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Introduction
FAIR energiesFAIR energies are well suited to study are well suited to study 
dense and hot nuclear matterdense and hot nuclear matter ––

a phase transition to QGP ,a phase transition to QGP ,
chiralchiral symmetry restoration, symmetry restoration, 
inin--medium effectsmedium effects

Observables for CBM:Observables for CBM:
Excitation function of Excitation function of 
particle yields and ratiosparticle yields and ratios
Transverse mass spectraTransverse mass spectra
Collective flowCollective flow
DileptonsDileptons
Open and hidden charm Open and hidden charm 
Fluctuations and Fluctuations and 
correlationscorrelations
......

Way to study:Way to study:
Experimental Experimental energy scanenergy scan of of 
different different observablesobservables in order to in order to 
find an find an ‚anomalous‘‚anomalous‘ behavior in behavior in 
comparison  with comparison  with theorytheory

Microscopic transport modelsMicroscopic transport models



•• StrangenessStrangeness enhancementenhancement
•• MultiMulti--strangestrange particleparticle enhancementenhancement
•• CharmCharm suppressionsuppression
•• CollectiveCollective flowflow (v(v11, v, v22))
•• Thermal Thermal dileptonsdileptons
•• Jet Jet quenchingquenching and and angularangular correlationscorrelations
•• High High ppTT suppressionsuppression of of hadronshadrons
•• NonstatisticalNonstatistical eventevent byby eventevent fluctuationsfluctuations and and correlationscorrelations
•• ... ... 

Signals of Signals of thethe phasephase transitiontransition::

Experiment: Experiment: measuresmeasures final final hadronshadrons and and leptonsleptons

HowHow to to learnlearn aboutabout physicsphysics fromfrom datadata??

CompareCompare withwith theorytheory! ! 



Models for heavy ion collisions

Thermal Thermal modelsmodels
HydroHydro modelsmodels ((locallocal equilibriumequilibrium))

Freeze-out

Initial State

Au Au

Hadronization

Quark-Gluon-Plasma ?

time

Transport  Transport  modelsmodels

MicroscopicalMicroscopical transporttransport modelsmodels provideprovide thethe dynamicaldynamical
descriptiondescription of of nonequilibriumnonequilibrium effectseffects in in heavyheavy--ionion collisionscollisions



Basic concepts of Hadron-String Dynamics

•• for each particle species i (i = N, R, Y, π, ρ, K, …) the phase-space  density fi
follows the transport equations

with the collision terms Icoll describing:
elastic and inelastic hadronic reactions
formation and decay of baryonic and mesonic resonances
string formation and decay (for inclusive production: BB(for inclusive production: BB-->>XX, , mBmB-->>XX,  ,  XX =many particles)=many particles)

•• Implementation of detailed balance on the level of 1<−>2  and 2<−>2 reactions  
(+ 2<−>n multi-meson fusion reactions)

•• Off-shell dynamics for short living states

BB BB <<−−> > B´B´,  BB B´B´,  BB <<−−> > B´B´mB´B´m, , mBmB <<−−> > m´Bm´B´, ´, mBmB <<−−> > B´B´
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Degrees of freedom in HSD
•• hadrons - baryons and mesons  including excited states (resonances)
•• strings – excited colour singlet states  (qq - q) or (q – qbar)

Based on the LUND string model 
& perturbative QCD via PYTHIA

•• leading quarks (q, qbar) & diquarks
(q-q, qbar-qbar)

NOT included in the transport models presented here :
o no explicit parton-parton interactions (i.e. between quarks and gluons) outside 

strings!
o no QCD EoS for partonic phase

pre-hadronspre-hadrons

τF

  __

qqq

 

time

color electric
field

z 

under construction: 
PHSD – Parton-Hadron-String-Dynamics W. Cassing arXiv:0704.1410



Time evolution of the energy density

HSD HSD transport model allows to calculate the energy momentum tensor transport model allows to calculate the energy momentum tensor TTµνµν(x(x) for all ) for all 
spacespace--time points x and thus the energy density time points x and thus the energy density εε(r,t(r,t) which is identified with T) which is identified with T0000(r,t)(r,t)



Local energy density ε
vs Bjorken energy density εBj

•• transient time for central transient time for central Au+AuAu+Au at 200 at 200 GeVGeV::
ttrr ~ 2R~ 2RAA//γγcmcm ~ 0.13 fm/c~ 0.13 fm/c•• cc formation time: cc formation time: 

ττCC ~ 1/M~ 1/MT T ~ 1/4GeV ~ 0.05 fm/c   < ~ 1/4GeV ~ 0.05 fm/c   < ttrr

•• cc pairs are produced in the cc pairs are produced in the initial hard NNinitial hard NN collisions collisions 
in time period in time period ttrr
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JJ/Ψ/Ψ

χχcc

ΨΨ ‚‚

at RHICat RHIC εεBjBj τ τ ~ 5 GeV/fm~ 5 GeV/fm22/c/c

AAΤ  Τ  is the nuclei transverse overlap areais the nuclei transverse overlap area
ττ is the formation time of the mediumis the formation time of the medium

‚‚Local‘ energy densityLocal‘ energy density ε ε during during 
transient time transient time ttrr ::
ε ∼ 5[ε ∼ 5[GeV/fmGeV/fm22/c] / [0.13 fm/c]/c] / [0.13 fm/c]

~ 30 GeV/fm~ 30 GeV/fm33

accounting accounting ττCC :: εε~ 28 GeV/fm~ 28 GeV/fm33

HSD reproduces PHENIX data for HSD reproduces PHENIX data for BjorkenBjorken energy density very wellenergy density very well
HSD results are consistent with simple estimates for the energyHSD results are consistent with simple estimates for the energy density density 



Charmonium production in pN

σJ/Ψ
exp = σJ/Ψ + B(χc->J/Ψ) σχc + B(Ψ´->J/Ψ) σΨ´
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Hard probe -> binary scaling!

σ(J/Ψ) and σ(Ψ‘ ):
parametrization of the

available
experimental  data

ButBut datadata closeclose to to 
thresholdthreshold

areare still still neededneeded !  !  
FAIR at GSIFAIR at GSI



Charmonium production in pN

-4 -2 0 2 4
0

20

40

60

 PHENIX
 HSD scaled with cross section ratio

pp->J/Ψ+X,  s1/2=200 GeV

B
r 

dσ
/d

y 
[n

b]

Differential cross section of charm production is successfully parametrized, too



Charmonium production vs absorption

DD

DDbarbar

J/J/ΨΨ

χχCC

ΨΨ‘‘

Charm sector reflects the dynamics in the early phase of heavy-ion collisions !

Charmonium is absorbed by

Scattering on nucleons (normal nuclear absorption, as in pA)
Interaction with secondary hadrons (comovers)
Dissociation in the deconfined medium (suppression in QGP)



Anomalous J/Ψ suppression
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 Baryon absorption
 Glauber model
 NA50 2004

J/Ψ ‚normal‘ absorption by nucleons 
(Glauber model) 

Experimental observation Experimental observation (NA38/50/60):(NA38/50/60):
extra suppression in A+A collisions; 
increasing with centrality



Scenarios for anomalous charmonium suppression
• QGP colour screening
[Digal, Fortunato, Satz ’03]

• Comover absorption
[Gavin & Vogt, Capella et al.`97] 
absorption by low energy inelastic 
scattering with ‚comoving‘ mesons 
(m=π,η,ρ,...)

J/Ψ
χC melting
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J/Ψ+m <-> D+Dbar
Ψ´ +m <-> D+Dbar
χC +m <-> D+DbarDissociation energy density Dissociation energy density εεd d ~ 2(T~ 2(Tdd/T/Tcc))44

QuarkoniumQuarkonium dissociation T:dissociation T:
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• Phase-space model for charmonium + 
meson dissociation:

[PRC  67 (2003) 054903][PRC  67 (2003) 054903]

2. J/Ψ recombination cross sections by D+Dbar
annihilation:
D+Dbar -> J/Ψ (χc,Ψ‘) + meson (π, ρ, K , K*)
are determined by detailed balance!
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1. Charmonia dissociation cross sections with π, ρ, K and K* mesons
J/Ψ (χc,Ψ‘) + meson (π, ρ, K , K*) <-> D+Dbar

Modelling the comovercomover scenario in HSD



Charmonium recombination by DDbar annihilation
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At SPS recreation of J/Ψ by D-Dbar
annihilation is negligible
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But at RHIC recreation of J/Ψ by D-Dbar
annihilation is strong!

NNDDDD~16~16



[OL et al., nucl[OL et al., nucl--th/0612049, NPA 786 (2007) 183 ]th/0612049, NPA 786 (2007) 183 ]

Threshold energy densities:
J/Ψ melting:  ε(J/Ψ )=16  GeV/fm3  

χc melting: ε(χc ) =2 GeV/fm3

Ψ ‚ melting: ε(Ψ ‚) =2 GeV/fm3
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Modeling the QGP meltingQGP melting in HSD



Comparison to data at SPS energy



Pb+Pb and In+In @ 158 A GeV
comovercomover absorptionabsorption

[OL et al NPA786 (2007) 183]

Pb+Pb and In+In @ 160 A GeV
consistent with the comover absorption 

for the same  parameter set!
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 Glauber model
 Baryon absoprtion
 Comover absorption .
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Pb+Pb and In+In @ 158 A GeV
QGP threshold meltingthreshold melting

Y´ absorption too strong, 
which contradict data

[OL et al NPA786 (2007) 183]
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•• Set 2:Set 2: an an increaseincrease of of thethe
meltingmelting energyenergy densitydensity
εε((ΨΨ ‚‚) =6.55 ) =6.55 GeVGeV/fm/fm33

reducesreduces thethe ΨΨ
‚‚ suppressionsuppression, , 

butbut contradictscontradicts LQCD LQCD 
predictionspredictions forfor
TTdd((ΨΨ ‚‚) ~ 1.2 T) ~ 1.2 TCC! ! 

εε(J(J/Ψ/Ψ )=16  )=16  GeVGeV/fm/fm33, , 
εε((χχcc ) =2 ) =2 GeVGeV/fm/fm33,  ,  

εε((ΨΨ ‚‚) =6.55 ) =6.55 GeVGeV/fm/fm33

Ψ´ data contradict threshold melting 
scenario with lQCD εd

0 25 50 75 100 125 150
0.000

0.005

0.010

0.015
 NA50 1997
 NA50 1998-2000
 Comover absorption
 QGP threshold melting:
 εJ/Ψ=16, ε

χc

=2, ε
Ψ'=2 GeV/fm3

 εJ/Ψ=16, ε
χc

=2, ε
Ψ'=6.55 GeV/fm3

B µµ
(Ψ

') 
σ Ψ

' / 
B µµ

(J
/Ψ

) σ
J/

Ψ

Pb+Pb, 158 A GeV

HSD
 

ET [GeV]

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



Comparison to data at RHIC energy



R. Rapp et al.PRL 92, 212301 (2004)
R. Thews et al, Eur. Phys. J C43, 97 (2005)

Yan, Zhuang, Xu, PRL97, 232301 (2006)
Bratkovskaya et al., PRC 69, 054903 (2004)

A. Andronic et al., NPA789, 334 (2007) 

R. Rapp et R. Rapp et al.PRLal.PRL 92, 212301 (2004)92, 212301 (2004)
R. R. ThewsThews et al, et al, EurEur. Phys. J C43, 97 (2005). Phys. J C43, 97 (2005)

YanYan, , ZhuangZhuang, , XuXu, , PRL97, 232301 (2006)PRL97, 232301 (2006)
BratkovskayaBratkovskaya et al., PRC 69, 054903 (2004)et al., PRC 69, 054903 (2004)

A. A. AndronicAndronic et al., NPA789, 334 (2007) et al., NPA789, 334 (2007) 

ComoverComover absorptionabsorption + + regenerationregeneration
A successful prediction

HSDHSD

obtained assuming
the existance of comovers
throghout the collision, 
i.e. at all energy densities.

NB:NB:

Regeneration is essential!



Au+Au @ s1/2=200 GeV
ComoverComover absorption + regenerationabsorption + regeneration

[OL et al arXiv:0705.4443]

In comover
scenario, 
suppression at
midmid--yy
stronger than at
forward yforward y,
unlike the data
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phase effects

Energy density cut 
εcut=1 GeV/fm3 reduces 

the meson comover
absorption
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Au+Au,   s=200 GeV,    QGP  threshold  scenario$
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Threshold meltingThreshold melting

Satz’sSatz’s model: complete dissociation of model: complete dissociation of 
initial J/initial J/Ψ Ψ and and ΨΨ´ due to the very large ´ due to the very large 
local energy densities ! local energy densities ! 

CharmoniaCharmonia recombination recombination 
is important!is important!

Energy density cut Energy density cut εεcutcut=1 GeV/fm=1 GeV/fm33 reduces the reduces the 
meson meson comovercomover absorption, however, absorption, however, D+DbarD+Dbar

annihilation can not generate enough annihilation can not generate enough charmoniacharmonia,,
especially for peripheral collisions! especially for peripheral collisions! 

QGP threshold melting scenario is ruled out by PHENIX data!QGP threshold melting scenario is ruled out by PHENIX data!
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HSD predictions for FAIR energy



Energy density at FAIR

Huge energy density is reached (ε > εcrit=1 GeV/fm3) also at FAIR (> 5 A GeV).

Addtionally, high baryon density.



J/J/YY excitation function

ComoverComover reactions in the hadronic phase give almost a constant suppression;   
pre-hadronic reactions lead to a larger recreation of charmonia with Ebeam .
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The J/Ψ melting scenariomelting scenario with hadronic comover recreation shows a maximum maximum 
suppressionsuppression at Ebeam = 1 A TeV; exp. data ? exp. data ? 



YY ´́ excitation function
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Different scenarios can be distinguished at FAIR energies: 
ComoverComover scenario predicts a smooth excitation function whereas the 

‘threshold meltingthreshold melting’ shows a step in the excitation function



Predictions for J/Ψ and Ψ´ suppression in Au+Au at CBMPredictionsPredictions forfor J/J/Ψ Ψ and and ΨΨ´ ´ suppressionsuppression in Au+Au at in Au+Au at CBMCBM

Possible mechanisms can be disentangled:
Ψ´/(J/Ψ) is lower in the ‚comover absorption‘ since the average comover density decreases
only moderately with lower bombarding energy whereas the energy density falls rapidly

[OL et al., [OL et al., nuclnucl--thth/0612049, NPA07]/0612049, NPA07]
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HSD: v2 of D+Dbar and J/Ψ from Au+Au versus pT and y at RHICHSD: vHSD: v22 of of D+DbarD+Dbar and J/and J/ΨΨ fromfrom Au+Au Au+Au versusversus ppTT and y at RHICand 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 RHICat RHIC showshow largelarge 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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fromfrom hadronichadronic
interactionsinteractions isis
tootoo lowlow at at 
midrapiditymidrapidity !!

[E. [E. BratkovskayaBratkovskaya et al PRC 71 (2005) 044901]et al PRC 71 (2005) 044901]
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HSD predictions for CBMCBM
elliptic flow at 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!!



J/Ψ probes early stages of fireball and HSD is the tool to model it.

Comover absorption and threshold melting both reproduce J/Ψ
survival in Pb+Pb as well as in In+In @ 158 A GeV, while Ψ´ data 
are in conflict with the melting scenario.

Comover absorption and colour screening fail to describe Au+Au
at s1/2=200 GeV at mid- and forward rapidities simultaneously.

Deconfined phase is clearly reached at RHIC, but a theory having 
the relevant/proper degrees of freedom in this regime is needed to 
study its properties ( PHSD). 

PHSDPHSD -- transport description of the transport description of the partonicpartonic and and hadronichadronic phasesphases





Transport aproach (HSD, UrQMD, ...)
Non-equilibrium
-> full evolution of the collision

Universality
-> large range of s1/2 from one code

-> predictions
-> exitation functions

High presicion
-> distinguish physical mechanisms
-> possibility of verification by exp
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