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Abstract. We presenta written versionof four lecturesgivenat theNATO AdvancedStudy
Instituteon“QCD PerspectivesonHot andDenseMatter” in Cargese,CorsicaduringAugust,
2001.Over the last year the first exciting resultsfrom the Relativistic Heavy Ion Collider
(RHIC) andthefour experimentsBRAHMS, PHENIX, PHOBOS,andSTAR have beenpre-
sented.In theselectureswereview thestateof RHICandtheexperimentsandthemostexciting
currentresultsfrom RunI whichtookplacein 2000.A completereview isnotpossibleyetwith
many key resultsstill preliminaryor to bemeasuredin RunII, which is currentlyunderway,
and thus the emphasiswill be on the approachexperimentalistshave taken to addressthe
fundamentalphysicsissuesof thefield. Wehavenotattemptedto updatetheRHIC resultsfor
thisproceedings,but ratherpresentit asasnapshotof whatwasdiscussedin theworkshop.The
field is developingveryquickly, andbenefitsgreatlyfrom contactanddiscussionsbetweenthe
differentapproachesof experimentalistsandtheorists.
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2 J.L.NagleandT. Ullrich

1. Introduction

A good way to proceedin understandingthe construction,operation,and
physicsoutput from currenthigh-energy heavy ion experimentsis to start
with theoriginalphysicsmotivationsfor theexperimentalprogram.TheRel-
ativistic Heavy Ion Collider projectwasstartedin the 1980’s with a list of
experimentalobservablesfor characterizinghot and densequark and glu-
onicmatterandtheexpectedrestorationof approximatechiral symmetryand
screeningof thelong rangeconfiningpotentialof QCD.We give a brief and
certainlynotcompletereview of thesephysicssignals.Thenwediscusssome
of thecost,scheduleandtechnologyconstraintsthatimpactedthedesignand
constructionof theRHIC experiments.Finallywepresentasampleof thefirst
resultsfrom theRHIC experimentalprogramfrom datatakenduringRunI in
thesummerof 2000.

2. Physics Motivations

Therearethreemaincategoriesof observablesthatwereoriginally proposed
to studythematterproducedin relativistic heavy ion collisions:(1) Thermo-
dynamicpropertiesof thesystemandindicationsof apossiblefirst or second
orderphasetransitionbetweenhadronicmatterandquark-gluonplasma,(2)
Signaturesfor therestorationof approximatechiral symmetrytransition,and
(3) Signaturesfor deconfinementand the screeningof the long rangecon-
fining potentialbetweencolor charges. In the following list, therewill be
specificchannelsthat needto be observed that essentiallyspecifythe types
of detectorsandexperimentsnecessary.

2.1. THERMODYNAMIC PROPERTIES

Oneof themostimportantquestionin thephysicsof heavy-ion collisionsis
thermalization.We wantto describethesystemin termsof a few thermody-
namicproperties,otherwiseit is not possibleto discussanequation-of-state
anda true order to any associatedphasetransitions.The useof thermody-
namicconceptsto multi-particle productionhasa long history. Oneof the
first to applythemin elementarycollisionswasHagedornin theearly1960’s
[1]. Theconceptof a temperature appliesstrictly speakingonly to systemsin
at leastlocal thermalequilibrium.Thermalizationis normallyonly thoughtto
occurin thetransversedegreesof freedomasreflectedin theLorentzinvariant
distributions of particles.The measuredhadronspectracontaintwo pieces
of information: (i) their normalization,i.e. their yields ratios, provide the
chemicalcompositionof thefireball at the chemicalfreeze-outpoint where
thehadronabundancesfreeze-outand(ii) their transversemomentumspectra

corsica.tex; 23/12/2001; 23:06; p.2



ExperimentalistsandTheorists 3

which providesinformationaboutthermalizationof themomentumdistribu-
tionsandcollectiveflow. Thelatteris causedby thermodynamicpressureand
reflectstheintegratedequationof stateof thefireballmatter. It is obviousthat
theobservedparticlespectrado not reflectearlierconditions,i.e. thehot and
densedeconfinedphase,wherechemicalandthermalequilibriummayhave
beenestablished,sincere-scatteringerasesmosttracesfrom thedensephase.
Nevertheless,thosewhich are accumulative during the expansion,suchas
flow, remain.Only directphotons,eitherrealphotonsor virtual photonsthat
split into leptonpairs,escapethe systemwithout re-scattering.Thus these
electromagneticprobesyield informationontheearliestthermodynamicstate
whichmaybedominatedby intensequark-quarkscattering.

The assumptionof a locally thermalizedsourcein chemicalequilib-
rium can be testedby using statisticalthermalmodelsto describethe ra-
tios of various emitted particles.This yields a baryon chemicalpotential��� , a strangenesssaturationfactor ��� , andthe temperature�	��
 at chemical
freeze-out.

So far thesemodelsarevery successfulin describingparticleratiosat
SPS[2] andnow alsoat RHIC [3]. At RHIC the derived chemicalfreeze-
out temperaturearefound to be around175 MeV (165 MeV at SPS)anda
baryonchemicalpotentialof around45 MeV (270 MeV at SPS).It should
bestressedthat thesemodelsassumethermalequilibrationbut their success
togetherwith thelargecollective flow (radialandelliptic) measuredatRHIC
is astronghint thatthispictureindeedapplies.

2.2. CHIRAL SYMMETRY RESTORATION

Thephasetransitiontoaquark-gluonplasmaisexpectedtobeassociatedwith
astrongchangein thechiralcondensate,oftenreferredto astherestorationof
approximatechiral symmetryin relativistic heavy ion collisionsis discussed
here.Note that althoughmany in the field refer to the restorationof chiral
symmetry, thesystemalwaysbreakschiral symmetryat a smallscaledueto
thenon-zeroneutralcurrentmassesof theup anddown quarks.

Thereare multiple signaturesof this transition, including disoriented
chiralcondensates(DCC),strangenessenhancement,andmany others.How-
ever, themostpromisingsignatureis thein mediummodificationto themass
andwidth of the low massvectormesons.Naturehasprovidedanexcellent
setof probesin thevariouslow massvectormesonstates( � , 
 , � ) whosemass
polesandspectraaredynamicallydeterminedvia the collisionsof hadrons
or partons.If the hot and densestateproducedin heavy ion collisions is
composedof nearlymasslesspartons,the � (770)mesonmassdistribution is
expectedto broadensignificantlyandshift to lower valuesof invariantmass.
The � mesonhasa lifetime thatis ������������� andtheplasmastatecreatedin
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4 J.L.NagleandT. Ullrich

RHIC collisionshasa lifetime of order10 fm/ � . Thus,the � mesonis created
anddecaysmany timesduringtheentiretime evolution of thecollision.

The � hasa dominantdecay(nearly100%)into two pions.However, in
this decaymodeif thepionssuffer re-scatteringwith otherhadronsafter the
decay, onecannotexperimentallyreconstructthe � mesonandinformationis
lost.Giventhedense,eitherpartonicor hadronicenvironment,theprobability
for pion re-scatteringis very large,unlessthe � is createdanddecaysat the
lateststagesof the time evolution. This time period is often referredto as
thermalfreeze-out,whenelasticcollisionscease.Thusa measurementof the
� asreconstructedvia its piondecaychannelgivesinterestinginformationon
the final hadronicstage,but not on the densephasewherechiral symmetry
mayberestored.

Thereis anadditionaldecaychannelinto electronpairsandmuonpairs,
thoughwith smallbranchingratiosof ����� �!�#"%$'& and ����( �)�#"%$'& , respectively.
Sincethe leptonsdo not interactstrongly, after they areproduced,they exit
thedensesystemessentiallyunaffectedcarryingoutcrucialinformationfrom
thecoreof thesystem.Thereis agoodanalogyin understandingtheprocesses
in the centerof the sunvia neutrinoemission,sinceonly neutrinoshave a
small enoughinteractioncross-sectionto passout of the sun’s core largely
unaffected.In thecaseof neutrinos,themoreinterestingphysicsof possible
neutrinooscillationscomplicatesmatters,but thatis notaconcernin thecase
of ourelectronandmuonsmeasurements.

Oneotheradditionalpointof interestis thattheapparentbranchingratio
of the � into pionsandleptonsshouldbemodifiedasobservedby experiment.
The � mesonsthatdecayin mediuminto pionsarenot reconstructed,but the
onesdecayinginto electronsare.If onecanreconstructthe � in bothchannels
onecangaugethe numberof lifetimes of the � the densemediumsurvives
for.

The lifetime of the � mesonin the rest frame of the plasmadepends
on its gammaboost in this frame,and thus to study the earlieststages,a
measurementof low transversemomentum� mesonsis desirable.If the �
decaysat restin theplasmaframe,themaximumtransversemomentumfor
theelectronor positronis *,+��.-0/0�2143#56�!� . Theseelectronsareconsidered
low *,+ andpresentan experimentalchallengeto measurefor two reasons.
First, therearea large numberof low momentumchargedpionscreatedin
thesecollisions,thatresultsin achargedpionto electronratio in this *,+ range
of �#"0"0"87'� . Thusoneneedsdetectorsthatcancleanlyidentify electronswith
goodmomentumresolution,while rejectingthe copiouslyproducedpions.
The secondchallengeis that most of the electronscomefrom pion Dalitz
decays( 9	:<; =?>@=)$A� ), B Dalitz decays( BC; =?>@=)$A� ), andconversionsof
photons( �D; =E>F=)$ ) mostly resultingfrom 9	: decays.Ideally one wants
to reject theseother electronsto enhancethe signal contribution from the
low massvectormesons.Conversionsarereducedby reducingtheamountof
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ExperimentalistsandTheorists 5

materialin thepathof producedphotons.Thisrestrictionis oftenatoddswith
the desireto have substantialinner trackingdetectorsandtheseneedsmust
bebalanced.

The � (1020) mesonspectralfunction is also sensitive to in-medium
chiral symmetryrestoration;however its substantiallylonger lifetime �G�
�!"H������� meansthat most � decaysoccur outsidethe medium.However,
measuringthe � in its variousdecaymodes(kaonpairs,electronpairs,muon
pairs)remainsaninterestingsignalat low transversemomentum.

Theselow massvectormesonsalsodecayintomuonspairs.Thesemuons
have low momentumandarean real experimentalchallengeto measureas
detailedlaterin theseproceedings.

2.3. DECONFINEMENT

Therearemany signaturesthatresultfromthedeconfinementof colorcharges
over an extendedvolume,often referredto asthequark-gluonplasma.Two
aredetailedin this proceedings:(1) Suppressionof heavy quarkoniumstates
and(2) Partonenergy lossvia gluonemission,alsoreferredto asjet quench-
ing.

2.3.1. Quarkonium Suppression
Thesuppressionof heavy quarkoniumstateswasoriginally proposedby Mat-
sui and Satz[4] in the late 1980’s as a signaturefor color deconfinement.
The Debye screeningin a QED plasmais a reasonableanaloguefor the
scenarioin our QCD plasma.A charm-anticharm( � � ) quarkpair produced
via gluonfusionin theinitial phaseof theheavy ion collisioncanform a I'�EJ
if thepair haslow relative momentum.Thetotal productionof suchstatesin
proton-protoncollisionsrelative to the total charmproductionis lessthana
few percent.If the Debyescreeninglength is of order the samesizeasthe
quarkoniumstate,thenthepair is screened.Thecharmandanticharmquark
scatteraway from eachotherand,eventuallyat thehadronizationpoint, pair
with surroundinglight quarksandantiquarksto form K mesons.This color
screeningis displayedin recentlattice QCD calculationsdescribedat this
workshopin termsof amodificationin thelinearriseat largedistancesof the
QCDpotential.Thischangein theQCDpotentialasafunctionof temperature
is shown in Fig. 1.

Thereareavarietyof heavy vectormesonswith a largerangein binding
energy (and associatedhadronicsize). The IL�EJ , M � , and JON have binding
energies of 0.64, 0.20, and 0.05 GeV respectively. The PRQS�UT)V , MXW , PRQZY0T�V ,
M N W , and P8QZ-0T�V have bindingenergiesof 1.10,0.67,0.54,0.31,0.20GeV re-
spectively. Sincethesuppressionof thesestatesis determinedby therelative
plasmatemperatureandthebindingenergy (or by thequarkonium hadronic
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Figure 1. TheQCDpotentialbetweenheavy quarksin shown asa functionof []\ ^

sizeandtheDebyescreeninglength),measuringthesequentialdisappearance
of thesestatesactsasaQCD thermometer.

The IL�EJ (1s) statedecaysinto almostanything hadronicwith a large
branchingratioof 87.7%.However, theexperimentallyaccessibledecaychan-
nels are 5.93% to =E>F=)$ and 5.88% to � > � $ . Similar decaychannelsare
availablefor the J_N andthe P states.Theaccessibledecaychannelof the M �
for heavy ion experimentsis M � ;`�baHIL�EJ with abranchingratio (%��(@�c�#"%$'d .
Sincethedecay� is quitesoft, the M � representsanexperimentalchallenge.

Similar to thelow massvectormesonsthereis interestin thesestatesat
low transversemomentum,wherethey residein theplasmastatelonger. At
restthe IL�EJ decaysinto electronsor muonswith a characteristic*,+e�e�)���
GeV. A roughrateestimate(goodto a factorof 2-3) is thattheproductionof
IL�EJ is approximately�2���#" $gf perproton-protoncollision. In a centralAu-
Au collision, thereareof order800binarycollisions,yielding a IL�EJ rateof
/2�h�#"%$'i . Thebranchingratio to electronsis 5.9%anda typical experimental
acceptanceis 1%,yielding �_�j�#" $'& IL�EJ perAu-Au centralcollision,andthat
is assumingno anomaloussuppression!Hence,onerequiresa detectorthat
measureseitherelectronor muonpairswith ahighefficiency andatriggerand
dataacquisitionsystemcapableof samplingeventsat the full RHIC design
luminosity. In particular, if onewantsto bin thedatain termsof k,l , *,+ , and
collisioncentrality, largestatisticsarea requirement.

Thereis a recentproposalfor IL�EJ enhancement.Thisscenarioassumes
copiouscharmprodcution,andthenat the hadronizationstagesomecharm
and anticharmquarksmay be close in both momentumand configuration
space.These� � pairsmaycoalesceto form IL�EJ . This latestageproduction
wouldpotentiallymaskany suppressionin theearlystagesfrom colorscreen-
ing. Thereis aneasytestof this theory. WhenRHIC runsat lower energies,
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ExperimentalistsandTheorists 7

for example m T4no()" GeV, insteadof the maximumenergy of m T4noY)"0"
GeV, thecharmproductionis lowerby afactorof approximatelythreeandthe
effect of recombinationshouldbe reducedsubstantially. In addition,we ex-
pectdifferent*,+ dependenceof IL�EJ productionfrom originalhardprocesses
comparedwith latestage� � coalescence.

2.3.2. Parton Energy Loss
An ideal experimentwould be to containthequark-gluonplasma,andsend
well calibratedprobesthroughit, andmeasurethe resultingtransparency or
opacityof thesystem.Thereis no experimentalway of aiminga third beam
of particleat thecollision.Thereforeany probesof thesystemmustbegen-
eratedin the collision itself. Theseprobesmusthave calculableproduction
ratesin order to be consideredcalibrated.An excellent exampleof sucha
probeis ahardscatteredparton.A partontraversingacolorconfinedmedium
of hadronsseesa relatively transparentsystem.However, a partonpassing
througha hot coloreddeconfinedmediumwill lose substantialenergy via
gluonradiation[5, 6].

Thesourceof thesepartonsis from hardscatteringprocessesproducing
back-to-backpartonjets.In adeconfinedmediumthepartonwill loseenergy
beforeescapingthesystemandfragmentinginto a jet coneof hadrons.The
totalenergy of theinitial partonjet is conservedsinceeventuallytheradiated
gluons will also hadronize.It is likely that the radiatedgluons will have
a larger angulardispersionthanthe normally measuredjet cone.Thusone
might beableto measurea modificationin theapparentjet shape.Whenthe
partonfragmentsinto hadronsit haslessenergy, andhencethefragmentation
will resultin a muchreducedenergy for theleadinghadron.A measurement
of high transversemomentumhadrons( 9	:)pq9r>	st$Fpquv>	st$�pcw'>	st$ ) is a strong
indicatorof theopacityof themedium.An exciting additionalobservablewas
mentionedat theworkshopin thecontext of thehigh *A+ spectraof charm K
mesons.Thereis a reductionin the inducedgluon radiationfor charmand
bottomquarksrelative to light quarksdueto theirslowervelocity throughthe
medium.

3. The RHIC Complex

Thescopeof theRHIC programis to operateacolliding beamfacility which
allows studiesof phenomenain ultra-relativistic heavy-ion collisionsandin
collisionsof polarizedprotons.Thecollideris locatedin thenorthwestsection
of theBrookhavenNationalLaboratory(BNL) in Upton,New York. Its con-
structionbeganin 1991andthecompletionof thecomplex wasaccomplished
in Spring2000.
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8 J.L.NagleandT. Ullrich

Thecollider, which consistsof two concentricringsof 1740super-con-
ductingmagnets,wasconstructedin analreadyexisting ring tunnelof xG-%��/
km circumference.This tunnelwasoriginally constructedfor the proposed
ISABELLE project.It offers an extraordinarycombinationof energy, lumi-
nosity andpolarization.A schematicdiagramof the whole RHIC complex,
includingthevariousfacilitiesusedto produceandpre-acceleratethebeams
of particlesis displayedin Figure2.

RHIC is ableto accelerateandstorecounter-rotatingbeamsof ionsrang-
ing from thoseof gold to protonsat the top energy of 100GeV/nucleonfor
goldand250GeVfor protons.Thestoredbeamlifetime for goldin theenergy
rangeof 30 to 100 GeV/nucleonis expectedto be approximately10 hours.
Themajorperformanceparametersaresummarizedin Figure3.
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Figure 2. The Relativistic Heavy Ion Collider (RHIC) acceleratorcomplex at Brookhaven
NationalLaboratory. Nuclearbeamsareacceleratedfrom thetandemVandeGraaff, through
the transferline into theAGS BoosterandAGS prior to injection into RHIC. Detailsof the
characteristicsof protonandAu beamsarealsoindicatedafteraccelerationin eachphase.

The layout of the tunnel and the magnetconfigurationallow the two
rings to intersectat six locationsalongtheir circumference.The top kinetic
energy is 100+100GeV/nucleonfor gold ions.The operationalmomentum
increaseswith the charge-to-massratio, resultingin kinetic energy of 125
GeV/nucleonfor lighter ions and250 GeV for protons.The collider is able
to operatea wide rangefrom injection to top energies.The collider is de-
signedfor aAu-Au luminosityof aboutY �?�#"0i N cm$'i s$ O at topenergy. This
designcorrespondsto approximately1400Au-Au minimum biascollisions
persecond.Theluminosityis energy dependentanddecreasesapproximately
proportionallyastheoperatingenergy decreases.For lighter ionsit is signif-
icantly higherreachingx � �g�#" d O cm$'i s$ O for pp collisions.Thecollider
allowscollisionsof beamsof equalion speciesall thewaydown to ppandof
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Figure 3. RHIC performanceparameters.

unequalspeciessuchasprotonsongoldions.Anotheruniqueaspectof RHIC
is theability to collidebeamsof polarizedprotons(70-80%)whichallowsthe
measurementof thespinstructurefunctionsfor theseaquarksandgluons.

Thefirst physicsrunat theRelativistic Heavy Ion Collider (RHIC) took
placein theSummerof 2000.For this runbeamenergieswerekeptto amod-
erate65A GeV. RHIC attainedits goalof tenpercentof designluminosityby
theendof its first run at thecollision center-of-massenergy of m TQP%P = 130
GeV.

In the following we describebriefly the variousfacilities, depictedin
Figure2, thatarepartof thelargeRHIC complex:

Tandem Van de Graaff Completedin 1970,the TandemVande Graaff fa-
cility was for many yearsthe world’s largestelectrostaticaccelerator
facility. It can provide beamsof more than 40 different typesof ions
rangingfrom hydrogento uranium.Thefacility consistsof two 15 MV
electrostaticaccelerators,eachabout24 meterslong, alignedend-to-
end.IntheTandemtheatomsarestrippedof someof theirelectrons(e.g.
Au to Q = +32)andacceleratedto akineticenergy of 1 MeV/nucleon.

Heavy Ion Transfer Line (HITL) To studyheavy ion collisionsat high en-
ergies,a 700 meter-long tunnel and beamtransportsystemcalled the
Heavy IonTransportLine werecompletedin 1986,allowing thedelivery
of heavy ions from theTandemto theBoosterfor furtheracceleration.
TheHITL makesit possiblefor theTandemto serve astheRelativistic
Heavy Ion Collider’s ionssource.
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10 J.L.NagleandT. Ullrich

Linear Accelerator (Linac) For thestudyof pp or pA collisionsat theex-
periments,energeticprotonsaresuppliedby anLinearAccelerator(Linac).
The Brookhaven Linear Acceleratorwasdesignedandbuilt in the late
1960’sasamajorupgradeto theAlternatingGradientSynchroton(AGS)
complex. The basic componentsof the Linac include ion sources,a
radiofrequency quadrapolepre-injector, and nine acceleratorradiofre-
quency cavities spanningthe length of a 150 m tunnel.The Linac is
capableof producingupto a35milliampereprotonbeamatenergiesup
to 200MeV for injectioninto theAGSBooster.

Booster TheAlternatingGradientSynchrotronBoosteris lessthanonequar-
ter the size of the AGS. It is usedto preaccelerateparticlesentering
the AGS ring andplays an importantrole in the operationof the Re-
latavistic Heavy Ion Collider (RHIC) by acceptingheavy ionsfrom the
TandemVandeGraaff facility via theHeavy Ion TransferLine (HITL)
andprotonsfrom the Linac. It thenfeedsthemto the AGS for further
accelerationanddelivery to RHIC. After theinstallationof theHITL in
1986,the AGS wascapableof acceleratingions up to silicon with its
atomicmassof 28. However, due to its superiorvacuum,the Booster
makesit possiblefor theAGSto accelerateanddeliver heavy ionsup to
gold with its atomicmassof 197.

AGS Since1960,theAlternatingGradientSynchrotron(AGS)hasbeenone
of the world’s premiereparticle acceleratorsand playeda major role
in the studyof relativistic heavy ion collisions in the last decade.The
AGS nameis derived from the conceptof alternatinggradientfocus-
ing, in which the field gradientsof the accelerator’s 240 magnetsare
successively alternatedinward andoutward, permittingparticlesto be
propelledand focusedin both the horizontalandvertical planeat the
sametime. Among its other duties, the AGS is now usedas an in-
jector for the Relativistic Heavy Ion Collider. For RHIC operationthe
fully strippedionsareacceleratedin theAGSto 9 GeV/nucleonbefore
ejection.

ATR The AGS sendsthe ions (or protons)down anotherbeamlinecalled
theAGS-to-RHICTransferLine (ATR). At theendof this line, there’s
a ”fork in the road”, wheresortingmagnetsseparatethe ion bunches.
Fromhere,thecounter-rotatingbeamscirculatein theRHIC wherethey
arecollidedatoneof four intersectingpoints.
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4. Experimental Program

4.1. LETTERS OF INTENT

In July 1991therewerea setof experimentalLettersof Intent thatwereput
forwardto anadvisorycommittee.Theproposalsarelistedbelow, including
theleadinstitutionandin parenthesisthephysicsobservablefocus.

1. LBL-TPC (inclusive chargedhadrons)

2. BNL-TPC(inclusive chargedhadrons)

3. TOYKO-TALES (electronpairs,hadrons)

4. SUNY-SB(directphotons)

5. Columbia-OASIS (electronpairs,hadrons,high *A+ )

6. ORNL Di-Muon (muonpairs)

7. BNL ForwardAngleSpectrometer(hadronsat largerapidity)

8. MIT MARS (hadronsandparticlecorrelations)

Theexperimentsspantherangeof hadronic,leptonicandphotoniccapa-
bilities to coverthebroadspectrumof physicstopicslistedabove.At thetime,
only theLBL-TPC proposalwasapprovedandbecametheSTAR experiment.
EventuallytheMARS proposalevolved into thePHOBOSexperiment(note
thatPhobosis a moonof theplanetMars) andPHENIX (shouldbe spelled
Phoenix)rose from the ashesof OASIS, Di-Muon, TALES and the other
leptonfocussedexperiments.

Eventuallytherewerefour approvedexperimentswhich have now been
constructedandoperatedduring thefirst yearof RHIC running.BRAHMS,
PHENIX, PHOBOSand STAR are briefly describedbelow. Theseexperi-
mentshave variousapproachesto studythe deconfinementphasetransition
to thequarkgluonplasma.The STAR experiment[7] concentrateson mea-
surementsof hadronproductionover a largesolid anglein orderto measure
single-andmulti-particlespectraandto studyglobalobservablesonanevent-
by-event basis.The PHENIX experiment[8] focuseson measurementsof
leptonandphotonproductionandhasthe capabilityof measuringhadrons
in a limited rangeof azimuthandpseudo-rapidity. The two smallerexperi-
mentsBRAHMS (a forward andmid-rapidity hadronspectrometer)[9] and
PHOBOS(a compactmultiparticlespectrometer)[10] focuson single-and
multi-particlespectra.Thecollaborations,which have constructedthesede-
tector systemsand which will exploit their physicscapabilities,consistof
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12 J.L.NagleandT. Ullrich

approximately900scientistsfrom over 80 institutionsinternationally. In ad-
dition to colliding heavy ion beams,RHIC will collide polarizedprotonsto
study the spin contentof the proton [11]. STAR andPHENIX areactively
involvedin thespinphysicsprogramplannedfor RHIC.

4.2. BRAHMS

The BRoad RangeHadronMagneticSpectrometerBRAHMS experiment
is designedto measureand identify charged hadrons( 9 R , K

R
,
S TVU

) over a
wide rangeof rapidity andtransversemomentumfor all beamsandenergies
availableatRHIC. Becausetheconditionsandthusthedetectorrequirements
at mid-rapidity and forward anglesare different, the experimentusestwo
movablespectrometersfor thetwo regions.

D4

D3

D2

D1

D5

T4

RICHH2,T5

Beam Beam counters

T3

T2,H1C1

Dx

Multiplicity

Beam magnets

TOFW

(GASC)

TPC2 TPC1

T1

Figure 4. Layoutof theBRAHMS detector.

As shown in Figure4, thereis a mid-rapidityspectrometerto cover the
pseudo-rapidityrange "XW BYW �)��- and a forward spectrometerto cover
�)��-ZW B[W ���Ê" . The latter employs four dipole magnets,threetime projec-
tion chambers(TPC),anddrift chambers.Particle identificationis achieved
with time-of-flighthodoscopes,athresholdCherenkov counter, andonering-
imagingCherenkov counter(RICH). The solid angleacceptanceof the for-
ward arm is 0.8 mstr. The mid-rapidity spectrometerhasbeendesignedfor
chargedparticlemeasurementsfor p W �]\23#5 ��� . Thespectrometerhastwo
TPCsfor tracking,a magnetfor momentummeasurement,and a time-of-
flight wall andsegmentedgasCherenkov counter(GASC)for particleidenti-
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fication.It hasasolidangleacceptanceof 7 mstr. A setof beamcountersand
a silicon multiplicity arrayprovide the experimentwith trigger information
andvertex determination.

4.3. PHOBOS

^`_�acb a%dfe:gfhji
bAk lflfa%b0^�gcmfd�n a%b i%k o�afpAgrq ptsvu k lc_'nr^�gcmfd�n a%b w
xVyzn {flfg%d}|}mfu n<k ~ru k y�k n ���Qafn afyzn gcb

� k d�l�|}mfu n<k ~fu k y�k n ��Qarn ary�n g%b

|�{fl%d'afn

�j~�afyzn<b gco�arn a%b

� {r�f�cu a`i
bAk lrlfacb0^�g%mfd'n acb
Figure 5. PHOBOSdetectorsetupfor the2000runningperiod.

The PHOBOSdetectoris designedto detectasmany of the produced
particlesaspossibleandto allow a momentummeasurementdown to very
low *,+ . The setupconsistsof two parts: a multiplicity detectorcovering
almostthe entirepseudo-rapidityrangeof the producedparticlesanda two
armspectrometerat mid-rapidity. Figure5 shows thedetector, includingthe
spectrometerarms,themultiplicity andvertex array, andthelowerhalf of the
magnet.

Oneaspectof thedesignis thatall detectorsareproducedusinga com-
mon technology, namelyas silicon pad or strip detectors.The multiplicity
detectorcoversthe range � �%�¦���DB�� �%�¦� , measuringtotal chargedmulti-
plicity dN�t� /dB over almosttheentirephasespace.For approximately1%of
theproducedparticles,informationon momentumandparticleidentification
will be provided by a two arm spectrometerlocatedon either side of the
interactionvolume(only onearmwasinstalledfor the2000run). Eacharm
coversabout0.4 radin azimuthandoneunit of pseudo-rapidityin therange
"�� B�� Y , dependingon the interactionvertex, allowing themeasurement
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14 J.L.NagleandT. Ullrich

of p+ down to 40 MeV/ � . Both detectorsarecapableof handlingthe600Hz
minimumbiasrateexpectedfor all collisionsat thenominalluminosity.

4.4. PHENIX

ThePHENIXexperimentisspecificallydesignedtomeasureelectrons,muons,
hadronsandphotons.Theexperimentis capableof handlinghigheventrates,
up to tentimesRHIC designluminosity, in orderto sampleraresignalssuch
asthe I'�EJ decayinginto muonsandelectrons,high transversemomentum
9 : ’s, direct photons,andothers.The detectorconsistsof four spectrometer
arms.Two centralarmshaveasmallangularcoveragearoundcentralrapidity
andconsistof asiliconvertex detector, drift chamber, pixel padchamber, ring
imagingCerenkov counter, a time-expansionchamber, time-of-flight andan
electromagneticcalorimeter. Thesedetectorsallow for electronidentification
over a broadrangeof momentain orderto measureboth low massandhigh
massvectormesons.Two forward spectrometersareusedfor the detection
of muons.They employ cathodestripchambersin amagneticfield andinter-
leavedlayersof Iaroccitubesandsteelfor muonidentificationandtriggering.
Theoverall layoutof thePHENIX detectoris shown in Figure6.

�����t� ���c�v�������� 
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Figure 6. Shown is a beamview of the PHENIX two centralspectrometerarms.Their is
a axial field magnetin the middle. The detectorsfrom the inner radiusout are the multi-
plicity andvertex detector(MVD), beam-beamcounters(BBC), drift chambers(DC), pad
chambers(PC1-3),ring imagingcherenkov counter(RICH), time-expansionchamber(TEC),
time-of-flight (TOF), and a Lead Glassand Lead Scintillator electro-magneticcalorimeter
(PbSc,PbGl).
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Figure 7. Shown isasideview of thePHENIXdetectorincludingthetwo centralspectrometer
armsandthe two muonspectrometers.Themuonssystemsconsistof cathodestrip chamber
muontrackers(MuTr) andmuonidentifiers(MuID) interleavedwith layersof steel.

Onekey featureof the PHENIX detectoris the high ratecapabilityof
thedataacquisitionsystem(DAQ) andmulti-level triggerarchitecture.These
allow PHENIX to samplephysicsfrom RHIC collisions above the design
luminosityof themachine.Thishighrateis crucialfor studyingrareleptonic,
photonicandhigh êUë processes.

4.5. STAR

TheSolenoidalTrackerAt RHIC (STAR) is alargeacceptancedetectorcapa-
bleof trackingchargedparticlesandmeasuringtheirmomentain theexpected
high multiplicity environment.It is alsodesignedfor the measurementand
correlationsof global observableson an event-by-event basisandthe study
of hardpartonscatteringprocesses.The layout of the STAR experimentis
shown in Figure4.5. The initial configurationof STAR in 2000consistsof
a large time projectionchamber(TPC) covering ì í�ì¬îðï , a ring imaging
Cherenkov detectorcovering ì í�ìÜîòñÅó?ô and õµö°÷øñÅóIùàú , andtriggerdetectors
insideasolenoidalmagnetwith 0.25T magneticfield. Thesolenoidprovides
auniformmagneticfield of maximumstrength0.5T for tracking,momentum
analysisandparticle identificationvia ionizationenergy lossmeasurements
in theTPC.Measurementsin theTPCwerecarriedout at mid-rapiditywith
full azimuthalcoverage( õµöû÷üï
ú ) andsymmetry. A total of 1M minimum
biasand1M centraleventswererecordedduringthesummerrun2000.
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Figure 8. Schematicview of theSTAR detector.

Additional trackingdetectorswill be addedfor the run in 2001.These
area silicon vertex tracker (SVT) covering ì íÁì�î ù andtwo ForwardTPCs
(FTPC)covering ï5ó�:µî ì íÁìÅî<; . Theelectromagneticcalorimeter(EMC) will
reachapproximately20%of its eventual � ùÈî í î ï and õµö°÷ ï
ú coverage
andwill allow themeasurementof high transversemomentumphotonsand
particles.TheendcapEMC will beconstructedandinstalledover thenext 2
– 3 years.

4.6. RHIC SPIN PROGRAM

Thedesignof boththeSTAR andPHENIX experimentsincludesapolarized
protonprogramto conductstudiesof the spin structureof the proton.Crit-
ical to this measurementis the identificationof high transversemomentum
photonsandleptons.TheSTAR experimentis phasingin anelectromagnetic
calorimeterthatwill becrucialfor suchobservations.In particulartheRHIC
experimentsare ideally suitedfor measuringthe gluon contribution of the
protonspin.
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5. Experimental Techniques

5.1. TRACKING CHARGED PARTICLES (THE STAR EXAMPLE)

The STAR experimentaimsat the observation of hadronicobservablesand
theircorrelations,globalobservablesonanevent-by-eventbase,andthemea-
surementof hardscatteringprocesses.The physicsgoalsdictatethe design
of an experiment.Given the physicsdirectionsit is easyto summarizethe
generalrequirements:

� Soft physics(100MeV/ = î êUë³î ù
ó�:µ\?>�@BAC= )D detectionof asmany chargedparticlesaspossiblewith high effi-
ciency to providehighstatisticsfor event-by-eventobservablesand
fluctuationstudiesD ï
ú continuous azimuthalcoveragefor reliableeventcharacteriza-
tionD hightrackingefficiency ascloseto thevertex aspossibleto contain
thesizeof theexperimentD adequatetrack lengthfor tracking,momentummeasurementand
particleidentificationfor amajority of particlesD goodtwo-trackresolutionproviding amomentumdifferencereso-
lution od a few EF>�@BAC= for HBT studiesD accuratedeterminationof secondaryverticesfor detectingstrange
particles( GIH�JKH�L )

� Hardphysics( M ù
ó�:·\N>�@OA�= andjets)D large uniform acceptanceto maximizeratesand minimize edge
effectsin jet reconstructionD accuratedeterminationof the primary vertex in order to achieve
high momentumresolutionfor primaryparticlesD electromagneticcalorimetrycombinedwith trackingandgoodmo-
mentumresolutionup to ê ë ÷ 12 \?>�@BAC= to triggeron jetsD segmentationof electromagneticcalorimeterswhich is consider-
ablefinerthanthetypicaljet size,i.e. jet radiusPÈ÷RQ S)í/TVUWS5ö(T xù .

Thechallengeis to find adetectorconceptwhichmeetsall theserequirements
with minimal costs.Thedetectorof choiceto solve themain trackingtasks
was a large Time ProjectionChamber(TPC) operatedin a homogeneous
magneticfield for continuoustracking,goodmomentumresolutionandparti-
cle identification(PID) for tracksbelow 1 \N>�@OA�= . Therequirementsnotmet
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18 J.L.NagleandT. Ullrich

by theTPCneededtobecoveredby morespecializeddetectorssuchasalarge
acceptanceelectromagneticcalorimeter(hardprocesses),two Forward-TPCs
(coverageof íXM ù
ó�Y ), andaninnersiliconvertex tracker (betterprimaryand
secondaryvertex measurement).For particleidentificationof high-êUë parti-
clesdetectorsa small Ring ImagingDetector(RICH) anda Time-of-Flight
(ToF) patchwere added.Both detectorsare not usablefor event-by-event
physicsdueto theirsmallacceptancebut allow to extendthePID capabilities
for inclusive distributions.

The needfor an homogeneousfield along the beamdirectionputs an
stringentconstrainton the designof the whole experiment.Only large so-
lenoidalmagnetsareableto provide uniform fieldsof considerablestrength
(0.5T). To keepdown thecoststhemagnetcannotbetoo largewhich limits
significantly the amountof “real estate”(i.e. detectors)it canhouseinside
for tracking,PID, andcalorimetry. Thefinal magnethascoils with an inner
radiusof 2.32 m and a yoke radiusof 2.87 m. The total length is 6.9 m.
Note, that this conceptis very different from the designof PHENIX where
theaxial-fieldmagnetdoesnot, or only weakly, constrainthedimensionsof
therequireddetectors.

Figure 9. PeripheralAu+Au eventrecordedin theSTAR TPC.Shown is theprojectionof all
hits (points)andreconstructedtracks(solid lines)in theeventontothexy planeperpendicular
to thebeamline.
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In the following we focuson the TPC,STARs main trackingdetector,
that essentiallyperformsthe role of a 3D camerawith around70 million
pixel resolution.TheTPCis dividedinto two longitudinaldrift regions,each
2.1 m long. Electronscreatedfrom track ionizationdrift in the longitudinal
direction, along the TPC electric field lines, to the end-capsof the TPC.
Eachend-capis instrumentedwith 70,000pads.Eachpadreadsout512time
samples.Thepositionof the ionizationcharge in thereadoutplaneprovides
the x andy coordinatesof a spacepoint alongthe particle trajectorywhile
thearrival time of thechargeallows to determinetheoriginal z position.The
ionizationpattern(chainof hits) of a traversingcharged particlecurved in
the magneticfield allows the completereconstructionof the particletrajec-
tory andits 3-momentum.Fig. 9 shows the xy-projection(front view) of a
low multiplicity eventrecordedin theSTAR TPC.Eachpoint representsone
reconstructedhit, i.e. thelocal ionizationchargecreatedby oneparticle.The
lines representthe reconstructedtrajectoriesof the particles.Togetherwith
thetiming informationit is possibleto alsoreconstructthez-positionof the
hits andsuchthepolarangleof thetracksasshown in Fig. 10.Sophisticated
patternrecognitionprogramsperformthe taskof reconstructingtheparticle
trajectoryusingthemeasuredpositionsof themeasuredhits.This procedure
is commonlyreferredto as“tracking”. In the following we discussthe pa-
rameterizationusedto describea track in the STAR TPC (andin any other
detectorwith anhomogeneoussolenoidalfield).

Figure 10. Sameevent as shown in Fig. 9 but viewed from the side. The beamlineruns
horizontallyfrom theleft to theright.
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5.1.1. Track Parameterization Momentum Determination
The trajectoryof a chargedparticle in a staticuniform magneticfield withZ[ ÷]\�ñ/H ñ/H [N^�_

is a helix. In principle five parametersareneededto define
a helix. From the variouspossibleparameterizationswe describeherethe
versionwhich is mostsuitedfor the geometryof a collider experimentand
thereforeusedin STAR.

Thisparameterizationdescribesthehelix in Cartesiancoordinates,where` H�a and b areexpressedasfunctionsof thetracklength c .
` \dc _ ÷ `(e U ùfhg ikj�l \nm e Upoqc f ikj�lsr _ � ikj�l m e�t (1)

au\dc _ ÷va e U ùf g l�wyx \nm e U<oqc f ikj�lur _ � l�wyx m e�t (2)bz\dc _ ÷{b e U<c l|wyx}r (3)

where:~ is thepathlengthalongthehelix��� H�� � H|� � is thestartingpoint at cå÷�c e ÷ ñr is thedip anglef is thecurvature,i.e. f ÷ ù	A���
is thez componentof thehomogeneousmagneticfield (

[ ÷�\�ñ/H ñ/H [N^�_
)� is chargeof theparticlein unitsof positroncharge�

is the senseof rotation of the projectedhelix in the ` a -plane,i.e. o ÷
� l�w���x \�� [�_ ÷�� ù� � is theazimuthangleof thestartingpoint (in cylindrical coordinates)with
respectto thehelix axis( m e ÷�� ��o�ú�A
ï )�

is the �C� ik� � x \���a�A�� ` _&��� e , i.e. theazimuthalangleof thetrackdirectionat
thestartingpoint.
Themeaningof thedifferentparametersis visualizedin Fig. 11.

Thecircle fit in the ` a -planegivesthecenterof thefitted circle \ `(� H�a � _
andthecurvature f ÷üù	A�� while thelinearfit gives b e and � � xhr . Thephase
of thehelix (seeFig. 11) is definedasfollows:

m e ÷ �C� ik� � x ¡ a e �¢a �`(e � ` ��£ (4)

Thereferencepoint \ `(e H�a e _ is thencalculatedasfollows:`(e ÷ ` � U ikj�l m ef (5)

a e ÷va � U l�wyx m ef (6)

andthehelix parameterscanbeevaluatedas:� ÷¤m e U<o�ú�A
ï (7)
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Figure 11. Helix parameterization:shown on the left is the projectionof a helix on the ¥C¦
plane.Thecrossesmarkpossibledatapoints.Theright plot depictstheprojectionof a helix
on the §�¨ plane.For themeaningof thevariousparametersseetext.

êUë ÷©=ª� [ A f (8)

ê ^ ÷ êUë � � xhr (9)

ê³÷¬« ê T ë U ê(T^ (10)

wheref is thecurvaturein [m ­ O ], [ thevalueof themagneticfield in [Tesla],= the speedof light in [m/ns] ( ® ñÅó?ô ) and êUë andp̂ arethe transverseand
longitudinalmomentumin [ \?>�@BA�= ].

Oncethe track momentaandparametersare determined,onecan use
theabove parameterizationto extrapolatetheTPC tracksto otherdetectors,
e.g.outwardsto theelectromagneticcalorimeteror RICH detector, or inwards
to thesiliconvertex tracker (SVT). Oncethereferringhitsarefoundthey are
addedto thetrackandtheparametersarere-evaluated.Thechargesof all hits
alonga track canbe usedto calculateits energy loss( S�¯°A�S ` ) andtogether
with its known momentumcanbeusedto determinetheparticlemass.

5.2. ELECTRON IDENTIFICATION (THE PHENIX EXAMPLE)

As we have seenin the physicsmotivation section,therearemany reasons
to measureelectronsover a broad rangein transversemomentum.In the
original Lettersof Intent therewere many different proposalsfor detector
technologiesfor measuringelectrons,and many of thesecapabilitieswere
combinedinto the PHENIX experiment.The PHENIX experimenthastwo
centralspectrometerarmseachcovering90degreesin ö and ì íÁìÅîòñÅó?ô�: .

Electronsandalsochargedhadronsthatareproducednearmid-rapidity
arebent in an axial magneticfield over a radial distanceof approximately
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Figure 12. A schematicdiagramof thePHENIX centralspectrometermagneticreconstruction
techniqueis shown.

two metersafter which the apertureis relatively field free. Thereis a large
aperturedrift chamberthatmeasurestheprojective trajectoryof thecharged
particle tracksin the field free region with multiple wire layersorientedin
the x direction (giving maximumresolutionin the bendplaneof the field)
and also in u and v direction (stereoplanesfor patternrecognition).The
drift chamberis augmentedby aseriesof moderateresolutionpadchambers,
which yield threedimensionalspacepoint alongtheparticle’s trackandaid
significantlyin patternrecognitionandnon-vertex backgroundrejection.As
shown in Figure12 theparticletrack is characterizedby anangle( ± ) in the
bendplaneof the magneticfield. From this vectorandthe assumptionthat
thetrackoriginatedat theAu-Au collision vertex, therigidity of thetrack is
determined.Therigidity is themomentumdividedby theparticlecharge,and
with theassumptionof a ²ø÷³�¬ù particle,themomentumis known.

Typically themomentumresolutionhastwo componentsasshown be-
low. ´ ê6A<ê ÷�\n®üù	µ _ U�\n® ù	µ _·¶ ê g \?>�@BA�= t (11)

Thefirst term, typically of order1% is dueto themultiple scatteringof the
charge particle in materialbeforeand in the tracking devices.The second
termwhichscaleswith theparticle’s momentumis relatedto thefinite spatial
resolutionof the detector. The PHENIX detectorhasbeendesignedwith a
minimum of inner region materialincluding a Beryllium beampipe,which
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hasa low Z valueto minimizemultiplescatteringwhile maintainingintegrity
for thevacuum.All four experimentsatRHIC have Be beam-pipesin thein-
teractionregion.ThePHENIX designresolutionfrom thedrift chamberis of
order0.5%at êUë¸® ñÅó?ï GeV andincreaseslinearly with ê ë above 0.7GeV.
Thereis a greatdealof work involved in calibrationsandwire alignementto
achieve theseresolutionvalues.

It is notablethatPHENIX usesanaxialfield magnetfor thecentralspec-
trometersasopposedto a solenoidalfield. Therearesubstantialadvantages
anddisadvantagesto thischoice.Onemajorconsiderationis thatif theentire
experimentis containedinsidealargesolenoid,asin theSTAR configuration,
the magneticfield is presentthroughoutthe volume.This is advantageous
for the large volumeTime ProjectionChamber(TPC) of STAR wherethey
canobserve the curvatureof the chargedparticle tracks.However, the cost
of thesemagnetsincreasessteeplyasoneincreasedthedesiredouterradius.
PHENIX for thepurposesof hadronparticleidentificationwantedto have a
Time-of-Flightscintillatorwall approximately5 metersfrom the interaction
vertex andfor electronandphotonidentificationagoodenergy resolutionand
high granularityelectromagneticcalorimeterbehindthat. In keepingwithin
theexperimentalbudgetit wouldnothave beenpossibleto have asolenoidal
magnetwith anouterradiusgreaterthan5.5meters.TheALICE experiment
beingbuilt for theCERN-LHCprogramis fortunateto beableto re-usethe
very largesolenoidfrom theL3 experimentat LEP. Onedisadvantageof the
PHENIX choiceis thatthepoletips of theaxial field magnetarecloseto the
interactionpoint and createsubstantial“shine”, particlesscatteringoff the
polesinto thedetectoraperture.Theoverall choicefor thefield configuration
is animportantstartingpoint for many detectordesigns.

Now that we have characterizedthe particle’s momentumvector, we
must discriminateall of the charged pions from our interestingelectrons.
Thefirst detectorin PHENIX thatis employedis aRing ImagingCherenkov
detector(RICH). It is a large gasvolumedetectorwith a thin mirror plane
for reflectingCherenkov light ontoanarrayof photo-multipliertubes(PMT)
thataresituatedoff to thesideof thespectrometeracceptance.Theradiator
gasusedis eitherethanewith an index of refractionn=1.00082or methane
with n=1.00044.Requiringmore than threePMT hits yields almost100%
efficiency for electronsand rejectspionswith êUë{® î¹; GeV at the level
of î ùàñ�º in a single track environment.The detector, requiringonly three
PMT’s,doesnotreconstructaring radiusfor furtherparticlecharacterization,
but ratheris usedasa thresholddetectoronly.

In amultiple trackcollisions(rememberof order5000chargedparticles
are being produced)one can incorrectly matcha track to a RICH signal.
Furtherelectronidentificationis providedby theelectromagneticcalorimeter
(EMCal).Thecalorimeteris composedof bothLeadScintillator (PbSc)and
LeadGlass(PbGl)modules,with thelaterbeingoriginally usedin theWA98
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experimentat theCERN-SPSheavy ion program.Thecalorimeterhasa ra-
diation lengthof ® ù-»�¼ e and ® ù-½�¼ e for thePbScandPbGl respectively,
but doesnot fully interactandcontainhadronicshowers.Thus,an electron
or photonincident on the calorimeterdepositsmost of its energy, while a
hadron(eg. chargedpion) hasa largeprobabilityto passthroughthemodule
depositinga small S�¯¾A�S ` minimum ionizing radiationenergy. Even when
the pion suffers an inelasticcollision in the calorimeter, only a fraction of
its energy is containedandmeasuredin thePMT at thebackof themodule.
Theexcellentenergy resolution®¿: �À»�µ�A Q ¯Á\'\?>�@ _

andhigh granularity
givepreciseelectronidentificationandpionrejectionby requiringtheenergy
matchthemeasuredmomentum( ¯¾A<êF® ù ). However, thebackgroundrejec-
tion degradeswhentheparticlemomentumis low andhadronicshowershave
ahigherprobabilityto matchthemeasuredmomentum.

Therefore,an additionaldetectoris necessaryto help identify low êUë
electronsfor the crucial low massvectormesonphysics.For this purpose,
PHENIX usesaTimeExpansionChamber(TEC) thatsamplesenergy lossin
a gasradiator. TheTEC determinestheparticlespeciesusing S�¯¾A�S ` infor-
mation.It hasarejectionof Â�A
úÃ®�:�µ for particleswith amomentump= 500EF>�@BAC= with P10gasand2% with Xe gas,which is muchmoreexpensive.
It is the combinationof all thesedetectorsthat allow for efficient electron
measurementswith a minimum of pion contamination.Thus,the challenge
of electronidentificationover abroadrangein êUë is met.

5.3. MUON IDENTIFICATION (THE PHENIX EXAMPLE)

Direct muonsand hadronsdecayinginto muonsrequirea ratherdifferent
experimentalapproachto measuringelectrons,photonsandother hadrons.
Muonsinteractwith alow crosssectionin material,andareeasiestto identify
by placingsteelor othermaterialin theparticlepathandremoving all other
particlesthroughinteraction.Then a detectorplacedafter the steelshould
measureacleanmuonsample.

However, the muonsmusthave a large enoughenergy to penetratethe
steelwithout stoppingdue to ionizationenergy loss S,¯¾A�S ` . In the central
rapidity region at a collider, the muonsfrom low ê ë�Ä(A�Å decaysmake it
impossibleto have enoughsteelto rangeout otherhadronseffectively, while
allowing the muonsto passthrough.In particle experimentsthat focus on
high êUë muons,the detectorcanconsistof a similar one to that described
above for electrons.After thecalorimeter, onecanhave somesteelabsorber
(oftenthereturnin themagnetsteel)andthenhaveamuonidentifierdetector
outsideof that.This designdoesnot work well for heavy ion physics.First,
it restrictsthemeasurableêUë rangeat too high a valueandalsohasa large
backgroundfrom low êUë pionsdecayinginto muons.

corsica.tex; 23/12/2001; 23:06; p.24



ExperimentalistsandTheorists 25

Another option is to measuremuonsare forward rapidity wherethey
have a substantialmomentumin the longitudinal direction.PHENIX mea-
suresmuonsin theforwardandbackwardpseudo-rapidityregions(at angles
of 10-35degreesfrom the beamline). The detectorconsistsof a brassand
steelabsorberto rangeouthadronsfollowedby acathodestripchambermuon
trackingdevice thatmeasurestheparticle’s bendin amagneticfield. Thereis
adelicatebalancein theamountandtypeof absorbermaterialused.Toomuch
materialandthemultiplescatteringreducestheresolutionwhich is important
for cleanlyseparatingstatessuchas Ä(A�Å and ÅVÆ , and too little materialin
which casethe particleoccupancy in the trackingdevice is too large.After
themuontrackingdevice thereis moresteelabsorberwith Iaroccitubemuon
identifiersinterspersed.Thecoverageis from ù
óIù W ì íÁì�W ï5ó�; andthemuons
must have ¯ÈÇ ï5óIù GeV in order to penetratethe absorbermaterial.The
identifierdetectorsalsoprovide thenecessarytrigger informationto sample
themuonsfrom thehigh luminosityRHIC collisions.

Themostsubstantialbackgroundin measuringÄzA�Å and É mesonsare
muonsfrom pionsandkaonsthatdecaybeforethey hit thebrassnose-cone
absorbers.Thereis a competingrequirementin PHENIX in that onewants
theabsorberascloseto theinteractionvertex aspossibleto reducethisdecay
contribution,but they needto befarenoughapartfor thereto beagoodaccep-
tancefor electrons,hadronsandphotonsin thetwocentralarmspectrometers.
Therearemany benefitsto thecomprehensive designof PHENIX, but there
aredefinitedrawbacksaswell. Of the two muonarms,thesouthmuonarm
was completedfor running in Run II at RHIC, and the north arm will be
completefor RunIII.

6. Physics Results

In this chapterwe presentthe physicsresultsfrom the Run I dataand a
preview of expectedresultsfrom RunII.

6.1. GLOBAL OBSERVABLES

The first resultwith a measurementfrom all four RHIC experimentsis the
chargedparticlemultiplicity [12, 13, 14, 15]. The four experiments’results
for central(smallimpactparameter)collisionsarein excellentagreementand
areshown in Figure13. Themultiplicity risesmoresharplyasa functionof
center-of-massenergy in heavy ion collisionsthanin ê�U½ê andê�U ê collisions,
which is attributedto the increasedprobability for hardpartonscatteringin
thethick nucleartargetseenby eachparton.

We expect the charge particleyield to increasefor collisionsof larger
nuclei. However, at low x values,the high densityof gluonsmay in fact
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shown for Au-Au collisionsat Ï §&Ð-Ð = 130GeV. Also shown aredatafor Ñ}Ò¾Ñ and ÑKÒ Ñ
collisions.A modelof heavy ion collisionsHIJING is shown for comparison.

saturatedue to gluon fusion processes.The contribution to the yield from
hardprocessesshouldexhibit point-like scaling(scalingwith thenumberof
binarycollisions)andwould thusscaleas ÓhÔ�Õ&º . However, partonsaturation
dependsuponthenuclearsizeandwould limit thegrowth of thenumberof
producedpartonsas Ó O Õ&º . If present,this initial partonsaturationwould limit
thehardprocesscontribution to thetotal chargedparticlemultiplicity.

Only onenuclearspecies(Au) wasacceleratedin RunI at RHIC. Thus,
rather that changingthe massnumber Ó directly we control the collision
volume by varying the centrality or the numberof participatingnucleons
for Au-Au collisions. Shown in Figure 14 are the publishedresultsfrom
thePHENIX [13] andPHOBOS[16] experimentsfor thenumberof charged
particlesper participantnucleonpair asa function of the numberof partic-
ipating nucleons.The numberof participatingnucleonsis determinedin a
slightly differentmannerby thedifferentexperiments.However, thegeneral
methodis to calibratethenumberof spectatornucleons(= ï ¶ Ó - participant
nucleons)usinga measurementof spectatorneutronsin a setof zerodegree
calorimetersthatarecommonto all experiments.By correlatingthenumber
of forwardneutronsto thenumberof chargedparticleproducedin the large
pseudo-rapidityregion, theeventgeometrycanbeunderstood.

In Figure14 onecanalsoseetheorycomparisonsthat indicatethat a
modelincludingpartonsaturation(EKRT [17]) fails to agreewith themore
peripheraldata.Resultsfrom theHIJING model[18] arealsoshown which
doesnot include partonsaturationand thus hasa more continuousrise in
theparticlemultiplicity. Sincesaturationphenomenaareonly likely to have
observableconsequencesfor large collision volumes,it is not possiblewith

corsica.tex; 23/12/2001; 23:06; p.26



ExperimentalistsandTheorists 27

partN
0
Ö

100 200 300
×

400

>/
2)

p
ar

t
/(

<NØ
η

/dØ
ch

d
N

2
Ù2.5

3
×3.5

× 4

PHOBOS
PHOBOS PRL

pp
EKRT
HIJING
PHENIX

PHOBOS
PHOBOS PRL

pp
EKRT
HIJING
PHENIX

Figure 14. PHENIX andPHOBOSresultsfor Ú-Û�Ü�Ý�Þ�Ú�ß�à á�â�ã&Þ�äå Û�æ&ç�èné asa functionof Û�æ&ç�èné .
Thehashedandsolidbandsindicatethesystematicerrorsfor thetwo experimentalresults.The
datapoint for Ñ Ñ with two participantsis shown for comparison.Also theoreticalpredictions
from theHIJING andEKRT modelsareshown.

presentsystematicsto rule out the saturationpicture for the most central
collisions.

In orderto bettertestthesaturationpicturelighter ion, smaller Ó , colli-
sionswill bestudiedin RunII. In addition,heavy flavor (charmandbottom)
and Drell-Yan productionshouldbe a sensitive probeto the initial parton
density. Anotherproposalis thatby varyingthecollisionenergy andkeeping
thenucleargeometrythesameonecangetabetterhandleonsystematicsand
testscenariosdependenton the couplingconstantand the saturationscale.
The physicsof partonsaturationandcolor glasscondensatesis at the fore-
front of theoreticaldevelopmentin thefield. Many recentdevelopmentswere
discussedin thisworkshopandwill bedescribedin othercontributions.

In addition to the initial partondensity, the energy densityis of great
interest.Therearepublishedresultsestimatingtheinitial thermalizedenergy
densityachieved in thesecollisions.Bjorken originally derived a formula,
shown in Eqn.12, relatingthemeasuredtransverseenergy per unit rapidity
to thethermalenergy density[19].ê�ë"ì ÷ ù

ú6� T ù=kí S�¯×ëS�a (12)

It shouldbe notedthat thereis a trivial factor of two error in the original
referencethat is correctedhere.This formulation assumesa boost invari-
antexpandingcylinder of densenuclearmatteranda thermalizationtime í .
Therearetwo importantassumptionsin this particularformulation.Thefirst
is the boost invariant natureof the collision. Thereare recentpreliminary
measurementsfrom STAR and PHOBOSthat indicate the distribution of
particlesis relatively flat over � ï unitsof pseudo-rapidity. However, shown
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in Figure15 is themeasureddistribution of êuA<ê from theBRAHMS experi-
ment[20]. This indicatesthethesystemis alreadychangingat aq® ï , though
it is not clearthatthis is enoughto invalidatetheenergy densityformulation.
Thesecondquestionis whatis therelevantthermalizationtime í .
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ThePHENIX experimenthaspublished[21] the transverseenergy dis-
tribution for minimumbiasAu-Au collisions.For the5%mostcentralevents,
theextractedtransverseenergy îpS�¯×ë A�S)í M ì � � e ÷�:
ñ)ô � ï GeV. Shown in
Figure16 is S�¯×ë A�S)í�A/\�ñÅó�:���� _ versusthenumberof participatingnucleons.
Oneseesa similar increasein transverseenergy aswasseenin thecharged
particlemultiplicity yield.

The canonicalthermalizationtime usedin mostcalculationsis í ÷ ù
fm/ = , that yields an energy densityof ;Üó�½ GeV/fmº , which is is 60% larger
thanmeasuredat theCERN-SPS.In addition,it is believedthatthedensityis
substantiallyhigherdueto thepotentiallymuchshorterthermalizationtime
in thehigherpartondensityenvironment.If oneachievesgluonsaturationthe
formation time is of order 0.2 fm/ = and gives an estimatedenergy density
of ï�ô5ó ñ��?>�@BA���� º . Thereareeven estimatesof over :
ñ��?>�@BA���� º , but they
assumeavery largedropin thefinal measuredtransverseenergy dueto work
donein the longitudinalexpansionof thesystem.All of theseestimatesare
above theenergy densityof order ñÅó�½�� ù
ó�»��?>�@BA���� º correspondingto the
phasetransitiontemperatureù-:
ñ�� ï
ñ�ñ MeV.

6.2. ELLIPTIC FLOW

Theazimuthalanisotropy of the transversemomentumdistribution for non-
centralcollisionsis thoughtto besensitive to theearlyevolution of thesys-
tem. The secondFourier coefficient of this anisotropy, � T , is calledelliptic
flow [22]. It is animportantobservablesinceit is sensitive to there-scattering
of the constituentsin the createdhot and densematter. This re-scattering
converts the initial spatialanisotropy, dueto the almondshapeof the over-
lap region of non-centralcollisions,into momentumanisotropy. The spatial
anisotropy is largestearly in the evolution of the collision, but as the sys-
temexpandsandbecomesmorespherical,this driving forcequenchesitself.
Therefore,the magnitudeof the observed elliptic flow reflectsthe extent
of the re-scatteringat early time [23]. The time evolution of the transverse
energy densityprofile is schematicallydepictedin Figure17 wherethesolid
linesrepresentsurfacesof constantenergy density. Thepressurein thesystem
is highestin directionof the reactionplane(largestenergy densitygradient)
whichcausestheelliptic anisotropy.

Elliptic flow in ultra-relativistic nuclearcollisionswasdiscussedasearly
as1992[24] andhasbeenstudiedintensively in recentyearsatAGS[25, 26],
SPS[27, 28, 29] andnow at RHIC [30] energies.Thestudiesat thetop AGS
energy andat SPSenergieshave found thatelliptic flow at theseenergiesis
in theplanedefinedby thebeamdirectionandtheimpactparameter, � T Mòñ ,
asexpectedfrom mostmodels.

The STAR detectoris especiallysuitedto studyelliptic flow dueto its
azimuthalsymmetry, large coverage,and its capabilityof trackingcharged
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Figure 17. Schematicview of a evolution of thetransverseenergy densityprofile (indicated
by constantenergy densitycon toursspacedby) andof the flow velocity field (indicatedby
arrows) for Pb+Pbcollisionsat impactparameterb=7.0fm. Thefour panelsshow snapshots
at times  "!# �ã$
 3.2,4.0,5.6,and8.0 fm/ % . At thesetimesthemaximalenergy densitiesin
thecenterare5.63,3.62,1.31and0.21GeV/fm& , respectively. Thefigureis takenfrom [32].

particlesdown to very low êUë . Evenin peripheraleventstherearesufficient
tracksavailableto divide the event in two ’subevents’ of which oneis used
to measure,or betterestimate,theeventplaneandtheotherto correlatethe
particlesin it in order to derive � T . While BRAHMS is not able to study
elliptic flow becauseof its smallacceptance,PHOBOShassomecapabilities
to measure� T but only integratedover all êUë . Becauseof its restrictedaz-
imuthalcoveragethePHENIX collaborationfollows a differentapproachto
reconstruct� T by studyingthe õ ö correlationbetweenparticlesthuscircum-
ventingtheeventplanedetermination.However, work is still in progressand
in thefollowing we concentrateon themoredirecteventplanemethodused
in STAR.

The flow analysismethodinvolves the calculationof the event plane
angle,which is an experimentalestimatorof the real reaction-planeangle.
Thesecondharmoniceventplaneangle,� T , is calculatedfor two sub-events,
which areindependentsubsetsof all tracksin eachevent.Figure18 shows
theresultsfor thecorrelationbetweenthesub-eventsfor thefirst andsecond
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Figure 18. The correlationbetweenthe event planeanglesdeterminedfor two independent
sub-events.Thecorrelationis calculatedfor thefirst harmonic(n=1)andthesecondharmonic
(n=2).

harmonicasa functionof centrality[30]. Thepeakedshapeof thecentrality
dependenceof ) ikj�lCg ï�\n�+*,� �.- _ t�/ is asignatureof anisotropicflow. However,
thecorrelationbetweenthesub-eventsmaynotbedueentirelyto anisotropic
flow. To estimatethe magnitudeof non-flow effects one can usethe sub-
eventsin threedifferentways:

1. Assigningparticleswith pseudo-rapidityí³î ñ U ê to one sub-event
andparticleswith í M ñNU ê to theother. Shortrangecorrelations,such
asBose-Einsteinor Coulomb,areto a large extenteliminatedby the ï ê
“gap” betweenthetwo sub-events.

2. Dividing randomlyall particlesinto two sub-events,sensitive to all non-
flow effects.

3. Assigningpositiveparticlesto onesub-eventandnegativeparticlesto the
other, allowing anestimationof thecontribution from resonancedecays.

Studieshave shown that the resultsfrom all threemethodsarefor the
centralandmid-peripheraleventsverysimilar. For themostperipheralevents
theresultsvary amongthemethodsby about0.005.Not all non-flow contri-
butionsmight be known andthe effectsof others,suchasjets,aredifficult
to estimatebecauseof their long-rangecorrelation.In order to estimatethe
systematicuncertaintydueto theeffectsof jets,onecanassumethatjetscon-
tributeat thesamelevel to boththefirst andsecondordercorrelations.Taking
the maximumobserved positive first ordercorrelation,asbeingcompletely
dueto non-flow will reducethecalculated� T values.
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Figure 20. Excitationfunctionof 043 from topAGSto RHIC energies.

Figure 19 shows the final �65 integratedover all 798 as a function of
centrality. The statisticaluncertaintiesaresmallerthanthe markersandthe
uncertaintiesshown are the systematicuncertaintiesdue to this estimated
non-flow effect.

Figure20showsthemaximum� 5 valueasafunctionof collisionenergy.
It risesmonotonicallyfrom about0.02at the top AGSenergy [25], 0.035at
the SPS[28] to about0.06 at RHIC energies [30]. This increasingmagni-
tudeof theintegratedelliptic flow indicatesthatthedegreeof thermalization,
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which is associatedwith theamountof re-scattering,is higherat thehigher
beamenergies.However, interpretationof the excitation function hasto be
donewith care.The � 5 valuesusedherearethemaximumvaluesasafunction
of centralityfor eachenergy. Thecentralitywhere � 5 peakscanchangeasa
functionof beamenergy, indicatingdifferentphysics[31].
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Figure 21. :43 as a function of ;=< , as measuredby STAR in > ?A@�@ = 130 GeV Au-Au
collisions.

The differential anisotropicflow is a function of B and 798 . Figure21
shows C 5 for chargedparticlesasa functionof 798 for a minimumbiasevent
sample.Mathematically, the C 5 valueat 798 =0, aswell asits first derivative,
mustbezero,but it is interestingthat C 5 appearsto risealmostlinearly with798 startingfrom relatively low valuesof 798EDThis is consistentwith astronger
“in-plane” hydrodynamicexpansionof the systemthan the averageradial
expansion.

Comparingto estimatesbasedon transportcascademodels,onefinds
thatelliptic flow is underpredictedby afactorof morethan2.Hydrodynamic
calculations[32] for RHIC energiesover predictelliptic flow by about20-
50%.This is just thereverseof thesituationat theSPSwherecascademodels
gaveareasonabledescriptionof thedataandhydrodynamiccalculationswere
more thana factorof two too high. Also in contrastto lower collision en-
ergies, the observed shapeof the centralitydependenceof the elliptic flow
is similar to hydrodynamiccalculationsandthusconsistentwith significant
thermalizationwhich is oneof themoststrikingresultsfrom theinitial round
of RHIC results.
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6.3. TWO-PARTICLE INTERFEROMETRY (HBT)

Thestudyof small relative momentumcorrelations,a techniquealsoknown
asHBT [33] interferometry, is oneof themostpowerful toolsto studycom-
plicatedspace-timedynamicsof heavy ion collisions [34]. It provides cru-
cial informationwhich helpsto improve our understandingof the reaction
mechanismsandto constraintheoreticalmodelsof theheavy ion collisions.
Interpretationof theextractedHBT parametersin termsof sourcesizesand
lifetime is moreor lessstraightforward for thecaseof chaoticstaticsources.
In thecaseof expandingsourceswith strongspace-momentumcorrelations
(dueto flow, etc.)thesituationis moredifficult, but theconceptof lengthof
homogeneity[35] providesausefulframework for theinterpretationof data.

The dependenceof the pion-emittingsourceparameterson the trans-
versemomentumof theparticlepairs( FHG ) andoncentralitycanin principle
bemeasuredby all RHIC experimentswith high statistics.For moredetailed
analysisasfor exampleevent-by-eventHBT, HBT radii versusreactionplane,
andthe correlationof HBT resultswith otherobservablescanonly be per-
formedby STAR dueto its large acceptanceandazimuthalcoverage.These
studies,however, are still in progressand it is by far too early to discuss
themhere.In thefollowing we show resultsfrom theSTAR experiment[36]
thatperformedamulti-dimensionalanalysisusingthestandardPratt-Bertsch
decomposition[37] into outward,sideward,andlongitudinalmomentumdif-
ferencesandradiusparameters.The dataareanalyzedin the longitudinally
co-moving sourceframe, in which the total longitudinalmomentumof the
pair (collinearwith thecolliding beams)is zero.

As expected,larger sizesof the pion-emittingsourcearefound for the
morecentral(i.e. decreasingimpactparameter)events,which in turn have
higherpion multiplicities. This sourcesizeis observed to decreasewith in-
creasingtransversemomentumof thepionpair. Thisdependenceis similar to
whathasbeenobservedat lowerenergiesandis understoodto beaneffectof
collective transverseflow. Shown in Figure22 is thecoherenceparameterI
andtheradiusparametersRJLK�M , RNPORQTS , andRU JWVYX obtainedin theanalysis.Also
shown arevaluesof theseparametersextractedfrom similaranalysesat lower
energies.All analysesarefor low transversemomentum( Z 170MeV/ [ ) neg-
ative pion pairsat mid-rapidityfor centralcollisionsof Au + Au or Pb+ Pb.
FromFigure22thevaluesof I , RJLK�M , RNPORQTS , andRU JLVYX extendsmoothlyfrom
the dependenceat lower energies and do not reflect significantchangesin
thesourcefrom thoseobservedat theCERNSPSenergy. Oneof thebiggest
surprisesis that the anomalouslylarge sourcesizesor sourcelifetimes pre-
dictedfor a long-livedmixedphase[38] havenotbeenobservedin thisstudy.
Preliminaryresultsof theHBT analysisby thePHENIX Collaboration [39]
agreewith theSTAR resultswithin errorbars.
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One of the big puzzles,however, is the magnitudeand the tranverse
momentum( FÄG ) dependenceof the ratio of Å­JLK�M / Å.NPORQTS which contradicts
all modelpredictions[38, 40]. Thesemodelcalculationspredictthe ratio to
be greaterthanunity dueto systemlifetime effectswhich causeÅ+JLK�M to be
largerthan Å.NPOÂQºS . They alsopredictthattheratio increaseswith FÄG . Suchan
increaseseemsto be a genericfeatureof the modelsbasedon the Bjorken-
type,boost-invariantexpansionscenario.Hence,it wassurprisingto seethat
the experimentallyobserved ratio is lessthan unity and is decreasingas a
functionof FHG . Currently, it is far from clearwhatkind of scenariocanlead
to suchapuzzling FHG dependence.

6.4. HARD PROCESS PROBES OF THE PLASMA
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Figure 23. PreliminaryPHENIX invariantmultiplicity of identified ÍÏÎ asa functionof trans-
versemomentumareshown for peripheralandcentralcollisions.Comparisonwith theoretical
calculationswith andwithoutpartonenergy lossarealsoshown.

Jetprocessesand their associatedhadronicfragmentationprovide one
of the most exciting probesof the color deconfinedplasma.The PHENIX
experimenthasmeasuredthe distribution of identified ÐÒÑ for both central
andperipheralAu-Au collisionsasshown in Figure23 [41]. Theperipheral
resultsappearto be in good agreementwithin systematicerrorsof an ex-
trapolationfrom 7=7 collisionsscaledup by the numberof binary collisions
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Figure 24. Invariantmultiplicity of chargedhadronsasa function of transversemomentum
(top).Ratioof unidentifiedchargehadronspercalculatedbinarycollision from Au + Au cen-
tral collisionsto thosefrom p + p() ) collisionsextrapolatedto * +-,�, =130GeV asa function
of transversemomentum(bottom).

expectedin this centralityclass.However, thecentralcollision resultsshow
a significantsuppressionin the ÐÒÑ yield relative to this point like scaling
expectedfor largemomentumtransferparton-partoninteractions.If thecre-
atedfireball in RHIC collisionsis transparentto quarkjets, thenwe expect
theyield of high 798 hadronsto obey point-like scalingandequalthe 7=7 (or
equivalently 7 7 ) distribution scaledup by the numberof binary ./. colli-
sions,or equivalentlyby thenuclearthicknessfunction 0�121 . This is notwhat
is observed.A moresophisticatedcalculation[42] yieldsthesamequalitative
conclusion.

The STAR experimenthasrecentlysubmittedfor publication[43] the798 spectrafor unidentifiednegatively chargedhadronsin centralAu + Au
collisionsasshown in Figure24.Also shown aretheequivalentspectrafrom
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Figure 25. PHENIX preliminaryresultsfor unidentifiedchargedhadroninvariantmultiplicity
asa functionof transversemomentum.

experimentNA49 at theCERN-SPSat = >@?BA�C GeV andfrom UA1 in D D
at = >FEGE = 200GeV. TheSTAR spectrais thendividedby thespectrafromD D scaledby thenumberof binarycollisions,andthe result is shown in the
lower panelof Fig 24. At low transversemomentumtheparticleproduction
is dominatedby soft interactionswhich scalewith the numberof wounded
nucleonsas indicatedby the line at 0.2. The rise from 0.2 asa function ofD2H certainlyhasa largecontribution from hydrodynamicflow thatwill push
particlesto highertransversemomentumin centralAu-Au collisions.

The PHENIX experimenthasshown preliminaryresultsextendingout
furtherin transversemomentum.Preliminaryresultsfor six centralityclasses
areshown from PHENIX in Fig 25. STAR alsohaspreliminaryresultsfor
centralcollisionsextendingout to D
HJILK GeV thatarein reasonableagree-
mentwith the PHENIX results.If onetakes the ratio of the centralspectra
to theunidentifiedspectrain DMD collisionsscaledup by thenumberof binary
collisions one getsa ratio NO1�1 as shown in Fig 26. It needsto be noted
that thereis no DMD dataat = >FEGE = 130 GeV and thus an extrapolationto
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Figure 26. Ratioof unidentifiedchargehadronspercalculatedbinarycollision from Au + Au
centralcollisionsto thosefrom p + p() ) collisions(extrapolatedto * + ,�, = 130GeV) asa
function of transversemomentum(GeV). The solid line is the systematicerror bandon the
ratio.Thedashedline is theaverageresultfrom experimentsat thelower energy CERN-SPS.

that energy is doneto calculateN 121 . This extrapolationis includedin the
systematicerrorband,andshouldbereducedwhenbothexperimentsmeasure
thespectrain DMD in RunII.

Therearemany importantphysicspointsto understandin theseresults.
The ratio appearsto staybelow one,althoughthat is a marginal conclusion
with the presentsystematicerrors.However, this is certainly in qualitative
agreementwith a partonenergy lossscenario,asalsoseenin the observed
suppressionin the PHENIX ÐÒÑ spectra.In contrast,the CERN-SPSresults
show anenhancementthathasbeenattributedto theCronineffect, or initial
statepartonscatteringthatgivesa R6G kick to thefinal transversemomentum
distribution.ThisexpectedenhancementmakesthesuppressionseenatRHIC
all themorestriking.

Therearea numberof openquestionsthat mustbe consideredbefore
drawing any conclusions.Themostbasicis that theseD
H valuesarelow rel-
ative to whereonemight have confidencein theapplicabilityof perturbative
QCD calculations.In addition, the separationbetweensoft and hard scale
physicsis blurredin this D2H range,andin facttheCERN-SPSratio NO121 has
alsobeenexplainedin termsof hydrodynamicboostingof thesoft physicsto
higherD2H . Thepreliminaryresultsfrom PHENIX on theratiosof ÐTSYFUSVD�W DTX
in themiddleof this D2H rangelook morelike soft physicsthanapartonfrag-
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40 J.L.NagleandT. Ullrich

mentationfunction in vacuum.Oneadditionalpoint of concernis that these
modelsof energy lossassumethatthepartonexits thecollisionregionbefore
finally fragmentinginto ajet of forwardhadrons.Thusthefinal hadronization
takes placein vacuum.In the D
H rangeof theseearly measurements,that
conclusionis not so clear. The partonis traveling throughthemediumwith
various R�G scatters,andif it hadronizesinsidea bathof otherparticles,the
leadinghadronsmaybesloweddown by inelasticcollisionswith co-moving
pions.Lastly, thepoint-like scalingis known to beviolateddueto thenuclear
shadowing of partondistribution functions.Thesenuclearmodificationsare
known to reducethe pdf for quarksof order20% for Y[Z\A^]`_ba ; however,
theshadowing for gluonsis not currentlymeasured.Thecalculationsof [42]
have includedmodelingof this shadowing, but mustbeviewedwith caution
at this time. Thesepointsneedfurther theoreticalinvestigation.In addition,
aswill bediscussedin thenext section,many of theseconcernsarereduced
whenthemeasurementsextendto muchhighertransversemomentum.

7. Future Measurements

In the following chapter, we discussa few selecttopics within our areas
interestthathave exciting resultsexpectedin thenearfuture.

7.1. CHARM AND BOTTOM

Themeasurementof opencharmandbottomin relativistic heavy ion collions
is both an extremeexperimentalchallengeand rich with physicsinforma-
tion. First, the measurementof quarkonium statessuchas the c�SFd require
a comparisonmeasureof the original [ [ productionto determinethe effect
of color screening.Also, thetotal charmproductionis sensitive to theinitial
gluondensityin theincomingnucleiandis thussensitive to any shadowing of
thegluondistribution functionandmayevencommenton thepossiblecolor
glasscondensatepostulatedto describethephasespacesaturatedgluondistri-
butionsin thehighly Lorentzcontractednuclei.Lastly, recentpredictionsof
charmquarkenergy lossin tranversingahotpartonicmediumhavegenerated
muchinterest.Now for thedifficult part.Thebestwasto measurecharmvia
D mesonsis eithervia direct reconstructionfrom its Ðfe F decaymodeor
via the semi-leptonicdecay FgeihOeij S . The combinatoricbackgroundin
thepurelyhadronicchannelarecloseto overwhelmingandthesemi-leptonic
decaycannotbe completelyreconstructed.In particle physicsexperiments
measuringthe decayproductswith a few micron displacedvertex from the
collision vertex allows for a dramaticreductionin the combinatoricback-
ground.However, the level of silicon detectortechnologywasnot advanced
enoughfor this very high multiplicity environmentat the time of the RHIC
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Figure 27. Simulationof thetransversemomentumspectrumfor mid-rapiditysingleelectrons
andpositrons.The top curve is the sumof all contributions.the two lower curvesarefrom
Dalitz decaysandphotonconversions.Thesubsequentthreegrey shadedareasarefrom charm
D mesons,beautyB mesons,andDrell-Yan.

detectordesigns.This is now beingdiscussedasa possibleupgradeto the
experiments.

Onepromisingway of determiningthecharmproductionis throughthe
measurementof singleelectrons.Shown in Figure27 is a simulationof sin-
gle electronsas a function of transversemomentum.The top curve in the
sumof all contributions. The next two curves that dominatethe spectraat
low D2HÃÂ\A�Ä�] GeV and from the Dalitz decaysof pions and Å and from
photonconversions.Thenext two contributionsarefrom charmD mesonand
beautyB mesondecays.Charmyields ZÆK�]ÈÇ of thecountsat D2H = GeV, and
beautyyields ILK�]ÈÇ of thecountsabove D2HÉIËÊ`Ä�K GeV. Thelowestcurve is
thecontribution from Drell-Yanwhich never hasa majorcontribution to the
singleelectrons.

PHENIX hasmadea preliminary measurementof the single electron
transversemomentumspectrafrom the limited statisticsin Run I asshown
in Figure28.Theanalysisof theseresultsis proceedingandimplicationson
charmproductionareforthcoming.
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Figure 28. PHENIX preliminaryresultsfor unidentifiedchargedhadroninvariantmultiplicity
asa functionof transversemomentum.

Additionalhandlesonheavy flavor productioncanbehadwith themea-
surementof correlatedleptons.For example,electron-muonpairs at large
relativemomentum( ^ a or _a`'bdc ) haveasubstantialcontribution from e e andf f

pairs.For example,the e e canfragmentinto g g followedby thedecaysgihkj lgeih e jnm and g hoj lgeqp e jsr . Although the initial ^ a of
the e e pair is significantlymodifiedwhenmeasuredasa ^ a of the htp pair,
thereis enoughinformationto attemptto extracta total charmcrosssection
andmaybesomethingabouttheinitial ^ a of the e e . Thismeasurementhasthe
advantageover h-u hG_ and p\uvp _ pairsin that htp pairsarefreefrom Drell-Yan
andthermalcontributions.

Oneof us (J.N.) hasusedPYTHIA 6.0 to estimatethe rateof htp pairs
into thePHENIX acceptance(Centralarmsfor theelectronandSouthmuon
armonly for the p ). PYTHIA hasbeenrun with a charmquarkmassof 1.5
GeV/e�a and ÂxwÓRny{z = 1.5 |~}t�ºS�e .

We show in Figure29 thedistribution of ^ a for all e e , g g , htp and htp
pairsacceptedby PHENIX. Onecanseethat the charmmesonscarry most
of theinformationfrom the e e pair. For the htp pair thecorrelationwith the e e
pair ^ a is substantiallywashedoutandof muchlowerslopesincethekaonin
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Figure 29. ¥§¦ in GeV¦ for ¨ ¨ (blackline), © © (redline), ª�« (blueline), and ª�« acceptedby
PHENIX (redfill). Theverticalscaleis arbitrarybetweenthedifferentcurves.
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Figure 30. ª�« InvariantMassDistribution in GeV. Shown areall ª�« pairs (black line), ª�«
pairs with the muon penetratingto gap 5 and åFæ¹ç�è®ç�é�ê�ëBìîíºïñðóòõô ö GeV (black fill), withåFæ¹ç�è®ç�é�ê�ëBìõínï�ð÷òîô ø GeV (redfill), åFæ¹ç�è®ç�é�ê�ëBìîí�ïùð+úÀô ö GeV (bluefill).

theD decaytakesawaya largefractionof theoriginalcharmmomentumthat
is notmeasured.It shouldbenotedthatthemodelingof thefragmentationof
thecharmquarkwill bea sourceof systematicerror, whereastheblurring of
the ^ a from the hÀp decaykinematicscanbemodeledexactly.

Weshow theinvariantmassdistributionof the htp pairsinto thePHENIX
acceptancein Figure30.Also showsarethreemassdistribution with electron
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energy cutsof 1.0,1.5,and2.0GeV. Thecutontheelectronenergy is strongly
correlatedwith theinvariantmassselectiononthe htp pair. Sincelowermasses
(in particular û\ÂýütÄ�] GeV) arethoughtto have largebackgroundcontami-
nation,thelossof thesepairswith higherelectronenergy thresholdarenotas
worrisomeasthey mightotherwisebe.It maybenecessaryto usetheelectron
energy in orderto selectively triggeron theseevents.
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Figure 31. © © datafrom �	��

��� collisionsat * +�� ú�� GeV. In particular, paneld) shows
the © © rapiditydifference����������
�� � .

Measuringcharmby this methodrequiresan accuratemodelof the e e
distribution in ^ a , and the corresponding��� (rapidity gap) and � D2H . In
Figure 31PYTHIA is comparedto someof theonly dataon therapiditygap
betweeng and g mesons[44]. Theagreementis notbad,but it thecompar-
isonis not a greatconfidencebuilder in theability to modelandthentestby
datacheckingthis input. More experimentaldataareneededandtheoretical
work to modelcharmproduction.

In orderto draw a full pictureof charmproduction,multiple measure-
mentsmustbedonein thesinglelepton(electronsandmuons)andcorrelated
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leptons(electronpairs,muon pairs,and electron-muonpairs). It would be
extremelyusefulfor theoristsinterestedin total charmor beautyproduction,
andalsohigh D2H energy lossof heavy flavor partons,to make somepredic-
tionsfor theleptonicsignaturesthatwill bemeasuredin thenext year. Future
upgradesto thedetectorsfor taggingdisplacedverticesfrom D mesondecays
areprobablymorethanfiveyearsaway.

7.2. QUARKONIA (PHENIX)

Figure 32. Simulationstudyof dimuonsin thePHENIX muonspectrometers.

Thereareno early measurementresultson quarkonia c�SFd statesfrom
RunI dueto the low luminosityandshortrunningperiod.ThePHENIX ex-
perimentwill makeameasurementof cbSFd andotherstatesin boththemuon
andelectronchannelsin Run II. PHENIX hasa large acceptancein Y � andD2H thatwe be crucial to constraintmodelsof coloring screeningabsorbtion
and test theorieswith re-coalescenceat the hadronizationphase.Shown in
Figure 32 is a simulationof the type of measurementthat could be made
in thePHENIX muonsarmswith 37 weeksat 10%of designluminosity, or
equivalently in lessthan four weekswith the luminosity averagingthe the
RHIC designspecification.The first measurementsarebeingmadenow in
RunII, andhighstatisticsshouldbeavailablein RunIII.
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7.3. QUARKONIA (STAR)

The STAR detectorsystemis uniqueamongthe RHIC experimentsin its
capabilitiesto simultaneouslymeasuremany experimentalobservableson a
event-by-event basissuchasenergy-density, entropy, baryochemicalpoten-
tial, strangenesscontent,temperature,and flow. The measurementof c�S"!
productionas a function of thesequantitiesallows the study of the sup-
pressionmechanismin greatdetail. This advantagebecomesimmediately
apparentwhenit comesto thestudyof theonset of theanomaloussuppression
which reflectsthe point wherethe systemreachescritical conditionsand,
at leastpartially, undergoesa phasetransition.Thus, the correlationof thee$#e break-upwith themany single-event variablesprovidesa new promising
analysistool.

The golden c�S"! decaymodefor STAR is c�S"!Pj }-uÇ}$% . Primafacie
this posesa problemsincethe STAR detectorhasbeendesignedto focus
primarilyonhadronicobservablesoveralargephase-spaceandthuslackstwo
essentialfeaturesof a dedicatedlepton experiment:hadron-blinddetectors
andfastevent recordingrates.The two essentialcomponentswhich help to
overcometheseshortcomingsare(i) theEMC barrelwhichallowsto suppress
hadronsto alevel sufficient to achievesignal-to-backgroundratiosaround1:3
or better, and(ii) a fastlevel-3 triggerwhich is designedto efficiently trigger
on electron-positronpairswith a given invariant massat ratesin the order
of 100 Hz, thusimproving STARs bandwidthfor recording c�S"! decaysby
almosttwo ordersof magnitude.

Thegeometricacceptancefor thedecaychannelcbS"! j } u } % in STAR
is shown in Fig. 33. A c�S"! is acceptedif both electronscarry momenta& I A�Ä�K/|~}t�ºSne andfall into theEMC acceptance.Both requirementsimply
thattheelectrontrackscrossall layersof innertrackingdetectors(SVT+SSD)
andall TPCpadrows. This ensuresmaximummomentumanddE/dxresolu-
tion andthereforemaximumadditionalelectronidentificationfrom detectors
otherthanthe EMC. As is depictedin the left plot, the full coverageof the
EMC ' Å(' Â A ensuresrelatively high efficiencies( )+*MÇ ) at very low D2H .
At theselow valuesthe two leptonsrun essentiallyback-to-back,a decay
topology that requiressymmetriccoveragearound �-, ] . This region of
phasespaceis of greatinterestsinceherethe cbS"! remainslongestin thehot
densemediumandits breakupprobabilityis maximal.Up to D2H., AL|~}t�ºS�e
theacceptancethendropssignificantlysince,still at largeopeningangles,it
becomesmorelikely to looseoneelectronbecauseit eithercarriestoo low
momentumand/orfalls outsideour acceptance.At larger D
H theacceptance
raisesdramaticallydue to the decreasingopeningangleof the pair an the
higheraveragemomentaof the electrons.However, the c�S"! cross-section
dropsexponentiallytowardslarger D2H resultingin little netbenefitin terms
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Figure 33. Geometricalacceptancefor 7$8:9<;=ç>= ç?� in theSTAR experiment.Theleft plot
shows the acceptanceasa functionof @BA for variousrapidities � , right oneasa functionof
rapidity for various@BA slices.

of total yields.In this region theacceptancescalesapproximatelylinear with
theEMC coveragewhile at lower D2H it scalesalmostquadratically.

Thedominantbackgroundsourceis the’combinatorialbackground’due
to pionsmisidentifiedaselectrons.Othersourcesaselectronsfrom CED - andÅ -Dalitz decays,photo-conversions, anddecaysof light vector-mesons( F , G )
turnedout to beneglectable,since(i) theiraverageD2H is too low and(ii) their
rateis smallcomparedto theabundanceof misidentifiedhadrons.In addition,
mostelectronsfrom photo-conversioncaneasilyberejectedby requiringthat
all trackspoint backto theprimaryeventvertex.

Themostcrucialfactorin theoverallbackgroundrejectionis thehadron
rejectionpower(e/h)of theEMC.However, for D/ÂIHF|~}t�ºSne , aregionwhere
the hadronrejectioncapabilitiesof the EMC are degraded,the combined
dE/dxinformationof SVT andTPChelpsto augmenttheS/B ratio consider-
ably. It is importantto note,thatthehadronrejectionentersquadraticallyinto
thebackground.

The magnitudeof thebackgrounddependsstronglyon themomentum
cut appliedto the electroncandidates.In order to accessthe low-D2H c�S"!
region STAR haschosenmJ:KML
S$H�N A�Ä�K |~}t�ºS�e asthelowestvalueto study.
The higherthe cut the betterthe e/h rejectionfrom the EMC andthe lower
thechargedpion yield.
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Table I. Current estimateson 7$8?9 yields, signal-to-backgroundratio, and
statisticalsignificanceof thesignalin theSTAR experiment.

cut 7$8?9 -yield S/B O after ò�ö�P sec O after ò�ö?Q sec

pR{ð òõô ø�SRçMTU8�¨ 40 k 1:3 76 24

pR{ð+úÀô öVSRçMTU8�¨ 10 k 3:1 77 24

Before any measurementcan be addressedit is importantto estimate
the achievable yields and the statisticalsignificanceof the signalunderre-
alistic assumptions.Table 7.3 summarizesthe resultingyields, the signal-
to-backgroundratio, and the statisticalsignificanceafter A^]BW and A^]"X sec.
Note,thata nominalRHIC run has A^] W sec.Hereoneassumes100%level-3
triggerefficiency runningat thedesignrateof 100Hz, andfull EMC cover-
ageincludingpre-shower detectors.Theestimateincludesthereconstruction
efficienciesof the variousdetectors.Known cross-sectionfrom elementary
collisions were usedto exptrapolateto Au+Au at = > EGE = 200 GeV. Two
differentsetsof cutson theelectronmomentaareshown in orderto demon-
strateits effect on the S/B ratio. Interestingly, the higher S/B ratio for the
larger D
H cut balancesthe decreasedsignal strength,thus resulting in the
samestatisticalsignificancefor bothcases.

For theactualmeasurementonehasto study c�S"! productionnot only
in themostcentralcollisions,but hasto vary thecentralityandpossiblythe
colliding systems.Although the c�S"! yield will decreasefor semi-central
andperipheralcollisions the signal-to-background ratio will decreaseeven
stronger(almostquadratically)which will easethe extractionof the signal
significantly.

8. Summary and Conclusions

Theworkshopwasawonderfulforumfor learningandexchangingnew ideas
aboutthephysicsrelevantatRHIC. Thereis lotsof exciting physicsin afield
with muchpotentialfor discovery. We wish to thankthe organizersandall
thestudentsfor theiractive participationandthoughtprovoking questions.

References

1. R. Hagedorn,Suppl.A. Nuovo CimentoVolIII, No.2(1965)150.
2. P. Braun-Munzinger, I. Heppe,andJ.Stachel,Phys.Lett. B465(1999)15.
3. P. Braun-Munzingeret al., Phys.Lett.B518(2001)41-46.

corsica.tex; 23/12/2001; 23:06; p.48



ExperimentalistsandTheorists 49

4. T. MatsuiandH. Satz,Phys.Lett. B178,416(1986).
5. R. Baier, Y.L. Dokshitzer, A.H. Mueller andD. Schiff, Phys.Rev. C58, 1706(1998);

hep-ph/9803473.
6. R. Baier, Y.L. Dokshitzer, A.H. Mueller, S.PeigneandD. Schiff, Nucl. Phys.B483,291

(1997);hep-ph/9607355.
7. ConceptualDesignReportfor theSolenoidalTracker At RHIC, TheSTAR Collabora-

tion, PUB-5347(1992);J.W. Harriset al., Nucl. Phys.A 566,277c(1994).
8. PHENIX Experimentat RHIC - Preliminary ConceptualDesign Report, PHENIX

CollaborationReport(1992).
9. InterimDesignReportfor theBRAHMS Experimentat RHIC, BNL Report(1994).

10. RHIC Letterof Intentto StudyVeryLow pt Phenomenaat RHIC, PHOBOSCollabora-
tion (1991).

11. ProposalonSpinPhysicsUsingtheRHIC PolarizedCollider, RHIC SpinCollaboration
(1992).

12. B.B. Backet al. (PHOBOS),Phys.Rev. Lett. 85,3100(2000);hep-ex/0007036.
13. K. Adcox et al. (PHENIX), Phys.Rev. Lett. 86,3500(2001);nucl-ex/0012008.
14. F. Videbaeket al. (BRAHMS), Proceedingsto the 15th InternationalConferenceon

Ultrarelativistic Nucleus-NucleusCollisions2001.
15. J. Harriset al. (STAR), Proceedingsto the15th InternationalConferenceon Ultrarela-

tivistic Nucleus-NucleusCollisions2001.
16. B.B. Backet al. (PHOBOS);nucl-ex/0105011.
17. K.J. Eskola, K. Kajantie, and K. Tuominen, Phys. Lett. B497, 39 (2001); hep-

ph/0009246.
18. X.N. WangandM. Gyulassy, Phys.Rev. Lett. 86,3496(2001);nucl-th/0008014.
19. J.D.Bjorken,Phys.Rev. D, Vol. 27,page140(1983).
20. I.G. Beardenet al. (BRAHMS); nucl-ex/0106011.
21. K. Adcox et al. (PHENIX), Phys.Rev. Lett. 87,052301(2001);nucl-ex/0104015.
22. Seecontribution of J.-Y. Ollitrault in theseproceedings.
23. H. Sorge,Phys.Lett. B402,251(1997).
24. J.-Y. Ollitrault, Phys.Rev. D 46, 229(1992).
25. E877Collaboration,J.Barretteet al., Phys.Rev. C 55, 1420(1997).
26. E895Collaboration,C. Pinkenburg et al., Phys.Lett. 83, 1295(1999).
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