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The holy grail of heavy-ion physics:

® search for the critical point
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¢ Study of the in-medium properties of hadrons at high baryon density
and temperature
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From SIS to LHC: from hadrons to partons A

P @ 0.9,

The goal: to study of the phase transition from hadronic to partonic matter
and properties of the Quark-Gluon-Plasma from a microscopic origin

= need a consistent non-equilibrium transport model

O with explicit parton-parton interactions (i.e. between quarks and gluons)
1 explicit phase transition from hadronic to partonic degrees of freedom

1 1QCD EoS for partonic phase (,cross over at j1,=0)

O Transport theory for strongly interacting systems: off-shell
Kadanoff-Baym equations for the Green-functions S<,(x,p) in
phase-space representation for the partonic and hadronic phase

—>| Parton-Hadron-String-Dynamics (PHSD)

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

Dynamical QuasiParticle Model W. Cassing, EPJ ST 168 (2009) 3

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




Dynamical QuasiParticle Model (DQPM) - Basic ideas:

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

Gluon propagator: A"l =P2 - II gluon self-energy: II=M,*-i2I",®

Quark propagator: S_"' =P*-X  quark self-energy: X =M *-i2' @

" the resummed properties are specified by complex self-energies which depend on

temperature:
- the real part of self-energies (Z,, 1) describes a dynamically generated mass (M,,M);

- the imaginary part describes the interaction width of partons (I';, I')

" space-like part of energy-momentum tensor T, defines the potential energy density
and the mean-field potential (1PI) for quarks and gluons (Ug, Uy)

= 2Pl framework guaranties a consistent description of the system in- and out-off
equilibrium on the basis of Kadanoff-Baym equations with proper states in equilibrium

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



The Dynamical QuasiParticle Model (DQPM)

(J Basic idea: interacting quasi-particles: massive quarks and gluons (g, q, q,.,)
with Lorentzian spectral functions :

p(o,T)= 4(12)1;(” - (i=4,q,8)
2 =2 2
L fit to lattice (IQCD) results (“’ —p oM, (T))z t4o’ I (T)
(e.g. entropy density) with 3 parameters )s
® 1QCD: 0 Kocemarek et al. I’Jtl}?ﬂ(:lxl—hll'.‘-'-.‘\'.l_‘-_

—DQFM

=» Quasi-particle properties:
large width and mass for gluons and quarks o8
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®DQPM provides mean-fields (1PI) for gluons and 5L e20.5 Gevim ]
quarks as well as effective 2-body interactions (2PI) -
®DQPM gives transition rates for the formation of hadrons e 4?;‘““9‘,]6 v

- PHSD

DQPM: Peshier, Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007) 5



Parton-Hadron-String-Dynamics (PHSD)

A Initial A+A collisions — HSD:
N+N - string formation - decay to pre-hadrons

U Formation of QGP stage if € > €gitical

dissolution of pre-hadrons > (DQPM) >
- massive quarks/gluons + mean-field potential U,

O Partonic stage — QGP :

based on the Dynamical Quasi-Particle Model (DQPM)

= (quasi-) elastic collisions:

q+q9—>q+q g+q—og8+gq
q+q9 >q+q g+q—>g+q
q+q—o>q+q gtg—g+g

LUND string model

g G@yj\\l =, o
= inelastic collisions: i\ | T
g+ —>g q+gogtg I« .
_ SRT] S .
gq+q g-g+g { ‘\H___!

] Hadronization (based on DQPM):

g—oq+q,

q+q < meson (or'string ')

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

0 5 10 15 20
£ [GeVifm]

off-shell
q + q >

off-shell
meson

ERBMM 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 6



Description of A+A with PHSD

O Important: to be conclusive on charm observables, the light quark dynamics
must be well under control!
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L PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coeficients v,,, ...) from SPS to LHC




PHSD in a box:

l. Transport properties at finite (T, pg) : n/s

e=2.18 GeV/fm® time =40 fm/c
e R e A oo S
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DQPM: Shear viscosity n/s at finite (T, y,)
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DpQCD
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PHSD: shear viscosity n/s at finite T

V. Ozvenchuk et al., PRC 87 (2013) 064903

v T T T T
PHSD: —#— kinetic theory —@— Kubo formalism
m A A @ O IlatticeQCD

= Virial expansion

-l = len

1.5 2.0 2.5

3.0
T/T

n/s: pqa=0 => finite p,:

smooth increase as a function
of (T, ug)

H. Berrehrah et al. arXiv:1412.1017



Il. Transport properties at finite (T, y,): /T

PHSD in a box:
Electric conductivity c./T at finite T
W. Cassing et al., PRL 110(2013)182301

! o } Electric conductivity
QOIM
y @ PHSD
linear fit
E —-=DQPM _
0.01: A O * I 0 lattlce ]
1 T/Tz 34 s

C

d Photon emission: rates at q,>0 are
related to electric conductivity o,

T

47:

qy—>0

= Probe of electric properties of the QGP

DQPM:
Electric conductivity c./T at finite (T, )

H. Berrehrah et al. arXiv:1412.1017
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Direct photon flow puzzle

‘)
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Production sources of photons in p+p and A+A

 Decay photons (in pp and AA):
m=2>v+X, m=7",m, o, N, a,...
O Direct photons: (inclusive(=total) — decay) — measured

experimentally o . A :
ompt (pQCD; initial hard N+N scatterin
" hard photons: prompt (p * 9)

(large pr,
in pp and AA)

¢ jet fragmentation (pQCD; qq, gq bremsstrahlung)
(in AA can be modified by parton energy loss in medium)

—ant
%10

-~ o o >

o
® thermal photons: { QGP

4 AuAu Min. Bias x10*

*  AuAu 0-20% x10°

PHENIX

AuAu 20-40% x10

o . ]
(low pr, in AA) ®* Hadron gas £ [ v
__1?_' _ Turbide et al. PRC69
I 9.9 m . . w p
7 jet-y-conversion in plasma 510"\ \]\
/ (large pr, in AA) %,10_2
8 3 ™ 4
S0
= .
" jet-medium photons =10° :
(large pr, in AA) - scattering of 10 e hard
hard partons with thermalized 10" . e,
partonsqhard*'gQGPé'Y"'q’ 7 1111111111111111:L111l:11l1ll
Qhara+gbarqep>7+q 107 6 7
P, (GeVic)

= Phys. Rev. C 81, 034911 (2010)
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Production sources of thermal photons

J Thermal QGP:

Compton scattering g-gbar annihilation

q(q) +9 — q(q)+~ q+q — g+

= pQCD LO: ‘AMY’ Armold, Moore, Yatfe, JHEP 12, 009 (2001)
= pQCD NLO: aale, Ghiglieri (2014)

D Hadronic sources:

(1) secondary mesonic interactions:
T+ DPp+Y pHT 2 +y, K 2 p+y ...

(2) meson-meson and meson-baryon
bremsstrahlung:

m+m=>m+m+y% m+B2>m+B+y,
m=m,n,p,0,KK*%..., B=p,A...

Models: chiral models, OBE, SPA ...

HTL program (Klimov (1981), Weldon (1982),
Braaten & Pisarski (1990); Frenkel & Taylor (1990),

= Rates beyond pQCD:

off-shell massive q, g

E%—é ); E + soft ... (used in PHSD)

O. Linnyk, JPG 38 (2011) 025105;
Poster by O. Linnyk & QM‘2014

€ QGP rates used in hydro !

10° | I ‘ |
Central Pb+Pb
10" 12
0 s ‘=5.5ATeV
10 > :
— o N <N_>=3000 ]
E RN S -0.5<y<0.5
Q. 10? e 7
o, ™ -
ng 10 AN
= 107"} oo in-med HG HG (1y*:\BaryonS’
& 10° | ——- QGP (T=845MeV) .
R — initial pQCD (pp)
10° ¢ sum
o1z 3

q, [GeV]

HG rates (1) used in hydro (‘TRG’ model) -

m ive Yang-Mill roach:
Kapusta, Gale, Haglin (91), Rapp (07), ... assive Yang-Ilills app

Turbide, Rapp, Gale, PRC 69, 014903 (2004)

)
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Va

0.25 n° vy - ey, B dN 1 RP
o2l [ = EPP(p=1.0-28) |[ dé — 27 1+2 Zn>1 v cos(n(d — W)
’ PHENIX f e E.PEEC (|y|=3.1-3.9) :
015 L o ovEme- "’3:@0«: -
F o VI pne| |
[ L 0.05
01l ; %7 3 &%@ E | AurAu, s"=200 GeV, MB '
0.05 [ - R §@ - 0.04]
P S— N @%ﬁj{ J 1E : v*" v, evolution
s TR ST R Lot € \?7/1/ C1, [ S B B | ~ F
R EEE. T B S R R TN 4 6 8 10 12 " 002

PHENIX: Photon v, puzzle

ths Rev. Lett. 109, 122302 (2012)

O PHENIX (also now ALICE):

P, [GeV/c]

strong elliptic flow of photons v,(ylr)~ v,(x)

0.01

0.00

/.

i (ﬂyket:, PRC 88 (2013) 034904

100 L Numbers of collisions:
O Result from a variety of models: v,(yr) << v,(7) £ \ 0+
A “teca g
3 Problem: QGP radiation occurs at early times when 3" ¢
elliptic flow is not yet developed = expected v,(y2¢F) >0 g 2
ZN’ -0, =10
Qv, = weighted average T YN Da large QGP 10"

contribution gives small v,(yQGP)y

L PHENIX, ALICE experiments - large photon v, !

=

Challenge for theory — to describe spectra, v,, v; simultaneously !

13



PHSD: photon spectra at RHIC: QGP vs. HG ? @

Linnyk et al., PRC88 (2013) 034904;
PRC 89 (2014) 034908

= Direct photon spectrum (min. bias)
PHSD:

= QGP gives up to ~50% of direct photon
yield below 2 GeV/c

Au+Au, s, ’=200 GeV, MB, Iyl<0.35|
@ PHENIX, PRL 104, 132301

PHSD:
—— S
= QGP ] : : :
===- pQCD ! sizeable contribution from hadronic
-"‘“gl‘m];“"f sources
nmn_;r: . — meson-meson (mm) and
’ meson-Baryon (mB) bremsstrahlung

m+m=> m+m+7,

m+B 2> m+B+Y, \ /CS,;/
O
m=71.0,0.K K*... / \

B=p

d*N/2rp, dydp,) [GeV7c’]

The slope parameter 1. (in MeV)

PHSD PHENIX ' mm and mB bremsstrahlung channels
QGP | hadrons | Total [38] can not be subtracted experimentally !

260 =20 | 20020 | 220 £20 233+ 14+ 19

W AVIRAN

Measured Teff > ,true‘ T = ,blue shift‘ due to the radial flow!
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Photon pt spectra at RHIC for different centralities

from talk by S. Mizuno at QM‘2014

PHENIX data - arXiv:1405.3940

—— Linnyk er al.

! Au+Aun ]
\ IR — 200GeV

= vHees &t al
=== Shen e al (KLMN)
Shen er al (MCGID)
direct ¥

PHSD predictions:
O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

J PHSD approximately reproduces
the centrality dependence

O mm and mB bremsstrahlung
Is dominant at peripheral
collisions

.

Il Warning:

large uncertainties in the
Bremsstrahlung channels in
the present PHSD results !

15



Centrality dependence of the ,thermal‘ photon yield

O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

scaling of thermal photon yield vs centrality: [ Hadronic channels scale as ~ Npa'
(‘Thermal’ photon yield = direct photons - pQCD) O Partonic channels scale as ~Npan'"®
o 1 Au+Au, s_ =200 GeV, |y|<0.35
I S — 3 thermal photons
B i N
> 10 | > o
JE % o S el : ‘
f =5 . ' Vol A LA
%, ; > - o
=B F .’.'° ', PHSD ]
. v g .-77 @ sum
b z M ® e qcr
w02p RS 4 5 >04GeV/e ¥ pr>1.0GeV/e | g A  hadrons]
' [ # pr>06GeV/c ¥ pr>12GeV/e = 0.01 | . ———— const*xpm” 4
. I pr> 0.8GeV/c‘ t pr>14GeV/c % -.' ..... const * N r11-75 E
107 107 : e :
Ny 10 N 100
part

O PHSD: scaling of the thermal photon yield with Ny,+* with o~1.5

O similar results from viscous hydro:
(2+1)d VISH2+1: o(HG) ~1.46, o(QGP) ~2, o(total) ~1.7

= What do we learn?
Indications for a dominant hadronic origin of thermal photon production?!

16



Are the direct photons a barometer of the QGP? @

U] Do we see the QGP pressure in v,(y) if the photon productions is dominated

by hadronic sources?

0.2 |

01

™ PHSD @ PHENIX
o ey ”  PHISD
}ﬂ o -Tincl HSD

inclusive photon v,

AutAu, s =200 GeV, MB, |y|<0.35

0.0
p, [GeVic]
direct photon v, in PHSD

03 |

| @, O PHENIX
v, =2V, NN, ) {
?ls

Au+Au, s *=200 GeV, MB, lyl<0.35 ||

)
2 =

PHSD: Linnyk et al.,
PRCB88 (2013) 034904;
PRC 89 (2014) 034908

1) vy(Y"e) = v,(7?) - inclusive photons mainly come from 10
decays

= HSD (without QGP) underestimates v, of hadrons and
inclusive photons by a factor of 2, wheras the PHSD model
with QGP is consistent with exp. data

= The QGP causes the strong elliptic flow of photons
indirectly, by enhancing the v, of final hadrons due to
the partonic interactions

Direct photons (inclusive(=total) — decay):

2) v,(y9i") of direct photons in PHSD underestimates the
PHENIX data :

V,(Y96P) is very small, but QGP contribution is up to 50% of

total yield = lowering flow

= PHSD: v,(y9i") comes from mm and mB bremsstrahlung !

P, [GeV/c]

17



Photons from PHSD at LHC

Pb+Pb, SNN”2=2.76 TeV, 0-40% central, |y|<0.7 Direct photon eulptlc flow v2
o B ALICE (preliminary} ‘Pb+Pb, S =276 TeV, 0.40% central, lyl<0.7
s PHSD: 3 '
—_ —_— 3 @® ALICE prelimina
ik O R
% 10" = == mB->mBy _
U =—Cm—nn —>py, TP —>TY 3 010 |
— ¢=— VN ->Ny ]
- ====decays of §,a, A e
-1
_g- 100 L5y N N T _
>
=
e
j=3
& 107 0.00
“E | == = without bremsstrahlung ]
N"c y 0.0 0.5 1.0 1.5 2.0 2.5 30 35
10° e
. \ p, [GeV/c]
1 2G v/ 3 4 Direct photon triangular flow v,
P, [GeV/c] o2
] Is the considerable elliptic flow of direct Lo | p
photons at the LHC also of hadronic origin as | ) 020/ Conarality
for RHIC?! 0.10 |
0 The photon elliptic flow at LHC is lower than at " oas|
RHIC due to a larger relative QGP contribution / f
longer QGP phase. / il L T S
d Nonzero triangular flow v, of direct photon 0.05

00 05 10 15 20 25 3.

Linnyk et al., PRC (2015) in press; arXiv: 1504.05699 Py [GeVic] 18
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Dilepton sources

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

&.Qj_) =3
\VaVaVaV % o~
- - % VMY m
1 r a T ! q q
. from hadronic sources: — ‘ \ Plot from A Drees

dN__. /dydm

°direct decay of vector
mesons (p,n,0,J/'¥,¥¢)

°Dalitz decay of mesons
and baryons (7', A,...)

°correlated D+Dbar pairs

: i High-Mass Region ]
>10fm >1fm <0.1fm E

°radiation from multi-meson reactions
(T+T, TP, THO, p+p , T+a,) - 4T 0 1 2 2 Z :

mass IGeWcZI

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

20



Dileptons at SIS energies - HADES

1 HADES: dilepton yield dN/dM scaled
with the number of pions N,

L Dominant hadronic sourses at M>m,:
= 1, A Dalitz decays
= NN bremsstrahlung

= direct p decay

» p meson = strongly interecting resonance
strong collisional broadening of the p width

® In-medium effects are more pronounced for
heavy systems such as Ar+KClI then C+C

® The peak at M~0.78 GeV relates to w/p
mesons decaying in vacuum

N, AN/AM [(GeVie) ']

T

N dN/AM [(GeVieh'|

10 - A Ar+KClL 1.76 GeV/nueleon HSD:
no medinm effects - = 1 Dalitz
w - ~-~ nbalis
@ HADES —-=— A Dalitz
. [ T w Dalitz
Y (a) @
E ) 3 - I p
10 | . - - Brtms.f\f‘?
| Brems. N
JEL | - —All
0 | ' S & .
w0’ | 'I‘ ________________ \
|1 , \
1w [y | i, 1 o ) s
0.0 0.2 0.4 0.6 0.8 1.0

Ar+KClL 1.76 GeV/nucleon HSD:
collisional breadening — — x Dalitz
=== 1 Dalitz
@ HADES —--—ADalitz

Brems. =N
—All

0.2 0.4 0.6 0.8 1.0
M [GeV/e’]

E.B., J. Aichelin, M. Thomere, S. Vogel, and M. Bleicher, PRC 87 (2013) 064907
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Dileptons at SIS energies: A+A vs. N+N

= ratio of AA/NN spectra (scaled by N,,) after subtracted n contribution

F 7 subtracted [ 7 © ' L
— 10° ;-[% N HSD: ace:ArKCl -
O (a) Ar+KCL 176 A GeV
< ot [ ---—-(pp+pn)?2, L.25 GeV
S "o pd, .25 GeV 3
& : (pp+pu)/2, 176 GeV
= 10° [
z
== 10 L
z, £
=} E
. 7 | HADES: ace. ArKC1
- IV H 9 Ar+KClL1.76 A GeV \
E| O (pprpn(d)y2,1.25 GeV ' 3
w0y ey

M [GeVic]

0.0 0.1 0.2 0.3 0.4 0.5

0.6 0.7 0.8

10 \ T
. N T
" S,

UN, dNAM [1/GeV /]

10 HADES: acc. ArKCl

IQMD: acc:ArKCl
Ar+KCL 1.76 A GeV
(pp+pn)/2, 1.25 GeV

(a)

@ ArtKClL 176 A GeV %
O (pp+pn(d))2, 1.25 GeV '|'
10°* L | R IR RPN I SR | ] !
0.0 0.1 0.2 03 (.4 0.5 0.6 0.7 0.8
M [GeV/cT]

N*dM 7 AN"/dM)

)(d

A4

NN
N,

(N,

NN (aNMam 7 aNNam

F ArKCla1 . 76A GeV

- NN@l.25GeV

| @ HADES, accArKCl
HSD, accArKCl

[==m-- HSD, 4r

¥
]
]
T
]
]
[}

flf ]

! " ’-'1 n subtractedi

i
f (b)

ArKClE1 76AGeV
B 5 NN@1.76GeV
. ",' === HSD), accArKCl
- HSD, 4 .
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
00 01 02 03 04 05 06 07 08 09

2.
M [GeV/c’]

' 1 n subtractedi

(b)

ArKClm1.76AGeY -1
NN@1.25GeV
@ HADES, accArKCl
— QM D, aceArKCl 7

0.2 03 04 05 06 07 08 09
M [GeV/c’]

HSD

|QMD

=» Strong enhancement of dilepton yield in A+A vs. NN is reproduced by HSD and
IQMD for C+C at 1.0, 2.0 A Gev and Ar+KCI at 1.75 A GeV

E.B., J. Aichelin, M. Thomere, S. Vogel, and M. Bleicher, PRC 87 (2013) 064907
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Dileptons at SIS (HADES): A+A vs NN

Bremsstrahlung: NN->¢'e NN [

i i 4w, min. bias ]
" i 1
L

i i ]

c” i \ . T

|', ' Ratio: .;\+A.-“.\.\_

: L—C+C 1L0AGeY
L I— = C+C 125AGeV
'y ! C+C, 175 AGeV 1

J === C+C, 20 AGeV 7]
v Ar+KClL 175 AGe VS
- s g et - -=-== Aut+Au, 1.25 AGeV 1

AutAu, 1.75 AGeV]
L ! | I [ R TR R B

03 04 05 06 07 08 09 10 L1 1.2

— A-Dalitz: A->e¢ e N I'

! 4m, min. bias |
!
!
! Ratio: A+A/NN ]
C+C, L0 AGeV
J == C+C 125 AGeV

C+C, .75 AGeV
—_—— O+, 2.0 AGeV

Ar+KCl, 1.75 AGeV
====a AutAu, 125 AGeV 7]

AutAu, 1.75 AGeV ]

- 10

= of
1 Two contributions to the enhancement i 8 [
of dilepton yield in A+A vs. NN S Z :
1) the pN bremsstrahlung which scales = 5
with the number of collisions and not g
with the number of participants, i.e. I
pions; P,

A
2) the multiple A regeneration — 0.1 02
dilepton emission from intermediate A’s o 10
which are part of the reaction cycles z
A->7N; TN >A and NN->NA; NA->NN z

= 0
d Enhancement of dilepton yield in A+A/,_%—/4_
vs. NN increases with the system size! 2 2L

0.1 0.2

03 04 05 06 07 08 09 1.0 1.1 1.2
M [GeV/c']

E.B., J. Aichelin, M. Thomere, S. Vogel, and M. Bleicher, PRC 87 (2013) 064907
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Dileptons at SIS (HADES): Au+Au

= HSD dicti 2013
HADES preliminary: Au+Au, 1.23 A GeV predictions ( )

—_
=
T

4 in. bias, total dilept ield
T. Galatyuk, QM’2014 = LF ™ min- bias, tofal dilepton yield I
%Z s [ (a) ]
"__I | Irﬁi I I | T T I T I I LI | T T I 1 | T T T ‘ I T i I | I_ E 7 '_ _'
103 HADES Prelimina | Z 6l ]
N(_) 107 e i 3 = s ; Ratio: A*A/NN -
= F - Au+Au 1.23 GeV/u - 3 - > | J—cicn0acey A
> - i;l x8-10! 1/2 [pp+ :/%/4_ : p i - = c+C1254Gev ]
) - Al [pp+np] = st 5 ‘; CH+C,1.75 AGeV -
9 ale HE;! . i1 o7 S == CHC,20AGeV ]
=107 oo o = z F (A i AT+KCI, 1.75 AGeV]
® - " E R I AutAu, 1.25 AGeV
Ecu B = N g =7 Au+Au, 1,75 AGeV]
B . ] {3 PR TN | [ PR U BPEN B BT | N PR
o 5' ) . ; 1 00 01 02 03 04 05 06 07 0.8 09 10 11 1.2
=105 [ o ! .
© B * . i t ] g 10 T T T | dx, 1) subtractedl—_
® = * R = | '} t H i
ZzZ ' : 2 o (D i / ]
‘—10'6:— p > 0.1 GeV/c = = [ i H ]
- >g° . | ’ 4
B ] L ! -
B * --Ef. 5 \ { M Ratio: A+A/NN
oo b b b b by IR ﬁz s [ from, » ! !—C+C,l.0 AGeV ]
0 01 02 03 04 05 06 = =] fm = CHC1BAGY -
ML [GeV/c? o B ol
5 . — W2 €
ee [ evic ] E"* Ll S A ': W o Ar+KCL 175 AGeV
Z T — —eees ArAL, 1,25 AGEV ]
. . x| AUFAL, 1.75 AGeV
4 Strong in-medium enhancement of A S E
00 0.1 02 03 04 05 0.6 07 03 09 1.0 11 1.2

dilepton yield in Au+Au vs. NN M [GeV/e]
= measurement of A regeneration by HADES!

E.B., J. Aichelin, M. Thomere, S. Vogel, M. Bleicher, PRC 87 (2013) 064907



Lessons from SPS: NA6O

Q Dilepton invariant mass spectra: PHSD: Hybrid-UrQMD:
Linnyk et al, PRC 84 (2011) 054917 Santini et al., PRC84 (2011) 014901
NAG60: Eur. Phys. J. C 59 (2009) 607 w T
T Y (2009) W | I ISBAGEV. N30 ] S AN Jdne30  0.6<p,<0.8 GeV ]
2 In-In dN_/dn>30 @ NAGD = 10°¢ 3
= 107 e B ——PHSD Q ;
o - v excess dimuons 2 Wy T p(broadened), = 4l
S b e = = 107 .
—_ =, » Renk/Ruppert 8 T E
§ 107 » Hees/Rapp z >°
-0 - » Dusling/Zahed 2 ,:‘%: 10 3
A 2 . = [ ]
= | = " = o ]
gl =] r ! b
= 107 = 107 o |
5 B "% 10" e Eo 'H‘ L
“gt L - s P N RV BT | S N
- ol ~ 02 04 06 08 1 12 14
s 10 © Fireball model — Renk/Ruppert 0™ v 1"0 " = . M [GeV]
I Fireball model — Rapp/vanHees 4 ’ M [GeVic)] ’ ’
| Ideal hydro model — Dusling/Zahed R — — l In+In, 158 A GeV, dN_/dn>30 |
T T T T T [T T N T T SO : e -Traa— - - ﬁal_}l-H- ----- 4 Dalitz 300
10" 0.5 1 15 2 2.5 ——qq g oo s [ W, 4 LMR, @, O IMR NAGD 7
M (Gev) - g q—>qlH o0 el =9—PHSD

250 | +¢?T§

*1
Q Inverse slope parameter Te: = \'},ﬁ %
spectrum from QGP is softer than from hadronic phase since the QGP | }
emission occurs dominantly before the collective radial flow has developed - | | ,

150

M [GeV/c')]

Message from SPS: (based on NA60 and CERES data) EX a—
1) Low mass spectra - evidence for the in-medium broadening of p-mesons | | *®  cowoeasey
2) Intermediate mass spectra above 1 GeV - dominated by partonic radiation |3
3) The rise and fall of T.s; — evidence for the thermal QGP radiation T
4) Isotropic angular distribution — indication for a thermal origin of dimuons sk = 013:012

F ‘PF‘lL‘1(‘)2 ‘(290‘9) ‘22‘23‘01‘ ‘

|cos@|
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Dileptons at RHIC: PHENIX

PHENIX: PRC81 (2010) 034911

4 LR LA L N B L I 4 LN LA L S B AL I
o N N — o N N -
] 10‘%— min. bias Au+Au\ /s, =200 GeV q z 10'% min. bias Au+Au \Syn = 200 GeV E
[ 3 [ 3
o 4 - DATA —cocktal e o o DATA --cT s 2 (PYTHIA) FLRapp & H.vanHees E 1
=0.35 —T = =0.35 =
§ ;g%w.z Gevic - = random omsiton . § pg =02 GevJ'cF'_"'WB*IiIW"“‘” ‘a“'la“""] —cockial 7 10 T 172
—SUmM W/ pvacuum - -
0% . = Tk ireball modet = e 2 min. bias Aut+Au, s =200 GeV
£ E cocktail 3 £ E Rapp/vanHees 7" = E P~ ‘ » a
E C % . E c  parlonte ywiaey . <o 107 PHENIX PHSD: @ sumofall channels |
[ ]
Z 107 . & L] - Z 107 . & L - S" - P 3
g E t } fad 3 g E E__, - ii}rf/ﬁ 3 Co] D+ D-—>¢+e
E ] E S L = ] 3 -
It P m—— S 1 CSw e
;810":_ + LRI = = == charmonia 3
E 3 e E SR E o - N 3
s F . f 3 2 E e e T J = - . ——qt+ q—>ete
= L T e = r — = E 1 0-
108 = 108 TS =
E: N A B N BN B E ! 1 ! ! 3 ~
0 0.2 04 06 0.8 1 1.2 0 0.4 0.6 0.8 1 122 7z 10°
m,, (Gewic?) M, (Gewic?) =
w L e e L o o o e e e o e e e e B w ——— ] . B
[#] . . — . . —
2 10'% min. bias Au+Au \ /Sy = 200 GeV = % 10‘%— min. bias Au+Au s, =200 GeV E Z“ -
puu | = 3
E f; DATA =T €8 (PYTHIA) K.Dusling & 1.Zaned Loon |3.;] DATA -=16T 64 (PYTHIA) 5D E = 10
8 B = 0.2 GAVIC =0T ee random comelation) o000y = 8 : 0.2 Gevic =0T — e {random comrelation) J—— 7
;{c 107 E Ideal hydro -+ hadranic yield = i 107 g =
=z E Dusling/Zahed — partonic yleta 3 z E HSD —Rumwipbreadenng 3 107 Y S Ty
E : —sum : ﬁ C - -sum wip broad. +drop. 7] 1 5 2 0 2 5 4 0
'_ i § - - 2 . - - -
Z 0 ) = Z 107 ] - M [GeV/
2 3 = F E [GeV/c]
3 E — H t ] iﬁ'.l 7 & f S ;:_?_ {' t -z{"‘? ]
N "/ 1 %t [ — Y 1 .
St A\ O 4 SwE \ . innyk et al., PRC 85 (2012) 024910
s [ R 5 L - . .
L - T S S o ' PHENTX ' PHSD
10E ) W0E s 3 B M=0-100 MeV  x10 ——
A N B E I S L A R I R B B ¢ M=100-200 MeV x10 — — 7
0 1.2 0 1.2 M=200-300 MeV —_——
m,, (GeVic?) m,, (GeVicd) 2 M=300-500 MeV /10

M=500-T50 MeV /100 =

*  M=§10-990 MeV /1000 -~~~}

Message:

® Models provide a good description of pp data and peripheral
Au+Au data, however, fail in describing the excess for centra

@IN,,) (1127p,) dN'/dp\dy [(¢/GeV)’]

collisions even with in-medium scenarios for the vector I B BN
spectral function ) e T wd Ay
*The ‘missing source’(?) is located at low p; b 1 b Gevie] L ¢

® Intermediate mass spectra — dominant QGP contribution
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dN/dM,, (c*/GeV)

Dileptons at RHIC: STAR data vs model predictions

Centrality dependence of dilepton yield

10°H}

10°

107

10H]

107

T | | N = : 2 T . ' :
|+ Aus+Au s, =200 GeV g 3(bD 0-10% (Central)
[ o Central 1 8 2} '
- O L&
& 10-40% =005 1o '#
' O 40-80% x0.02 o0
® MinBias x0.0002 LECEF q
- 2_
I 1
ﬂ_
B 3
B 2f
-
d of P 7T
3 (bd) 0-80% (MinBias)
2_
- STAR preliminary 1l -
| — cocktail
] I l I l l l | b Ot ._Ft.app. . ".- FHISD . .
0 05 1 15 2 25 3 356 4 D 05 1 15 2 25 3 35 4
M,, (GeV/c?) M, (GeVic?)

(STAR: arXiv:1407.6788 )

Excess in low mass region, min. bias

| | — i | |
Data - Cocktail ' -~ - Rapp:vacuump+QGP
' — Rapp: broadened p +QGP

2| -.-. PHSD: broadened p +QGP

Models (predictions):
» 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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Dileptons from RHIC BES: STAR

fdM_, [ (GeVic)) " ]

dNoo”

avt
mb

1IN

(Talk by Nu Xu at QM‘2014)

— 2 S etey Cockiail wio p
n—e'ey + Medium

~ oo — DA s e’s” & 196 GeV = 0.0002

- 1 =e'ey e 27 GeV =001

— Jiy s o'e @ 39 GeV =05

= m—e'en) @ 624 GeV =15

p—e’e’in) @ 200 GeV x 200

STAR Preliminary

gt (oo,

0 0.5 1 1.5 2 25 3

invariant dielectron mass, M., [GeWcE}

(Talk by Nu Xi at 23d CBM Meeting‘14)

0.15™

0.3 5

[ Au+Au ‘:‘é

025+ = = 00-05% 1 0]

~ 40-50% ~

: 0.2 - 70-80% 10.1 g

T [ ]PHSD %

=015 [ 4 1=

|'§ - + S
=} 0.1+ | i + * * * *—0.05 ED

0.05) : 1 e
STAR Preliminary E

0 a al - : PR PR | 3 0 E

10 VS (GeV) 10
NN
Message:

excess (scaled with

(%)) within the measured

® BES-STAR data Fow a constant low mass

energy range

®* PHSD model: excess increasing with decreasing
energy due to a longer p-propagation in the high

baryon density phase

= Good perspectives for future experiments —
CBM(FAIR) / MPD(NICA)
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Dileptons at LHC

dN/dAM [1/(GeV/cH]

i 12 . - O. Linnyk, W. Cassing, J. Manninen, E.B., P.B.
- Pb+Pb, s "=2.76 TeV, b=0.5, |y|<0.88, p_>0.15 GeV Gossiaux, J. Aichelin, T. Song, C.-M. Ko,

2
10° | Phys.Rev. C87 (2013) 014905; arXiv:1208.1279
‘. DD DD angular correlated
10'  PHSD —-= BB=-=-J/¥, ¥ 10’

Pb+Pb, s =2.76 TeV, b=0.5, |y|<0.88, p_ >0.15 GeV

—— QGP ( qq)

10

® 2 N: 10 L == = PHSD with vacuum p
¢ ] 2 ———PHSD with in-medium p
1 1 -
10 ] >
S
QGP I/ ] S
10* ' =
S E =
o - ] E 10
wf [ T e L N
g e RO AR
o ., ~.. R -2
(1 I S e 1000 o2 04 06 . 08 10 12
0.0 05 10 15 20 25 30 35 M [GeV/c)|
M [GeV/c']
Message:

" low masses - hadronic sources: in-medium effects for p mesons are small
¥ intermediate masses: QGP + D/Dbar

®charm ‘background’ is smaller than thermal QGP yield

® QGP(qbar-q) dominates at M>1.2 GeV = clean signal of QGP at LHC!
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Summary t{‘,

I. Direct photons - the photons produced in the QGP contribute up to 50%
to the observed spectrum, but have small v,

® Large direct photon v, — comparable to that of hadrons - is attributed to
the intermediate hadronic bremsstrahlung and hadronic scattering
channels not subtracted from the data

® The QGP phase causes the strong elliptic flow of photons indirectly, by
enhancing the v, of final hadrons due to the partonic interaction in terms of
explicit parton collisions and the partonic mean-field potentials

Il. Dilepton spectra - according to the PHSD predictions - show sizeable
changes due to the different in-medium scenarios (as collisional
broadening and dropping mass) which can be observed experimentally

® In-medium effects can be observed at all energies from SIS to LHC
® At SPS, RHIC and LHC the QGP (gbar-q) dominates at M>1.2 GeV

Review: Linnyk et al., Prog. Part. Nucl. Phys., (2016) 20
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