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Charged particle production in the Pb+Pb system at 158 GeXt per nucleon
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Charged particle multiplicities from high-multiplicity interactions of 158 GeV/nucleon Pb ions with Pb
target nuclei have been measured using high-resolution nuclear emulsion chambers with sensitivity from the
peak of the pseudorapidity distribution forward #0>9. The characteristics of these interactions have been
compared to those of central interactions of 200 GeV/nucleon proton, O, and S beams on silver or bromine
targets and to results from simulations using tRerior 7.02 andvenus 4.12 Monte Carlo event generators.
Multiplicities scale with the number of wounded nucleons, although the multiplicities ferfFBhinteractions
in the central region are significantly lower than predicted by either Monte Carlo model. We examine the shape
of the pseudorapidity distribution and its dependence on centrality in detail, because in this symmetric system
the participant projectile target masses are independent of centrality, so any dependence of the shape on
centrality must therefore be a dynamical effect. No dependence of the produced particle pseudorapidity distri-
bution on multiplicity or centrality is seevenus, the only one of the two models which attempts to incor-
porate reinteraction phenomena, predicts a narrowing of the pseudorapidity distributions for the highest mul-
tiplicity events, which we do not observe. In genera|TioF produces better fits to the all-charged-particle
(primarily pion) data than doesenus.

PACS numbsds): 25.75-q, 13.60.Le, 25.40.Ve, 29.40.Rg

[. INTRODUCTION able effect on the distribution of produced particles in the
The superposition model of nucleus-nucledsAj inter-  most central events.
actions has been highly successful in describing the general At the moment, we lack highly precise predictors of par-
features of particle production in high-energy heavy ion systicle production and angular distributionsAA interactions.
tems. With the availability of beams dP®%b at the CERN  The simplest and historically the first such predictor is the
SPS, superposition can now be tested over two orders ofounded nucleon mod¢B], which assumes that the multi-
magnitude in projectile or target mass fromp to Pb+Pb  plicities ny, scale with the average number of participating
and three orders of magnitude in the number of nucleoner “wounded” nucleonsW and with the average proton-
nucleon (NN) collisions. The Pb-Pb system provides nearly proton multiplicity n,, at an equivalent energy per nucleon:
the largest reaction volume achievable and the highestaa(E)= %Wnpp(E). This contrasts with the naive expecta-
energy densities attainable until RHIC and LHC begin col-tion that the multiplicities should scale with the number of
liding heavy ion beams. In this paper, we reportHfb re- NN interactions, which would result in multiplicities much
sults from the Krakow-Louisiana-Minnesot&LM) emul-  larger than those from the wounded nucleon calculation,
sion chamber exposureEMU-13) at the SPS. Previous since a participating projectile nucleon typically interacts
results from EMU-13 and a detailed description of the ex-with several target nucleons-(G in central PB-Pb interac-
periment have been presented in2]. tions). At SPS energies, the wounded nucleon model predicts
Currently, a major emphasis in this field is the search formultiplicities which are systematically lower than those ob-
nonsuperposition processes in rare events or at high energgrved[4—6|, but only by ~15% for all measured systems
densities. In order for a state such as a quark-gluon plasnfaom pp to Pb-Pb. In fact, the current generation of Monte
(QGP to be produced, superposition must break down viaCarlo codes are no better at predicting multiplicities in ultra-
some thermalization process, such as reinteraction. To detelseavy systems than the wounded nucleon model, although
and understand events in which plasma or similar collectivehey do of course provide much more comprehensive predic-
behavior occurs, it may well be necessary to have a quanttions of angular distributions, transverse momenta, second-
tative understanding of “ordinary” superposition and rein- ary particle species, etc.
teraction physics, especially if events exhibiting collective At high energy, individual projectile nucleons should
behavior are rare. The RPb system is large enough that typically interact with several target nucleons before rehad-
one might reasonably expect reinteraction to have an observenizing outside the target nucleus. Thus, the physical impli-
cation of the relative success of the wounded nucleon model
is that interactions of hadronic excitatiofiseinteractions”
*Present address: NASA Goddard Space Flight Center, Greenbeldf the collision products emerging from the initidN inter-
Maryland, 20771. actiong appear to contribute little to the final-state multiplic-
TPresent address: Ohio State University, Columbus, Ohio 43210ity. To look for dynamical effects other than this interesting
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but well-known “wounded nucleon effect” and to study re- impact parameter. The other factordepends only on inter-
interaction effects in detail, one needs to characterize thaction dynamics.
multiplicities of AA systems carefully. This paper character- For inclusive data sets, the number of participants, or
izes the measured PtPb multiplicities and angular distribu- wounded nucleons, is given in terms of interaction cross sec-
tions and compares them to lighter systems and to predidions o by [3]
tions from FRITIOF 7.02 [7] and VENUS 4.12 [8]. Other
experiments, both electronj®-13] and emulsiorf14-16, oNp ONT
have reported measurements of high-energy Pl interac- W:ATU_PTJFAPU_PT' @)
tions, including results on multiplicities, strangeness, and
J/ production, flow, intermittencies, etc. MeasurementsHere the subscrig® means projectileT means target, and
made with nuclear emulsions have the unique advantage thdenotes an individual nucleon, so that; is the total inelas-
their excellent position resolution makes it possible to studytic hadronic cross section for the projectile nucleus interact-
the extreme forward direction where the projectile spectatoring with the targef17—19, andoyp and oy are the corre-
appear[1]. In this study we separate the central region,sponding nucleon-nucleus cross sections. The first term in
where effects unique tBA interactions are thought to occur, Eq.(1) is the number of wounded target nucledtig and the
from the spectator region. Both regions are examined fosecond the number of wounded projectile nucledns. To
predicted signs of reinteraction. computeW for central data samples, one uses cross sections
In Sec. Il we calculate the number of wounded nucleonsyhich are functions of the maximum impact paramdsgg,,
W. Then in Sec. Il we describe the experiment and analysisf the sample. The cross sections are computed with a
procedure, and use the measurement of forward charge ®lauber calculatiorf20], using the inelastic hadronic cross
demonstrate the validity of the calculation\&f At the same  sections and the nuclear density functions of the target and
time, we derive a value for the charged particle multiplicity projectile. The maximum impact parameter of the data
Ne in the absence of spectators, a value which appears to mple is derived from the partial cross section for producing
lower than expected from the simulations. In the frameworkevents in the sample,
of the wounded nucleon modeilg is proportional toV. The
multiplicity per wounded nucleom is therefore independent 5 Necent
of Wand as a result also independent of impact parameter, so Opart= TDimax=0p1 N ' 2
thatm is an appropriate quantity to test for effects unique to
AA collisions. In Sec. IV, we compare the measured value ofyhere Ncent is the number of central events in the data
m for central Pb-Pb collisions to theFRITIOF and VENUS  sample andN,,, is the total number of hadroni&A interac-
simulation results, to the results pN interactions at similar  tjgns. N, is derived either from a minimum bias scan of the
energies, and to the results for oteA systems. In Sec. V. emulsions or is calculated from the beam count and the total
we look at the detailed shape of the pseudorapidity distribua A cross section. The Glauber calculation gives the number
tions and find a measured distribution which is broader thara,f participant or “wounded” project"e and target nucleons
predicted byveENus (either with or without reinteractiorbut  w, andw; . One can also calculate the number of target and
similar to that predicted byrITIOF without reinteraction. We  projectile interactions/; and vp with the same formalism by
then look in the forward region and use the measured shapgssuming that the cross section for nucleons which have been
of the produced particle distribution to separate out the specxcited by a previous interaction is the same as for unexcited
tators and derive an average transverse momentum for thecleons oy, . This assumption is not necessary in the cal-
spectator protons. Since the effects of reinteraction argy|ation of the number of participan®¥=W;+ W, , which
clearly seen in other experiments looking at produced progependsgthroughoyp, oy, andopr) only onoyy and the
tons and heavy mesons, for example, our results do not inyyclear density functions. In this analysis we use numbers of
ply that reinteraction is not taking place. They do, howeverparticipants and numbers of collisions derived from ke
suggest that the detailed treatment of reinteractioN#Us  1iof simulationg 7] of the nuclear collision geometry for the
is not correct, and that in cases where the total multiplicityspecified maximum impact paramet€Es. (2)]. The sample
and the overall charged particle angular distribution are obf central events discussed here corresponds to impact pa-
interest(for example, in the simulations of high-energy cos-rameters less than 5 fm, compared to a maximum of
mic ray air showers we find that the predictions @RITIOF 2.4(208}3~ 14 fm for Pb+Pb. Atb=5 fm, the values otV
without reinteraction are closer to the measured results thagerived from different density functions differ by 3% or
are the values predicted fromeNUs with reinteraction. less[21]. The deviation increases for larger impact param-
eters.

II. CALCULATION OF THE NUMBER
OF PARTICIPANT NUCLEONS Ill. EXPERIMENTAL AND ANALYSIS PROCEDURE

In comparing multiplicities in systems of different sizes, a  The data chosen for this analysis consist of central inter-
convenient quantity is the multiplicity per participating actions on targets at least as heavy as the projectile. In these
nucleonm=n/W. In the context of the superposition model, systems, the multiply charged spectator fragments that re-
W (the number of wounded nuclegnsontains all the geo- main after the interaction provide an indication of the cen-
metrical effects, i.e., the effects of nuclear radii, density, andrality of the collision. The measurements are taken from two
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TABLE I. 158 GeV/nucleon P Pb samples.

Sample Events <Zb> <nprod> <nfr> <Q1726>
Z,=0 21 0 140&:57 0 50.7#41.8
Zy,=2 25 2 124150 1 53.0:1.8
Z,=3—6 24 4.8£0.2 109648 2.33t0.10 57.0:1.8
Zy=7—12 32 9.4-0.3 899+ 39 3.94:0.20 62.81.3
Z,=13—-17 23 14.5-0.3 77936 5.96-0.19 67.31.6
Z,=18-25 24 21.6:05 651+ 36 7.88:£0.31 69.0:1.8
Z,>25 21 33.21.2 468+ 29 8.67-0.63 71.11.6
Nproa=1000 71 3.20.4 1263-43 1.46-0.17 53.3-1.0
Total 170 11.80.8 933+ 38 4.21+0.25 61.5-0.8

different kinds of emulsion experiments. Data from 200 GeVmated measurement system developed at [3%)26. The

p+Ag/Br [22], O+Ag/Br [23], and SFAgQ/Br 23,24 colli- measurements of the multiplicities of these events have a
sions were measured in emulsion stacks, in which the dete@ystematic uncertainty Of_ 3%. _
tor was the target, and which consequently had ahgular The charge modules included in the EMU-13 chambers

acceptance. A sample of 170 events from 158 GeV/nucleofhabled us to make a measurement of the individual charges
Pb+Pb collisions obtained in CERN experiment EMU-13 ©f the forward emitted projectile fragments either by measur-
was measured in chambers with Pb targets and thin emulsidAg &-ray counts or darkness due to the total charged particle
plates exposed perpendicular to the bdaiin The Pb cham- |on!zat|on[2]. Over all the analyzed events, we observed 540
bers were designed specifically so that charge could be meR€lium fragments 2=2) and 175 heavier fragments. The
sured in a small inclined stack at the downstream end of th@verage charge of those fragments with 2 is small, 5.3
chamberg1,2]. In the chambers we measure only the par-+0.3, as compared to 1610.6 measured in inclusive
ticles in the forward coneg<0.11 rad, corresponding to a Pb+Pb interactiong2]. The frequency of projectile frag-
pseudorapidityy=2.9. This cone includes the peak of the Mments withZ>2 is also lower in the sek.ect(.ad.central c_oII|-
pseudorapidity distribution. Chambers allow the use of tarSions, about one fragment per event, while in inclusive inter-
gets other than emulsion, and present less material to indu@tions we observe on average twice as many such fragments
secondary interactions. In both emulsion chambers an@€r coII_|5|o_n. The measurements of the_lnd|V|duaI charges of
stacks, individual particles can be measured even in the exbe projectile fragments allow us to define for each analyzed
treme forward region, and the submicron resolution makes ievent the quantityZ,=="",Z;, the total charge bound in
possible to identify the individual tracks of these particlesmultiply charged fragments. This quantity is proportional to
and to measure their individual charges. the size of the projectile spectator remnant, and therefore is a

In the stacks, heavily ionizing particldthose with ion- good measure of the impact parameter of the collision. De-
ization greater than 1.4 times minimurare distinguished tails of the chamber measurements and the automatic mea-
from relativistic shower particles, and the numbers of eachsurement system are presented elsewhgiz22-28.

N, andng, are recorded. Two selections on the minimum  The measured multiplicities of the P#Pb events must be
bias sets are made to select central events on heavy targatsaled by an angular acceptance factor to calculate the total
[5,24]: interactions on the Ag or Br nuclei in emulsion are produced multiplicitiesn,;,4. To determine the acceptance
selected by choosing those events wWitf>> 15 heavy tracks factor, pseudorapidity space is divided into three intervals:
produced by slow particles from the target, and centraky<2.9, in which multiplicities are not measured and must be
events are chosen by selecting those events with no multiplgstimated; 2.8 <6, in which all events are completely
charged beam fragmenta{=0). measured, and which is virtually spectator free; aj=6,

In the analysis of the Pb chambers, no minimum bias scawhich is also measured but which contains spectators as well
was performed. Instead, a sample of high-multiplicity eventsas produced particles. In the interval 29<6, the shapes
was selected by visually scanning for large events. This scaof the pseudorapidity distributions are independent of the
efficiently detected events with observed charged multiplici-events’ overall multiplicity and are reproduced quantitatively
ties greater than 600 forward of=2.9 (corresponding to by FRITIOF. (See Ref[1] and Sec. IV. We therefore use a
total charged multiplicities larger than about 1000 once wesingle acceptance multiplier derived frarriTIOF for events
account for the angular acceptahtegether with an incom-  of all multiplicities: ny,oq/N, 9-=1.80+0.05. (We obtain
plete sample of events with smaller multiplicitig]. From  the same multiplier if we useENUS instead ofFRITIOF, even
the measured number of incident primaries and the assumeboughveNus produces narrower distributionsThe overall
total hadronic Ph-Pb cross sectionrpy, pp,=6.9=0.5 b, we  uncertainty in the P Pb estimates of multiplicity, including
estimate that we have measured £28% of the hadronic the 3% measurement uncertainty, is then 4%.
interactions. In 170 events we have fully measured all the The Pb+Pb data samples used in the analysis are shown
particles in the pseudorapidity cong=2.9 using an auto- in Table I. We tabulate the mean bound chat{@g), the
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TABLE Il. Proton-nucleus and nucleus-nucleus central interactions used in the analysis.

System Event  Ngent/Niot (ng) @ Bmax (FM) Wp Wy pP
p(200 +Ag/Br 451 24.4% 22.40.4 2.89-0.13 1 4.2:0.1 4.2
O(200 +Ag/Br 151 28.4% 1724 4.3+0.4 14.6:0.4 27.5-1.4 50
S(200 +Ag/Br 472 19.8% 28& 4 4.0+0.4 28.4-0.8 42.2:2.1 97
Ph(158+Pb 71 9.7% 1263 43° 4.6+0.6 1707 170+7 767

% rrors are statistical, except for PPb, which includes systematics.
®The total number of interactions=W;vp=Wpvy, Where, for exampleyr=Aronn/onr.
“Produced multiplicityn,,o4. See text.

mean singly charged and fragment multiplicitigs, ) and  tile atomic numberhas been subtracted from the measured
(Ntrag), and the forward §=6) charge(Q,~¢) for a set of  total charge to obtain the average produced multiplicities in
samples selected by different valuesZyf. Note that these the =6 cone(large triangles This charge grows with the
event samples are independent. The sample of events withultiplicity in a manner consistent with direct proportional-
Nprog=1000 (corresponding to 9.7% of the total interac- ity (cf. Sec. IV). This scaling is observed in the PPb sys-
tions) is compared to data from interactions of lighter 200tem at lower, spectator-free pseudorapidities than irptie,
GeV/nucleon projectiles on silver or bromi&g/Br), sum- and StAgBr systems, and is another consequence of the
marized in Table Il, where the average number of intra-Pb+Pb system’s symmetry. This simply means that the
nuclear interactions in the events covers the range from 4.@hape of this system’s pseudorapidity distributions is inde-
for p+AgBr to 767 for Pb-Pb. pendent of multiplicity(and centrality. The forward charge

In the samples of central and semicentral events in Tabldata are consistent with the assumption that this behavior
I, there are only small numbers of spectator protons in thelso holds in the spectator region. It also suggests that event
projectile region1]. Almost all the shower particles in this multiplicity is directly proportional to the number of partici-
region are “produced” in the sense that they are either crepants, as expected.
ated or are participant protons, which may originate from The intersection of the two fitted lines at,,,q=1584
either incident protons or neutrons. In the stack data sets,
heavily ionizing particles are found in the large-angle targetg ' [T T T T T T
region and are excluded from the analysis in order to removea
fragments and spectator protons coming from the targeibS i °
spectator. This cut also removes a few produced particles i
estimated fronvENUS and FRITIOF to be of the order of 2
—3 % of the charged particle multiplicity. Since the-PBb
analysis is restricted to the regioy=2.9, heavy target frag-
ments are almost completely excluded from these-Pib
data. In both the stacks and the chambers, the centrality se
lection is made by cutting on the number and charge of bearn
fragments, which determing,. In the case of the PB- Pb
chamber measurements, however, because the beam and ti
get are of equal sizeZ,, is a variable centrality selection
which is more sensitive to the centrality than in the other, s
asymmetric, systems. 0 r

The symmetry of the PbPb system, combined with the
high multiplicities of these events, allows us to test our .
Glauber calculations and at the same time look in some more o ST
detail at the comparison of measured and calculated multi- 0 250 500 730
plicities. In Fig. 1, we plot the total charge contained in the Nproa
cone =6, which includes essentially all of the spectators,
against the multiplicityn, ,q=1.8,4 ¢ for all the ana-
lyzed events. Superimposed on the data_ algygy= 1000 samples withn,,,4=1000 andZ,=0, 2, 3—4, 5-7, and =8.
(where the select|on' IS c!ose to 100% efﬂc)eautg th_e aver- Large solid triangles are the calculated produced forward multiplic-
ages for samples with different values 2 (solid circles, N,-6=Q,=6— Qspect, WhereQqpeqis the spectator charge de-
I.e., centrality. The charge intercept of a fit to thg points  rived from a Glauber calculation. The upper line is the fit to the
(upper ling is 79+ 3, consistent with the charge of the Pb gata. The intercept is consistent with=82, the charge of the
beam, demonstrating that indeed all the spectator charge igam. The lower line is fitted to the forward multiplicity points and
contained in thep=6 cone. For each sample, the calculatedis constrained to pass through the origin. The intersection of the two
spectator charge 82 Wp)/A (whereA=208 is the projec- lines is an estimate of the multiplicity in events with no spectators.

10 | .

o o L e
1000 1250 1500 1750 2000

FIG. 1. Forward charge vs total multiplicity of produced par-
ticles (open circleg Large solid circles represent the averages for

014903-4



CHARGED PARTICLE PRODUCTION IN THE PbPb ... PHYSICAL REVIEW C 62 014903

TABLE lll. Charged multiplicities.

My, oq(data) My rog(Simulations)

System ms Nspect VENUS FRITIOF VENUS FRITIOF Myn
p+Ag/Br 4.3+0.1 0 55-0.1 4.5-0.1 5.3t0.1 3.9:0.1 3.74-0.03
O-+Ag/Br 4.1+0.2 1.0 4.40.2 4.2+0.2 4.8-0.1 4.6-0.1 3.74-0.03
S+Ag/Br 4.1+0.1 2.2 4.3-0.1 4.1+0.1 4.8-0.1 4.7+0.1 3.74-0.03
Pb+Pb 3.7%0.2 16.0 3.%20.2 3.7+0.2 4.7+0.1 4.3:0.1 3.48:0.04

+60 determines the multiplicityof events with no spectator Pb+Pb is at 158 GeV/nucleon. In the framework of the
protonsng. This value agrees with the value determined di-wounded nucleon model, the average number of produced
rectly from the n,,q=1000 sample, B/W(n,,4q)=1545  particles per participant,;,q=nNpoq/W, is independent of
+53. Thus, the forward charge measurements, the producaghpact parameter. To obtain the quantity,,q, the mea-
particle measurements, and the calculated number of partickured quantityn is corrected by subtracting the number of
pants together form a tightly consistent picture. If our calcu-spectator protons and adding the number of produced slow
lations of the numbers of participants are systematically g<0.7) particles. The average number of projectile specta-
wrong by as little as-49%, our two methods of determining tor protons,ng e, is estimated from the Glauber calcula-
no will no longer agree. Figure 1 therefore indicates that outjons The average number of heavily ionizing slow produced
participant calculations are correct within the stated erfors. particles is estimated fromRITIOF or VENUS.

. Ggr;eagsrzeezt?:/gl-f\r;i?h trﬂglggllsgyo fq%gajzrgd der:(ea:fnirggm Since theFRITIOF and VENUS predictions for the number

- of slow particles are different, we obtain two values for

from the preliminary analysis ifl], and is lower than the . . )
value of 1850 expected from the Monte Carlo simulations. " prod- ON€ corrected WIllFRITIOF and one corrected with

We note that results reported by Stenluetdal. [14] have VE’t\'hUS' The.?ﬁ artehllste? undenpr&d(ldata) '2. 'I;_able i to(-j
also suggested a lower central Pb-Pb multiplicity than exgetmer —wih €_ wo model  predictions —under
pected. We have repeated our analysis by fitting to point%:prod(3|mulatlons). The two models give similar results for

chosen on the basis of the number of alphas rather Zan € heavy lon beams, but becaus'e.o.f remterac@mmus
the number of shower particles, and with different radial predicts a substantially larger multiplicity per participant for

density distributions, and obtain essentially identical resultéhe proton beam than doesITIor. Both model predictions

. . . slightly overestimate the respective measured multiplicities
in all cases. The conclusions that the analysis is self- Co
consistent and that the spectator-free multiplicity is Iowermc the O+ Ag/Br and StAg/Br, and predict significantly too

than expected appear to be robust many charged particles in PPb eventsFRITIOF'S overpre-

diction of multiplicities in the Pb-Pb system is also dis-
cussed in Ref.1]. However, we note that in the case of Pb
IV. MULTIPLICITIES PER PARTICIPANT Ag/Br [27], where the target is significantly lighter than the

In order to compare the multiplicities measured with dif- Proiectile, the total measured multiplicities of high-
ferent beam-target combinations, we can use the calculatégultiplicity events are consistent with the predictions.
number of participants to determine the multiplicity per par- 12able lll also shows the charged multiplicities per partici-
ticipant for each of our four beam-target systems. Table [1IP&Nt, Mpa=n;./2, for pn interactions at similar energies
shows the average shower particle multiplicities per partici{28.29. We compare tpn data rather thapp data since the
pant,mg=n./W, for the four central data sets of Table Il. PN System is more similar to th&A data in isospin content

The first three systems are at 200 GeV/nucleon, and th@nd charge fraction, both of which affect theN multiplici-
ties at the 10% levelrrITIOF and VENUS both produce al-

most equal numbers of protons and neutrons, which is not
Y iead-on PlPb h b _ the case fopp or nn interactions, but is true gbn interac-
cad-on events have on average about nine spectalofi, g |y agreement with other studies, we find that the data
ggc:;r;?éragse;rirefore have slightly lower multiplicities than Zero-o o systematically higher than predicté6]. Table Iil ap-
2This conclusion depends on the assumption that produced muItFears to indicate that the RiPb value_ls_S|gn|flcantIy closer
plicity can really be plotted as a straight line through the origin as in 0 the wounded nucleon model prediction than are those for
Fig. 1. Although plausible, this assumption should be tested b he Other S)_/s_tems. H(_Jwever, .We npte that th&Pb system
extending the data points in Fig. 1 to the léfe., to more periph- as a significantly different isospin mlxtu(ge., a larger
eral events Our scanning procedure, which was not fully efficient N€Utron excegsthan the other systems, which may some-
for detecting events with multiplicities smaller than 1000, makesWhat reduce its charged multiplicity relative to the other
this test impossible. Nevertheless, the good fit of the triangles ifNOre proton-rich systems. Neverthelessyy,, p, is lower
Fig. 1 with a straight line through the origin strongly suggests thathan predicted by both Monte Carlo simulations and empiri-
this assumption is reasonable. The linearity assumptisnsug-  cal extrapolations from lighter systerj¥,30].
gested by the wounded nucleon mqdisl discussed and justified Figure 2 displays the shower multiplicity densities as a
further in Sec. V. function of pseudorapidity. For each system, the densities
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e 2T T
175 T B
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FIG. 2. Densities of shower particles per wounded nucleon, ©1.75 |- .
dmg/d%, as a function of the pseudorapidity. The error bars =z i + O p(200)+AgBr W,=1 ]
include statistical counting uncertainties\4 For each particular  — | [ ' ¥ ' A O(200)+AgBr W,=14.6 ]
system, the same values ¥0f are used to normalize the datsI- " ¥ L] 0 S(200)+ABr W.o28.4 ]
TIoF (dashed lingsand VENUS. VENUS predictions are shown with [ ' +’|‘ (200)+AgBr We=28.
(solid lines and without(dotted line$ reinteraction. 125 - * Pb(158)+Pb  W,=170
have been normalized by the calculated number of woundec 1 | *- .
nucleons for the data sample. The same normalizations ar i :
used for the data and the models. The error bars include .5 | R ]
uncertainties due to finite counting statistics and uncertain- [ - ]
ties in the systemdh,,,.x (Which propagates into the uncer- 05 - + - R
tainty in W), added in quadrature. The most obvious conclu- T " .
sion from this figure is that the RPb system has a [ $ " n
significantly lower measured peak density than predicted by °2° [ . ]
either model. Qualitatively, this appears consistent with the : o 8 u LI
trend from lighter to heavier systems. The models slightly N N R R T R ‘?—
underestimate thp+Ag/Br central region, overestimate the -3 -2 -1 0 L 2
O+Ag/Br and S+Ag/Br peaks, and significantly overesti- (b} 7= Ybeom

mate Ph-Pb. FRITIOF provides the better fit in every case.
P y d FIG. 3. Scaling of target and projectile regions with the number

We have examined the effects of reinteraction predicte A - .
b of target and projectile participants. Note that the two vertical axes

by VENUS with separate runs in which reinteraction has been : Cr ; .
turned off, without adjusting any other parameters in the'© different. The target regid@) is normalized by , while the

model. These runs are represented in Fig. 2 by the dotte%[OJeCtIIe region(b is normalized bW
lines. As expected, reinteraction improves e Ag/Br fit
in the target regiof31]. However, turning reinteraction off pp, pA, and w-emulsion interaction§34—-37. The natural
does not improve the fit to th@A data at midrapidities. This combination of this hypothesis with the principle of incoher-
result is discussed in more detail in the next section. ent superposition i A collisions implies that the target re-
The hypothesis of limiting fragmentatior82,33 states gion scales with the number of wounded target nucleths
that in hadronic interactions, the density in the target regiorand that the projectile region scales with the number of
is asymptotically independent of beam energy and projectilevounded projectile nucleon®/s [38]. This expectation is
species. When the projectile region is measured in the targé¢sted in Fig. 3, which shows the shower densities per
rest frame, it is shifted by a kinematically determinedwounded target nucleon in Fig(a8 and the densities per
amounty,e.am, but the projectile region densities are other-wounded projectile nucleon in Fig.(18. Proton-hydrogen
wise predicted to be independent of energy and target sp@ata from the NA22 bubble chamber experimgd®] are
cies. This approximate invariance has been observgrpjn  shown for comparison to the emulsion data. Figure 3 dem-
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onstrates that wounded nucleon scaling is a good approxima-

tion only for AA systems. There appear to be some devia- FIG. 5. Comparison of measured peak pseudorapidity densities
tions from this scaling fopp and pA collisions, but these (2.9<7<3.6) with venus predictions(a) with reinteraction in-
differences must be interpreted cautiously. First, energy degc_luded and(b) with reinteraction turneq off b_ut with aII_ other pa-
radation of the projectile passing through the target is signifiy@Meters left unchanged. The comparison wRITIOF (which does
cantly different forpp, pA, andAA interactions. In addition, not include reinteractioris shown in(c).

there are different spectator contributions. The bubble cham-
ber acceptance corrections are highest in the projectile re-
gion, and the acceptances for slow particles in the target
region differ between the two techniques. The Ag/Br data In the Pb+Pb system, the shapes of the shower pseudo-
are lower than the O, S, and Pb data in the projectile fragrapidity density distributions are independent of multiplicity
mentation region, but the excesses in kA systems are over most of the observed region of pseudorapidity space.
consistent with the calculated number of spectator protons ifhis behavior is illustrated in Fig. 4 using the full PBb
these systems. There are no projectile spectatorg in data set. The forward regiom&6) is the sole exception to
+Ag/Br interactions. The difference between the Ag/Br  this rule due to the presence of spectator protons, especially
data and theAA systems in the target regions appears to pen the more peripherdlower multiplicity) events, as seen in

real, and may be due to reinteraction. Nevertheless, over &9 1. Thus, the data in the forward region are consistent
range of nearly two orders of magnitude \t and dn/d with a linear two-component model in which the produced

the variation in (W)dn/d7 is only ~0.3. The pseudora- multiplicity is directly proportional to multiplicity(as in Fig.

pidity densities are parametrized quite well with j\é and 4) W_h||_e_the spectator contrl_butlon decreases linearly with
. . multiplicity from the most peripheral events to the most cen-
Wp, and dynamical effects apparently have only a minor,

Hect on th lar distributi WA svst i thi tral ones(Fig. 1). These linearities are predicted BRITIOF,
etfect on the angular distributions systems IntniS en- - 5nd are a consequence of superposition in symmetric sys-

ergy range. o tems. They hold as long as second-order effects, i.e., reinter-
Inconclusion, multiplicities in the PbPb system are 5qiion, are unimportant to the shapes of the pseudorapidity
lower than predicted either byRITIOF or VENUS, although  istributions.
FRITIOF does significantly better thameNus. The discrep- VENUS models particle reinteraction, providing an expec-
ancy is primarily in the central region. The distributions in tation for the influence of reinteraction on the pseudorapidity
the spectator regions appear to be reasonably well undetistributions. Figure 5 relates the peak pseudorapidity den-
stood as the result of fragmentation\& or Wy wounded  sity (dns/d,)peak Of the Pb+Pb events to their total pro-
nucleons. We observe no other dynamical effects in the spectuced multiplicityn,,;,4. The straight line shows a linear fit
tator regions except in the+ Ag/Br system, where we may to the data: the data are consistent with direct proportionality
be observing the effects of reinteraction in the target regionbetween @ns/d,) eax and nyoq. The VENUs-simulated

V. SHAPES OF Pb+Pb PSEUDORAPIDITY
DISTRIBUTIONS
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events, superimposed on the data in Fi@),5deviate from

~~ 1 T L L BT B L B -}
linearity and differ significantly in shape from the data at 5; 0.8 | (a)
high multiplicity. This deviation can also be seen in Fig. 2, £ 06 [ ﬂ + E
where VENUS predicts a narrower and taller distribution for ™ 0.4 f§ H+ H + M‘H =
central events than is observed. In Figh)5the data points 0.2 ‘ |‘ || || * #4“” —;
are suppressed for clarity, but the same straight line fit as ir 0 ! i Setterragsey —
Fig.5(a) is compared to/ENUS with reinteraction turned off, -0.2 | || | =
but otherwise run with the same paramet&snus is more -0.4 [-|I%[ 1} =
consistent with the data when reinteraction is turned off, al- _pe6 | 3
though at high multiplicities/ENus still predicts too high a _o8 £ E
central peak(For the case of central RAQ/Br collisions as JPRN YU N A VATV AN A AT W W
well, a wider distribution than expected frorENUS was 3 4 5 6 7 8 9 10 N
observed27,40.) The best fit to the shape of the distribution n
is shown in Fig. &), where theFRITIOF predictions are ——
shown to be completely consistent with the linear fit to the &, B i
data. We should emphasize again that these results do noti § o.8 | (b) .
any way suggest that reinteraction is not taking place. Other~ - .
experiments have clearly shown, for example, that the pro- 0.6 -
duced protons and kaons are significantly shifted toward ]
midrapidity, a clear sign that these particles are interacting -4 7]
and losing energy11]. Our results do suggest, however, that i H + ]
the details of theveEnus treatment of reinteraction are not 02 | ++ } ]
completely correct, and in the case in which only the total +++ ¢4 ¢ ¢ o d b 2 & & o]
multiplicity and angular distribution of all charged particles ]
are of interest, therITIOF predictions are in fact closer to the 0 2 4 6 8 10 12 14
measured values than are thenus calculations. Slmrad]

The data are therefore consistent with two conclusions:
(1) the shape of the produced particle multiplicity in the FIG. 6. Derived spectator protoq d_istribution in the*_+FFH_) sys-
spectator region is independent of multiplicity, as it is from tem. The grror bars shown .ar.e statllstlcca].shows the distribution
7=2.9 to =6, and(2) the shape of the spectator proton as a f_unf:tlop of pseudorapldl_tay derived from _Eq.(4). (b) shows
distribution is independent of multiplicity. If these concly- the distribution transformed into angular units. (o), the »>9
sions are correct, then we can statistically separate the prgf’"ta’ c\jNh'Ch hgv.e 'ﬁrg?f relative uncertainties in the angle, are not
duced and spectator distributions. Let us defiggq(7) and plotted or used in the fit
fspec{77) to be the normalized produced particle and specta-
tor proton distributions, respectively. We normalizg, «( 77) >4. The a coefficients are simply the areas under the
to integrate to one in the interval 2.9-5.5, a region whichsamples’ measured distribution betweep=2.9 and 7
excludes essentially all spectators, and normalizg.( 7) =5.5. Theb coefficients are evaluated using Fig. 1, which
such that it integrates to one ovge=6. Then the average relates the mean multiplicity of each sample to its mean
pseudorapidity distributiopsam{ 7) of a sample of events is  spectator charg®spe. in the »=6 cone. Subtracting the
bound charg&,, gives us an estimate of the number of spec-
3) tator protons in each sample, which is the sambégs, .
Figure Ga) shows the resulting spectator distribution

wherebg,mpis the number of spectator protons per event infspec{ 7). Figure @b) shows the same distribution as a func-
the sample, ands,,is related to the produced multiplicity tion of_0 ratr_]er thany. T_he 0 distribution can be gltted toa
through the fraction of particles produced in the interyal Gaussian with a half-width of 1.820.39 mrad §“=0.6).
=2.9-55 i.e.,8gamp=0.5M0q- If we measure the distri- For spectators havmg the same longitudinal momentum as
butions of a central and a semicentral sample,{7) and the beam, this width corresponds to an rms transverse mo-

psem(7), We can infer the shapes of the produced and SpeCmentum of (29@ 60) MeV/c. Th|s is s!gnlﬁcantly _Iarger
tator proton distributions. For example, than would be expected from an isotropic evaporation model

Psamp( n)= a-sampf prod( n)+ bsam;jspec( 7),

3semPcent 7) acenpsem(ﬂ)_ (4) 3Presumably, the longitudinal momenturp,X distribution is at
8semPcent™ AcenBsemi least as broad as thg distribution(in the beam rest frameln this
case, the laboratory-franmg distribution will be quite broad, hav-
Note that onlyasem; andacen, affect the shape of the result- jng 3 significant tail below 100 Ge¥!/ Thus, our assumption that
ing distribution; the numbers of spectators in the twoOthe spectator protons are a monoenergetic beam is not entirely re-
sampleshgemiandbgen €nter only into its normalization. alistic. This may cause us to overestimate the rms transverse mo-
Our central sample for this analysis is thg<4 sample. mentum. In this case, the observed effect is due to a decreased
The semicentral sample consists of those events &jth longitudinal momentum of the spectators.

fspec( n)=
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VI. DISCUSSION AND CONCLUSIONS

200 T

Among high-energy heavy ion systems studied to date,
the 158 GeV/nucleon PbPb system is unique in its combi-
nation of symmetry with large multiplicities and, conse-
quently, high track statistics in individual events. We have
exploited both of these properties in studying centrality cri-
teria, forward multiplicities, and shape-multiplicity depen-
dence. Because of the symmetry of thetfh system, any
shape changes in the pseudorapidity distributions must be

O central sample
® central sample with spectator correction

125 —*

100 — due to reinteraction or the onset of nonsuperposition effects,
% rather than changes in collision geometry. However, we find
75 | ¢ no evidence for shape changes. Our analyses by no means

rule out the occurrence of reinteraction, but taken together,
they place stringent limits on rescattering effects in the
Pb+Pb system as they might appear in multiplicity or pseu-
dorapidity density measurements. Our study of forward mul-
tiplicities of individual events gives us confidence in our
%oo participant estimates, and also allows us to plausibly extract
# information on the transverse momenta of spectator protons.
il el e These features of the dataset are summarized in Fig. 1, which
5 6 7 8 9 10 11 brings together the relationships between the multiplicities of
n central events, forward charge, number of participants, and
beam charge.

FIG. 7. Comparison of the derived produced particle distribution ~ Perhaps the most interesting finding presented here is the
as a function of pseudorapidity with the central Z,<4) sample  independence of the pseudorapidity shape and the centrality
in the spectator region. of the collision. This apparently implies that at SPS energies,
particle production in the center of mass is not significantly

(140 MeV/c). We can also fit the observed distribution to g more isotropic in central events than it is in peripheral ones,

- ; ; even in ultraheavy systems. This contrasts with the results
Zuamus(?sfi:nG?)Lézsli:g W;?fgwuit:r]a%f 11&%?;%'#;2;?;“ from the AGS at 14.6 GeV/nucleon, where pseudorapidity
3 t

—470 MeVle. In either case, there is evidence for a Widerdensmes from heavy ion interactions become roughly isotro-

o _© ™7 pic at the highest multiplicitieg41]. Near 200 GeV/nucleon,
distribution than expected. Thus, the spectator distributio his anisotropy holds not only in the central region but also in

suggests that there is a res_cattered component. This rescala spectator regions, where we observe scaling with the
tered component, however, is small; the contribution of the, mper of participating projectile or target nucleons: the ini-
second Gaussian to the total is no more tha20% of the  tjg| geometry of the system is reflected in the final state.
total. The fact that rescattering-induced narrowing is predicted

The derived spectator distribution has a small tail extendto occur but is not observed is puzzling in light of evidence
ing beyond»=6 (#~5 mrad, indicating that the spectator for rescattering from other experimerigs11,42—44 In par-
charge residing outside th@=6 cone is very small, in ticular, Alber et al. [11] compare the NA49 forward veto
agreement with the charge intercept in Fig. 1. The derivectalorimeter spectra and transverse energy SpectvENOS
produced particle distribution has almost the same shape asd find excellent agreement. We note, however, that a com-
that of the central sample, but has a slightly smaller tail, agarison ofveNus with the forward (7=5.9) and transverse
expected(Fig. 7). We note that the spectator correction im- (2.1< 7<3.4) energy spectra is very different from a com-
proves the agreement between the-+Ph and thep parison with the detailed pseudorapidity distributions as in
+Ag/Br projectile regions in Fig. 3. Figs. 2 and 5. Invenus, the narrowing of the distribution

In summary, the data are consistent with the shape ofith reinteraction occurs because of a combination of greater
dn,,oq/d7 being independent of multiplicity over the entire Proton stopping power, slower pions, and enhanced heavy
range of pseudorapidity. This independence is directly obparticle production |fp pairs and kaonsin the central re-
served in the central region, where there is no spectator comtion. The energy for additional heavy particle production
tribution. This result is unexpected in light of th&eNus  comes in part from increased nucleon slowing and also a
simulations, and appears to indicate that reinteraction haslight reduction in pion production. The absence of narrow-
little influence on the produced particle distribution. On theing in central events may indicate that the degree of slowing
other hand, the typicab; values derived for spectator pro- of protons and pions in PbPb events is less than tkeNus
tons are between typical Fermi momenta (00 MeV/c) model predicts. NA449] has in fact shown evidence for a
and proton rescattering; values (-450 MeV/c), suggest- smaller than predicted rapidity shift in the proton rapidity
ing that reinteraction does play a role in scattering or heatinglistribution measured for central Pb collisions. Without
the residual spectators. the additional energy available for particle production which

*%%%

(@]
-
_0’?
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comes from increased nucleon stopping power, increasetrs. The PB-Pb pseudorapidity distributions appear to have
heavy particle production would come at the expense oh shape which is independent of multiplicity, placing an im-
smaller pion yields. Thus, reinteraction-induced heavy parportant constraint on models of reinteraction in the central
ticle production accompanied by a more modest than preregion. Indeed, we see no direct evidence for reinteraction in
dicted increase in stopping power could explain both thehe central region in our all-charged-particle distributions,
observed shape independence and the low multiplicities. Wgjthough it has clearly been seen in other experiments look-
note as well that the absence of rescattering in the observqﬁg, for example, at produced protons and kaons. However,

pion distributions is also consistent with the “sudden had-we do find evidence for reinteraction of produced particles or
ronization” picture of Rafelski and Letessip45] in which  excited matter in the spectators.

the pions are produced directly during the rapid hadroniza-
tion occurring during the explosion of a dense QGP fireball,
with no subsequent equilibration or rescattering.

In conclusion,FRITIOF seems to provide a better simula-
tion of the overall multiplicities and the shape of the charged This work was partially funded in the U.S. by the Na-
particle pseudorapidity distribution for these central datational Science FoundatiofGrant Nos. PHY-9513997 and
than doesveNus. This is particularly noticeable for these INT-8913051 at LSl and Department of Energysrant No.
very massive PbPb interactions, and becomes less noticeDOE-FG02-89ER40528 at Minnesgtaand in Poland by
able for the lighter nuclei. The average multiplicities andState Committee for Scientific Research Grant No.
pseudorapidity distributions in centrédA interactions on 2P03B05417 and Maria Sklodowska-Curie Fund Il No.
heavy targets at SPS energies are mainly determined by tHAA/NSF-96-256. P.D. thanks the Louisiana State Board of
number of participating nucleons. Multiplicities in these col- Regents(LEQSH under agreement Nos. NASA/LSU-91-
lisions are nonetheless higher than would be expected b96-01 and NASA/LaSPACE under Grant No. NGT-40039
simply scalingN N multiplicities at the same energy, indicat- for its support. We appreciate the help of the CERN staff, A.
ing a dynamical effect at work in addition to the woundedAranas, J. Dugas, and L. Wolf at LSU, and especially thank
nucleon effect. The dependence of this excess on systeRrofessor Y. Takahashi and his EMU-16 colleagues for their
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