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Experiment: Heavy-ion collisions

HICSTORY OYF THE | ININVERCFE

U Heavy-ion collision experiment
=» ,re-creation’ of the Big Bang conditions in laboratory:
matter at high pressure and temperature

Quark-Gluon
Pressure < el  ay VIR =2

ates pions|
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d Heavy-ion accelerators:

Facility for Antiproton and lon Nuclotron-based lon Collider

Large Hadron Collider - Relativistic-Heavy-lon-Collider - "
LHC (CERN): RHIC (Brookhaven): Research — FAIR (Dar_mstadt) fAcility — NICA (Du_bna)
Pb+Pb up to 574 A TeV AU+AU up to 21.3 A TeV (Under construction) (Under construction)

Au+Au up to 10 (30) A GeV Au+Au up to 60 A GeV

Future NICA complex




Q Theory: Information from lattice QCD

|. deconfinement phase transition + Il. chiral symmetry restoration
with increasing temperature with increasing temperature

IQCD BMW collaboration: =0
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O Crossover: hadron gas > QGP, T.=156 MeV T [MeV]

[ Scalar quark condensate (qq) is viewed as an order parameter for the restoration
of chiral symmetry: # 0  chiral non-symmetric phase;

< qq == { =0 chiral symmetric phase.

= both transitions occur at about the same temperature T for low chemical potentials



The ,holy grail’ of heavy-ion physics:

® Search for the critical point

> 200p g ’ | ’
" 2 Critical p : § P phase transition
% ; D S N from hadronic to
c /— 1010 partonic matter —
o 100F 2 -
2 2 | Quark-Gluon-
e :
E _ ° 9% .o
- % 5o @
5 - ® @ 0909,
Nuclei l 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

i - - : disentangled by experimental data
provide undistorted information 9 y €Xp

about their production channels

promising signal of QGP — charm
thermal‘ photons and dileptons /
RELIIEES
which describe the
of heavy-ion collisions during

the whole time evolution! SRR Y R

thermal y resonance

decays




.". Basic models for heavy-ion collisions

o Statistical models:

basic assumption: system is described by a (grand) canonical ensemble of
non-interacting fermions and bosons in thermal and chemical equilibrium
=thermal hadron gas at freeze-out with common T and pg

[ - : no dynamical information]
® Hydrodynamical models:
basic assumption: conservation laws + equation of state (EoS);
assumption of local thermal and chemical equilibrium
- Interactions are ,hidden’ in properties of the fluid described by transport coefficients

(shear and bulk viscosity n, g, ..), which is ‘input’ for the hydro models
[ - : simplified dynamics]

® Microscopic transport models:

based on transport theory of relativistic quantum many-body systems

- Explicitly account for the interactions of all degrees of freedom (hadrons and partons)
in terms of cross sections and potentials

- Provide a unique dynamical description of strongly interaction matter
In- and out-off equilibrium:

- In-equilibrium: transport coefficients are calculated in a box — controled by IQCD

- Nonequilibrium dynamics — controled by HIC

Actual solutions: Monte Carlo simulations

[+ : full dynamics | -:very complicated]



Parton-Hadron-String-Dynamics (PHSD)

PHSD is a non-equilibrium transport approach with

= explicit phase transition from hadronic to partonic degrees of freedom
= |QCD EoS for the partonic phase (,crossover* at low p,)

= explicit parton-parton interactions - between quarks and gluons

= dynamical hadronization
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(J QGP phase is described by the Dynamical QuasiParticle Model (DQPM)

matched to reproduce lattice QCD A. Peshier, W. Cassing, PRL 94 (2005) 172301;
W. Cassing, NPA 791 (2007) 365: NPA 793 (2007)

= strongly interacting quasi-particles:
massive quarks and gluons (9,9,9,,)
with sizeable collisional widthsina ™
self-generated mean-field potential

2.0

L0}

#GeV]

= Spectral functions: 0.5h
4ol (T,
pi(w)T): ’( )

(i=4,4,8) (‘02 - -M/( T))z +40°I;(T)

0.0

 Transport theory: generalized off-shell transport equations based on

the 1st order gradient expansion of Kadanoff-Baym equations (applicable
for strongly interacting systems!)

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3 7




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

Infinite hot/dense matter = Shear viscosity n/s at finite T

PHSD in a box; PHSD: V. Ozvenchuk et al., PRC 87 (2013) 064903

£=2.18 GeV/fm® T time =40 fm/c
a PRI 1 R
T Thas ety 4wt s T B

Bayesian analysis, S. Bass et al. ,1704.07671

= | - | | - | | =
PHSD: —#— kinetic theory —&— Kubo formalism 3
m A A @ O lattice QCD

rossover

e i

n/s

e

4 ° 4 7 Q\i@\

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

0.1 ,
|QCD %:mml_a/zujjum . . . ———n:sz55=1r[4=)E
1.0 1.5 2.0 2.5 3.0
DQPM /s, T/T,
L. QGP in PHSD = strongly-
o:: Interacting liquid-like system
0.15

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

Review: H. Berrehrah et al. Int.J.Mod.Phys. E25 (2016) 1642003 8



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

Electric conductivity o./T at finite (T, pg)

PHSD in a box:
Electric conductivity o /T at finite T
H. Berrehrah et al. , PRC93 (2016) 044914
W. Cassing et al., PRL 110(2013)182301 o /T
= Electric conductivity I DOQPM je "
1 ‘ - 0.1
] 0.1 !
] .-—-"""" | 10.08
- - Lo.06
i 0.06 |
b(ﬂk 0.04 |4~0.04
] ] 0.02 70,02
] @ PHSD . )
linear fit // 0.25
o — == DQPM < 0.20
0'015 A O * l 0 lattlce ] — /0 153
1 . /*[2 3 4 5 0.15 420 T /01 ¢
T/T_ o025 o T 005 o
: TlGey; ™" 035 \ 0.0
" the QCD matter even at T~ T, is a much o
ce/T : pyg=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, ug)

T,
in’

O Photon emission: rates at qo=2>0 are dR
related to electric conductivity o, 0 d'xd’q .,
4o

o, = Probe of electromagnetic properties of the QGP




,Bulk' properties
In Au+Au collisions
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Au+Au at 200 A GeV, b=2.2 fm
o

t=0.1 imic

Au + Au ,/syny = 200 GeV

b=22fm - Section view

@ Baryons (394)
@ Antibaryons ( 0)

@ Mesons( 0)
® Quarks( 0)

@ Gluons( 0)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm
o

t=1.63549 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view

@ Baryons (394)
@ Antibaryons ( 0)

@ Mesons (1598)
® Quarks (4383)

@ Gluons (344)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm
o

t =2.06543 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view

@ Baryons (396)

Antibaryons ( 2)

Mesons (1136)

Quarks (5066)

Gluons (516)

P.Moreau

Hadron production within PHSD




Au+Au at 200 A GeV, b=2.2 fm
o

t = 3.20258 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view

@ Baryons (413)
Antibaryons ( 13)

Mesons (1080)

Quarks (4708)

Gluons (761)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm
o

t =5.56921 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view

@ Baryons (472)
Antibaryons ( 70)

Mesons (1724)

Quarks (3843)

Gluons (652)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm

t = 8.06922 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view
@ Baryons (559)
Antibaryons (139)

Mesons (2686)

Quarks (2628)

Gluons (442)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm

t=10.5692 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view
@ Baryons (604)
Antibaryons (187)

Mesons (3169)

Quarks (2076)

Gluons (319)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm

t=15.5692 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view
@ Baryons (662)
Antibaryons (229)

Mesons (3661)

Quarks (1499)

Gluons (175)

P.Moreau




Au+Au at 200 A GeV, b=2.2 fm

t = 20.5692 fm/c

Au + Au ,/syny = 200 GeV

b=22fm - Section view
@ Baryons (692)
@ Antibaryons (266)

@ Mesons (4022)

® Quarks (1184)
@ Gluons ( 90)

P.Moreau




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

aj LR

10} . —  PHSD: highlights b e |
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arXiv:1801.07557

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

13



Dilepton sources

J from the QGP via partonic (q,gbar, g) interactions:

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

®Dalitz decay of mesons
and baryons (n%n, A,...)

correlated D+Dbar pairs — s
. . . . Low- Int diate- High-M Region ]
°radiation from multi-meson reactions om | s f O oY
(7I+7t, 7t+p9 nto, p+p ’ n+al) - 9475‘ 0 1 2 } 4 °

mass IGeWczI

I Advantage of dileptons:
additional , degree of freedom* (M) allows to disentangle various sources
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Lessons from SPS: NAGO

Q Dilepton invariant mass spectra:

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

Q Inverse slope parameter Tg:
spectrum from QGP is softer than from hadronic
phase since the QGP emission occurs dominantly

]0* E j T . .
9 NAGD ; before the collective radial flow has developed
- — PHSD i
E 107 —_——p (broadened}_:
= : | In+In, 158 A GeV, dN_ /dn>30
Zg w 300 + B,/ LMR, ® , O IMR NAG6) -
" =& PHSD
=
= 10’
g 250 | *l *% i
5 < J-+
z 10" B~ .
= 200 &L \; % 1
L/ L
l{l-'ll | | ﬁ
0.5 1 IJ 1 5 2.0 2.5
M [GeV/c] 150 | i
- —-q E]_> 1+1- —l— ﬂ:+a1—:=-l+l- ..... a, Dalitz i
—mqq—>ghl o —p54p S14- 0.0 0.5 1.0 1.5 2.0 2.5
""" gq—>qlHl- 0 gre—>H- 2
PHSD: M [GeV/cT]
NA60: Eur. Phys. J. C 59 (2009) 607 Linnyk et al, PRC 84 (2011) 054917
§ [ NAG60 In-In
Message from SPS: (based on NA60 and CERES data) g T mooscw exeoss (050G
1) Low mass spectra - evidence for the in-medium broadening of p-mesons . i
t———t U —H—

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

A =-0.13+0.12

0.2 04 0.6 0.8
[cosd|

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

dN/dM,, (c*/GeV)

Centrality dependence of dilepton yield

| | |]
1ol Au + Au s, =200 GeV |
B O Central =1
[~ ® 10-40% =005 7
L O 40-80% =002
-IEI-1L W m
- | MinBias =0.0002
10° 8
107
1D'T_
- STAR preliminary
| —— cocktail
1ﬂ-9|=| ] 1 ] 1 1 1 I 1]
0 05 1 15 2 25 3 35 4

M., (GeV/c?)

Ratio to Cocktail

(=R L & D = SR L D e IR L Y P B e A L I

L(bI) 0-102; (Central)
’ RS
(b2) 10-40%
H(B3) | 40-80%
L (b4) 0-80% (MinBias)
s
S SV
—Rapp -+ OHSD
0 05 1 15 2 25 3 35 4
M.. (GeV/c?)

PRC 92 (2015) 024912

Excess in low mass region, min. bias

0.01+ - F!ﬂpp:I vacuum p|+QGP -

T |
Data - Cocktail !,
' — Rapp: broadened p +QGP

A - PHSD: broadened p +QGP

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

in-medium effects

mass IGeWczl

17



Dileptons at RHIC and LHC

'

A

o Au+Au, 200 GeV, min-bias " Pb+Pb, 2.76 TeV, 0-10 % I
! @ STAR PHSD: ° 0 @ ALICE PHSD: 7 n
’i - + - 1 - + _ -
100 q+q—>e e — (DD A _E 100 . q+i_>e e o (DD
. tI‘ p_l_e = 02 GEV - s == q+a—}g+e+e_ et ()] -'—"31 é — pT > 04 GeV r— q+q_>g+e+e' ——— ) m=sm=ae g f
L 1074] MI<t = gtg>gre’e ---¢ --- ' S 1g <08  ==- gtg->qte’e —--¢ ----n' ]
3 1% . bb - —p 3 10" 2 =
= 41024 D —---BB —Sum ]l = -t —sum
s R ] s
:9_ !f" > ~ F ‘t't‘ E 10_2
107450/ T -
I LN 1N (] &
104 N\ AT\ a® © - 107
R ‘\; i o
J.-" \_‘ \,\ “i.'l"-:l‘_-' - ._.\.-\.:,- - -
10_5 i .:- ‘d\_‘:. I:L_ \'\_ L] e, -
—L— \Ef i\" T - T — _— 104
0.0 05 1. 1.5 20 2& 30 35 40
M (GeV)
Message:

+ QGP + correlated charm

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

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

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, Phys. Rev. C 97 (2018) 064907
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Dileptons from RHIC BES: STAR

| Aut+Au, 19.6 GeV, min-bias

101 L T
. e @ STAR PHSD: o n
g+g->e'e’  ====-0D A j
10 P, >0.2GeV —.— g+g->g+e’e === ='=a, ]
% <10 == Grg>gre’e — - - ¢ —- '
D 107 oo
&9_, —---BB sum ]
s 107 + 3
S 3
g~ 10% 3
Z 3
T 405 ] .
10° 4 \
10 L FUARE
0.0 3.0
0 Au+Au, 39 GeV, min-bias
ok @ STAR PHSD: 7 a
\ g+g->e'e’  ----wD AL
10" P >02GeV —.—qig>gre’s ~—mo ——--a, ]
1y M g ST grg->gre’s — == ¢ -w=e '
10 :

DD 4

dN*/dM (GeV™)
3 3

—_
=
w

—_
<
o

N
<
4

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

| Au+Au, 27 GeV, min-bias

10

dN**/dM (GeV™)
3 8 3 3 3 3 3

—
<
1

@ STAR PHSD: 0 N
g+g->e'e’ == ®D A
pTe >02GeV —.= q+a_>g+e*e' ....... ® ==-a
nl<1g ==~ q+g->gte’e — - - -y’

I DD
90 3 p
=T\ | =--=BB sum

g ,.

= iy']

0.0

Au+Au, 62.4 GeV, min-bias

@ STAR PHSD: o .
g+g->e'e’  ----wD A

‘ p,”>02GeV —.—qg+g->gte’e -0 ——-a,
) <1 oegrgRgre’e - - ooy

----BB

DD —p
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

b (e) Pb+Pb collisions at 200 GeV
1073 (b=2 fm, [n |<1)
—~ 107 from QGP ] .
E fronDD&BE E
E 10%1 total %
= 10°] Q
3 =
u‘;—g' 10™ 4 ; S
Z ] ;
5] ] .
S 10 >
10° 4 ]
10" . : 3
3

107 +

Pb+Pb collisions at 17.3 GeV
(b=2fm, |n_|<1)

from QGP

from DD

total

(€)

dN°*/dM (GeV™)

@)

Pb+Pb collisions at 39 GeV
(b=2 fm, |n_|<1)
from QGP
from DD
total

Pb+Pb collisions at 11.5 GeV
(b=2 fm, |n |<1)
from QGP

from DD
total

®)

dN°*/dM (GeV™")

1 2 3
M (GeV)
"N\ @ Pb+Pb collisions at 8 GeV
10° (b=2 fm, n_|<1)
107 - from QGP _
) from DD E
1073 total
10°4
107 4
10‘5—;
10° /x
107 , ‘ , .
0 1 2 3
M (GeV)

Relative contribution of QGP versus charm increases with decreasing energy!

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, Phys. Rev. C 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 (4n)
Pb+Pb, b=2 fm, 1.2<M<3 GeV I Pb+Pb, b=2 fm, 1.2<M<3 GeV I
10" 3 3 3
1 PHSD : 1PHSD:
102 D+D -> e'e +X ] 104? D+D -> e'e+X E
q+q->e'e from QGP E _ gtq->e'e from QGP
3 10° T -arg->gre'e ] = 1074——-- q+q-> g+e'e 3
> §---q@r+g->q@ree ] > 1---a@+g->q(@ree
c . . % 107 5 - E
g 1073 VAN .- 3 % /__.,—- ]
o -7 D 10" e .
Q1073 T 2 e
- 1 /J _--" 1|\ __.-=-7 ] o S
- 107 4 - E
10° L 3 Z
- <1 (a) 04 7. 4n (all)  (b) ]
0 10 100 10 100 |
1/2
s'? (GeV) s (GeV)

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

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, Phys. Rev. C 97 (2018) 064907 21



w Dilepton transverse mass spectra
+Pb, b=2 fm, <1, 1.2<M<3 Ge The inverse slope parameter
10° —LL%M— ::> in the mass range [1.75,2.95]

(a) PHSD fitinthe m_range [1.75, 2.95] GeV
[ ] 600 gy . . —r— .
10° = ]
— 3 3 P .
N> i ] —_— i —.—QQP
Ca > 500} —=—DD .
Q g | —a—3|| .
a5 < as0 .
— L ’6 I . -
.g'_ 10° E QGP E © 400 | 7
£ [——8Gev £ /‘ =
g A —11.5 GeV g 350 | /A ./ i
Z 10°F ——17.3 GeV s | — .
f —— 39 GeV Q 300 . .
t —— 200 GeV O [ A 1
107 . 1 . 1 N 1 . o 250 | -
1.0 15 2.0 25 3.0 O ! ]
7
m_(GeV) E>3 e _ _
e £ 150 | -
10 Pb+Pb, b=2 fm, |n’|<1, 1.2<M<3 GeV i fitin the m_range [1.75, 2.95] GeV
100 " L L L n A L L

E (b) PHSD fit in the m, range [1.75, 2.95] GeV? 6 8 10 20 40 60 3.0 100 200

10"E - "2 (GeV)
g 10" . .
> f o Inverse slope parameter: QGP contribution
2wy is harder than that from D-Dbar
© s
E 10°F _ o The excitation function of the total inverse
© E DD
E o7} —8GeV slope parameter shows characteristic
8 E —— 11.5 GeV 1/2
Z b 173Gev changes at s'>20 GeV

10 F ——39Gev

. [ _.200 GIeV ‘ . . -
10 1.0 1.5 2.0 2.5 3.0

m, (GeV) T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, Phys. Rev. C 97 (2018) 064907 22



Messages from the dilepton study

 Low dilepton masses:

" 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 alonger p-propagation
in the high baryon-density phase

d 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

FRRETT ERETIT AT IRRTT AR ERRTTT IRRTTT ERRTTT EERTTT

Drell-Yan ‘

=» Good perspectives for FAIR/NICA [ Low- i Intermediate- | High-Mass Region
F =10fm i =1fm i =0.1fm E

. I PR TR TR T S T T . | I T T T N TR TR R T

0 1 2 3 4 5

Review: O. Linnyk et al., Prog. Part. Nucl. Phys. 89 (2016) 50 mass [GeV/c?]

T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, Phys. Rev. C 97 (2018) 064907 23



Thank you for your attention

IWARA

— From Quarks to-Cosmaos:

Thanks to the Organizers !
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