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Abstract. We discussthe uniquenes®f often proposedexperimentalsignaturesor quark matter
formationin relativistic heary ion collisions, using insight gainedfrom non-equilibriummodels
(three-fluidhydrodynamicsindthe hadronictransporimodelUrQMD).

It is demonstratethatthesetwo models- althoughthey do treatthemostinterestingearlyphase
of the collisionsquitedifferently (thermalizingQGPvs. coherentolor fieldswith virtual particles)
—bothyield areasonablagreementvith alargevariety of the availableheary ion data.

Hadron/hyperowyields,includingJ/W¥ mesonproduction/suppressiosfrangematterformation,
dileptons,anddirectedflow (bounce-of andsqueeze-outareinvestigatedObsenationsof inter-
estingphenomenan densematterarereported.

However, we emphasiz¢he needfor systematiduture measurement® searchor simultaneous
irregularitiesin the excitationfunctionsof severalobsenablesin orderto comecloseto pinningthe
propertiesof hot,denseQCD matterfrom data.

INTRODUCTION

In the lastfew yearsresearcherat Brookhaszenand CERN have succeedetbb measure
a wide spectrumof obsenableswith heary ion beams,Au+ Au and Pb+ Pb. While
theseprogramscontinueto measurewith greaterprecisionthe beamenepy-, nuclear
size-,and centrality dependencef thoseobsenables,it is importantto recognizethe

major milestonespassedthus far in that work. The experimentshave conclusvely
demonstrated

« stoppingand directedcollective trans\erseand longitudinal flow of baryonsand
mesons-in andout of theimpactplane,bothat AGSandSPSenepies—,

» hadronicresonanc@roduction,

« strangenessnhancement,

- theexistenceof strongnuclearA dependencef, amongothers,J/y andy’ meson
productionandsuppression.

« dilepton-enhancemebtlov andabove the p mesomrmassand

Theseobsenations supportthat a novel form of “resonancematter” at high enepgy-
andbaryondensityhasbeencreatedn nuclearcollisions. The global multiplicity and



trans\erseenegy measurementprove that substantiallymore entrofy is producedin
A+ A collisionsat the SPSthansimple superpositiorof A x pp would imply. Multiple
initial andfinal stateinteractionsplay a critical role in all obsenables.The high mid-
rapidity baryondensity (stopping)andthe obsered collective trans\erseand directed
flow patternsconstituteone of the strongesevidencefor the existenceof an extended
period(At ~ 10fm/c) of high pressureandstrongfinal stateinteractionsTheenhanced
Y’ suppressiorin S+ U relative to p+ A alsoatteststo this fact. The anomaloudow
massdilepton enhancemenghows that substantiain-mediummaodificationsof multi-
ple collision dynamicsexists, probablyrelatedto in-mediumcollisional broadeningof
vectormesonsThe non-saturatiomf the strangenesg@ndanti-strangenesgroduction
shaws thatnovel non-equilibriumproductionprocessearisein thesereactionsFinally,
the centralitydependencef J/ absorptiorin Pb+ Pb collisionspresentdurtherhints
towardsthe non-equilibriumnatureof suchreactions.

Is thereevidencefor thelong sought-aftequark-gluonplasmathatthusfar hasonly
existedasa binaryarrayof predictionsnsideteraflopcomputers?

As we will discussit is too early to tell definitely — notwithstandinghe combined
resultsof the CERN-SP S$rogramasannouncedn February2000.

Theoreticallytherearestill too mary “scenarios’andidealizationgto provide a sat-
isfactory answer Recentresultsfrom microscopictransportmodelsaswell asmacro-
scopichydrodynamicatalculationdiffer significantlyfrom predictionsof simplether
mal models,e. g. in the flow pattern.Still, thesenon-equilibriummodelsprovide rea-
sonablepredictionsfor the experimentaldata.\WWe may thereforebe forcedto rethink
our conceptof whatconstituteghe deconfineghasen ultra-relatvistic heavy-ion col-
lisions.Mostprobablyit is notablob of thermalizedjuarksandgluons.Hence aquark-
gluonplasmacanonly bethesourceof differencego the predictionsof thesemodelsfor
hadronratios,the J/W mesonproduction,dileptonyields, or the excitation function of
trans\erseflow. And thereareexperimentalgapssuchasthe lack of intermediatemass
A= 100dataandthestill limited numberof beamenepgiesstudiedthusfar, in particu-
lar betweenthe AGS andSPS.In the meantimethefield is at the doorstepof the next
milestonesA+ A at/s= 30— 200 AGeV hasbegunat RHIC/BNL in 2000,while the
SPS(andthe plannedGSI-SIS/200)programcontinueso investigatethe lower enegy
range,/s= 6— 12 AGeV (30-80AGeV in thelaboratoryframe).

Organization of thisreview

This review is organized as follows: We first introduce and discusstwo Non-
equilibrium modelsusedin the investigationof ultra-relatvistic heavy ion collisions,
the 3-fluid hydrodynamicamodelandthe UrQMD hadronictransportimodel. Thenwe
presennuclearstoppingpower asa fingerprintof the creationof compressetiadronic
matter We discussflow signaturesas probesof the pressurereachedin the fireball,
and particle spectraand ratios as probesof temperatureand chemical propertiesof
the fireball. As stronghints at the transientexistenceof deconfinedquark matter we
review strangenesgnhancemenand the ideasof strangeletsand hypermatterAs a
further possiblesignal of the quark-gluonplasma,we thendiscussthe suppressiorof



the J/y. Dileptonsare presentedsthe (next to direct photons)uniqueprobeto look

directly at the heartof the fireball, andthe experimentalresultsandtheir interpretation
arereviewed.We concludeour presentationvith anoutlook atthe possibleendof short
distancephysicsandthe predictve power of QCD: the concevable creationof black
holesdueto the effectsof large extra dimensionin heavy ion collisionsat the planned
LHC machine.

NON-EQUILIBRIUM MODELSFOR THE STUDY OF
ULTRA-RELATIVISTIC HEAVY ION COLLISIONS

In the presentsurey we employ two sharplydistinctnon-equilibriummodelsfor rela-
tivistic heavy ion collisions,namelythe macroscopi@-fluid hydrodynamicamodel[1]
andthe Ultra-relatvistic QuantumMolecularDynamicalmodel,UrQMD [2].

Thefirst modelassumethata projectile-andatargetfluid interpenetrateponimpact
of thetwo nuclei,creatingathird fluid (in thepresentwersionbaryonfree,see however,
[3]) via new sourcetermsin the continuity equationdor enegy- and momentunflux.
Thosesourceterms are taken from enegy- and rapidity loss measurements high
enepgy pp-collisions. The equationof state(EoS) of this modelassumesgquilibrium
only in eachfluid separatelyandallowsfor afirst orderphaseransitionto aquarkgluon
plasmain fluid 1, 2 or 3, if the enegy densityin the fluid underconsideratiorexceeds
thecritical valuefor two phasecoexistence PureQGPcanalsobe formedin everyfluid
separatelyif the enegy densityin thatfluid exceedsthe maximumenepy densityfor
themixedphase.

TheUrQMD model,ontheotherhand,assumeanindependenévolution of hadrons,
strings,andconstituentjuarksanddiquarksin a non-equilibriummulti-particlesystem.
The collision termsin this systemof coupledBoltzmannequations(partial differen-
tial/integralequationsparetakenfrom experimentadata,whereavailable,andotherwise
from additive quarkmodelandstringphenomenology

Whatis therole of partonicdegreesof freedomin heary ion reactionsatthe SPS?

Fig. 1 shonvsthetime evolution of theenegy densitye in centralPb+ Pbreactionsat
160 AGeV asobtainedwithin a) the partoncascadepproachvNI [4], b) the UrQMD
model [5]. It canbe seenthat in both modelsand at early times of the collision, a
large fraction of the enegy densityis containedn partonicdegreesof freedom(VNI)
or to nearly equal partsin constituentdiquarksand quarksfrom the stringsand 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 ontherapidity cutsimposed
to discriminatebetweervirtual free streamingandinteractingmatter

A sharptransitionfrom a partonicstateto the hadronicphasecanbe describedvithin
anon-relatvistic, classicalmicroscopicframevork [6], asshovn in Fig. 2. The critical
temperaturdereis determinedy the strengthof the quarkcolor potential.

This model,the quarkmoleculardynamics(gMD) [7], canbe usedto investigatehe
detailedhadronizationdynamicsfrom a hot and densesystemof quarksto a gasof
baryonicresonancedjaryonsandmesons.
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FIGURE 1. (Left:) Partoncascadd€VNI, from [4]) and(Right:) UrQMD resultsfor thetime evolution
of enegy densityin centralPb+ Pb reactionsat 160 AGeV. At an early stage,mostof the enegy is
containedn the partonicdegreesof freedom(VNI) or in constituent§UrQMD).
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FIGURE 2. (Left) Enegy densityandpressurén amulti quarksysteminteractingvia alinearpotential.
(Right) D mesorformationin the samemodel,shaving charmquarkthermalization.

CREATION OF COMPRESSED HADRONIC MATTER: NUCLEAR
STOPPING POWER.

To studythe propertiesof highly excitedhadronicor quarkgluonmatter normalnuclear
matterhasto be stronglycompressear heated How is this possible”The answerwas
proposed30 yearsago [8, 9]: With high-enegy nucleus-nucleusollisions. The idea
was that the occurrenceof multiple collisions corverts longitudinal momentuminto
trans\ersemomentumandsecondaryparticles Jeadingto the creationof a zoneof high
enepgy density Nuclearshockwaveshave beensuggestedsa primary mechanisnof
creatinghigh enegy densitiesn collisionswith /s < 20 GeV [8, 9, 10]. Theresulting
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FIGURE 3. Left: Scaledrapidity dN/d(y/Y,e,m distribution asafunctionof scaledapidity (Y/Ypeam-
Right: Meanrapidity lossversusbeamenengy. At SIS,AGSandSPSenegies.Figuretakenfrom [18].

enegy densityshouldbehighenougho produceastateof high densityresonancenatter
[9, 11,12] or evenaquark-gluorplasmg13]. For CERNSPSenepiesestimategor the
achievedenepgy densityat propertime 1, ~ 1fm/c areof theordere ~ 1 — 5GeV/fm?.

Extrapolationgo BNL RHIC enegiessuggesthatenegy densitiesup to 20 GeV/fm?

atp ~ 2p, maybereached.

The degree of stoppingthe incident nucleussuffers, when colliding with another
nucleus(nuclearstoppingpowei manifestdtself in a shift of therapidity-distritutions
of the incident nucleonstowards mid-rapidity. That means:The shapeof the baryon
rapidity distribution cangive clearindicationson thedegreeof stoppingandthe onsetof
critical phenomenaDueto the strongdependencef the baryonrapidity distribution on
the baryon—baryorcrosssection[14, 15, 16], a rapid changen the shapeof the scaled
dN/d(y/yp) distribution with varying incidentbeamenepy is a clear signalfor new
degreesof freedomwhich shav up duringthereaction(i.e. deconfinement).g.dueto
phenomenauchas critical scattering[17]. The width of the dN/d(y/y,) distribution
for baryonss inverselyproportionalto their crosssection.

As an exampleon the left of figure 3 the measuredscaledrapidity dN/d(Y/Ypeam
distribution as a function of scaledrapidity (Y/Y,.,y iS Shovn for several collision
systemsat variousenegies.Oneobsenesa cleardependencef the shift in the scaled
rapidity distribution on the collision systemsFor the large SystemgAu+Au, Pb+Pb)
a significantshift occurs,i.e. strongstoppingpower is obsered, while for the smaller
systemge.g.Ca+Ca)only little stoppingoccurs.That means:Large systemsare best
suitedfor the creationof a zoneof very high enegy density This is because&luringthe
collision of large systemsnorecollisionsoccurandthereforetheincidentnucleondose
moreenepy thatis depositedn the centralreactionzone.Thisfindingis independenof
the collision enegy. Figure3 (right) shovs the meanrapidity lossversusbeameneny.
It staysconstanin theshovn enegy region.

The experimentalsituation can be summarizedas follows: At AGS and SPSan
extensve investigationof the nuclearstoppingpower is nearcompletion.Proton-proton
[19] andperipherahucleus-nucleusteractionsaat AGS[20, 21] andSPS[22] enegies
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FIGURE 4. Time evolution of particlemultiplicities (scaledwith the numberof incidentnucleons)or
centralAu+Au collisionsat 1 GeV/nucleonSIS)andat 10.6 GeV/nucleonAGS).At SIS enegies,only
about10% of the nucleonsare excited to resonancesrhereasat AGS enegiesthe degreeof excitation

exceed0%.For atime-sparof upto 10 fm/c thebaryonsarein a stateof A—matter Thefigurehasbeen
takenfrom [25].
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yield a forward—backward pealed dN/dy distribution in the C.M. frame, and a low
degreeof baryonstopping A higherdegreeof stoppingis obseredfor centralcollisions
of intermediatemassnuclei (Si+Si at AGS, S+Sat SPS): The rapidity distribution is
flat at C.M. rapidities,two broad bumps are obsened betweenprojectile/taget and
C.M. rapiditiesrespectiely [20, 21, 22]. The heaviestcollision systemggold andlead
respectrely) exhibit the largeststoppingpower andthuscorrespondo the creationof

the highestbaryondensities:The form of the measuredaryonrapidity distributions
shaws experimentallythat the centralrapidity region up to E,,,, ~ 200 GeV/nucleonis

not net-baryorfree,in contrasto whathadbeenexpectedn mostearly papersRather
strongstoppingas assumedirst in hydrodynamicmodelstudies[23, 24] is obsened.
Therefore resultsof theoreticalanalyseswhich rely heavily on a net-baryorfree mid-

rapidity region with zero baryo-chemicalpotential have to be taken with care. The
guantitatve measurementsf the A-dependenstoppingof baryonsis one of the most
importantresultsof the AGS and SPSmeasurementdn summary the experimental
resultsdemonstratehat highly excited densematteris formed at mid-rapidity. They

provethata new stateof elementarynatterhasbeencreated.

What are the propertiesof this new stateof matter?Hadronictransportmodel cal-
culationsindicatethat the excited stateof baryonicmatteris dominatedby the A, 3,
andotherbaryonresonancesd,e. the depositedenepy in the centralrapidity region is
mainly transformednto thesenew degreesof freedom.E.g. for centralAu+Au colli-
sionsat AGS a long apparentifetime (> 10 fm/c) anda ratherlarge volume (several
hundredfm?) for this resonance-mattestate[25] (seefigure4) is predicted.

Theenepgy densitiesf £ ~ 3-20GeV/fm? estimatedor SPSandRHIC indicatethat
partof thesystemmayhave enteredhe predictedstateof deconfinemernitL8]. However,
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FIGURE 5. Theexcitationfunctionof trans\erseflow asobtainedfrom onefluid hydrodynamicavith
(opencircles)andwithout (crossesh first order phasetransition[3], andthe resultsof the three-fluid
hydrodynamicalmodel (filled circles). The drop of px due to the softeningof the EoS is shifted to

Eup ~ 20 AGeV.

hadronictransportmodelspredictor reproducethe measuredapidity distributions, if
baryonandmesorrescatteringindparticleproductionvia stringdecay[26, 27, 28, 29, 2]
areincluded.Also hadronicmodelswhichincludemulti—quarkdroplets[30] above €_;;
seemto give similar results.Thereforeup to now, theinclusive centraldistributionsdo
not give a clearanddecisve answerto the questionof whetherthis matteris predom-
inantly of hadronicor quark nature.The inclusion of string excitations,collisionsand
decaysareafirst steptowardsmodelingthe parton/quarlsubstructuref hadronsThese
modelsgo beyond what onewould term purely hadronicmodeland shouldgive more
insightin the structureandpropertiesof the matterin the highly compressedndheated
centralinteractionzoneof high enegy nucleus-nucleusollisions.

FLOW SIGNATURES: PROBING THE PRESSURE OF THE
FIREBALL

Collective Flow and the softening of the EoS

Theexcitationfunctionof collective trans\erseflow is theearliestpredictedsignature
for probingcompresseduclearmatter Trans\ersecollective flow dependslirectly on
the pressurep(p,S), i.e. the EoS. The flow excitation function is sensitve to phase
transitiong23] by a collapseof thedirectedtrans\erseflow [32, 33]. Thisis commonly

referredto assofteningof the EoS[31].
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FIGURE 6. Theoreticapredictionsor transwersecollective flow in Pb+ Pb collisionsasobtainedwith
themicroscopidJrQMD transporimodel.

An obsenation of a local minimum in the excitation function of the trans\ersedi-
rectedflow would thus be an unambiguoussignalfor a first order phasetransitionin
densematter It' s experimentaimeasuremenwould sene asstrongevidencefor aQGR
if thatphaseransitionis of first ordet

Recentcalculationswithin three-fluidhydrodynamicq34] showv a shift in the drop
of trans\erseflow to highereneugies,E,,, ~ 20 AGeV, seeFig. 5. Experimentallythe
recentdiscovery of protonflow andpion anti-flow atthe SPSis in line with UrQMD and
RQMD predictiongFig. 6, and[35]).

Let us now discussthe resultsobtainedfrom hadronicprobes,such as obsered
particleratiostrans\ersemomentunspectraandratios,enhancemerdf strangearyons,
light mesonsandproductionof J/W.

Obseredhadrongncludefeedingby the decayof resonances.

PARTICLE SPECTRA AND RATIOS: PROBING THE THERMAL
AND CHEMICAL PROPERTIESOF THE FIREBALL

Thermalor statisticalinterpretation®f the particleproductionin high enegy collisions
of elementaryarticlesandheavy ionshave beencarriedout for alongtime [36, 37, 38,
39,40, 41,42,43]. In thecaseof heary-ion collisionsarangeof particleratiosmeasured
at SIS, AGS, SPSand now also RHIC for different enegies and different colliding
systemshave beenfitted with a noninteractinggas calculation. The measuredatios
reflectthe relative particle numbersat the point of chemicalfreeze-outj.e. the point
wheninelasticcollision ceaseandthereforethe chemicalcompositionof the systemis
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FIGURE 7. Freeze-outurve for differentcollision systemsat variousenegiesasobtainedfrom ideal
gasfits [44].

not changedanymore.E.g. noninteractinggasfits yield a chemicalfreeze-outcurve in
theT — u plane(seefig 7,[44]).

The measuregarticlespectracanbe connectedo the thermalor kinetic freeze-out,
I.e. the pointwhenno moreelasticcollisionsoccur

The underlyingmodelis asfollows: Oneassumes thermalizedsystemwith a con-
stantdensity p(r) (box profile), a constanttemperatureT (r) and a linear radial and
longitudinalflow velocity profile 3, (r), BII (r). Theseparameterareassumedo bethe

samefor all hadrons/fragmentg\t sometime t°€akUP gnd densitypPreakup, the sys-
tem decouplesasa whole (a horizontalfreeze-outin the T (z)-plane)andthe particles
areemittedinstantaneousljrom the whole volume of the thermalsource A complete
lossof memoryresults,dueto thermalization- the emittedparticlescarry no informa-
tion aboutthe evolution of the sourcelf onewantsto usetheinverseslopeparametei
asthermometef23], the feedingfrom A’s etc., aswell asthe radial flow needto be
incorporatednto the analysis.The sameholdsfor theuseof d/p, r/p etc.asanentropy-
meter[49. In addition,the properHagedornvolume correctioncanbe applied[46]. A
two parametefit (Uq, T, Us is fixed by strangenessonsenration)to the hadronicfreeze-
out datadescribeghe experimentalresultswell, if feedingis included(seee.g.[44]).
Theparticlemultiplicities atthechemicalfreeze-outirecalculatedisinganidealgasap-
proachj.e. all particlesareon mass-shellDoesthis compatibilitywith athermalsource
proof volumeemissionfrom a globally equilibratedsource?Are the obtainedtempera-
turesandchemicalpotentialsuniqueor stronglymodeldependentPow do interactions
changehededucedreeze-ouwvalues?

Thevaluesfor T and iz thatwereobtainedusingthe ideal gasanalysesf particle
ratioscanbe usedasinput for a 3J (3) chiral mean-fieldmodel[47] extendedto finite
temperature$48]. This modelself-consistentlycontainsscalarandvectorinteractions
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FIGURE 9. Fit of hadronratiosfrom the chiral modelto datafrom Au+ Au collisionsat RHIC.

thatchangehepropertieof thehadronsn themedium.Furthermorehemodelshovsa
transitionto a chirally restoredohaseThenatureof thistransitionin themodeldepends
on theincludeddegreesof freedomandthe chosenparameter$49]. Feedingfrom the
decayof higherresonances included.Onefindsthatin sucha modelwith afirst order
phasetransitionthe ideal gasmodel valuesT = 168 MeV and g = 266MeV [44]
leadto strongdeviationsfrom the experimentaldataandone hasto re-fit the T and u
values-Theobtainedvaluesfor SPSPb+PhatSPSare: T ~ 145MeVandpg ~ 281MeV.
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While the chemicalpotentialis nearlyunchangedlueto the interactionsa decreasef

AT ~ 20MeV in the temperatureesults.Furthermorehe analyseshows that no fit is

possibleabove the phasetransitiontemperaturewhat is realistic, sinceabove T- the
particledensitiesarevery high andthe systemis notdilute atall. Usingthere-fittedT, u

values,the hadronicchiral modelsatistctorily reproduceshe measuregbarticleratios
for Pb+Pbat SPS(fig. 8). Thelarger x?/n valueis causedy the neglectof final weak
interactionsashasalreadybeenshavn by [50].

For RHIC the situationis similar: Ideal gasanalysesyield freeze-outtemperatures
in therangeof T = 160— 180MeV, the chiral modelwith afirst orderphasetransition
yieldsT ~ 150MeV. Thebaryonchemicalpotentialpiz in bothcasess around40MeV.
Theagreemenbetweerdataandcalculatedatiosis evenimproved,ascanbeseerfrom
fig. 9.

Otherparameterizationsf thechiralmodelyield differentT, pi; values but compara-
ble quality of thefits [51]. ThatmeansNot only idealgasmodels but alsoequilibrium
modelswhich accountfor the interactionsin the hot and densecentralregion of rela-
tivistic heavy ion collisions canreproducethe measuredarticle ratios. The obtained
chemicalpotentialsseemto berobustbut thetemperaturestronglydependon theused
model.Thishasalsobeenshownn in [52]. Thereforeonemustconcludethatthe extracted
freeze-outvaluesfrom differentthermaland chemicalequilibrium approachesire not
uniquebut stronglymodeldependent.

The microscopicUrQMD transportmodelis in goodagreementvith 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 chemicalpotential of
Mg = 165 MeV. However, theseratios exhibit a strong rapidity dependenceThus,



relative abundance

O — d/N
A —— anti-N/N*100

{ — anti-A/A*100
e — Q=
4 — 7/(B-anti-B)
s — A/N
.

4 6 8 10 12 14 16 18 20 22
1/2
s/ (AGeV)

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

thermalmodelfits to datamaybedistorteddueto differentacceptancef®r theindividual
ratios.

Hadronratiosfor the systemPb+ Pb arepredictedby UrQMD andcanbefitted by a
thermalmodelwith T = 140MeV and g = 210MeV (Fig. 10). Analyzingtheresults
of non-equilibriumtransporimodelcalculationgy anequilibriummodelmay, however,
be not meaningful.

Thereis a problemin the definition of equilibriumin itself: Do heary 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 drivesthe systeminto a steadystatefar from
equilibrium, but stationaryin time. This steadystateis easily visible in an enhanced
productionof light mesonsascomparedo thermalmodels.

Duringtheinitial off-equilibrium stageof enegeticnuclearcollisions,alargeamount
of entrogy canbe produced10]. Thesubsequengxpansionis, onthe otherhand,often
assumedo be nearlyisentropic.The entrofy producedduringthe compressiorstageis
closelylinkedto thefinally obsenablerelative particleyields.

Thisentrofy productioncanbecalculated55] within three-fluidhydrodynamicsThe
entropy per net participatingbaryon,S/A, saturatesapidly asa function of CM-time
andis essentiallytime independentor latertimeswhenthe freeze-outs reachedThe
chemicalcompositionof the fireball is given by the net baryondensity the net (zero)
strangenessf the system,andthe specificentrofy S/A, asdescribedor the thermal
modelabove.

Thehadronratiosthusobtainedareshovn in Fig. 11. At AGSandSPSenegies,they
arequite closeto the data[56, 54]. For sucha simpleestimateof hadronproductionin



nuclearcollisions,deviationsfrom theexperimentatatiosby upto factorsof two haveto
beexpectedNeverthelessit is clearfrom Fig. 11 thatthe simultaneousneasuremeruf
varioushadrorratios like 7t/ (B— B), d/N and,in particular B/B (providedantibaryons
alsoreachchemicalequilibrium)allowsto determingheproducecentrofy in theenegy
rangebetweerthe AGS andthe SPS.In contrastthe K/ r-ratio is practically constant.
Thetotal specificentrofy S/A producedwithin the three-fluidmodelis consistenwith
the S/A valuesextractedfrom datausingrelative particleyieldsfrom thethermalmodel.
OnefindsS/A = 11for AGSandS/A = 38for SPSenepgies.

Theexcitationfunctionof thespecificentropy S/A(y/s) doesnotexhibit ary threshold
signature®f the phasdransitionto the QGPincorporatedn the EoS.Thisis dueto the
gradualtransitionthroughthe wide coexistenceregion in the enegy densitybetween
E,.p ~ 10-100AGeV.

STRANGENESS ENHANCEMENT: HINTSAT DECONFINED
QUARK MATTER.

Letusnow turnto multi-strangesignals.In nucleonnucleoncollisions,the productionof
particlescontainingstrangeguarksis stronglysuppressedscomparedo the production
of particleswith u andd quarksdueto the highermassof the ss quarkpair [57]. It has
beenspeculatedhattheyield of strangeandmulti-strangemesons(anti-) baryonsand
anti-hyperong/\, 2, = andQ) shouldbeenhancedh the presencef a QGR This canbe
understoodasfollows. The strangenesproductionrateis describedoy the Schwinger
factor [57] aslong as no chemicalequilibrium hasbeenreached.This factor shavs
a massdependencdike Aexp(—kmy), where A and k are someconstantsand mg is
the quarkmass.So the productionof heavier quarkslik e the strangequarkis strongly
suppressedomparedo thatof light quarks.On the otherhandif the systemcanreach
chemicalequilibrium,theyield of differentquarksandanti quarksarealmostthe same.
It is now believedthatthe QGP-phasexistslong enoughfor the chemicalequilibrium
to establishsoup, down andstrangequarksreacha similar ratio. Howeverif no QGPis
producedthe chemicalequilibriumof the hadronicphasenasa muchlower strangeness
content.Sotheideais thatonecandistinguishthe productionof a hadronicphasefrom
the QGPphaseby looking atthe strangenessf the producedarticles.

However only theendof thewhole processs obsenable.To be ableto interprethigh
strangenesgtio asa QGP signalit hasto be supposedhat matterpasseshroughthe
hadronicphaseastenoughto make equilibrationimpossible Only thanit is possibleto
discernthe QGPproductionfrom the productionof a hadronphase.

The studyof (multi)strangehyperonsoy the WA97 [58] andthe NA49 collaborations
shonv anenhancemerdf strangenesgsroductionfor centralcollisionswhenstudyingthe
centralitydependencef variousstrangeparticleyields (A, =, Q) in Pb+ Pb collisions
at 158 AGeV ascomparedo p+ Pb collisionsat 158 AGeV. The centralityis givenas
theextrapolatechumberof participantnucleonsN,,. We proposeascentralityvariable
the numberof producedpionsN, . Ny, Shavs a nonlinearbehaior with the volume
of the participantzone,while N, _ shawvs perfectparticipantscaling.Scalinghasbeen
obseredfor centralcollisions(Np,; > 100).
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FIGURE 12. Hyperonto m~ ratio as a function of impact parametet, as obtainedfrom the three-
fluid hydrodynamicaimodel (left) andthe UrQMD model (right). In the UrQMD model, the obsened
strangenessnhancemerns alreadya naturalconsequencef ordinaryhadronicrescattering.

The UrQMD calculations(Fig. 12, right) shov scaling.The hyperonto 1~ ratio is
depictedin Fig. 12 (right) asa function of impactparameteb. For centralcollisions,
all ratios changeonly moderatelythus an approximatelinear scalingof the hyperon
yield with pion numberN__ is obsered. For peripheralcollisions, the ratiosdecrease.
Theratiosvary with afactorof 2 to 5 for differentimpactparameterslependingon the
hyperonandits strangenessontent.Thethree-fluidhydrodynamicaiodelwith anEoS
with afirst orderphaseransitionto a QGPyields constantatios(Fig. 12 left). Notethe
substantiabifferencesn the =/ -ratiosbetweerthe two predictions.The QGPwhich
will becreatecat AGS,RHIC or SPSenegieswill mostlikely becharacterizetby non-
zerochemicalpotentialu, andmu,. Thiswill causeanincreasen thedensitiesof u and
d quarkswith respecto the densitiesof the s ands quarks.Due to the increaseof the
densityof theu andd quarks or thedecreasef thesands quarksthes quarksaremore
likely to combinewith u or d quarks.And similarly s quarkscombinewith u or d. There
will beachangen theratio of KT/ duringthe QGPcase.

Thestrangeneskugacity ys is introducedn thermo-chemicahpproacho accountor
incompletechemicalequilibration.It hasbeenalsocomparedo the measuredatiosand
theconnectedhermo-dynamicalariableswith ahadrongasscenariamr aQGPscenario
with somehadronizationHowevertherearesomecertaindravbacks.Oneis the strange
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 enegy which mustbe larger due to the smaller
numberof availabledegreesof freedom.As a resultoneexpectsthat the abundanceof

strangequarksis diluted during the hadronizationprocess.This effect can be seenin

mary hadronizatiormodels.The computationof particle abundancesn the QGP and
the hadrongasscenarioare mostly basedon the assumptiorof chemicalandthermal
equilibrium.However for the hadroniccasetheseassumptiongannotbe justified since
it hasbeenshown thatthe strangenessquilibrationtime exceedghe reactiontime of a
heavy ion collision by atleastoneorderof magnitude.

Strangenesproductionin the hadronicscenariois a non-equilibriumprocessDur-
ing the pre-equilibriumstagestypical longitudinal momentaare much higherthanin
the caseof athermalmomentumdistribution which leadsto enhancedtrangenespro-
duction.It’s final “equilibrium” temperaturas thereforeonly partly connectedo the
measuredtrangeparticleyieldsandspectra.

STRANGELETSAND HYPERMATTER

Theobsenedalundantproductionof strangebaryonsat AGSandSPSenepgiesled peo-
ple to speculateaboutimplicationsfor hypermatte(multi-hyperonclustersor strange
quarkdroplets)formation[59, 60, 61, 62, 63]. Speculationgboutthe existenceof such
objects,with baryonnumbersB > 100, have beenaroundfor decadesijn particular
within astrophysicsSuch statesare allowed for by the standardmodel, althoughso
far their existencehasnot beenproven in nature,e.g.in the form of strangeneutron
stars.Quark matter systemswith A > 1 areunstable,f they only consistof u andd
guarks,dueto thelarge Fermienengy of thesenon-strangejuarks.The systems enegy
may be loweredby corverting someof the u andd quarksinto s quarks(i.e. introduc-
ing a new degreeof freedom).The enegy gain may over-compensatehe high mass
of the s quarksand thus strangequark matter (SQM) may be absolutelystable[62].
Hadronswith B > 1 and S < 0 have beenconsidereceven beforethe adwent of QCD
[59, 60]. However, first the developmentof the MIT BagModel [64] allowedto model
suchstatesLong hypermattetifetimes (for hundredsof quarksanda strangenesper
baryonratio in the orderof one)have beenpredicted up to 10~* second$61]. Further
detailedinvestigationsof small piecesof strangequark matter so called strangelets
reveal possible(meta)stabilityfor B > 6 [62, 63]. Figure 13 shows possiblecreation
scenariodor strangeletsand strangenuclei. The right handside shavs the clustering
of strangebaryonsto strangenuclei, while the left handside shows the distillation of
strangegquarkmatterfrom a quarkgluonplasma.

Thesimpleststrangeletis theH —dibaryonwith zerochage,B =2 andS= —2, which
consistsof 2u,2d and 2s quarks,followed by the strange quark-a with 6u,6d and 6s
quarks[62, 65]. For a QGP — hadronfluid first order phasetransitionwith nonzero
baryo-chemicapotential,a mechanisnanalogougo associatedaon-productioryields
an enrichedpopulationof s quarksin the quark-gluonphase while the s quarksdrift
into the hadronphas€66, 67]. This strangenesseparationresultsin the distillation of
metastablestrangeletsonly if the Bag constantsare very small, B < 180 MeV/fm—3
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FIGURE 13. Possibleformationscenariogor strangematter The left handside shavs the formation
of strangeguarkmatterfrom the quarkgluonplasmaTheright handsideshawvs the clusteringof strange
baryongo strangenuclei

[66]. Experimentallystrangeletsare distinguishablefrom normal nuclei due to their
very small or even negative chage to massratio. The mostinterestingcandidategor
long-lived strangeletsarelying in a valley of stability which startsat the quark-a and
continueshy addingoneunit of negative chage,i.e. (A,2)=(8,-2),(9,-3)..[68]. Recent
calculationsindicatethat positively chaged strangeletsseemonly to exist for A > 12
and very low bag parameterg68]. Thereexist, however, other forms of hypermatter
with similar propertiesas strangelets hyperclustersor MEMO’s (metastableexotic
multi-hyperonobjects)consistof multiple A, >~ and= hyperong69], andpossiblyalso
nucleonsThedouble/A hypernucleuﬁ,\He hasbeenobsenedlongago[70]. Properties
of MEMOs have beenestimatedusing the Relatvistic Mean Field model. MEMOs
can containmultiple negatively chaged hyperons thereforethey may also have zero
or negative chage-to-mass-ratios.

MEMOs or hyperclustergould form a doorway stateto strangelet production,or vice
versa: MEMOs may coalescencén the high multiplicity region of the reaction. If
strangeletsare strongerboundthan “conventional’ confinedMEMOSs, the latter may
transforminto strangelets The crosssectionsfor productionof MEMOSs in relatiistic
heavry ion collisionsrely heavily on model parameterge.g.in thein the coalescence
modelp, andr). Thepredictedyieldsaretypically < 10 8 perevent[69, 71].
Stranceletsearchesreundervay atthe AGS[72, 73, 74] andSPS[75, 76,77,78, 79).
Sofar no long lived (T > 107 s) strangeletshave beenunambiguouslyidentified —
the upperlimits for the productioncrosssectionsestablishedoy the experimentare
still consistentwith theoreticalpredictionsfor shortlived MEMOs sincethey cannot



be testedin the presentiong flight path experiments.Therehasbeena reportof one
candidatewith Z = —1, N/Z = 7.4 GeV and T > 85 us [79, 77, 80]. Thereforethis
exciting topic awaits moreexperimentakffort.

Currentexperimentsare designedo detectstrangeletswith a small chage-to-mass
ratioandratherlonglifetime (1 > 12 usin thecaseof [77, 78]). Thepresenexperimen-
tal setupsare hardly sensitve to the mostpromisinglong-lived andnegatively chaged
strangelet candidateseyond the strange quark—a. Unfortunately plansfor extending
experimentE864 at the AGSto look for highly chagedstrangeletsvith B > 10 could
not befollowedbecaus¢he AGSfixedtamgetheary ion programwasputto rest.

Futureexperimentsat collider enegies(STAR at RHIC andALICE atLHC) will be
sensitve for short-lved metastablénypermattertoo [81, 82, 83].

J/Y SUPPRESSION: A CLEAR SIGNAL OF THE QGP?

Debyescreeningf heary charmoniummesonsn an equilibratedquark-gluonplasma
may reducethe rangeof the attractve force betweerheary quarksandantiquarkq84].
Mott transitionghendissol\e particularboundstatespneby one.NA38 foundevidence
of charmoniumsuppressioin light ion reactionsThenalsoin p+ A suchsuppression
wasobsened.New preliminaryPb+ Pb dataof NA50 shav “anomalous”suppression.
One of the main problemsin the interpretationof the obsened suppressioras a
signal for deconfinements that non-equilibriumdynamicalsourcesof charmonium
suppressiomave alsobeenclearly discoseredin p+ A reactionswherethe formation
of an equilibratedquark-gluonplasmais not expected.A recentdevelopmentis the
calculationof the hard contributionsto the charmonium-andbottonium-nucleorcross
sectionsbasedon the QCD factorizationtheoremand the non-relatvistic quarlonium
model[85]. Includingnon-perturbatie contributions,the calculatedp + A crosssection
agreesvell with thedata.Whereaghesedescription®f nuclearabsorptiorcanaccount
for the p+ A obsenation,the correctionsneededor anextrapolationto A+ A reactions
are,however, notyetundertheoreticakontrol.
Purelyhadronicdissociatiorscenariohave beensuggested8, 89, 90] which could
accountfor J/¢ and ¢/ suppressiorwithout invoking the conceptof deconfinement
(“comover models”). Suppressiornin excessto that due to preformationand nuclear
absorptionis ascribedin suchmodelsto interactionsof the charmoniummesonswith
“comoving”, but probably off-equilibrium, mesonsand baryons,which are produced
copiouslyin nuclearcollisions.Fig. 14 shavs anUrQMD calculationwhich emplgys a
microscopidfree streamingsimulationfor J/ ¢/ productionanda microscopictransport
calculationfor nuclearand comover dynamicsas well as for rescattering(87]. The
dissociationcrosssectionsare calculatedusing the QCD factorizationtheorem[85],
feedingfrom (/' andy stateds takeninto accountandthecc dissociatiorcrosssections
increasdinearly with time during the formation of the charmoniumstate.Taking into
accounthenon-equilibrium‘comovers” (Omesor 2/30,,,cie0n: theagreemenbetween
theory and datais reasonabldFig. 14). New, unpublisheddataagreebetterwith the
model predictions,but the high andlow E; regionsremainto be studiedcarefully in
the experiment.At present,no ab initio calculationdoespredict suddenchangesn
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FIGURE 14. Theratioof J/ to Drell-Yanproductionasafunctionof E; for Pb+Pbat160GeV. The
experimentaldataarefrom Ref. [86], the histogramis a UrQMD calculation[87]. No scalingfactorhas
beenappliedto thex-axisfor eitherthe calculationsor the data.

the suppressionln fact, from three-fluidcalculations gven with QGP phaseincluded,
only a moderatechangeof the averageand local enegy density with bombarding
enepy is predicted.This seemsto strongly speakagainstdrasticthresholdeffectsin

thecharmoniunproduction.

The strongdependencef theseresultson details,suchasthe treatmentof the for-
mationtime or the time dependentlissociationcrosssection,remainto be studiedfur-
ther Furthermoreguantumeffectssuchasenegy dependenformationandcoherence
lengthsmust be taken into account[91] beforedefinite statementsan be madewith
regardto the natureof the J/( suppressioninterpretation®f the databasedon plasma
scenariosarealsoincreasinglyevolving away from the original Mott transitionanalog
[92, 93].

Hence thetheoreticaldebateon theinterpretatiorof the patternof charmoniunsup-
pressiordiscoreredby NA38/NA5S0 atthe SPSis farfrom settled It is not clearwhether
the suppressiois the smokinggunof non-equilibriumdynamicsor deconfinementt is
notlik ely to bedueto simpleDebyescreening.

The major goal of furthertheoreticalwork is not to continueto try to rule out more
“conventional” explanations,but to give positive proof of additional suppressiorby
QCD-calculationsvhich actually predictthe E;-dependencef the conjecturedsigna-
ture. Consisteng testsand a detailedsimultaneousnalysisof all othermeasuredb-
senablesareneededif atleastthe samestandardssfor the presentalculationsareto
behold up.
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FIGURE 15. Left: inclusive ere~ massspectrain 200 GeV/nucleonS+Au collisionsasmeasuredy
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scenarid96, 97, 98, 99, 100. Right: UrQMD predictionanddata[101] for Pb+Auat160GeV/nucleon.

DILEPTON PRODUCTION

Besideresultsfrom hadronicprobesglectromagneticadiation—andin particulardilep-
tons— offer anuniqueprobefrom thehotanddenseaeactionzone:here hadronicmatter
is almosttransparent.

Dileptonscan carry information on the thermodynamicstateof the mediumat the
momentof production.Sincethe dileptonsinteractonly electromagneticallghey can
leave the hotanddenseaeactionzonebasicallyundistorted.

The main backgroundcontributions stemfrom pion annihilation,resonancelecays
[102, 103,104, 105 106] (two pionscanannihilate forming eithera virtual photonor a
rho meson- both may thendecayinto a dilepton)and rt— p interactiong107, 108] at
low dileptonmassesndDrell-Yan processe§l09, 110 at high masses Furthermore
mesorresonancesuchastherho-,omega-or phi- mesommaybeproducedlirectlyorin
thedecayof stringsandheavier resonanceds all of thosevectormesongarrythesame
quanturmumbersasthephoton they maydecaydirectlyinto adilepton.Resonancesan
alsoemit dileptonsvia Dalitz decaysThe Drell-Yanprocesslescribeghe annihilation
of aquarkof onehadronwith ananti-quark(in protonprotoncollisionsfrom the seaof
q) of the otherhadron,againresultingin a virtual photonwhich decaysnto a dilepton.
The opencharmcontribution to the dilepton massspectrumhasbeenestimatedo be
negligible for low dileptonmasse$l11] atthe CERN/SPSAt RHIC andLHC enegies,
however, charmcontritutionsdominatethe dileptonmassspectrunabore 2 GeV[112].

Most original calculationson dileptonsas signalsof a QGP at CERN/SPSenegies
focusedon massedelon therho mesonmass[113,114,115 116 117, 103,118,119,
120, 121]. The currentunderstandingf hadronicbackgroundcontributions[102, 104,
105 10§ shows thatmostprobablydileptonsoriginatingfrom a QGP are over-shined
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the CERESdetectorfor Pb+ Au collisionsat 158 GeV. No in-mediumeffects are taken into account.
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by hadrons,with the possibleexception of massesaroundl to 1.5 GeV [122, 123

wheretheratesfrom a plasma(at very high temperaturearounds00MeV) maysufice
to be visible. At higher massesthe yield of Drell-Yan processedrom first nucleon
nucleoncollisionsmostprobablyexceedshat of thermaldileptonsfrom a QGP Finite
baryochemicapotentialwill, ata givenenepgy density reducethe numberof dileptons
emittedfrom aQGP[124, 125 126, dueto thedroppingtemperaturen thatsystem.

Thedependencef theyield of high massdileptonson thethermalizatiortime is still
a point of opendebate[127, 128. The partoncascadd129 andother modelsof the
early equilibrationphasg128, 13( predictan excessof dileptonsoriginatingfrom an
equilibratingQGP over the Drell-Yan backgroundn the massrangebetweerb and10
GeV. Thenthe early thermalevolution of the deconfinedphasecould be tracedin an
almostmodelindependentashion[131].

The secondarydilepton productionvia quark-antiquarkannihilation hasalso been
studiedon the basisof a hadronictransportcode (UrQMD [2]). Here, one obtainsa
realistic collision spectrumof secondarhadronsfor SPSenegies. Using partondis-
tribution functionsandevaluatingthe contributionsof all individual hadroniccollisions
one finds that meson-baryonnteractionsenhancehe massspectrumat mid-rapidity
belov masse®f 3 GeV considerably{110]. Preresonancmteractionsareestimatedo
enhancehis secondaryield by up to afactorof 5.

Dileptonscan be measurecat CERN in form of dimuonsby the HELIOS3, NA38
and NA50 [132, 133, 134, 135 collaborationsand in form of electronpairs by the
CEREScollaboration[94]. Dimuons exhibit an excessin AA collisionsin the mass
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FIGURE 17. (Left) The mean“freeze-out” density at the location of p mesondecaysin Au+ Au
collisions.(Right) The massof the p-mesonasobtainedfrom the chiral modelat differenttemperatures
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range0.2 < M < 2.5 GeV/& up to the /W, ascomparedo pp andpA collisions. For
dielectronsan excessis obseredin thelow—massegion 0.2 < M < 1.5 GeV/&, again
relative to pp andpA collisions(c.f. figure 15).

Both, the dielectronaswell asthe dimuondataseemto be compatiblewith a hydro-
dynamicapproachassuminghecreationof athermalizedQGP[97]. Hadronictransport
calculationsarenotableto fully reproducegheobsernedexcesq96, 136, 137]. However,
atleastpartof theobsenedenhancemerdf leptonpairsatintermediateandlow masses
might be eithercausedy the previously neglectedsourceof secondanprell-Yan pro-
cesse$110] or by contrikutionsof heary mesonssuchasthea; [138].

The obsened enhancementf the dilepton yield at intermediateinvariant masses
(M., > 0.3 GeV)recevedgreatinterestit wasprematureljthoughtthatthe lowering
of vectormesonmassess requiredby chiral symmetryrestoration(seee.g.[139] for a
review). However, thereseemano theoreticalsupportfor this speculationCalculations
within a chiral U (3) mean-fieldapproach{47] shav only a modestdependencef
temperaturef the massof the p meson(Fig. 17, right). AA-data are compatiblewith
broadeningspectralfunctionsfound in pure hadroniccalculationsof the scatteringon
the constituentf the excited matter(seee.g.[140]). The presentdatado not allow to
draw definiteconclusions.

Fig. 16 shovs a microscopicUrQMD calculationof the dilepton productionin the
kinematicacceptanceegion of the CERESdetectorfor Pb+ Au collisionsat 158 GeV.
This is comparedwith the'95 CERESdata[101]. Aside from the differenceat M =~
0.4 GeV thereis a strongenhancemendat higherinvariantmassesilt is expectedthat
this discrepang at m > 1 GeV could be filled up by direct dilepton productionin
meson-mesonollisions[141] aswell asby themechanisnof secondanprell-Yanpair
productionproposedn [110].

Themean'freeze-out’densityatthelocationof p mesordecaysn Au+ Au collisions
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FIGURE 18. (Left:) The Feynmanx distribution of black holesfor M > M, TeV in proton-proton
interactions(Right:) Time evolution of the massof evaporatingblack holesproducedat LHC. Different
linescorrespondo differentnumbersof extra dimensiong [143].

is shavnin Fig. 17 (left) for differentincidentenegies[142]. FromAGSto CERNen-
emgies,thereis adecreasef thebaryonicdensity indicatingthatbaryonicmodifications
to the p mesorarebetterstudiedatenegiesof 20— 40 AGeV. Thelow baryondensities
athigh enepgieswill make it hardto explainthe CERESdataby p mesonmodifications
of nucleonicorigin alone.

CREATION OF BLACK HOLESIN LARGE HADRON COLLIDER

An exciting new idea, marking the end of shortdistancephysicsaswe know it from
perturbatve QCD, maybethe productionof blackholesatenegiesreachedn collisions
attheLHC.

This thrilling possibility is a consequencef reasoningaboutthe existenceof extra
dimensiondeyond the usual,well-known 4 space-timalimensionsTheseideashave
beenmotivatedby string theories,andthey offer a uniqueopportunityto tacklethe so
calledhierarchyproblem thelargegapbetweertheelectraveakenegy scale(m,, = 10°
GeV) andthe Planckscaleaswe know it (Mg, o= 10*° GeV).

In scenariosvith d compact,so calledlarge extra-dimensionLXD, “large” means
herescaleaupto millimeter—in contrasto thetiny compactificatiomadii in usualstring
or Kaluza-Kleintheoriesn theorderof the Plancklength) thefundamentaénegy scale
m. might be as big asm,, reachingthe TeV region [144, 145 146]. But sinceonly
gravity would propagaten the extra dimensionswhile the fields and particlesof the
standardnodelwould be constrainedo the well known 4 space-timalimensionsthis
would allow thelarge valueof our 4-dimensionaPlanckmassmg,, o

The possibility that the fundamentakenegy scale,m;, might be aslow asthe elec-
troweakscalem,,, makesthe future high enegy collidersCLIC, LHC and TESLA ca-
pableof producingblack holes.A black hole would be producedwheneer the enegy



of the collision were concentratedn a region of spacesmall enoughto be trappedin-

sidethe Schwarzschildhorizoncorrespondingo the enegy involved. However, dueto

Hawking radiation the black hole decaysagain,spittingoutall kinds of standardnodel
particles.The problemis to find signatureof the creationand subsequengvaporation
of theblackhole.

For non-spinningblack holes,figure 18 depictsthe momentundistribution of black
holesproducedn pp collisions[147. Many of the black holesareformedin scattering
processesf valencequarks.Thedependencef thecrosssectiononthe numberof extra
dimensionss lessthan10%.

The time evolution of the black hole canbe seenin Figure 18 for differentnumbers
of compactifiedspace-lile extradimensionsExtradimensiondeadto anincreasen the
lifetime of theblackhole.It canbe seenfrom the calculationgdepictedn figure 18 that
for d = 2, ablack hole with mass~ TeV existsfor atleast100fm/c [148]. Afterwards
themassdropsbelow the fundamentakcale.

The effectsof LXDs allow for the creationof 10 black holeswith lifetime 7=(10-
600)fm/c per yearat LHC. Hawking radiationis also suppressedvith large extra di-
mensionsThe predictionof the suppressiomwf jets with high p; dueto the formation
of black holesin the final statewill be a clearsignaturefor extra dimensionsMaybe
with LHC particle physicistswill be ableto competewith astronomersn the field of
observingblackholes.

OUTLOOK

At the CERN/SPSnew dataon flow, electro-magnetigprobes,strangeparticle yields
(mostimportantly multi-strange(anti-)hyperons)and heary quarlonia are interesting
to follow closely Simple enegy densitiesestimatedfrom rapidity distributions and
temperaturesxtractedfrom particlespectrandicatethatinitial conditionscouldbenear
or just above the domainof deconfinemenand chiral symmetryrestoration.Still the
guestfor anunambiguousignatureremainsopen.

Directedflow hasbeendiscorered— now a flow excitation function, filling the gap
betweerll0AGeV (AGS)and160AGeV (SPS)wouldbeextremelyinterestingiook for
the softeningof the QCD equationof statein the coexistenceregion. The investigation
of the physicsof high baryondensity (e.g. partial restorationof chiral symmetryvia
propertiesof vector mesons)is presentlynot accessibledue to the lack of dedicated
acceleratorgn the 10— 200AGeV regime. Theachiasedandplanned40 AGeV and80
AGeVrunsat CERNareanabsolutenecessitynto this new direction,but it canonly be
afirst step.

However, dedicatedacceleratorsvould be mandatoryto explore theseintriguing ef-
fectsin the excitation function. It is questionablevhetherthis key programwill actu-
ally get supportat CERN. In this respectthe plannednens machineat GSlI, SIS/200,
will be of extreme importance.Also the excitation function of particle yield ratios
(11/p,d/p,K/m...) and,in particular multi-strange(anti-)hyperonyields, canbe a sen-
sitive probeof physicschangesn the EoS.The searchfor novel, unexpectedforms of
U (3) matter e.g. hypermatter strangeletsor even charmletsis intriguing. Suchex-



otic QCD multi-mesonandmulti-baryonconfigurationsvould extendthe presenperi-
odictableof elementsnto hithertounexploreddimensionsA strongexperimentakffort
shouldcontinuein thatdirection.

Experimentsanddataon ultra-relatvistic collisionsareessentiain orderto motivate,
guide,andconstraintheoreticaldevelopmentsThey provide the only terrestrialprobes
of non-perturbatie aspectof QCD andits dynamicalvacuum.The understandingf
confinementandchiral symmetry— andthe possibility of even gainingglimpsesof the
realmof quantumgravity — remainsone of the key questionsat the beginning of this
millennium.
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