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Event-by-event fluctuations in particle multiplicities and transverse energy produced
in 158A GeV Pb+Pb collisions
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Event-by-event fluctuations in the multiplicities of charged particles and photons, and the total transverse
energy in 158 GeV PbtPb collisions are studied for a wide range of centralities. For narrow centrality bins
the multiplicity and transverse energy distributions are found to be near perfect Gaussians. The effect of
detector acceptance on the multiplicity fluctuations has been studied and demonstrated to follow statistical
considerations. The centrality dependence of the charged particle multiplicity fluctuations in the measured data
has been found to agree reasonably well with those obtained from a participant model. However, for photons
the multiplicity fluctuations have been found to be lower compared to those obtained from a participant model.

The multiplicity and transverse energy fluctuations have also been compared to those obtained from the
VENUS event generator.
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[. INTRODUCTION The value ofwy that can be extracted from experimental
data has contributions that originate both from trivial statis-
Fluctuations in physical observables in heavy-ion colli-tical effects as well as dynamical sources. To extract the
sions have been a topic of interest for some years as thayynamical part associated with new physics from the ob-
may provide important signals regarding the formation ofserved fluctuations, one has to understand the contributions
quark-gluon plasm&QGP) and help to address the question from statistical and other known sources. Examples of
of thermalizatior{ 1]. With the large number of particles pro- known sources of fluctuations contributing to the observed
duced in heavy-ion collisions at Super Proton Synchrotronsxperimental value oy include finite particle multiplicity,
(SPS and Relativistic Heavy-lon CollidefRHIC) energies  effect of limited acceptance of the detectors, impact param-
[2,3], it has now become feasible to study fluctuations on anye fiyctuations, fluctuations in the number of primary col-
event-by-event basis. Recently, several new methods haygj,ns effects of rescattering of secondaries, resonance de-
been proposed for the study of event-by-event fluctuations '[%ays, and Bose-Einstein correlations. These sources of
various global observables to prabe the naiure of the QC uctuations, along with estimates of thg, contributions for

phase transitiod4—7]. In a thermodynamical picture of a .
strongly interacting system formed in the collision, the quc-eaCh have bgen discussed by Stephaebal. [4] and by
Baym and Heiselber{p].

tuations in particle multiplicities, mean transverse momenta in nucleus-nucleusiA) collisions relative fluctuations in
({p7)), and other global observables, are related to the fun-

damental properties of the system, such as the specific he%’ot?l?)lsgbiiervactz))llﬁzigr?;/eltbii e:ufouengetg t?lztsg:glrlri;lczm&ﬁ_red
chemical potential, and matter compressibility. These, i PP ’ 99 q

turn, lead towards understanding the critical fluctuations a ration INAA .CO”'S'OHS mqkes the fluctuations Sm?”- How-
the QCD phase boundary. The existence of a tricritical poiane.r’ the origin of quct_uathns and_hence the phy_su_:al infor-
at the QCD phase transitioj#], which has lately been a mation content are quite different pp andAA collisions.
topic of intense discussion, has been predicted to be assoéll\-/h'k? inpp CO||I$I0nS one hopgg .to extract quantum me-
ated with large event-by-event fluctuations in the above opchanical information about the initial state from the event-
servables by-event fluctuations in the final state, in heavy-ion colli-

In a first-order phase transition scenario, it is believed thaf"o?s (;:‘czﬁlllbbratlpn malr(]es |thd|ff|t():ult t? aCT'?Vethth's go?l,b
supercooling might lead to density fluctuations resulting ininstea € basic aim here has been 1o rejate the event-by-
droplet formation and hot spofg]. These might lead to event fluctuations of the final state with the thermodynamic

rapidity fluctuations in the form of spikes and gaps in thepropertl_es at freeze-out. . . N
rapidity distribution. The study of event-by-event fluctua- In this paper, we present fluctuations in the multiplicities

tions in the number of photons to charged particles has als8f hath charged particles and phatons, ang:l_ in the total trans-
been proposed as a means to search for production of diso erse energy, over a large range of centralities as measured in

ented chiral condensaté®CC) [9,10] the WA98 experiment at the CERN SPS. A major interest has

In nucleus-nucleus collisions ,the. transverse endtgys been to search for fluctuations that have a new physical ori-
an extensive global variabJ&1-13, which provides a direct gin, such as thc_>se associated with QCD phase transition or
measure of the violence of an interacti@y. is produced by fro\r/nvthe format|t(;]n ?If atD(i_C. b dinth . tal
redirection of the longitudinal energy into transverse motion € compare the fluctuations observed in thé experimenta

through interactions in which the interacting particles un-?oataégreV:g;?r?egefr;g%“%if?gpedr:i'omng daerl]sd rlip't?]'éy fl(;ll;[g\:\\//i?]ls
dergo multiple scatterings and approach thermalizafigns section the WA98 experimental setup is déscribed In Sec gIII
also an indicator of the energy density achieved in the colli e criteria for the cgntralit selectign appro riaté for flu.c-
sion. Since the energy density is directly related to the QG'?Jation studies are discus}éed Multi Ii(EJi{D frl)uctuations of
phase transition, it is extremely important to stugly and ; ' plicity
) ) T : photons and charged particles and the effect of acceptance
fluctuations inE;. Moreover, it is interesting to compare the . . :
. ) . ...~ are presented in Sec. IV. In Sec. V, we estimate the multi-
fluctuations ofE to those observed in the particle multiplici- _.”. . . -
ties plicity fluctuations in a participant model and compare to
’ . . . those obtained from data. Section VI deals with transverse
Much theoretical interest has been directed toward the . : . . .

. . , energy fluctuations. A final discussion and summary is pre-
subject of event-by-event fluctuations, motivated by the near, .odin Sec. VII
perfect Gaussian distributions ;) and particle ratio§14] o
measured at the SPS. For these Gaussian distributions, the

variance or the width of the distributions contain information

about the reaction mechanism as well as the nuclear geom- Il. EXPERIMENT AND DATA ANALYSIS
etry [4,15-11. . )
The relative fluctuation dy) in an observabléX can be !N the WA98 experiment at CERN.8], the main empha-
expressed as: sis has been on high precision and smjultaneous detect|o_n of
both hadrons and photons. The experimental setup consisted
0'>2( of large acceptance hadron and photon spectrometers, detec-
wx:m’ @D tors for charged particle and photon multiplicity measure-

ments, and calorimeters for transverse and forward energy
whereo? is the variance of the distribution a) denotes measurements. The experiment obtained data with
the mean value. 158A GeV Pb beams from the CERN SPS in 1994, 1995,
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and 1996. The results presented here are from the Pb run in For the results to be presented below, the following
1996 taken with the magnetic fie(@Goliath turned off. The  sources of errors have been included in the systematic error
analysis makes use of the data taken with the photon multiestimates.

plicity detector(PMD), the silicon pad multiplicity detector

(SPMD), the midrapidity calorimetefMIRAC), and the zero A.Errors in N jie

degree calorimetefZDC).

! . . (@) The major source of error iN,_ . is due to the effect
The circular SPMD, used for measuring charged partlcleof clustering of the pad signals. This error is determined

mgltiplicity, was Ioca.ted 32.8 cm from the target. It had full from the simulation by comparing the number of known
azimuthal coverage in the region 2:3%=3.75. The detec- 505 on the PMD with the total number of photonlike clus-
tor had four overlapping quadrants, each fabricated from &s. The result is that the number of clusters exceeds the
single 300xm-thick silicon wafer. The active area of each nymper of tracks by 3% in the case of peripheral events and
guadrant was divided into 1012 pads forming 46 azimuthaby 7% for high multiplicity central event22].
wedges and 22 radial bins with pad size increasing with ra-  (b) The uncertainty in the ADC value of the hadron rejec-
dius to provide a uniform pseudorapidity coverage. The intion threshold in the PMD leads to an error in the estimation
trinsic efficiency of the detector was better than 99%. Duringof N clusters. The hadron rejection threshold has been
the data recording, 95% of the pads worked properly. It waset at three times the minimum ionizing parti¢eIP) peak.
nearly transparent to high-energy photons, since only abouthe value of MIP peak was changed by 10% of the peak
0.2% are expected to interact in the silicon. Details of thevalue(3 ADC) in order to estimate the systematic error. The
characteristics of the SPMD can be found in R¢if,20. error inN._ e value is 2.5%422].

The photon multiplicity was measured using the pre- (c) The error due to the variation in scintillator pad-to-pad
shower PMD placed at a distance of 21.5 m from the targetgains is found to be less than 1%.
The detector consisted of 3 radiation leng¥y) thick lead The combined systematic error i, . is asymmetric
converter plates placed in front of an array of square scintiland centrality dependent. The errors ar8.2% and+3.4%
lator pads of four different sizes, varying from 15 for peripheral collisions and-7.1% and+3.0% for central
X 15 mn? to 25X 25 mnt, placed in 28 box modules. Each collisions. The errors oMN,,, obtained after correcting for
box module had a matrix of 3850 pads that were read out photon counting efficiency and purity of photonlike sample,
using one image intensifier and one charge-coupled devic#ill be discussed in Sec. V.
camera system. Details of the design and characteristics of
the PMD may be found in Ref§21,22. The results pre- B. Errors in N,
sented here make use of the data from the central 22 box The uncertainty in thély, obtained from SPMD has been

modules covgring the psgudorapidity rangeQ@s4.2. The discussed in detail in Ref.19]. The total error has been
clusters of hit pads, having total analog-to-digital converter

1 0
content above a hadron rejection threshold were identified aessumated to be about 4%.
photonlike. Detailed simulations showed that the photon
counting efficiencies for the central to peripheral cases varied
from 68% to 73%. The purity of the photon sam@he,.jie » The centrality of the interaction is determined by the total
in the two cases varied from 65% to 54%. transverse energyEf) measured in the MIRAC. The finite

The transverse energy was measured with the MIRAQesolution in the measurement Bf contributes to the sys-
[23] placed 24.7 m downstream from the target. It consistedematic error. For the analysis of fluctuation By, which
of 30 stacks, each divided vertically into six towers, each ofuses MIRAC data directly, the centrality is determined by the
size 20<20 cn?, and segmented longitudinally into an elec- forward energyEr. The finite resolution in the measurement
tromagneticEM) section and a hadronic section. The depthEg contributes to the systematic error By fluctuations.
of an EM section was 15X, (equivalent to 51% of an in- These errors are centrality dependent.
teraction length which ensured almost complete contain-
ment of the electromagnetic ener(§7.4% and 91.0% con- D. Fitting errors
tainment calculated for 1 GeV and 30 GeV photons,
respectively. The MIRAC was used to measure both the
transverse electromagnetiE{™ and hadronic E?ad) ener-
gies in the interval 35 #=<5.5 with a resolution of
17.9%AE and 46.1%4{/E, (E in GeV), respectively. Th&+
provides a measure of the centrality of the reaction. Event
with largeE+ correspond to very central reactions with small
impact parameter and vice versa.

The ZDC measured the total forward energy at 6
<0.3° with a resolution of (80%/E)+ 1.5%), with E ex-
pressed in GeVEg provides complementary information on  The centrality of the interaction was determined by the
the centrality with lowEr energy deposit corresponding to total transverse energy measured in the MIRAC. For the part
small impact parameter collisions. of the analysis where transverse energy data are used for the

C. Errors in centrality selection through E1 and Ef

The fitting errors associated with the determination of the
fit parameters of the multiplicity and transverse energy dis-
tributions also contribute to the final systematic error in both
the photons and charged particles and transverse energy, re-
spectively. The maximum contribution of this error to the

uctuation was found to be 2%.

IIl. CENTRALITY SELECTION FOR FLUCTUATION
STUDIES
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FIG. 1. Minimum bias distributions ofa) transverse energf¥; and (b) forward energyEr produced in Pb induced reactions at
158A GeV on Pb. Solid histograms show the results obtained franus event generatokc) shows the anticorrelation of measured total
transverse energlf and forward energ¥e .

fluctuation studies, the centrality was determined instead bgeviation (), and chi square per degree of freedom
the forward energ¥g as measured in the ZDC. The centrali- (x2/ndf) of the photon and charged particle multiplicity dis-
ties are expressed as fractions of the minimum bias crossibutions for different centrality bins. Here the centrality
section as a function of the measured total transverse energjass is chosen with increasing width, as 0-1%, 0-2 %,
using MIRAC, or total forward energy using the ZDC. Fig- 0—-3 %, ... ,0—10%. Asxpected, the mean value decreases
ures 1a and 1b) show the minimum bias distributions of and the sigma increases as we make broader centrality selec-
E; andEg, respectively. The arrows in the figures indicatetion to include more of the cross section. From fféndf
the values oEt andE for the top(most central 1%, 2%,  values, one observes that the distributions increasingly devi-
5%, and 10% of the minimum bias cross section. Predictionate from the Gaussians with increasing width in the centrality
from VENUS 4.12[24] are also shown as solid histograms. selection. For a centrality selection width of greater than 5%,
This will be discussed in a later section. the x2/ndf rises above 2. The variation of and o indicate

The anticorrelation oEt andEg is shown in Fig. {c). It that the extracted relative fluctuatiom{) will grow with the
illustrates that eitheE+ or Ex can be used nearly equiva- increase in the width of the centrality selection interval. This
lently to define the centrality of the reaction. indicates that the impact parameter fluctuations will domi-

Figures 2a) and 2b) show the minimum bias distribu- nate as the centrality selection is broadened. From this we
tions for y-like clusters and charged particles, respectivelyconclude that the centrality selections should be made with
for the full acceptances of the two detectdRMD and as narrow bins irE; as possible, such that the multiplicity
SPMD). The multiplicity distributions corresponding to the distributions are good Gaussians and the impact parameter
centrality cuts using the totdt; for the top 1%, 2%, and fluctuations are minimized. With this in mind we have used
5% of the minimum bias cross section are also shown in theentrality selection bins of 2% widths in cross section, taken

same figures. These distributions have been fitted to thas 0-2%, 2-4 %, ...,62—64 %.
Gaussians. The extracted fit parameters are used for the Figure 4 shows the variation gf, o, and y?/ndf of the
analysis of the fluctuations. photon and charged particle multiplicity distributions within

Figure 3 shows the variation of the mean)( standard the full acceptance of the detectors with these narrow bins in
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FIG. 2. Minimum bias distributions ofa) y-like cluster multiplicity, and(b) charged particle multiplicity produced in Pb induced
reactions at 158 GeV on Pb. The multiplicity distributions for the top 1%, 2%, and 5% most central events are also shown and fitted to

the Gaussian distributions.

centrality. The data presented here cover the region fronrig. 5 as functions of centrality, for full coverage of PMD

central (top 2% of the minimum bias cross sectipiis pe-

(2.9=79=<4.2) and SPMD (2.35 #=<3.75), respectively.

ripheral collisions(up to 65% of the minimum bias cross The errors shown in the figures are systematic errors, the
section where the average number of participants is 26). It isources of which have been already discussed in preceding
seen that both thg and o values decrease towards periph- section. For bothy-like clusters and charged particles the
eral collisions. They?/ndf values are mostly in the region relative fluctuations are seen to increase in going from cen-
between 1.0 and 2.0 over the entire range of centralities corital to peripheral collisions. However, for charged particles
sidered. This suggests that narrow cross section slices in tfige increase is much stronger.

Et or Eg distributions are necessary to study the multiplicity

In order to make a direct comparison of the fluctuations of

fluctuations and minimize the influence from impact param+hotons and charged particles, the multiplicities should be

eter fluctuations.

IV. MULTIPLICITY FLUCTUATIONS AND THE EFFECT
OF ACCEPTANCE

The relative fluctuations in multiplicity fog-like clusters
and charged particles have been calculated using thedo

studied in the region of common coverage of the detectors in
terms of both pseudorapidity and azimuthal angle. In a latter
section, we will compare the results obtained from data with
those from model calculations for the common coverage.
The region of common coverage of the two detectors in the
WA98 experiment was 0.85 units in (2.9< »<3.75). The

general trend of the variation of the Gaussian fit parameters,

values from Fig. 4 and Ed1). These values are shown in with the reduced number of particles, for the common cov-
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FIG. 3. The Gaussian fit parameters of the multiplicity distributiong-tike clusters and charged particles for increasing centrality bins
of increasing width. The centrality selection has been made by increasing the widtks lihs corresponding to 0—1 %02 %,

0-3%, ..

.,0—10% of the mimum bias cross section.
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FIG. 4. The Gaussian fit parameters of the multiplicity distributiongtike clusters and charged particles as a function of centrality.
The centrality selection has been made by selecting 2% bins in minimum bias cross section, viz., 0—-2 %, 2—4 %, 4562664 %. The
multiplicity distributions for these centrality bins are near perfect Gaussians as can be seen figinthievalues.

erage is found to be similar to that obtained with full cover-1.56+0.13 at the most central bif0—29% increasing to

age for each detector. Fit parameters o, and y?/ndf, as  2.8+0.16 for the least central bif62—64 %.

obtained for centrality bins of 2% in width, for the common  Following this discussion of the fluctuations in the multi-
coverage of the two detectors are shown in Fig. 6. As was thplicity of photons and charged particles for the full accep-
case for the larger acceptance, fhando values are seen to tance regions and for the regions of common coverage of the
decrease towards more peripheral event selection. Thghoton and charged particle detectors, we now analyze the
x?Indf values are reasonable. Using the above values of theffect of detector acceptance on the observed fluctuations in
Gaussian parameters together with ELQ, the relative mul-  more detail. For this we have taken two differentoverage
tiplicity fluctuations were calculated and are shown in Fig. 7.regions for each detector. For the PMD theanges chosen
The error shown include the fit errors as well as the otheare 3.6< <4.0 and 3.25 »=<3.75 (with full ¢ coverage
systematic errors discussed earlier. The relative fluctuationihe resultingw values for the two cases are shown in Fig.
for y-like clusters is seen to be rather constant over the fulB(a). Qualitatively, the variation of the fluctuations with cen-
centrality range with an average value of 2@.21. In com- trality is similar for both coverages, but the magnitude of the
parison, the relative fluctuations for charged particles igelative fluctuations is lower for smalley coverage.

ot
4 4k +++++
o | | +
- t et
IR L A i1
N 8-10(%7 IZ?( i;mz %mblr;ssso) 58-60 0-2 8-10%132)( i2;»1302 (37240b1 1;8850) 58-60

FIG. 5. Fluctuations of the multiplicity o§-like clusters and charged particles within the full coverage of PMD and SPMD for various
2% bins of the minimum bias cross section.
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FIG. 6. Centrality dependence of the Gaussian fit parameters of the multiplicity distributjelikef clusters and charged particles within
the common coverage of PMD and SPMD.

For the SPMD, the fluctuations were calculated for thecepted for a fixedm) number of particles produced is-if .
rapidity intervals 2.35 »=<3.35 and 2.65 »=<3.15. These In principle,m can have an arbitrary distribution as given by
bins have width of one and one half unitsjraround midra-  P(m) with known first and second moments. The fluctua-
pidity. The results are shown in Fig(l8. Qualitatively, the tions in then accepted particles out of tha particles pro-
results are again similar to each other with the magnitude ofluced is then given as
the relative fluctuations decreasing as the coverage is
decreased. w,=1-f+fog,. (2

The decrease in the relative fluctuations as the acceptance
is decreased can be understood in terms of a simple statistical Thus considering the fluctuations in one unit®fas w,
picture[25]. Assume that there ama particles produced in we can calculate the expected fluctuations for one half unit of
the collision out of whichn particles are accepted randomly % using the above equation. Hefreorresponds to the ratio
into the detector acceptance. In this case, the distribution of of the total number of particles accepted in one half uniyof
will follow a binomial distribution with meammf and vari-  coverage to that accepted over one unitjinFor the accep-
ancemf(1l—f), wheref is the fraction of particles accepted. tance regions used, the average valuef é6r photons is
Therefore, the fluctuations in the number of particles ac-about 0.52 and that of charged particles is about 0.54. Using

T3 " 3_5 3 — ‘
3 | , phestity
f p !
N Hisiattitiptiagttts 4 bpiorattt
QHWM+ i R "
0-2 8-10% 1(8:-;O( i212‘51-302 73;-4]031114;5; 58-60 0-2 8-10% I(E;;O( ;;302 %%1114;-53) 58-60

FIG. 7. Centrality dependence of the fluctuations of the multiplicity of photons and charged particles within the common coverage of the
PMD and SPMD.
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FIG. 8. Multiplicity fluctuations of photons and charged particles for tywvacceptance selections. The open squares represent estimated
values of fluctuations in 0.5 unit afz from the observed fluctuations in 1.0 unit 8.

these values in Eq2) we can calculate the expected fluc- jth participant. On an average, the mean valueois the
tuations for half unit ofp coverage from the results of one ratio of the average multiplicity in the detector coverage to
unit of » coverage, under the assumption of a binomial samthe average number of participants, i<m>:<N>/<Npart>-

pling. As shown in Fig. 8 the empirical calculations almost  Thus the fluctuations itN will have contributions due to
exactly reproduce the observed result in the narrower accepctuations iNNpart (wNpar\) and also due to the fluctuations

tanl?e _V\;:_ndc;]w for chdarged p?mclﬁs and agrees reasonably yhe number particles produced per participant)( Again,
well within the quoted errors for photons. the fluctuations of given asw,, will have a strong depen-
dence on the acceptance of the detector. In the absence of

V. ESTIMATION OF FLUCTUATIONS correlations between thg’s, the multiplicity fluctuationsoy
IN A PARTICIPANT MODEL can be expressed as

In a picture where the nucleus-nucleus collision is thought
of as the sum of contributions from many sources created in on= oyt (Noy
the early stage of the interaction, the variance of the distri-
Puu;[?onngfiﬁn%gbﬁfgsgeo?f(’)sgcnégblIJ;ror: frgﬁ’:?g Zlijf(f:(;ren Comparison of data with the results of such model calcu-
impact parameters. Even if the im ’act gar{/a\meter window ilations might reveal the extent to which the principle of su-
na?rowe?d densit fluctuations Withpin thg nucleus will makeperposition of nucleon-nucleofN) interactions is valid in

. , density . : the case of heavy-ion collisions. The participant model is
this contribution nonzerdb) the fluctuations in the number . .

. . _expected to hold reasonably well for peripheral collisions
of particles produced by each source. Quantum fluctuation$ s ;
. . Where there are only fewN collisions, while for central
in the nucleon-nucleoNN) cross section can lead to such

effects,(c) the fluctuations due to any dynamical process orCOIIISIOnS the particle production gets affected i scat-

critical behavior in the evolution of the svstem tering, rescatterings between produced particles, energy deg-
o - y ) radation, and other effects. Next we discuss the calculation
The contribution from the first two effects leads to fluc-

tuations in the number of participant nucleons, which may beOf each of the terms in Ed4).

related to the initial size of the interacting system before it

thermalizes. Resonance decays have also been shown to in- A. Calculation of ey

crease the multiplicity fluctuations by a large facfdrs]. ’
Following a simple participant modgb,15,16,26,27, the

particle multiplicity (of photons or charged particlel may

be expressed as

(4)

part

The impact parameter fluctuations are reflected in the
fluctuations in the number of participants. We have estimated
this contribution using th&ENUS 4.12 event generator with
default setting. A set of 100-K minimum bias PPb events

Npart at 158\ GeV was generated for calculation of the number of
N= 2 n, 3) participants. To matgh the centrality seleqtlon of the reaction
i=1 in simulation to that in data, we have carried out a fast simu-
lation in which E; from VENUS was calculated within
whereN,, is the number of participants amgl is the num-  MIRAC coverage taking the resolution factors for the had-
ber of particles produced in the detector acceptance by theonic and electromagnetic energies of MIRAC into account.
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_ 400 .. B. Calculation of w,
g 300 - *oes, This term gives the fluctuations in the number of particles
ZQ 200 - "0“.... produced per participant. It has a strong dependence on ac-
< o |- oo'Oo...... ceptance as given earlier in E®) and shown in Fig. 8. To
ol ol e 1 0000 calculatew, as per Eq.(2) we next obtain the termsand
T 20,4 om- The quantityf is the ratio of the number of particles per
a . ‘¢¢¢¢¢¢¢¢,“”¢ . participant accepted within the acceptance of the detector
Z 10 ¢ ”’¢¢¢0¢¢¢ ({n)) to the total number of particles produced per partici-
B ¢e0 pant (m)). The value of(n) for each centrality bin and for
o U e ESE—— a given acceptance can be calculated as discussed in the pre-
Z 4T ceding section. To obtain the value @h) we make use of
% X * the data existing in the literature f&N collisions. As dis-
£ B ° o0 cussed in Ref429,30 the mean number of charged patrticles
e “.T’“'f‘.“f' . “T"'.f’ ‘ T.. and photons produced in nucleon-nucleon collisions can be
e 2 . parametrized as a function of c.m. system energi@sfiom
* . . )
§ “‘““’,”““““““uo %0 2 GeV to 500 GeV in the following manner:
8 3 (Nep"N=—4.7(£1.0)+5.2( £ 0.8)s>14500D)  (5)
Bl b b e L
027 810 1820 2830 3840 4530 560 (N y)NN:—9.9(i2.1)+8.5(i1.9)30-113(i0-015)_ (6)
90 cs (1n 2 9% bins )

For the 158 GeV SPS energy discussed here this pa-

FIG. 9. Variation ofu, o, andy?/ndf of the distribution of the ~ F@metrization gives the average charged particle multiplicity
number of participants as a function of centrality. to be 7.2 with the corresponding number for photons being
6.3. Thus the average charged particle and photon multiplici-
ties per participant are 3.6 and 3.15, respectively.

The corresponding distributions forveNus are shown as In addition, o for the charged particle multiplicity in
the solid curve in Fig. (). It is seen that the agreement with nycleon-nucleon collisions shows a linear dependence with
data is quite reasonable. the average charged particle multiplicity as 0.5M")

The distributions ofNp, for the same narroW2%) bins  — 1), as given in Ref[30].

of centrality, as discussed above for the data, are well de- This can be used to calculai€,, which is given as
scribed by the Gaussian distributions. Figure 9 shows the
variation of u, o, x?/ndf, and relative fluctuationoy, ((New —1)?

. ) N ®0n=0.33—FFF——. (7)

calculated from the fit parameters with the 2% bins in cen- (New

trality. One can see that the relative fluctuation in the number . . .

of participants,wy__, is around 1. The statistical errors are For charged particles at SPS energies this gives a value of

Npart i on=1.8. However, for photons this number is not known

small and are within the size of the symbols. _since there is no similar parametrization. In the absence of

~ The systematic errors shown in the figures have contribugych 4 parametrization of for photons we will also assume

tion from the following sources, which have been added inpat,, 1.8 for the photon multiplicity. Fluctuations of pho-

quadrature. tons, in principle, are expected to be similar to those for
(1) Nucleon density distribution: In order to estimate the charged particles. This is because the majority of photons

error due to this we have calculated the number of particicome from decay ofr°, while the majority of charged par-

pants fromveNus (as shown in the figujeand those from ticles are charged pionst(").

FRITIOF. The difference for each centrality bin was consid-  From the values ofn), (m), and w,, for a given accep-

ered as representative of the erfa8]. tance and centrality, the term,, can then be calculated.
(2) Finite resolution ofE;: Systematic errors due to this
were calculated by varying the centrality as per the MIRAC C. Comparison of data to model calculations

resolution[22]. We first h . al its of multiplicit
(3) Fitting errors: Errors associated with the determination € Tirst compare the experimental results of multiplicity

of the fit parameters of the Gaussian distributions also Conf_luctuatmns to those of the calculations using the participant

tribute to the final systematic error in the number of artici-mc’deI in the common coverage of PMD and SPMD. Figure
pants y P 10 shows a comparison of the fluctuation in charged particles

. . . from data to that obtained from the calculations using the
The quantity(n) is equal to the ratio of the mean charged model described above. The results are plotted as a function

particle (or photon multiplicity for a given acceptance to the ot the number of participants. The horizontal errors on the

mean number 'of participants for the same centrality binyymber of participants are shown only on the data points.
Thus the contribution from the terfn)wy  to the total  The error onw calculated in the model is mainly due to the
fluctuations[Eq. (4)] can be easily obtained. error on the mean number of charged particles in nucleon-
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6 (1) Event-by-event variation in photon counting efficiency
® data (e,) and purity of photon sampleff). These have been
found to vary from 3% to 6% for central to peripheral
5 O Model collisions.
__ VENUS (2) The purity factor depends on the ratio of the number

of photons and charged particles within the PMD coverage.
4 | The systematic error associated with this ratio has been stud-
ied by using therrITIOF [31] event generator in addition to
VENUS. The average photon multiplicity estimated by using

5 3 FRITIOF is found to be higher by about 4% in peripheral and
C by 1% in central collisions, compared to the values obtained
using VENUS.
2 L (3) The photon counting efficiency determined in the

present case relies on the energy spectra of photons as given
by theVENUS event generator. As the conversion probability
1k for low-energy photons falls sharply82] with decreasing
energy below 500 MeV, the estimate @f may be affected if

the energy spectra in the actual case is different. Photon en-

0 | | | | | | | ergy spectra have been measured by the WA98 lead glass
0 50 100 150 200 250 300 350 400 calorimeter. By extrapolating these measured spectra to the
<Npart> PMD acceptance we have estimated the photon counting ef-

ficiencies for differenty bins and centralities. These results
FIG. 10. The relative fluctuations.;, of the charged particle turn out to be lower compared to those obtained frENUS

multiplicity as a function of number of participants. The experimen-PY 2—9% for central events and 3-13% for peripheral

tal data are compared to calculations from a participant model an§VeNts, the smaller value corresponds to larger pseudo-
those fromveNus event generator. rapidity region of the PMD acceptance. The average differ-
ence in efficiencies within the PMD acceptance are 6% for
. . . - central and 9% for peripheral collisions. These differences
nucleon interactions, the error in the number of participants . ;
o . . add to the systematic errors on the photon counting
calculated, and the uncertainty in the simulation of the Cal'efficiency
culated transverse energy. For clarity of presentation we have The total systematic error on the multiplicity of photons

given results corresponding to alternate 2% centrality bins A0 o . .
ie. 0-2%, 2—4%. .. 62—64%. Theesults fromvENUS (N,) are —6.7% and+12.5% for pgrlpheral collisions and
—8.0% and+9.0% for central collisions.

are also shown in the form of a solid line in Fig. 10, and are The fluctuations in the number of photons have been es-

found to remain aIm_ost constant over the entire Centrallty[imated from the fluctuations in the number of photonlike
range. Charged patrticle fluctuations determined from datalusters by using Eq8):

and the participant model decrease in going from periphera(f

to central collisions, although the dependence on centrality is f

weaker for the model calculation. w.=— o ke - )
Figure 11 shows fluctuations in thelike clusters as well Ve 7

asN,, after the correction. The results, plotted as a function

of the number of participants, are compared to those of thdhese results are shown in Fig. 11. It is observed that the
participant model calculations for photons and results fronf€lative fluctuations of photons from the data are in reason-
VENUS. Using the estimated values of efficiency,) and able agreement with those obtained frmEnus. However,

purity (f,), the number of photons in an event is calculatedthe res_ults for photons from the participant model are some-
by using the relation what higher than those from the experimental data.

_ fp VI. TRANSVERSE ENERGY FLUCTUATIONS

Ny==" Noiike- 8
7 Relativistic nuclear collisions are often described within

the participant-spectator picture in which nuclei are spheres
The photon counting efficiency in PMD varies from 68% to that collide with a definite impact parameter. The overlap-
73% for central to peripheral collisions. The purity of the ping volumes that participate in the reaction are violently
measured photon sample varies from 65% to 54% for centralisrupted while the remaining spectator volumes shear off
to peripheral collisions. and suffer comparatively mild excitations. The magnitude of

The systematic errors associated Wit have already the E; produced depends on the bombarding energy and the
been discussed in Sec. Il. The additional errors in the conparticipant volume or equivalently the number of participat-
version fromN,_je to N, are mainly due to errors in esti- ing nucleons. The cross section for a specific valuegf
mation of photon counting efficiency and purity. The sourcegproduction depends to a large extent on the geometric prob-
of these errors are given below. ability of a given impact parameter. Therefore impact param-
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FIG. 12. The transverse energy distribution for the top 2% of the
FIG. 11. The relative fluctuations,, of photons as a function of minimum bias cross section.
number of participants. The data presented show the fluctuations in
v-like clusters and photons after correction for efficiency and pu-
rity. These are compared to calculations from a participant mode!
and those fronveENus event generator.

ipheral collisionsE+, measured by the MIRAC was used in
he online trigger to define the most central event sample
with a threshold that occurred in the region of the top 14—
18 % of the total cross section. This region is not analyzed to
eter fluctuations are expected to lead to fluctuationg+in avoid trigger bias effects in the measured distribution.
Corroboration of the participant-spectator picture comes Er has a strong correlation with the number of participant
from the strong anticorrelation dE; with the energy ob- nucleons or the number of effective collisions they undergo
served in the zero degree calorimeteg as shown in the [33]. In an attempt to understand the fluctuations in terms of
Fig. 1(b). The smaller the impact parameter, the larger is the
participant volume andy, but the smaller is the spectator

volume andEg. E; also correlates strongly with the pro- g zgg o

duced particle multiplicity. Theda/dN., and do/dN,jie () *

spectra have virtually the same shapela$d E; [Figs. 4a) Q 00 - ®ee

and 2b)]. 2, 200 |- "0.....

The study of the average tot&#l; as measured in the = 00 - ®%ccees °
WA98 experiment and its scaling behavior with the number = |, .
of participants have been discussed earlier in detail in Ref. ,;

[28]. Here we concentrate on the second moment, and stud "o 30 -

the fluctuations irE; as was done foN,, e andN¢,. For Q 20 |

this analysis we have again taken 2% width bins in centrality & o0

using the forward energy as measured by the ZDC. Due tc \Uj 10 $ee AARAAXLEE XXX XYY
the poorer resolution in centrality selection of the ZDC for © o L L Ll L
peripheral collisions, we present the results only up to the

50% centrality class. B4

The E+ distribution for the top 2% of the minimum bias % 3
cross section is shown in Fig. 12. The solid curve shows a & 7| ¢®e o e . e o .
Gasussian fit to the distribution. The o andy?/ndf values 3 L ¢ ‘e o 00%°e%00,
for such distributions at centrality bins varying from 0-2 % ~ T T T I
to 48-50% have been extracted and are shown in Fig. 13 R %) 8-10 18-20 28-30 33-40 43-50
The x?/ndf values are seen to be between 1 and 2, which % cs ( 1 2 % bins )

indicates that the distributions are well described by the
Gaussians. The fluctuations By have been calculated by

FIG. 13. Centrality dependence gf, o, and x?/ndf of the
using Eg.(1) and are shown in Fig. 14. The relative fluctua- transverse energy distribution. The centrality selection is based on

tions are observed to increase in going from central to peEgr measured with the ZDC.
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FIG. 16. Centrality dependence of the relative fluctuations in
transverse energlf; with the centrality selected from tHe-. The
result is compared tgENUS using similar centrality selection crite-
ria.

function of centrality. Thew(E;) per participant has been While the WA8B0 Collaboration has shown that per par-
found to be~1.1 GeV+0.2. This is shown in Fig. 15. The ticipant is independent of projectile, target, and centrality but
main sources of error here are due to the uncertainty in théepends only on the number of wounded nucleons and the
calculation of the number of participants and the finite resobeam energy, the WA98 Collaboration has shown that trans-
lution of the calorimeters. Similar results were also obtained/erse energy does deviate from a linear dependence on the

from WA80 and HELIOS Collaborations of Ref11,12.

25
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FIG. 15. E¢ per participant as a function of centrality. The ver-
tical solid line indicates the estimated systematic erroEinper
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participant.

number of participants for PbPb collisions[28].

The relative fluctuations in transverse energy can be ana-
lyzed in a participant picture similar to that employed in the
case of photons and charged partic|88]. An expression
similar to Eq.(4) can be obtained, where the first term de-
pends on the fluctuations in the transverse energy deposited
by each particle produced per participant nucleon, with the
second term coming from impact parameter fluctuations
within the acceptance of the detector. Since the first term
depends greatly on the detector characteristics, we compare
the transverse energy fluctuations in data to those obtained
from a fast simulation of the MIRAC and ZDC characteris-
tics in VENUS in which the energy resolution for each particle
was applied separately when computing the total transverse
energy[23]. Figures 1a) and 1b) show the comparison of
the simulatedE; and Eg distributions with those from data.
The agreement is seen to be quite reasonable.

Figure 16 shows the comparison Bf fluctuations from
data to those obtained from simulated events usiBigus.

The fluctuations are plotted as a function of the mean num-
ber of participants in various 2% bins of centrality obtained
from Eg. Errors shown in the data are mainly due to uncer-
tainties in the determination of number of participants and
the finite energy resolution of the calorimeters as discussed
earlier. It is seen that the fluctuation in data are systemati-
cally smaller than those obtained foweNus. As discussed

in Ref.[33] many effects like energy-momentum degradation
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of nucleonic objects in successive scatterings and short-rangerse energy and multiplicity distributions usiwgNus. The
correlations between nucleons in a nucleus may be respotransverse energy fluctuations from experimental data are
sible for the decrease in fluctuations By of data as com- found to be smaller than those observedvinus. On the
pared to those obtained from simulationsvienus. The role  other hand, after corrections for charged particle contamina-
of rescattering has also to be understood in this context. tion in the photonlike clusters, the relative fluctuations of
photons appear to be in rather good agreement with

VIl. SUMMARY VENUS.

A detailed event-by-event study of fluctuations in the mul-
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