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IntroductionIntroduction

FAIR FAIR energiesenergies areare well well suitedsuited to to study study 
densedense and hot and hot nuclearnuclear mattermatter ––

a a phase transitionphase transition to QGP ,to QGP ,
chiral symmetry restorationchiral symmetry restoration, , 
inin--medium effectsmedium effects

Observables forObservables for CBM:CBM:
Excitation functionExcitation function of of 
particle yieldsparticle yields and and ratiosratios
Transverse mass spectraTransverse mass spectra
Collective flowCollective flow
DileptonsDileptons
Open and Open and hidden charm hidden charm 
FluctuationsFluctuations and and 
correlationscorrelations
......

Way to Way to studystudy::
Experimental Experimental energy scanenergy scan of of 
different different observablesobservables in order to in order to 
find an find an ‚‚anomalousanomalous‘‘ behaviourbehaviour in in 
comparison  with comparison  with theorytheory

Microscopic transport models  Microscopic transport models  provideprovide a a unique dynamical unique dynamical 
descriptiondescription of of nonequilibrium effectsnonequilibrium effects in in heavyheavy--ion collisions  ion collisions  



Basic Basic conceptconcept of  HSD of  HSD 

HSDHSD –– HHadronadron--SStringtring--DDynamics transport approachynamics transport approach
••for each particle species for each particle species ii ((i i = = NN, , RR, , YY, , ππ, , ρρ, K, …) the phase, K, …) the phase--space  density space  density ffii

followsfollows the the transport equations transport equations 

with collision termswith collision terms IIcoll coll describingdescribing::
elasticelastic and and inelastic inelastic hadronic reactionshadronic reactions:  :  
baryonbaryon--baryonbaryon, meson, meson--baryonbaryon, meson, meson--mesonmeson
formationformation and and decaydecay of of baryonicbaryonic and and mesonicmesonic resonancesresonances
stringstring formationformation and and decaydecay ((for inclusive particle productionfor inclusive particle production::
BB BB −−>> X , X , mBmB −−>>X,  X =X,  X =many particlesmany particles))

•• implementationimplementation of of detailed balancedetailed balance on on the levelthe level of 1of 1<<−−>>22
and 2and 2<<−−>>2 2 reactions  reactions  (+   2(+   2<<−−>>n n multimulti--particle reactionsparticle reactions in HSD)in HSD)
••offoff--shell dynamicsshell dynamics for shortfor short--lived stateslived states

( ) ( ) ),...,f,f(fI,t)p,r(fHH
t M21colliprrp =⎟

⎠
⎞

⎜
⎝
⎛ ∇∇−∇∇+

∂
∂

BB BB <<−−> > B´B´,  BB B´B´,  BB <<−−> > B´B´mB´B´m
mBmB <<−−> > m´B´, m´B´, mBmB <<−−> > B´B´

BaryonsBaryons: : 

B=(p, n, B=(p, n, ∆(1232)∆(1232), , 

N(1440), N(1535), ...)N(1440), N(1535), ...)

Mesons: Mesons: 

m=(m=(ππ, , ηη, , ρ, ω, φ, ...)ρ, ω, φ, ...)
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DenseDense and hot matter and hot matter –– average quantitiesaverage quantities
Time evolution of the baryon density and energy density 

huge energy and baryon densities are reached (ε > εcrit=1 GeV/fm3) at FAIR 
energies (> 5 A GeV)
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ChangesChanges of of the particle propertiesthe particle properties in in thethe hot and hot and dense dense 
baryonic mediumbaryonic medium

How to treat in-medium effects in transport 
approaches? 

In-medium models:

chiral perturbation theory chiral perturbation theory 

chiralchiral SU(3) SU(3) model model 

coupledcoupled--channelchannel GG--matrix approachmatrix approach

chiral coupledchiral coupled--channel effective field channel effective field 
theory theory 

predict changespredict changes of of the particle the particle 
propertiesproperties in in thethe hot and hot and dense mediumdense medium, , 
e.g. e.g. broadeningbroadening of of the spectral function the spectral function 

ρρ meson spectral functionmeson spectral function



FromFrom onon--shellshell to offto off--shell transport dynamicsshell transport dynamics

OffOff--shell transport approachshell transport approach::
Generalized transport equationsGeneralized transport equations on on the basisthe basis of of the Kadanoffthe Kadanoff--Baym Baym 
equations for Greens functions equations for Greens functions 

||||
Dynamical equationsDynamical equations of of motionmotion
forfor ‚test‚test--particleparticle‘ ‘ propagationpropagation in in 
88--dimensional dimensional phase space phase space 
(r(t), p(t), E(t)):(r(t), p(t), E(t)):

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

ApplicationApplication to to strangenessstrangeness::

InIn--medium transition rates with momentummedium transition rates with momentum, , temperaturetemperature and and density dependent density dependent 
spectral functionspectral function of of antikaonsantikaons fromfrom a a coupled channelcoupled channel GG--matrix approach matrix approach 

W. W. CassingCassing, L. , L. TolosTolos, E.L.B., A. Ramos., NPA 727 (2003) 59, E.L.B., A. Ramos., NPA 727 (2003) 59

ApplicationApplication to to dileptonsdileptons::

InIn--medium transition rates with momentummedium transition rates with momentum and and density dependent dynamical density dependent dynamical 
spectral functionsspectral functions of of vector mesonsvector mesons E.L..B., NPA 686 (2001),    HSD E.L..B., NPA 686 (2001),    HSD predictions forpredictions for CBM (2006)CBM (2006)



DileptonsDileptons

Dileptons areDileptons are an an ideal probeideal probe for vector meson spectroscopyfor vector meson spectroscopy in in the the nuclear nuclear 
mediummedium and and for the nuclear dynamicsfor the nuclear dynamics !!
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•• InIn--medium effects can be observedmedium effects can be observed at at all all energiesenergies fromfrom SIS to RHICSIS to RHIC•• The The shapeshape of of the theoretical dilepton yield dependsthe theoretical dilepton yield depends on on the the actual modelactual model
for thefor the inin--medium spectral function medium spectral function 

=> => energy scanenergy scan will will allowallow to to distinguishdistinguish inin--medium scenariosmedium scenarios

DileptonsDileptons: : excitation function for central excitation function for central Au+AuAu+Au

HSD: NPA 674 (2000) 249HSD: NPA 674 (2000) 249



ModellingModelling of inof in--medium spectral functionsmedium spectral functions for for 
vector mesonsvector mesons

InIn--medium scenariosmedium scenarios::

dropping mass                        collisional broadening     dropping mass                        collisional broadening     dropping massdropping mass + + collcoll. . broadbroad..

m*=mm*=m00(1(1--αραρ/ρ/ρ00)                      )                      ΓΓ(M,(M,ρρ)=)=ΓΓvacvac(M)+(M)+ΓΓCBCB(M,(M,ρρ))
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•• Note:Note: for for a a consistentconsistent offoff--shell transport one needs not onlyshell transport one needs not only inin--medium spectral functions medium spectral functions 
butbut also also inin--medium transition ratesmedium transition rates forfor all all channels  with vector mesonschannels  with vector mesons, i.e. , i.e. the full the full 
knowledgeknowledge of of inin--mediummedium offoff--shellshell cross cross sectionssections σσ(s,(s,ρρ))



DileptonsDileptons: HADES: HADES

•• HADES HADES data show exponentially decreasing mass spectra data show exponentially decreasing mass spectra 
•• Data are Data are better described bybetter described by inin--medium scenarios with collisional broadeningmedium scenarios with collisional broadening
•• InIn--medium effects are more pronounced for medium effects are more pronounced for heavy systemsheavy systems such as Au+Ausuch as Au+Au
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DileptonsDileptons –– HSD HSD predictions forpredictions for CBMCBM

InIn--medium modificationsmedium modifications of  e+eof  e+e-- and and µµ++µµ-- spectra are very similarspectra are very similar!!
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Dileptons at CBM: Dileptons at CBM: electronselectrons oror muons?muons?

Muons !!!Muons !!!
InIn--medium effects medium effects at at low low M M are are 

visiblevisible in in µµ++µµ-- spectraspectra as well as in e+eas well as in e+e--
((cfcf. NA60 ). NA60 )

MesurementMesurement of of µµ++µµ-- spectra spectra will will 
allow allow toto study charmstudy charm and and charmonium charmonium 
dynamicsdynamics !! PHENIX Preliminary

•• DirectDirect photonsphotons as a as a possiblepossible observableobservable forfor CBM ?!CBM ?!
((cfcf. talk . talk byby SergeySergey KiselevKiselev))



Open and Open and hiddenhidden charmcharm

HiddenHidden charmcharm: J/: J/ΨΨ , , ΨΨ‘: ‘: AnomalousAnomalous J/J/ΨΨ suppressionsuppression in A+A in A+A 
(NA38/NA50/NA60)(NA38/NA50/NA60)

Heavy Heavy flavorflavor sectorsector reflectsreflects thethe actualactual dynamicsdynamics
sincesince heavyheavy hadronshadrons cancan onlyonly bebe formedformed in in thethe veryvery
earlyearly phasephase of of heavyheavy--ionion collisionscollisions at FAIR/SPS!at FAIR/SPS!

J/Ψ ‚normal‘ absorption
by nucleons

(Glauber model) 
||

Experimental Experimental observationobservation::
extra suppression in A+A 
collisions; increasing with
centrality



Scenarios for charmonium suppression in A+AScenariosScenarios forfor charmonium charmonium suppressionsuppression in A+Ain A+A

•• QGP QGP thresholdthreshold meltingmelting
[[SatzSatz et al’03]

••ComoverComover absorptionabsorption
[Gavin & Vogt, [Gavin & Vogt, CapellaCapella et al.`97]:et al.`97]:
charmonium charmonium absorptionabsorption byby lowlow
energyenergy inelasticinelastic scatteringscattering withwith
‚‚comovingcomoving‘ ‘ mesonsmesons (m=(m=π,η,ρ,...):π,η,ρ,...):

J/J/ΨΨ+m +m <<−−>> D+DbarD+Dbar
ΨΨ‘+m ‘+m <<−−>> D+DbarD+Dbar
χχCC+m+m <<−−>> D+DbarD+Dbar

et al’03]

QuarkoniumQuarkonium dissociation temperatures:dissociation temperatures:

DissociationDissociation energyenergy densitydensity εεdd ~ (~ (TTdd/T/Tcc))44

Digal, Fortunato, Satz
hep-ph/0310354

J/J/ΨΨ
χχCC meltingmelting
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Charm and Charmonium production and absorption in HSDCharmCharm and Charmonium and Charmonium productionproduction and and absorptionabsorption in HSDin HSD

 
•• ProductionProduction σσ(J/(J/ΨΨ) ) and σσ((ΨΨ‘ ):‘ ): parametrizationparametrization of of thethe availableavailable expexp. . datadata
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CoupledCoupled channelchannel problemproblem::
σσJJ//ΨΨ

expexp = = σσJJ//ΨΨ + + BB((χχcc-->J>J//ΨΨ)) σσχχcc + + BB((ΨΨ‘‘-->J/>J/ΨΨ) ) σσΨΨ‘‘

•• CharmoniumCharmonium--baryonbaryon dissociationdissociation cross cross sectionsection cancan bebe fixedfixed fromfrom p+Ap+A datadata
HSDHSD--2003:2003:
PrePre--resonanceresonance cc--cbarcbar pairspairs ((colorcolor--octetoctet statesstates):): σσcc Bcc B= 6 = 6 mbmb ((ττcccc=0.3 =0.3 fmfm/c)/c)
FormedFormed charmonium (charmonium (colorcolor--singletsinglet statesstates):): σσJJ//ΨΨ BB= 4 = 4 mbmb, , σσχχ BB= 5 = 5 mbmb, , σσΨΨ‘‘ BB = 8 = 8 mbmb

HSDHSD--2006:2006: σσcc Bcc B ==σσJJ//ΨΨ BB==σσχχ BB= 4.18 = 4.18 mbmb, , σσΨΨ‘‘ BB = 7.6 = 7.6 mbmb
adoptingadopting a a newnew Glauber fit Glauber fit fromfrom NA50NA50



ModellingModelling of of thethe comovercomover scenarioscenario in HSDin HSD

1.1. Charmonium Charmonium dissociationdissociation cross cross sectionssections withwith π, ρπ, ρ, K , K andand K* K* mesonsmesons
J/J/Ψ Ψ ((χχcc,,ΨΨ‘) + ‘) + mesonmeson ((π, ρπ, ρ, K , K*) <, K , K*) <--> > D+DbarD+Dbar

4.0 4.5 5.0 5.5
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101
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σ 
[m

b]
s1/2 [GeV]

PhasePhase--spacespace modelmodel forfor charmonium + charmonium + mesonmeson dissociationdissociation

PRC  67 (2003) 054903PRC  67 (2003) 054903

2.2. J/J/ΨΨ recombinationrecombination cross cross sectionssections byby D+DbarD+Dbar annihilationannihilation::
D+DbarD+Dbar --> J/> J/Ψ Ψ ((χχcc,,ΨΨ‘) + ‘) + mesonmeson ((π, ρπ, ρ, K , K*) , K , K*) 

are determined by detailed balance!



J/Ψ and Ψ´ suppression in In+In and Pb+Pb at SPS: 
Comover absorption

J/J/Ψ Ψ and and ΨΨ´ ´ suppressionsuppression in In+In and Pb+Pb at SPS: in In+In and Pb+Pb at SPS: 
ComoverComover absorptionabsorption

•• Exp. Exp. datadata (NA50/NA60) (NA50/NA60) forfor
Pb+Pb and In+In at 160 A GeV  Pb+Pb and In+In at 160 A GeV  
areare consistentconsistent withwith thethe comovercomover
absorptionabsorption modelmodel forfor thethe samesame
setset of of parametersparameters!!

[[OlenaOlena LinnykLinnyk et al., et al., nuclnucl--thth/0612049, NPA07]/0612049, NPA07]
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Modelling of the QGP melting scenario in HSDModellingModelling of of thethe QGP QGP meltingmelting scenarioscenario in HSDin HSD

Set 1: Set 1: thresholdthreshold energyenergy densitydensity::
εε(J(J/Ψ/Ψ )=16  GeV/fm)=16  GeV/fm33, , εε((χχcc ) =2 GeV/fm) =2 GeV/fm33,  ,  εε((ΨΨ ‚‚) =2 GeV/fm) =2 GeV/fm33
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[[OlenaOlena LinnykLinnyk et al., et al., nuclnucl--thth/0612049, NPA07]/0612049, NPA07]



J/Ψ and Ψ´ suppression in In+In and Pb+Pb at SPS: 
QGP threshold scenario

J/J/Ψ Ψ and and ΨΨ´ ´ suppressionsuppression in In+In and Pb+Pb at SPS: in In+In and Pb+Pb at SPS: 
QGP QGP thresholdthreshold scenarioscenario

•• Set 1:Set 1: QGP QGP thresholdthreshold meltingmelting scenarioscenario
withwith dissociationdissociation energyenergy densitiesdensities
εε(J(J/Ψ/Ψ)=16  GeV/fm)=16  GeV/fm33, , εε((χχcc ) =2 GeV/fm) =2 GeV/fm33,  ,  
εε((ΨΨ ‚‚) =2 GeV/fm) =2 GeV/fm33

showsshows tootoo strongstrong ΨΨ ‚‚ absorptionabsorption whichwhich
contradictscontradicts to to thethe NA50 NA50 datadata! ! 0 25 50 75 100 125 150
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J/Ψ and Ψ´ suppression in In+In and Pb+Pb at SPS: 
QGP threshold scenario II

J/J/Ψ Ψ and and ΨΨ´ ´ suppressionsuppression in In+In and Pb+Pb at SPS: in In+In and Pb+Pb at SPS: 
QGP QGP thresholdthreshold scenarioscenario IIII

•• Set 2:Set 2: an an increaseincrease of of thethe meltingmelting energyenergy
densitydensity εε((ΨΨ ‚‚) =6.55 GeV/fm) =6.55 GeV/fm33

reducesreduces thethe ΨΨ ‚‚ suppressionsuppression, , butbut
contradictscontradicts LQCD LQCD predictionspredictions forfor
TTdd((ΨΨ ‚‚) ~ 1.2 T) ~ 1.2 TCC! ! 
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HSD predictions for J/Ψ and Ψ´ suppression in Au+Au at CBM energiesHSD HSD predictionspredictions forfor J/J/Ψ Ψ and and ΨΨ´ ´ suppressionsuppression in Au+Au at CBM in Au+Au at CBM energiesenergies

Different Different scenariosscenarios cancan bebe distinguisheddistinguished at FAIRat FAIR
energiesenergies::
ΨΨ´ ´ overover J/J/Ψ Ψ ratioratio isis lowerlower in in thethe comovercomover absorptionabsorption
modelmodel sincesince thethe averageaverage comovercomover densitydensity decreasesdecreases

onlyonly moderatelymoderately withwith lowerlower bombardingbombarding energyenergy
whereaswhereas thethe energyenergy densitydensity decreasesdecreases rapidlyrapidly => => 
ComoverComover scenarioscenario predictspredicts a a smoothsmooth excitationexcitation functionfunction
whereaswhereas thethe „„thresholdthreshold meltingmelting scenarioscenario““ shouldshould showshow
aa stepstep in in thethe excitationexcitation functionfunction

[[OlenaOlena LinnykLinnyk et al., et al., nuclnucl--thth/0612049, NPA07]/0612049, NPA07]

0 50 100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

HSD

 

S(
J/

Ψ
)

Npart

 Baryon absorption
 Comover absorption
 QGP threshold melting
 εJ/Ψ=16, ε

χc

=2, ε
Ψ'=6.55 GeV/fm3

0 50 100 150 200 250 300 350 400
0.000

0.002

0.004

0.006

Au+Au, 25 A GeV

HSD

 

 Comover absorption
 QGP threshold melting
 εJ/Ψ=16, ε

χc

=2, ε
Ψ'=6.55 GeV/fm3

 QGP threshold melting
 εJ/Ψ=16, ε

χc

=2, ε
Ψ'=2 GeV/fm3

B µµ
(Ψ

') 
σ Ψ

' / 
B µµ

(J
/Ψ

) σ
J/

Ψ

Npart

0 50 100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

Comover absorption

Pb+Pb

HSD

 

 

S

Npart

Energy A GeV
 20
 30
 40
 160



J/Ψ suppression in Au+Au at RHICJ/J/ΨΨ suppressionsuppression in Au+Au at RHICin Au+Au at RHIC

Time Time dependencedependence of of thethe
rate of rate of J/J/ΨΨ absorptionabsorption
byby mesonsmesons and and 
recreationrecreation byby D+DbarD+Dbar
annihilationannihilation

At RHIC At RHIC thethe recreationrecreation of J/of J/ΨΨ byby
D+DbarD+Dbar annihilationannihilation isis importantimportant !!

New New datadata withwith higherhigher statisticsstatistics areare
neededneeded to to clarifyclarify thethe nature of J/nature of J/ΨΨ
suppressionsuppression!!

5 10 15 20

10-4

10-3

10-2

10-1

time [fm/c]

 J/Ψ+m->D+Dbar
 D+Dbar->J/Ψ+m

 

Au+Au,  s1/2=200 GeV, central

dN
/d

t

0 50 100 150 200 250 300 350 400
0.00

0.05

0.10

0.15

0.20

PHENIX: Au+Au; pp
 HSD 
 co-mover model
 suppression in QGP
 SCM

x10-5  

B µ
µ(

J/
Ψ

) d
N

/d
y 

(y
=0

) p
er

 b
in

ar
y 

co
lli

sio
n Au+Au,  s1/2=200 GeV,  midrapidity

Number of participants

NNDDDD~16~16

HSD: PRC 69 (2004) 054903HSD: PRC 69 (2004) 054903

HSDHSD



D/D/DbarDbar--mesonsmesons: : inin--mediummedium effectseffects

•• DroppingDropping DD--mesonmeson massesmasses withwith
increasingincreasing light light quarkquark densitydensity

•• mightmight givegive a a large large enhancementenhancement of of 
thethe openopen charmcharm yieldyield at 25 A GeV ! at 25 A GeV ! 

•• Charmonium Charmonium suppressionsuppression increasesincreases
forfor droppingdropping DD--mesonmeson massesmasses! ! 
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HSD: v2 of D+Dbar and J/Ψ from Au+Au versus pT and y at RHIC HSD: vHSD: v22 of of D+DbarD+Dbar and J/and J/ΨΨ fromfrom Au+Au Au+Au versusversus ppTT and y at RHIC and y at RHIC 

• HSD:HSD: DD--mesonsmesons and J/and J/Ψ Ψ followfollow thethe
chargedcharged particleparticle flowflow =>=> smallsmall vv2  2  < 3%< 3%

•• Exp. Exp. datadata at RHIC at RHIC showshow large large collectivecollective
flowflow of of DD--mesonsmesons up to up to vv22~10%!~10%!

=> => strongstrong initialinitial flowflow of of nonnon--hadronichadronic
nature!nature!
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HSD HSD predictionspredictions forfor CBM CBM -- ellipticelliptic flowflow at 25 A GeVat 25 A GeV

ChallengeChallenge forfor CBM!CBM!
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••HSD:HSD: DD--mesonsmesons and J/and J/Ψ Ψ 
followfollow thethe chargedcharged particleparticle flowflow

=>=> smallsmall vv2  2  

PossiblePossible observationobservation at CBM:at CBM:
strongstrong initialinitial flowflow of of DD--mesonsmesons
and J/and J/ΨΨ duedue to to partonicpartonic
interactionsinteractions!!
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Open and Open and hiddenhidden charmcharm ––
HSD HSD predictionspredictions forfor CBMCBM

Open Open charmcharm:  :  
withoutwithout mediummedium effectseffects: : suppressionsuppression of of DD--mesonmeson spectraspectra byby factorfactor ~ 10 ~ 10 

relative to relative to thethe global global mmTT--scalingscaling
withwith mediummedium effectseffects:: restorationrestoration of of thethe global global mmTT--scalingscaling forfor thethe mesonsmesons

HiddenHidden charmcharm: : 
J/J/Ψ Ψ suppressionsuppression duedue to to comovercomover absorptionabsorption at FAIR at FAIR isis lowerlower thanthan at SPSat SPS
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Summary

•• FAIRFAIR isis anan excellentexcellent facilityfacility toto
studystudy thethe propertiesproperties of of thethe sQGPsQGP
((stronglystrongly interactinginteracting ‚‚colorcolor liquidliquid‘‘)   )   
as well as hadronic matter as well as hadronic matter 

•• Transport Transport theorytheory isis thethe
generalgeneral basisbasis forfor an an 
understandingunderstanding of of nuclearnuclear
dynamicsdynamics on a on a microscopicmicroscopic levellevel

UrQMD: U+U,  25 A GeVUrQMD: U+U,  25 A GeV
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