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Abstract. We presenta written versionof four lecturesgiven at the NATO AdvancedStudy
Instituteon “QCD Perspectieson Hot andDenseMatter” in Calgese Corsicaduring August,
2001. Over the last year the first exciting resultsfrom the Relatvistic Heary lon Collider
(RHIC) andthefour experimentBRAHMS, PHENIX, PHOBOS,andSTAR have beenpre-
sentedIn thesdecturesve review thestateof RHIC andtheexperimentsandthemostexciting

currentresultsfrom Runl whichtookplacein 2000.A completereview is notpossibleyetwith

mary key resultsstill preliminaryor to be measuredn Runll, which is currentlyundervay,

and thus the emphasiswill be on the approachexperimentalistshave taken to addresshe
fundamentaphysicsissuesof thefield. We have not attemptedo updatethe RHIC resultsfor

thisproceedingshut rathempresentt asasnapshoof whatwasdiscusseéh theworkshop.The
field is developingvery quickly, andbenefitggreatlyfrom contactanddiscussionbetweerthe
differentapproachesf experimentalist@andtheorists.
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2 J.L.NagleandT. Ullrich

1. Introduction

A good way to proceedin understandinghe construction,operation,and
physicsoutputfrom currenthigh-enegy heary ion experimentsis to start
with the original physicsmotivationsfor theexperimentalprogram.The Rel-
ativistic Heavy lon Collider projectwas startedin the 19805 with a list of

experimentalobserablesfor characterizinghot and densequark and glu-

onic matterandthe expectedrestoratiorof approximatechiral symmetryand
screeningf the long rangeconfiningpotentialof QCD. We give a brief and
certainlynotcompletereview of thesephysicssignals.Thenwe discusssome
of thecost,scheduleandtechnologyconstraintghatimpacteahe designand
constructiorof theRHIC experimentsFinally we presenasampleof thefirst
resultsfrom the RHIC experimentalprogramfrom datatakenduringRunl in

thesummerof 2000.

2. Physics Motivations

Therearethreemain catayoriesof obserablesthatwereoriginally proposed
to studythe matterproducedn relatvistic heary ion collisions:(1) Thermo-
dynamicpropertief the systemandindicationsof a possibl€first or second
orderphasetransitionbetweerhadronicmatterandquark-gluonplasma,(2)
Signaturedor therestoratiorof approximatechiral symmetrytransition,and
(3) Signaturedor deconfinemenand the screeningof the long rangecon-
fining potentialbetweencolor chages. In the following list, therewill be
specificchannelghat needto be obsered that essentiallyspecify the types
of detectoraandexperimentanecessary

2.1. THERMODYNAMIC PROPERTIES

Oneof the mostimportantquestionin the physicsof heary-ion collisionsis
thermalizationWe wantto describethe systemin termsof a few thermody-
namicpropertiesptherwiseit is not possibleto discussan equation-of-state
anda true orderto ary associategphasetransitions.The use of thermody-
namic conceptsto multi-particle productionhasa long history One of the
firstto applythemin elementaryollisionswasHagedornn theearly 19605
[1]. Theconcepbof atemperature appliesstrictly speakingonly to systemsn
atleastlocalthermalequilibrium.Thermalizationis normallyonly thoughtto
occurin thetransersedegreesof freedomasreflectedn theLorentzinvariant
distributions of particles.The measurechadronspectracontaintwo pieces
of information: (i) their normalization,i.e. their yields ratios, provide the
chemicalcompositionof the fireball at the chemicalfreeze-outpoint where
thehadronalundancegreeze-ouand(ii) their transersemomentunspectra
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Experimentalistand Theorists 3

which providesinformationaboutthermalizatiorof the momenturmdistritu-

tionsandcollective flow. Thelatteris causedy thermodynamipressureand
reflectstheintegratedequationof stateof thefireball matter It is obviousthat
the obsenred particlespectrado not reflectearlierconditions,i.e. thehotand
densedeconfinedohase wherechemicalandthermalequilibrium may have

beenestablishedsincere-scatteringerasesnosttracesrom thedensephase.
Neverthelessthosewhich are accumulatie during the expansion,suchas
flow, remain.Only directphotons geitherreal photonsor virtual photonsthat
split into lepton pairs, escapehe systemwithout re-scatteringThus these
electromagnetiprobesyield informationontheearliestthermodynamistate
which may be dominatedby intensequark-quarkscattering.

The assumptionof a locally thermalizedsourcein chemicalequilib-
rium can be testedby using statisticalthermal modelsto describethe ra-
tios of various emitted particles. This yields a baryon chemical potential
1B, astrangenessaturationfactory,, andthe temperatureél;, at chemical
freeze-out.

So far thesemodelsare very successfuln describingparticle ratiosat
SPS[2] andnow alsoat RHIC [3]. At RHIC the derved chemicalfreeze-
out temperaturarefoundto be around175MeV (165 MeV at SPS)anda
baryonchemicalpotentialof around45 MeV (270 MeV at SPS).It should
be stressedhatthesemodelsassumehermalequilibrationbut their success
togethemith thelarge collectve flow (radialandelliptic) measureét RHIC
is astronghint thatthis pictureindeedapplies.

2.2. CHIRAL SYMMETRY RESTORATION

Thephasdransitionto aquark-gluorplasmas expectedo beassociatedvith
astrongchangean thechiralcondensategftenreferredto astherestoratiorof
approximatechiral symmetryin relatvistic heavy ion collisionsis discussed
here.Note that althoughmary in the field refer to the restorationof chiral
symmetry the systemalwaysbreakschiral symmetryat a small scaledueto
thenon-zeroneutralcurrentmasse®f the up anddown quarks.

There are multiple signaturesof this transition, including disoriented
chiralcondensate®CC), strangenessnhancemengndmary others How-
ever, themostpromisingsignaturas thein mediummodificationto themass
andwidth of the low massvectormesonsNaturehasprovided an excellent
setof probesn thevariouslow massvectormesorstateqp, w, ¢) whosemass
polesand spectraare dynamicallydeterminedvia the collisions of hadrons
or partons.If the hot and densestateproducedin heary ion collisionsis
composeddf nearlymasslespartonsthe p(770) mesonmassdistribution is
expectedto broadersignificantlyandshift to lower valuesof invariantmass.
The p mesorhasa lifetime thatis 7 ~ 1 fm/c andtheplasmastatecreatedn
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4 J.L.NagleandT. Ullrich

RHIC collisionshasallifetime of order10fm/c. Thus,the p mesons created
anddecaysmary timesduringthe entiretime evolution of the collision.

The p hasa dominantdecay(nearly100%)into two pions.However, in
this decaymodeif the pionssuffer re-scatteringvith otherhadronsafterthe
decayonecannotexperimentallyreconstructhe p mesomandinformationis
lost. Giventhedensegitherpartonicor hadronicervironment.theprobability
for pion re-scatterings very large, unlessthe p is createdanddecaysat the
lateststagesof the time evolution. This time periodis often referredto as
thermalfreeze-outwhenelasticcollisionsceaseThusa measuremerdf the
p asreconstructedia its pion decaychannebivesinterestingnformationon
the final hadronicstage but not on the densephasewherechiral symmetry
may berestored.

Thereis anadditionaldecaychanneinto electronpairsandmuonpairs,
thoughwith smallbranchingatiosof 4.5 - 10~° and4.6 - 102, respectiely.
Sincethe leptonsdo not interactstrongly afterthey areproducedthey exit
thedensesystemessentiallyjunafectedcarryingout crucialinformationfrom
thecoreof thesystemThereis agoodanalogyin understandingheprocesses
in the centerof the sunvia neutrinoemission,sinceonly neutrinoshave a
small enoughinteractioncross-sectiorto passout of the suns corelargely
unafected.In the caseof neutrinos the moreinterestingphysicsof possible
neutrinooscillationscomplicatesnatters put thatis notaconcernin thecase
of our electronandmuonsmeasurements.

Oneotheradditionalpoint of interestis thattheapparenbranchingatio
of thep into pionsandleptonsshouldbe modifiedasobseredby experiment.
The p mesonghatdecayin mediuminto pionsarenot reconstructedyut the
onesdecayingnto electronsare.lf onecanreconstructhep in bothchannels
onecangaugethe numberof lifetimes of the p the densemediumsurvives
for.

The lifetime of the p mesonin the restframe of the plasmadepends
on its gammaboostin this frame, and thus to study the earlieststages,a
measurementf low trans\ersemomentump mesonss desirablellf the p
decaysat restin the plasmaframe,the maximumtransersemomentumfor
theelectronor positronis p; = 385 MeV/c. Theseelectronsareconsidered
low p; and presentan experimentalchallengeto measurdor two reasons.
First, thereare a large numberof low momentumchaged pions createdin
thesecollisions,thatresultsin achagedpionto electronratioin thisp | range
of 1000 : 1. Thusoneneeddletectorghatcancleanlyidentify electronswith
good momentumresolution,while rejectingthe copiously producedpions.
The secondchallengeis that most of the electronscomefrom pion Dalitz
decayg(n® — eTe™7), n Dalitz decays(n — e*e~ ), andcorversionsof
photons(y — ete™) mostly resultingfrom #° decays.Ideally one wants
to rejecttheseother electronsto enhancethe signal contritution from the
low massvectormesonsCornversionsarereducedy reducingtheamountof
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Experimentalistand Theorists 5

materialin the pathof producedphotonsThisrestrictionis oftenatoddswith
the desireto have substantiainnertrackingdetectorsandtheseneedsmust
bebalanced.

The ¢(1020) mesonspectralfunction is also sensitve to in-medium
chiral symmetryrestoration;however its substantiallylonger lifetime 7 ~
40 fm/c meansthat most ¢ decaysoccur outsidethe medium. However,
measuringhe ¢ in its variousdecaymodegkaonpairs,electronpairs,muon
pairs)remainsaninterestingsignalatlow transwersemomentum.

Thesdow massvectormesonslsodecayinto muonspairs.Thesanuons
have low momentumand are an real experimentalchallengeto measureas
detailedlaterin theseproceedings.

2.3. DECONFINEMENT

Therearemary signatureshatresultfrom thedeconfinemenif colorchages
over an extendedvolume, often referredto asthe quark-gluonplasma.Two

aredetailedin this proceedings(1) Suppressiowf heary quarlonium states
and(2) Partonenegy lossvia gluonemissionalsoreferredto asjet quench-

ing.

2.3.1. Quarkonium Suppression

Thesuppressionf heary quarloniumstatesvasoriginally proposedy Mat-
sui and Satz[4] in the late 19805 as a signaturefor color deconfinement.
The Debye screeningin a QED plasmais a reasonableanaloguefor the
scenarioin our QCD plasma.A charm-anticharnfce) quark pair produced
viagluonfusionin theinitial phaseof theheary ion collisioncanforma.J/v
if the pair haslow relatve momentumThetotal productionof suchstatesn
proton-protoncollisionsrelative to the total charmproductionis lessthana
few percent.If the Debyescreeningengthis of orderthe samesize asthe
guarlonium state thenthe pair is screenedThe charmandanticharmquark
scatteraway from eachotherand,eventuallyat the hadronizatiorpoint, pair
with surroundindight quarksandantiquarksto form D mesonsThis color
screenings displayedin recentlattice QCD calculationsdescribedat this
workshopin termsof amodificationin thelinearriseatlarge distance®f the
QCD potential.Thischangen the QCD potentialasafunctionof temperature
isshavnin Fig. 1.

Thereareavarietyof heary vectormesonsith alargerangein binding
enegy (and associatechadronicsize). The J/4, x., and ' have binding
enepies of 0.64,0.20,and 0.05 GeV respectiely. The Y(1s), x5, T(2s),
x4, and T (3s) have bindingenegiesof 1.10,0.67,0.54,0.31,0.20GeV re-
spectvely. Sincethe suppressionf thesestatess determineddy therelative
plasmatemperatureandthe binding enegy (or by the quarlonium hadronic
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Figure 1. TheQCD potentialbetweerheary quarksin shavn asafunctionof ry/o

sizeandtheDebyescreenindength),measuringhesequentiatlisappearance
of thesestatesactsasa QCD thermometer

The J/4(1s) statedecaysinto almostarything hadronicwith a large
branchingatioof 87.7%.However, theexperimentallyaccessiblelecaychan-
nelsare 5.93%to ete~ and5.88%to p*u~. Similar decaychannelsare
availablefor the’ andthe T statesTheaccessiblelecaychannelof the x..
for heavy ion experimentss x. — v+ J/4 with abranchingatio6.6 - 1073.
Sincethedecayy is quite soft, the x. representanexperimentakhallenge.

Similar to thelow massvectormesonghereis interestin thesestatesat
low transersemomentumwherethey residein the plasmastatelonger At
restthe J/+ decaysnto electronsor muonswith a characteristip, =~ 1.5
GeV. A roughrateestimatggoodto afactorof 2-3) is thatthe productionof
J/+ is approximatelyl - 10~* per proton-protorcollision. In a centralAu-
Au collision, thereareof order800 binary collisions,yielding a J/v rateof
8 - 10~2. Thebranchingratio to electronds 5.9%anda typical experimental
acceptances 1%, yielding4-10~5 J/+ perAu-Au centralcollision, andthat
is assumingno anomaloussuppressionHence,onerequiresa detectorthat
measuresitherelectronor muonpairswith ahigh efficiency andatriggerand
dataacquisitionsystemcapableof samplingeventsat the full RHIC design
luminosity In particular if onewantsto bin the datain termsof zg, p, , and
collision centrality large statisticsarea requirement.

Thereis arecentproposafor J/4 enhancementhis scenaricassumes
copiouscharmprodcution,andthen at the hadronizatiorstagesomecharm
and anticharmquarksmay be closein both momentumand configuration
spaceThesecc pairsmay coalesceo form J/+. This late stageproduction
would potentiallymaskary suppressiom theearlystagesgrom colorscreen-
ing. Thereis aneasytestof this theory WhenRHIC runsat lower enegies,
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Experimentalistand Theorists 7

for example /s = 60 GeV, insteadof the maximumenegy of /s = 200
GeV, thecharmproductionis lower by afactorof approximatelythreeandthe
effect of recombinatiorshouldbe reducedsubstantiallyIn addition,we ex-
pectdifferentp, dependencef J/+ productionfrom originalhardprocesses
comparedvith late stagecc coalescence.

2.3.2. Parton Energy Loss

An ideal experimentwould be to containthe quark-gluonplasma,andsend
well calibratedprobesthroughit, andmeasurehe resultingtransparenc or

opacityof the system.Thereis no experimentalway of aiming a third beam
of particleat the collision. Thereforeary probesof the systemmustbe gen-
eratedin the collision itself. Theseprobesmusthave calculableproduction
ratesin orderto be consideredcalibrated.An excellentexampleof sucha

probeis ahardscatteregharton.A partontraversingacolor confinedmedium
of hadronsseesa relatively transparensystem.However, a partonpassing
througha hot coloreddeconfinedmediumwill lose substantialenegy via

gluonradiation[§ 6].

Thesourceof thesepartonds from hardscatteringorocesseproducing
back-to-backpartonjets.In adeconfinednediumthe partonwill loseenegy
beforeescapinghe systemandfragmentinginto a jet coneof hadronsThe
total enepy of theinitial partonjet is consered sinceeventuallytheradiated
gluonswill also hadronize.lt is likely that the radiatedgluonswill have
a larger angulardispersionthan the normally measuredet cone.Thusone
might be ableto measurea modificationin the apparenjet shapeWhenthe
partonfragmentsnto hadronst haslessenegy, andhencethefragmentation
will resultin amuchreducedenegy for theleadinghadron.A measurement
of high trans\ersemomentumhadrons(z?, 7/~ K+/=, ht/~) is a strong
indicatorof theopacityof themedium.An exciting additionalobsenablewas
mentionecdat the workshopin the contet of the highp | spectraof charmD
mesons.Thereis a reductionin the inducedgluon radiationfor charmand
bottomquarksrelative to light quarksdueto their slower velocity throughthe
medium.

3. TheRHIC Complex

Thescopeof the RHIC programis to operatea colliding beamfacility which
allows studiesof phenomenan ultra-relatvistic heary-ion collisionsandin
collisionsof polarizedprotons Thecollideris locatedn thenorthwessection
of the Brookharen NationalLaboratory(BNL) in Upton,New York. Its con-
structionbeganin 1991andthecompletionof thecomplex wasaccomplished
in Spring2000.
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8 J.L.NagleandT. Ullrich

The collider, which consistsof two concentricrings of 1740supefcon-
ductingmagnetswasconstructedn analreadyexisting ring tunnelof ~ 3.8
km circumferenceThis tunnelwas originally constructedor the proposed
ISABELLE project. It offers an extraordinarycombinationof enegy, lumi-
nosity and polarization.A schematiaiagramof the whole RHIC comple,
including the variousfacilities usedto produceandpre-acceleratthe beams
of particlesis displayedn Figure2.

RHIC is ableto accelerat@andstorecountefrotatingbeamsf ionsrang-
ing from thoseof gold to protonsat the top enegy of 100 GeV/nucleorfor
goldand250GeV for protons.Thestoredoeamlifetime for goldin theenegy
rangeof 30 to 100 GeV/nucleonis expectedto be approximatelyl0 hours.
Themajorperformancgarameteraresummarizedn Figure3.

12:00 o’clock

BRAHMS
2:00 o’clock

PHOBOS
10:00 o’clock

RHIC
PHENIX

8:00 o’clock STAR 4:00 o’clock
6:00 o’clock
\ / Design Parameters:
Beam Energy = 100 GeV/u

9 GeV/u No. Bunches = 57
Q=+79 No. lons /Bunch = 1x10°
Tiore = 10 hours

L= 2% 1026 cm2sec-!

U-ling

High Int. Proton Source BAF (NASA) Hg2
Q

Pol. Proton Source

HEP/NP

TANDEMS

——

Figure 2. The Relatvistic Heary lon Collider (RHIC) acceleratorcomplex at Brookhaven
NationalLaboratory Nuclearbeamsareacceleratedrom the tandemVande Graaf, through
the transferline into the AGS Boosterand AGS prior to injectioninto RHIC. Detailsof the
characteristicef protonandAu beamsarealsoindicatedafteracceleratiorin eachphase.

Q=+

The layout of the tunnel and the magnetconfigurationallow the two
ringsto intersectat six locationsalongtheir circumferenceThe top kinetic
enegy is 100+100GeV/nucleonfor gold ions. The operationalmomentum
increaseswith the chage-to-masgatio, resultingin kinetic enegy of 125
GeV/nucleorfor lighterionsand250 GeV for protons.The collider is able
to operatea wide rangefrom injection to top enegies. The collider is de-
signedfor a Au-Au luminosity of about2 - 1026 cm 2 s~ ! attopenegy. This
designcorrespondso approximatelyl400 Au-Au minimum bias collisions
persecondTheluminosityis enegy dependenanddecreaseapproximately
proportionallyasthe operatingenegy decreased:or lighterionsit is signif-
icantly higherreaching~ 1 - 103! cm=2 s~! for pp collisions. The collider
allows collisionsof beamf equalion speciesll theway dowvn to pp andof
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———— RHIC Collider
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Figure 3. RHIC performancearameters.

unequakpeciesuchasprotonsongoldions.Anotheruniqueaspecbf RHIC
is theability to collide beamf polarizedprotons(70-80%)which allowsthe
measuremerntdf the spinstructuregfunctionsfor the seaquarksandgluons.

Thefirst physicsrun atthe Relatiistic Heavy lon Collider (RHIC) took
placein the Summerof 2000.For this run beamenegieswerekeptto amod-
erate65 A GeV. RHIC attainedts goalof tenpercenof designluminosity by
theendof its first run at the collision centerof-massenegy of /s = 130
GeV.

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

Tandem Van de Graaff Completedn 1970,the TandemVan de Graaf fa-
cility wasfor mary yearsthe world’s largest electrostaticaccelerator
facility. It canprovide beamsof morethan 40 different typesof ions
rangingfrom hydrogento uranium.Thefacility consistsof two 15 MV
electrostaticacceleratorseachabout 24 meterslong, aligned end-to-
end.Inthe Tandentheatomsarestrippedof someof their electronge.g.
Au to Q = +32) andacceleratedo akinetic enegy of 1 MeV/nucleon.

Heavy lon Transfer Line (HITL) To studyheary ion collisionsat high en-
emgies, a 700 meterlong tunneland beamtransportsystemcalled the
Heavy lon TransportLine werecompletedn 1986 ,allowing thedelivery
of heary ionsfrom the Tandemto the Boosterfor further acceleration.
TheHITL makesit possiblefor the Tandemto sene asthe Relatvistic
Heavy lon Collider’'s ionssource.
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10 J.L.NagleandT. Ullrich

Linear Accelerator (Linac) For the studyof pp or pA collisionsat the ex-
perimentsenegeticprotonsaresuppliedby anLinearAcceleratorLinac).
The Brookhaven Linear Acceleratorwasdesignedandbuilt in the late
19605 asamajorupgraddo theAlternatingGradientSynchrotonAGS)
compl«. The basic componentsof the Linac include ion sources,a
radiofrequeng quadrapolepre-injectoy and nine acceleratoradiofre-
queng cavities spanningthe length of a 150 m tunnel. The Linac is
capableof producingup to a 35 milliampereprotonbeamat enegiesup
to 200MeV for injectioninto the AGS Booster

Booster TheAlternatingGradientSynchrotrorBoosteris lessthanonequar
ter the size of the AGS. It is usedto preacceleratgarticlesentering
the AGS ring and plays an importantrole in the operationof the Re-
latavistic Heavy lon Collider (RHIC) by acceptingheary ionsfrom the
TandemVande Graaf facility via the Heavy lon TransferLine (HITL)
and protonsfrom the Linac. It thenfeedsthemto the AGS for further
acceleratioranddelivery to RHIC. After theinstallationof the HITL in
1986,the AGS was capableof acceleratingons up to silicon with its
atomic massof 28. However, dueto its superiorvacuum,the Booster
makesit possiblefor the AGSto accelerat@anddeliver heary ionsupto
gold with its atomicmassof 197.

AGS Sincel960,the AlternatingGradientSynchrotronAGS) hasbeenone
of the world’s premiereparticle acceleratorand playeda major role
in the study of relatvistic heary ion collisionsin the last decade.The
AGS nameis derived from the conceptof alternatinggradientfocus-
ing, in which the field gradientsof the acceleratos 240 magnetsare
successkely alternatednward and outward, permitting particlesto be
propelledand focusedin both the horizontaland vertical planeat the
sametime. Among its other duties, the AGS is now usedas an in-
jector for the Relatiistic Heary lon Collider. For RHIC operationthe
fully strippedionsareacceleratedh the AGSto 9 GeV/nucleorbefore
ejection.

ATR The AGS sendsthe ions (or protons)down anotherbeamlinecalled
the AGS-to-RHICTransferLine (ATR). At the endof this line, theres
a "fork in the road”, wheresorting magnetsseparatehe ion bunches.
Fromhere thecountefrotatingbeamscirculatein the RHIC wherethey
arecollidedatoneof four intersectingooints.
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4. Experimental Program

4.1. LETTERS OF INTENT

In July 1991therewerea setof experimental_ettersof Intentthatwere put
forwardto anadvisorycommittee.The proposalsarelisted belaw, including
theleadinstitutionandin parenthesithe physicsobserablefocus.

1. LBL-TPC (inclusive chagedhadrons)

. BNL-TPC (inclusive chagedhadrons)

. TOYKO-TALES (electronpairs,hadrons)
. SUNY-SB (directphotons)

. Columbia-QA\SIS (electronpairs,hadronshighp )

o 0o B~ W DN

. ORNL Di-Muon (muonpairs)
7. BNL Forward Angle Spectrometethadronsat large rapidity)

8. MIT MARS (hadronsandparticlecorrelations)

Theexperimentspantherangeof hadronicJeptonicandphotoniccapa-
bilities to coverthebroadspectrunof physicstopicslistedabore. At thetime,
only theLBL-TPC proposalwasapprovedandbecamehe STAR experiment.
Eventuallythe MARS proposalevolvedinto the PHOBOSexperiment(note
that Phobosis a moonof the planetMars) and PHENIX (shouldbe spelled
Phoenix)rose from the ashesof OASIS, Di-Muon, TALES and the other
leptonfocussedexperiments.

Eventuallytherewerefour appraved experimentswvhich have now been
constructecand operatedduring the first yearof RHIC running.BRAHMS,
PHENIX, PHOBOSand STAR are briefly describedbelon. Theseexperi-
mentshave variousapproacheso studythe deconfinemenphasetransition
to the quarkgluon plasma.The STAR experiment[7] concentratesn mea-
surement®f hadronproductionover alarge solid anglein orderto measure
single-andmulti-particlespectrandto studyglobalobserablesonanevent-
by-event basis.The PHENIX experiment[8] focuseson measurementsf
leptonand photonproductionand hasthe capability of measuringhadrons
in a limited rangeof azimuthand pseudo-rapidityThe two smallerexperi-
mentsBRAHMS (a forward and mid-rapidity hadronspectrometer)9] and
PHOBOS(a compactmultiparticle spectrometerj10] focuson single-and
multi-particle spectra.The collaborationswhich have constructedhesede-
tector systemsand which will exploit their physicscapabilities,consistof
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12 J.L.NagleandT. Ullrich

approximately900 scientistsdrom over 80 institutionsinternationally In ad-
dition to colliding heary ion beamsRHIC will collide polarizedprotonsto
study the spin contentof the proton[11]. STAR and PHENIX are actively
involvedin the spinphysicsprogramplannedfor RHIC.

4.2. BRAHMS

The BRoad RangeHadron Magnetic SpectrometeBRAHMS experiment
is designedto measureand identify chaged hadrons(r*, K=, (p)) over a
wide rangeof rapidity andtransyersemomentunfor all beamsandenegies
availableatRHIC. Becauséhe conditionsandthusthedetectorequirements
at mid-rapidity and forward anglesare different, the experimentusestwo
movablespectrometeror thetwo regions.

T4 Forward Spectrometer
2.3<0< 30

) Multiplicity

> Beam Beam counters

Mid Rapidity Spectrometer
30<06<95

Figure4. Layoutof theBRAHMS detector

As shawn in Figure4, thereis a mid-rapidity spectrometeto cover the
pseudo-rapidityange0 < n < 1.3 anda forward spectrometeto cover
1.3 < 5 < 4.0. Thelatteremploys four dipole magnetsthreetime projec-
tion chambergTPC), anddrift chambersParticle identificationis achiered
with time-of-flighthodoscopesthresholdCherenkv counteyandonering-
imaging Cherenkv counter(RICH). The solid angleacceptancef the for-
ward armis 0.8 mstr. The mid-rapidity spectrometehasbeendesignedor
chagedparticlemeasurementor p < 5 GeV /c. The spectrometehastwo
TPCsfor tracking, a magnetfor momentummeasurementand a time-of-
flight wall andsegmentedgyasCherenkv counte{GASC)for particleidenti-
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fication.It hasasolid angleacceptancef 7 mstr A setof beamcountersand
a silicon multiplicity arrayprovide the experimentwith trigger information
andvertex determination.

4.3. PHOBOS

Cherenkov Trigger Counter

Time-of-Flight Counters

Spectrometer

Ring Multiplicity
Detector

Paddle Trigger Counter

Figure 5. PHOBOSdetectorsetupfor the2000runningperiod.

The PHOBOSdetectoris designedo detectas mary of the produced
particlesas possibleandto allow a momentummeasurementown to very
low p,. The setupconsistsof two parts: a multiplicity detectorcovering
almostthe entire pseudo-rapidityangeof the producedparticlesanda two
armspectrometeat mid-rapidity Figure5 shavs the detectorincludingthe
spectrometearms,the multiplicity andvertex array andthelower half of the
magnet.

Oneaspecbf thedesignis thatall detectorsareproducedusinga com-
mon technology namelyas silicon pad or strip detectors.The multiplicity
detectorcoverstherange—5.4 < n < 5.4, measuringotal chaged multi-
plicity dN.,/dn over almostthe entirephasespaceFor approximatelyl % of
the producedparticles,informationon momentumandparticleidentification
will be provided by a two arm spectrometetocatedon either side of the
interactionvolume (only onearmwasinstalledfor the 2000run). Eacharm
coversabout0.4 radin azimuthandoneunit of pseudo-rapidityn therange
0 < n < 2, dependingn the interactionvertex, allowing the measurement

corsica.tex; 23/12/2001; 23:06; p.13



14 J.L.NagleandT. Ullrich

of p; down to 40 MeV/c. Both detectorsarecapableof handlingthe 600Hz
minimumbiasrateexpectedfor all collisionsatthe nominalluminosity

4.4. PHENIX

ThePHENIX experiments specificallydesignedo measurelectronsmuons,
hadronsandphotons Theexperimentis capableof handlinghigh eventrates,
up to tentimesRHIC designluminosity in orderto sampleraresignalssuch
asthe J/+ decayinginto muonsandelectrons high trans\eersemomentum
7¥’s, direct photons,and others.The detectorconsistsof four spectrometer
arms.Two centralarmshave asmallangularcoveragearoundcentralrapidity
andconsisof asiliconvertex detectordrift chamberpixel padchamberring
imagingCerenlov counter a time-expansionchambertime-of-flight andan
electromagneticalorimeter Thesedetectorsllow for electronidentification
over a broadrangeof momentan orderto measuréothlow massandhigh
massvector mesonsTwo forward spectrometerare usedfor the detection
of muons.They employ cathodestrip chambersn amagnetidield andinter-
leavedlayersof laroccitubesandsteelfor muonidentificationandtriggering.
Theoveralllayoutof the PHENIX detectoris shavn in Figure6.

PHENIX Detector - Second Year Physics Run

PC3 g/fentral SN
PC2 agnet
Cl

West Beam View East

Figure 6. Shovn is a beamview of the PHENIX two central spectrometearms. Their is

a axial field magnetin the middle. The detectorsfrom the inner radius out are the multi-

plicity andvertex detector(MVD), beam-beantounters(BBC), drift chambergDC), pad
chambergPC1-3),ring imagingcherenkv counter(RICH), time-expansionchambeiTEC),

time-of-flight (TOF), and a Lead Glassand Lead Scintillator electro-magneticalorimeter
(PbScPbaGl).

/

TOF
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PHENIX Detector - Second Year Physics Run

J‘O ]
“u Central Magnet
v,
s %&o
4
ZDC South “‘ﬁ] ZDC North
MulD  ({Hf ,—;] MulD

MuTr
South Side View North i i

O Installed m Active

Figure7. Shovnisasideview of thePHENIX detectoiincludingthetwo centralspectrometer
armsandthe two muonspectrometersThe muonssystemsconsistof cathodestrip chamber
muontrackers(MuTr) andmuonidentifiers(MulD) interleavedwith layersof steel.

Onekey featureof the PHENIX detectoris the high rate capability of
thedataacquisitionsystem(DAQ) andmulti-level triggerarchitectureThese
allow PHENIX to samplephysicsfrom RHIC collisions above the design
luminosityof themachineThis highrateis crucialfor studyingrareleptonic,
photonicandhighp, processes.

4.5. STAR

TheSolenoidalTracker At RHIC (STAR) is alargeacceptancedetectorcapa-
ble of trackingchagedparticlesandmeasuringheirmomentan theexpected
high multiplicity ervironment.It is alsodesignedor the measuremenrand
correlationsof global obsenableson an event-by-&ent basisandthe study
of hard partonscatteringprocessesT he layout of the STAR experimentis
shawvn in Figure4.5. Theinitial configurationof STAR in 2000 consistsof
a large time projection chamber(TPC) covering || < 2, aring imaging
Cherenkv detectorcovering|n| < 0.3 andA¢ = 0.1, andtriggerdetectors
insideasolenoidaimagnetwith 0.25T magnetidield. The solenoidprovides
auniformmagnetidield of maximumstrength0.5T for tracking,momentum
analysisand particleidentificationvia ionizationenegy lossmeasurements
in the TPC. Measurements the TPC werecarriedout at mid-rapidity with
full azimuthalcoverage(A¢ = 27) andsymmetry A total of 1M minimum
biasand1M centraleventswererecordedduringthe summernun 2000.
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Magnet Time
Projection
Chamber
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Vertex
TPC Tracker
Endcap !
D
& MWPC o 7 - FTPCs
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Endcap Vertex
Calorimeter Position
Detectors
Barrel EM Central
Calorimeter Trigger
Barrel
RICH or TOF

Figure 8. Schematia/iew of the STAR detector

Additional tracking detectorswill be addedfor the runin 2001.These
area silicon vertex tracler (SVT) covering || < 1 andtwo Forward TPCs
(FTPC)covering2.5 < |n| < 4. TheelectromagneticalorimeteEMC) will
reachapproximatel\20%o0f its eventual—1 < n < 2 andA¢ = 27 coverage
andwill allow the measurementf high transersemomentumphotonsand
particles.TheendcapEMC will be constructedandinstalledover the next 2
—3years.

4.6. RHIC SPIN PROGRAM

Thedesignof boththe STAR andPHENIX experimentsncludesa polarized
protonprogramto conductstudiesof the spin structureof the proton. Crit-
ical to this measuremernis the identificationof high transersemomentum
photonsandleptons.The STAR experimentis phasingn anelectromagnetic
calorimeterthatwill be crucialfor suchobserations.In particularthe RHIC
experimentsare ideally suitedfor measuringthe gluon contrikution of the
protonspin.
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5. Experimental Techniques

5.1. TRACKING CHARGED PARTICLES (THE STAR EXAMPLE)

The STAR experimentaims at the obseration of hadronicobserablesand
theircorrelationsglobalobserablesonanevent-by-eentbaseandthemea-
suremenbf hard scatteringprocessesThe physicsgoalsdictatethe design
of an experiment.Given the physicsdirectionsit is easyto summarizethe
generakrequirements:

— Softphysics(100MeV/c < p; < 1.5 GeV/c)

e detectionof asmary chaged particlesas possiblewith high effi-
cieng to provide high statisticsfor event-by-eentobserablesand
fluctuationstudies

e 27 continuous azimuthalcoveragefor reliableeventcharacteriza-
tion

¢ hightrackingefficiengy ascloseto thevertex aspossibleto contain
thesizeof theexperiment

e adequatdrack lengthfor tracking, momentummeasuremenand
particleidentificationfor a majority of particles

e goodtwo-trackresolutionproviding amomentundifferencereso-
lution od afew MeV /¢ for HBT studies

e accuratadeterminatiorof secondaryerticesfor detectingstrange
particles(A, =, Q)

— Hardphysics(> 1.5 GeV/c andjets)

¢ large uniform acceptancdéo maximize ratesand minimize edge
effectsin jet reconstruction

e accuratedeterminationof the primary vertex in orderto achiee
high momentunresolutionfor primary particles

e electromagneticalorimetrycombinedwith trackingandgoodmo-
mentumresolutionuptop; = 12 GeV /c totriggeron jets

e s@mentationof electromagneticalorimeterswhich is consider
ablefinerthanthetypicaljetsize,i.e. jetradiusr = \/dn? + d¢? ~
1.

Thechallengasto find adetectorconcepwhichmeetsall theserequirements
with minimal costs.The detectorof choiceto solve the main trackingtasks
was a large Time ProjectionChamber(TPC) operatedin a homogeneous
magnetidield for continuoudracking,goodmomentunresolutionandparti-
cleidentification(PID) for tracksbelowv 1 GeV/c. Therequirementsiot met
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bytheTPCneededo becoveredby morespecializedletectorsuchasalarge

acceptancelectromagneticalorimeterthardprocesses}wo Forward-TPCs
(coverageof n > 1.7), andaninnersilicon vertex tracker (betterprimaryand

secondaryertex measurementyor particleidentificationof high-p , parti-

clesdetectorsa small Ring Imaging Detector(RICH) anda Time-of-Flight

(ToF) patchwere added.Both detectorsare not usablefor event-by-eent

physicsdueto their smallacceptanceut allow to extendthe PID capabilities
for inclusive distributions.

The needfor an homogeneousield along the beamdirection puts an
stringentconstrainton the designof the whole experiment.Only large so-
lenoidalmagnetsareableto provide uniform fields of considerablestrength
(0.5T). To keepdown the coststhe magnetcannotbe too large which limits
significantly the amountof “real estate”(i.e. detectors)it canhouseinside
for tracking,PID, andcalorimetry The final magnethascoils with aninner
radiusof 2.32 m and a yoke radius of 2.87 m. The total lengthis 6.9 m.
Note, that this conceptis very differentfrom the designof PHENIX where
the axial-field magnetdoesnot, or only weakly constrainthe dimensionsof
therequireddetectors.

Figure 9. PeripheraAu+Au eventrecordedn the STAR TPC.Shawn is the projectionof all
hits (points)andreconstructedracks(solid lines)in theeventontothexy planeperpendicular
to thebeamline.
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In the following we focuson the TPC, STARs main tracking detectoy
that essentiallyperformsthe role of a 3D camerawith around70 million
pixel resolution.The TPCis 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-cagds instrumentedvith 70,000pads.Eachpadreadsout512time
samplesThe positionof the ionizationchage in the readoutplaneprovides
the x andy coordinatef a spacepoint alongthe particle trajectorywhile
thearrival time of the chage allows to determinethe original z position.The
ionization pattern(chain of hits) of a traversingchaged particle cured in
the magneticfield allows the completereconstructiorof the particletrajec-
tory andits 3-momentumFig. 9 shaws the xy-projection(front view) of a
low multiplicity eventrecordedn the STAR TPC.Eachpointrepresentsne
reconstructedhit, i.e. thelocal ionizationchage createcby onepatrticle.The
lines representhe reconstructedrajectoriesof the particles.Togetherwith
thetiming informationit is possibleto alsoreconstructhe z-positionof the
hits andsuchthe polarangleof thetracksasshavn in Fig. 10. Sophisticated
patternrecognitionprogramsperformthe task of reconstructinghe particle
trajectoryusingthe measuregbositionsof the measuredhits. This procedure
is commonlyreferredto as“tracking”. In the following we discussthe pa-
rameterizatiorusedto describea trackin the STAR TPC (andin ary other
detectomwith anhomogeneousolenoidafield).

LAV L \

Figure 10. Sameevent as shavn in Fig. 9 but viewed from the side. The beamlineruns
horizontallyfrom theleft to theright.
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5.1.1. Track Parameterization Momentum Deter mination
The trajectoryof a chaged particlein a staticuniform magneticfield with
B = (0,0, B,) is a helix. In principle five parametersre neededo define
a helix. From the various possibleparameterizationsve describeherethe
versionwhich is mostsuitedfor the geometryof a collider experimentand
thereforeusedin STAR.

Thisparameterizatiodescribeshehelix in Cartesiarcoordinatesywhere
z,y andz areexpressedsfunctionsof thetracklengths.

1
z(s) = xo + E[cos(tI'o + h sk cos A) — cos g 1)
y(s) = yo+ 1[sin(<I>0 + h sk cosA) — sin D] @)
K
z(s) = zp+ s sinA (3)

where:s is the pathlengthalongthe helix

X0, Yo, Zo iS thestartingpointats = s = 0

Aisthedip angle

k isthecurvature,ie.x = 1/R

B is thez componenbdf thehomogeneoumagnetidield (B = (0,0, B,))

q is chage of theparticlein unitsof positronchage

h is the senseof rotation of the projectedhelix in the zy-plane,i.e. h =

—sign(¢B) = %1

®( is theazimuthangleof the startingpoint (in cylindrical coordinatesvith

respecto thehelix axis(®g = ¥ — hr/2)

¥ is thearctan(dy/dx)s=o, i.e. theazimuthalangleof thetrack directionat

thestartingpoint.

Themeaningof thedifferentparameterss visualizedin Fig. 11.
Thecirclefit in the zy-planegivesthe centerof thefitted circle (z, y.)

andthecunaturex = 1/R while thelinearfit givesz, andtan A\. Thephase

of thehelix (seeFig. 11) is definedasfollows:

®y = arctan (M) 4)
o — T¢

Thereferencepoint (xg, yo) is thencalculatedasfollows:

o = 1, cos @ )

yo = yo+ 2020 ©)
andthehelix parametersanbe evaluatedas:

U = &g+ hn/2 (7)
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Z)

Sxy

Figure 11. Helix parameterizationshavn on the left is the projectionof a helix on the zy
plane.The crossesnark possibledatapoints. Theright plot depictsthe projectionof a helix
onthe sz plane.For the meaningof the variousparameterseetext.

pL = cqB/k (8)
P, = pi tan 9

p = /Pl +p2 (10)

wherex is thecurvaturein [m—1], B thevalueof themagnetidield in [Tesla],
¢ the speedof light in [m/ns] (= 0.3) andp, andp, arethetranserseand
longitudinalmomentumin [GeV /c].

Oncethe track momentaand parametersare determinedone can use
the abore parameterizatiomo extrapolatethe TPC tracksto otherdetectors,
e.g.outwardsto theelectromagneticalorimeteor RICH detectoror inwards
to thesiliconvertex tracker (SVT). Oncethereferringhits arefoundthey are
addedo thetrackandtheparametersarere-esaluated.The chagesof all hits
alongatrack canbe usedto calculateits enegy loss(dE /dz) andtogether
with its knovn momentuncanbe usedto determinghe particlemass.

5.2. ELECTRON IDENTIFICATION (THE PHENIX EXAMPLE)

As we have seenin the physicsmotivation section,thereare mary reasons
to measureelectronsover a broadrangein transerse momentum.in the
original Lettersof Intent therewere mary different proposalsfor detector
technologiedor measuringelectrons,and mary of thesecapabilitieswere
combinedinto the PHENIX experiment.The PHENIX experimenthastwo
centralspectrometearmseachcovering90 degreesin ¢ and|n| < 0.35.
Electronsandalsochagedhadronghatare producechearmid-rapidity
are bentin an axial magneticfield over a radial distanceof approximately
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z

Figure12. A schematiadiagramofthePHENIX centralspectrometemagnetiaeconstruction
techniquds shawn.

two metersafter which the apertureis relatvely field free. Thereis a large
aperturedrift chambeithatmeasureshe projectie trajectoryof the chaged
particletracksin the field free region with multiple wire layersorientedin
the x direction (giving maximumresolutionin the bendplaneof the field)
andalsoin u andv direction (stereoplanesfor patternrecognition).The
drift chambeiis augmentedby a seriesof moderateesolutionpadchambers,
which yield threedimensionakpacepoint alongthe particles track andaid
significantlyin patternrecognitionandnon-\ertex backgroundejection.As
shavn in Figure 12 the particletrackis characterizedy anangle(c) in the
bendplaneof the magneticfield. From this vectorandthe assumptiorthat
thetrack originatedat the Au-Au collision vertex, therigidity of thetrackis
determinedTherigidity is themomentundividedby theparticlechage,and
with theassumptiorof a Z = +1 particle,the momentunis known.

Typically the momentumresolutionhastwo componentasshavn be-
low.

dp/p = (= 1%) + (= 1%) x p[GeV/(] (11)

Thefirst term, typically of order1% is dueto the multiple scatteringof the
chage particlein materialbeforeand in the tracking devices. The second
termwhich scaleswith the particles momenturmis relatedto thefinite spatial
resolutionof the detector The PHENIX detectorhasbeendesignedwith a
minimum of inner region materialincluding a Beryllium beampipe, which
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