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1450 A. Olszewski et al.1. Introdu
tionIn the study of high energy heavy ion intera
tions the 
entrality of the
ollision des
ribing the geometry of the 
ollision region, plays an importantrole. It is de�ned by the impa
t parameter, b; the smaller is the impa
tparameter, the more 
entral is the 
ollision. Other parameters, whi
h varywith the impa
t parameter, are also used to 
hara
terize the 
entrality of the
ollision. For non-zero impa
t parameters not all nu
leons inside the nu
leuswill parti
ipate in the 
ollision. This observation led to the formulation ofthe so-
alled �parti
ipant�spe
tator� model, in whi
h only nu
leons in theregion of geometri
al overlap of 
olliding nu
lei parti
ipate in the 
ollision,while other nu
leons are spe
tators. The number of parti
ipating nu
leons,Npart, is 
ustomarily used in the studies of high energy nu
leus�nu
leus 
ol-lisions at RHIC. Note that neither b nor Npart are dire
tly measurable quan-tities. Therefore in order to de�ne 
entrality, an experimental observablemust be 
hosen that 
orrelates with the impa
t parameter or the number ofparti
ipants.2. Centrality in models of nu
lear intera
tionsA detailed de�nition of 
entrality parameters 
an be obtained withinthe Glauber model formalism [1℄ whi
h 
onsiders nu
lear intera
tion as asuperposition of independent 
ollisions between parti
ipating nu
leons. Thebasi
 parameters of this model, the value of nu
leon�nu
leon 
ross-se
tionand parameters of the Wood�Saxon density of nu
leons inside the nu
leus,are taken from experiments.Within the Glauber model one 
an 
al
ulate 
orrelations between 
en-trality of the 
ollision, as represented by impa
t parameter, b, the number ofparti
ipating nu
leons, Npart and the number of nu
leon�nu
leon 
ollisions,N
oll [2℄. A distribution of impa
t parameter in 
ollisions of Au ions, shownin Fig. 1, demonstrates that only small fra
tion of 
ollisions is 
hara
terizedby small impa
t parameters. This means that in order to study these 
en-tral 
ollisions one needs to develop e�
ient and pre
ise methods of 
entralitydetermination event by event.Most 
urrent models des
ribing nu
lear intera
tions use Glauber formal-ism to 
al
ulate initial geometry of the system (Npart; N
oll; b). Then, thepredi
tions for the density of parti
le produ
tion are obtained either by as-suming an independent superposition of nu
leon�nu
leon 
ollisions [3, 4℄ orusing di�erent s
aling hypotheses [5℄. In some models, the 
al
ulated initial
onditions are used as input to more sophisti
ated Monte Carlo intera
tionmodels, whi
h 
an take into a

ount novel physi
s e�e
ts predi
ted to o

urat high energy and/or parton density.
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Fig. 1. Distribution of impa
t parameter, b, in Au + Au 
ollisions.The importan
e of 
entrality dependent measurements be
omes obviouswhen one looks at a variety of model predi
tions for parti
le produ
tionat mid-rapidity, shown in Fig. 2. In this �gure di�erent model predi
tions
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HIJINGFig. 2. Npart dependen
e of 
harged parti
le density at mid-rapidity normalizedper pair of parti
ipating nu
leons. The shadowed band indi
ates the 
ombinedsystemati
 and statisti
al error for PHOBOS data. Model 
al
ulations are shownby solid lines of di�erent width.[3,4,6℄ are 
ompared with the results obtained in the PHOBOS experiment[7℄. Experimentally measured s
aled parti
le densities dN=d�=hNpart=2i, risewith in
reasing 
entrality of the 
ollision, here measured by Npart. On theother hand, model predi
tions either show a slight de
rease [6℄ or an in
rease
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le densities [3,4℄ whi
h in some models (e.g. HIJING) is mu
h fasterthan that observed in the data. So in order to test these di�erent ideas, it is
ru
ial to make pre
ise measurements of 
entrality and 
entrality dependentquantities. 3. Pre
ision of 
entrality determinationPre
ision of 
entrality measurements is in�uen
ed by several fa
tors. Oneof them is asso
iated with the 
hoi
e of the analyzed event samples. Ingeneral there are two ways to vary the volume of intera
ting nu
lear matter:(1) by 
hanging mass of 
olliding nu
lei and studying properties of in
lu-sive samples of these 
ollisions, and(2) by sele
ting events with di�erent 
entrality from a single sample ofin
lusive nu
leus�nu
leus 
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 parti
ipating nu
leons for in
lusive samplesof symmetri
 
ollisions of ions of di�erent size. The average and RMS values areindi
ated by points and horizontal bars.As one 
an see, by 
hanging size of 
olliding nu
lei one 
an indeed 
hangethe average number of parti
ipating nu
leons, 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 se
ond method of event sele
tion isvery e�
ient, providing samples of events with distin
tly di�erent 
entralityproperties, rea
hing also Npart values far beyond the range available in the
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Fig. 4. Distribution of the number of parti
ipating nu
leons for sub-samples ofevents sele
ted from the in
lusive sample of Au + Au 
ollisions by Npart 
entrality
uts. The average and RMS values for ea
h sub-sample are shown.�rst method. It is, however, more sensitive to the theoreti
al and experi-mental un
ertainties of 
al
ulating 
entrality properties for these samples ofsele
ted events, as it will be dis
ussed later.Another fa
tor that in�uen
es the pre
ision of 
entrality measurementsis related to the un
ertainties in the Glauber model. Examples of su
h dif-feren
es are shown in Fig. 5, where the results for the ratio of average Npartobtained from di�erent versions of Glauber 
al
ulations to the value ob-tained from HIJING Monte Carlo model are shown for di�erent 
entralities.It is known [8℄ that the �opti
al� approximation used routinely in analyti
alGlauber 
al
ulations is not 
orre
t in the 
ase of 
ollisions of heavy ions.In 
ontrast, the method of Monte Carlo 
al
ulations avoids approximationsused in analyti
al 
al
ulations and delivers 
orre
t results. As it is seenin Fig. 5, where the MC results are indi
ated by points around a 
onstantvalue of 1, and where points from analyti
al Glauber 
al
ulations with sev-eral di�erent sets of parameters lie below, the di�eren
e between these twoapproa
hes may ex
eed a value of 10% already for moderately peripheral
ollisions. Un
ertainties in Glauber model parameters des
ribing nu
leondensity distribution, lead to di�eren
es of the order of 2% and are mu
hsmaller than those from �opti
al� approximation.It is important to keep tra
k of these un
ertainties, espe
ially when 
om-paring results in whi
h di�erent methods of Npart 
al
ulations were used.One should always make sure that trivial sour
es of dis
repan
ies are elimi-nated �rst, before going into 
on
lusions about physi
s e�e
ts.
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Fig. 5. Dependen
e of the ratio of average value of Npart obtained from di�erentappli
ations of the Glauber model to the averageNpart from HIJING MC model onNpart. HIJING and PHENIX MC represent Monte Carlo approa
h, while the pointsfor three sets of (R; a; �NN ) parameters are from analyti
al Glauber 
al
ulations.4. Centrality determination in the PHOBOS experimentIn the experiment it is not possible to dire
tly measure impa
t parame-ter, b, whi
h de�nes the 
entrality of a 
ollision. Experimentally measuredobservables are typi
ally related to the number of parti
ipating or spe
ta-tor nu
leons, the quantities whi
h are in turn 
orrelated with the impa
tparameter of a 
ollision.The number of spe
tator nu
leons 
an be obtained from the measure-ments of the total mass or energy of the nu
lear spe
tator remnant. Thesemeasurements are possible in �xed target experiments, but di�
ult in the
ollider experiments. This is due to the fa
t that nu
lear spe
tator fragmentsare emitted in the dire
tion of the 
olliding nu
lei, thus stay inside the beampipe and are not available for measurements. At RHIC 
ollider, all heavyion experiments are equipped with the identi
al Zero Degree Calorimeterslo
ated �18 m from the nominal intera
tion point, behind the magnets de-�e
ting 
harged parti
les. Therefore, they 
an dete
t only a small fra
tionof all spe
tators, the neutrons, whi
h follow a straight line traje
tory all theway downstream to the 
alorimeter.Another way of measuring 
entrality is by estimating the number ofparti
ipating nu
leons. This number is strongly 
orrelated with the totaltransverse energy, or the multipli
ity of produ
ed parti
les. In PHOBOSwe measure parti
le produ
tion in a limited range of 3 < j�j < 4:5 using
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intillator Paddle dete
tors (see [9℄), more details on the Paddle signalpro
essing 
an be found in [7℄. The amplitude of the signal in these dete
torsis the main parameter used to 
lassify events a

ording 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 sili
on dete
tors 
overing almosta full phase spa
e. The latter quantity is proportional to the total numberof produ
ed parti
les whi
h, in turn, in
reases with in
reasing 
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 dete
tors, shown in Fig. 7. This anti-
orrelation is
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Fig. 6. Positive 
orrelation between signal in Paddle dete
tors and the total numberof hits in PHOBOS sili
on dete
tors.
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onsequen
e of a trivial relationship Nspe
t = A � Npart, where Npart is
orrelated with the signal in Paddle dete
tor, while Nspe
t is 
orrelated withthe ZDC signal. The anti-
orrelation is 
learly seen over a wide range ofmeasured signals, ex
ept for the most peripheral 
ollisions, for whi
h mostof the spe
tator neutrons are bound in 
harged fragments and es
ape thedete
tion 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 dete
tor re-sponse to 
orrelate the signals in the Paddle and ZDC dete
tors with the
entrality parameters. In the 
ase of ZDC dete
tors only the signals fromthe 50% of most 
entral 
ollisions are modeled, due to the la
k of a reliablemodel for des
ribing the pro
ess of nu
lear 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 in
lusive signal distributions for both data1 and MC into per
entage
ross-se
tion bins. For MC, the 
entrality parameters are known for ea
hevent, whi
h allows to asso
iate paddle signal for ea
h per
entage 
ross-se
tion sli
e with a 
orresponding Npart or N
oll distribution. The propertiesof 
entrality parameters obtained for the simulated data are then applied tosamples sele
ted from real data.5. Pre
ision of experimentally determined 
entrality parametersSin
e 
entrality is not dire
tly measured in the experiment, but only in-dire
tly dedu
ed using models of the measured signals, whi
h are 
orrelatedwith 
entrality only to a 
ertain degree, additional sour
es of errors andbiases are introdu
ed. They in�uen
e 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 parti
ipating nu
leons are 
ompared forper
entage 
ross-se
tion 
uts applied to the impa
t parameter, Npart andPaddle signal distributions. It 
an be seen that the average number of par-ti
ipating nu
leons is not sensitive to the sele
tion 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 sele
tion.In parti
ular 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 
orre
ted for the missing fra
tion of 
ross-se
tion, dueto the trigger ine�
ien
y [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 spe
tatornu
leons in the 
ollision.A large 
ontribution to the systemati
 error in the experimental estima-tion of 
entrality 
omes from the un
ertainty in the fra
tion of the inelasti

ross-se
tion a
tually measured in the experiment. A dire
t estimation ofthis fra
tion from the number of events experimentally registered is not pos-sible due to the un
ertainties regarding pre
ise value of the total 
ross-se
tionin Au + Au intera
tions at RHIC energies. In PHOBOS, the measured fra
-tion of inelasti
 
ross-se
tion has been estimated at the level of 97% withsystemati
 un
ertainty of 3%, from the 
omparison of o

upan
y in Paddle



1458 A. Olszewski et al.
ounters with MC simulated distribution. The global un
ertainty at thislevel proved to be the largest 
omponent of the experimental systemati
error. The 
omparison of the magnitude of systemati
 errors 
oming fromthe biases in the experimental method of 
entrality determination and theglobal un
ertainty of the measured 
ross-se
tion as a fun
tion of 
entralityis shown in Fig. 10. The total systemati
 error ex
eeds 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 parti
ipating nu
leons Npartas a fun
tion of 
entrality. The two 
omponents of systemati
 errors 
oming fromthe un
ertainty in the absolute value of the 
ross-se
tion measured and from thebias of experimental method are shown by, down and up, triangles, respe
tively.The total value of systemati
 error as a fun
tion of 
entrality is shown by squarepoints. 6. SummarySystemati
 studies of the 
entrality dependen
e of various observables inhigh energy heavy-ion 
ollisions are ne
essary in order to understand physi
sphenomena in dense and hot nu
lear matter. These studies require pre
isionmeasurements of the 
entrality parameters su
h as Npart or N
oll. It has beenshown that large variation in the 
entrality parameters and their relativelya

urate estimates 
an be a
hieved by sele
ting sub-samples of events fromthe in
lusive sample measured for a given 
ollision system.The un
ertainties in the parti
ular appli
ation of the Glauber formalisma�e
t the estimate of the 
entrality parameters. Espe
ially, the analyti
al
al
ulations of the parameters, based on the opti
al approximation of theGlauber model, should be avoided sin
e they provide in
orre
t results forthe heavy ion 
ollisions.
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ision of experimental estimates of the 
entrality parameters ismainly limited by the un
ertainty in the measured fra
tion of inelasti
 
ross-se
tion. The biases in the estimate of the mean values of 
entrality param-eters, due to the 
hoi
e of experimental signal for 
entrality sele
tion 
utsand imperfe
tions in the signal simulations, are 
orrespondingly small. They,however, a�e
t the width of the distribution of the 
entrality parameters,and should be taken into a

ount parti
ularly in model predi
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