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WhatWhat cancan wewe learnlearn fromfrom heavyheavy--ionion collisionscollisions ??

Baryonic matterBaryonic matter
||||

InIn--medium effectsmedium effects
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SIS SIS AGS,AGS, FAIRFAIR SPS  SPS  RHIC                LHC RHIC                LHC -->>
Mixed phase:Mixed phase:
hadrons (baryons, mesons)  + hadrons (baryons, mesons)  + 
quarks and gluonsquarks and gluons

||||
InIn--medium effectsmedium effects
Chiral symmetry restorationChiral symmetry restoration
Phase transition to sQGPPhase transition to sQGP

QGP: quarks and gluonsQGP: quarks and gluons
||||

Properties of sQGPProperties of sQGP



•• Strangeness enhancement  Strangeness enhancement  
•• MultiMulti--strange particle enhancement in A+A strange particle enhancement in A+A 
•• Charm suppressionCharm suppression
•• Collective flow (vCollective flow (v11, v, v22))
•• Thermal dileptonsThermal dileptons
•• Jet quenching and angular correlationsJet quenching and angular correlations
•• High pHigh pTT suppression of hadronssuppression of hadrons
•• Nonstatistical event by event fluctuations and correlations Nonstatistical event by event fluctuations and correlations 
•• ... ... 

Experiment: Experiment: measures measures 
final hadrons and leptonsfinal hadrons and leptons

Signals of the phase transition:Signals of the phase transition:

How to learn about How to learn about 
physics from data?physics from data?

Compare with theory!Compare with theory!



Models for heavy-ion collisions

Thermal modelsThermal models
Hydro models (local equilibrium)Hydro models (local equilibrium)

time

Freeze-out

Initial State

Au Au

HadronizationQGP

Transport  modelsTransport  models

Microscopical transport models  provide a unique dynamical Microscopical transport models  provide a unique dynamical 
description of description of nonequilibrium effectsnonequilibrium effects in heavyin heavy--ion collisions  ion collisions  



Basic Basic conceptconcept of  HSD & of  HSD & UrQMDUrQMD

HSDHSD –– HHadronadron--SStringtring--DDynamics transport approachynamics transport approach
UrQMDUrQMD –– UUltraltra--rrelativisticelativistic--QQuantumuantum--MMolecularolecular--DDynamics ynamics 

••for each particle species for each particle species ii ((i i = = NN, , RR, , YY, , ππ, , ρρ, K, …) the phase, K, …) the phase--space  space  
density fdensity fi i followsfollows the the transport equations transport equations 

with collision termswith collision terms IIcoll coll describing:describing:
elastic and inelastic elastic and inelastic hadronic reactions:  hadronic reactions:  
baryonbaryon--baryon, mesonbaryon, meson--baryon, mesonbaryon, meson--mesonmeson
formation and decay of formation and decay of baryonic and mesonicbaryonic and mesonic resonancesresonances
stringstring formation and decay formation and decay 

••Implementation of Implementation of detailed balance detailed balance on the level of 1on the level of 1<<−−>>22
and 2and 2<<−−>>2 reactions  (+   22 reactions  (+   2<<−−>>n n multimulti--meson fusion reactionsmeson fusion reactions in HSD)in HSD)
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DegreesDegrees of of freedomfreedom in  HSD & in  HSD & UrQMDUrQMD

•• hadronshadrons -- baryons and mesons  including excited states (resonances)baryons and mesons  including excited states (resonances)
•• stringsstrings –– excited color singlet states  (qq excited color singlet states  (qq -- q) or (q q) or (q –– qbar)qbar)

Based on the LUND string model
& perturbative QCD via PYTHIA

•• leading quarksleading quarks (q, qbar) & (q, qbar) & diquarksdiquarks
(q(q--q, qbarq, qbar--qbar) qbar) 

NOT included in the transport models NOT included in the transport models presented herepresented here ::
oo no explicit no explicit partonparton--parton interactionsparton interactions (i.e. between quarks and gluons) (i.e. between quarks and gluons) 

outside strings!outside strings!
oo no explicit no explicit phase transitionphase transition from hadronic to partonic degrees of freedomfrom hadronic to partonic degrees of freedom
oo QCD EoS for partonic phaseQCD EoS for partonic phase



DescriptionDescription of of elementaryelementary reactionsreactions in  HSD & in  HSD & UrQMDUrQMD

Low energy collisions:Low energy collisions:
•• binary 2binary 2<<−−>2>2 andand
22<<−−>>3  reactions 3  reactions 
•• formation and formation and 
decay of baryonic and decay of baryonic and 
mesonic resonancesmesonic resonances

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

mB mB <<−−> > m´B´ m´B´ 
mB mB <<−−> > B´B´

Baryons: Baryons: 
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, ...)

ππ++pp

pppp

High energy High energy 
collisions:collisions:
(above s(above s1/21/2~2.5 GeV)~2.5 GeV)

Inclusive particle Inclusive particle 
production:production:
BB BB −−>> X , mB X , mB −−>>XX

X =many particlesX =many particles
described by described by 
string formation and string formation and 
decaydecay



HSD & HSD & UrQMDUrQMD –– microscopicmicroscopic modelsmodels forfor heavyheavy--ionion reactionsreactions

•• very good description of particle production invery good description of particle production in pp, pA reactionspp, pA reactions
•• unique description of nuclear dynamicsunique description of nuclear dynamics fromfrom low low (~100 MeV)(~100 MeV) to to 

ultrarelativistic ultrarelativistic (~100 TeV) energies(~100 TeV) energies

HSDHSD
1999 predictions1999 predictions

AGS NA49 BRAHMS

HSDHSD
1999 predictions1999 predictions

FAIRFAIR



StrangenessStrangeness



Excitation function of 
π+, K+, (Λ+Σ0) yields

ExcitationExcitation functionfunction of of 
ππ++, K, K++, (, (ΛΛ++ΣΣ00) ) yieldsyields

• ReasonableReasonable descriptiondescription
of of strangenessstrangeness byby HSD HSD 
and and UrQMDUrQMD

•• HSD HSD overestimatesoverestimates
pionspions at at lowlow AGSAGS

•• UrQMDUrQMD overestimatesoverestimates
pionspions at at toptop AGS and AGS and 
aboveabove

((deviationsdeviations < 20%)< 20%)
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Excitation function of K+/π+, K-/π-, (Λ+Σ0)/π ratiosExcitationExcitation functionfunction of Kof K++//ππ++, K, K--//ππ--, (, (ΛΛ++ΣΣ00)/)/ππ ratiosratios

Experimental Experimental KK++//ππ+ + 

ratiosratios showshow
a a peakpeak at ~30 A at ~30 A GeVGeV
((‚horn‘‚horn‘), ), whichwhich isis
notnot reproducedreproduced byby
thethe transporttransport
approachesapproaches HSD HSD 
and and UrQMDUrQMD !!
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Elab/A [GeV]
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•• TransverseTransverse massmass spectraspectra of of ππ++, K, K++

fromfrom p+pp+p andand p+Ap+A collisionscollisions areare
well well reproducedreproduced at all at all energiesenergies as as 
well as well as for light systems C+C and 
Si+Si at 160 A GeV

•• In In UrQMDUrQMD and HSD and HSD hadronichadronic
rescatteringrescattering has has onlyonly a a smallsmall
impactimpact on on thethe kaonkaon slopeslope

•• Cronin Cronin effecteffect -- initialinitial statestate semisemi--
hardhard gluongluon radiationradiation-- leadsleads to a to a 
substantial substantial hardeninghardening of of thethe mmT T 
spectraspectra at RHIC, at RHIC, howeverhowever, has a , has a 
veryvery smallsmall effecteffect at at lowlow energiesenergies

||||
•• TheThe hadronhadron--stringstring picturepicture failsfails??

=>=> New New degreesdegrees of of freedomfreedom
((coloredcolored partonspartons –– qqCC, , ggaa) ) areare
missingmissing ?!?!

Inverse slopes T for K+ and K-InverseInverse slopesslopes T T forfor KK++ and Kand K--
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Open and Open and hiddenhidden charmcharm



D/D/DbarDbar, J/, J/ΨΨ and and ΨΨ‘ ‘ productionproduction cross cross sectionssections in in pNpN and and ππNN

σσ(D/Dbar):(D/Dbar): parametrization of parametrization of 
PYTHIAPYTHIA (s(s1/21/2 > 10 GeV) scaled by > 10 GeV) scaled by 
factor factor KK to the available exp. data + to the available exp. data + 
threshold extrapolation threshold extrapolation 

D/Dbar ‚chemistry‘ (i.e. flavor D/Dbar ‚chemistry‘ (i.e. flavor 
decomposition: Ddecomposition: D00, D, D++, D, D--,...) ,...) ––
from PYTHIAfrom PYTHIA

σσ(J/(J/ΨΨ) and) and σσ((ΨΨ‘ ):‘ ):
parametrization of the  available parametrization of the  available 
experimental  data experimental  data 

But data close to thresholdBut data close to threshold
are still needed !  are still needed !  
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Scenarios for charmonium suppression in A+AScenariosScenarios forfor charmoniumcharmonium suppressionsuppression in A+Ain A+A

•• QGP color screeningQGP color screening
[Matsui and Satz ’86][Matsui and Satz ’86]

but (!) but (!) 
Lattice QCD predicts (2004):  Lattice QCD predicts (2004):  
J/J/ΨΨ can exist up to ~2 Tcan exist up to ~2 TCC !!

Regeneration of J/Regeneration of J/ΨΨ in QGP at Tin QGP at TCC::
[Braun[Braun--Munzinger, Thews, Ko et al. `01]Munzinger, Thews, Ko et al. `01]

J/J/ΨΨ+g +g <<−−>> c+cbar+gc+cbar+g

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

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

Meson absorption cross section Meson absorption cross section ––
strongly model dependentstrongly model dependent
σσabsabsmesonsmesons ~1~1--10 mb10 mb



J/Ψ suppression in S+U and Pb+Pb at SPSJ/J/ΨΨ suppressionsuppression in S+U and in S+U and Pb+PbPb+Pb at SPSat SPS
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J/Ψ suppression in Au+Au at RHICJ/J/ΨΨ suppressionsuppression in in Au+AuAu+Au at RHICat RHIC

Time dependence of the Time dependence of the 
rate of rate of J/J/ΨΨ absorption absorption 
by mesonsby mesons and and 
recreation by D+Dbar recreation by D+Dbar 
annihilationannihilation

At RHIC the recreation of J/At RHIC the recreation of J/ΨΨ by by 
D+Dbar annihilation D+Dbar annihilation is important !is important !

New data with higher statistics are New data with higher statistics are 
needed to clarify the nature of J/needed to clarify the nature of J/ΨΨ
suppression!suppression!
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D/D/DbarDbar--mesonsmesons: : inin--mediummedium effectseffects

•• Dropping DDropping D--meson massesmeson masses with with 
increasing light quark density increasing light quark density 

•• might give a might give a large enhancement of large enhancement of 
the open charm yieldthe open charm yield at 25 A GeV ! at 25 A GeV ! 

•• Charmonium suppression increasesCharmonium suppression increases
for dropping Dfor dropping D--meson masses! meson masses! 
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CollectiveCollective flowflow (v(v11, v, v22))



Directed flow v1   &  elliptic flow v2DirectedDirected flowflow vv1   1   &  &  ellipticelliptic flowflow vv22

Flow is a pressure barometerFlow is a pressure barometer

Collective flow provides information onCollective flow provides information on

•• properties of the mediumproperties of the medium ––
EoS,  viscosity etc.EoS,  viscosity etc.

•• transverse dynamicstransverse dynamics
•• thermalizationthermalization
•• phase transitionphase transition

v 2
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Elliptic Elliptic flow per constituentflow per constituent

Elliptic flowElliptic flow at RHICat RHIC shows anshows an
ideal hydro ideal hydro behaviour  for all behaviour  for all 
particles =>particles =>

flow flow developed atdeveloped at partonicpartonic levellevel ?!?!



NucleonNucleon flowflow in in Au+AuAu+Au collisionscollisions
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Directed flow v1   &  elliptic flow v2 for Pb+Pb at 40 A GeVDirectedDirected flowflow vv1   1   &  &  ellipticelliptic flowflow vv2 2 forfor Pb+PbPb+Pb at 40 A at 40 A GeVGeV

-2 -1 0 1 2
-0.2

-0.1

0.0

0.1

0.2   Pb+Pb, 40 A GeV
protons

central

v 1

 

-2 -1 0 1 2
-0.2

-0.1

0.0

0.1

0.2   Pb+Pb, 40 A GeV
protons

central

 NA49
 HSD
 UrQMD

v 2

 

-2 -1 0 1 2
-0.2

-0.1

0.0

0.1

0.2

semi-central

v 1

 

-2 -1 0 1 2
-0.10

-0.05

0.00

0.05

0.10

 NA49
 HSD
 UrQMD semi-central

v 2

 

-2 -1 0 1 2
-0.2

-0.1

0.0

0.1

0.2

 pT < 2 GeV/c peripheral

y

v 1

 

-2 -1 0 1 2
-0.10

-0.05

0.00

0.05

0.10

 pT < 2 GeV/c

y

peripheral

v 2

 

Too large Too large elliptic flow elliptic flow vv22

at midrapidity from HSD at midrapidity from HSD 
and UrQMD for alland UrQMD for all
centralities !centralities !

Experimentally: Experimentally: 
breakdown of breakdown of vv22 atat
midrapidity midrapidity 

Possible Possible signature for signature for 
a first order a first order phase phase 
transition !transition !

H. Stöcker, NPA 750 (2005) H. Stöcker, NPA 750 (2005) 
E.B. et al., JPG 31 (2005) E.B. et al., JPG 31 (2005) 



Elliptic flow v2 in Au+Au at RHICEllipticElliptic flowflow vv2 2 in in Au+AuAu+Au at RHICat RHIC

• HSD:HSD: DD--mesons and J/mesons and J/Ψ Ψ follow the follow the 
charged particle flow charged particle flow =>=> small vsmall v2  2  < 3%< 3%

•• STAR data STAR data show very show very large large collective collective 
flow of Dflow of D--mesons at high pmesons at high pTT : : vv22~15%!~15%!

=> strong initial flow of => strong initial flow of 
nonnon--hadronic nature!hadronic nature!
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DileptonsDileptons



Exitation function of dilepton spectra in central Au+AuExitationExitation functionfunction of of dileptondilepton spectraspectra in in centralcentral Au+AuAu+Au
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Dilepton yield Dilepton yield increasesincreases
with energy due to a with energy due to a higherhigher
production of mesons production of mesons 

ρρ melts melts practically at all practically at all 
energiesenergies
ωω and and φφ show clear show clear peakspeaks on on 
an  approximately exponential an  approximately exponential 
background in massbackground in mass
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Enhancement of dilepton spectra (in-medium scenario) at different energiesEnhancementEnhancement of of dileptondilepton spectraspectra ((inin--mediummedium scenarioscenario) at different ) at different energiesenergies
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InIn--medium effectsmedium effects most most 
pronounced at pronounced at intermediate  intermediate  
energiesenergies due to higher baryon due to higher baryon 
density and long reaction time density and long reaction time 
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Summary

•• FAIRFAIR is anis an excellent facilityexcellent facility toto
study the properties of sQGP  study the properties of sQGP  
(strongly interacting (strongly interacting ‚‚color liquidcolor liquid‘‘)   )   
as well as hadronic matter as well as hadronic matter 

•• Transport theory Transport theory is theis the
general basisgeneral basis for an for an 
understanding of nuclear understanding of nuclear 
dynamics on a microscopic leveldynamics on a microscopic level

How to model a phase transition How to model a phase transition 
from hadronic to partonic matter?from hadronic to partonic matter?UrQMD: U+U,  25 A GeVUrQMD: U+U,  25 A GeV



Transport Transport descriptiondescription of of thethe partonicpartonic phasephase::

1.1. Dissolve Dissolve all new produced all new produced secondary secondary hadrons to partonshadrons to partons
(and attribute a random color c)  using the spectral (and attribute a random color c)  using the spectral 
functions from the functions from the Quasiparticle approximationQuasiparticle approximation to to LQCDLQCD

Include:Include:
2.2. partonparton--parton elastic scatteringparton elastic scattering using the effective cross using the effective cross 

sections from the QP approximation to LQCDsections from the QP approximation to LQCD
3.3. quark+antiquarkquark+antiquark (flavor neutral) (flavor neutral) <<--> gluon> gluon (colored)(colored)
4.4. gluon + gluon <gluon + gluon <--> gluon> gluon (possible due to large spectral width)(possible due to large spectral width)
5.5. quark + antiquarkquark + antiquark (color neutral) (color neutral) <<--> hadron resonances> hadron resonances
All partonic interactions are constraint to energy densities above 
1 GeV/fm !

PPartonarton--HHadronadron--SString tring DDynamicsynamics

OutlookOutlook

slide taken from the talk by W. Cassing  at the Workshop „Partonslide taken from the talk by W. Cassing  at the Workshop „Parton propagation through propagation through 
strongly interacting matter‘,  26 Sep.strongly interacting matter‘,  26 Sep.--7 Okt. 2005, Trento7 Okt. 2005, Trento

Reactions 3-5 : Breit-Wigner cross sections 
determined by the spectral properties of constituents !
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HSD, UrQMD  HSD, UrQMD  -- open codes:open codes:
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