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1450 A. Olszewski et al.1. IntrodutionIn the study of high energy heavy ion interations the entrality of theollision desribing the geometry of the ollision region, plays an importantrole. It is de�ned by the impat parameter, b; the smaller is the impatparameter, the more entral is the ollision. Other parameters, whih varywith the impat parameter, are also used to haraterize the entrality of theollision. For non-zero impat parameters not all nuleons inside the nuleuswill partiipate in the ollision. This observation led to the formulation ofthe so-alled �partiipant�spetator� model, in whih only nuleons in theregion of geometrial overlap of olliding nulei partiipate in the ollision,while other nuleons are spetators. The number of partiipating nuleons,Npart, is ustomarily used in the studies of high energy nuleus�nuleus ol-lisions at RHIC. Note that neither b nor Npart are diretly measurable quan-tities. Therefore in order to de�ne entrality, an experimental observablemust be hosen that orrelates with the impat parameter or the number ofpartiipants.2. Centrality in models of nulear interationsA detailed de�nition of entrality parameters an be obtained withinthe Glauber model formalism [1℄ whih onsiders nulear interation as asuperposition of independent ollisions between partiipating nuleons. Thebasi parameters of this model, the value of nuleon�nuleon ross-setionand parameters of the Wood�Saxon density of nuleons inside the nuleus,are taken from experiments.Within the Glauber model one an alulate orrelations between en-trality of the ollision, as represented by impat parameter, b, the number ofpartiipating nuleons, Npart and the number of nuleon�nuleon ollisions,Noll [2℄. A distribution of impat parameter in ollisions of Au ions, shownin Fig. 1, demonstrates that only small fration of ollisions is haraterizedby small impat parameters. This means that in order to study these en-tral ollisions one needs to develop e�ient and preise methods of entralitydetermination event by event.Most urrent models desribing nulear interations use Glauber formal-ism to alulate initial geometry of the system (Npart; Noll; b). Then, thepreditions for the density of partile prodution are obtained either by as-suming an independent superposition of nuleon�nuleon ollisions [3, 4℄ orusing di�erent saling hypotheses [5℄. In some models, the alulated initialonditions are used as input to more sophistiated Monte Carlo interationmodels, whih an take into aount novel physis e�ets predited to ourat high energy and/or parton density.
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Fig. 1. Distribution of impat parameter, b, in Au + Au ollisions.The importane of entrality dependent measurements beomes obviouswhen one looks at a variety of model preditions for partile produtionat mid-rapidity, shown in Fig. 2. In this �gure di�erent model preditions
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HIJINGFig. 2. Npart dependene of harged partile density at mid-rapidity normalizedper pair of partiipating nuleons. The shadowed band indiates the ombinedsystemati and statistial error for PHOBOS data. Model alulations are shownby solid lines of di�erent width.[3,4,6℄ are ompared with the results obtained in the PHOBOS experiment[7℄. Experimentally measured saled partile densities dN=d�=hNpart=2i, risewith inreasing entrality of the ollision, here measured by Npart. On theother hand, model preditions either show a slight derease [6℄ or an inrease



1452 A. Olszewski et al.of partile densities [3,4℄ whih in some models (e.g. HIJING) is muh fasterthan that observed in the data. So in order to test these di�erent ideas, it isruial to make preise measurements of entrality and entrality dependentquantities. 3. Preision of entrality determinationPreision of entrality measurements is in�uened by several fators. Oneof them is assoiated with the hoie of the analyzed event samples. Ingeneral there are two ways to vary the volume of interating nulear matter:(1) by hanging mass of olliding nulei and studying properties of inlu-sive samples of these ollisions, and(2) by seleting events with di�erent entrality from a single sample ofinlusive nuleus�nuleus ollisions. The properties of event samplesobtained in these two ways are shown in Figs. 3 and 4.
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Fig. 3. Distributions of the number of partiipating nuleons for inlusive samplesof symmetri ollisions of ions of di�erent size. The average and RMS values areindiated by points and horizontal bars.As one an see, by hanging size of olliding nulei one an indeed hangethe average number of partiipating nuleons, Npart, but the average hNpartiis low and the distribution has a large spread of Npart values due to a mixtureof events with di�erent entralities. The seond method of event seletion isvery e�ient, providing samples of events with distintly di�erent entralityproperties, reahing also Npart values far beyond the range available in the



Centrality Measurements in the PHOBOS Experiment 1453

partN
0 50 100 150 200 250 300 350 400

ev
N

1

10

10
2

10
3 Au+Au

Fig. 4. Distribution of the number of partiipating nuleons for sub-samples ofevents seleted from the inlusive sample of Au + Au ollisions by Npart entralityuts. The average and RMS values for eah sub-sample are shown.�rst method. It is, however, more sensitive to the theoretial and experi-mental unertainties of alulating entrality properties for these samples ofseleted events, as it will be disussed later.Another fator that in�uenes the preision of entrality measurementsis related to the unertainties in the Glauber model. Examples of suh dif-ferenes are shown in Fig. 5, where the results for the ratio of average Npartobtained from di�erent versions of Glauber alulations to the value ob-tained from HIJING Monte Carlo model are shown for di�erent entralities.It is known [8℄ that the �optial� approximation used routinely in analytialGlauber alulations is not orret in the ase of ollisions of heavy ions.In ontrast, the method of Monte Carlo alulations avoids approximationsused in analytial alulations and delivers orret results. As it is seenin Fig. 5, where the MC results are indiated by points around a onstantvalue of 1, and where points from analytial Glauber alulations with sev-eral di�erent sets of parameters lie below, the di�erene between these twoapproahes may exeed a value of 10% already for moderately peripheralollisions. Unertainties in Glauber model parameters desribing nuleondensity distribution, lead to di�erenes of the order of 2% and are muhsmaller than those from �optial� approximation.It is important to keep trak of these unertainties, espeially when om-paring results in whih di�erent methods of Npart alulations were used.One should always make sure that trivial soures of disrepanies are elimi-nated �rst, before going into onlusions about physis e�ets.
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Fig. 5. Dependene of the ratio of average value of Npart obtained from di�erentappliations of the Glauber model to the averageNpart from HIJING MC model onNpart. HIJING and PHENIX MC represent Monte Carlo approah, while the pointsfor three sets of (R; a; �NN ) parameters are from analytial Glauber alulations.4. Centrality determination in the PHOBOS experimentIn the experiment it is not possible to diretly measure impat parame-ter, b, whih de�nes the entrality of a ollision. Experimentally measuredobservables are typially related to the number of partiipating or speta-tor nuleons, the quantities whih are in turn orrelated with the impatparameter of a ollision.The number of spetator nuleons an be obtained from the measure-ments of the total mass or energy of the nulear spetator remnant. Thesemeasurements are possible in �xed target experiments, but di�ult in theollider experiments. This is due to the fat that nulear spetator fragmentsare emitted in the diretion of the olliding nulei, thus stay inside the beampipe and are not available for measurements. At RHIC ollider, all heavyion experiments are equipped with the idential Zero Degree Calorimetersloated �18 m from the nominal interation point, behind the magnets de-�eting harged partiles. Therefore, they an detet only a small frationof all spetators, the neutrons, whih follow a straight line trajetory all theway downstream to the alorimeter.Another way of measuring entrality is by estimating the number ofpartiipating nuleons. This number is strongly orrelated with the totaltransverse energy, or the multipliity of produed partiles. In PHOBOSwe measure partile prodution in a limited range of 3 < j�j < 4:5 using



Centrality Measurements in the PHOBOS Experiment 1455sintillator Paddle detetors (see [9℄), more details on the Paddle signalproessing an be found in [7℄. The amplitude of the signal in these detetorsis the main parameter used to lassify events aording to their entrality inthe PHOBOS experiment.In Fig. 6 we show the orrelation between the Paddle signal and the totalnumber of hits registered in the PHOBOS silion detetors overing almosta full phase spae. The latter quantity is proportional to the total numberof produed partiles whih, in turn, inreases with inreasing entrality ofthe ollision. An additional proof that the Paddle signal is a good measureof entrality omes from the observed anti-orrelation between signals inPaddle and in ZDC detetors, shown in Fig. 7. This anti-orrelation is
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Fig. 6. Positive orrelation between signal in Paddle detetors and the total numberof hits in PHOBOS silion detetors.
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Fig. 7. An anti-orrelation between signal in Paddle detetors and ZDC.



1456 A. Olszewski et al.a onsequene of a trivial relationship Nspet = A � Npart, where Npart isorrelated with the signal in Paddle detetor, while Nspet is orrelated withthe ZDC signal. The anti-orrelation is learly seen over a wide range ofmeasured signals, exept for the most peripheral ollisions, for whih mostof the spetator neutrons are bound in harged fragments and esape thedetetion in ZDC alorimeters.The further steps in experimental entrality determination involve de-tailed modeling of experimental signals followed by estimation of the valueof entrality parameters, e.g. Npart, for samples obtained by making sele-tion uts on the measured signals.In the PHOBOS experiment we use MC simulations based on theHIJING event generator and the GEANT simulations of the detetor re-sponse to orrelate the signals in the Paddle and ZDC detetors with theentrality parameters. In the ase of ZDC detetors only the signals fromthe 50% of most entral ollisions are modeled, due to the lak of a reliablemodel for desribing the proess of nulear fragmentation. The distributionsof the simulated signals agree well with the measured Paddle and ZDC sig-nals. The �nal estimate of the entrality parameters is obtained by dividingup the inlusive signal distributions for both data1 and MC into perentageross-setion bins. For MC, the entrality parameters are known for eahevent, whih allows to assoiate paddle signal for eah perentage ross-setion slie with a orresponding Npart or Noll distribution. The propertiesof entrality parameters obtained for the simulated data are then applied tosamples seleted from real data.5. Preision of experimentally determined entrality parametersSine entrality is not diretly measured in the experiment, but only in-diretly dedued using models of the measured signals, whih are orrelatedwith entrality only to a ertain degree, additional soures of errors andbiases are introdued. They in�uene the determination of the mean valueand the width of the distribution of a given entrality parameter. In Fig. 8,the average values of the number of partiipating nuleons are ompared forperentage ross-setion uts applied to the impat parameter, Npart andPaddle signal distributions. It an be seen that the average number of par-tiipating nuleons is not sensitive to the seletion of the entrality relatedquantity. On the ontrary, as shown in Fig. 9 the width of the Npart distri-bution hanges strongly for di�erent quantities used for entrality seletion.In partiular the width of Npart distributions is largest in samples obtainedby uts on the value of signals in ZDC, due to the weak orrelation between1 The measured distribution was orreted for the missing fration of ross-setion, dueto the trigger ine�ieny [7℄
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Fig. 8. Comparison of average value of Npart for samples obtained by uts ondi�erent entrality related quantities.
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Fig. 9. Comparison of the width of Npart distributions for samples obtained by utson di�erent entrality related quantities.the number of neutrons measured in ZDC and the total number of spetatornuleons in the ollision.A large ontribution to the systemati error in the experimental estima-tion of entrality omes from the unertainty in the fration of the inelastiross-setion atually measured in the experiment. A diret estimation ofthis fration from the number of events experimentally registered is not pos-sible due to the unertainties regarding preise value of the total ross-setionin Au + Au interations at RHIC energies. In PHOBOS, the measured fra-tion of inelasti ross-setion has been estimated at the level of 97% withsystemati unertainty of 3%, from the omparison of oupany in Paddle



1458 A. Olszewski et al.ounters with MC simulated distribution. The global unertainty at thislevel proved to be the largest omponent of the experimental systematierror. The omparison of the magnitude of systemati errors oming fromthe biases in the experimental method of entrality determination and theglobal unertainty of the measured ross-setion as a funtion of entralityis shown in Fig. 10. The total systemati error exeeds the value of 7% atNpart < 70. Therefore the analysis of the data in PHOBOS was limited to45% of the most entral events where Npart > 70.

Fig. 10. Relative systemati errors of the number of partiipating nuleons Npartas a funtion of entrality. The two omponents of systemati errors oming fromthe unertainty in the absolute value of the ross-setion measured and from thebias of experimental method are shown by, down and up, triangles, respetively.The total value of systemati error as a funtion of entrality is shown by squarepoints. 6. SummarySystemati studies of the entrality dependene of various observables inhigh energy heavy-ion ollisions are neessary in order to understand physisphenomena in dense and hot nulear matter. These studies require preisionmeasurements of the entrality parameters suh as Npart or Noll. It has beenshown that large variation in the entrality parameters and their relativelyaurate estimates an be ahieved by seleting sub-samples of events fromthe inlusive sample measured for a given ollision system.The unertainties in the partiular appliation of the Glauber formalisma�et the estimate of the entrality parameters. Espeially, the analytialalulations of the parameters, based on the optial approximation of theGlauber model, should be avoided sine they provide inorret results forthe heavy ion ollisions.
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