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Abstract. Transversemomentumspectrafor identified π0’s in therange1 GeV/c � pT
� 4 GeV/cvia π0 � γγ

have beenmeasuredby the PHENIX experimentin Au-Au collisions at � sNN � 130 GeV. The spectrafrom
peripheralnuclearcollisionsareconsistentwith the simplescalingof p+p collisionswith the meannumberof
nucleon-nucleonbinarycollisions.Thespectrafrom centralcollisions andtheratio of central/peripheralspectra
aresignificantlysuppressedwhencomparedto binarycollision scaling.

PHYSICS OBJECTIVE

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven NationalLaboratorystartedoperationin June2000,that
openednew frontiers in the study of hadronicmatterunderunprecedentedconditions of temperatureand energy
density. The researchis focusedon the phasetransition associatedwith quarkdeconfinementandchiral symmetry
restorationexpectedto takeplaceundertheseconditions. PHENIX is oneof the four experimentsat RHIC, that is
designedto cover the entire time-scaleof the interaction,from initial hardscatteringto final stateinteractionsby
simultaneousmeasurementof a wide rangeof probesin thesamedetector.

The production yield of neutralpion in the high transversemomentum(p T ) rangeis of specialinterest.High pT
hadronsareproducedprimarily by hard-scatteredpartonswhichturnsinto jetsof hadrons,andtheir rateof production
in pp collisionscanbecalculatedwith perturbative QCD (pQCD),thataresimplyscaledto nuclearcollisionsby the
relative numberof binarynucleon-nucleoncollisions.In thecaseof colliding nuclei,thereareseveralnucleareffects
thatmaymodify thespectraof hadronseven in theordinarynuclearmedium,suchasshadowing andkT broadening.
Therearealsopredictions[1, 2] thatif themediumbecomesvery dense,thescatteredpartonsmay loseconsiderable
energy via gluon bremsstrahlung,andthusresultin “jet quenching”.Accordingto thosepredictions, theeffect would
causeasignificantdeficit in thespectrumat high pT .

EXPERIMENTAL SETUP

ThePHENIX detectorconsistsof anaxial-fieldmagnetsurroundedby two centralarms(calledEastandWest),each
onecovering90� in azimuthand � 0� 38unitsof pseudorapidity. Two spectrometersat forwardangles(10 � � θ � 35� )
aroundthe beamaxis are dedicatedto track and identify muons.During the Year 2000 run, only a subsetof the
detectorsof thecentralarmwerereadoutandanalyzed.

Trigger andbasicevent characterizationwereprovided by two setsof beam-beam counters(BBC) covering2π in
azimuthandη � ��� 3� 0 	 3� 9
 , andby two zero-degreecalorimeters(ZDC) located� 18� 25m from thecollisionpoint
andcovering � η �
� 6 [3]. Theinteractiontriggerisprimarilygeneratedby thecoincidencebetweenthetwobeam-beam
countersthatdetect92 � 2%of thenuclearinteraction crosssectionof σ int � 7� 2 barns.Thecoincidencebetweenthe
twozero-degreecalorimetersprovidesanothertriggerthataresensitivetounboundspectatorneutronsfromthenuclear
interactionsor from Coulombdissociation. ThecorrelationbetweentheBBC andZDC signalsareusedto determine
thecentralityof thecollision. UsingaGlaubermodelcombinedwith asimulationof theBBC andZDC responses,the
numbersof participantnucleons(Np) andbinarycollisions (Ncoll) areestimated[3].

The centralarm spectrometersconsistof a multiplicity vertex detector(MVD), drift chambers(DC), two layers
of pad chambers(PC), a gas-filledring imaging Cherenkov detector(RICH), a time expansionchamber(TEC),



and a high granularity electromagneticcalorimeter(EMC) consistingof eight sectors,each covering � η � � 0� 38
and ∆φ � 22� . Six of eight calorimetersectorsare lead-scintillator samplingcalorimeters(PbSc),while two of
themconsistof leadglasscalorimeters(PbGl). The datapresentedhereareobtainedfrom two PbScsectorsin the
West arm spectrometer, which have 8� 2%� E � GeV
�� 1� 9% energy resolution and5� 7� E � GeV
�� 1� 6 mm
position resolution for electromagneticshowers in a low multiplicity environment.The energy calibrationwasfirst
establishedusingminimum ionizing particles,verified from the datausingE � p matchingfor identifiedelectronsin
low multiplicity eventsandwith themassof theπ 0. Theenergy gainis frequentlymaintainedwith a lasermonitoring
system,Thesystematicerroron theoverall energy scaleis lessthan1.5%[4].

EVENT SELECTION, DATA SET

Onlyeventstakenatfull magneticfieldandsatisfyingtheprimaryinteractiontrigger, asexplainedabove,areanalyzed.
Additionalcutsareappliedon themeasuredevent vertex position ( � z � � 30 cm) andon theconsistency betweenthe
ZDC andBBC interactiontimemeasurement.1.17million eventspassedthesecutsandform thesamplereferredto as
“minimum bias”.Baseduponthecorrelationof themeasuredBBC chargeandZDC energy, eventsareclassifiedinto
several centralitiesasfractionsof the total nuclearcrosssection.In this analysis“central” refersto the 0-10%most
centralcollisions,while “peripheral”meanstheupper60-80%rangeof σ int . Thenumberof eventsof centralcollisions
is 128K,while thatof peripheralcollisionsis 270K.

ANALYSIS

Neutralpions have beenmeasuredusingtheir π0 � γγ decaymode.In this measurement,the invariantmassof the
photonpairsarerequiredtobewithin anarrow (2σ) window aroundtheobservedπ 0 mass,thatallowsfor lessstringent
photonidentificationcuts,which reducesthesystematicerrorsonefficiency lossesdueto thesecuts.

Eachclusterfoundin thecalorimeteris subjectto a timing cutof 2.5nsecwith respectto theexpectedtime-of-flight
of a photoncomingfrom theeventvertex (TOF cut).Thecut rejectsslow hadrons,especially anti-neutronswhichare
a majorsourceof neutralclustersin the1-2 GeV energy range.Theshapeof eachclusteris comparedto theknown
andparameterizedshapeof electromagneticshowers,andtheχ2 of thedifferencebetweentheobservedandpredicted
shower shapeis calculated[4]. A χ2 � 3 cut is appliedto the showers.Both cutsareoptimizedto keepthe photon
efficiency as high as possible. Thereforethe acceptedclustershave a significant contribution from otherparticles
whichareremovedby thebackgroundsubtraction methoddescribedbelow. Theefficiency of bothcutsdependsonthe
eventmultiplicity, thatwasverifiedfrom thedataby comparingπ 0 peakcontentsatagivenpT extractedwith different
photonidentificationcuts,aswell asby studyingtheeffect of thecutsonwell identified electrons.

Theγγ invariantmassis calculatedfrom all pairsof clustersin anevent thatpassedthephotonidentificationcuts.
Thecombinatorialbackgroundis estimatedusinganeventmixingmethod,whichissubtractedfromtheinvariantmass
distributionafterpropernormalization.

The π0 reconstructionefficiency as well as acceptanceis calculatedusing Fast Monte Carlo with an input of
measured/trueenergy ratios for different classesof centrality (hence,different degreesof overlap effects), PID
efficiency, andclusteringefficiency calculatedfrom full PHENIX simulation.

Themeasured/trueenergy ratiosfor gammasarederivedby simulatedsingleelectromagneticshowersmergedboth
in realandsimulatedevents.For differentsingleshower energiesandeventcentralities,thedistributionsof theratios
of themeasuredandtrueenergiesarestored(referredto asphoton energy andeventcentrality-dependentf � Eγ � cent 

“smearing” functions).Thesimulatedeventshave photons(alsosimulated)atcertainenergiesinserted.This increases
our statisticsfor higherenergy photons, which is crucial for determining the amountof p T smearing.The PID cuts
arederivedfrom simulation(usingbothCFD timing simulationsandLED timing simulations).Theclusterefficiency
is the efficiency of finding the photonasa dominantcontributor to a cluster, alsodeterminedfrom simulation.The
systematicerrorsconcerningPID efficienciesareestimatedto be15 � 20%over theentirepT range.

After evaluatingthe several inputs,Fast Monte Carlo generatesneutralpionswith the expectedp T distribution
and allows to decay. For thosecases, when both decayphotons reachthe calorimeter, their respective energies
are randomizedwith the appropriate f � Eγ � cent 
 smearingfunction, and the invariantmassis calculatedusingthe
randomizedenergies.The resultingsimulatedline-shapesarecomparedto line-shapesobtained from the dataafter
mixed event subtraction.They agreevery well, and the samecuts are appliedto the dataand the simulations to



establishtheefficiency. Theprocessis two timesiterative startingwith a reasonablefirst guessof thefinal corrected
spectrum.Thesystematicerroron invariantmasscut in thesimulation is estimatedto be � 20%,thaton p T shift and
smearingis 10 � 15%,respectively. Thesevaluesvarydependson pT ’sandcentralities.

The full PHENIX simulationsarealsousedto determinethebackgroundfrom particlesstriking thepole-tips and
structuralelementsof detectorsin front of the calorimeter. An additionalsourceof backgroundarisesfrom those
π0’s producedcloseto thecollision vertex which arereconstructedin thecalorimeterwith theproperinvariantmass.
Theseparticlesincreasethetrueπ0 yield,andthusalsoestimatedusingsimulations(HIJING 1.35[5]). Thecalculated
contributionof non-vertex but properlyreconstructedπ 0 is � 8%at pT � 1 GeV � c andgraduallydecreasesto � 6%at
pT � 2� 5 GeV � c, eachof whichhasthesystematicerrorof � 50%.This yield hasbeensubtractedfrom themeasured
π0 yield.Theoverall systematicerrorsareestimatedto be25 � 35%.

RESULTS AND DISCUSSION

Thesemi-inclusive transversemomentumdistributionof π0 in peripheral(upper60-80%of σ int ) and10%mostcentral
Au+Au collisionsareshown in Figure1. At high p T thethespectraarelimited by statistics.Error barsincludeboth
statistical andsystematicserrors.
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FIGURE 1. Semi-inclusiveπ0 pT distribution � 1� Nint � � dNπ0 � 2πpT d pT dy � ) in theupper 60-80%peripheralevents(solidcircles)
andthe10%mostcentralevents(solidsquares). Thelinesareaparameterizationof pp chargedhadronspectra,scaledby themean
numberof collisionsNcoll . Thebandsindicatethepossiblerangedueto thesystematicerroronN coll .

Both spectraarecomparedto pT spectraderivedfrom nucleon-nucleondata.Sincethereis no measurementof π0

production in pp at � s � 130 GeV, this referencespectrumis derived from UA1 [6] andCDF [7] chargedhadron
spectra.Theavailabledataarefitted with a functiondσ � 2πpT dpT dy � A ��� p0  pT 
 n, andthefit parametersA � p0 � n
are interpolatedto RHIC energy. The result is divided by σ pp � 42 mb for the yield andby 1.6 to obtainthe pion
contentfrom theunidentified chargedspectra.(The actualparametervaluesareA � 275000� 42� 1� 6, p0 � 1� 71 and
n � 12� 42.) This parameterizedcurve is thenmultiplied by the estimatedmeannumberof binary nucleon-nucleon



collisions(19 � 11and857 � 128in peripheralandcentralcollision, respectively).Thesystematicerroronthenumber
of collisionsis indicatedby thetwo bands.

The scaled pp parameterization describesthe results in peripheralcollisions very well, while it significantly
overpredictsthe measuredspectrumin centralcollisions,particularlyat higher p T . The observed deficit in the π0

yield is evenmorepronouncedconsideringtheCronin-typeenhancement thatis expectedin 3-4GeV/cregion (dueto
kT broadening)above thescaledpp distribution.

The left sideof Fig. 2 shows theratio of per-collisionyield of centraleventsto pp data,which correspondsto the
nuclearmodificationfactor. It is expected that the ratio equal1 if the centraleventscanbe simply scaledby binary
collisions,andmorethan1 if theCronineffect isexpected.Theresultshowstheratiolessthan1, thatis notexplainable
by thesetwo scenarios.
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FIGURE 2. Left side:Ratioof thecentralπ0 spectranormalizedby themeannumberof collisions(857)to ppdata.Errorbarsare
statisticalonly. Solid line: systematicerrorsof theπ0 measurement addedin quadrature.Thereis anothersystematicerrorof fitting
to pp data.Right side:Ratioof thecentralandperipheralπ0 spectra, bothnormalizedby themeannumberof collisions(857and
19, respectively). Error barsarestatisticalonly. Solid line: systematicerrorsof theπ0 measurement addedin quadrature.Dashed
line: systematicerrorson the numberof binarycollisionsadded in quadrature.Also shown: expectedrangeof the ratio with the
Cronin-effect.

The samedeficit are seenin the right side of Figure 2 where both the centraland the peripheralspectraare
normalizedby therespectivenumberof binarycollisions,anddividedpoint-by-point. Thecentral/peripheralratiosare
shown astriangles,andtheerrorbarsarestatistical only. Thesolid line givestheupperlimit on theratioconsidering
thatthesystematicerrorsof theπ0 spectraareaddedin quadrature.Thedashedline addsthesystematicerroron the
numberof collisions(Ncoll) in quadratureto thesolidline.Thecentral/peripheralratio,normalizedby N coll, isexpected
to beonein thecaseof simplescalingwith Ncoll. The measuredratio is muchsmaller, thatcannot beexplainedby
simplescaling.Theexpectedrangeof thecentral/peripheralratiowith a Cronin-effect includedis alsoshown.

Figure3 showstheresultsfor boththeperipheralandcentralcollisionscomparedto threetheoreticalcalculations[1]
(curves). The solid lines are straightforward pQCD calculationsfor pp, with simple scaling to Au-Au collisions
normalizedby the meannumberof binary collisions[1]. The dottedlines arecalculationswhereeffectsof nuclear
shadowing and kT broadeningare added.The result shows a changeof slope,and a suppressionof the soft part
of the spectrumandenhancement of the hardscatteringpart (Cronin effect). The dashedlines includes the parton
energy lossof dE � dx � 0� 25 GeV � f m in additionto theshadowing andk T broadening. The peripheraldataarenot
inconsistentwith eitherof threescenarios.However, thecentraldataarewell below thefirst andsecond(pQCDand
shadowing/Cronin)curve,while they arenot inconsistentwith thethird scenario thatincludesa partonenergy loss.
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FIGURE 3. Comparisonof PHENIX π0 spectrato theoreticalcalculationsunderthreescenariosandfor two centralities.The
points are the sameas Figure 1. The curves are calculationsof X-N. Wang [1]. Solid lines are a pQCD calculationfor pp
scaledby the meannumberof binary collisions.The dottedlines addshadowing andk T broadening. The dashed lines adda
dE � dx ï 0ð 25GeV/fmpartonenergy loss.

CONCLUSION

Transversemomentumspectrafor neutralpions in centralandperipheralaswell as their ratio at � sNN � 130 GeV
Au+Au collisions have beenpresented.The ratio of per-collision yield of centraleventsto pp datashows the same
tendency asthe ratio of central/peripheralper-collision yield. The peripheralspectrumis consistentwith thesimple
scalingof pp collisionswith themeannumberof binarynucleon-nucleoncollisions.In thecentralspectra,asignificant
deficit with respectto thispoint-like scalingis observedat high transversemomenta.Theconsistency checkbetween
thedatafrom leadscintillatorandleadglasscalorimeteris now in progress.
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