Modeling of the quark/gluon masses and widths - HTL limit at high T

masses: m2_9_2(N +1N)T2 2 — 2N —1
9= e ) TaT I Ty,
widths: v, = lNC g2_T |n(2_g s 1) Yo = 1 N§ —1 g°T In(ZC
8m g 3 2Nc 8m 92
2.5
" running coupling (pure glue):

T — g (E). 127
%) =T T @N, —2N;) (T T, — T,/1.)7
- fit to lattice (IQCD) results (e.g. entropy density)

with 3 parameters: T,/T.=0.46; c=28.8; 1=2.42 (for pure
glue N~=0)

Peshier, Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)

€@ 1QCD (Vy=0)
— DQPM (N,=0) ]
- - = DQPM (N,=3) |




Ly

/, ..
LS DQPM at finite T and =0
> fit to lattice (IQCD) results . :t; |
“ BMW IQCD data S. Borsanyi et al., JHEP 1009 (2010) 073 0 o8  ppaat T wRR—

—_—yT

= Quasiparticle properties:
" large width and mass for gluons and quarks

=0
10 +

2.0
15¢ uq= /5r |

/L-/qq}- T [MeV]

: S

* _ 2 [GeV!] -

05F T i TC_1 98 MeV 10 Jl[ light quark /
T=27T.

#GeV]
=
7
@

widths _ _ _ 2 T55] ec=0.5 GeV/fm3 |

ﬂ.“—._.__-.---;-——.- - L 01 7

=0

DQPM
® matches well lattice QCD " :
® provides mean-fields (1PI) for gluons and

quarks as well as effective 2-body interactions (2Pl)

®gives transition rates for the formation of hadrons = microscopic
dynamical transport

approach PHSD 8

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)



Parton-Hadron-String-Dynamics (PHSD)

A Initial A+A collisions : LLING s g st
N+N - string formation - decay to pre-hadrons \\&/ ;
=
] Formation of QGP stage if € > &itical -
dissolution of pre-hadrons -> (DQPM) > "1 e / |
- massive quarks/gluons + mean-field potential U, sy | | @
4 Partonic stage — QGP : lL 5:“?\1\\
based on the Dynamical Quasi-Particle Model (DQPM) ARt
= (quasi-) elastic collisions: = inelastic collisions: 25-::"\ - .
q+q—>q9+q g+q—>8+q Ty =k

T gT4—>8 qrqog+tg ieh .
— ® 1} o )

o g§q+q gg8+g b \_g

q+q9—>q+q g+g—>g+g .

] Hadronization (based on DQPM):

off-shell
> meson

go>q+q, q+q < meson (or'string’')

q+q+q <> baryon (or'string ')

| O 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



QGP in equilibrium: Transport properties at finite (T, p,): n/s

Infinite hot/dense matter =

PHSD in a box:
time =40 fm/c |
o Br TR Sl e s

7 ‘fm‘.

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

Te(Uq) ” )
i e 2y S O Y X T
IQCD Tty = 0) o /2 u; +

DQPM n/s

703

|
|

r0.2
|
0.15
7
0.20

Vs
e A 0.11
e < 0.10

g < . ()
0:20 425 TTe— /o.os \0
0.30 0.35 o D
T [GEV] . 0.00

Shear viscosity n/s at finite T
PHSD: V. Ozvenchuk et al., PRC 87 (2013) 064903
Bayesian analysis, S. Bass et al. ,1704.07671

o | o ] = | | o1
PHSD: —#— kinetic theory —@— Kubo formalism 3
H A A @ O |lattice QCD

Fossovernr

IIIII

n/s

== == hydro

u.I .. =

e = 1)

QGP in PHSD = strongly-
interacting liquid-like system

n/s: pg=0 => finite p,: smooth
increase as a function of (T, p,)

Review: H. Berrehrah et al. Int.J.Mod.Phys. E25 (2016) 1642003 /0



Transport properties at finite (T, pg): co/T

PHSD in a box: Electric conductivity /T at finite (T, p,)
Electric conductivity /T at finite T
H. Berrehrah et al. , PRC93 (2016) 044914
W. Cassing et al., PRL 110(2013)182301 - T
- v T L] T T .l".l
= ' Electric conductivity I DQPM Jne
L - - 0.1
] ] 0.1 l |
_.---" : 10.08
0.08 . |
o 0.06 e
=™ M +0.04
S 0.04 |
0.02 10,02
] @ PHSD | )
linear fit < 0.25
0.01 3 === DQPM A 0,20
i A O * I Q lattlce h — /4’ 0. 154‘\
' T[GeVJO'SU 0.35 0.00

= the QCD matter even at T~ T, is a much
CelT 1 pg=0 => finite p,: smooth

better electric conductor than Cu or Ag _ _
(at room temperature) by a factor of 500 ! | | increase as a function of (T, )

T
= ——=0,

 Photon emission: rates at q,—>0 are dR
47’
0

related to electric conductivity o, 0 d"xd3q
q

oo =@ Probe of electromagnetic properties of the QGP




,Bulk‘ properties
In Au+Au collisions
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Non-equilibrium dynamics: description of A+A with PHSD

Q PHSD: highlights

0.10F

[IXIE 3

=~ 0.00F

NN SN

PHSD/STAR prel.
7 GeV

R0

GeV

39 GeV
62 GeV'
21 l( A

An + A, M-60%

PHENIX Au+Au Vs, = 200 GeV
0-5% central & |n| <0.35

F : I:._--f—”";—r
' S S 03F  A+A 0-5% central lyl<0.5 ]
¥ Cgi e gash
b
K" e e 02F
# 1 ASE o L. 1o CSR ==+ 1
mAGS sSPS'BES vRHIC +LHC "N =
1w : : : 0.1 F J  NLL --
p osmrng &
i adi, B 0.05 F RHIC (STAR) * 7
I - e = T RHIC (BES) 4
ﬁlﬂl ! ﬁ .h.ﬁ- |.._ A | 0 1 1 1 1 1 1 1 1
Ll 2 04 6 8 10 12 14 16 18 20
o i sy [GeV]
5 10" t P ®
; .-'r!-EE' .
1wt = ]
| €} M E
1L — |
10" mm"f._r_—-*.‘“" ]
10" | Aﬁ"/ [
1| "‘f-:_ﬁj -_+EE|
1w E .'l:'::'l&;' E"' E
1 & w/ BB<>3M — |
a0 wio BB<>3M == 7
L
11’}'3 1 11l 11311l 1 13 3331l 1 1
10 100 1000
s [GeV] e i 1 2 A 4

arXiv:1801.07557

P, |GeVie]

/'y

007 F
0.06
0.05F
0.04 -
0.03+
0.02F
0.01F

0.00 -

0.12

0.10

0.08

06

0.04

0.02 4

0.00

0.0 L5

* heam

1.0 1.5

% STAR
® data

—&— PHSD

Au+Au, all charged
minbias. n| <1

® PHENIX prel.
r === PHSD
—&- HSD

\
t
Au + Au, all charged

30-40%. i< 1. B 0.75-1 GeVie

.
10

PRC 85 (2012) 011902; JPG42 (2015) 055106

(J PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coefficients v,,, ...) from SIS to LHC
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Dileptons as a probe of the QGP
and in-medium effects

14



Dilepton sources

] from the QGP via partonic (q,qbar, g) interactions:

o v
1 'Y ST g&%{@ q a@g 5>
A \/\/\/ - NS s C 5T
q

D from hadronic sources: —

®direct decay of vector
mesons (p,®,$,J/V,¥*)

P EERTTT S EERTIT EERTT T T APRTT IR

°Dalitz decay of mesons
and baryons (n’,n, A,...)

®correlated D+Dbar pairs o T

Low- Intermediate- High-Mass Region

(_—/
Vt
>10fm | >1fm | <0.1fm

°radiation from multi-meson reactions | |
(TC+TC9 TC+p, TC+Q)9 p+p ’ TC+31) - 94717‘ ? ! i 2 i .

mass |GeVic?|

I Advantage of dileptons:
additional ,,degree of freedom*“ (M) allows to disentangle various sources

15



Lessons from SPS: NA60

O Dilepton invariant mass spectra:

107 ——

(dN"/dMdy)/(dN_/dy) (20 MeV)'

In+In, 158 A GeV, dN_/dn>30

@ NAol
PHSD i
—+— p (broadened)

0.5 10 1,5 20 2.5
M [CcV;’c]
- —q q-> - —Ve—rmta —>Hl ... a_Dalitz
—-qq—>ghl o5 )4
..... g q—>ql+l- o0 tp—sl+l-

NA60: Eur. Phys. J. C 59 (2009) 607

O Inverse slope parameter Tq:

spectrum from QGP is softer than from hadronic
phase since the QGP emission occurs dominantly
before the collective radial flow has developed

300

250 |

efl

PHSD:

200 |

150

In+In, 158 A GeV, dN_/dn>30

|,

+#l %

d o~ _'

LMR, @ , O

IMR NAGO
== PHSD

0.0

Linnyk et al, PRC 84 (2011) 054917

0.5 L0 1.5

M [GeV/c

Message from SPS: (based on NA60 and CERES data)

1) Low mass spectra - evidence for the in-medium broadening of p-mesons
2) Intermediate mass spectra above 1 GeV - dominated by partonic radiation

3) The rise and fall of T.¢ — evidence for the thermal QGP radiation
4) Isotropic angular distribution —

indication for a thermal origin of dimuons

dN/d|cos8]| (a.u.)

2.0 2.5

F NAGO In-In
L p,>0.6 GeV

excess (0.6<M<0.9 GeV)

Y. ¥. - ¥.
T

4_3*_

——

1 =-0.13£0.12

0z o4 06 08
|cos6|

PRL 102 (2009) 222301
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Dileptons at RHIC: STAR data vs model predictions

Centrality dependence of dilepton yield

[T T T T T T T T T
Au + Au s, =200 GeV_
Central =1

10-40% =005 7
40-80% =002
MinBias «0.0002

& O & O

- STAR preliminary
| —— cocktail

-IG'E_l | | | | | | | L
0 05 1 15 2 25 3 35 4

M,, (GeV/c?)

Ratioc to Cocktail

= L~ B B == RSP L% [ 7 I e B ' I o [ e R & B |

(b1) 0-10% (Central)

(83) i 40-80%

—Rapp

(39  080% (MinBias)

--~9HSD

D 05 1 18 2 25 3 3§ 4

M.. (GeV/c?)

PRC 92 (2015) 024912

Excess in low mass region, min. bias

0.01 El)ata . Cc:-lck1ai1 ’I. — Flapp:I vacuum ;J|+QGP -
' | — Rapp: broadened p +QGP
-l ', - PHSD:broadened p +QGP
| | !w ' i |
0.4 0.6 .8 21 1.2
M, (GeV/c?)
Models:
» Fireball model — R. Rapp
= PHSD

Low masses:

collisional broadening of p
Intermediate masses:

QGP dominant

Message: STAR data are described by models within a collisional broadening scenario
for the vector meson spectral function + QGP

17



What is the best energy range to observe
thermal dileptons from QGP ?

in-medium effects

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

L s ) g g g g g N R e S IR Mttt ol
0 1 2 3 4 5
mass |GeVic?|

18



Dileptons at RHIC and LHC

RHIC LHC

Au+Au, 200 GeV, min-bias I Pb+Pb, 2.76 TeV, 0-10 %

100 q+a_}e+e— S (DD - A _; - q+a_>e+e_
. pTe >02GeV moa q+a_>g+e*e- ) . pTe >04 GeV e q+a_>g+e*e- o )~
L1048 i<t - ire bt Bl S N1<08  ==-gig>gre’e —--¢ -y
[eb) 2 D
O B O
" 10-2 p—
= =
©
g~ 10 g
prd o
e o

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, arXiv:1803.02698 19



Charm dynamics in PHSD

In order to get information about the QGP in HIC via dileptons,
the charm dynamics must be under control

Dynamics of heavy quarks in A+A :

1. Production of heavy (charm and bottom) quarks
in initial binary collisions + shadowing and Cronin effects /(\ /]\

2. Interactions in the QGP - according to the DQPM:
elastic scattering with off-shell massive partons Q+q->Q+q .
= collisional energy loss

3. Hadronization: c/cbar quarks ->D(D*)-mesons:

Dynamical hadronization scenario for heavy quarks :
coalescence with <r>=0.9 fm & fragmentation
0.4< £<0.75 GeV/fm3 £< 0.4 GeV/fm3

4. Hadronic interactions:
D+baryons; D+mesons with G-matrix and effective chiral
Lagrangian approach with heavy-quark spin symmetry

T. Song et al., PRC 92 (2015) 014910, PRC 93 (2016) 034906, PRC 96 (2017) 014905
T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907 20



Charm production in NN collisions

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

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

10¢4 (@) Alice )
: LHCb 1
10° 5 .
PHENIX 2011
— PHENIX 2017
S 10°1  E653(pA)
o INA16 (pPA)g A E743 (pA)
L 10+ a
a ] E769 (pA)
@ A
10" E 5
10”5 = x 4 [Experimental data -
PHSD
10_2 BUEL LR | BE! s
10° 10° 10° 10°
1/2
s (GeV)

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya,
arXiv:1803.02698

_o(cc)

probability P =

inel
NN

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

=1

10
........ charm {FDNLL}

~«= charm (tuned Pythia)
D°/D*" (STAR)
D’ (tuned Pythia) ]

- -~ D*' x0.565/0.224 T
-‘h“‘n (tuned Pythia)

10*

107

>
a4
Q
E
— -4
= 10
-Dl—
-g:- 107 1
= E
2 3
1 R ]
s 1077 i<t “
in p+p collisions at 200 GeV ]
’1D-T ] X L L I L4 T L T 5 1 ! L L] d L
0 1 2 3 4 5 6 7 8 9

p, (GeVic)

T. Song et al., PRC 92 (2015) 014910, PRC 93 (2016)
034906, PRC 96 (2017) 014905 21



Charm at RHIC and LHC

The number of primary cc pairs in Pb+Pb The invariant mass spectra of dielectrons
collisions at b=2 fm as a function of s1/2 for min-bias Au+Au at 200 GeV with the
o(cc) from the STAR with statistical and

o Pb+Pb, b=2 fm systematic errors

] ©

Au+Au, 200 GeV, min-bias |

10" g—
@ STAR

1 1 ¥ ) :
10"+ | : 10" —— for o(cc)=0.797 mb 3
10° : > ' £ - with statistical errors ]

T

with statistical + systematic errors 3

~ 10
10" ] O
107 -
10° ——PHSD |
10‘4 Laosui ! AL | ! L L L | ! LS |
10' 10° 10° 10* :
s"? (GeV) M (GeV)

* The shaded area shows the uncertainty - Uncertt a.l ntty .|n t(;‘(cc)hfrom - Lea(:;‘; to.tth
in the number of cc pairs due to the uncertainty in the charm production in

uncertainty in the charm production cross and in the dilepton spectra!
section in p+p collisions

= Reliable data for o(cc) from pp are needed!

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, arXiv:1803.02698 22



PHSD vs charm observables at RHIC and LHC

2.0
D% in 0-10 % Au+Au @ 200 GeV
RHIC = STAR (0-10 %) 1
- = = without cold nuclear matter effect
1.5 — with shadowing o
? with shadowing+Cronin
v
S 1.04
o
x

054

ing

0.0 T T T T T T
0 1 2 3 4 5 6 7
p, (GeV)
0.25 PHSD; partonic scattering : w w
| hadronic scaltering: w  wilo
coal.+fragm.: <r>=0.5fm -& - -
0.204 <r>=09fm —A— -0 _
m STAR In 0-80 % centrality
0.15 T i) -
< 1 with hadronic l_
0.10- rescattering 3T 2=
L /.__'_:_:g“*r.-ﬂ' et 1S .-
f—",/;/ e ﬂ"““" ‘gl._-: '.-,%;
0.05 Y:" e 3l 2
] | “~ without hadronic rescatter
0.00 ?’ T T T T T T T
0 1 2 3 4

p, (GeVic)

W, (D’ |y|<0.8)

R,, (D%, D', D*', |y|<0.5)

1.6

0.0

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

P, (GeV)

0.3 -

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

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

p; (GeV)

LHC

O The exp. data for the Ry, and v, at RHIC and LHC 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

T. Song et al., PRC 92 (2015) 014910, PRC 93 (2016) 034906, PRC 96 (2017) 014905 23



Nuclear modification of dielectrons from heavy flavor

The transverse momentum spectra of Raa(Pr ) of single electrons from
D-mesons at s'2from 8 to 200 GeV at semi-leptonic decay of D-mesons
mid-rapidity dNaa /dpT
Raa(pt) = TAA -
1\bina.ry X deP/de
Pb+Pb, b=2 fm Pb+Pb b=2 fm

101 _g ! 1 ! 1 1 ! 1 ! _; 30 g T r :
—~ ' = 2.5 ——8GeV
v . —11.5GeV
> v 20- —17.3 GeV _
o) - -39 GeV
— g —— 200 GeV
> D 1.5 4
T ] ‘--é
et ] —8GeV o
o 107y —11.5GeV 1.0
Z o] —17.3GeV

3 -39 GeV 05 - g
1074 —— 200 GeV
0.0 I 0.I5 I 1.|0 I 155 I 2.|0 I 255 I 350 I 3.5 0.0 y 7 g T - T g T T
0.0 0.5 1.0 1.5 2.0 25

p. (GeV) p. (GeV)

O Hardening of the p; spectra of D-mesons with increasing incoming energy

0 Ra(pt ) of single electrons — from suppression at high energy to enhancement
at low energy

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907 24



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 s2=17.3 and 200 GeV

Pb+Pb, 17.3 GeV, b=2 fm I Pb+Pb, 200 Gev, b=2 fm I
2.0- 0.5-

(a) PHSD : _ { (b) PHSD : _ _
- ---initial c and C 0.4- ----initial cand ¢ -
e A finalDandD 1 _— firalDandD  ,~
- -— ] i 1
V. VvV 0.3 o g _
= 104 = - il -
= =
= 2 0.2 e -
— i R i
Z  0.5- Z '
© E®) 0.1- i
0.0 —— 77— 0.0 — ————
00 0.2 04 06 08 1.0 00 0.2 04 06 08 1.0
o/ o/

O Initial correlations - from PYTHIA : peaks around ¢ = 0 for Vs = 17.3 GeV,
while around ¢ = 1 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 25



Modification of dielectron spectra due to the
in-medium interaction of D-Dbar

The invariant mass spectra of dielectrons from charm pairs with (red lines)
and without the interactions with the hot medium (blue lines) in central Pb+Pb
collisions at s'2=17.3 and 200 GeV

Pb+Pb, 17.3 GeV, b=2 fm, | |<1 I
10"

PHSD :
from DD

w/o hot nuclear matter
——w hot nuclear matter

Pb+Pb, 200 GeV, b=2 fm, |n_|<1

PHSD :
from DD
w/o hot nuclear matter 3
—— w hot nuclear matter

dN°%/dM (GeV™)
dN°*/dM (GeV™")

M (GeV) M (GeV)

O Softening of dN/dM at Vs= 200 GeV due to the interaction of charm quarks in QGP

 Note: the invariant mass of the dielectrons depends on the momenta of e*, e- and also
on the angle between them R,,(p; ) shows that the momenta of e*, e- are suppressed
and dN/d$ shows that the azimuthal angle between them decreases at \'s = 200 GeV
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Dileptons from RHIC BES: STAR

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

Au+Au, 19.6 GeV, min-bias
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sum

QGP and charm are dominant contributions for intermediate masses at BES RHIC
= measurements of charm at BES RHIC are needed to control charm production !
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dN°*/dM (GeV'")

Dileptons at FAIR/NICA energies: predictions

dN°/dM (GeV')

(e)

Pb+Pb collisions at 200 GeV 1}
(b=2fm, |n_|<1)
from QGP _
from DD & BB E
total

(c)
(b=2 fm, |n,

Pb+Pb collisions at 17.3 GeV -

1<1)
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from DD ]
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dN°*/dM (GeV™)

d

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
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Dileptons: QGP vs charm

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

mid-rapidity all rapidities (4r)
Pb+Pb, b=2 fm, 1.2<M<3 GeV I Pb+Pb, b=2 fm, 1.2<M<3 GeV I
107 5 3 .
{PHSD : ? | PHSD:
162 D+D -> e'e+X b 10'1'5 D+D -> e'e+X E
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3 o] gete ] 3 eaogee
> 1--- a(@+g ->q(@)+e'e 1 > ]--- a@rg->q(@)e'e
c - c 1075 .
O 10°; . S et .
3] w 3 . i
O P D 1073 g 4
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© s g IR 3 e s -
P 10° 4 i 3
10° 5 ’ ;
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1/2
s'? (GeV) s (GeV)

QGP contribution overshines charm with decreasing energy!
=» Good perspectives for FAIR/NICA and BES RHIC!
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Dilepton transverse mass spectra

: . I_: The inverse slope parameter
Pb+Pb, b=2 fm, |n'|<1, 1.2<M<3 GeV
0* J_,_n__J in the mass range [1.75, 2.95]
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Messages from the dilepton study

J Low dilepton masses:

u Dilepton spectra show sizeable changes due to the in-medium effects —
modification of the properties of vector mesons (as collisional broadening) —

which are observed experimentally

¥ |n-medium effects can be observed at all energies from SIS to LHC;
excess increasing with decreasing energy due to a longer p-propagation

in the high baryon-density phase

O Intermediate dilepton masses M>1.2 GeV :

® Dominant sources : QGP (gbar-q) ,
correlated charm D/Dbar

® Fraction of QGP grows with increasing energy;
however, the relative contribution of QGP to
dileptons from charm pairs increases with
decreasing energy

= Good perspectives for FAIR/NICA

Review: O. Linnyk et al., Prog. Part. Nucl. Phys. 89 (2016) 50
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Thank you for your attention !



