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Ultimate goals of heavyUltimate goals of heavy--ion research ion research 

•• Study of Study of 

thethe phase transitionphase transition

from hadronic to from hadronic to 

partonic matter partonic matter 

(Quark Gluon Plasma)(Quark Gluon Plasma)

•• Search for theSearch for the critical pointcritical point

•• Study of theStudy of the inin--mediummedium properties of hadrons      properties of hadrons      

at high baryon density and temperatureat high baryon density and temperature

The phase diagram of QCDThe phase diagram of QCD

photons photons 

&& dileptonsdileptons



Electromagnetic probes:  photons and dileptonsElectromagnetic probes:  photons and dileptons

�� Advantages:Advantages:

�� dileptons and real photons are emitted dileptons and real photons are emitted 

from different stages of the reaction and from different stages of the reaction and 

not effected by finalnot effected by final--state interactionsstate interactions

�� provide undistorted information provide undistorted information 

about their production channelsabout their production channels

�� promising signal of QGP promising signal of QGP ––

‚thermal‘ photons and dileptons‚thermal‘ photons and dileptons

�� Disadvantages:Disadvantages:

�� low emission ratelow emission rate

�� production from hadronic coronaproduction from hadronic corona

�� many production sources which many production sources which 

cannot be individually disentangled cannot be individually disentangled 

by experimental databy experimental data

�������� Requires Requires theoretical modelstheoretical models

which describe the which describe the dynamicsdynamics of of 

heavyheavy--ion collisions during the ion collisions during the 

whole time evolution!whole time evolution!



From hadrons to partonsFrom hadrons to partons

In order to study the dynamics of the In order to study the dynamics of the phase transitionphase transition from from 

hadronic to partonic matter hadronic to partonic matter –– QuarkQuark--GluonGluon--PlasmaPlasma ––

we we need need a a consistent nonconsistent non--equilibrium transport model withequilibrium transport model with

�� explicit explicit partonparton--parton interactionsparton interactions (i.e. between quarks and gluons) (i.e. between quarks and gluons) 

beyond strings!beyond strings!

�� explicit explicit phase transitionphase transition from hadronic to partonic degrees of freedomfrom hadronic to partonic degrees of freedom

�� lQCD EoS lQCD EoS for partonic phasefor partonic phase

PPartonarton--HHadronadron--SStringtring--DDynamics (ynamics (PHSDPHSD))

QGP phase QGP phase described bydescribed by

DDynamical ynamical QQuasiuasiPParticle article MModel odel (DQPMDQPM)

�� NonNon--equilibrium transport theoryequilibrium transport theory: follows from the off: follows from the off--shell shell 

KadanoffKadanoff--Baym equations for the GreenBaym equations for the Green--functions Sfunctions S<<
hh(x,p) in phase(x,p) in phase--

space representation for thespace representation for the partonic partonic andand hadronic phasehadronic phase

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

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

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

NPA831 (2009) 215; NPA831 (2009) 215; 

W. Cassing, W. Cassing, EEPJ  ST PJ  ST 168168 (2009) (2009) 33
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DQPM DQPM describes describes QCDQCD properties in terms ofproperties in terms of ‚‚resummedresummed‘‘ singlesingle--particle Greenparticle Green‘‘s s 

functionsfunctions –– in the sense of a twoin the sense of a two--particle irreducible  (particle irreducible  (2PI2PI) approach:) approach:

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

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

Dynamical QuasiParticle Model (DQPM) Dynamical QuasiParticle Model (DQPM) -- Basic ideas:Basic ideas:

�� the the resummedresummed properties are specified by properties are specified by complex selfcomplex self--energiesenergies which depend which depend 

on temperatureon temperature::

---- thethe real part of selfreal part of self--energies energies ((ΣΣqq,,ΠΠ)) describes a describes a dynamically generateddynamically generated massmass

((MMqq,M,Mgg));;

---- the the imaginary part imaginary part describes thedescribes the interaction widthinteraction width of of partonspartons ((ΓΓΓΓΓΓΓΓqq,, ΓΓΓΓΓΓΓΓgg))

�� spacespace--like part of energylike part of energy--momentum tensor momentum tensor TTµνµνµνµνµνµνµνµν defines the potential energy defines the potential energy 

density and the density and the meanmean--field potentialfield potential (1PI) for quarks and gluons(1PI) for quarks and gluons (U(Uqq, U, Ugg))

��2PI frame2PI framewwork ork guarantguarantiieses a consistent description of the systema consistent description of the system inin-- and outand out--ofoff f 

equilibriumequilibrium on the basis ofon the basis of KadanoffKadanoff--BaymBaym equationsequations

Gluon propagator:Gluon propagator: ∆∆--11 =P=P22 -- ΠΠ gluon selfgluon self--energy:energy: ΠΠ=M=Mgg
22--i2i2ΓΓΓΓΓΓΓΓggωω

Quark propagator:Quark propagator: SSqq
--11 = P= P22 -- ΣΣqq quark selfquark self--energy:energy: ΣΣqq=M=Mqq

22--i2i2ΓΓΓΓΓΓΓΓqqωω
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The Dynamical QuasiParticle Model (DQPM)The Dynamical QuasiParticle Model (DQPM)

PropertiesProperties of  of  interacting quasiinteracting quasi--particles:particles: massive quarks and gluonsmassive quarks and gluons (g, q, q(g, q, q
barbar))

withwith Lorentzian spectral functions :Lorentzian spectral functions :

DQPM: Peshier, Cassing, PRL 94 (2005) 172301;DQPM: Peshier, Cassing, PRL 94 (2005) 172301;

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

with with 3 parameters:3 parameters: TTss/T/Tcc=0.46; =0.46; cc=28.8; =28.8; λλλλλλλλ=2.42=2.42
(for pure glue  N(for pure glue  Nff=0)=0)

�� fit to lattice (lQCD) results fit to lattice (lQCD) results (e.g. entropy density)(e.g. entropy density)
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�� running couplingrunning coupling (pure glue):(pure glue):

NNcc = 3, N= 3, Nff=3=3

mass:mass:

width:width:

�� gluons:gluons:�� quarks:quarks:

lQCD: pure gluelQCD: pure glue

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



The Dynamical QuasiParticle Model (DQPM)The Dynamical QuasiParticle Model (DQPM)

Peshier, Cassing, PRL 94 (2005) 172301;    Cassing,  NPA 791 (2Peshier, Cassing, PRL 94 (2005) 172301;    Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  007) 365: NPA 793 (2007)  

�������� Quasiparticle properties:Quasiparticle properties:

�� large width and mass for gluons and quarks   large width and mass for gluons and quarks   

••DQPMDQPM matches well matches well lattice QCDlattice QCD

••DQPMDQPM provides provides meanmean--fields (1PI) for gluons and quarksfields (1PI) for gluons and quarks

as well as as well as effective 2effective 2--body interactions (2PI)body interactions (2PI)

••DQPMDQPM gives gives transition ratestransition rates for the formation of hadrons for the formation of hadrons �������� PHSDPHSD

�� fit to lattice (lQCD) resultsfit to lattice (lQCD) results (e.g. entropy density)(e.g. entropy density)

* BMW lQCD data S. Borsanyi et al., JHEP 1009 (2010) 073* BMW lQCD data S. Borsanyi et al., JHEP 1009 (2010) 073

Plot from Peshier, Plot from Peshier, 

PRD 70 (2004) PRD 70 (2004) 

034016034016

TTCC=158 MeV=158 MeV

εεεεεεεεCC=0.5 GeV/fm=0.5 GeV/fm33
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�� Formation of QGP stage Formation of QGP stage by dissolution of preby dissolution of pre--hadronshadrons

(all new produced secondary hadrons)(all new produced secondary hadrons)

intointo massive colored quarks  + meanmassive colored quarks  + mean--field energyfield energy

based on thebased on the Dynamical QuasiDynamical Quasi--Particle Model (DQPM)Particle Model (DQPM) which defineswhich defines

quark spectral functions,quark spectral functions, i.e. masses i.e. masses MMqq((εεεεεεεε)) and widths and widths ΓΓΓΓΓΓΓΓqq ((εεεεεεεε))

+  +  meanmean--field potential field potential UUqq at givenat given εεεεεεεε –– local energy density local energy density 

((εεεεεεεε related by lQCD EoS to related by lQCD EoS to T T -- temperature in the local cell)temperature in the local cell)

I. PHSD I. PHSD -- basic conceptbasic concept

�� Initial A+A collisions Initial A+A collisions –– as in HSD:as in HSD:

-- stringstring formation in primary NN collisionsformation in primary NN collisions

-- string decay to string decay to prepre--hadronshadrons ((BB -- baryons, baryons, mm -- mesons)mesons)

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

NPA831 (2009) 215; NPA831 (2009) 215; EEPJ  ST PJ  ST 168168 (2009) (2009) 33; ; NNPPA856A856 (2011) (2011) 162162..

qUqqmqqq,B ∀∀∀∀→→→→→→→→

I. I. From hadrons to QGP:From hadrons to QGP:

QGP phase:QGP phase:

ε ε ε ε ε ε ε ε > > εεεεεεεεcriticalcritical
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II. PHSD II. PHSD -- basic conceptbasic concept

ggg

ggqq

++++→→→→

++++→→→→++++

II. II. Partonic phase Partonic phase -- QGP:QGP:

quarks and gluons (= quarks and gluons (= ‚‚dynamical quasiparticlesdynamical quasiparticles‘‘))

withwith offoff--shell spectral functionsshell spectral functions (width, mass) defined by the DQPM(width, mass) defined by the DQPM

�� in in selfself--generated meangenerated mean--field potential field potential for quarks and gluonsfor quarks and gluons UUqq, U, Ugg

from the DQPMfrom the DQPM

�� EoS of partonic phase: EoS of partonic phase: ‚‚crossovercrossover‘‘ from lattice QCD from lattice QCD (fitted by DQPM)(fitted by DQPM)

�� (quasi(quasi--) elastic and inelastic ) elastic and inelastic partonparton--parton interactions:parton interactions:

using the effective cross sections from the DQPM using the effective cross sections from the DQPM 

�� (quasi(quasi--) elastic collisions:) elastic collisions:

�� inelastic collisions:inelastic collisions:

(Breight(Breight--Wigner cross sections)Wigner cross sections)

qqg

gqq

++++→→→→

→→→→++++

qqqq

qqqq

qqqq

++++→→→→++++

++++→→→→++++

++++→→→→++++

gggg

qgqg

qgqg

++++→→→→++++

++++→→→→++++

++++→→→→++++

suppressed (<1%) suppressed (<1%) 

due to the large due to the large 

mass of gluonsmass of gluons
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III. PHSD III. PHSD -- basic conceptbasic concept

III. III. Hadronization:Hadronization:

�� Hadronization: Hadronization: based on DQPM based on DQPM 

-- massive, offmassive, off--shell (antishell (anti--)quarks )quarks with broad spectral functions hadronize towith broad spectral functions hadronize to

offoff--shell mesons and baryons or color neutral excited states shell mesons and baryons or color neutral excited states -- ‚‚stringsstrings‘‘

(strings act as (strings act as ‚‚doorway statesdoorway states‘‘ for hadrons) for hadrons) 

)'string('baryonqqq

)'string('mesonqq,qqg

↔↔↔↔++++++++

↔↔↔↔++++++++→→→→

IV. IV. Hadronic phase:Hadronic phase: hadronhadron--string interactions string interactions –– offoff--shell HSDshell HSD

•• Local covariant offLocal covariant off--shell shell transition ratetransition rate for q+qfor q+qbarbar fusion fusion 

�������� meson formation: meson formation: 

�� NNjj(x,p)(x,p) is the phaseis the phase--space density of parton j at spacespace density of parton j at space--time position time position xx and 4and 4--momentum momentum pp

�� WWmm is the phaseis the phase--space distribution of the formed space distribution of the formed ‚‚prepre--hadronshadrons‘‘ (Gaussian in phase space)(Gaussian in phase space)

�� |Μ|Μ|Μ|Μ|Μ|Μ|Μ|Μqqqq||||||||22222222 is the effective quarkis the effective quark--antiquark interaction from the DQPMantiquark interaction from the DQPM
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Properties of partonProperties of parton--hadron matter hadron matter –– shear viscosityshear viscosity

� T=TT=TCC:: ηηηηηηηη/s/s showsshows a a minimumminimum (~0.1)(~0.1)

close to the critical temperatureclose to the critical temperature

�� T>TT>TCC :: QGP QGP -- pQCDpQCD limitlimit at higher at higher 

temperatures T >3temperatures T >3 TTcc

�� T<TT<TCC:: fast increase of the ratio fast increase of the ratio ηηηηηηηη/s  /s  

forfor hadronic matter  hadronic matter  ��������

��lower interaction rate of hadronic lower interaction rate of hadronic 

systemsystem

��smaller number of degrees of freedom smaller number of degrees of freedom 

(or entropy density)(or entropy density) for hadronic for hadronic 

matter compared to the QGPmatter compared to the QGP

QGPQGP in PHSD in PHSD = = stronglystrongly--interacting liquidinteracting liquid

ηηηηηηηη/s/s using using Kubo formalismKubo formalism and the and the relaxation time approximationrelaxation time approximation ((‚‚kinetic theorykinetic theory‘‘))

V. Ozvenchuk et al., PRC 87 (2013) V. Ozvenchuk et al., PRC 87 (2013) 064903064903,, arXiv:1212.5393arXiv:1212.5393

Virial expansion: Virial expansion: S.S. MattielloMattiello, , W.W. CassingCassing,,

EurEur. Phys. J. C 70, 243. Phys. J. C 70, 243 (2010).(2010).
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Au+Au, 21.3 TeV, centralAu+Au, 21.3 TeV, central
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PHSD for HIC (highlights)PHSD for HIC (highlights)

��PHSD PHSD provides a consistent provides a consistent 

description of HIC dynamicsdescription of HIC dynamics



Photons from SPS to LHCPhotons from SPS to LHC

I. Direct photon flow puzzleI. Direct photon flow puzzle

??

EMMI Rapid Reaction Task Force ‚Direct Photon Flow Puzzle‘, EMMI Rapid Reaction Task Force ‚Direct Photon Flow Puzzle‘, 

2424--28 February 201428 February 2014, , GSI DarmstadtGSI Darmstadt, , 

Organizers: Organizers: Klaus Klaus Reygers Reygers and and Johanna Johanna StachelStachel



Photon vPhoton v22 puzzlepuzzle

�� Strong elliptic flow of photons Strong elliptic flow of photons 

((vv22((γγγγγγγγdirdir)~)~ vv22((ππππππππ) ) ) ) sseeneen byby PHENIXPHENIX is surprising, is surprising, 

if the origin would be the QGP !if the origin would be the QGP !

�� Variety of models: Variety of models: vv22((γγγγγγγγdirdir) << ) << vv22((ππππππππ) ) 

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

Olena Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030Olena Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030



�� fromfrom hadronic sourceshadronic sources::

••decays of mesons:decays of mesons:

••secondary meson interactions: secondary meson interactions: 

•• mesonmeson--meson  and mesonmeson  and meson--baryon baryon bremsstrahlungbremsstrahlung: : 

m+mm+m��m+m+m+m+γ,    γ,    m+Bm+B��m+B+m+B+γ ,    γ ,    m=m=π,η,ρ,ω,Κ,Κπ,η,ρ,ω,Κ,Κ*,*,…… ,    B=p,,    B=p,∆∆,,……

using the offusing the off--shell extension of shell extension of KapustaKapusta et al. in  et al. in  PPRRD44D44 (1991)(1991) 2774 2774 

Photons from Photons from the hot and dense mediumthe hot and dense medium

�� from thefrom the QGPQGP viavia partonic interactions:partonic interactions:

Compton scatteringCompton scattering qq--qbar annihilationqbar annihilation

Photon sources:Photon sources:

using the softusing the soft--photon approximationphoton approximation
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 prompt γγγγ

E
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  [

G
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 sum

 ηηηη'−>−>−>−>ρ+γρ+γρ+γρ+γ

 ωωωω−>−>−>−>ππππ
0000
+γ+γ+γ+γ

 φφφφ−>−>−>−>η+γη+γη+γη+γ

 a
1
−>−>−>−>π+γπ+γπ+γπ+γ

 π+ππ+ππ+ππ+π−>−>−>−>ρ+γρ+γρ+γρ+γ

 π+ρπ+ρπ+ρπ+ρ−>−>−>−>π+γπ+γπ+γπ+γ

 mm->mmγγγγ

HSD: no medium effects

 sum

 ηηηη'−>−>−>−>ρ+γρ+γρ+γρ+γ

 ωωωω−>−>−>−>ππππ
0000
+γ+γ+γ+γ
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 π+ρπ+ρπ+ρπ+ρ−>−>−>−>π+γπ+γπ+γπ+γ

 mm->mmγγγγ

WA98

direct γγγγ:   Pb+Pb,   160A GeV,   10% central,   2.35 < ηηηη < 2.95
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HSD: with medium effects
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T
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Direct photons at SPSDirect photons at SPS: : WA98WA98

•• Hadronic sourcesHadronic sources dominate atdominate at low plow pT T 

•• High pHigh pTT:: dominated by thermal photonsdominated by thermal photons from QGP from QGP 

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

mmmm--bremsstrahlungbremsstrahlung



Photon spectra at SPSPhoton spectra at SPS

Updated HSD (2014)  including mesonUpdated HSD (2014)  including meson--baryon bremsstrahlungbaryon bremsstrahlung

��Bremsstrahlung rates are uncertain !!!Bremsstrahlung rates are uncertain !!!

��HSD: mesonHSD: meson--meson  and mesonmeson  and meson--baryon baryon bremsstrahlung bremsstrahlung using SPAusing SPA

EMMI Rapid Reaction Task Force ‚Direct Photon Flow Puzzle‘, EMMI Rapid Reaction Task Force ‚Direct Photon Flow Puzzle‘, 2424--28 February 201428 February 2014, , GSI DarmstadtGSI Darmstadt



MesonMeson--meson Bremsstrahlung at SPS within SPAmeson Bremsstrahlung at SPS within SPA

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

σσσσσσσσ(s) (s) –– elastic mesonelastic meson--meson cross sectionmeson cross section

mm11+m+m22�������� mm11+m+m22 --??????

��Taken Taken σσσσσσσσ(s) =10 mb(s) =10 mb for ALL mfor ALL m11+m+m22

channels !channels !

�� No isospin factors!No isospin factors!

�������� Needs to be improved!Needs to be improved!

SPSSPS

Soft Photon ApproximationSoft Photon Approximation::
mm11+m+m22�������� mm11+m+m22+γ+γ+γ+γ+γ+γ+γ+γ

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



mm bremsstrahlung beyond SPAmm bremsstrahlung beyond SPA

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

�� ππππππππππππππππ��������ππγ, πΚππγ, πΚππγ, πΚππγ, πΚππγ, πΚππγ, πΚππγ, πΚππγ, πΚ��������πΚγ πΚγ πΚγ πΚγ πΚγ πΚγ πΚγ πΚγ bremsstrahlung:bremsstrahlung:

the photon yieldthe photon yield within an within an effective chiral effective chiral 

hadronic modelhadronic model including electromagnetic including electromagnetic 

interaction via Uinteraction via Uemem(1) gauge is larger than (1) gauge is larger than 

using SPA !using SPA !

Rate forRate for ππππππππππππππππ��������ππγππγππγππγππγππγππγππγ



�� QGP sourcesQGP sources are mandatory to explain the are mandatory to explain the 

spectrum (~50%),  but spectrum (~50%),  but hadronichadronic sourcessources are are 

considerable, too ! considerable, too ! 

Photon spectra at RHICPhoton spectra at RHIC

�� The The ‘‘effective temperatureeffective temperature’’ TTeffeff::

�� Inclusive photon spectrum Inclusive photon spectrum �� ππππππππ00 and and ηηηηηηηη ssubtracted photon spectrum ubtracted photon spectrum 

�� ππππππππ00 and and ηηηηηηηη decays dominate the low decays dominate the low ppTT spectra spectra 

21
O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030



Are thermal photons a QGP thermometer?Are thermal photons a QGP thermometer?

22

* * Pictures from Charles Gale talk at Pictures from Charles Gale talk at 

ITP Colloquium, Frankfurt, April 2014ITP Colloquium, Frankfurt, April 2014

�� Static source: Static source: 

ββββββββ=1/T,   =1/T,   T T is ais a ‚‚truetrue‘‘ temperaturetemperature

�� Moving source: Moving source: 

��Doppler shift:Doppler shift:

effective effective TTeff eff deduced from the slopes deduced from the slopes is is NOTNOT a a ‚‚truetrue‘‘ temperaturetemperature T
v1

v1
Teff

−−−−

++++
====



Time evolution of the effective temperatureTime evolution of the effective temperature

�� Measured Teff  > Measured Teff  > ‚‚truetrue‘‘ T T 

�� ,blue shift,blue shift‘‘ due to the radial flow!due to the radial flow!

�� only ~1/3 of total photon yield is only ~1/3 of total photon yield is 

from T>250 MeVfrom T>250 MeV

23

�� (2+1)d viscous hydro(2+1)d viscous hydro (Ohio)(Ohio) C. Shen et al., PRC89 (2014) 044910; arXiv:1308.2440C. Shen et al., PRC89 (2014) 044910; arXiv:1308.2440

�� Contour plots of differential photon yield Contour plots of differential photon yield 

vs. time  and T (upper) and vs. time  and T (upper) and Teff (lower)  Teff (lower)  

Exp. Data: Exp. Data: 

�� RHIC: TRHIC: Teffeff=221+19+19 MeV=221+19+19 MeV

�� LHC: TLHC: Teffeff=304+51 MeV=304+51 MeV

�� TTeffeff= = --1/slope vs. local fluid cell temperature T1/slope vs. local fluid cell temperature T



Inclusive photon elliptic flowInclusive photon elliptic flow

�� PionPion elliptic flowelliptic flow is is reproduced in PHSDreproduced in PHSD and underestimated in HSD and underestimated in HSD 

(i.e. without (i.e. without partonicpartonic interactions)interactions)

�� �������� large large inclusive photon vinclusive photon v
22 -- comparable to that of hadrons comparable to that of hadrons -- isis reproduced in reproduced in 

PHSD, PHSD, too, because the inclusive photons are dominated by thetoo, because the inclusive photons are dominated by the photons from photons from 

pionpion decaydecay

24
O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030
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Elliptic flow of direct photons at RHICElliptic flow of direct photons at RHIC

�������� vv22 of direct photons of direct photons in PHSD in PHSD -- as evaluated as evaluated 

by the weighted average of direct photon by the weighted average of direct photon 

channelschannels ––underestimates the exp. data underestimates the exp. data 

O. Linnyk et al. Phys.Rev. C88 (2013) 034904; Phys. Rev. C 89 (2O. Linnyk et al. Phys.Rev. C88 (2013) 034904; Phys. Rev. C 89 (2014) 034908014) 034908

�� SumSum of of vv22 of the individual channels, using their contribution to the speof the individual channels, using their contribution to the spectra with the ctra with the 

relativerelative ppTT --dependentdependent weightsweights ωωωωωωωωii((ppTT ))::
∑∑∑∑

====

i

T

i

T

i

T

i

)(pN

)(pN
)(pω

∑∑∑∑∑∑∑∑

∑∑∑∑
⋅⋅⋅⋅====

⋅⋅⋅⋅

====
i

T

i

2Ti

i

T

i

i

T

i

2T

i

T2 )(pυ)(pω
)(pN

)(pυ)(pN

)(pυ
�� vv22

ii of the of the individual channelsindividual channels „„ii““



�� Is bremsstrahlung a solution?Is bremsstrahlung a solution?

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.1

0.2

0.3

0.4

,  PHENIX

   v
2

dir
= ΣΣΣΣ

i
 v

2

i
 N

i
(γγγγ)/N

tot
(γγγγ)

 PHSD standart

 PHSD w increased Br 

       by factor 2

p
T
 [GeV/c]

direct photon v
2
 in PHSD

Au+Au, s
NN

1/2
=200 GeV, MB, |y|<0.35

v
2

Towards the solution of the Towards the solution of the vv22 puzzlepuzzle

Bremsstrahlung increased by a Bremsstrahlung increased by a factor 2factor 2

(might be due to the uncertainties in SPA and (might be due to the uncertainties in SPA and 

mm and mB elastic cross sections)mm and mB elastic cross sections)

�� EarlyEarly--time magnetic field effectstime magnetic field effects ??
((BasarBasar,, KharzeevKharzeev,, SkokovSkokov, PRL (2012);, PRL (2012); BasarBasar,, KharzeevKharzeev,, ShuryakShuryak,, arXivarXiv:1402.2286):1402.2286)

�� GlasmaGlasma effectseffects ?? (L. (L. McLerranMcLerran))

�� Primodial flowPrimodial flow ?? (R. Rapp, H. van Hees)(R. Rapp, H. van Hees)

�� ??????

??

�� More More experimental informationexperimental information

is needed is needed �������� new PHENIX data on new PHENIX data on 

centrality dependencecentrality dependence

Other ideas:Other ideas:



Centrality dependence of the direct photon yieldCentrality dependence of the direct photon yield

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



Centrality dependence of the Centrality dependence of the ‚‚thermalthermal‘‘ photon yieldphoton yield

� PHSD:PHSD: scaling of the scaling of the directdirect photon yield with the number of participants photon yield with the number of participants toto the the power 1.5power 1.5

�� similar results from similar results from (2+1)d viscous hydro  (Ohio): HG ~1.46, QGP ~2(2+1)d viscous hydro  (Ohio): HG ~1.46, QGP ~2

�������� indication for a indication for a hadronic origin ?!hadronic origin ?!
O. Linnyk et al, Phys. Rev. C 89 (2014) 034908O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

PHSD predictions: PHSD predictions: 

�� HadronicHadronic channelschannels scale as ~ Nscale as ~ Npartpart
1.51.5

�� PartonicPartonic channelschannels scale as scale as ~N~Npartpart
1.751.75

((‘‘ThermalThermal’’ photon yield photon yield = direct photons = direct photons -- pQGP pQGP 

-- hadronic decays)hadronic decays)

PHENIX:PHENIX:

scaling of scaling of thermal thermal photon yield vs centrality:photon yield vs centrality:

dN/dy ~dN/dy ~ NNpartpart
α   α   α   α   α   α   α   α   withwith α∼1.48α∼1.48α∼1.48α∼1.48α∼1.48α∼1.48α∼1.48α∼1.48++++++++0.080.080.080.080.080.080.080.08
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Centrality dependence of the Centrality dependence of the ‚‚thermalthermal‘‘ photon vphoton v22

��The contribution of the QGP photons The contribution of the QGP photons decreasesdecreases substantially for more substantially for more 

peripheral collisions and the photon elliptic flow peripheral collisions and the photon elliptic flow increasesincreases accordingly.accordingly.

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



PHSD results for p+p and PHSD results for p+p and pp++PbPb at at LHCLHC

�� pp at 7 TeV  pp at 7 TeV  ((charged particles)charged particles)

PHSD: V. Konchakovski et al., arXiv:1401.4409PHSD: V. Konchakovski et al., arXiv:1401.4409

�� pPb at 5.02 TeV pPb at 5.02 TeV ((charged particles)charged particles)



PHSD results for PHSD results for PbPb++PbPb at 2.76 at 2.76 TeVTeV

�� Charged particle multiplicity vs centralityCharged particle multiplicity vs centrality

PHSD: PHSD: Phys.Rev. C87 (2013) 014905Phys.Rev. C87 (2013) 014905; arXiv:1208.1279; arXiv:1208.1279

PHSD PHSD -- preliminary!preliminary!

�� centrality dependence of vcentrality dependence of v22, v, v33, v, v44

for charged particlesfor charged particles

�� vv22( p( pTT ) for charged particles) for charged particles�� <p<pTT > vc N > vc N chch

Pb+Pb: PHSD Pb+Pb: PHSD -- preliminary!  (V. Konchakovski )preliminary!  (V. Konchakovski )



PHSD results for PHSD results for PbPb++PbPb at 2.76 at 2.76 TeVTeV: photons: photons

�� Is the cIs the considerableonsiderable elliptic flow of direct elliptic flow of direct 

photons at the LHC photons at the LHC of of hadronichadronic origin ?!origin ?!

�� TThe photon elliptic flow he photon elliptic flow at LHC at LHC is lower than is lower than 

at RHIC due to a larger/longer relative QGP at RHIC due to a larger/longer relative QGP 

contributioncontribution. 

inclusive photonsinclusive photons

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary



Dileptons: from SPS to LHCDileptons: from SPS to LHC

II. PHENIX dilepton puzzleII. PHENIX dilepton puzzle

??



Dilepton sourcesDilepton sources

In-medium workshop, Giessen Joachim Stroth 5

Dilepton sources in HI collisionsDilepton sources in HI collisions

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

�� from hadronic sources:from hadronic sources:

••direct decay direct decay of vector of vector 

mesons (mesons (ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,ρ,ω,φ,JJ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ/Ψ,Ψ‘‘))

••Dalitz decay Dalitz decay of mesons of mesons 

and baryons (and baryons (ππππππππ00,,ηηηηηηηη, , ∆∆∆∆∆∆∆∆,,……))

••correlated D+Dbar pairscorrelated D+Dbar pairs

••radiation fromradiation from multimulti--meson reactions meson reactions 

((ππππππππ++ππππππππ, , ππππππππ++ρρρρρρρρ, , ππππππππ++ωωωωωωωω, , ρρρρρρρρ++ρ ρ ρ ρ ρ ρ ρ ρ , , ππππππππ+a+a
11) ) -- ‚‚44ππππππππ‘‘

�������� Dileptons are Dileptons are an ideal probean ideal probe to study the to study the 

properties of the hot and dense mediumproperties of the hot and dense medium
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DileptonsDileptons at SPS: NA60at SPS: NA60

�� Mass region above 1 Mass region above 1 GeVGeV is dominated is dominated 

by by partonicpartonic radiationradiation !!

Acceptance corrected NA60 dataAcceptance corrected NA60 data
O. Linnyk, E.B., V. Ozvenchuk, W. Cassing O. Linnyk, E.B., V. Ozvenchuk, W. Cassing 

and C.and C.--M. Ko, PRC 84 (2011) M. Ko, PRC 84 (2011) 054917054917

�� Contributions of Contributions of ““44ππππππππ”” channels channels 

((radiation from multiradiation from multi--meson reactions) meson reactions) 

are are smallsmall

* First discussion on * First discussion on ““44ππππππππ”” : : C. Song, C.M. Ko C. Song, C.M. Ko 

and C. Gale, PRD50 (1994) R1827and C. Gale, PRD50 (1994) R1827



NA60: mNA60: mTT spectraspectra

��Inverse slope parameter TInverse slope parameter Teff  eff  for for 

dilepton spectra vs NA60 datadilepton spectra vs NA60 data

Conjecture: Conjecture: 

�� spectrum from sQGP is softer than from hadronic phasespectrum from sQGP is softer than from hadronic phase since quarksince quark--antiquark antiquark 

annihilation occurs dominantly before the collective radial flowannihilation occurs dominantly before the collective radial flow has developed has developed 

(cf. NA60)(cf. NA60)

O. Linnyk, E.B., V. Ozvenchuk, W. Cassing O. Linnyk, E.B., V. Ozvenchuk, W. Cassing 

and C.and C.--M. Ko, PRC 84 (2011) M. Ko, PRC 84 (2011) 054917054917



PHENIX vs. STAR dilepton spectraPHENIX vs. STAR dilepton spectra

��PHENIX: PHENIX: Peripheral collisionsPeripheral collisions (and pp) are well described, however, (and pp) are well described, however, central central fail!fail!

O. Linnyk et al., PRC  85  (2012) 024910O. Linnyk et al., PRC  85  (2012) 024910
�� STAR STAR data are well described! data are well described! 

??



LHC: dileptons from pp and pPbLHC: dileptons from pp and pPb
O. Linnyk et al.,   O. Linnyk et al.,   Phys.Rev. C87 (2013) 014905Phys.Rev. C87 (2013) 014905; arXiv:1208.1279; arXiv:1208.1279

�� dileptons from pp at sdileptons from pp at s1/21/2=2.76  and 7 TeV=2.76  and 7 TeV

�� PHSD predictions for the dilepton spectra from pPb at sPHSD predictions for the dilepton spectra from pPb at s1/21/2=5 TeV=5 TeV O. Linnyk, Oct. 2013O. Linnyk, Oct. 2013



LHC: mass spectra with exp. cutsLHC: mass spectra with exp. cuts

�� ppTT cutcut enhances the signal of QGP(enhances the signal of QGP(qbarqbar--q)  q)  

O. Linnyk, W. Cassing, J. Manninen, E.B.,  P.B. Gossiaux, J. AicO. Linnyk, W. Cassing, J. Manninen, E.B.,  P.B. Gossiaux, J. Aichelin, helin, 

T. Song, C.T. Song, C.--M. Ko,  M. Ko,  Phys.Rev. C87 (2013) 014905Phys.Rev. C87 (2013) 014905; arXiv:1208.1279; arXiv:1208.1279

�� QGP(QGP(qbarqbar--q)q) dominates at M>1.2 dominates at M>1.2 GeVGeV !!

�� inin--medium effects for medium effects for ρρρρρρρρ mesons are smallmesons are small
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Summary Summary 

I. Direct photonsI. Direct photons -- tthe photons produced in the QGP contributehe photons produced in the QGP contribute up toup to 50% to 50% to 

the observed spectrum, but have small vthe observed spectrum, but have small v22

•• Large direct photon vLarge direct photon v22 –– comparable to that of hadrons comparable to that of hadrons –– is attributed to the is attributed to the 

intermediateintermediate hadronichadronic bremsstrahlungbremsstrahlung and and hadronichadronic scattering channelsscattering channels not not 

subtracted from the data subtracted from the data 

•• The The QGPQGP phase causes the strong ellipticphase causes the strong elliptic flow of photons indirectly, by flow of photons indirectly, by 

enhancing the venhancing the v22 of final hadrons due to theof final hadrons due to the partonicpartonic interaction ininteraction in terms of terms of 

explicitexplicit partonparton collisions and the collisions and the partonic partonic meanmean--field potentialsfield potentials

II.II. Dilepton spectraDilepton spectra -- according to the PHSD predictions according to the PHSD predictions -- showshow sizeable sizeable 

changes due to the different inchanges due to the different in--medium scenarios medium scenarios (as collisional broadening (as collisional broadening 

and dropping mass) which can be observed experimentallyand dropping mass) which can be observed experimentally

•• InIn--medium effects medium effects can be observed at all energies from SIS to LHCcan be observed at all energies from SIS to LHC

••At SPS, RHIC and LHC the At SPS, RHIC and LHC the QGP QGP ((qbarqbar--q)  dominates at M>1.2 q)  dominates at M>1.2 GeVGeV
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Thank you!Thank you!



----Back up slidesBack up slides----



Dynamical description of strongly interacting systemsDynamical description of strongly interacting systems

�� SemiSemi--classical BUUclassical BUU�������� solution for weakly interacting systems of particlessolution for weakly interacting systems of particles

How to describeHow to describe strongly interacting systems?!strongly interacting systems?!

�� Quantum field theory Quantum field theory ��������

KadanoffKadanoff--Baym dynamicsBaym dynamics for resummed(!) singlefor resummed(!) single--particle Green functions Sparticle Green functions S<<

(1962)(1962)

Leo KadanoffLeo Kadanoff Gordon BaymGordon Baym
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From KadanoffFrom Kadanoff--Baym equations to generalized Baym equations to generalized 

transport equations transport equations 

After the After the first order gradient expansion of the Wigner transformed first order gradient expansion of the Wigner transformed KadanoffKadanoff--Baym equations Baym equations 

and separation into the real and imaginary parts one gets:and separation into the real and imaginary parts one gets:

drift termdrift term Vlasov termVlasov term collision term =collision term = ‚‚lossloss‘‘ termterm -- ‚‚gaingain‘‘ termtermbackflow termbackflow term

Generalized transport equations (GTE):Generalized transport equations (GTE):

Backflow termBackflow term incorporates theincorporates the offoff--shellshell behavior in the particle propagationbehavior in the particle propagation

!! vanishes in the quasiparticle limit vanishes in the quasiparticle limit AAXPXP �������� δδδδδδδδ(p(p22--MM22) ) 

Spectral function:Spectral function:

–– width of spectral functionwidth of spectral function

= = reaction ratereaction rate of particle (at phaseof particle (at phase--space position XP)space position XP)

44--dimentional generalizaton of the Poissondimentional generalizaton of the Poisson--bracket:bracket:

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

�� GTE: GTE: Propagation of the GreenPropagation of the Green‘‘s functions function iiSS<<
XPXP=A=AXPXPNNXPXP , which carries information not , which carries information not 

only on the only on the number of particlesnumber of particles ((NNXPXP)), but also on their , but also on their properties,properties, interactions and interactions and 

correlationscorrelations (via (via AAXPXP))

ret

XPXP ImΣΣΣΣΓΓΓΓ −−−−====


