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Abstract. We discussthe uniquenessof oftenproposedexperimentalsignaturesfor quarkmatter
formation in relativistic heavy ion collisions,using insight gainedfrom non-equilibriummodels
(three-fluidhydrodynamicsandthehadronictransportmodelUrQMD).

It is demonstratedthatthesetwo models– althoughthey dotreatthemostinterestingearlyphase
of thecollisionsquitedifferently(thermalizingQGPvs.coherentcolorfieldswith virtual particles)
– bothyield a reasonableagreementwith a largevarietyof theavailableheavy ion data.

Hadron/hyperonyields,includingJ
�
Ψ mesonproduction/suppression,strangematterformation,

dileptons,anddirectedflow (bounce-off andsqueeze-out)areinvestigated.Observationsof inter-
estingphenomenain densematterarereported.

However, weemphasizetheneedfor systematicfuturemeasurementsto searchfor simultaneous
irregularitiesin theexcitationfunctionsof severalobservablesin orderto comecloseto pinningthe
propertiesof hot,denseQCDmatterfrom data.

INTRODUCTION

In the last few yearsresearchersat BrookhavenandCERNhave succeededto measure
a wide spectrumof observableswith heavy ion beams,Au � Au andPb � Pb. While
theseprogramscontinueto measurewith greaterprecisionthe beamenergy-, nuclear
size-,andcentralitydependenceof thoseobservables,it is importantto recognizethe
major milestonespassedthus far in that work. The experimentshave conclusively
demonstrated

• stoppinganddirectedcollective transverseand longitudinal flow of baryonsand
mesons– in andout of theimpactplane,bothat AGSandSPSenergies–,

• hadronicresonanceproduction,
• strangenessenhancement,
• theexistenceof strongnuclearA dependenceof, amongothers,J � ψ andψ � meson

productionandsuppression.
• dilepton-enhancementbelow andabove theρ mesonmass,and

Theseobservationssupportthat a novel form of “resonancematter” at high energy-
andbaryondensityhasbeencreatedin nuclearcollisions.The global multiplicity and



transverseenergy measurementsprove that substantiallymoreentropy is producedin
A � A collisionsat theSPSthansimplesuperpositionof A � pp would imply. Multiple
initial andfinal stateinteractionsplay a critical role in all observables.The high mid-
rapidity baryondensity(stopping)andthe observed collective transverseanddirected
flow patternsconstituteoneof the strongestevidencefor the existenceof an extended
period(∆τ 	 10fm/c) of highpressureandstrongfinal stateinteractions.Theenhanced
ψ � suppressionin S � U relative to p � A alsoatteststo this fact.The anomalouslow
massdileptonenhancementshows that substantialin-mediummodificationsof multi-
ple collision dynamicsexists,probablyrelatedto in-mediumcollisional broadeningof
vectormesons.Thenon-saturationof thestrangeness(andanti-strangeness)production
shows thatnovel non-equilibriumproductionprocessesarisein thesereactions.Finally,
thecentralitydependenceof J � ψ absorptionin Pb � Pbcollisionspresentsfurtherhints
towardsthenon-equilibriumnatureof suchreactions.

Is thereevidencefor the long sought-afterquark-gluonplasmathat thusfar hasonly
existedasabinaryarrayof predictionsinsideteraflopcomputers?

As we will discuss,it is too early to tell definitely – notwithstandingthe combined
resultsof theCERN-SPSprogramasannouncedin February2000.

Theoreticallytherearestill too many “scenarios”andidealizationsto provide a sat-
isfactoryanswer. Recentresultsfrom microscopictransportmodelsaswell asmacro-
scopichydrodynamicalcalculationsdiffer significantlyfrom predictionsof simplether-
mal models,e. g. in the flow pattern.Still, thesenon-equilibriummodelsprovide rea-
sonablepredictionsfor the experimentaldata.We may thereforebe forced to rethink
our conceptof whatconstitutesthedeconfinedphasein ultra-relativistic heavy-ion col-
lisions.Mostprobablyit is notablobof thermalizedquarksandgluons.Hence,aquark-
gluonplasmacanonly bethesourceof differencesto thepredictionsof thesemodelsfor
hadronratios,theJ � Ψ mesonproduction,dileptonyields,or theexcitation functionof
transverseflow. And thereareexperimentalgapssuchasthe lack of intermediatemass
A 	 100dataandthestill limited numberof beamenergiesstudiedthusfar, in particu-
lar betweentheAGSandSPS.In themeantime,thefield is at thedoorstepof thenext
milestones:A � A at 
 s � 30 � 200AGeV hasbegunat RHIC/BNL in 2000,while the
SPS(andtheplannedGSI-SIS/200)programcontinuesto investigatethe lower energy
range
 s � 6 � 12 AGeV(30-80AGeV in thelaboratoryframe).

Organization of this review

This review is organized as follows: We first introduce and discusstwo Non-
equilibrium modelsusedin the investigationof ultra-relativistic heavy ion collisions,
the3-fluid hydrodynamicalmodelandtheUrQMD hadronictransportmodel.Thenwe
presentnuclearstoppingpower asa fingerprintof thecreationof compressedhadronic
matter. We discussflow signaturesas probesof the pressurereachedin the fireball,
and particle spectraand ratios as probesof temperatureand chemicalpropertiesof
the fireball. As stronghints at the transientexistenceof deconfinedquarkmatter, we
review strangenessenhancementand the ideasof strangeletsand hypermatter. As a
further possiblesignalof the quark-gluonplasma,we thendiscussthe suppressionof



the J � ψ. Dileptonsarepresentedasthe (next to direct photons)uniqueprobeto look
directly at theheartof thefireball, andtheexperimentalresultsandtheir interpretation
arereviewed.Weconcludeourpresentationwith anoutlookat thepossibleendof short
distancephysicsand the predictive power of QCD: the conceivablecreationof black
holesdueto theeffectsof largeextra dimensionin heavy ion collisionsat theplanned
LHC machine.

NON-EQUILIBRIUM MODELS FOR THE STUDY OF
ULTRA-RELATIVISTIC HEAVY ION COLLISIONS

In thepresentsurvey we employ two sharplydistinctnon-equilibriummodelsfor rela-
tivistic heavy ion collisions,namelythemacroscopic3-fluid hydrodynamicalmodel[1]
andtheUltra-relativistic QuantumMolecularDynamicalmodel,UrQMD [2].

Thefirst modelassumesthataprojectile-andatargetfluid interpenetrateuponimpact
of thetwo nuclei,creatinga third fluid (in thepresentversionbaryonfree,see,however,
[3]) via new sourcetermsin thecontinuityequationsfor energy- andmomentumflux.
Thosesourcetermsare taken from energy- and rapidity loss measurementsin high
energy pp-collisions.The equationof state(EoS)of this modelassumesequilibrium
only in eachfluid separatelyandallowsfor afirst orderphasetransitionto aquarkgluon
plasmain fluid 1, 2 or 3, if theenergy densityin thefluid underconsiderationexceeds
thecritical valuefor two phasecoexistence.PureQGPcanalsobeformedin everyfluid
separately, if theenergy densityin that fluid exceedsthemaximumenergy densityfor
themixedphase.

TheUrQMD model,ontheotherhand,assumesanindependentevolutionof hadrons,
strings,andconstituentquarksanddiquarksin anon-equilibriummulti-particlesystem.
The collision termsin this systemof coupledBoltzmannequations(partial differen-
tial/integralequations)aretakenfrom experimentaldata,whereavailable,andotherwise
from additivequarkmodelandstringphenomenology.

Whatis therole of partonicdegreesof freedomin heavy ion reactionsat theSPS?
Fig. 1 showsthetimeevolutionof theenergy densityε in centralPb � Pb reactionsat

160AGeV asobtainedwithin a) thepartoncascadeapproachVNI [4], b) theUrQMD
model [5]. It can be seenthat in both modelsand at early times of the collision, a
large fractionof theenergy densityis containedin partonicdegreesof freedom(VNI)
or to nearly equal parts in constituentdiquarksand quarksfrom the strings and in
virtual hadrons.This (virtual) “partonic” phasein Pb � Pb reactionsat 160 AGeV is,
however, not to be identifiedwith an equilibratedQGP. Note that the absolutevalues
differ by a factor2 in thetwo modelsanddependheavily on therapidity cutsimposed
to discriminatebetweenvirtual freestreamingandinteractingmatter.

A sharptransitionfrom apartonicstateto thehadronicphasecanbedescribedwithin
a non-relativistic, classicalmicroscopicframework [6], asshown in Fig. 2. Thecritical
temperaturehereis determinedby thestrengthof thequarkcolor potential.

This model,thequarkmoleculardynamics(qMD) [7], canbeusedto investigatethe
detailedhadronizationdynamicsfrom a hot and densesystemof quarksto a gasof
baryonicresonances,baryonsandmesons.
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FIGURE 1. (Left:) Partoncascade(VNI, from [4]) and(Right:) UrQMD resultsfor thetime evolution
of energy densityin centralPb � Pb reactionsat 160 AGeV. At an early stage,most of the energy is
containedin thepartonicdegreesof freedom(VNI) or in constituents(UrQMD).
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FIGURE 2. (Left) Energydensityandpressurein amulti quarksysteminteractingvia alinearpotential.
(Right)D mesonformationin thesamemodel,showing charmquarkthermalization.

CREATION OF COMPRESSED HADRONIC MATTER: NUCLEAR
STOPPING POWER.

To studythepropertiesof highly excitedhadronicor quarkgluonmatter, normalnuclear
matterhasto bestronglycompressedor heated.How is this possible?Theanswerwas
proposed30 yearsago [8, 9]: With high-energy nucleus-nucleuscollisions.The idea
was that the occurrenceof multiple collisions converts longitudinal momentuminto
transversemomentumandsecondaryparticles,leadingto thecreationof a zoneof high
energy density. Nuclearshockwaveshave beensuggestedasa primary mechanismof
creatinghigh energy densitiesin collisionswith 
 s � 20 GeV [8, 9, 10]. Theresulting



FIGURE 3. Left: ScaledrapiditydN
�
d � y�

ybeam� distributionasafunctionof scaledrapidity � y�
ybeam� .

Right:Meanrapidity lossversusbeamenergy. At SIS,AGSandSPSenergies.Figuretakenfrom [18].

energydensityshouldbehighenoughto produceastateof highdensityresonancematter
[9, 11,12] or evenaquark-gluonplasma[13]. For CERNSPSenergiesestimatesfor the
achievedenergy densityat propertime τ0 	 1fm� c areof theorderε 	 1 � 5GeV� fm3.
Extrapolationsto BNL RHIC energiessuggestthatenergy densitiesup to 20 GeV� fm3

atρ 	 2ρ0 maybereached.
The degreeof stoppingthe incident nucleussuffers, when colliding with another

nucleus(nuclearstoppingpower) manifestsitself in a shift of therapidity-distributions
of the incident nucleonstowardsmid-rapidity. That means:The shapeof the baryon
rapiditydistributioncangiveclearindicationsonthedegreeof stoppingandtheonsetof
critical phenomena.Dueto thestrongdependenceof thebaryonrapiditydistributionon
thebaryon–baryoncrosssection[14, 15, 16], a rapidchangein theshapeof thescaled
dN � d � y� yp � distribution with varying incidentbeamenergy is a clear signal for new
degreesof freedomwhich show up duringthereaction(i.e. deconfinement),e.g.dueto
phenomenasuchascritical scattering[17]. The width of the dN � d � y� yp � distribution
for baryonsis inverselyproportionalto their crosssection.

As an exampleon the left of figure 3 the measuredscaledrapidity dN � d � y� ybeam�
distribution as a function of scaledrapidity � y� ybeam� is shown for several collision
systemsat variousenergies.Oneobservesa cleardependenceof theshift in thescaled
rapidity distribution on the collision systems.For the large Systems(Au+Au, Pb+Pb)
a significantshift occurs,i.e. strongstoppingpower is observed,while for the smaller
systems(e.g.Ca+Ca)only little stoppingoccurs.That means:Large systemsarebest
suitedfor thecreationof a zoneof very high energy density. This is becauseduringthe
collisionof largesystemsmorecollisionsoccurandthereforetheincidentnucleonslose
moreenergy thatis depositedin thecentralreactionzone.Thisfinding is independentof
thecollision energy. Figure3 (right) shows themeanrapidity lossversusbeamenergy.
It staysconstantin theshown energy region.

The experimentalsituation can be summarizedas follows: At AGS and SPSan
extensiveinvestigationof thenuclearstoppingpower is nearcompletion.Proton-proton
[19] andperipheralnucleus-nucleusinteractionsat AGS[20, 21] andSPS[22] energies



FIGURE 4. Time evolution of particlemultiplicities (scaledwith thenumberof incidentnucleons)for
centralAu+Au collisionsat 1 GeV/nucleon(SIS)andat 10.6GeV/nucleon(AGS).At SISenergies,only
about10% of the nucleonsareexcited to resonanceswhereasat AGS energiesthe degreeof excitation
exceeds50%.For a time-spanof upto 10 fm/c thebaryonsarein astateof ∆ � matter. Thefigurehasbeen
takenfrom [25].

yield a forward–backward peaked dN � dy distribution in the C.M. frame, and a low
degreeof baryonstopping.A higherdegreeof stoppingis observedfor centralcollisions
of intermediatemassnuclei (Si+Si at AGS, S+Sat SPS):The rapidity distribution is
flat at C.M. rapidities, two broad bumps are observed betweenprojectile/target and
C.M. rapiditiesrespectively [20, 21, 22]. Theheaviestcollision systems(gold andlead
respectively) exhibit the largeststoppingpower andthuscorrespondto the creationof
the highestbaryondensities:The form of the measuredbaryonrapidity distributions
shows experimentallythat thecentralrapidity region up to Elab � 200GeV/nucleonis
not net-baryonfree,in contrastto whathadbeenexpectedin mostearlypapers.Rather
strongstoppingasassumedfirst in hydrodynamicmodelstudies[23, 24] is observed.
Therefore,resultsof theoreticalanalyses,which rely heavily on a net-baryonfreemid-
rapidity region with zero baryo-chemicalpotential have to be taken with care.The
quantitative measurementsof the A-dependentstoppingof baryonsis oneof the most
importantresultsof the AGS and SPSmeasurements.In summary, the experimental
resultsdemonstratethat highly excited densematter is formed at mid-rapidity. They
provethatanew stateof elementarymatterhasbeencreated.

What are the propertiesof this new stateof matter?Hadronictransportmodelcal-
culationsindicatethat the excited stateof baryonicmatteris dominatedby the ∆1232
andotherbaryonresonances,i.e. the depositedenergy in the centralrapidity region is
mainly transformedinto thesenew degreesof freedom.E.g. for centralAu+Au colli-
sionsat AGS a long apparentlifetime ( � 10 fm/c) anda ratherlarge volume(several
hundredfm3) for this resonance-matterstate[25] (seefigure4) is predicted.

Theenergy densitiesof ε 	 3-20GeV/fm3 estimatedfor SPSandRHIC indicatethat
partof thesystemmayhaveenteredthepredictedstateof deconfinement[18]. However,
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FIGURE 5. Theexcitationfunctionof transverseflow asobtainedfrom onefluid hydrodynamicswith
(opencircles)andwithout (crosses)a first orderphasetransition[31], and the resultsof the three-fluid
hydrodynamicalmodel (filled circles). The drop of px due to the softeningof the EoS is shifted to
Elab � 20 AGeV.

hadronictransportmodelspredictor reproducethe measuredrapidity distributions,if
baryonandmesonrescatteringandparticleproductionviastringdecay[26,27, 28, 29, 2]
areincluded.Also hadronicmodelswhich includemulti–quarkdroplets[30] aboveεcrit
seemto give similar results.Thereforeup to now, the inclusive centraldistributionsdo
not give a clearanddecisive answerto thequestionof whetherthis matteris predom-
inantly of hadronicor quarknature.The inclusionof string excitations,collisionsand
decaysareafirst steptowardsmodelingtheparton/quarksubstructureof hadrons.These
modelsgo beyond what onewould term purely hadronicmodelandshouldgive more
insightin thestructureandpropertiesof thematterin thehighly compressedandheated
centralinteractionzoneof highenergy nucleus-nucleuscollisions.

FLOW SIGNATURES: PROBING THE PRESSURE OF THE
FIREBALL

Collective Flow and the softening of the EoS

Theexcitationfunctionof collectivetransverseflow is theearliestpredictedsignature
for probingcompressednuclearmatter. Transversecollective flow dependsdirectly on
the pressurep � ρ � S� , i.e. the EoS. The flow excitation function is sensitive to phase
transitions[23] by acollapseof thedirectedtransverseflow [32, 33]. This is commonly
referredto assofteningof theEoS[31].
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FIGURE 6. Theoreticalpredictionsfor transversecollectiveflow in Pb � Pbcollisionsasobtainedwith
themicroscopicUrQMD transportmodel.

An observation of a local minimum in the excitation function of the transversedi-
rectedflow would thusbe an unambiguoussignal for a first orderphasetransitionin
densematter. It’ sexperimentalmeasurementwouldserveasstrongevidencefor aQGP,
if thatphasetransitionis of first order.

Recentcalculationswithin three-fluidhydrodynamics[34] show a shift in the drop
of transverseflow to higherenergies,Elab 	 20 AGeV, seeFig. 5. Experimentally, the
recentdiscoveryof protonflow andpionanti-flow at theSPSis in line with UrQMD and
RQMD predictions(Fig. 6, and[35]).

Let us now discussthe resultsobtainedfrom hadronicprobes,such as observed
particleratiostransversemomentumspectraandratios,enhancementof strangebaryons,
light mesons,andproductionof J � Ψ.

Observedhadronsincludefeedingby thedecayof resonances.

PARTICLE SPECTRA AND RATIOS: PROBING THE THERMAL
AND CHEMICAL PROPERTIES OF THE FIREBALL

Thermalor statisticalinterpretationsof theparticleproductionin highenergy collisions
of elementaryparticlesandheavy ionshavebeencarriedout for a long time [36, 37, 38,
39, 40, 41,42,43]. In thecaseof heavy-ion collisionsarangeof particleratiosmeasured
at SIS, AGS, SPSand now also RHIC for different energies and different colliding
systemshave beenfitted with a noninteractinggascalculation.The measuredratios
reflect the relative particlenumbersat the point of chemicalfreeze-out,i.e. the point
wheninelasticcollision ceaseandthereforethechemicalcompositionof thesystemis
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not changedanymore.E.g.noninteractinggasfits yield a chemicalfreeze-outcurve in
theT � µ plane(seefig 7,[44]).

Themeasuredparticlespectracanbeconnectedto thethermalor kinetic freeze-out,
i.e. thepoint whenno moreelasticcollisionsoccur.

Theunderlyingmodelis asfollows: Oneassumesa thermalizedsystemwith a con-
stantdensityρ � r � (box profile), a constanttemperatureT � r � and a linear radial and
longitudinalflow velocity profile β ��� r � , β � �!� r � . Theseparametersareassumedto bethe

samefor all hadrons/fragments.At sometime tbreak" up anddensityρbreak" up, the sys-
tem decouplesasa whole (a horizontalfreeze-outin the T � z� -plane)andthe particles
areemittedinstantaneouslyfrom thewholevolumeof the thermalsource.A complete
lossof memoryresults,dueto thermalization– theemittedparticlescarryno informa-
tion abouttheevolutionof thesource.If onewantsto usetheinverseslopeparameterT
as thermometer[23], the feedingfrom ∆’s etc., aswell as the radial flow needto be
incorporatedinto theanalysis.Thesameholdsfor theuseof d/p,π/p etc.asanentropy-
meter[45]. In addition,the properHagedornvolumecorrectioncanbe applied[46]. A
two parameterfit (µq, T, µs is fixedby strangenessconservation)to thehadronicfreeze-
out datadescribesthe experimentalresultswell, if feedingis included(seee.g.[44]).
Theparticlemultiplicitiesatthechemicalfreeze-outarecalculatedusinganidealgasap-
proach,i.e.all particlesareonmass-shell.Doesthiscompatibilitywith athermalsource
proof volumeemissionfrom a globally equilibratedsource?Are theobtainedtempera-
turesandchemicalpotentialsuniqueor stronglymodeldependent?How do interactions
changethededucedfreeze-outvalues?

The valuesfor T andµB that wereobtainedusingthe ideal gasanalysesof particle
ratioscanbeusedasinput for a SU � 3� chiral mean-fieldmodel[47] extendedto finite
temperatures[48]. This modelself-consistentlycontainsscalarandvectorinteractions
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FIGURE 9. Fit of hadronratiosfrom thechiral modelto datafrom Au � Au collisionsat RHIC.

thatchangethepropertiesof thehadronsin themedium.Furthermorethemodelshowsa
transitionto achirally restoredphase.Thenatureof this transitionin themodeldepends
on the includeddegreesof freedomandthechosenparameters[49]. Feedingfrom the
decayof higherresonancesis included.Onefindsthatin suchamodelwith afirst order
phasetransition the ideal gasmodel valuesT � 168 MeV and µB � 266MeV [44]
leadto strongdeviationsfrom the experimentaldataandonehasto re-fit the T andµ
values.Theobtainedvaluesfor SPSPb+PbatSPSare:T 	 145MeVandµB 	 281MeV.



FIGURE 10. UrQMD predictionfor hadronratiosin Pb � Pb collisionsat mid-rapidity (full circles),
comparedto a superpositionof pp, pn andnn reactionswith the isospinweight of the Pb � Pb system
(opentriangles),i.e. afirst collision approach.

While thechemicalpotentialis nearlyunchangeddueto the interactions,a decreaseof
∆T 	 20MeV in the temperatureresults.Furthermoretheanalysesshows thatno fit is
possibleabove the phasetransitiontemperature,what is realistic,sinceabove TC the
particledensitiesareveryhighandthesystemis notdiluteatall. Usingthere-fittedT � µ
values,thehadronicchiral modelsatisfactorily reproducesthemeasuredparticleratios
for Pb+Pbat SPS(fig. 8). Thelargerχ2 � n valueis causedby theneglectof final weak
interactions,ashasalreadybeenshown by [50].

For RHIC the situationis similar: Ideal gasanalysesyield freeze-outtemperatures
in therangeof T � 160 � 180MeV, thechiral modelwith a first orderphasetransition
yieldsT 	 150MeV. ThebaryonchemicalpotentialµB in bothcasesis around40MeV.
Theagreementbetweendataandcalculatedratiosis evenimproved,ascanbeseenfrom
fig. 9.

Otherparameterizationsof thechiralmodelyield differentT � µB values,but compara-
ble quality of thefits [51]. Thatmeans:Not only idealgasmodels,but alsoequilibrium
modelswhich accountfor the interactionsin the hot anddensecentralregion of rela-
tivistic heavy ion collisionscan reproducethe measuredparticle ratios.The obtained
chemicalpotentialsseemto berobustbut thetemperaturesstronglydependon theused
model.Thishasalsobeenshown in [52]. Thereforeonemustconcludethattheextracted
freeze-outvaluesfrom differentthermalandchemicalequilibrium approachesarenot
uniquebut stronglymodeldependent.

The microscopicUrQMD transportmodel is in goodagreementwith the measured
hadronratios of the systemS � Au at CERN/SPS[53]. A thermal model fit to the
calculatedratios yields a temperatureof T � 145 MeV and a chemicalpotentialof
µB � 165 MeV. However, theseratios exhibit a strong rapidity dependence.Thus,



FIGURE 11. The excitation function of various particle ratios as calculatedfrom the S/A values
obtainedfrom thethree-fluidmodel.Feedingdueto decaysof resonancesis takeninto account.

thermalmodelfits to datamaybedistorteddueto differentacceptancesfor theindividual
ratios.

Hadronratiosfor thesystemPb � Pbarepredictedby UrQMD andcanbefitted by a
thermalmodelwith T � 140MeV andµB � 210MeV (Fig. 10).Analyzingtheresults
of non-equilibriumtransportmodelcalculationsby anequilibriummodelmay, however,
benot meaningful.

Thereis a problemin thedefinitionof equilibriumin itself: Do heavy ion collisions
ever reacha thermalizedsystem?Or are theretransientsteadystatesoff equilibrium
[54]? Due to the rapid dynamicsof the system,the assumptionof detailedbalance
is not fulfilled in the initial stage.This drives the systeminto a steadystatefar from
equilibrium, but stationaryin time. This steadystateis easily visible in an enhanced
productionof light mesons,ascomparedto thermalmodels.

Duringtheinitial off-equilibriumstageof energeticnuclearcollisions,a largeamount
of entropy canbeproduced[10]. Thesubsequentexpansionis, on theotherhand,often
assumedto benearlyisentropic.Theentropy producedduringthecompressionstageis
closelylinkedto thefinally observablerelativeparticleyields.

Thisentropy productioncanbecalculated[55] within three-fluidhydrodynamics.The
entropy per net participatingbaryon,S� A, saturatesrapidly asa function of CM-time
andis essentiallytime independentfor later timeswhenthe freeze-outis reached.The
chemicalcompositionof the fireball is given by the net baryondensity, the net (zero)
strangenessof the system,and the specificentropy S� A, asdescribedfor the thermal
modelabove.

Thehadronratiosthusobtainedareshown in Fig. 11.At AGSandSPSenergies,they
arequitecloseto thedata[56, 54]. For sucha simpleestimateof hadronproductionin



nuclearcollisions,deviationsfromtheexperimentalratiosby upto factorsof two haveto
beexpected.Nevertheless,it is clearfrom Fig. 11 thatthesimultaneousmeasurementof
varioushadronratios,likeπ�$# B � B% , d� N and,in particular, B� B (providedantibaryons
alsoreachchemicalequilibrium)allowsto determinetheproducedentropy in theenergy
rangebetweentheAGSandtheSPS.In contrast,theK � π-ratio is practicallyconstant.
Thetotal specificentropy S� A producedwithin thethree-fluidmodelis consistentwith
theS� A valuesextractedfrom datausingrelativeparticleyieldsfrom thethermalmodel.
OnefindsS� A � 11 for AGSandS� A � 38 for SPSenergies.

Theexcitationfunctionof thespecificentropy S� A �&
 s� doesnotexhibit any threshold
signaturesof thephasetransitionto theQGPincorporatedin theEoS.This is dueto the
gradualtransitionthroughthe wide coexistenceregion in the energy densitybetween
Elab 	 10–100AGeV.

STRANGENESS ENHANCEMENT: HINTS AT DECONFINED
QUARK MATTER.

Let usnow turnto multi-strangesignals.In nucleonnucleoncollisions,theproductionof
particlescontainingstrangequarksis stronglysuppressedascomparedto theproduction
of particleswith u andd quarksdueto thehighermassof thess̄ quarkpair [57]. It has
beenspeculatedthat theyield of strangeandmulti-strangemesons,(anti-) baryonsand
anti-hyperons(Λ̄ � Σ̄ � Ξ̄ andΩ̄) shouldbeenhancedin thepresenceof aQGP. Thiscanbe
understoodasfollows.Thestrangenessproductionrateis describedby theSchwinger-
factor [57] as long as no chemicalequilibrium hasbeenreached.This factor shows
a massdependencelike Aexp ��� kmq � , whereA and k are someconstantsand mq is
the quarkmass.So the productionof heavier quarkslike the strangequarkis strongly
suppressedcomparedto thatof light quarks.On theotherhandif thesystemcanreach
chemicalequilibrium,theyield of differentquarksandanti quarksarealmostthesame.
It is now believedthat theQGP-phaseexists long enoughfor thechemicalequilibrium
to establish,soup,down andstrangequarksreachasimilar ratio.However if noQGPis
produced,thechemicalequilibriumof thehadronicphasehasamuchlowerstrangeness
content.Sotheideais thatonecandistinguishtheproductionof a hadronicphasefrom
theQGPphaseby lookingat thestrangenessof theproducedparticles.

Howeveronly theendof thewholeprocessis observable.To beableto interprethigh
strangenessratio asa QGPsignalit hasto be supposedthatmatterpassesthroughthe
hadronicphasefastenoughto makeequilibrationimpossible.Only thanit is possibleto
discerntheQGPproductionfrom theproductionof ahadronphase.

Thestudyof (multi)strangehyperonsby theWA97 [58] andtheNA49 collaborations
show anenhancementof strangenessproductionfor centralcollisionswhenstudyingthe
centralitydependenceof variousstrangeparticleyields (Λ � Ξ � Ω) in Pb � Pb collisions
at 158AGeV ascomparedto p � Pb collisionsat 158AGeV. Thecentralityis givenas
theextrapolatednumberof participantnucleonsNpart. We proposeascentralityvariable
the numberof producedpionsNπ' . Npart shows a nonlinearbehavior with the volume
of the participantzone,while Nπ' shows perfectparticipantscaling.Scalinghasbeen
observedfor centralcollisions(Npart ( 100).
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FIGURE 12. Hyperonto π) ratio as a function of impactparameterb, as obtainedfrom the three-
fluid hydrodynamicalmodel (left) and the UrQMD model (right). In the UrQMD model, the observed
strangenessenhancementis alreadya naturalconsequenceof ordinaryhadronicrescattering.

The UrQMD calculations(Fig. 12, right) show scaling.The hyperonto π" ratio is
depictedin Fig. 12 (right) asa function of impactparameterb. For centralcollisions,
all ratios changeonly moderately, thus an approximatelinear scalingof the hyperon
yield with pion numberNπ' is observed.For peripheralcollisions,the ratiosdecrease.
Theratiosvarywith a factorof 2 to 5 for differentimpactparametersdependingon the
hyperonandits strangenesscontent.Thethree-fluidhydrodynamicalmodelwith anEoS
with afirst orderphasetransitionto aQGPyieldsconstantratios(Fig. 12 left). Notethe
substantialdifferencesin theΞ � π-ratiosbetweenthe two predictions.TheQGPwhich
will becreatedatAGS,RHIC or SPSenergieswill mostlikely becharacterizedby non-
zerochemicalpotentialµd andmuu. Thiswill causeanincreasein thedensitiesof u and
d quarkswith respectto thedensitiesof the s and s̄ quarks.Due to the increaseof the
densityof theu andd quarks,or thedecreaseof thesands̄quarks,thes̄quarksaremore
likely to combinewith u or d quarks.And similarly squarkscombinewith ū or d̄. There
will bea changein theratioof K *+� π duringtheQGPcase.

Thestrangenessfugacityγs is introducedin thermo-chemicalapproachto accountfor
incompletechemicalequilibration.It hasbeenalsocomparedto themeasuredratiosand
theconnectedthermo-dynamicalvariableswith ahadrongasscenarioor aQGPscenario
with somehadronization.Howevertherearesomecertaindrawbacks.Oneis thestrange
particle abundancesafter freezeout, are very closeto thoseof the fully equilibrated



hadrongasat the sameentropy content.The reasoncan be explainedby the volume
of the hadrongasof the sametotal energy which must be larger due to the smaller
numberof availabledegreesof freedom.As a resultoneexpectsthat theabundanceof
strangequarksis diluted during the hadronizationprocess.This effect canbe seenin
many hadronizationmodels.The computationof particleabundancesin the QGPand
the hadrongasscenarioaremostly basedon the assumptionof chemicalandthermal
equilibrium.However for thehadroniccasetheseassumptionscannotbe justifiedsince
it hasbeenshown thatthestrangenessequilibrationtime exceedsthereactiontime of a
heavy ion collisionby at leastoneorderof magnitude.

Strangenessproductionin the hadronicscenariois a non-equilibriumprocess.Dur-
ing the pre-equilibriumstages,typical longitudinalmomentaaremuchhigher than in
thecaseof a thermalmomentumdistribution which leadsto enhancedstrangenesspro-
duction. It’ s final “equilibrium” temperatureis thereforeonly partly connectedto the
measuredstrangeparticleyieldsandspectra.

STRANGELETS AND HYPERMATTER

Theobservedabundantproductionof strangebaryonsatAGSandSPSenergiesledpeo-
ple to speculateaboutimplicationsfor hypermatter(multi-hyperonclustersor strange
quarkdroplets)formation[59, 60, 61,62, 63]. Speculationsabouttheexistenceof such
objects,with baryonnumbersB � 100, have beenaroundfor decades,in particular
within astrophysics.Suchstatesare allowed for by the standardmodel, althoughso
far their existencehasnot beenproven in nature,e.g. in the form of strangeneutron
stars.Quark mattersystemswith A � 1 areunstable,if they only consistof u andd
quarks,dueto thelargeFermienergy of thesenon-strangequarks.Thesystem’senergy
maybe loweredby convertingsomeof theu andd quarksinto s quarks(i.e. introduc-
ing a new degreeof freedom).The energy gain may over-compensatethe high mass
of the s quarksand thus strangequark matter(SQM) may be absolutelystable[62].
Hadronswith B � 1 andS , 0 have beenconsideredeven beforethe advent of QCD
[59, 60]. However, first thedevelopmentof theMIT BagModel [64] allowedto model
suchstates.Long hypermatterlifetimes (for hundredsof quarksanda strangenessper
baryonratio in theorderof one)have beenpredicted,up to 10" 4 seconds[61]. Further
detailedinvestigationsof small piecesof strangequark matter, so called strangelets,
reveal possible(meta)stabilityfor B � 6 [62, 63]. Figure 13 shows possiblecreation
scenariosfor strangeletsandstrangenuclei. The right handsideshows the clustering
of strangebaryonsto strangenuclei,while the left handsideshows the distillation of
strangequarkmatterfrom aquarkgluonplasma.

Thesimpleststrangeletis theH � dibaryonwith zerocharge,B � 2 andS �-� 2,which
consistsof 2u � 2d and2s quarks,followedby the strange quark–α with 6u � 6d and6s
quarks[62, 65]. For a QGP – hadronfluid first order phasetransitionwith nonzero
baryo-chemicalpotential,a mechanismanalogousto associatedkaon-productionyields
an enrichedpopulationof s quarksin the quark-gluonphase,while the s̄ quarksdrift
into thehadronphase[66, 67]. This strangenessseparationresultsin thedistillation of
metastablestrangeletsonly if the Bag constantsare very small, B , 180 MeV/fm " 3



FIGURE 13. Possibleformationscenariosfor strangematter. The left handsideshows the formation
of strangequarkmatterfrom thequarkgluonplasma.Theright handsideshows theclusteringof strange
baryonsto strangenuclei

[66]. Experimentallystrangeletsare distinguishablefrom normal nuclei due to their
very small or even negative charge to massratio. The most interestingcandidatesfor
long-livedstrangeletsarelying in a valley of stability which startsat thequark–α and
continuesby addingoneunit of negativecharge,i.e. (A,Z)=(8,-2),(9,-3).. . [68]. Recent
calculationsindicatethat positively chargedstrangeletsseemonly to exist for A � 12
and very low bag parameters[68]. Thereexist, however, other forms of hypermatter
with similar propertiesas strangelets: hyperclustersor MEMO’s (metastableexotic
multi-hyperonobjects)consistof multiple Λ � Σ andΞ hyperons[69], andpossiblyalso
nucleons.Thedouble-Λ hypernucleus6ΛΛHehasbeenobservedlongago[70]. Properties
of MEMOs have beenestimatedusing the Relativistic Mean Field model. MEMOs
cancontainmultiple negatively charged hyperons,thereforethey may also have zero
or negativecharge-to-mass-ratios.
MEMOs or hyperclusterscould form a doorway stateto strangeletproduction,or vice
versa:MEMOs may coalescencein the high multiplicity region of the reaction.If
strangeletsare strongerboundthan “conventional” confinedMEMOs, the latter may
transforminto strangelets. Thecrosssectionsfor productionof MEMOs in relativistic
heavy ion collisions rely heavily on modelparameters(e.g. in the in the coalescence
modelp0 andr0). Thepredictedyieldsaretypically , 10" 8 perevent[69, 71].
Strangeletsearchesareunderway at theAGS[72, 73,74] andSPS[75, 76,77,78, 79].
So far no long lived (τ � 10" 7 s) strangeletshave beenunambiguouslyidentified –
the upper limits for the productioncrosssectionsestablishedby the experimentare
still consistentwith theoreticalpredictionsfor short lived MEMOs sincethey cannot



be testedin the presentlong flight path experiments.Therehasbeena report of one
candidatewith Z �.� 1, N � Z � 7 / 4 GeV and τ � 85 µs [79, 77, 80]. Thereforethis
exciting topicawaitsmoreexperimentaleffort.

Currentexperimentsaredesignedto detectstrangeletswith a small charge-to-mass
ratioandratherlong lifetime (τ ( 12µs in thecaseof [77, 78]). Thepresentexperimen-
tal setupsarehardlysensitive to themostpromisinglong-livedandnegatively charged
strangeletcandidatesbeyond the strange quark–α . Unfortunately, plansfor extending
experimentE864at theAGSto look for highly chargedstrangeletswith B � 10 could
notbefollowedbecausetheAGSfixedtargetheavy ion programwasput to rest.

Futureexperimentsat collider energies(STAR at RHIC andALICE at LHC) will be
sensitivefor short-livedmetastablehypermatter, too [81, 82,83].

J 0 ψ SUPPRESSION: A CLEAR SIGNAL OF THE QGP?

Debyescreeningof heavy charmoniummesonsin an equilibratedquark-gluonplasma
mayreducetherangeof theattractive forcebetweenheavy quarksandantiquarks[84].
Mott transitionsthendissolveparticularboundstates,oneby one.NA38 foundevidence
of charmoniumsuppressionin light ion reactions.Thenalsoin p � A suchsuppression
wasobserved.New preliminaryPb � Pbdataof NA50 show “anomalous”suppression.

One of the main problemsin the interpretationof the observed suppressionas a
signal for deconfinementis that non-equilibriumdynamicalsourcesof charmonium
suppressionhave alsobeenclearly discoveredin p � A reactions,wherethe formation
of an equilibratedquark-gluonplasmais not expected.A recentdevelopmentis the
calculationof thehardcontributionsto thecharmonium-andbottonium-nucleoncross
sectionsbasedon the QCD factorizationtheoremandthe non-relativistic quarkonium
model[85]. Includingnon-perturbativecontributions,thecalculatedp � A crosssection
agreeswell with thedata.Whereasthesedescriptionsof nuclearabsorptioncanaccount
for the p � A observation,thecorrectionsneededfor anextrapolationto A � A reactions
are,however, not yetundertheoreticalcontrol.

Purelyhadronicdissociationscenarioshavebeensuggested[88, 89,90] which could
accountfor J � ψ and ψ � suppressionwithout invoking the conceptof deconfinement
(“comover models”). Suppressionin excessto that due to preformationand nuclear
absorptionis ascribedin suchmodelsto interactionsof the charmoniummesonswith
“comoving”, but probablyoff-equilibrium, mesonsand baryons,which are produced
copiouslyin nuclearcollisions.Fig. 14 shows anUrQMD calculationwhich employs a
microscopicfreestreamingsimulationfor J � ψ productionanda microscopictransport
calculationfor nuclearand comover dynamicsas well as for rescattering[87]. The
dissociationcrosssectionsare calculatedusing the QCD factorizationtheorem[85],
feedingfrom ψ � andχ statesis takeninto account,andthecc̄ dissociationcrosssections
increaselinearly with time during the formationof the charmoniumstate.Taking into
accountthenon-equilibrium“comovers”(σmeson	 2� 3σnucleon), theagreementbetween
theory and datais reasonable(Fig. 14). New, unpublisheddataagreebetterwith the
modelpredictions,but the high and low ET regions remainto be studiedcarefully in
the experiment.At present,no ab initio calculationdoespredict suddenchangesin



0 20 40 60 80 100 120 140
ET (GeV)

0

5

10

15

20

25

30

35

40

45

50

B
(J

/
)/

(D
Y

)

FIGURE 14. Theratioof J
�
ψ to Drell-Yanproductionasafunctionof ET for Pb � Pbat160GeV. The

experimentaldataarefrom Ref. [86], thehistogramis a UrQMD calculation[87]. No scalingfactorhas
beenappliedto thex-axisfor eitherthecalculationsor thedata.

the suppression.In fact, from three-fluidcalculations,even with QGPphaseincluded,
only a moderatechangeof the averageand local energy density with bombarding
energy is predicted.This seemsto strongly speakagainstdrasticthresholdeffects in
thecharmoniumproduction.

The strongdependenceof theseresultson details,suchasthe treatmentof the for-
mationtime or thetime dependentdissociationcrosssection,remainto bestudiedfur-
ther. Furthermore,quantumeffectssuchasenergy dependentformationandcoherence
lengthsmust be taken into account[91] beforedefinitestatementscanbe madewith
regardto thenatureof theJ � ψ suppression.Interpretationsof thedatabasedonplasma
scenariosarealsoincreasinglyevolving away from theoriginal Mott transitionanalog
[92, 93].

Hence,thetheoreticaldebateon theinterpretationof thepatternof charmoniumsup-
pressiondiscoveredby NA38/NA50 at theSPSis far from settled.It is notclearwhether
thesuppressionis thesmokinggunof non-equilibriumdynamicsor deconfinement.It is
not likely to bedueto simpleDebyescreening.

Themajor goalof further theoreticalwork is not to continueto try to rule out more
“conventional” explanations,but to give positive proof of additional suppressionby
QCD-calculationswhich actuallypredict the ET-dependenceof the conjecturedsigna-
ture.Consistency testsanda detailedsimultaneousanalysisof all othermeasuredob-
servablesareneeded,if at leastthesamestandardsasfor thepresentcalculationsareto
behold up.
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DILEPTON PRODUCTION

Besideresultsfrom hadronicprobes,electromagneticradiation– andin particulardilep-
tons– offer anuniqueprobefrom thehotanddensereactionzone:here,hadronicmatter
is almosttransparent.

Dileptonscancarry informationon the thermodynamicstateof the mediumat the
momentof production.Sincethe dileptonsinteractonly electromagneticallythey can
leave thehotanddensereactionzonebasicallyundistorted.

The main backgroundcontributionsstemfrom pion annihilation,resonancedecays
[102, 103,104, 105, 106] (two pionscanannihilate,formingeitheravirtual photonor a
rho meson– bothmaythendecayinto a dilepton)andπ 6 ρ interactions[107, 108] at
low dileptonmassesandDrell–Yanprocesses[109, 110] at high masses. Furthermore
mesonresonancessuchastherho-,omega-or phi- mesonmaybeproduceddirectlyor in
thedecayof stringsandheavier resonances.As all of thosevectormesonscarrythesame
quantumnumbersasthephoton,they maydecaydirectlyintoadilepton.Resonancescan
alsoemit dileptonsvia Dalitz decays.TheDrell–Yanprocessdescribestheannihilation
of a quarkof onehadronwith ananti-quark(in protonprotoncollisionsfrom theseaof
q̄) of theotherhadron,againresultingin a virtual photonwhich decaysinto a dilepton.
The opencharmcontribution to the dileptonmassspectrumhasbeenestimatedto be
negligible for low dileptonmasses[111] at theCERN/SPS.At RHIC andLHC energies,
however, charmcontributionsdominatethedileptonmassspectrumabove2 GeV[112].

Most original calculationson dileptonsassignalsof a QGPat CERN/SPSenergies
focusedon massesbelow therho mesonmass[113,114,115, 116, 117, 103,118,119,
120, 121]. Thecurrentunderstandingof hadronicbackgroundcontributions[102, 104,
105, 106] shows thatmostprobablydileptonsoriginatingfrom a QGPareover-shined
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by hadrons,with the possibleexceptionof massesaround1 to 1.5 GeV [122, 123]
wheretheratesfrom aplasma(atveryhigh temperaturesaround500MeV) maysuffice
to be visible. At higher masses,the yield of Drell–Yan processesfrom first nucleon
nucleoncollisionsmostprobablyexceedsthatof thermaldileptonsfrom a QGP. Finite
baryochemicalpotentialwill, at a givenenergy density, reducethenumberof dileptons
emittedfrom aQGP[124,125, 126], dueto thedroppingtemperaturein thatsystem.

Thedependenceof theyield of highmassdileptonson thethermalizationtime is still
a point of opendebate[127, 128]. The partoncascade[129] andothermodelsof the
earlyequilibrationphase[128, 130] predictanexcessof dileptonsoriginatingfrom an
equilibratingQGPover theDrell–Yanbackgroundin themassrangebetween5 and10
GeV. Then the early thermalevolution of the deconfinedphasecould be tracedin an
almostmodelindependentfashion[131].

The secondarydilepton productionvia quark-antiquarkannihilationhasalso been
studiedon the basisof a hadronictransportcode(UrQMD [2]). Here,one obtainsa
realisticcollision spectrumof secondaryhadronsfor SPSenergies.Using partondis-
tribution functionsandevaluatingthecontributionsof all individualhadroniccollisions
one finds that meson-baryoninteractionsenhancethe massspectrumat mid-rapidity
below massesof 3 GeV considerably[110]. Preresonanceinteractionsareestimatedto
enhancethis secondaryyield by up to a factorof 5.

Dileptonscanbe measuredat CERN in form of dimuonsby the HELIOS3, NA38
and NA50 [132, 133, 134, 135] collaborationsand in form of electronpairs by the
CEREScollaboration[94]. Dimuonsexhibit an excessin AA collisions in the mass
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range0 8 2 9 M 9 2 8 5 GeV/c2 up to theJ : Ψ, ascomparedto pp andpA collisions.For
dielectronsanexcessis observedin thelow–massregion 0 8 2 9 M 9 1 8 5 GeV/c2, again
relative to ppandpA collisions(c.f. figure15).

Both, thedielectronaswell asthedimuondataseemto becompatiblewith a hydro-
dynamicapproachassumingthecreationof athermalizedQGP[97]. Hadronictransport
calculationsarenotableto fully reproducetheobservedexcess[96,136, 137].However,
at leastpartof theobservedenhancementof leptonpairsat intermediateandlow masses
might beeithercausedby thepreviously neglectedsourceof secondaryDrell-Yanpro-
cesses[110] or by contributionsof heavy mesons,suchasthea1 [138].

The observed enhancementof the dilepton yield at intermediateinvariant masses
(Me; e<>= 0 8 3 GeV) receivedgreatinterest:it wasprematurelythoughtthatthelowering
of vectormesonmassesis requiredby chiral symmetryrestoration(seee.g.[139] for a
review). However, thereseemsno theoreticalsupportfor this speculation.Calculations
within a chiral SU ? 3@ mean-fieldapproach[47] show only a modestdependenceof
temperatureof the massof the ρ meson(Fig. 17, right). AA-data arecompatiblewith
broadeningspectralfunctionsfound in purehadroniccalculationsof the scatteringon
theconstituentsof theexcitedmatter(seee.g.[140]). Thepresentdatado not allow to
draw definiteconclusions.

Fig. 16 shows a microscopicUrQMD calculationof the dileptonproductionin the
kinematicacceptanceregion of theCERESdetectorfor Pb A Au collisionsat 158GeV.
This is comparedwith the ’95 CERESdata[101]. Aside from the differenceat M B
0 8 4 GeV thereis a strongenhancementat higher invariantmasses.It is expectedthat
this discrepancy at m = 1 GeV could be filled up by direct dilepton productionin
meson-mesoncollisions[141] aswell asby themechanismof secondaryDrell-Yanpair
productionproposedin [110].

Themean“freeze-out”densityat thelocationof ρ mesondecaysin Au A Au collisions
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is shown in Fig. 17 (left) for differentincidentenergies[142]. FromAGSto CERNen-
ergies,thereis adecreaseof thebaryonicdensity, indicatingthatbaryonicmodifications
to theρ mesonarebetterstudiedatenergiesof 20 6 40AGeV. Thelow baryondensities
athighenergieswill make it hardto explain theCERESdataby ρ mesonmodifications
of nucleonicorigin alone.

CREATION OF BLACK HOLES IN LARGE HADRON COLLIDER

An exciting new idea,markingthe endof shortdistancephysicsaswe know it from
perturbativeQCD,maybetheproductionof blackholesatenergiesreachedin collisions
at theLHC.

This thrilling possibility is a consequenceof reasoningaboutthe existenceof extra
dimensionsbeyond the usual,well-known 4 space-timedimensions.Theseideashave
beenmotivatedby string theories,andthey offer a uniqueopportunityto tackletheso
calledhierarchyproblem,thelargegapbetweentheelectroweakenergy scale(mW § 103

GeV)andthePlanckscaleasweknow it (mPlanck § 1019 GeV).
In scenarioswith d compact,so called large extra-dimension(LXD, “large” means

herescalesupto millimeter– in contrastto thetiny compactificationradii in usualstring
or Kaluza-Kleintheoriesin theorderof thePlancklength),thefundamentalenergy scale
mf might be as big as mW, reachingthe TeV region [144, 145, 146]. But sinceonly
gravity would propagatein the extra dimensions,while the fields andparticlesof the
standardmodelwould beconstrainedto thewell known 4 space-timedimensions,this
wouldallow thelargevalueof our 4-dimensionalPlanckmassmPlanck.

The possibility that the fundamentalenergy scale,mf, might be as low asthe elec-
troweakscalemW makesthe future high energy collidersCLIC, LHC andTESLA ca-
pableof producingblackholes.A blackholewould beproducedwhenever theenergy



of the collision wereconcentratedin a region of spacesmall enoughto be trappedin-
sidetheSchwarzschildhorizoncorrespondingto theenergy involved.However, dueto
Hawking radiation,theblackholedecaysagain,spittingoutall kindsof standardmodel
particles.Theproblemis to find signaturesof thecreationandsubsequentevaporation
of theblackhole.

For non-spinningblackholes,figure18 depictsthemomentumdistribution of black
holesproducedin pp collisions[147]. Many of theblackholesareformedin scattering
processesof valencequarks.Thedependenceof thecrosssectiononthenumberof extra
dimensionsis lessthan10%.

The time evolution of theblackholecanbeseenin Figure18 for differentnumbers
of compactifiedspace-likeextradimensions.Extradimensionsleadto anincreasein the
lifetime of theblackhole.It canbeseenfrom thecalculationsdepictedin figure18 that
for d § 2, a blackholewith mass̈ TeV exists for at least100fm/c [148]. Afterwards
themassdropsbelow thefundamentalscale.

The effectsof LXDs allow for the creationof 107 black holeswith lifetime τ=(10-
600)fm/cper yearat LHC. Hawking radiationis alsosuppressedwith large extra di-
mensions.The predictionof thesuppressionof jets with high pT dueto the formation
of black holesin the final statewill be a clearsignaturefor extra dimensions.Maybe
with LHC particlephysicistswill be ableto competewith astronomersin the field of
observingblackholes.

OUTLOOK

At the CERN/SPSnew dataon flow, electro-magneticprobes,strangeparticleyields
(most importantly multi-strange(anti-)hyperons)and heavy quarkonia are interesting
to follow closely. Simple energy densitiesestimatedfrom rapidity distributions and
temperaturesextractedfrom particlespectraindicatethatinitial conditionscouldbenear
or just above the domainof deconfinementandchiral symmetryrestoration.Still the
questfor anunambiguoussignatureremainsopen.

Directedflow hasbeendiscovered– now a flow excitation function, filling the gap
between10AGeV(AGS)and160AGeV(SPS),wouldbeextremelyinteresting:look for
thesofteningof theQCD equationof statein thecoexistenceregion. Theinvestigation
of the physicsof high baryondensity(e.g.partial restorationof chiral symmetryvia
propertiesof vector mesons)is presentlynot accessibledue to the lack of dedicated
acceleratorsin the10 6 200AGeV regime.Theachievedandplanned40 AGeV and80
AGeVrunsatCERNareanabsolutenecessityinto thisnew direction,but it canonly be
afirst step.

However, dedicatedacceleratorswould bemandatoryto explore theseintriguing ef-
fectsin the excitation function. It is questionablewhetherthis key programwill actu-
ally get supportat CERN. In this respect,the plannednew machineat GSI, SIS/200,
will be of extreme importance.Also the excitation function of particle yield ratios
(π: p © d: p © K : π 8ª8«8 ) and,in particular, multi-strange(anti-)hyperonyields,canbea sen-
sitive probeof physicschangesin theEoS.Thesearchfor novel, unexpectedformsof
SU ? 3@ matter, e.g.hypermatter, strangeletsor even charmletsis intriguing. Suchex-



otic QCD multi-mesonandmulti-baryonconfigurationswould extendthepresentperi-
odictableof elementsinto hithertounexploreddimensions.A strongexperimentaleffort
shouldcontinuein thatdirection.

Experimentsanddataonultra-relativistic collisionsareessentialin orderto motivate,
guide,andconstraintheoreticaldevelopments.They provide theonly terrestrialprobes
of non-perturbative aspectsof QCD andits dynamicalvacuum.The understandingof
confinementandchiral symmetry– andthepossibilityof evengainingglimpsesof the
realmof quantumgravity – remainsoneof the key questionsat the beginning of this
millennium.
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