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Charged particle production in the Pb¿Pb system at 158 GeVÕc 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 toh.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 theFRITIOF 7.02 andVENUS 4.12 Monte Carlo event generators.
Multiplicities scale with the number of wounded nucleons, although the multiplicities for Pb1Pb interactions
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 seen.VENUS, 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 general,FRITIOF produces better fits to the all-charged-particle
~primarily pion! data than doesVENUS.

PACS number~s!: 25.75.2q, 13.60.Le, 25.40.Ve, 29.40.Rg
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I. INTRODUCTION

The superposition model of nucleus-nucleus (AA) inter-
actions has been highly successful in describing the gen
features of particle production in high-energy heavy ion s
tems. With the availability of beams of208Pb at the CERN
SPS, superposition can now be tested over two order
magnitude in projectile or target mass frompp to Pb1Pb
and three orders of magnitude in the number of nucle
nucleon (NN) collisions. The Pb1Pb system provides nearl
the largest reaction volume achievable and the high
energy densities attainable until RHIC and LHC begin c
liding heavy ion beams. In this paper, we report Pb1Pb re-
sults from the Krakow-Louisiana-Minnesota~KLM ! emul-
sion chamber exposures~EMU-13! at the SPS. Previou
results from EMU-13 and a detailed description of the e
periment have been presented in@1,2#.

Currently, a major emphasis in this field is the search
nonsuperposition processes in rare events or at high en
densities. In order for a state such as a quark-gluon pla
~QGP! to be produced, superposition must break down
some thermalization process, such as reinteraction. To d
and understand events in which plasma or similar collec
behavior occurs, it may well be necessary to have a qua
tative understanding of ‘‘ordinary’’ superposition and rei
teraction physics, especially if events exhibiting collecti
behavior are rare. The Pb1Pb system is large enough th
one might reasonably expect reinteraction to have an obs
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able effect on the distribution of produced particles in t
most central events.

At the moment, we lack highly precise predictors of pa
ticle production and angular distributions inAA interactions.
The simplest and historically the first such predictor is t
wounded nucleon model@3#, which assumes that the mult
plicities nAA scale with the average number of participati
or ‘‘wounded’’ nucleonsW and with the average proton
proton multiplicity npp at an equivalent energy per nucleo
nAA(E)5 1

2 Wnpp(E). This contrasts with the naive expect
tion that the multiplicities should scale with the number
NN interactions, which would result in multiplicities muc
larger than those from the wounded nucleon calculati
since a participating projectile nucleon typically interac
with several target nucleons (;5 in central Pb1Pb interac-
tions!. At SPS energies, the wounded nucleon model pred
multiplicities which are systematically lower than those o
served@4–6#, but only by;15% for all measured system
from pp to Pb1Pb. In fact, the current generation of Mon
Carlo codes are no better at predicting multiplicities in ult
heavy systems than the wounded nucleon model, altho
they do of course provide much more comprehensive pre
tions of angular distributions, transverse momenta, seco
ary particle species, etc.

At high energy, individual projectile nucleons shou
typically interact with several target nucleons before reh
ronizing outside the target nucleus. Thus, the physical im
cation of the relative success of the wounded nucleon mo
is that interactions of hadronic excitations~‘‘reinteractions’’
of the collision products emerging from the initialNN inter-
actions! appear to contribute little to the final-state multipli
ity. To look for dynamical effects other than this interestin

elt,
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but well-known ‘‘wounded nucleon effect’’ and to study re
interaction effects in detail, one needs to characterize
multiplicities of AA systems carefully. This paper characte
izes the measured Pb1Pb multiplicities and angular distribu
tions and compares them to lighter systems and to pre
tions from FRITIOF 7.02 @7# and VENUS 4.12 @8#. Other
experiments, both electronic@9–13# and emulsion@14–16#,
have reported measurements of high-energy Pb1Pb interac-
tions, including results on multiplicities, strangeness, a
J/c production, flow, intermittencies, etc. Measureme
made with nuclear emulsions have the unique advantage
their excellent position resolution makes it possible to stu
the extreme forward direction where the projectile specta
appear@1#. In this study we separate the central regio
where effects unique toAA interactions are thought to occu
from the spectator region. Both regions are examined
predicted signs of reinteraction.

In Sec. II we calculate the number of wounded nucleo
W. Then in Sec. III we describe the experiment and analy
procedure, and use the measurement of forward charg
demonstrate the validity of the calculation ofW. At the same
time, we derive a value for the charged particle multiplic
n0 in the absence of spectators, a value which appears t
lower than expected from the simulations. In the framew
of the wounded nucleon model,n0 is proportional toW. The
multiplicity per wounded nucleonm is therefore independen
of W and as a result also independent of impact paramete
that m is an appropriate quantity to test for effects unique
AA collisions. In Sec. IV, we compare the measured value
m for central Pb1Pb collisions to theFRITIOF and VENUS

simulation results, to the results ofpN interactions at similar
energies, and to the results for otherAA systems. In Sec. V
we look at the detailed shape of the pseudorapidity distri
tions and find a measured distribution which is broader t
predicted byVENUS ~either with or without reinteraction! but
similar to that predicted byFRITIOF without reinteraction. We
then look in the forward region and use the measured sh
of the produced particle distribution to separate out the sp
tators and derive an average transverse momentum for
spectator protons. Since the effects of reinteraction
clearly seen in other experiments looking at produced p
tons and heavy mesons, for example, our results do not
ply that reinteraction is not taking place. They do, howev
suggest that the detailed treatment of reinteraction byVENUS

is not correct, and that in cases where the total multiplic
and the overall charged particle angular distribution are
interest~for example, in the simulations of high-energy co
mic ray air showers!, we find that the predictions ofFRITIOF

without reinteraction are closer to the measured results
are the values predicted fromVENUS with reinteraction.

II. CALCULATION OF THE NUMBER
OF PARTICIPANT NUCLEONS

In comparing multiplicities in systems of different sizes
convenient quantity is the multiplicity per participatin
nucleonm5n/W. In the context of the superposition mode
W ~the number of wounded nucleons! contains all the geo-
metrical effects, i.e., the effects of nuclear radii, density, a
01490
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impact parameter. The other factorm depends only on inter-
action dynamics.

For inclusive data sets, the number of participants,
wounded nucleons, is given in terms of interaction cross s
tions s by @3#

W5AT

sNP

sPT
1AP

sNT

sPT
. ~1!

Here the subscriptP means projectile,T means target, andN
denotes an individual nucleon, so thatsPT is the total inelas-
tic hadronic cross section for the projectile nucleus intera
ing with the target@17–19#, andsNP andsNT are the corre-
sponding nucleon-nucleus cross sections. The first term
Eq. ~1! is the number of wounded target nucleonsWT and the
second the number of wounded projectile nucleonsWP . To
computeW for central data samples, one uses cross sect
which are functions of the maximum impact parameterbmax
of the sample. The cross sections are computed wit
Glauber calculation@20#, using the inelastic hadronic cros
sections and the nuclear density functions of the target
projectile. The maximum impact parameter of the da
sample is derived from the partial cross section for produc
events in the sample,

spart5pbmax
2 5sPT

Ncent

Ntot
, ~2!

where Ncent is the number of central events in the da
sample andNtot is the total number of hadronicAA interac-
tions.Ntot is derived either from a minimum bias scan of th
emulsions or is calculated from the beam count and the t
AA cross section. The Glauber calculation gives the num
of participant or ‘‘wounded’’ projectile and target nucleon
WP andWT . One can also calculate the number of target a
projectile interactionsnT andnP with the same formalism by
assuming that the cross section for nucleons which have b
excited by a previous interaction is the same as for unexc
nucleons,sNN . This assumption is not necessary in the c
culation of the number of participantsW5WT1WP , which
depends~throughsNP , sNT , andsPT) only onsNN and the
nuclear density functions. In this analysis we use number
participants and numbers of collisions derived from theFRI-

TIOF simulations@7# of the nuclear collision geometry for th
specified maximum impact parameters@Eq. ~2!#. The sample
of central events discussed here corresponds to impact
rameters less than 5 fm, compared to a maximum
2.4(208)1/3;14 fm for Pb1Pb. At b55 fm, the values ofW
derived from different density functions differ by;3% or
less @21#. The deviation increases for larger impact para
eters.

III. EXPERIMENTAL AND ANALYSIS PROCEDURE

The data chosen for this analysis consist of central in
actions on targets at least as heavy as the projectile. In t
systems, the multiply charged spectator fragments that
main after the interaction provide an indication of the ce
trality of the collision. The measurements are taken from t
3-2
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TABLE I. 158 GeV/nucleon Pb1Pb samples.

Sample Events ^Zb& ^nprod& ^nf r& ^Qh>6&

Zb50 21 0 1400657 0 50.761.8
Zb52 25 2 1241650 1 53.061.8
Zb5326 24 4.860.2 1096648 2.3360.10 57.061.8
Zb57212 32 9.460.3 899639 3.9460.20 62.861.3
Zb513217 23 14.560.3 779636 5.9660.19 67.361.6
Zb518225 24 21.060.5 651636 7.8860.31 69.061.8
Zb.25 21 33.261.2 468629 8.6760.63 71.161.6

nprod>1000 71 3.260.4 1263643 1.4660.17 53.361.0

Total 170 11.860.8 933638 4.2160.25 61.560.8
eV
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different kinds of emulsion experiments. Data from 200 G
p1Ag/Br @22#, O1Ag/Br @23#, and S1Ag/Br @23,24# colli-
sions were measured in emulsion stacks, in which the de
tor was the target, and which consequently had 4p angular
acceptance. A sample of 170 events from 158 GeV/nucl
Pb1Pb collisions obtained in CERN experiment EMU-1
was measured in chambers with Pb targets and thin emu
plates exposed perpendicular to the beam@1#. The Pb cham-
bers were designed specifically so that charge could be m
sured in a small inclined stack at the downstream end of
chambers@1,2#. In the chambers we measure only the p
ticles in the forward cone,u<0.11 rad, corresponding to
pseudorapidityh>2.9. This cone includes the peak of th
pseudorapidity distribution. Chambers allow the use of t
gets other than emulsion, and present less material to ind
secondary interactions. In both emulsion chambers
stacks, individual particles can be measured even in the
treme forward region, and the submicron resolution make
possible to identify the individual tracks of these partic
and to measure their individual charges.

In the stacks, heavily ionizing particles~those with ion-
ization greater than 1.4 times minimum! are distinguished
from relativistic shower particles, and the numbers of ea
Nh and ns , are recorded. Two selections on the minimu
bias sets are made to select central events on heavy ta
@5,24#: interactions on the Ag or Br nuclei in emulsion a
selected by choosing those events withNh.15 heavy tracks
produced by slow particles from the target, and cen
events are chosen by selecting those events with no mul
charged beam fragments (nf r50).

In the analysis of the Pb chambers, no minimum bias s
was performed. Instead, a sample of high-multiplicity eve
was selected by visually scanning for large events. This s
efficiently detected events with observed charged multipl
ties greater than 600 forward ofh52.9 ~corresponding to
total charged multiplicities larger than about 1000 once
account for the angular acceptance! together with an incom-
plete sample of events with smaller multiplicities@1#. From
the measured number of incident primaries and the assu
total hadronic Pb1Pb cross section,sPb1Pb56.960.5 b, we
estimate that we have measured (2364)% of the hadronic
interactions. In 170 events we have fully measured all
particles in the pseudorapidity coneh>2.9 using an auto-
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mated measurement system developed at LSU@25,26#. The
measurements of the multiplicities of these events hav
systematic uncertainty of 3%.

The charge modules included in the EMU-13 chamb
enabled us to make a measurement of the individual cha
of the forward emitted projectile fragments either by meas
ing d-ray counts or darkness due to the total charged part
ionization@2#. Over all the analyzed events, we observed 5
helium fragments (Z52) and 175 heavier fragments. Th
average charge of those fragments withZ.2 is small, 5.3
60.3, as compared to 16.160.6 measured in inclusive
Pb1Pb interactions@2#. The frequency of projectile frag
ments withZ.2 is also lower in the selected central col
sions, about one fragment per event, while in inclusive int
actions we observe on average twice as many such fragm
per collision. The measurements of the individual charges
the projectile fragments allow us to define for each analy
event the quantityZb5( i 51

nf r Zi , the total charge bound in
multiply charged fragments. This quantity is proportional
the size of the projectile spectator remnant, and therefore
good measure of the impact parameter of the collision. D
tails of the chamber measurements and the automatic m
surement system are presented elsewhere@1,2,22–26#.

The measured multiplicities of the Pb1Pb events must be
scaled by an angular acceptance factor to calculate the
produced multiplicitiesnprod . To determine the acceptanc
factor, pseudorapidity space is divided into three interva
h,2.9, in which multiplicities are not measured and must
estimated; 2.9<h,6, in which all events are completel
measured, and which is virtually spectator free; andh>6,
which is also measured but which contains spectators as
as produced particles. In the interval 2.9<h,6, the shapes
of the pseudorapidity distributions are independent of
events’ overall multiplicity and are reproduced quantitative
by FRITIOF. ~See Ref.@1# and Sec. IV.! We therefore use a
single acceptance multiplier derived fromFRITIOF for events
of all multiplicities: nprod /n2.92651.8060.05. ~We obtain
the same multiplier if we useVENUS instead ofFRITIOF, even
thoughVENUS produces narrower distributions.! The overall
uncertainty in the Pb1Pb estimates of multiplicity, including
the 3% measurement uncertainty, is then 4%.

The Pb1Pb data samples used in the analysis are sho
in Table I. We tabulate the mean bound charge^Zb&, the
3-3
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TABLE II. Proton-nucleus and nucleus-nucleus central interactions used in the analysis.

System Event Ncent/Ntot ^ns&
a bmax ~fm! WP WT n b

p~200!1Ag/Br 451 24.4% 22.460.4 2.8960.13 1 4.260.1 4.2
O~200!1Ag/Br 151 28.4% 17264 4.360.4 14.660.4 27.561.4 50
S~200!1Ag/Br 472 19.8% 28864 4.060.4 28.460.8 42.262.1 97
Pb~158!1Pb 71 9.7% 1263643 c 4.660.6 17067 17067 767

aErrors are statistical, except for Pb1Pb, which includes systematics.
bThe total number of interactionsn5WTnP5WPnT , where, for example,nT5ATsnn /snT .
cProduced multiplicitynprod . See text.
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mean singly charged and fragment multiplicities^nprod& and
^nf rag&, and the forward (h>6) chargê Qh>6& for a set of
samples selected by different values ofZb . Note that these
event samples are independent. The sample of events
nprod>1000 ~corresponding to 9.7% of the total intera
tions! is compared to data from interactions of lighter 2
GeV/nucleon projectiles on silver or bromine~Ag/Br!, sum-
marized in Table II, where the average number of int
nuclear interactions in the events covers the range from
for p1AgBr to 767 for Pb1Pb.

In the samples of central and semicentral events in Ta
I, there are only small numbers of spectator protons in
projectile region@1#. Almost all the shower particles in thi
region are ‘‘produced’’ in the sense that they are either c
ated or are participant protons, which may originate fro
either incident protons or neutrons. In the stack data s
heavily ionizing particles are found in the large-angle tar
region and are excluded from the analysis in order to rem
fragments and spectator protons coming from the ta
spectator. This cut also removes a few produced partic
estimated fromVENUS and FRITIOF to be of the order of 2
23 % of the charged particle multiplicity. Since the Pb1Pb
analysis is restricted to the regionh>2.9, heavy target frag
ments are almost completely excluded from these Pb1Pb
data. In both the stacks and the chambers, the centrality
lection is made by cutting on the number and charge of be
fragments, which determineZb . In the case of the Pb1 Pb
chamber measurements, however, because the beam an
get are of equal size,Zb is a variable centrality selectio
which is more sensitive to the centrality than in the oth
asymmetric, systems.

The symmetry of the Pb1Pb system, combined with th
high multiplicities of these events, allows us to test o
Glauber calculations and at the same time look in some m
detail at the comparison of measured and calculated m
plicities. In Fig. 1, we plot the total charge contained in t
coneh>6, which includes essentially all of the spectato
against the multiplicitynprod51.80n2.926 for all the ana-
lyzed events. Superimposed on the data abovenprod>1000
~where the selection is close to 100% efficient! are the aver-
ages for samples with different values ofZb ~solid circles!,
i.e., centrality. The charge intercept of a fit to theZb points
~upper line! is 7963, consistent with the charge of the P
beam, demonstrating that indeed all the spectator charg
contained in theh>6 cone. For each sample, the calculat
spectator charge 82(A2WP)/A ~whereA5208 is the projec-
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tile atomic number! has been subtracted from the measu
total charge to obtain the average produced multiplicities
the h>6 cone~large triangles!. This charge grows with the
multiplicity in a manner consistent with direct proportiona
ity ~cf. Sec. IV!. This scaling is observed in the Pb1Pb sys-
tem at lower, spectator-free pseudorapidities than in thep, O,
and S1AgBr systems, and is another consequence of
Pb1Pb system’s symmetry. This simply means that t
shape of this system’s pseudorapidity distributions is in
pendent of multiplicity~and centrality!. The forward charge
data are consistent with the assumption that this beha
also holds in the spectator region. It also suggests that e
multiplicity is directly proportional to the number of partic
pants, as expected.

The intersection of the two fitted lines atnprod51584

FIG. 1. Forward charge vs total multiplicity of produced pa
ticles ~open circles!. Large solid circles represent the averages
samples withnprod>1000 andZb50, 2, 324, 527, and >8.
Large solid triangles are the calculated produced forward multip
ity nh.65Qh>62Qspect, whereQspect is the spectator charge de
rived from a Glauber calculation. The upper line is the fit to t
data. The intercept is consistent withZ582, the charge of the
beam. The lower line is fitted to the forward multiplicity points an
is constrained to pass through the origin. The intersection of the
lines is an estimate of the multiplicity in events with no spectato
3-4



CHARGED PARTICLE PRODUCTION IN THE Pb1Pb . . . PHYSICAL REVIEW C 62 014903
TABLE III. Charged multiplicities.

mprod(data) mprod(simulations)
System ms nspect VENUS FRITIOF VENUS FRITIOF mpn

p1Ag/Br 4.360.1 0 5.560.1 4.560.1 5.360.1 3.960.1 3.7460.03
O1Ag/Br 4.160.2 1.0 4.460.2 4.260.2 4.860.1 4.660.1 3.7460.03
S1Ag/Br 4.160.1 2.2 4.360.1 4.160.1 4.860.1 4.760.1 3.7460.03
Pb1Pb 3.760.2 16.0 3.760.2 3.760.2 4.760.1 4.360.1 3.4860.04
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660 determines the multiplicity1 of events with no spectato
protonsn0. This value agrees with the value determined
rectly from the nprod>1000 sample, 2A/W^nprod&51545
653. Thus, the forward charge measurements, the produ
particle measurements, and the calculated number of pa
pants together form a tightly consistent picture. If our calc
lations of the numbers of participants are systematic
wrong by as little as;4%, our two methods of determinin
n0 will no longer agree. Figure 1 therefore indicates that o
participant calculations are correct within the stated erro2

The spectator-free multiplicity measured here (15
660) agrees well with the value of 15506120 determined
from the preliminary analysis in@1#, and is lower than the
value of 1850 expected from the Monte Carlo simulatio
We note that results reported by Stenlundet al. @14# have
also suggested a lower central Pb-Pb multiplicity than
pected. We have repeated our analysis by fitting to po
chosen on the basis of the number of alphas rather thanZb ,
the number of shower particlesns , and with different radial
density distributions, and obtain essentially identical res
in all cases. The conclusions that the analysis is s
consistent and that the spectator-free multiplicity is low
than expected appear to be robust.

IV. MULTIPLICITIES PER PARTICIPANT

In order to compare the multiplicities measured with d
ferent beam-target combinations, we can use the calcul
number of participants to determine the multiplicity per p
ticipant for each of our four beam-target systems. Table
shows the average shower particle multiplicities per part
pant, ms5ns /W, for the four central data sets of Table I
The first three systems are at 200 GeV/nucleon, and

1Head-on Pb1Pb events have on average about nine spect
protons, and therefore have slightly lower multiplicities than ze
spectator events.

2This conclusion depends on the assumption that produced m
plicity can really be plotted as a straight line through the origin as
Fig. 1. Although plausible, this assumption should be tested
extending the data points in Fig. 1 to the left~i.e., to more periph-
eral events!. Our scanning procedure, which was not fully efficie
for detecting events with multiplicities smaller than 1000, mak
this test impossible. Nevertheless, the good fit of the triangle
Fig. 1 with a straight line through the origin strongly suggests t
this assumption is reasonable. The linearity assumption~as sug-
gested by the wounded nucleon model! is discussed and justified
further in Sec. V.
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Pb1Pb is at 158 GeV/nucleon. In the framework of th
wounded nucleon model, the average number of produ
particles per participant,mprod5nprod /W, is independent of
impact parameter. To obtain the quantitynprod , the mea-
sured quantityns is corrected by subtracting the number
spectator protons and adding the number of produced s
(b,0.7) particles. The average number of projectile spec
tor protons,nspect, is estimated from the Glauber calcula
tions. The average number of heavily ionizing slow produc
particles is estimated fromFRITIOF or VENUS.

Since theFRITIOF and VENUS predictions for the numbe
of slow particles are different, we obtain two values f
mprod : one corrected withFRITIOF and one corrected with
VENUS. These are listed undermprod(data) in Table III to-
gether with the two model predictions und
mprod(simulations). The two models give similar results f
the heavy ion beams, but because of reinteraction,VENUS

predicts a substantially larger multiplicity per participant f
the proton beam than doesFRITIOF. Both model predictions
slightly overestimate the respective measured multiplicit
of the O1Ag/Br and S1Ag/Br, and predict significantly too
many charged particles in Pb1Pb events.FRITIOF’s overpre-
diction of multiplicities in the Pb1Pb system is also dis
cussed in Ref.@1#. However, we note that in the case of Pb1
Ag/Br @27#, where the target is significantly lighter than th
projectile, the total measured multiplicities of high
multiplicity events are consistent with the predictions.

Table III also shows the charged multiplicities per parti
pant, mpn5npn

6 /2, for pn interactions at similar energie
@28,29#. We compare topn data rather thanpp data since the
pn system is more similar to theAA data in isospin conten
and charge fraction, both of which affect theNN multiplici-
ties at the 10% level.FRITIOF and VENUS both produce al-
most equal numbers of protons and neutrons, which is
the case forpp or nn interactions, but is true ofpn interac-
tions. In agreement with other studies, we find that the d
are systematically higher than predicted@5,6#. Table III ap-
pears to indicate that the Pb1Pb value is significantly close
to the wounded nucleon model prediction than are those
the other systems. However, we note that the Pb1Pb system
has a significantly different isospin mixture~i.e., a larger
neutron excess! than the other systems, which may som
what reduce its charged multiplicity relative to the oth
more proton-rich systems. Nevertheless,mPb1Pb is lower
than predicted by both Monte Carlo simulations and emp
cal extrapolations from lighter systems@4,30#.

Figure 2 displays the shower multiplicity densities as
function of pseudorapidity. For each system, the densi
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have been normalized by the calculated number of woun
nucleons for the data sample. The same normalizations
used for the data and the models. The error bars incl
uncertainties due to finite counting statistics and uncert
ties in the systems’bmax ~which propagates into the unce
tainty in W), added in quadrature. The most obvious conc
sion from this figure is that the Pb1Pb system has a
significantly lower measured peak density than predicted
either model. Qualitatively, this appears consistent with
trend from lighter to heavier systems. The models sligh
underestimate thep1Ag/Br central region, overestimate th
O1Ag/Br and S1Ag/Br peaks, and significantly overest
mate Pb1Pb. FRITIOF provides the better fit in every case.

We have examined the effects of reinteraction predic
by VENUS with separate runs in which reinteraction has be
turned off, without adjusting any other parameters in
model. These runs are represented in Fig. 2 by the do
lines. As expected, reinteraction improves thep1Ag/Br fit
in the target region@31#. However, turning reinteraction of
does not improve the fit to theAA data at midrapidities. This
result is discussed in more detail in the next section.

The hypothesis of limiting fragmentation@32,33# states
that in hadronic interactions, the density in the target reg
is asymptotically independent of beam energy and projec
species. When the projectile region is measured in the ta
rest frame, it is shifted by a kinematically determin
amountybeam, but the projectile region densities are othe
wise predicted to be independent of energy and target
cies. This approximate invariance has been observed inpp,

FIG. 2. Densities of shower particles per wounded nucle
dms /dh, as a function of the pseudorapidityh. The error bars
include statistical counting uncertainties inW. For each particular
system, the same values ofW are used to normalize the data,FRI-

TIOF ~dashed lines! and VENUS. VENUS predictions are shown with
~solid lines! and without~dotted lines! reinteraction.
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p̄p, pA, andp-emulsion interactions@34–37#. The natural
combination of this hypothesis with the principle of incohe
ent superposition inAA collisions implies that the target re
gion scales with the number of wounded target nucleonsWT
and that the projectile region scales with the number
wounded projectile nucleonsWP @38#. This expectation is
tested in Fig. 3, which shows the shower densities
wounded target nucleon in Fig. 3~a! and the densities pe
wounded projectile nucleon in Fig. 3~b!. Proton-hydrogen
data from the NA22 bubble chamber experiment@39# are
shown for comparison to the emulsion data. Figure 3 de

,

FIG. 3. Scaling of target and projectile regions with the numb
of target and projectile participants. Note that the two vertical a
are different. The target region~a! is normalized byWT , while the
projectile region~b! is normalized byWP .
3-6



im
ia

e
ifi

am
r

rg

ag

s
n

b
er

-

o

in
d

pe

io

do-
ty
ce.

ially

ent
ed

ith
n-

sys-
ter-

idity

c-
ity
en-
-
t
lity

ity
d

ities

-

CHARGED PARTICLE PRODUCTION IN THE Pb1Pb . . . PHYSICAL REVIEW C 62 014903
onstrates that wounded nucleon scaling is a good approx
tion only for AA systems. There appear to be some dev
tions from this scaling forpp and pA collisions, but these
differences must be interpreted cautiously. First, energy d
radation of the projectile passing through the target is sign
cantly different forpp, pA, andAA interactions. In addition,
there are different spectator contributions. The bubble ch
ber acceptance corrections are highest in the projectile
gion, and the acceptances for slow particles in the ta
region differ between the two techniques. Thep1Ag/Br data
are lower than the O, S, and Pb data in the projectile fr
mentation region, but the excesses in theAA systems are
consistent with the calculated number of spectator proton
these systems. There are no projectile spectators ip
1Ag/Br interactions. The difference between thep1Ag/Br
data and theAA systems in the target regions appears to
real, and may be due to reinteraction. Nevertheless, ov
range of nearly two orders of magnitude inW and dn/dh,
the variation in (1/W)dn/dh is only ;0.3. The pseudora
pidity densities are parametrized quite well with justWT and
WP , and dynamical effects apparently have only a min
effect on the angular distributions inAA systems in this en-
ergy range.

In conclusion, multiplicities in the Pb1Pb system are
lower than predicted either byFRITIOF or VENUS, although
FRITIOF does significantly better thanVENUS. The discrep-
ancy is primarily in the central region. The distributions
the spectator regions appear to be reasonably well un
stood as the result of fragmentation ofWP or WT wounded
nucleons. We observe no other dynamical effects in the s
tator regions except in thep1Ag/Br system, where we may
be observing the effects of reinteraction in the target reg

FIG. 4. Dependence of pseudorapidity density with multiplic
in three pseudorapidity intervals. The fitted lines are constraine
pass through the origin.
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V. SHAPES OF Pb¿Pb PSEUDORAPIDITY
DISTRIBUTIONS

In the Pb1Pb system, the shapes of the shower pseu
rapidity density distributions are independent of multiplici
over most of the observed region of pseudorapidity spa
This behavior is illustrated in Fig. 4 using the full Pb1Pb
data set. The forward region (h>6) is the sole exception to
this rule due to the presence of spectator protons, espec
in the more peripheral~lower multiplicity! events, as seen in
Fig. 1. Thus, the data in the forward region are consist
with a linear two-component model in which the produc
multiplicity is directly proportional to multiplicity~as in Fig.
4! while the spectator contribution decreases linearly w
multiplicity from the most peripheral events to the most ce
tral ones~Fig. 1!. These linearities are predicted byFRITIOF,
and are a consequence of superposition in symmetric
tems. They hold as long as second-order effects, i.e., rein
action, are unimportant to the shapes of the pseudorap
distributions.

VENUS models particle reinteraction, providing an expe
tation for the influence of reinteraction on the pseudorapid
distributions. Figure 5 relates the peak pseudorapidity d
sity (dns /dh)peak of the Pb1Pb events to their total pro
duced multiplicitynprod . The straight line shows a linear fi
to the data: the data are consistent with direct proportiona
between (dns /dh)peak and nprod . The VENUS-simulated

to

FIG. 5. Comparison of measured peak pseudorapidity dens
(2.9<h,3.6) with VENUS predictions ~a! with reinteraction in-
cluded and~b! with reinteraction turned off but with all other pa
rameters left unchanged. The comparison withFRITIOF ~which does
not include reinteraction! is shown in~c!.
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events, superimposed on the data in Fig. 5~a!, deviate from
linearity and differ significantly in shape from the data
high multiplicity. This deviation can also be seen in Fig.
whereVENUS predicts a narrower and taller distribution fo
central events than is observed. In Fig. 5~b!, the data points
are suppressed for clarity, but the same straight line fit a
Fig.5~a! is compared toVENUS with reinteraction turned off,
but otherwise run with the same parameters.VENUS is more
consistent with the data when reinteraction is turned off,
though at high multiplicitiesVENUS still predicts too high a
central peak.~For the case of central Pb1Ag/Br collisions as
well, a wider distribution than expected fromVENUS was
observed@27,40#.! The best fit to the shape of the distributio
is shown in Fig. 5~c!, where theFRITIOF predictions are
shown to be completely consistent with the linear fit to t
data. We should emphasize again that these results do n
any way suggest that reinteraction is not taking place. O
experiments have clearly shown, for example, that the p
duced protons and kaons are significantly shifted tow
midrapidity, a clear sign that these particles are interac
and losing energy@11#. Our results do suggest, however, th
the details of theVENUS treatment of reinteraction are no
completely correct, and in the case in which only the to
multiplicity and angular distribution of all charged particle
are of interest, theFRITIOF predictions are in fact closer to th
measured values than are theVENUS calculations.

The data are therefore consistent with two conclusio
~1! the shape of the produced particle multiplicity in th
spectator region is independent of multiplicity, as it is fro
h52.9 to h56, and~2! the shape of the spectator proto
distribution is independent of multiplicity. If these conclu
sions are correct, then we can statistically separate the
duced and spectator distributions. Let us definef prod(h) and
f spect(h) to be the normalized produced particle and spec
tor proton distributions, respectively. We normalizef prod(h)
to integrate to one in the interval 2.9–5.5, a region wh
excludes essentially all spectators, and normalizef spect(h)
such that it integrates to one overh>6. Then the average
pseudorapidity distributionrsamp(h) of a sample of events is

rsamp~h!5asampf prod~h!1bsampf spect~h!, ~3!

wherebsamp is the number of spectator protons per event
the sample, andasamp is related to the produced multiplicit
through the fraction of particles produced in the intervalh
52.925.5: i.e.,asamp50.52nprod . If we measure the distri-
butions of a central and a semicentral sample,rcent(h) and
rsemi(h), we can infer the shapes of the produced and sp
tator proton distributions. For example,

f spect~h!5
asemircent~h!2acentrsemi~h!

asemibcent2acentbsemi
. ~4!

Note that onlyasemi andacent affect the shape of the resul
ing distribution; the numbers of spectators in the tw
samplesbsemi andbcent enter only into its normalization.

Our central sample for this analysis is theZb<4 sample.
The semicentral sample consists of those events withZb
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.4. The a coefficients are simply the areas under t
samples’ measured distribution betweenh52.9 and h
55.5. Theb coefficients are evaluated using Fig. 1, whi
relates the mean multiplicity of each sample to its me
spectator chargeQspect in the h>6 cone. Subtracting the
bound chargeZb gives us an estimate of the number of spe
tator protons in each sample, which is the same asbsamp.

Figure 6~a! shows the resulting spectator distributio
f spect(h). Figure 6~b! shows the same distribution as a fun
tion of u rather thanh. Theu distribution can be fitted to a
Gaussian with a half-width of 1.8260.39 mrad (x250.6).
For spectators having the same longitudinal momentum
the beam, this width corresponds to an rms transverse
mentum of (290660) MeV/c.3 This is significantly larger
than would be expected from an isotropic evaporation mo

3Presumably, the longitudinal momentum (pl) distribution is at
least as broad as thept distribution~in the beam rest frame!. In this
case, the laboratory-framepl distribution will be quite broad, hav-
ing a significant tail below 100 GeV/c. Thus, our assumption tha
the spectator protons are a monoenergetic beam is not entirel
alistic. This may cause us to overestimate the rms transverse
mentum. In this case, the observed effect is due to a decre
longitudinal momentum of the spectators.

FIG. 6. Derived spectator proton distribution in the Pb1Pb sys-
tem. The error bars shown are statistical.~a! shows the distribution
as a function of pseudorapidityh derived from Eq.~4!. ~b! shows
the distribution transformed into angular units. In~b!, the h.9
data, which have large relative uncertainties in the angle, are
plotted or used in the fit.
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~140 MeV/c). We can also fit the observed distribution to
sum of a Gaussian with a width of 140 MeV/c plus a second
Gaussian peaked atu;3 mrad, corresponding topt

;470 MeV/c. In either case, there is evidence for a wid
distribution than expected. Thus, the spectator distribu
suggests that there is a rescattered component. This re
tered component, however, is small; the contribution of
second Gaussian to the total is no more than;20% of the
total.

The derived spectator distribution has a small tail exte
ing beyondh56 (u;5 mrad!, indicating that the spectato
charge residing outside theh>6 cone is very small, in
agreement with the charge intercept in Fig. 1. The deri
produced particle distribution has almost the same shap
that of the central sample, but has a slightly smaller tail,
expected~Fig. 7!. We note that the spectator correction im
proves the agreement between the Pb1Pb and the p
1Ag/Br projectile regions in Fig. 3.

In summary, the data are consistent with the shape
dnprod /dh being independent of multiplicity over the entir
range of pseudorapidity. This independence is directly
served in the central region, where there is no spectator
tribution. This result is unexpected in light of theVENUS

simulations, and appears to indicate that reinteraction
little influence on the produced particle distribution. On t
other hand, the typicalpt values derived for spectator pro
tons are between typical Fermi momenta (;100 MeV/c)
and proton rescatteringpt values (;450 MeV/c), suggest-
ing that reinteraction does play a role in scattering or hea
the residual spectators.

FIG. 7. Comparison of the derived produced particle distribut
as a function of pseudorapidityh with the central (Zb<4) sample
in the spectator region.
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VI. DISCUSSION AND CONCLUSIONS

Among high-energy heavy ion systems studied to da
the 158 GeV/nucleon Pb1Pb system is unique in its comb
nation of symmetry with large multiplicities and, cons
quently, high track statistics in individual events. We ha
exploited both of these properties in studying centrality c
teria, forward multiplicities, and shape-multiplicity depe
dence. Because of the symmetry of the Pb1Pb system, any
shape changes in the pseudorapidity distributions mus
due to reinteraction or the onset of nonsuperposition effe
rather than changes in collision geometry. However, we fi
no evidence for shape changes. Our analyses by no m
rule out the occurrence of reinteraction, but taken togeth
they place stringent limits on rescattering effects in t
Pb1Pb system as they might appear in multiplicity or pse
dorapidity density measurements. Our study of forward m
tiplicities of individual events gives us confidence in o
participant estimates, and also allows us to plausibly ext
information on the transverse momenta of spectator proto
These features of the dataset are summarized in Fig. 1, w
brings together the relationships between the multiplicities
central events, forward charge, number of participants,
beam charge.

Perhaps the most interesting finding presented here is
independence of the pseudorapidity shape and the centr
of the collision. This apparently implies that at SPS energ
particle production in the center of mass is not significan
more isotropic in central events than it is in peripheral on
even in ultraheavy systems. This contrasts with the res
from the AGS at 14.6 GeV/nucleon, where pseudorapid
densities from heavy ion interactions become roughly iso
pic at the highest multiplicities@41#. Near 200 GeV/nucleon
this anisotropy holds not only in the central region but also
the spectator regions, where we observe scaling with
number of participating projectile or target nucleons: the i
tial geometry of the system is reflected in the final state.

The fact that rescattering-induced narrowing is predic
to occur but is not observed is puzzling in light of eviden
for rescattering from other experiments@9,11,42–44#. In par-
ticular, Alber et al. @11# compare the NA49 forward veto
calorimeter spectra and transverse energy spectra toVENUS

and find excellent agreement. We note, however, that a c
parison ofVENUS with the forward (h>5.9) and transverse
(2.1,h,3.4) energy spectra is very different from a com
parison with the detailed pseudorapidity distributions as
Figs. 2 and 5. InVENUS, the narrowing of the distribution
with reinteraction occurs because of a combination of gre
proton stopping power, slower pions, and enhanced he
particle production (p̄p pairs and kaons! in the central re-
gion. The energy for additional heavy particle producti
comes in part from increased nucleon slowing and als
slight reduction in pion production. The absence of narro
ing in central events may indicate that the degree of slow
of protons and pions in Pb1Pb events is less than theVENUS

model predicts. NA44@9# has in fact shown evidence for
smaller than predicted rapidity shift in the proton rapid
distribution measured for central Pb1Pb collisions. Without
the additional energy available for particle production whi

n
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comes from increased nucleon stopping power, increa
heavy particle production would come at the expense
smaller pion yields. Thus, reinteraction-induced heavy p
ticle production accompanied by a more modest than p
dicted increase in stopping power could explain both
observed shape independence and the low multiplicities.
note as well that the absence of rescattering in the obse
pion distributions is also consistent with the ‘‘sudden ha
ronization’’ picture of Rafelski and Letessier@45# in which
the pions are produced directly during the rapid hadron
tion occurring during the explosion of a dense QGP fireb
with no subsequent equilibration or rescattering.

In conclusion,FRITIOF seems to provide a better simul
tion of the overall multiplicities and the shape of the charg
particle pseudorapidity distribution for these central d
than doesVENUS. This is particularly noticeable for thes
very massive Pb1Pb interactions, and becomes less noti
able for the lighter nuclei. The average multiplicities a
pseudorapidity distributions in centralAA interactions on
heavy targets at SPS energies are mainly determined by
number of participating nucleons. Multiplicities in these co
lisions are nonetheless higher than would be expected
simply scalingNN multiplicities at the same energy, indica
ing a dynamical effect at work in addition to the wound
nucleon effect. The dependence of this excess on sys
mass is not well predicted by the Monte Carlo event gene
d
.
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tors. The Pb1Pb pseudorapidity distributions appear to ha
a shape which is independent of multiplicity, placing an im
portant constraint on models of reinteraction in the cen
region. Indeed, we see no direct evidence for reinteractio
the central region in our all-charged-particle distribution
although it has clearly been seen in other experiments lo
ing, for example, at produced protons and kaons. Howe
we do find evidence for reinteraction of produced particles
excited matter in the spectators.
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