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The holy grail:

® Search for the critical point

>

Quark-Gluon-Plasma
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= ® Study of the phase
'; transition from

= hadronic to partonic
= matter —
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Nuclei Net Baryon Density

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

¢ Study of the partonic medium beyond the phase boundary



Study of in-medium effects within
transport approaches

In-medium models: .
R. Rapp: p meson spectral function

= chiral perturbation theory Am D (Mq,p,,T) (GeV?)
T=150 MeV
= chiral SU(3) model

= coupled-channel G-matrix approach

—
=
e

o5

= chiral coupled-channel effective field
theory
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predict changes of the particle properties
in the hot and dense medium, e.g.
broadening of the spectral function

-~ Accounting for in-medium effects with
medium-dependent spectral functions requires
off-shell transport models !



04. From Kadanoff-Baym equations to transport equations

After the first order gradient expansion of the Wigner transformed Kadanoff-Baym
equations and separation into the real and imaginary parts one gets:

Generalized transport equations:

drift term Vlasov term backflow term collision term = - ,gain‘ term

ret - : _ - ret - )
O{P' — M — ReZip} {S5p) = O{ZSp) {ReSih) = © (S5 Sir — Sip Sinl

Backflow term incorporates the off-shell behavior in the particle propagation
! vanishes in the quasiparticle limit Axp = 2 T d(p3-M?)
=» ,on-shell‘ transport models (VUU, BUU, QMD, IQMD, UrQMD etc.)

Greens function S<characterizes the number of particles (N) and their properties

(A - spectral function ): IS<xp=AxpNxp

The imaginary part of the retarded propagator is given by the normalized spectral function:
Axp = i[85 — S¥B] = 2Im S5}, S0 Axp =1

For bosons in first order gradient expansion:

r 4-dimentional generalizaton of the Poisson-bracket:
XpP

AXe = (P2 M — Remigh)? + Thp/d
I'xp — width of spectral function = reaction rate of
particle (at phase-space position XP)

o 1(OF 0F,  OF 0F
CLAHEL = 5(@)(# oPe 0P, 8X#)



04‘ General testparticle off-shell equations of motion

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

Employ testparticle Ansatz for the real valued quantity i S<y, -
N
Fxp = AxpNyp= iS5p ~ Y dI(X — Xi(t)) 6¥(P — P(t)) 8(Py — «(t))
i=1
insert in generalized transport equations and determine equations of motion !

General testparticle off-shell equations of motion:
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Off-shell vs. on-shell transport dynamics

Time evolution of the mass distribution of p and ® mesons for central C+C
collisions (b=1 fm) at 2 A GeV for dropping mass + collisional broadening scenario

C+C, 2.0 A GeV, b=1fm
dropp. mass + coll. broad.
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The off-shell spectral function becomes on-shell in the vacuum dynamically
by propagation through the medium!



The baseline concepts of HSD

HSD - Hadron-String-Dynamics transport approach:

® for each particle speciesi i =N, R, Y, &, p, K, ...) the phase-space density f; follows
the generalized transport equations
with collision terms I.,n describing:

o elastic and inelastic hadronic reactions:
BB <—>B'B°, BB<—>B'B'm

baryon-baryon, meson-baryon, meson-meson
mB <—>m'B’, mB <—> B~

o formation and decay of

baryonic and mesonic resonances Baryons:
and strings - excited color singlet states (qq - g) or (q — gbar) - B=(p, n, A(1232),
(for inclusive particle production: BB —> X , mB —>X, X =many particles) N(1440), N(1535),...)
Mesons:
® implementation of detailed balance on the level of 1<—>2 m=(, M, p, @, O, ...)

and 2<—>2 reactions (+ 2<—>n multi-particle reactions in HSD !)

® off-shell dynamics for short-lived states

HSD is an open code: http://www.th.physik.uni-frankfurt.de/~brat/hsd.html



(Collision term) Description of elementary reactions in HSD

Low energy collisions: m

® binary 2<—>2 and
2<—>3 reactions

® formation and
decay of baryonic and
mesonic resonances

BB <—> BB’
BB <—>B'B'm
mB <—>m’'B’
mB <—> B~
mm<—>mm’
mm <—>m’

Baryons:

B=(p, n, A(1232),
N(1440), N(1535), ...)
Mesons:

m=(7, N, p, ®, 0, ...)
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High energy
collisions:

| (above s2~2.5 GeV)
| Inclusive particle
production:
BB —> X, mB —>X

X =many particles

described by

strings (= excited color
singlet states g-qq,

q-qbar) formation and
decay




’4. HSD - a microscopic model for heavy-ion reactions

¢ very good description of particle production in pp, pA, AA reactions

® unique description of nuclear dynamics from low (~100 MeV) to

ultrarelativistic (>20 TeV) energies
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HSD predictions from 1999; data from the new millenium



From hadrons to partons ° 9% o
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In order to study the phase transition from ® © 0009

hadronic to partonic matter — Quark-Gluon-Plasma -

we need a consistent non-equilibrium (transport) model with

»explicit parton-parton interactions (i.e. between quarks and gluons)
beyond strings!

»explicit phase transition from hadronic to partonic degrees of freedom
»1QCD EoS for partonic phase

Transport theory: off-shell Kadanoff-Baym equations for the

Green-functions S<; (x,p) in phase-space representation for the
partonic and hadronic phase

l:> Parton-Hadron-String-Dynamics (PHSD)

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

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

A. Peshier, W. Cassing, PRL 94 (2005) 172301;

Cassing, NPA 791 (2007) 365: NPA 793 (2007)



The Dynamical QuasiParticle Model (DQPM)

Basic idea: Interacting quasiparticles
- massive quarks and gluons (g, q, q,,,,) With spectral functions :

» fit to lattice (IQCD) results (e.g. entropy density) . 1 1
) =g ((w—E)2+f~,2 N (w+E)2+",~2)

=» Quasiparticle properties:
¥ large width and mass for gluons and quarks

. - . - Gluon‘s T=135T
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.DQPM matches well lattice QCD
*DorMm provides mean-fields (1PI) for gluons and quarks
as well as effective 2-body interactions (2PI)
®DQPM gives transition rates for the formation of hadrons > PHSD

[GeV]

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



PHSD - basic concept

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

Fragmentation of pre-hadrons into quarks: using the quark spectral
functions from the Dynamical QuasiParticle Model (DQPM) -
approximation to QCD

Partonic phase: quarks and gluons (= ,dynamical quasiparticles‘) with
off-shell spectral functions (width, mass) defined by the DQPM

U elastic and inelastic parton-parton interactions:
using the effective cross sections from the DQPM

v' q + qbar <=> gluon
v' gluon + gluon <=> gluon
v’ q+ gbar <=> hadron resonances

U self-generated mean-field potential for quarks and gluons !

Hadronization: based on DQPM - massive, off-shell quarks and gluons with
broad spectral functions hadronize to off-shell mesons and baryons:

gluons - q+ qbar; g+ gbar - meson (or string);

q + q +q -2 baryon (or string) (strings act as ,doorway states‘ for hadrons)

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

12




PHSD: hadronization of a partonic fireball

1500

E.g. time evolution of the é,; 1000
partonic fireball at initial temperature 2
L7 T, at pg=0 E 500
S
0
Consequences: time [fmy/c|

»Hadronization: q+q,,, or 3q or 3q,,, fuse to

color neutral hadrons (or strings) which subsequently decay into hadrons in a
microcanonical fashion, i.e. obeying all conservation laws (i.e. 4-momentum
conservation, flavor current conservation) in each event!

» Hadronization yields an increase in total entropy S (i.e. more hadrons in the
final state than initial partons ) and not a decrease as in the simple
recombination models!

» Off-shell parton transport roughly leads a hydrodynamic evolution of the
partonic system
W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919;

NPAS831 (2009) 215;
W. Cassing, EPJ ST 168 (2009) 313






Electromagnetic probes: dileptons and photons

» Dileptons are emitted from different stages of the reaction and
not much effected by final-state interactions

Dilepton sources:
" from the QGP via partonic (q,qbar, g) interactions:

q >NXT/\A< [ (q “<gooooo &%‘J
VBN 5 JaVaVaVa
q r q ¥ Yt

q

® from hadronic sources:

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

dN,, / dydm

T Ty T T TRy T TRy T T Ty T T Ty Ty Ty T T T

®*Dalitz decay of mesons
and baryons (1’,n, A,...)

®correlated D+Dbar pairs
®radiation from multi-meson reactions (T+7, 7+p,

T+, p+p , T+a,) - ,47¢ B
Drell-Yan
=> Dileptons are an ideal probe to study the oo memedate [ ighvMass Regen
e

properties of the hot and dense medium

mass IGeV/czl



’ﬁ. Dileptons from SIS to FAIR/NICA

10° 10° 10°
Au+Au, 2 A GeV, b=0.5 fm I ] Au+Au, 4 A GeV, b=0.5 fm I Au+Au, 6 A GeV, b=0.5 fm I
10' [ N 10 [ 4 10" [ y
- F HSD: i« HSD: i o« HSD:
§ v free 3 § 100 [ free ] § ' [ free ]
3wl coll. broad. 1 8 F coll. broad. 1 08 coll. broad. ]
= 10 coll. broad. + drop. mass. ] =1 3 coll. broad. + drop. mass. 3 =1 3 coll. broad. + drop. mass.
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v L AutAu, 8A GeV,b=0.5fm [ ] g Au+Au, 10 A GeV, b=0.5fm |~ v Au+Au, 14 A GeV,b=05fm |3
10' [ ] 10' [ ] 10' . n
— [ HSD: 1 ~ HSD: 1 - HSD:
§ 10" [ free ] § wl free ] § 10 free ]
3 coll. broad. 3 coll. broad. 3 coll. broad.
Sl coll. broad. + drop. mass. Sl coll. broad. + drop. mass. | X 10" coll. broad. + drop. mass. i
% 10° .. ] % 10° .. ] % 10” 3
S . g
<0 [ SRS =10 ]
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w b . . . . h w b . . . . . 10° ! . ! . ! . ! . ! .
0.0 02 0.4 0.6 0.8 1.0 12 0.0 02 0.4 0.6 0.8 1.0 12 0.0 02 0.4 0.6 0.8 1.0 12
M [GeV/c] M [GeV/c] M [GeV/c]

Dileptons : ,free‘ vs. ,in-medium* scenarios (collisional broadening ,
collisional broadening +dropping mass) for vector mesons (p,®,0)

=>enhancement of dilepton yield for 0.2<M<0.7 GeV and
=>reduction at M~my,, for all energies from SIS to FAIR/NICA!
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Dileptons at SPS: NA60

Acceptance corrected NA60 data

¢ | In+In, 158 A GeV, dN_/dn>30
o NAGO ; = Mass region above 1 GeV is dominated
. —PHSD | by partonic radiation !

107 | 3 p —_— p(hruadened}_:

(dN*/dMdy)/(dN _/dy) (20 MeV)"

10

25
i
M [GeVicl = Contributions of ““41”’ channels
-_ = e . — - _“:-.;'_ ==l amana 3 ° . ° °
qq->Hl wra, >k 3, Dalitz (radiation from multi-meson reactions)
== qq->ghtl o 4p S Il
=== g q—>qll 0 gre-slH- are sma




dN/dM per 20 MeV

dN/dM per 20 MeV

A

NAG60 data vs. HSD transport

700 |
600 |
500 |
400 L
300 L

200

100 |

0.2

3000

800 Peripheral [~ T
1 2500 |

0

In+In, 160 A GeV, all P,

HSD - full off-shell propagation

HSD:

9 NA60 I
1 2000 |

frees. f.

coll. broad.
dropp. mass
+ coll. broad.

1500 L
1000 [

500 |

|_Semi-Peripheral | of in-medium spectral functions
through the hadronic medium

- models for p spectral function:
vacuum spectral function
dropping mass (Brown/Rho)
coll. broad. (Rapp/Wambach)

0.4 0.6 0.8 1.0 12 0.
1800

'1

Semi-Central

1600 [

2500 |

2000 |

1500 L

1000 [

500

1400 [
1200 [
1000 [

® NA60 data are better
described by in-medium
scenario with collisional
broadening

d4 I d6 I dS I 1.0 1.2
M [GeV/c’]

M [GeV/c’]

® High M tail not reproduced in HSD =» Non-hadronic origin?

E. B., W. Cassing, O. Linnyk, PLB 670 (2009) 428
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cocktail p
---—— dropping p mass
——- in-medium hadronic

(a)

Dileptons at SPS: CERES

> [(100 MeV/c* )]

Cl

ee

<dN../dM>/<N

> [(100 MeV/c* )]

Ci

e

<dN,__ /dM>/<N

10 Pb+Au, 40 A GeV, 30% I — T
p,> 200 MeV/e
10-5 L @ CERES 0e+e.> 35 mrad
211<n<2.64
10° L
107 L HSD:
— free s.f.
10° coll. broad.
E | dropp. mass
+ coll. broad.
10° L. ! T
0.0 0.2 04 0.6 0.8 1.0 1.2
10" . '
Pb+Au, 160 A GeV, 7% i ! ! 3
p,>200 MeV/e
10° L 0.>35mrad -
2.1<n <265
10° L -
107 3 HSD: L
F| ——frees.f. &
10° - coll. broad. CERES:
E | dropp.mass @ 7% (2008 data) 3
+ coll. broad. 30% (95/96 data)
10° N | N L
0.0 0.2 04 0.6 0.8 1.0 1.2
M [GeV/c]

1.8

<dN_. (total-'cocktail') /dM> / <N_> [(100 MeV/c’ )]
e
<

<dN_Jdm,,>/<N_,>(100 MeVic?)!

|4
L
06 +
0.4

'*,**”ﬂ% .

x 10
16 |
14 -
1.2 -
1.0 -
0.8 -
0.6 -
04 -

0.2

@ CERES (2008 data): 'p'

Pb+Au, 160 A GeV,7% |

HSD:
= p: free s.f.

p: coll. broad.
total yield (coll. broad.)

— HSD 'cocktail’

—— p: dropp. mass + coll. broad.

p,>200 MeV/e |

0.> 35 mrad
21<n<2.65 A

1 |
0.4 0.6

M [GeV/c]

|
0.8

1.0 1.2

CERES data are better described
by an in-medium scenario with
collisional broadening

E. Bratkovskaya, W. Cassing, O. Linnyk, PLB 670 (2009) 428
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Dileptons at SPS: NA60

1]
l“ 1 T 1 T 1 v 1 T 1 T T T 1 1 1 1 1 T 1 T 1 v 1 ll]+l[‘].j 158 A GEV [
_ =+ = (broadened) B  NA6D data
. i s=catapn ——— PHSD
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- 10 | ™ + T T - = o W
- F iz
= : i
< 10° | it o
— ) |! B i
-E'i E ‘
=_ i )
ZI_J 107" _; Ty T,
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NA60: m spectra

=Inverse slope parameter T for

In+In, 158 GeV, LMR

N re—— : dilepton spectra vs NA60 data
107 | Ny —-= W 02<M<04, 24%;
- —-—-  ® 0.4<M<0.6, 6x ] | In+In, 158 A GeV, dN_/dn>30
: _
10 : 0.6<M=<0.9 i 300 |

1.0=M<1.4 B, LMR @, C IMR NA60
] == PHSD
250 | ?

PN

eff
——
-
L
—-
—3

i 3 2
1/m_(dN_ /dndm.)/ (dN /dn) [GeV"]

10 /
10" 150 | ﬁ
0.0 0.4 0.8 1.2 1.6 L A ! A L
m_-M |GeV] 0.0 0.5 1.0 1.5 2.0 2.5
’ 2
M [GeV/c)
Conjecture:

= spectrum from sQGP is softer than from hadronic phase since quark-antiquark

annihilation occurs dominantly before the collective radial flow has developed (cf.
NA60)



Dileptons at RHIC: PHENIX

PHENIX: pp

p+p, s =200 GeV .

10° i
< @ PHENIX HSD:
~ sum
> 0 ' 3
(%) n n n
< p—o—9 ]
=, ¢+ c—>e'+¢ (PYTHIA) |
% ]
S~
Z
=
E
g
10° . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
2
M [GeV/cT]

® HSD provides a good description of pp data

® Standard in-medium effects of vector
mesons -- compatible with the NA60 and
CERES data at SPS - do not explain the
large enhancement observed by PHENIX in
the invariant mass from 0.2 to 0.5 GeV in
Au+Au collisions at s 2=200 GeV (relative to

pp collisions)

PHENIX: Au+Au

min. bias Au+Au, s’=200 GeV

@ PHENIX HSD (free spectral functions): _

sum
0

T n n'
P [ [ 1
c+ c—>e'+e (PYTHIA)T

evt

UN _dN/AM [1/(GeV/cH)]
2

S (1 I AU T ST | NN N A S A
0.0 0.2 0.4 0.6 0.8 1.0 12
2
M [GeV/cT]
10" min. bias Au+Au, §"7=200 GeV
—
=, HSD:
o 10 free spectral functions
g collisional broadening
= B dropp. mass + coll. broad.
- 10
(]
>
g 10!
3
% 10°

0.0 I 012 I 014 I 016 I 018 I 110 I 1.2
M [GeV/c]

E. B., W. Cassing, O. Linnyk, PLB 670 (2009) 428
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Dileptons at RHIC: data vs. theor. models

dNidm,,, I:cz.i'Ge‘-.") IN PHEMIX ACCEPTANCE

dhidm,, I:CQIGQ‘-"'_) IN PHEMIX ACCEPTANCE

1Er‘E— min. bias Au+Au /s, =200 GeV

102

107

10

108

<

102

107

ry
=
o

T TTTII J“t

S

" DATA
I[JyJ <0.35

——cocktall
==-0T7 — 8 (PYTHIA)

T = .2 GeVie  -r=CT — &2 (random cormalation)

= e ! § E
g ISRy :
- f ! -
T R R R B B
0 0.2 04 0.6 0.8 1 1
(GeVic?)

T T I T T T | T T T | T T T I T T T I T T T
—min. bias Au+Au sy, =200 GeV E
T;J E"SE."} - — e PYTHIA) K.Dusling & .Zahad
By > 0.2 GeVic =T — ea (random comelation) ..o -
= == hadronic yleld =
= — partonic yleld 3
_: —sum h
- b E
5 _ RNy =
- ——— T m— —_— II f .
:.-"l‘ | ) [ TR T N N TN T NN NN TR TN N N S B -| b =
0 0.2 04 0B 0.8 1 1.
m,, (GeWic?)

=]

dMidmge [cz."Ge-V) IN PHEMIX ACCEPTANCE

dMidm,, (£1GaV) IN PHENIX ACCEPTAMNCE

10°%

107

104

108

10%

107

* DATA

e - =% — &8 (PYTHIA)
p‘l.a 0.2 GoVjc =vCT — 88 {random correlation) —cocktall
T

R.Rapp & H.vanHees

—sUm W pYacuum
——sum w! pbroadening
—- sUm' p dropping)

— partonie ylsld (P}

. -
T B B B R B
0 0.2 04 06 0.8 1 1.
m,, (GeVic?)

—_ T
m‘t min. blas Au+Auy sy, =200 GeV =
4 |l.j Eﬁu‘?s‘ == 6% — &8 (PYTHIA) HSD 3
=02 Ge\ie et — e (random correlation) -
—cockiall _
% —sum w! p broadening %
E — -sum w/ p broad. + drop. E
£ v ! i E
- oo D gk .
L — -7 b ) # i
:r": 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 .
0 0.2 04 0G 0.8 1 1.
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2 PHENIX dilepton puzzle ?!

[ox]

PHENIX
Au+Au



PHENIX: dileptons from partonic channels

10° ) '

min. bias Au+Au, s =200 GeV H
@ PHENIX PHSD:

sum of all channels]

[

—
—]

e

A

UN_ dN/AM [1/(GeV/c)]
= =

in

[a—y
—

0.0 0.2 0

®The excess over the considered
mesonic sources for M=0.15-0.6 GeV
is not explained by the QGP radiation
as incorporated presently in PHSD

UN_ dN/dM [1/(GeV/c")]

min. bias Au+Au, s =200 GeV
PHENIX PHSD: @ sum of all channels]
L TT XY 1) p !

=++= charmonia 3

——q+ q—> e te

107

. R : P BRI o R T
0.0 0.5 1.0 1.5 2.0 " 2.5 3.0 3.5 4.0
M [GeV/c)]

® The partonic channels fill up the
discrepancy between the hadronic
contributions and the data for M>1 GeV



PHENIX: mass spectra

AutAu, s°=200 GeV 10" AutAu, 5=200 GeV AutAu, s'=200 GeV
10" 0-10% centrality 10-20% centrality 20-40% centrality
= ) @ PHENIX] 2 @ PHENIX
= @ PHENIX . pausp 1 E ——PHSD 7}
> 0t — PHSD 10 E ]
o ]
= 10° i
= ]
E 4
Z 4 _
g 10 * f‘.f‘f £
z F 3
- i Ay h
TR =
a"hf" AT
10 HER | e
0.4 0.6 0.8 1.0
- g = == l"| ..... .ni
= ) —mepe g
v 10 S S 10 A e g D, D j
e b
= 10* ——q+ g7 +g 1w —q+ q—>y+g ]
— * -
= ——q+ gy g —w—q+ gy Hq
L
-
% i
=
g 4
=
L . tA

00 05 1.0 1.5 2.0 25 00 05 10 15 20 25 30 35 00 05 10 1,5 20 25 30 35

3.0 35
M [GeVic'] M [GeV/c'| M [GeV/id]
(a)0-10% centrality (B)10-20% centrality (€)20-40% centrality

= Peripheral collisions are well described, however, central fail!



PHENIX: p, spectra

w' ' PHENIX ' " PHSD 10" :
W b B M-0-100 MeV  x10 —— | min. bias AutAu, s’=200 GeV
. . ®  M=100-200 MeV x10 — — _ —
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3 S M=300-500 MeV /10 S . T n
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* The lowest and highest mass bins are described very well
* Underestimation of py data for 100<M<750 MeV bins consistent with dN/dM

* The ‘missing source’(?) is located at low p !



STAR: mass spectra
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= STAR data are well described!



Summary

®parton-Hadron-String-Dynamics (PHSD) theory provides a consistent
description of the phase transition to the QGP in heavy-ion collisions.

® In-medium effects can be observed in dilepton spectra at all energies from SIS to
RHIC

®The dilepton data from NA60 at SPS energies are better described within off-
shell HSD/PHSD, if a collisional broadening of vector mesons is assumed.

®The yield of dilepton pairs at masses above 1 GeV indicates the presence of the
strongly interacting QGP and is described by the interactions of dynamical
quasiparticles

® Neither the incorporated hadronic nor partonic sources account for the
enhancement observed by PHENIX in the invariant mass from 0.2 to 0.6 GeV in
Au+Au collisions at s2=200 GeV (relative to pp collisions)

® STAR data are well reproduced by PHSD within the STAR acceptance
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