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Ultimate goals of heavy-ion research

Temperature T [MeV]

® Search for the critical point

200 Fem The phase diagram of QCD
= Quarks and Gluons
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® Study of the in-

Net Baryon Density

medium properties of hadrons

at high baryon density and temperature

Dileptons



From hadrons to partons 3. e65°0

In order to study the dynamics of the phase transition from

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
d 1QCD EoS for partonic phase

A Non-equilibrium transport theory: 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)

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

. NPAS31 (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)
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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 (2PI) approach:

Gluon propagator: Al =P - I1 gluon self-energy: I=M,*-i2I" @

Quark propagator: S 1 =P?-X quark self-energy: X =M %-i2[",®
q q q q

q

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

on temperature:

-- the real part of self-energies (X, IT) 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)

"2PI framework guaranties a consistent description of the system in- and out-off
equilibrium on the basis of Kadanoff-Baym equations

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



The Dynamical QuasiParticle Model (DQPM)

 Basic idea: interacting quasi-particles: massive quarks and gluons (g, q, q,,,)

with Lorentzian spectral functions :

(i=q)q)g)

doI(T)

/)i(((),T) = (

2_p’- M,.Z(T))Z +40’ T (T)

J Modeling of the quark/gluon masses and widths = HTL limit at high T
M(T)<ay(T)fyp(T),

with 3 parameters

=2 Quasi-particle properties:

large width and mass for gluons and quarks

2.0

L5}

L0

#GeV)

05F

0.0

I(T)<ay(T)fy(T)
J fit to lattice (1IQCD) results (e.g. entropy density)

Gluon‘s

® a.(T) - running coupling

2.5

2.0F

T =158 MeV
8C=0’5 GeV/ fm3

DQPM: Peshier, Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Parton Hadron String Dynamics

3
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I. From hadrons to QGP: . N QGP phase:
_;: i # Tnitial A+A collisions: o % 85T, €>€ .
1_';,: » - string formation in primary NN collisions
“ ; - strings decay to pre-hadrons (B - baryons, m — mesons) 2
w s # Formation of QGP stage by dissolution of pre-hadrons

into massive colored quarks + mean-field energy
based on the Dynamical Quasi-Particle Model (DQPM)
which defines quark spectral functions, masses M (&) and widths /(&)

+ mean-field potential U, at given &- local energy density ) o
( related by 1QCD EoS to T - temperature in the local cell) T [MeV]
I1. Partonic phase - QGP:
# quarks and gluons (= ,dynamical quasiparticles*) “
with off-shell spectral functions (width, mass) defined by the DQPM sl

# in self-generated mean-field potential for quarks and gluons U, U, nf

# EoS of partonic phase: ,crossover* from lattice QCD (fitted by DQPM) E '} |

# (quasi-) elastic and inelastic parton-parton interactions:
using the effective cross sections from the DQPM

III. Hadronization: based on DQPM

# massive, off-shell (anti-)quarks with broad spectral functions
hadronize to off-shell mesons and baryons or color neutral excited states - 5000 o o
,strings ‘ (strings act as ,doorway states‘ for hadrons) o0 o008 8

: £ I'V. Hadronic phase: hadron-string interactions — off-shell HSD

o [mb]
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Dileptons: from SPS to LHC

I. PHENIX dilepton puzzle

'III|IIII|I.'1':|IIII|IIri'IIII|IIII|I"r'IIII:

10°§ O<p <5 GeV/c  p+p & Au+Au afy s, = 200 GeV
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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 W [t q szszszjg \rug : Y*
q r q ¥ ﬁ\q

®" from hadronic sources:
®direct decay of vector
mesons (p,®,0,J/'V,¥*)

dN,. /dydm

e i A B

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

®correlated D+Dbar pairs
®radiation from multi-meson reactions

(T+T, TP, T+, P+pP , T+A,) - 4T
Drell-Yan

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

M BRI B U RS R
1 2 3 4

mass |GerC2|

=» Dileptons are an ideal probe to study the
properties of the hot and dense medium

[3;] IR IRRITT IRRTT T IRTTTI ARRTT ARRTTT IRTTT AR ERRTTT ERRTTT IRRTTT ERRTTT IRET




Dileptons at SPS: NA6(0

Acceptance corrected NA60 data

10° ———

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

@ NAGO
= PHSD

—_——— (hroadened}_:

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

=== g q-—>ql+l-

M [GeV/c)]
-_———— q E] —> ].+]' _tllt:_ ﬁai_:’l'f'l- ----- al Da]itz
== qq->gtl —o— 515 S

—— gto-—>1+1-

= Mass region above 1 GeV is dominated
by partonic radiation !

= Contributions of ‘47’ channels
(radiation from multi-meson reactions)
are small

* First discussion on “47” : C. Song, C.M. Ko
and C. Gale, PRD50 (1994) R1827



NA60: m, spectra

In+In, 158 GeV, LMR
PHSD NAG60

—-—- W (.2<M<0.4, 24x;
S 0.4<M<0.6, 6x ]

e
*  0.6<M=<0.9
+

>
-l
~
= 10 !
s 1.0<M<1.4
Fd
T 10’
g
fi
= 10
=
=
7= 107 ~
o g o _ — ;
o [ Ty ™ 1
= g8 = R
10 —E ; b
E E 1 | a 1 E
0.0 0.4 0.8 1.2
m_-M [GeV]
Conjecture:

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

*Inverse slope parameter T for

dilepton spectra vs NA60 data

300

250 |

eft

200 |

150

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

B, LMR @ ., O IMR NA60 7
== PHSD

05 1.0 15 2.0
M [GeV/c']

annihilation occurs dominantly before the collective radial flow has developed

(cf. NA60)

2.5




PHENIX vs. STAR dilepton spectra
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*PHENIX: Peripheral collisions (and pp) are well described, however, central fail!
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= STAR data are well described!



LHC: mass spectra with exp. cuts

E Pb+Pb, s '=2.76 TeV, b=0.5, |y|<0.88, p,>1 GeV

PHSD DD DD correlated ]

—— DD---— BB—-—-J/¥, ¥
. L _
10 meem BB—-—. J/W, 9 —— QGP(qq)
—— QGP (qq) | —Sum

'd} T 4

dN/dM [1/(GeV/eh)]

dN/dM  [1/(GeV/ch)]

L : : : : 0.0 05 L0 L5 2.0 ,25
60 05 10 15 20 _ 25 30 35 M [GeV/c]

i

M [GeV/c]
" pr cut enhances the signal of
QGP(gbar-q)

D-, B-mesons: from Pol-Bernard Gossiaux and Jorg Aichelin
JM¥, ¥’: from C.M. Ko and T. Song

® QGP(gbar-q) dominates at M>1.2 GeV !



Photons from SPS to LHC

IL. Direct photon flow puzzle

s 0.5
A 200 GV » external conversions {PHENIX
- S AL - =
1B preliminary}
0.4 2007 Run 7 Qata, ij<0.35
Hin. Bias Centrality ©  phys. Rev.Lett 109, 122302 {2012}

direct photon v

<
€3

02— % {
S Be .

. E ¢
01— + : T &
0.....
‘ el iiiita
1 0.5 1 1.5 2 25 3 )

p, [GeVie]



Photon v, puzzle

.06

06

P .
Y~ v, evolution I

-—\-'I{t] of 'fﬁﬂp
s==e v () of parent q + g

o=y (1) of parent q + g

-
|--"'. fem Mo Lo

LX)

[~ AutAu, s“]-f=znu GeV, MB

0.25 v, _ Tinc. v, - 9 dir. v,
o2 b = EPPM(jg=1.0-28) |[ [A .04
T : e EPPEC(j|=3.1-39) |[ 2, —_
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?igﬁa_ Y L o yTiNE _ T C |
= — Q s 2 2 (eec)| [
01 %ﬁ - ‘/ﬂ%ggy/ | F 0.02
E [ - b (‘4 r
0.05 | o
of 3
005 g 0.00 §
2 ”‘EI”B 10 12 OI 2 4 6 8 10 12 (]lll I2|I ISII BlIII1I0IH1|2
P, [GeV/c] 1“4
= Strong elliptic flow of photons 5 10

(V5(ydir)~ v,(7) ) seen by PHENIX is 5
surprising, if the origin would be the

QGP! ol

= Variety of models: v,(y¥r) << v,(7)

Numbers of q+ g, q+g collisions

q+q

0 5 [ 15 20

t [fm/c|

* QGP radiation occurs at early time when flow is not yet developed!



Photons from the hot and dense medium

Photon sources:

J from the QGP via partonic interactions:

Compton scattering q-gqbar annihilation
q(q) +9 — q(q) +~ 9+q — g+~

D from hadronic sources:
=2 Y +Y VTV, W~ T+
®decays of mesons: / . . - -
®secondary meson interactions: 7™+ 7T = p+ 7y, p+ 7T = T+ 7
using the off-shell extension of Kapusta et al. in PRD44 (1991) 2774

® meson-meson and meson-baryon bremsstrahlung:
m+m=2m+m+y% m+B2m+B+y, m=mnp.oKK%..., B=pA,...

using the soft-photon approximation



Direct photons at SPS: WA98

| direct y: Pb+Pb, 160A GeV, 10% central, 2.35<n < 2.95'

& 10 | HSD: no medium effects | —C— sum
158 A GeV “°Pb + *°Pb — 10 —8—n'—>p+y
w5 g Central Collisions = 0 —— (.0—>1t0+'Y
N'> B WASS This Result % 10 ¢_>n+vy
= pA Results at s = 19.4 GeV -1 > _
mo -1 scaled to ' = 17.3 GeV E 10 a,—>n+y
m“g’ il B Es2g =7 107 —— TH+T—>p+Y
-3 ® E7n4 E 3 —{— +p—>T+Y
e A NA3 Z 10 25 —— mm->mmy
=z 10 : o 29
o * 10 %2 prompt vy
g H'H- = 0 TT”? 2
Z b J [
= [ : Th 10° . . . .
p “oh T4 00 05 10 15 20 25 30 35 40
10 i I\\t 103
1' ¢ I:#ll* % 5 HSD: with medium effects I T T
. Fpl 1 10 —O— sum
it FA#I* | L mm-bremsstrahlung—s—n'_>p+y
Ajw 1'1'. N; 10" —K— o> +y
10°L paCD (s¥2= 17.3 GeV, y=0), Wong et al. H N B —>n+y
------- CTEQ4, <k>=0.9 (GeV/c)? Ta [ E 10 D a —>m+y
7 - CTEQ4, No intrinsic k; \m e 102 T —>— n:n—>p:’y
e = —— T+p—>T+Y
B5 I 45 3 25 3 35 4 45 T s ¥s
Transverse Momentumn (GeV/c) ,.Z 10 L 1e 2, 2 *— mm->mmy
=10 e ; prompt y
=
10-5 * T ? ? ? ?
P @ WAIS
10 1 ) 1 n 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
® Hadronic sources dominate at low py p, [GeV/c]

® High pr: dominated by thermal photons from QGP



Photon spectra at SPS

Updated HSD (2014) including meson-baryon bremsstrahlung

directy: Pb+Pb, 160A GeV, 10% central, 2.35<n<2.95

10° l. HSD: no medium effects I —n=sum
—==n'>py

Q
e 0—>T +Y

o—>n+y
-l a —>m+y

- b= T+n—>p+y
] TP —>TTHY

_ \ ???999 — = mm->mmnry

mB->mBy

E d’N/d’p [GeV 7]

00 05 10 15 20 25 30 35 490

*HSD: meson-meson and meson-baryon bremsstrahlung using SPA

=Bremsstrahlung rates are uncertain !!!




Meson-meson Bremsstrahlung at SPS within SPA

C. Gale, J. Kapusta, Phys. Rev. C 35 (1987) 2107

Soft Photon Approximatione
m1+m29 my+my+y

o(s) — elastic meson-meson cross section
m1+m29 m;+m, 222

JTaken o(s) =10 mb for ALL m;+m,
channels !

J No isospin factors!

=» Needs to be improved!

-

()

\\ -
/.H

Pb+Pb, 160 A GeV um

10° 10% central, 2.35<mn<2.95 MM Brems:

5 171 mm—>mmy

10° - Ty
:U IOI ) SPS -.-ﬂK-:}ﬂ:K']r
. , R —o0 sl{f--‘ml(f«r
3 0L £ . =
— C NS ~ nK ">k "y
r’; IO T -
T z N>
Z 10 SO .
o e
= o100 e

10° B WA98

10° e .

0.0 0.2 0.4 0.6 0.8 1.0 1.2
P, [GeV/e]

E. B., S.M. Kiselev, and G.B. Sharkov, PR C78 (2008) 034905



mm bremsstrahlung beyond SPA

W. Liu and R. Rapp, Nucl. Phys. A 96 (2007) 101 102

= >y, TK-> Ky bremsstrahlung:

the photon yield within an effective chiral
hadronic model including electromagnetic
interaction via U, (1) gauge is larger then

using SPA !

Cen raI Pb Pb s

—1 7. 3AGeV

“q [GeV]

/d

d, dN

'
-y

—_
[==)

? \ WA

2 35<y<2.95

o -l Hadron Gas

= Sum

.= QGP (T,=205MeV) ]

— = Sum + 1y (SPA)

0‘--

g, [GeV]

01 02 03 04 05 06 07 08

q,dR/d’q (3eV*fm™)

10"

Rate for tn—>nwy

4n-3

5'—-— this work (no SPA,

- Turbide (SPA,no en-fac.incl 1) .
= = this work (same condition as Turbide)
N

'\, T=150 MeV, 1 ,=38.6 MeV

this work (no SPA,
no en-fac,incl )

|ncl en- fac and LL )

0.10 015 020 025 030 035 040

q, (GeV)
103 L] ¥ | . LI v L
------- sum+Brems
) --- HG |
~ 10
>
Q
2 10
mU'
°
Z 10
©

o WA98 Data
107k 2. 35<y<2 95

0.0 . 0.1 02 ‘ 013 .
q, (GeV)



Photon spectra at RHIC

* Inclusive photon spectrum » 1 and 7 subtracted photon spectrum
10° | .’=200 GeV, MB, y|<0.35 10° o AutAu, 5, *=200 GeV, MB, |y|<035
= F PHSD p— 1 \ PI?SDPIIENIX, PRL 104, 132301
ol -—— e . [TTTITYS — 10 :
> 102 ﬂ:,l: n NQ \ \- - M
6 E n'=e= 0 ot b3 o S\ == QGP
— L o — ey p e e T|3+|D % 10 I":('"&‘!_\ . - pQCD
S nl [ e . mm-—>mmy @) %2‘ hadrons:
=™ 10 3 *. : pe < - P Y w— v = M M->mmy
= 3 e =Oo=qt q=oaqt g ~ 10 — —mB->mB
= C * - - QCD 3 = = - A, N v
= P ] % T. N T —>pY, TP —>TY
= : MR N =« ¢ adecays of @, n', o,
% .'0. ? 'E;lﬂz ‘\%f._\\ ! > 't'di
Q . =3 W\
— ¥ *. = A ',%;,.
Z NS Q 10° XX
= @ \“\ — » 4
N .\§_\ NZ - & s.. -~
Ny, = 10* T RN
1 Se 1 1 ™ \\gj'_, ‘."-
1.0 1.5 2.0 2.5 0 1 3 3 4
p, [GeV/c] p, [GeV/c]
. - 4 C ’ .
= 10 and 1 decays dominate the low py spectra The ‘effective temperature’ T
The slope parameter T, ;¢ (in MeV)
* QGP sources mandatory to explain the PHSD PHENIX
spectrum (~50%), but hadronic sources are QGP hadrons Total [38]
considerable, too ! 260420 | 200420 | 220£20 || 2334+ 14419
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Time evolution of the photon production rate vs. T

*The photon production rate versus time and the local ’temperature’ at the
production point in 4t and mid-rapidity Au+Au collisions:

2200 GeV, |y|<1

|AutAuats

1
Au+Au at Sex

=200 GeV, 4n
- 0.03

0.04- ', ' \ m\ \ | | vast |
' ‘\\ \“ ' : | 0.02-
ANG)
dt

" Broad distribution of ’temperatures’ = no universal ’temperature’ can be
assigned to the whole volume of the QGP - even in the mid-rapidity region !
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Inclusive photon elliptic flow

0.3

0.2

v, of -mesons inclusive photon v,
1/2 i
AutAu, s =200 GeV, MB, |y|<0.35 02 | AutAu, Ew'izzﬂﬂ GeV, MB, |y|<0.35
L @ 7 PHENIX == 7’ PHSD . rri’"' PHSD @ PHENIX
A 7 +7 PHENIX = =7 HSD " PHSD
L /A z'+5 STAR | : - =y HSD

L e

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5
p, [GeV/ce] p, [GeVi/c]

= Pion elliptic flow is reproduced in PHSD and underestimated in HSD
(i.e. without partonic interactions)

= =>» large inclusive photon v, - comparable to that of hadrons - is reproduced in
PHSD, too, because the inclusive photons are dominated by the photons from
pion decay

23



Elliptic flow of direct photons

J Sum of v, of the individual

channels, using their contribution to

the spectra with the relative
pr -dependent weights w,(p, ):

0.4
v,(y) from various channels
o3 | AutAu, s ""=200 GeV, MB, |y|<0.35
| ====7(QGP) Y (n+p/n—>y+n/p)
=eey (@)= =7 (0)
02 Lmemey ()= =y (mm) Lo '\

direct photon v_ in PHSD
AutAu, s ’=200 GeV, MB, lyl<0.35 |

03 L

| @, O PHENIX
v, = v, NN,

0.2 |

0.1 |

0.0 . ! . ! . ! ,
0.0 0.5 1.0 1.5 2.0 2.5
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=» v, of direct photons in PHSD -
as evaluated by the weighted
average of direct photon channels —
underestimates the exp. data



Towards the solution of the v, puzzle

= Is bremsstrahlung a solution?

3
direct photon v, in PHSD T
04 1 Au+Au, s *=200 GeV, MB, lyl<0.35 —
e d
- @ , O PHENIX 1 ‘ (&
03| v, =Lv, No/N_ ¥
PHSD standart

= PHSD w increased Br
> by factor 2

Bremsstrahlung increased by a factor 2

(might be due to the uncertainties in SPA and
mm mB elastic cross sections)

p, [GeV/c] Other ideas:

= Early-time magnetic field effects ?
(Basar, Kharzeev, Skokov, PRL (2012); Basar, Kharzeev, Shuryak, arXiv:1402.2286)

* Glasma effects ? (L. McLerran)
> More experimental information

= Primodial flow ? (R. Rapp, H. van Hees) is needed = new PHENIX data on

. 999 centrality dependence



Centrality dependence of the direct photon yield

———— direct yfrom Au+Au, s, ""=200 GeV, lyl<0.35 |
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Centrality dependence of the ,thermal‘ photon yield

=‘Thermal’ photon yield = direct photons - pQGP - hadronic decays
- secondary meson interactions

Au+tAu, s =200 GeV, |y|<0.35

thermal photons

° —
Hadronic channels scale as & [ P
% 10 3 ! ,_r"! =
~N 1.5 & e
part . e ,
\V} 1 L ”' "_.' 4
a | Prae ®°" PHSD
o Vv 01 | _,!" _-7 M sum
Partonic channels scale as - 01 L. .- ® OGP 3
- .- QGP i
N e .
N 175 - 4 hadrons]
part = 0.01 .- - const * N -
T~ ,‘ part
% ".--.*-I* const * \Ip?rll'?s
10 100
N
part

= PHSD: scaling of the direct photon yield with the number of
participants to the power 1.5



Centrality dependence of the ,thermal‘ photon v,
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Contribution of y from QGP to direct vy
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— Vv, of direct y from PHSD
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(dThe contribution of the QGP photons decreases substantially for more
peripheral collisions and the photon elliptic flow increases accordingly.



Preliminary PHSD results for Pb+Pb at 2.76 TeV

12 Pb+Pb @ \KI: 2.76 TeV, 20-30°7I'o
Pb+Pb, SNN =2.76 TEV, 0'40% Centl'al, |y|<0.7 0.20F Ml <0.5,all charged
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) Considerable elliptic flow of direct photons at the LHC reflects the importance of
hadronic scattering channels. However, the photon elliptic flow is lower than at
RHIC due to a larger/longer relative QGP contribution.



Summary

I. 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 (qgbar-q) dominates at M>1.2 GeV

I1. Direct photons - the photons produced in the QGP contribute about
50% to the observed spectrum, but have small v2

® 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 mean-field potentials
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