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OurOur ultimateultimate goalsgoals::

•• StudyStudy of of thethe phasephase
transitiontransition fromfrom

hadronichadronic to to partonicpartonic
matter matter ––

QuarkQuark--GluonGluon--PlasmaPlasma

•• SearchSearch forfor thethe criticalcritical pointpoint

•• StudyStudy of of thethe inin--mediummedium propertiesproperties of of hadronshadrons
at high at high baryonbaryon densitydensity and and temperaturetemperature

TheThe phasephase diagramdiagram of QCDof QCD

SIS 100SIS 100
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AimAim I. I. StudyStudy of of inin--mediummedium effectseffects withinwithin
transporttransport approachesapproaches

AccountingAccounting forfor inin--mediummedium effectseffects requiresrequires
offoff--shellshell transporttransport modelsmodels

Models predictpredict changeschanges of of thethe particleparticle propertiesproperties in in thethe hot hot 
and and densedense mediummedium, , e.ge.g. . broadeningbroadening of of thethe spectralspectral functionfunction

HSDHSD** offoff--shellshell transporttransport approachapproach::
GeneralizedGeneralized transporttransport equationsequations on on thethe basisbasis of of thethe KadanoffKadanoff--BaymBaym
equationsequations forfor GreensGreens functionsfunctions accountingaccounting forfor thethe firstfirst order order gradientgradient
expansionexpansion of  of  thethe WignerWigner transformedtransformed KadanoffKadanoff--BaymBaym equationsequations beyondbeyond
thethe quasiparticlequasiparticle approximationapproximation ((i.ei.e. . beyondbeyond standardstandard onon--shellshell modelsmodels))

W. W. CassingCassing et al., NPA 665 (2000) 377; et al., NPA 665 (2000) 377; 
672 (2000) 417; 677 (2000) 445672 (2000) 417; 677 (2000) 445

TheThe offoff--shellshell spectralspectral functionsfunctions changechange theirtheir propertiesproperties dynamicallydynamically
byby propagationpropagation throughthrough thethe mediummedium and and becomebecome onon--shellshell in in thethe vacuumvacuum

E. E. BratkovskayaBratkovskaya, NPA 686 (2001),    , NPA 686 (2001),    
E. E. BratkovskayaBratkovskaya & W. & W. CassingCassing, NPA 807 (2008) 214, NPA 807 (2008) 214*HSD=*HSD=HadronHadron--StringString--DynamicsDynamics



DileptonsDileptons

DileptonsDileptons areare an an ideal probeideal probe forfor vectorvector mesonmeson spectroscopyspectroscopy in in thethe nuclearnuclear
mediummedium and and forfor thethe nuclearnuclear dynamicsdynamics !!

•• InIn--mediummedium effectseffects cancan bebe observedobserved at at all all energiesenergies fromfrom SIS to RHICSIS to RHIC•• TheThe shapeshape of of thethe theoreticaltheoretical dileptondilepton yieldyield dependsdepends on on thethe actualactual modelmodel
forfor thethe inin--mediummedium spectralspectral functionfunction

=> => EnergyEnergy / / systemsystem scanscan will will allowallow to to distinguishdistinguish inin--mediummedium scenariosscenarios

FAIR FAIR energiesenergies

J. J. RandrupRandrup et al., CBM et al., CBM PhysicsPhysics BookBook; ; 
PPRRC75C75 (2007) (2007) 034902034902



ModellingModelling of of inin--mediummedium spectralspectral functionsfunctions forfor
vectorvector mesonsmesons

InIn--mediummedium scenariosscenarios::

droppingdropping massmass collisionalcollisional broadeningbroadening droppingdropping massmass + + collcoll. . broadbroad..

m*=mm*=m00(1(1--αρ/ραρ/ρ00)                      )                      ΓΓ(M,(M,ρρ)=)=ΓΓvacvac(M)+(M)+ΓΓCBCB(M,(M,ρρ))
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•• Note:Note: forfor a a consistentconsistent offoff--shellshell transporttransport oneone needsneeds notnot onlyonly inin--mediummedium spectralspectral functionsfunctions
butbut also also inin--mediummedium transitiontransition ratesrates forfor all all channelschannels withwith vectorvector mesonsmesons, , i.ei.e. . thethe fullfull
knowledgeknowledge of of inin--mediummedium offoff--shellshell cross cross sectionssections σσ(s,(s,ρρ))



HSD: HSD: DileptonsDileptons fromfrom C+C at 1 and 2 A C+C at 1 and 2 A GeVGeV -- HADESHADES
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HADES

C+C,  1.0 A GeV
in-medium effects: CB+DM
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•• HADES HADES datadata showshow exponentiallyexponentially decreasingdecreasing massmass spectraspectra
•• DataData areare betterbetter describeddescribed byby inin--mediummedium scenariosscenarios withwith collisionalcollisional broadeningbroadening
•• InIn--mediummedium effectseffects areare moremore pronouncedpronounced forfor heavyheavy systemssystems such as such as Au+AuAu+Au

0.0 0.2 0.4 0.6 0.8 1.0
10-8

10-7

10-6

10-5

10-4

10-3

10-2

0.0 0.2 0.4 0.6 0.8 1.0
10-8

10-7

10-6

10-5

10-4

10-3

10-2

HADES

        HSD:
 π0 Dalitz
 η Dalitz
 ∆ Dalitz
 ω Dalitz
 ω
 ρ
 Brems. NN
 Brems. πN
 All

 

 

C+C,  2.0 A GeV
no medium effects

1/
N

π0 d
N

/d
M

  [
1/

G
eV

 /c
2 ]

        HSD:
 π0 Dalitz
 η Dalitz
 ∆ Dalitz
 ω Dalitz
 ω
 ρ
 Brems. NN
 Brems. πN
 All

M [GeV/c2]

 

 

HADES

C+C,  2.0 A GeV
in-medium effects: CB+DM

1/
N

π0 d
N

/d
M

  [
1/

G
eV

 /c
2 ]

E.B., E.B., CassingCassing, NPA807 (2008) 214, NPA807 (2008) 214



DileptonsDileptons at SPSat SPS: : NA60NA60

•• NA60 NA60 datadata areare betterbetter describeddescribed byby inin--mediummedium scenarioscenario withwith collisionalcollisional broadeningbroadening
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E. E. BratkovskayaBratkovskaya, W. , W. CassingCassing, O. , O. LinnykLinnyk, PLB 670 (2009) 428, PLB 670 (2009) 428



DileptonsDileptons at SPS: CERESat SPS: CERES

CERESCERES datadata areare betterbetter describeddescribed
byby an an inin--mediummedium scenarioscenario withwith

collisionalcollisional broadeningbroadening0.0 0.2 0.4 0.6 0.8 1.0 1.2
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E. E. BratkovskayaBratkovskaya, W. , W. CassingCassing, O. , O. LinnykLinnyk, PLB 670 (2009) 428, PLB 670 (2009) 428
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DileptonsDileptons at SISat SIS--100100

For For inin--mediummedium scenariosscenarios withwith
collisionalcollisional broadeningbroadening + + droppingdropping
massmass::

strongstrong broadeningbroadening of of ρρ--mesonmeson
spectraspectra

reductionreduction of of thethe yieldyield at at thethe
‚‚freefree‘ pole ‘ pole massmass
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DileptonsDileptons at SISat SIS--100100
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DileptonsDileptons at SISat SIS--100 : 100 : ‚‚freefree‘ vs. ‚‘ vs. ‚inin--mediummedium‘ ‘ scenariosscenarios ((collisionalcollisional broadeningbroadening ,,
collisionalcollisional broadeningbroadening ++droppingdropping massmass)) forfor vectorvector mesonsmesons ((ρ,ω,φρ,ω,φ))

enhancementenhancement of of dileptondilepton yieldyield forfor 0.2<M<0.7 0.2<M<0.7 GeVGeV and and reductionreduction at at M~mM~mρρ/ω/ω

forfor all SISall SIS--100 100 energiesenergies!!



DileptonsDileptons at SISat SIS--100100

•• inin--mediummedium scenariosscenarios forfor vectorvector mesonsmesons:  :  
collisionalcollisional broadeningbroadening collisionalcollisional broadeningbroadening + + droppingdropping massmass
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Ratio = Ratio = dNdN//dM(indM(in--mediummedium) / ) / dNdN//dM(freedM(free))

enhancementenhancement of of dileptondilepton yieldyield forfor 0.2<M<0.7 0.2<M<0.7 GeVGeV and and reductionreduction
at at M~mM~mρρ/ω /ω forfor all SISall SIS--100 100 energiesenergies fromfrom 2 to 14 A 2 to 14 A GeVGeV!!



OurOur ultimateultimate goalsgoals::

•• StudyStudy of of thethe phasephase
transitiontransition fromfrom

hadronichadronic to to partonicpartonic
matter matter ––

QuarkQuark--GluonGluon--PlasmaPlasma

•• SearchSearch forfor thethe criticalcritical pointpoint

•• StudyStudy of of thethe inin--mediummedium propertiesproperties of of hadronshadrons
at high at high baryonbaryon densitydensity and and temperaturetemperature

TheThe phasephase diagramdiagram of QCDof QCD

SIS 100SIS 100



FromFrom hadronshadrons to to partonspartons

In order to In order to studystudy of of thethe phasephase transitiontransition fromfrom
hadronichadronic to to partonicpartonic matter matter –– QuarkQuark--GluonGluon--PlasmaPlasma ––
wewe needneed a a consistentconsistent transporttransport modelmodel withwith

explicitexplicit partonparton--partonparton interactionsinteractions ((i.ei.e. . betweenbetween quarksquarks and and gluonsgluons) ) 
outsideoutside stringsstrings!!

explicitexplicit phasephase transitiontransition fromfrom hadronichadronic to to partonicpartonic degreesdegrees of of freedomfreedom
lQCDlQCD EoSEoS forfor partonicpartonic phasephase => => phasephase transitiontransition isis alwaysalways a a crosscross--overover

PPartonarton--HHadronadron--SStringtring--DDynamicsynamics ((PHSDPHSD))

QGP QGP phasephase describeddescribed byby inputinput fromfrom thethe

DDynamicalynamical QQuasiuasiPParticlearticle MModel odel (DQPMDQPM)

Transport Transport theorytheory:   :   offoff--shellshell KadanoffKadanoff--BaymBaym equationsequations forfor thethe
GreenGreen--functionsfunctions GG<<

hh(x,p(x,p) in ) in phasephase--spacespace representationrepresentation;      ;      
withwith thethe partonicpartonic andand hadronichadronic phasephase

W. W. CassingCassing, E. , E. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919,  PRC 78 (2008) 034919
W. W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33

PeshierPeshier, , CassingCassing, PRL 94 (2005) 172301;, PRL 94 (2005) 172301;
CassingCassing,  NPA 791 (2007) 365: NPA 793 (2007)  ,  NPA 791 (2007) 365: NPA 793 (2007)  



PHSD: PHSD: RapidityRapidity distributionsdistributions at at toptop SPSSPS
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PHSD: PHSD: TransverseTransverse massmass spectraspectra at at toptop SPSSPS

Central Pb + Pb at Central Pb + Pb at toptop SPS SPS energiesenergies

0.0 0.2 0.4 0.6 0.8 1.0 1.2
10-2

10-1

100

101

102

103

104

 NA49 
 HSD
 PHSD  

1/
m

T d
N

/d
m

Tdy
 [(

G
eV

)-2
]

mT-m0 [GeV]

K −*0.1

K+

Pb+Pb, 80 A GeV, 7%, mid-rapidity

π−

 
0.0 0.2 0.4 0.6 0.8 1.0 1.2

10-2

10-1

100

101

102

103

104

 NA49 
 HSD
 PHSD  

K −*0.1

K+

Pb+Pb, 160 A GeV, 5%, mid-rapidity

π−

1/
m

T d
N

/d
m

Tdy
 [(

G
eV

)-2
]

mT-m0 [GeV] 

☺☺ PHSD PHSD givesgives harderharder spectraspectra and and worksworks betterbetter thanthan HSD at HSD at toptop SPS SPS energiesenergies

HoweverHowever, at , at lowlow SPS (and FAIR) SPS (and FAIR) energiesenergies thethe effecteffect of of thethe partonicpartonic phasephase isis
NOT NOT seenseen in in rapidityrapidity distributionsdistributions and mand mTT spectraspectra



PHSD: Strange and PHSD: Strange and antistrangeantistrange baryonsbaryons at 160 A at 160 A GeVGeV
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PHSD:PHSD:

SlightlySlightly moremore ΛΛ and and ΞΞ
butbut muchmuch moremore ΏΏ‘‘s  !! s  !! 

AntibaryonsAntibaryons ((r.h.sr.h.s,) ,) areare
substantiallysubstantially enhancedenhanced !!

Note:
presentpresent statisticsstatistics
drasticallydrastically needneed
improvementimprovement !!
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Strange and Strange and antianti--strangestrange baryonsbaryons at SISat SIS--100100

PHSD vs. HSD:PHSD vs. HSD:
enhancementenhancement of of strangestrange antibaryonsantibaryons isis seenseen at 10 A at 10 A GeVGeV
((withinwithin presentpresent statisticsstatistics !!!!)!!!!)
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PartonicPartonic phasephase at FAIR at FAIR energiesenergies
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partonicpartonic energyenergy fractionfraction vsvs centralitycentrality and and energyenergy

DramaticDramatic decreasedecrease of of partonicpartonic phasephase withwith decreasingdecreasing energyenergy
and and centralitycentrality

veryvery smallsmall effecteffect on on pionpion and and kaonkaon observablesobservables at FAIR at FAIR 
energiesenergies!!
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WhatWhat isis thethe matter at SISmatter at SIS--100 ?!100 ?!
The phase trajectories (ρ(t),ε(t)) for central Au+Au collisions:

huge energy and baryon densities are reached (ε > εcrit=1 GeV/fm3) at 
FAIR energies (> 5 A GeV), however, the phase transition might be NOT 
a cross-over at FAIR!

J. J. RandrupRandrup et al., CBM et al., CBM PhysicsPhysics BookBook;  ;  PPRRC75C75 (2007) (2007) 034902034902

1st order phase transition with
critical point?

⇒ co-existance of partonic and 
hadronic degrees of freedom (in a 
mixed phase)



reduced
free energy

reduced 
volume

Maxwell 
construction

The Gibbs mixed phase
(spatially separated domains)

Mixed phase concept

Generalized mixed phase 
(homogeneous)

(Slide from V. Toneev)



PHSD: Expanding PHSD: Expanding fireballfireball
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TimeTime--evolutionevolution of of partonparton densitydensity
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Expanding Expanding gridgrid: : ∆∆z(tz(t) = ) = ∆∆zz00(1+0.75 t) !(1+0.75 t) !

PHSD: PHSD: spacialspacial phasephase ‚‚coco--existenceexistence‘‘ of of partonspartons and and hadronshadrons, , butbut
NO NO interactionsinteractions betweenbetween hadronshadrons and and partonspartons ((crosscross--overover))



SummarySummary

•• SISSIS--100 100 isis well well situatedsituated to to studystudy inin--mediummedium effectseffects duedue to to 
thethe high high baryonbaryon densitiesdensities and and longlong reactionreaction timestimes

•• dileptondilepton spectraspectra -- accordingaccording to to thethe HSD HSD predictionspredictions -- showshow
sizeablesizeable changeschanges duedue to to thethe different different inin--mediummedium scenariosscenarios (as (as 
collisionalcollisional broadeningbroadening and and droppingdropping massmass) ) whichwhich cancan bebe
observedobserved experimentallyexperimentally

•• fractionfraction of of thethe partonicpartonic phasephase isis smallsmall at FAIR at FAIR energiesenergies
=> PHSD => PHSD givesgives practicallypractically thethe samesame resultsresults as HSD as HSD ((exceptexcept
forfor multimulti--strangestrange antibaryonsantibaryons)) whenwhen thethe lQCDlQCD EoSEoS ((wherewhere
thethe phasephase transitiontransition isis alwaysalways a a crosscross--overover) ) isis usedused

•• isis thethe matter at SISmatter at SIS--100 a 100 a ‚‚mixedmixed phasephase‘‘ ??



Open Open problemsproblems

•• HowHow to to describedescribe a a firstfirst--orderorder phasephase
transitiontransition in in transporttransport ??

•• HowHow to to describedescribe partonparton--hadronhadron interactionsinteractions
in a ‚in a ‚mixedmixed‘ ‘ phasephase??



ThanksThanks

HSD & PHSD Team 

HSD & PHSD Team Wolfgang Wolfgang CassingCassing
OlenaOlena LinnykLinnyk
VolodyaVolodya KonchakovskiKonchakovski

ViatcheslavViatcheslav D. D. ToneevToneev

and and thethe numerousnumerous experimental experimental 
friendsfriends and and colleguescollegues !!



---- END END ----



TheThe DynamicalDynamical QuasiParticleQuasiParticle Model (DQPM)Model (DQPM)

InteractingInteracting quasiparticlesquasiparticles ::
massive massive quarksquarks and and gluonsgluons

withwith spectralspectral functionsfunctions

T = 1.053 TT = 1.053 Tcc T = 1.35 TT = 1.35 Tcc
T = 3 TT = 3 Tcc

••DQPMDQPM well well matchesmatches lQCDlQCD••DQPMDQPM providesprovides meanmean--fieldsfields forfor gluonsgluons and and quarksquarks as well as as well as effectiveeffective
22--body body interactionsinteractions
and and givesgives transitiontransition ratesrates forfor thethe formationformation of of hadronshadrons PHSDPHSD

Gluon‘sGluon‘s
ρ(ωρ(ω):):

PeshierPeshier, , CassingCassing, PRL 94 (2005) 172301;, PRL 94 (2005) 172301;
CassingCassing,  NPA 791 (2007) 365: NPA 793 (2007)  ,  NPA 791 (2007) 365: NPA 793 (2007)  



PHSD PHSD -- basicbasic conceptsconcepts

Initial A+A Initial A+A collisionscollisions –– HSD: HSD: stringstring formationformation and and decaydecay to to prepre--hadronshadrons

FragmentationFragmentation of of prepre--hadronshadrons intointo quarksquarks:: using the quark spectral
functions from the DynamicalDynamical QuasiParticleQuasiParticle ModelModel ((DQPM) 
approximation to QCD

PartonicPartonic phasephase:  :  quarksquarks and and gluonsgluons (= (= ‚‚dynamicaldynamical quasiparticlesquasiparticles‘)‘) withwith
offoff--shellshell spectralspectral functionsfunctions ((widthwidth, , massmass) ) defineddefined byby DQPMDQPM

elasticelastic and and inelasticinelastic partonparton--partonparton interactionsinteractions:: using the effective cross 
sections from the DQPM 

q + qbar (flavor neutral) <=> gluon (colored)
gluon + gluon <=> gluon (possible due to large spectral width)
q + qbar (color neutral) <=> hadron resonances

HadronizationHadronization: : basedbased on DQPM on DQPM -- massive, massive, offoff--shellshell quarksquarks and and gluonsgluons withwith
broadbroad spectralspectral functionsfunctions hadronizehadronize toto offoff--shellshell mesonsmesons and and baryonsbaryons::
gluonsgluons q + q + qbarqbar;; q + q + qbarqbar mesonmeson ((oror stringstring););
q + q +q  q + q +q  baryonbaryon ((oror stringstring)) ((stringsstrings actact as as ‚‚doorwaydoorway statesstates‘‘ forfor hadronshadrons) ) 

HadronicHadronic phasephase: : hadronhadron--stringstring interactionsinteractions –– offoff--shellshell HSDHSD

DQPM: DQPM: PeshierPeshier, , CassingCassing, PRL 94 (2005) 172301;, PRL 94 (2005) 172301;
CassingCassing,  NPA 791 (2007) 365: NPA 793 (2007)  ,  NPA 791 (2007) 365: NPA 793 (2007)  
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PHSD: PHSD: hadronizationhadronization

ConsequencesConsequences:: ☺☺
HadronizationHadronization:: q+qbarq+qbar oror 3q 3q oror 3qbar 3qbar fusefuse to to 

a a colorcolor neutral neutral hadronshadrons ((oror stringsstrings)) whichwhich furtheronfurtheron decaydecay to to hadronshadrons
in ain a microcanonicalmicrocanonical fashionfashion, , i.ei.e.. obeyingobeying all all conservationconservation lawslaws ((i.ei.e. 4. 4--
momentum momentum conservationconservation, , flavorflavor currentcurrent conservationconservation)) in in eacheach eventevent

HadronizationHadronization yieldsyields an an increaseincrease in total in total entropyentropy SS and and notnot a a 
decreasedecrease as in as in thethe simple simple recombinationrecombination modelmodel !!

OffOff--shellshell partonparton transporttransport roughlyroughly leadsleads a a hydrodynamichydrodynamic evolutionevolution
of of thethe partonicpartonic systemsystem

E.gE.g.. time time evolutionevolution of of thethe
partonicpartonic fireballfireball at at temperaturetemperature
1.7 T1.7 Tcc withwith initializedinitialized at at µµqq=0=0

W. W. CassingCassing, E. , E. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919,  PRC 78 (2008) 034919
W. W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33
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