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Systematics of midrapidity transverse energy distributions in limited apertures
from p¿Be to Au¿Au collisions at relativistic energies
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Measurements of theA dependence and pseudorapidity interval (dh) dependence of midrapidityET distri-
butions in a half-azimuth~Df5p! electromagnetic calorimeter are presented forp1Be, p1Au, O1Cu,
Si1Au, and Au1Au collisions at the BNL-AGS~Alternating-Gradient Synchrotron!. The shapes of the upper
edges of midrapidityET distributions as a function of the pseudorapidity intervaldh in the range 0.3 to 1.3,
roughly centered at midrapidity, are observed to vary withdh, like multiplicity—the upper edges of the
distributions flatten asdh is reduced. At the typical fixed upper percentiles ofET distributions used fornuclear
geometrycharacterization bycentrality definition—7 percentile, 4 percentile, 2 percentile, 1 percentile, 0.5
percentile—the effect of this variation in shape on the measured projectileAp dependence for16O, 28Si, 197Au
projectiles on an Au target is small for the ranges ofdh and percentile examined. TheET distributions for
p1Au and p1Be change in shape withdh; but in eachdh interval the shapes of thep1Au and p1Be
distributions remain indentical with each other—a striking confirmation of the absence of multiple-collision
effects at midrapidity at AGS energies. The validity of thenuclear geometrycharacterization versusdh is
illustrated by plots of theET(dh) distribution in eachdh interval in units of the measured^ET(dh)&p1Au in the
samedh interval for p1Au collisions. These plots, in the physically meaningful units of ‘‘number of average
p1Au collisions,’’ are nearly universal as a function ofdh, confirming that the reaction dynamics forET

production at midrapidity at AGS energies is governed by the number of projectile participants and can be well
characterized by measurements in apertures as small asDf5p, dh50.3.
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I. INTRODUCTION

A. ET —from jet probe to global variable

Transverse energy (ET) measurements using 4p hadron
calorimeters inp-p collisions were proposed@1–3# for the
purpose of detecting and studying the hard scattering of c
stituents of the proton~discovered at the CERN ISR via hig
pT leading particles@4#! by finding localized cores of energ
deposition, ‘‘jets,’’ in an unbiased manner. However, t
first published measurement@5# of an ET distribution—
whereET is defined as
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ET5(
i

Ei sinu i and dET~h!/dh5sinu~h! dE~h!/dh,

~1!

where h52ln tanu/2 is the pseudorapidity and the sum
taken over all particles emitted on an event1 into a fixed but
large solid angle—utilized a full azimuth hadron calorime
that covered only the midrapidity region inp-p collisions at
c.m. energyAs524 GeV,20.88<h<0.67 in the c.m. sys-
tem. The experimental result was striking—the predomin
source of transverse energy turned out to be ‘‘soft’’ mu
particle production, not jets.

ET distributions are composed of a large number of p
ticles with relatively small transverse momenta, the rand
product of the particle multiplicity andpT distributions@5#.
As the pT distribution in p-p collisions is largely indepen-
dent of rapidity and multiplicity@6#, theET and multiplicity
distributions are simply related2

dET /dh;^pT&3dn/dh, ~2!

where^pT& is the average transverse momentum per parti
According to Bjorken@8#, dET /dy is thought to be re-

lated to the comoving energy density in a longitudinal e
pansion, and proportional to the energy density (e) in space

eB j5
dET

dy

1

2t0pR2 , ~3!

wheret0, the formation time, is usually taken as 1~or 1
2! fm,

pR2 is the effective area of the collision, anddET /dy is the
co-moving~i.e. transverse! energy density in rapidity. Many
authors have suggested that since the transverse ener
both hard@2,9# and softer@10# collisions is created before th
hadronization stage,ET distributions may carry more direc
information than may be reflected in multiplicity distribu
tions.

With the advent of the Alternating-Gradient Synchrotr
~AGS! and CERN relativistic heavy ion~RHI! programs in
the later 1980s,ET distributions have come to play a leadin
role as a ‘‘global variable’’ to define the overall character
centrality of individual RHI interactions: as the impact pa
rameter is reduced from grazing impact, more nucleons p
ticipate~there are fewer spectators! so more energy is trans
ferred from the projectile and target rapidity regions to t
transverse direction and toward midrapidity. Extensive m
surements at the BNL-AGS@11–16# and the CERN SPS
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1Note thatET is an ‘‘event-by-event’’ variable.
2In detail, the relationship is much more complicated@7#.
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SYSTEMATICS OF MIDRAPIDITY TRANSVERSE . . . PHYSICAL REVIEW C 63 064602
@17–22# have shown thatET distributions inA1A collisions
are largely dominated by thenuclear geometryof the reac-
tion, at the present level of sensitivity, so that ‘‘a very mo
est qualityET measurement over a limited region of pha
space will provide sufficiently accurate information for im
pact parameter tagging@23#.’’ At the 160–200A GeV/c in-
cident beam momentum at CERN (AsNN;19 GeV!, midra-
pidity ET for A1A collisions @24# is largely proportional to
the total number of participants~wounded nucleons! as it
was for p1A and light-ion collisions in this energy rang
@25,26#. The situation at AGS energies of 11.6–14.6A
GeV/c (AsNN;5 GeV! is quite different—midrapidityET
distributions inA1A collisions are generally described by
superposition of p1A collisions @11–15,27#. The ET
measurements provided the first indication of signific
projectile stopping at AGS energies, subsequently confirm
by direct measurements of the nucleon rapidity distributio
@28–30#.

B. Centrality definition via ET—midrapidity versus 4p

At the AGS, where midrapidity isyc.m.
NN .1.621.7, both

E802/E866@14# and E814/E877@31# useET distributions to
definecentrality, typically by a certain upper percentile o
the distribution: Ref.@14# measuresET in a midrapidity elec-
tromagnetic calorimeter that is sensitive predominantly
produced particles@14,15# while @31# employs a nearly 4p
hadronic calorimeter~see Fig. 1!. The upper tails of the less
constrained distributions measured by@14# in the smaller ap-
erture, midrapidity, electromagnetic calorimeter~scaled by a
factor of 4 inET for visual effect! fluctuate more~i.e., have a
less steep upper edge! than the more constrained distribu
tions measured by@31# in the nearly 4p hadron calorimeter;
but for the most part the distributions are very similar
shape, and therefore in centrality definition.

The utility of hermetic4p detectors to search formissing
energy in nucleon-nucleon collisions is beyond deba

FIG. 1. E814/E877ET spectra@31# in a full-azimuth hadron
calorimeter covering 0.83<h<4.7, denotedET

PCAL , compared to
E802/E866ET spectra@15# in a full-azimuth mid-rapidity EM calo-
rimeter covering 1.3<h<2.4, denotedET

PbLR. The E866ET spectra
are scaled by an empirical factor of 4 inET

PbLR to match theET
PCAL

spectra. Some upper percentiles of the E802/E866 Au1Au spec-
trum are indicated by arrows. The solid line on the E802/E8
Au1Au data is a WPNM calculation to be discussed later.
06460
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@32,33#. However, when nuclei are involved, the situation
considerably more complicated. The physics may be diff
ent for outgoing nucleons, which are overwhelmingly fra
ments from the original projectile and target, and for pr
duced particles, which are typically mesons~mainly pions!.
This leads to a philosophical issue: one may use the ove
4p multiplicity or ET to try to learn the physics from a
measurement, or one may distinguish among the target f
mentation, midrapidity, and projectile-fragmentation rapid
regions where, furthermore, the systematics may be q
different for the different particle types. As the projecti
dependence of a reaction is emphasized by measuremen
the projectile-fragmentation region@25,18,34#, while the tar-
get dependence is emphasized by measurements in
target-fragmentation region@17,35,7#, midrapidity measure-
ments might represent a reasonable global average for
trality definition or studies of reaction dynamics.

C. Previous measurements and open issues

Previous measurements@11–15# of midrapidity ET distri-
butions have demonstrated that beyond simple issues
nuclear geometry, dynamics plays a significant role. O
the maximum number of participants is reached in cen

6

FIG. 2. Previously published@14# measured energy emission i
the E802 electromagnetic calorimeter~Df5p, 1.22<h<2.50! for
16O1Au and 16O1Cu interactions at 14.6A GeV/c. The solid
curve through the data is the sum of the 1-fold to 16-fold convo
tion of the measuredp1Au spectrum weighted according to th
probability for 1, 2, . . . ,16 of theprojectile nucleons to interact in
the target~wounded projected nucleon model!. The individual com-
ponents of the sum are shown, with the 1-fold and 16-foldp1Au
convolutions emphasized.
2-3
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T. ABBOTT et al. PHYSICAL REVIEW C 63 064602
collisions, the geometrical effect is exhausted leaving
detailed shape of the sharp drop-off of the upper edge of
spectrum to reveal possible underlying dynamics. Two ea
measurements illustrate this effect. The first midrapidityET
spectra (1.22<h<2.50) measured at the AGS with a16O
beam@11–13# showed saturation in targets of Cu or heav
~see Fig. 2!. The maximum transverse energy is roughly t
same in 16O1Cu and 16O1Au reactions, even though th
maximum thickness of a Cu nucleus is only;2/3 that of Au.
Also, the shapes of the upper edges of both spectra are i
tical, with a constant ratio (ds/dET)O1Au /(ds/dET)O1Cu
;6, which is close to the ratio of the areas~;5! for the 16O
projectile to fit within the Au or Cu target nucleus@11,12#.
The same trend was observed in thep1A ET spectra, which
have the same shape and^ET& for p1Be, p1Al, p1Cu and
p1Au reactions—a striking absence of the successive c
sion effect seen at higher energies@21#.

These two observations, together with the success in
constructing the measured O1A @36#, Si1A (B1A) mid-
rapidityET spectra as the sum of the 1 toB-fold convolutions
of the measuredp1Au spectrum, weighted according to th
geometricprobability for 1, 2, . . . , B of the projectile nucle-
ons to interact in the target~wounded projectile nucleon
model, or WPNM, see curves on Fig. 2!, could be explained
if the projectiles were presumed to exhaust their ability
produce pions after only a few nucleon-nucleon collisio
@11–14,27#. It is also conceivable@19,37# that the saturation
of the upper edges of the E802 midrapidityET spectra at
AGS energies could be an artifact of the limited angular (h)
acceptance.

The pseudorapidity acceptance is an issue because
quantum mechanical models, based on solid-body kinema
@38#, which work well at nonrelativistic energies@39–41#,
predict that the rapidity of the c.m. system will shift such th
the maximum indn/dy ~and presumablydET /dh) moves
towards the rapidity of the larger nucleus in an asymme
B1A reaction. Similar but quantitatively different shifts a
also predicted in relativistic successive collision models@42#
since the excitation of a nucleon by a collision causes
rapidity to decrease. These effects are observed in@29,43#.
Therefore, an important issue to address is whether the p
dorapidity acceptance of the midrapidityET distributions af-
fects the interpretation of the measurements—i.e., are
saturation observation, the stopping inference, and
WPNM calculations something fundamental, or are they j
an artifact of a particulardh acceptance? An additional issu
is whether the shapes ofET distributions change with thedh
interval, like multiplicity, and if so, how this affects th
event characterization andcentrality definition.

II. NEW MEASUREMENTS OF MIDRAPIDITY ET

DISTRIBUTIONS VERSUS dh

A. Overview

Systematic measurements of midrapidityET distributions
are presented as a function ofdh using the E802 lead glas
~PbGl! EM calorimeter~see Fig. 3! that covered half the
azimuth (Df5p), with a total pseudorapidity acceptance
1.22<h<2.50 ~where midrapidity for these energies
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NN .1.6–1.7 depending on the species!. It is important to

note that the PbGl EM calorimeter accurately measures e
tromagnetic energy deposited by photons~typically produced
by p0→gg and h→ neutral decays!, but also responds to
the Čerenkov radiation from relativistic charged hadro
@14,15#. The overall response of the detector may be sim
represented as

ET[ (
photons

Eg sinu1 (
charged,b>0.8

~0.45 GeV!3sinu. ~4!

No correction is made for the average charged hadron si
since an unknown model-dependent systematic error wo
accrue. Thus,ET is a composite but precisely measur
quantity that has linear response for multiple collisions.3 De-
tails on the linearity, response, and calibration of the det
tors may be found elsewhere@14,35,44#. For the present pur-
poses, it is important to note that at least 85% of t
measuredET in the PbGl is due to produced particles~i.e.,
not nucleons!.

The pseudorapidity distributions,dET /dh for fixed ET ,
have already been published@14,15#. In the present study
the full h acceptance of the half-azimuth calorimete
1.22<h<2.50, is subdivided into eight nominally equ
bins of 0.16 in pseudorapidity, i.e., 1.22<h<1.38,
1.38<h<1.54, . . . ,2.34<h<2.50. The acceptance~Dh
3Df! of each bin varies compared to the ideal 0.163p,
and is corrected by quoting an effectivedh rather than
simply the difference of the boundaries of the interval. T
ET distributions~in Df5p! are then measured fordh inter-
vals composed of groups of 1,2,4,6,8 bins centered~except
for the smallest! on h51.86:dh51.30, the fullh acceptance
of the calorimeter ~actually 1.22<h<2.50!; dh50.966
~1.38<h<2.34!; dh50.624 ~1.54<h<2.18!; dh50.378

3In previous publications@13,14#, this same quantity was denote
ET

PbGl.

FIG. 3. E802/E859/E866 lead glass electromagnetic calorime
The dh dependence reported here is made using the more hi
segmented right half of the calorimeter that coversDf5p,
1.22<h<2.50. The heavy lines define the fiducial volume for
previous measurement@15# ~Fig. 1! and are not relevant for the
present data.
2-4
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~1.70<h<2.02!; dh50.170 ~1.70<h<1.86!. The data and
method of analysis are the same as reported in Refs.@14,15#
where full details are given. A brief description follows.

All the data presented here come from the right half a
muth of the calorimeter~Fig. 3!. Data from previous publi-
cations@12–14# use the same setup.~Different setups were
used for Fig. 1@15# and Ref.@11#.! The data were taken ove
the period 1987–1992 with beams ofp, 16O, 28Si, and197Au
on various targets~see Table I!. Several triggers were used t
acquire the data: the minimum bias interaction trigg
‘‘INT’’ and hardware high-ET trigger, ‘‘PB2,’’ described in
Ref. @14#; and an alternative minimum-bias trigger ‘‘EMIN’
defined by any hit on the PbGl (ET;15275 MeV, depend-
ing on the species! in coincidence with a good beam coun
described in Ref.@15#. Pile-up was eliminated by vetoin
events with more than one beam particle within a6500-ns
window. Target-out contributions were measured and s
tracted for all beam-target-trigger combinations. The stabi
of the ET calibration over the five year period, checked
remeasurement of thedh51.30 Si1Al and Si1Au ET spec-
tra @13#, was within63% ~see Fig. 4!.

B. Proton-nucleus spectra

The original Abbottet al. measurements@12,14# in the
full h acceptance of the half-azimuth calorimeter show
that the midrapidityET spectra ofp1Au, p1Cu, p1Al,
and p1Be all exhibit the same shape over roughly five d
cades of cross section—no obvious multiple-collisions
fects were evident at midrapidity forp1A collisions at AGS
energies. In the present measurement, theET distributions of
p1Au and p1Be at 14.6 GeV/c ~see Fig. 5 and Tables I
and III! are obtained as a function of the smallerdh intervals
listed in Sec. II A. It is evident in Fig. 5 that as thedh
interval is reduced, the shapes of theET spectra clearly
change withdh for both p1Au and p1Be; but in eachdh
interval, the shapes of thep1Au and p1Be distributions
remain essentiallyidentical to each other. This striking effec
is exhibited quantitatively by fits of each spectrum to
single-Gamma distribution@45# that result in the equality o
the p1Au and p1Be fit parameters,b and p, in eachdh
interval as indicated on Fig. 5~see also Table IV!. The near
indistinguishability of thep1Au andp1Be ET distributions
for the smallerdh intervals is striking confirmation of the
previous explanation of the same effect in the fullh accep-
tance@14# by a class of events where the pion distributi
exhibits a large backward shift in rapidity,*0.8 units

TABLE I. Beams and targets used in the reported data.

Beam~s! Target
Thickness
(mg/cm2)

Percent of
interaction length

p Be 1480 2
Si Al 817 3 ~Si!
O Cu 1440 3~Si!

p, O Au 2939 3 ~Si!
Si Au 1846 2 ~Si!
Au Au 944 1 ~Si!
06460
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@46,47#, leaving little energy in the midrapidity acceptance
the calorimeter. This is further evidence that the large st
ping observed in nucleus-nucleus collisions at AGS energ
is also manifest inp1A collisions @12,14,27#.

C. Nucleus-nucleus spectra

Measurements of theET distributions for p1Au
~Sec. II B!, 16O1Cu, 16O1Cu(central), 28Si1Au at
14.6A GeV/c and 197Au1Au, 197Au1Au(central) at 11.6A
GeV/c as a function ofdh are shown in Fig. 6. The plots ar
strikingly similar in all dh intervals, but there is a clear flat
tening of the upper edges of the distributions with decreas
dh. The centrality is defined by a zero degree calorime
@13,48#, which, for O1Cu @49#, required a forward-going
kinetic energy of less than that of a single projectile specta
~13.6 GeV!, indicating that all 16 projectile nucleons ha
interacted, and, for Au1Au @48#, selected the most centra
8.4 percentile of the projectile spectator distribution cor
sponding to collisions with less than 40 projectile spectat
~out of 197!, with a mean value of̂ Npp&51972205177
projectile participants. The data are tabulated in Tab
V–IX. See Refs.@13,48,49# for further details pertaining to
the zero degree calorimeter.

The flattening of the upper edges of the distributions a
the broadening of the central collision spectra with decre

FIG. 4. ET distributions ~Df5p, 1.22<dh<2.50! at 14.6A
GeV/c for Si1Al ~filled diamonds! and Si1Au ~open triangles,
open circles! from the April 1992 run, which includes the Au1Au
measurement, compared to measurements in previous runs@14#.
Note that the filled diamonds and open circles represent an ana
done just after the data were taken in April 1992, while the pres
analysis of the Si1Au data is shown as the open triangles.
2-5
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FIG. 5. ET distributions forp1Au ~left! and
p1Be ~right! at 14.6 GeV/c as a function of de-
creasing dh from top to bottom. Adjacentp
1Au and p1Be plots have the samedh. The
gaps in the spectra for smallerdh intervals are
due to the fact that the high-ET trigger was op-
erative on the fullh acceptance, thus not fully
efficient in the smaller intervals, requiring ineffi
cient points to be deleted. As described in t
text, minimum-bias triggers are used to obtain t
lower ET segments of the spectra. The solid lin
on the figure are Gamma distribution fits wit
parameters indicated.
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ing dh, evident in Fig. 6, is emphasized by plotting th
central collision spectrum in eachdh interval scaled by its
mean~see Fig. 7!. Since measurements of the shapes of m
tiplicity distributions for central 16O1Cu collisions @49#
have been made with exactly the same data sets used i
presentET analysis, they are shown as a reminder on Fig
Evidently, the shapes of the upper edges ofET distributions
change withdh, like multiplicity.

III. FITS

In the mid 1980s, the close connection betweenET and
multiplicity distributions inp-p collisions was reinforced by
the fact that both could be described by relatively simple a
closely related functions, the negative binomial distributi
~NBD! for multiplicity @50# and the Gamma distribution fo
ET @51–54#. In fact, Gamma distributions were found to pr
vide excellent representations of midrapidityET distributions
for ten decades in cross section for bothp-p anda-a colli-
sions@53#.

A. Gamma and negative binomial distributions

The Gamma distribution represents the probability den
for a continuous variablex, and has two parametersb andp:
06460
l-

the
.

d

y

f ~x!5
b

G~p!
~bx!p21e2bx, ~5!

where

p.0, b.0, 0<x<`,

G(p) is the Gamma function, which equals (p21)! if p is an
integer, andf (x) is normalized. The first few moments of th
distribution are

m[^x&5
p

b
, s5

Ap

b
,

s2

m2 5
1

p
. ~6!

The negative binomial distribution of an integerm is de-
fined as

P~m!5
~m1k21!!

m! ~k21!!

S m

k D m

S 11
m

k D m1k , ~7!

whereP(m) is normalized for 0<m<`, m[^m&, and some
higher moments are
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TABLE II. ds/dET ~b/GeV! versusET ~GeV! for p1Be at 14.6A GeV/c for four dh intervals. Errors quoted are statistical onl
systematic errors are estimated to be less than63% on theET scale.

p1Be

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

0.125 3.663102161.0931022 0.094 3.633102161.2431022 0.075 3.823102161.4131022 0.075 3.883102161.4231022

0.175 3.323102161.0331022 0.131 3.933102161.2931022 0.105 3.913102161.4331022 0.105 3.723102161.3931022

0.225 3.023102169.8331023 0.169 3.513102161.2231022 0.135 3.983102161.4431022 0.135 3.513102161.3431022

0.275 2.693102169.2131023 0.206 2.793102161.0931022 0.165 3.453102161.3331022 0.165 2.453102161.1331022

0.325 2.373102168.6231023 0.244 2.623102161.0531022 0.195 2.623102161.1631022 0.195 1.693102169.3131023

0.375 1.893102167.7231023 0.281 2.473102161.0031022 0.225 1.983102161.0231022 0.225 1.373102168.3631023

0.425 1.813102167.4431023 0.319 1.903102168.8731023 0.255 1.993102161.0131022 0.255 1.143102167.5331023

0.475 1.563102166.9131023 0.356 1.663102168.2531023 0.285 1.403102168.5631023 0.285 8.783102266.7631023

0.525 1.333102166.4531023 0.394 1.513102167.8631023 0.315 1.363102168.3131023 0.315 7.713102266.2131023

0.575 1.063102165.6931023 0.431 1.213102167.0631023 0.345 1.173102167.7731023 0.345 5.473102265.4131023

0.625 8.923102265.1931023 0.469 1.033102166.5431023 0.375 9.853102267.0631023 0.375 4.993102265.1031023

0.675 8.633102265.1131023 0.506 9.573102266.2431023 0.405 8.663102266.6431023 0.405 4.593102264.7231023

0.725 7.363102264.6731023 0.544 8.673102265.8931023 0.435 6.233102265.7731023 0.435 3.593102264.2631023

0.775 5.143102262.8031023 0.581 7.023102265.3331023 0.465 6.353102265.6131023 0.465 3.003102263.8731023

0.825 4.303102262.5731023 0.619 5.983102264.9031023 0.495 4.963102265.0831023 0.495 2.653102263.6131023

0.875 3.553102262.3631023 0.656 4.993102263.1831023 0.525 4.843102263.5031023 0.525 2.643102262.5731023

0.925 2.993102262.1231023 0.694 4.173102262.9331023 0.555 3.943102263.1831023 0.555 2.053102262.2931023

0.975 2.403102261.9231023 0.731 4.343102262.9431023 0.585 3.233102262.8631023 0.585 1.503102261.9831023

1.025 2.183102261.8231023 0.769 3.623102262.7131023 0.615 3.043102262.7731023 0.615 1.103102261.7231023

1.075 1.463102261.4831023 0.806 2.453102262.2831023 0.645 2.163102262.3731023 0.645 8.503102361.4831023

1.125 1.373102261.4431023 0.844 2.493102262.2631023 0.675 2.263102262.3931023 0.675 9.093102361.5431023

1.175 8.793102361.1631023 0.881 2.083102262.0531023 0.705 2.213102262.3631023 0.705 7.793102361.4131023

1.225 1.003102261.2231023 0.919 1.803102261.9131023 0.735 1.673102262.0631023 0.735 9.993102361.5531023

1.275 6.993102361.0431023 0.956 1.603102261.7731023 0.765 1.613102262.0331023 0.765 4.573102361.0931023

1.325 5.793102369.3231024 0.994 1.463102261.7231023 0.795 1.083102261.7231023 0.795 4.033102361.0231023

1.375 5.333102368.9331024 1.031 7.613102361.2931023 0.825 1.393102261.8431023 0.825 4.313102361.0131023

1.425 4.983102368.5031024 1.069 7.793102361.2731023 0.855 1.183102261.7231023 0.855 2.993102368.9331024

1.475 2.623102366.2431024 1.106 7.853102361.2631023 0.885 7.793102361.4131023 0.885 3.823102369.6531024

1.525 1.373102364.8631024 1.144 3.783102369.1331024 0.915 7.373102361.3331023 0.915 3.223102368.8531024

1.575 1.773102365.1631024 1.181 5.193102361.0231023 0.945 4.763102361.1931023 0.945 2.933102368.9531024

1.625 1.583102365.9531025 1.219 4.973102361.0131023 0.975 6.103102361.2431023 0.975 1.203102365.4331024

1.675 1.303102365.4031025 1.256 5.103102361.0231023 1.005 5.393102361.1831023 1.005 1.303102365.9131024

1.725 1.053102364.8631025 1.294 2.793102367.5531024 1.035 3.143102369.5431024 1.035 1.633102366.7231024

1.775 7.453102464.0931025 1.331 2.703102367.5731024 1.065 2.783102368.3031024 1.065 1.703102366.2231024

1.825 5.673102463.5731025 1.369 3.153102367.6931024 1.095 3.213102369.1931024 1.095 3.713102464.0031024

1.875 4.773102463.2831025 1.406 3.283102367.9031024 1.125 2.463102367.6531024 1.125 8.193102464.4231024

1.925 3.313102462.7331025 1.444 1.263102365.3931024 1.155 1.413102366.3531024 1.155 7.623102464.4531024

1.975 2.323102462.2831025 1.481 1.133102365.0831024 1.185 2.183102367.3531024 1.185 9.813102464.9631024

2.025 2.143102462.1931025 1.519 3.893102463.1431024 1.215 1.963102367.0231024 1.215 1.103102364.9031024

2.075 1.603102461.9031025 1.556 1.263102365.0231024 1.245 1.803102366.6531024 1.245 6.003102463.8431024

2.125 1.263102461.6831025 1.594 1.013102364.3231024 1.275 2.083102366.9731024 1.275 6.573102463.7931024

2.175 9.683102561.4831025 1.631 7.983102464.8931025 1.305 2.673102463.2531024 1.305 8.763102464.3831024

2.225 6.753102561.2331025 1.669 6.843102464.5331025 1.335 1.913102366.6031024 1.335 4.383102463.1031024

2.275 4.283102569.8131026 1.706 5.823102464.1831025 1.365 1.913102366.6031024 1.365 1.263102365.4031024

2.325 1.803102566.3631026 1.744 4.203102463.5531025 1.395 8.763102464.3831024 1.395 2.193102462.1931024

2.375 2.703102567.7931026 1.781 3.483102463.2331025 1.425 1.263102365.4031024 1.605 8.253102561.7631025

2.425 3.603102569.0031026 1.819 3.423102463.2031025 1.455 4.763102562.4031024 1.635 1.163102462.0931025

2.475 1.583102565.9531026 1.856 1.983102462.4431025 1.485 1.623102462.2631024 1.665 1.053102461.9831025

2.525 9.003102664.5031026 1.894 1.863102462.3631025 1.515 6.573102463.7931024 1.695 5.633102561.4531025
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TABLE II. ~Continued!.

p1Be

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

2.575 2.253102662.2531026 1.931 1.593102462.1831025 1.545 4.383102463.1031024 1.725 4.503102561.3031025

2.625 2.253102662.2531026 1.969 1.353102462.0131025 1.575 4.383102463.1031024 1.755 2.253102569.1931026

2.675 6.753102663.9031026 2.006 8.703102561.6231025 1.605 3.453102463.6031025 1.785 1.883102568.3931026

2.725 1.133102565.0331026 2.044 9.003102561.6431025 1.635 3.153102463.4431025 1.815 1.503102567.5031026

2.775 2.253102662.2531026 2.081 6.303102561.3731025 1.665 2.143102462.8331025 1.845 2.633102569.9231026

2.825 6.753102663.9031026 2.119 7.203102561.4731025 1.695 2.363102462.9831025 1.875 2.633102569.9231026

2.925 4.503102663.1831026 2.156 6.603102561.4131025 1.725 1.313102462.2231025 1.905 1.503102567.5031026

2.194 1.803102567.3531026 1.755 1.583102462.4331025 1.935 1.883102568.3931026

2.231 2.403102568.4931026 1.785 1.203102462.1231025 1.965 1.503102567.5031026

2.269 2.703102569.0031026 1.815 7.883102561.7231025 1.995 3.753102663.7531026

2.306 1.203102566.0031026 1.845 7.133102561.6331025 2.025 1.503102567.5031026

2.344 1.503102566.7131026 1.875 4.133102561.2431025 2.055 3.753102663.7531026

2.381 2.103102567.9431026 1.905 7.133102561.6331025 2.085 7.503102665.3031026

2.419 1.203102566.0031026 1.935 7.503102561.6831025 2.115 3.753102663.7531026

2.456 6.003102664.2431026 1.965 7.503102561.6831025

2.494 3.003102663.0031026 1.995 4.133102561.2431025

2.531 6.003102664.2431026 2.025 3.383102561.1331025

2.569 6.003102664.2431026 2.055 1.883102568.3931026

2.085 1.883102568.3931026

2.115 2.633102569.9231026

2.145 2.253102569.1931026

2.175 1.133102566.5031026

2.235 1.133102566.5031026

2.265 1.133102566.5031026

2.325 3.753102663.7531026

2.355 7.503102665.3031026

2.385 7.503102665.3031026
n
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The NBD, with an additional parameterk compared to a
Poisson distribution, becomes Poisson in the limitk→` and
binomial for k equal to a negative integer~hence the name!.
The negative binomial distribution bears a strong relatio
ship to the Gamma distribution, and becomes a Gamma
tribution in the limit m@k.1. In fact, many times, Gamma
distributions are substituted for NBD to prove various the
rems@55#. One important difference between between NB
and Gamma distributions is in the limitm or x→0: for p
.1 the limit is always zero for a Gamma distribution
whereas for the NBD it is always finite.

The Gamma distribution has an important property und
convolution. Define then-fold convolution of a distribution
with itself as

f n~x!5E
0

x

dy f~y! f n21~x2y!; ~9!

then for a Gamma distribution@Eq. ~5!#, then-fold convolu-
tion is simply given by the function
06460
-
is-

-

r

f n~x!5
b

G~np!
~bx!np21e2bx, ~10!

i.e., p→np andb remains unchanged. Notice that the me
mn and standard deviationsn of then-fold convolution obey
the familiar rule

mn5nm, sn5sAn. ~11!

The convolution property of the Gamma distribution al
holds for the NBD, withm→nm, k→nk, so thatm/k re-
mains constant@49#.

B. Gamma distribution fits

Again referring to Figs. 7 and 8, the solid lines in Fig.
are fits of theET distributions to a single Gamma distributio
@see Table X for the fitted parameters to Eq.~5!# and the
solid lines in Fig. 8 are NBD fits to the multiplicity distribu
tions. The NBD provides excellent fits to the O1Cu central
multiplicity distributions@49#, while the Gamma distribution
provides a reasonable (x2;1.5/dof) fit to the O1Cu central
ET distributions and a fair fit (x2;326/dof) to the Au1Au
centralET distributions. Since the centrality trigger for th
Au1Au data is relatively weak@48#, corresponding to
2-8
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TABLE III. ds/dET ~b/GeV! versusET ~GeV! for p1Au at 14.6A GeV/c for four dh intervals. Errors quoted are statistical onl
systematic errors are estimated to be less than63% on theET scale.

p1Au

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

0.125 3.28310069.9731022 0.094 3.32310061.1331021 0.075 3.87310061.3531021 0.075 3.83310061.3431021

0.175 3.29310069.7331022 0.131 3.71310061.2031021 0.105 4.04310061.3831021 0.105 3.56310061.3031021

0.225 2.95310069.2531022 0.169 3.46310061.1531021 0.135 3.77310061.3431021 0.135 3.18310061.2131021

0.275 2.45310068.4231022 0.206 2.84310061.0531021 0.165 3.05310061.2031021 0.165 2.30310061.0431021

0.325 2.37310068.1731022 0.244 2.57310069.8631022 0.195 2.43310061.0731021 0.195 1.76310068.9431022

0.375 1.96310067.4231022 0.281 2.24310069.0931022 0.225 2.15310061.0031021 0.225 1.26310067.6331022

0.425 1.68310066.8331022 0.319 2.04310068.6531022 0.255 1.96310069.4631022 0.255 1.13310067.1031022

0.475 1.43310066.3131022 0.356 1.74310067.9631022 0.285 1.48310068.3031022 0.285 8.583102166.3531022

0.525 1.13310065.7231022 0.394 1.34310067.1031022 0.315 1.33310067.8031022 0.315 7.563102165.8231022

0.575 1.11310065.4931022 0.431 1.21310066.6931022 0.345 1.06310067.0931022 0.345 5.053102164.9931022

0.625 7.943102164.6731022 0.469 1.05310066.2631022 0.375 9.203102166.4931022 0.375 4.343102164.5731022

0.675 7.483102164.5531022 0.506 8.803102165.7131022 0.405 7.693102165.9831022 0.405 4.713102164.5031022

0.725 5.363102163.8731022 0.544 7.683102165.2931022 0.435 6.223102165.4731022 0.435 2.623102163.5531022

0.775 5.043102163.7131022 0.581 6.213102164.7931022 0.465 5.583102165.0231022 0.465 3.043102163.6831022

0.825 3.713102163.2231022 0.619 5.303102164.4131022 0.495 4.853102164.7731022 0.495 1.763102162.8731022

0.875 3.083102162.9131022 0.656 4.633102164.1531022 0.525 4.183102164.3731022 0.525 1.513102162.6831022

0.925 2.913102162.8131022 0.694 3.493102163.6531022 0.555 3.443102163.9231022 0.555 1.523102162.6031022

0.975 2.153102162.4431022 0.731 3.513102163.5631022 0.585 2.783102163.6331022 0.585 1.163102162.3031022

1.025 1.713102162.0031022 0.769 3.123102163.3431022 0.615 2.943102163.7631022 0.615 1.173102162.3031022

1.075 1.543102161.8531022 0.806 2.773102163.1331022 0.645 2.063102163.0631022 0.645 1.213102162.3331022

1.125 1.233102161.6831022 0.844 2.173102162.8231022 0.675 1.993102163.0231022 0.675 8.633102261.9331022

1.175 9.333102261.4531022 0.881 1.543102162.4031022 0.705 1.483102162.5431022 0.705 8.633102261.9331022

1.225 7.783102261.3331022 0.919 1.703102162.5231022 0.735 2.183102163.0331022 0.735 7.793102261.7431022

1.275 6.033102261.2031022 0.956 1.193102162.1231022 0.765 1.133102162.3631022 0.765 5.383102261.4231022

1.325 6.843102261.2231022 0.994 1.053102161.9431022 0.795 1.423102162.4731022 0.795 7.773102261.6631022

1.375 4.783102261.0431022 1.031 1.023102161.9531022 0.825 9.553102262.2031022 0.825 5.823102261.4131022

1.425 2.263102267.3731023 1.069 7.643102261.7631022 0.855 1.063102162.1631022 0.855 4.283102261.2631022

1.475 3.773102268.9431023 1.106 8.893102261.7531022 0.885 4.963102261.7031022 0.885 4.143102261.2231022

1.525 2.143102267.0931023 1.144 6.333102261.5331022 0.915 6.943102261.7931022 0.915 3.563102261.1331022

1.575 1.713102266.2031023 1.181 3.363102261.2931022 0.945 4.973102261.4431022 0.945 2.283102269.8931023

1.625 1.343102263.8631024 1.219 4.983102261.2331022 0.975 4.123102261.4931022 0.975 2.463102269.1831023

1.675 1.043102263.3931024 1.256 2.093102268.7931023 1.005 4.993102261.3931022 1.005 1.043102266.5831023

1.725 8.113102363.0031024 1.294 2.183102268.2931023 1.035 2.353102261.0531022 1.035 9.143102366.6431023

1.775 5.993102362.5831024 1.331 4.153102261.1131022 1.065 5.823102261.4131022 1.065 2.523102269.1531023

1.825 4.643102362.2731024 1.369 2.383102268.2331023 1.095 3.633102261.1831022 1.095 9.773102366.6131023

1.875 3.433102361.9531024 1.406 3.373102269.7331023 1.125 1.433102267.3031023 1.125 9.063102365.6331023

1.925 2.963102361.8131024 1.444 1.203102266.4731023 1.155 1.883102268.6831023 1.155 1.973102363.3531023

1.975 2.533102361.6731024 1.481 2.283102268.2631023 1.185 1.693102268.0131023 1.185 8.433102365.6631023

2.025 1.753102361.3931024 1.519 1.143102265.8431023 1.215 1.043102266.5831023 1.215 3.233102363.2331023

2.075 1.223102361.1631024 1.556 3.663102363.7531023 1.245 7.803102365.7031023 1.245 5.833102364.6131023

2.125 8.653102469.8031025 1.594 7.253102364.5031023 1.275 1.173102266.5231023 1.275 3.233102363.2331023

2.175 7.433102469.0831025 1.631 6.773102363.1731024 1.305 1.433102267.3031023 1.605 5.733102461.0331024

2.225 5.553102467.8431025 1.669 5.493102362.8531024 1.335 2.603102363.2931023 1.635 6.663102461.1131024

2.275 3.443102466.1831025 1.706 4.473102362.5731024 1.365 9.063102365.6331023 1.665 4.073102468.6731025

2.325 3.003102465.7631025 1.744 3.373102362.2331024 1.395 9.693102365.5931023 1.695 3.143102467.6231025

2.375 2.663102465.4331025 1.781 3.023102362.1131024 1.605 2.423102362.1231024 1.725 4.253102468.8731025

2.425 2.223102464.9631025 1.819 2.203102361.8131024 1.635 1.613102361.7231024 1.755 3.703102468.2731025

2.475 1.113102463.5131025 1.856 1.943102361.6931024 1.665 1.983102361.9131024 1.785 2.223102466.4031025
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TABLE III. ~Continued!.

p1Au

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

1.894 1.603102361.5431024 1.695 1.203102361.4931024 1.815 2.403102466.6731025

1.931 1.383102361.4331024 1.725 1.243102361.5131024 1.845 1.663102465.5531025

1.969 1.213102361.3431024 1.755 1.093102361.4231024 1.875 2.593102466.9231025

2.006 7.843102461.0831024 1.785 8.323102461.2431024 1.905 2.593102466.9231025

2.044 6.063102469.4731025 1.815 7.403102461.1731024 1.935 9.243102564.1331025

2.081 6.213102469.5931025 1.845 6.103102461.0631024 1.965 5.553102563.2031025

2.119 3.993102467.6931025 1.875 7.403102461.1731024 1.995 7.403102563.7031025

2.156 3.253102466.9431025 1.905 6.103102461.0631024

2.194 3.993102467.6931025 1.935 5.553102461.0131024

2.231 2.963102466.6131025 1.965 2.963102467.4031025

2.269 2.513102466.1031025 1.995 3.883102468.4731025

2.306 1.333102464.4431025 2.025 2.593102466.9231025

2.344 1.923102465.3331025 2.055 2.223102466.4031025

2.381 4.443102562.5631025 2.085 2.593102466.9231025

2.419 1.483102464.6831025 2.115 1.663102465.5531025

2.456 7.403102563.3131025 2.145 9.243102564.1331025

2.494 8.873102563.6231025 2.175 1.113102464.5331025

2.531 4.443102562.5631025 2.205 1.113102464.5331025

2.569 2.963102562.0931025 2.235 5.553102563.2031025

2.265 5.553102563.2031025

2.295 3.703102562.6131025

2.325 5.553102563.2031025

2.385 5.553102563.2031025

2.445 3.703102562.6131025

2.475 3.703102562.6131025
ally

i-
the
e

a range of from 0 to 40 projectile spectators, it is perhaps n
surprising that the lower edges of the data do not follow
simple Gamma distribution, thus causing the relatively poo
quality of the fits.

Thep(dh) parameters from the fits to thep1Au ~Fig. 5!,
O1Cu central and Au1Au centralET distributions~Fig. 7!
06460
ot
a
r

are shown as filled circles on Fig. 9 and vary systematic
with dh, similarly to thek(dh) from multiplicity distribu-
tions @49#. However, in contrast to the situation for mult
plicity distributions, where the shape as characterized by
NBD parameterk(dh) can be related to the two-particl
short-range correlation length@56–58#, there is at present no
e
e
l

al,
n

TABLE IV. Parameters from Gamma distribution fits top1Au and p1Be data. Errors quoted ar
statistical only. The fit parameters ares, p, andb. The ^ET&5p/b on each interval is computed from th
fitted parameters of the distribution. The probabilityp0 for a p1Au (p1 Be) reaction to produce zero signa
on the intervaldh is computed by taking 12p0 as the ratio ofs, the observed cross section on the interv
to the inelasticp1Au (p1Be) cross section of 1.662~0.176! barn from the nuclear geometry calculatio
@14,64#.

Gamma fit parameters
dh s ~b! ^ET& ~GeV! p b (GeV21) 1-p0

p1Au
1.30 1.5260.02 0.35360.007 1.7860.03 5.0660.04 0.91760.011
0.966 1.4060.02 0.28660.006 1.4360.03 5.0060.04 0.84460.011
0.624 1.2960.02 0.19760.006 0.9860.03 4.9660.05 0.77460.014
0.378 1.2960.06 0.11960.007 0.6060.04 5.0060.09 0.77460.034

p1Be
1.30 0.16160.002 0.36060.006 1.8260.03 5.0560.04 0.91560.011
0.966 0.14760.002 0.28660.006 1.3960.03 4.8760.04 0.83860.011
0.624 0.13160.002 0.20460.006 0.9960.03 4.8760.06 0.74260.013
0.378 0.13060.006 0.12560.008 0.6360.04 5.0060.10 0.73960.032
2-10
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FIG. 6. ET ~Df5p! distributions for the fourdh intervals indicated forp1Au ~open diamonds! and~filled points! for the reactions~in
order of increasing maximumET) O1Cu, Si1Au at 14.6A GeV/c and Au1Au, at 11.6A GeV/c. The open squares on the O1Cu and
Au1Au distributions represent the centrally triggered O1Cu ~ZCAL! and Au1Au ~ZCAL! data. Thep1Au cross section is multiplied by
0.10 for clarity of presentation. The plotting ranges inET for eachdh interval are chosen by eye so that the Au1Au distribution is near full
scale on all plots.
i

t

ity
-

i

o

is

f

-
y

e

7. A
a

f the
ell
the
bu-
theoretical framework to relate the systematic variation
the Gamma-distribution parameterp(dh) to other physical
quantities. On the other hand, Gamma distribution fits
the 16O1Cu multiplicity distributions@49# ~open diamonds
on Fig. 9! give p(dh) in excellent agreement with theET
results.

C. Is ET or multiplicity primary?

An interesting issue is whetherET production is primary,
followed by fragmentation to particles, or whetherET is
composed of the random product of the particle multiplic
and pT distributions@59–61#. If ET production were the re
sult of the creation of particles according to the sem
inclusive multiplicity distribution followed by the random
assignment of transverse momentum to each particle acc
ing to the single-particle semi-inclusivepT distribution@59–
61#, the process would be described by the equation

ds

dET
5s (

n51

nmax

f NBD~n,1/k,m! f G~ET ,np,b!, ~12!

where the multiplicity distribution for O1Cu central colli-
sions is represented by a NBD@49#, f NBD(n,1/k,m), the ET
distribution forn particles is represented by the Gamma d
06460
n

o

-

rd-

-

tribution, f G(ET ,np,b), wherep andb are the parameters o
the ET distribution for a single particle@48#; and it is as-
sumed that theET spectra for individual particles are inde
pendent of each other and independent of the multiplicitn
so that theET spectrum forn particles is thenth convolution
of the spectrum for a single particle@Eq. ~10!#. Satisfactory
convergence of fits to Eq.~12! could not be obtained, so th
NBD was restricted to be Poisson, by fixing 1/k50, which
led to convergence. These fits are shown as dots on Fig.
simpler fit based on Eq.~2! was also tried that assumed
simple proportionality betweenET andn, so that the number
of particlesn for a givenET was taken asn5ET /^pT& ~near-
est integer! and fit to a NBD

ds

dET
5s f NBD~ET /^pT&,1/k,m!. ~13!

These fits are shown as dashed lines on Fig. 7. Neither o
more complicated forms fit the central collision data as w
as a single-Gamma distribution. The tendency is for
NBD based fits to be lower than the single-Gamma distri
tion fits at the higher values ofET and higher than the
2-11
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TABLE V. ds/dET ~b/GeV! versusET ~GeV! for O1Cu at 14.6A GeV/c for four dh intervals. Errors quoted are statistical onl
systematic errors are estimated to be less than63% on theET scale.

O1Cu
ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

0.25 1.08310062.0431022 0.19 1.49310062.7631022 0.15 2.23310063.7031022 0.15 3.05310064.2131022

0.75 6.063102161.3631022 0.56 7.673102161.7731022 0.45 1.03310062.2531022 0.45 1.22310062.3831022

1.25 4.593102161.1531022 0.94 6.023102161.5231022 0.75 7.533102161.8731022 0.75 8.313102161.9131022

1.75 3.583102169.9731023 1.31 4.553102161.3031022 1.05 6.173102161.6731022 1.05 5.603102161.5531022

2.25 3.053102169.0331023 1.69 4.113102161.2131022 1.35 4.953102161.4731022 1.35 3.593102161.2331022

2.75 2.583102168.1131023 2.06 3.283102161.0731022 1.65 3.813102161.2831022 1.65 2.173102169.5231023

3.25 2.273102167.5531023 2.44 2.873102169.8131023 1.95 3.143102161.1531022 1.95 1.233102167.0931023

3.75 1.873102166.8231023 2.81 2.313102168.7831023 2.25 2.293102169.6931023 2.25 5.173102264.6331023

4.25 1.433102165.9231023 3.19 1.943102168.0131023 2.55 1.603102168.1031023 2.55 3.143102263.6331023

4.75 1.023102165.0031023 3.56 1.493102166.9831023 2.85 1.013102166.4931023 2.85 1.413102262.3931023

5.25 7.373102264.2331023 3.94 9.483102265.5831023 3.15 6.383102265.0931023 3.15 5.813102363.9631024

5.75 3.893102263.0631023 4.31 7.233102264.8231023 3.45 3.753102263.9131023 3.45 2.513102362.5931024

6.25 2.273102266.0331024 4.69 3.873102263.5431023 3.75 2.413102263.1131023 3.75 1.033102361.6931024

6.75 1.083102264.1631024 5.06 2.413102267.1931024 4.05 1.163102265.5631024 4.05 6.893102461.3531024

7.25 4.693102362.7431024 5.44 1.383102265.4231024 4.35 6.303102364.1031024 4.35 2.393102467.9531025

7.75 2.353102361.9431024 5.81 6.923102363.8431024 4.65 3.573102363.1031024 4.65 2.653102562.6531025

8.25 7.163102461.0731024 6.19 3.263102362.6331024 4.95 1.623102362.0731024 4.95 2.653102562.6531025

8.75 3.593102467.6631025 6.56 1.883102362.0031024 5.25 7.693102461.4331024 5.25 2.653102562.6531025

9.25 6.363102563.1831025 6.94 7.853102461.2931024 5.55 5.043102461.1631024

9.75 3.183102562.2531025 7.31 3.183102468.2131025 5.85 6.813102564.7331025

10.25 1.593102561.5931025 7.69 9.693102564.8331025 6.15 9.463102565.4231025

8.06 4.243102563.0031025 6.45 2.653102562.6531025

TABLE VI. ds/dET ~b/GeV! versusET ~GeV! for O1Cu ~ZCAL! at 14.6A GeV/c for four dh intervals. Errors quoted are statistic
only; systematic errors are estimated to be less than63% on theET scale.

O1Cu ~ZCAL!

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

2.25 4.723102365.2231024 1.69 9.523102367.1831024 0.75 3.373102367.7231024 0.45 2.553102261.2131023

2.75 2.073102267.0231024 2.06 2.863102269.3831024 1.05 2.333102261.0631023 0.75 8.263102261.6931023

3.25 3.943102268.6831024 2.44 4.673102261.0931023 1.35 4.903102261.3331023 1.05 1.143102161.8631023

3.75 5.383102269.6631024 2.81 6.313102261.2231023 1.65 7.693102261.5431023 1.35 1.093102161.7731023

4.25 5.763102269.8231024 3.19 6.803102261.2431023 1.95 8.743102261.5931023 1.65 7.893102261.4931023

4.75 5.043102269.0931024 3.56 6.033102261.1631023 2.25 8.023102261.5031023 1.95 5.173102261.2031023

5.25 3.753102267.7931024 3.94 4.973102261.0431023 2.55 6.723102261.3731023 2.25 2.923102268.9731024

5.75 2.473102266.3131024 4.31 3.703102268.9531024 2.85 4.983102261.1731023 2.55 1.573102266.5831024

6.25 1.563102265.0231024 4.69 2.363102267.1531024 3.15 3.403102269.6531024 2.85 7.553102364.5531024

6.75 7.773102363.5231024 5.06 1.663102265.9831024 3.45 2.173102267.6731024 3.15 4.203102363.3931024

7.25 3.593102362.4031024 5.44 9.483102364.5031024 3.75 1.413102266.1631024 3.45 1.583102362.0631024

7.75 1.753102361.6831024 5.81 4.943102363.2531024 4.05 8.193102364.6831024 3.75 7.883102461.4931024

8.25 6.203102469.9331025 6.19 2.413102362.2731024 4.35 4.683102363.5431024 4.05 4.773102461.1231024

8.75 2.643102466.5931025 6.56 1.373102361.7131024 4.65 2.513102362.6031024 4.35 2.123102467.5031025

9.25 4.773102562.7531025 6.94 6.573102461.1831024 4.95 1.113102361.7231024 4.65 3.333102862.3331025

9.75 3.183102562.2531025 7.31 1.913102466.3631025 5.25 5.833102461.2431024 4.95 2.653102562.6531025

10.25 1.593102561.5931025 7.69 9.693102564.8331025 5.55 4.243102461.0631024

8.06 2.123102562.1231025 5.85 4.163102563.9231025

6.15 6.813102564.7331025

6.45 2.653102562.6531025
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TABLE VII. ds/dET ~b/GeV! versusET ~GeV! for Si1Au at 14.6A GeV/c for four dh intervals. Errors quoted are statistical onl
systematic errors are estimated to be less than63% on theET scale.

Si1Au

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

0.25 1.78310064.2310322 0.19 2.54310065.7231022 0.15 3.63310067.3331022 0.10 5.91310061.1231021

0.75 7.713102161.7631022 0.56 9.813102162.2631022 0.45 1.24310062.8631022 0.30 1.90310064.2831022

1.25 6.033102161.4931022 0.94 7.553102161.9231022 0.75 9.953102162.4531022 0.50 1.39310063.5831022

1.75 4.613102161.2731022 1.31 5.883102161.7031022 1.05 7.903102162.1531022 0.70 1.20310063.1831022

2.25 3.933102161.1931022 1.69 5.053102161.5431022 1.35 6.423102161.9031022 0.90 1.04310062.8431022

2.75 3.463102161.0731022 2.06 4.373102161.4031022 1.65 5.843102161.7231022 1.10 9.163102162.5931022

3.25 3.033102169.6731023 2.44 3.933102161.2831022 1.95 5.523102161.5831022 1.30 8.423102162.3631022

3.75 2.743102169.0331023 2.81 3.783102161.1931022 2.25 4.773102161.4531022 1.50 7.983102162.2131022

4.25 2.503102168.2431023 3.19 3.203102161.0931022 2.55 4.493102161.3631022 1.70 6.983102162.0831022

4.75 2.493102167.9331023 3.56 3.093102161.0231022 2.85 4.223102161.3031022 1.90 6.593102161.9731022

5.25 2.273102167.3531023 3.94 2.963102169.7631023 3.15 4.293102161.2731022 2.10 6.223102161.9131022

5.75 2.253102167.1131023 4.31 2.983102169.5931023 3.45 4.113102161.2431022 2.30 5.683102161.7931022

6.25 2.063102166.8131023 4.69 2.803102169.1531023 3.75 3.713102161.1731022 2.50 5.373102161.7231022

6.75 2.193102166.9431023 5.06 2.593102168.7931023 4.05 3.323102161.1031022 2.70 4.793102161.6231022

7.25 2.073102166.7131023 5.44 2.683102168.8831023 4.35 3.283102161.0931022 2.90 4.283102161.5331022

7.75 2.053102166.6731023 5.81 2.583102168.6831023 4.65 2.863102161.0231022 3.10 3.533102161.3931022

8.25 1.943102166.5031023 6.19 2.383102168.3031023 4.95 2.573102169.6431023 3.30 2.873102161.2531022

8.75 1.933102166.4831023 6.56 2.293102168.1431023 5.25 2.073102168.6631023 3.50 2.363102161.1331022

9.25 1.813102166.2831023 6.94 2.253102168.0731023 5.55 1.793102168.0531023 3.70 1.753102169.7531023

9.75 1.483102165.6831023 7.31 2.013102167.6431023 5.85 1.473102167.3031023 3.90 1.653102169.5031023

10.25 1.243102165.1931023 7.69 1.773102167.1731023 6.15 1.073102166.2131023 4.10 1.153102167.9031023

10.75 9.473102264.5331023 8.06 1.283102166.0831023 6.45 8.393102265.5131023 4.30 8.633102266.8431023

11.25 6.753102263.8331023 8.44 1.153102165.7731023 6.75 5.253102264.3631023 4.50 6.623102265.9931023

11.75 4.233102263.0331023 8.81 8.253102264.8931023 7.05 4.123102263.8631023 4.70 4.453102264.9831023

12.25 3.653102262.8131023 9.19 5.963102264.1531023 7.35 2.423102262.9631023 4.90 4.453102264.9131023

12.75 2.393102262.2831023 9.56 4.753102263.7131023 7.65 1.953102262.6631023 5.10 2.333102263.5631023

13.25 1.433102261.7631023 9.94 3.533102263.2031023 7.95 1.273102262.1431023 5.30 2.013102263.3031023

13.75 7.293102361.5731024 10.31 2.323102262.5931023 8.25 8.683102361.7731023 5.50 1.303102262.6631023

14.25 4.013102361.1731024 10.69 1.343102262.4631024 8.55 6.153102361.4931023 5.70 7.063102361.9631023

14.75 2.053102368.3331025 11.06 9.313102362.0531024 8.85 2.753102361.2531024 5.90 5.433102361.7231023

15.25 1.013102365.8431025 11.44 5.963102361.6431024 9.15 1.783102361.0031024 6.10 3.803102361.4431023

15.75 4.883102464.0631025 11.81 3.443102361.2531024 9.45 1.123102367.9431025 6.30 2.003102361.3031024

16.25 2.133102462.6931025 12.19 2.253102361.0131024 9.75 6.723102466.1631025 6.50 1.273102361.0431024

16.75 1.353102462.1431025 12.56 1.213102367.3831025 10.05 3.393102464.3731025 6.70 9.403102468.9231025

17.25 3.733102561.1231025 12.94 6.863102465.5731025 10.35 2.373102463.6631025 6.90 6.523102467.4331025

17.75 1.023102565.8731026 13.31 3.663102464.0631025 10.65 1.073102462.4631025 7.10 3.813102465.6831025

18.25 1.023102565.8731026 13.69 2.303102463.2231025 10.95 3.393102561.3831025 7.30 2.793102464.8631025

18.75 1.353102566.7731026 14.06 1.173102462.3031025 11.25 2.823102561.2631025 7.50 1.273102463.2831025

19.25 6.773102664.7931026 14.44 5.423102561.5631025 11.55 3.393102561.3831025 7.70 1.353102463.3931025

14.81 3.163102561.1931025 11.85 5.643102665.6431026 7.90 6.773102562.3931025

15.19 1.813102569.0331026 12.15 1.133102567.9831026 8.10 8.473102668.4731026

8.30 1.693102561.2031025

8.50 1.693102561.2031025

8.70 8.473102668.4731026

8.90 8.473102668.4731026

9.10 1.693102561.2031025

9.30 8.473102668.4731026
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TABLE VIII. ds/dET ~b/GeV! versusET ~GeV! for Au1Au at 11.6A GeV/c for four dh intervals. Errors quoted are statistical onl
systematic errors are estimated to be less than63% on theET scale.

Au1Au
ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

0.40 1.65310067.3731022 0.30 2.26310069.9031022 0.24 2.94310061.2931021 0.16 4.59310061.9731021

1.20 3.913102164.0431022 0.90 5.003102165.2631022 0.72 8.073102166.3731022 0.48 1.23310069.2731022

2.00 3.593102162.7231022 1.50 4.393102163.6631022 1.20 6.023102164.4831022 0.80 1.04310066.7731022

2.80 2.843102162.2231022 2.10 3.923102162.9631022 1.68 5.793102163.7531022 1.12 8.843102165.4531022

3.60 2.693102161.9631022 2.70 3.633102162.5831022 2.16 4.723102163.1131022 1.44 7.753102164.6931022

4.40 2.573102161.6931022 3.30 3.233102162.2731022 2.64 4.183102162.7531022 1.76 6.063102164.1031022

5.20 2.173102161.5431022 3.90 3.043102162.0431022 3.12 4.373102162.5531022 2.08 5.963102163.6131022

6.00 2.213102161.4431022 4.50 2.853102161.8831022 3.60 3.183102162.2031022 2.40 5.423102163.3731022

6.80 2.003102161.3531022 5.10 2.553102161.7531022 4.08 3.193102162.0931022 2.72 5.073102163.1631022

7.60 1.833102161.2031022 5.70 2.333102161.6031022 4.56 3.393102162.0931022 3.04 4.243102162.8531022

8.40 1.673102161.1731022 6.30 2.293102161.5831022 5.04 2.683102161.8531022 3.36 4.863102162.9231022

9.20 1.463102161.0831022 6.90 1.833102161.4331022 5.52 2.323102161.6731022 3.68 4.063102162.6531022

10.00 1.533102161.0331022 7.50 1.913102161.3631022 6.00 2.753102161.7431022 4.00 3.793102162.5231022

10.80 1.293102169.6431023 8.10 1.933102161.3231022 6.48 2.443102161.6231022 4.32 2.703102162.1431022

11.60 1.403102169.8431023 8.70 1.593102161.2431022 6.96 2.103102161.4831022 4.64 3.383102162.3131022

12.40 1.243102168.8631023 9.30 1.673102161.2131022 7.44 2.063102161.4831022 4.96 3.493102162.3531022

13.20 1.123102168.4631023 9.90 1.423102161.1131022 7.92 2.303102161.5731022 5.28 3.383102162.2631022

14.00 1.173102168.5531023 10.50 1.553102161.1231022 8.40 2.143102161.4831022 5.60 3.413102162.3031022

14.80 1.263102168.8831023 11.10 1.533102161.1431022 8.88 2.303102161.5331022 5.92 3.313102162.2431022

15.60 1.193102168.6131023 11.70 1.673102161.1731022 9.36 1.953102161.4031022 6.24 3.043102162.1531022

16.40 1.213102168.6131023 12.30 1.553102161.1331022 9.84 1.723102161.3231022 6.56 2.663102162.0031022

17.20 1.103102168.2031023 12.90 1.423102161.0731022 10.32 1.733102161.3331022 6.88 2.693102162.0331022

18.00 1.023102167.9031023 13.50 1.313102161.0431022 10.80 1.773102161.3431022 7.20 2.603102161.9831022

18.80 1.023102167.8331023 14.10 1.433102161.0831022 11.28 1.513102161.2331022 7.52 2.373102161.8931022

19.60 1.003102167.8331023 14.70 1.313102161.0331022 11.76 1.663102161.3031022 7.84 3.113102162.1731022

20.40 8.643102267.2331023 15.30 1.093102169.4331023 12.24 1.683102161.3031022 8.16 2.163102161.8131022

21.20 9.193102267.5031023 15.90 1.193102169.8031023 12.72 1.793102161.3531022 8.48 2.753102162.0531022

22.00 9.613102267.6731023 16.50 1.243102161.0131022 13.20 1.603102161.2731022 8.80 2.213102161.8331022

22.80 8.403102267.1331023 17.10 1.133102169.5331023 13.68 1.383102161.1831022 9.12 2.493102161.9431022

23.60 8.763102267.3331023 17.70 1.023102169.1531023 14.16 1.483102161.2231022 9.44 2.193102161.8331022

24.40 8.643102267.2331023 18.30 1.273102161.0131022 14.64 1.563102161.2531022 9.76 1.963102161.7231022

25.20 7.803102266.8631023 18.90 1.143102169.6031023 15.12 1.333102161.1631022 10.08 2.333102161.8731022

26.00 8.223102267.0531023 19.50 9.353102268.6831023 15.60 1.243102161.1231022 10.40 2.073102161.7831022

26.80 8.283102267.0731023 20.10 1.023102169.0831023 16.08 1.413102161.1931022 10.72 1.993102161.7431022

27.60 9.133102267.4331023 20.70 1.053102169.1931023 16.56 1.503102161.2331022 11.04 1.843102161.6731022

28.40 6.953102266.4831023 21.30 9.993102268.9731023 17.04 1.213102161.1031022 11.36 1.743102161.6231022

29.20 6.533102266.2831023 21.90 9.273102268.6431023 17.52 1.193102161.1031022 11.68 1.333102161.4231022

30.00 7.553102266.7631023 22.50 7.903102267.9831023 18.00 1.033102161.0231022 12.00 1.603102161.5631022

30.80 8.043102266.9731023 23.10 9.593102268.7931023 18.48 1.103102161.0531022 12.32 1.373102161.4431022

31.60 6.283102266.2231023 23.70 9.993102268.9731023 18.96 9.773102269.9231023 12.64 1.533102161.5231022

32.40 6.293102266.1631023 24.30 9.593102268.7931023 19.44 9.473102269.7731023 12.96 1.363102161.4331022

33.20 5.683102265.8631023 24.90 7.573102267.8131023 19.92 8.163102269.0731023 13.28 1.273102161.3831022

34.00 6.473102266.2531023 25.50 8.623102268.3431023 20.40 9.173102269.6131023 13.60 1.273102161.3831022

34.80 6.043102266.0431023 26.10 6.853102267.4331023 20.88 9.373102269.7131023 13.92 8.763102261.1531022

35.60 4.903102265.4431023 26.70 7.983102268.1031023 21.36 8.563102269.2931023 14.24 1.013102161.2431022

36.40 5.443102265.7331023 27.30 7.093102267.5631023 21.84 8.263102269.1231023 14.56 9.673102261.2131022

37.20 5.443102265.7331023 27.90 6.933102267.4731023 22.32 5.843102267.6731023 14.88 7.863102261.0931022

38.00 5.503102265.7731023 28.50 6.933102267.4731023 22.80 6.353102267.9931023 15.20 6.953102261.0231022

38.80 5.923102265.9831023 29.10 5.723102266.7931023 23.28 5.843102267.6731023 15.52 6.953102261.0231022

39.60 4.773102265.3731023 29.70 6.853102267.4331023 23.76 6.043102267.8031023 15.84 4.833102268.5531023

40.40 4.593102265.2731023 30.30 6.613102267.3031023 24.24 4.833102266.9831023 16.16 4.083102267.8531023
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TABLE VIII. ~Continued!.

Au1Au
ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

41.20 4.293102265.0931023 30.90 7.013102267.5231023 24.72 4.433102266.6831023 16.48 3.783102267.5531023

42.00 3.813102264.8031023 31.50 5.563102266.6931023 25.20 3.813102269.5131024 16.80 3.203102261.0731023

42.80 3.633102264.6831023 32.10 4.193102265.8131023 25.68 3.313102268.8631024 17.12 2.673102269.7531024

43.60 2.843102264.1431023 32.70 4.513102266.0331023 26.16 2.803102268.1431024 17.44 2.393102269.2331024

44.40 3.753102264.7631023 33.30 5.163102266.4531023 26.64 2.363102267.4831024 17.76 1.873102268.1531024

45.20 3.073102266.6131024 33.90 4.593102266.0831023 27.12 1.743102266.4231024 18.08 1.323102266.8531024

46.00 2.853102266.3731024 34.50 4.193102265.8131023 27.60 1.493102265.9431024 18.40 1.183102266.4931024

46.80 2.493102265.9531024 35.10 3.753102268.4331024 28.08 1.153102265.2331024 18.72 8.793102365.5931024

47.60 2.043102265.3931024 35.70 3.703102268.3831024 28.56 8.923102364.6031024 19.04 6.513102364.8131024

48.40 1.613102264.7831024 36.30 3.283102267.8931024 29.04 5.983102363.7631024 19.36 4.233102363.8831024

49.20 1.333102264.3531024 36.90 2.883102267.3931024 29.52 5.123102363.4931024 19.68 3.023102363.2831024

50.00 1.033102263.8431024 37.50 2.563102266.9731024 30.00 3.253102362.7831024 20.00 2.953102363.2431024

50.80 8.103102363.3931024 38.10 2.113102266.3231024 30.48 2.443102362.4131024 20.32 1.493102362.3131024

51.60 5.733102362.8631024 38.70 1.673102265.6231024 30.96 1.783102362.0531024 20.64 1.533102362.3331024

52.40 4.183102362.4431024 39.30 1.403102265.1531024 31.44 1.043102361.5731024 20.96 7.123102461.5931024

53.20 2.853102362.0131024 39.90 1.043102264.4531024 31.92 7.123102461.3031024 21.28 8.893102461.7831024

54.00 1.993102361.6831024 40.50 8.123102363.9331024 32.40 5.693102461.1631024 21.60 3.913102461.1831024

54.80 1.173102361.2931024 41.10 5.943102363.3631024 32.88 2.613102467.8731025 21.92 2.133102468.7131025

55.60 7.833102461.0631024 41.70 5.103102363.1131024 33.36 1.193102465.3031025 22.24 1.073102466.1631025

56.40 3.423102466.9731025 42.30 3.853102362.7031024 33.84 7.123102564.1131025 22.56 1.783102467.9531025

57.20 2.703102466.2031025 42.90 2.433102362.1531024 34.32 7.123102564.1131025 22.88 1.423102467.1231025

58.00 8.543102563.4931025 43.50 1.843102361.8731024 34.80 4.743102563.3531025 23.20 3.563102563.5631025

58.80 8.543102563.4931025 44.10 1.163102361.4831024 23.52 3.563102563.5631025

59.60 1.423102561.4231025 44.70 8.353102461.2631024 23.84 3.563102563.5631025
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Gamma fits at the lower values ofET . Surprisingly, the more
complicated fit@Eq. ~12!# with more parameters fits the da
much worse than the simpler form@Eq. ~13!# that again fits
the data much more poorly than a single-Gamma distri
tion. If multiplicity were the primary quantity, leading to a
ET distribution of the form of Eqs.~12! and~13!, one would
expect these equations to fit the measurements better tha
single-Gamma distribution. It is tempting to speculate on
implications of these results for the detailed relationship
tweenET and multiplicity distributions and the effect of had
ronization; however, the present experiment has signific
instrumental effects in both theET and multiplicity measure-
ments so that a more controlled experiment to better exam
these issues certainly seems desirable.

IV. WOUNDED PROJECTED NUCLEON MODEL

A. Method and results

A simple and elegant method for separating instrume
effects from nuclear geometrical and possible dynamical
fects is to use extreme-independent-collision models suc
the wounded nucleon model~WNM! @26,62,63# or the
wounded projectile nucleon model~WPNM! @36,27,11,12# to
relate measurements of different nuclei in the same dete
In these models, the nuclear geometry is represented a
relative probability per interaction for a given number
total participants~WNM! or projectile participants~WPNM!
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integrated over the impact parameter of thep1A or B1A
reaction.4 Typically, Woods-Saxon densities are used f
both the projectile and target nuclei, and a nucleon-nucl
inelastic cross section of 30 mb is taken, corresponding
nucleon-nucleon mean free path of;2.2 fm at nuclear den-
sity @36,11,12#. Once the nuclear geometry is specified
this manner, experimental measurements can be used to
rive the distribution~in the actual detector! of ET or multi-
plicity ~or other additive quantity! for the elementary colli-
sion process, i.e., a wounded nucleon or a woun
projectile nucleon, which is then used as the basis of
analysis of a nuclear scattering as the result of multiple
dependent elementary collision processes. The key exp
mental issue then becomes the linearity of the detector
sponse to multiple collisions~better than 1% in the presen
case!, instead of detailed instrumental corrections to obta
e.g., the ‘‘trueET’’ impinging on the detector from the mea
suredET and response function@Eq. ~4!#.

The WPNM calculation for aB1A reaction is given by
the sum

S ds

dET
D

WPNM

5s (
n51

B

wn Pn~ET!, ~14!

wheres is the measuredB1A cross section in the interva

4It can also be done as a function of impact parameter.
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TABLE IX. ds/dET ~b/GeV! versusET ~GeV! for Au1Au ~ZCAL! at 11.6A GeV/c for four dh intervals. Errors quoted are statistic
only; systematic errors are estimated to be less than63% on theET scale.

Au1Au ~ZCAL!

ET dh51.30 ET dh50.966 ET dh50.624 ET dh50.378

24.40 4.553102463.2231024 16.50 6.073102464.2931024 11.28 3.793102463.7931024 5.92 5.693102465.6931024

25.20 1.373102365.5731024 17.10 3.033102463.0331024 11.76 3.793102463.7931024 6.24 5.693102465.6931024

26.00 2.053102366.8331024 17.70 3.033102463.0331024 12.24 7.593102465.3631024 6.56 1.143102368.0531024

26.80 9.103102464.5531024 18.30 3.033102463.0331024 12.72 2.283102369.2931024 6.88 1.143102368.0531024

27.60 2.503102367.5531024 18.90 3.033102463.0331024 13.20 2.653102361.0031023 7.20 1.143102368.0531024

28.40 4.783102361.0431023 19.50 1.523102366.7931024 13.68 3.033102361.0731023 7.52 1.713102369.8531024

29.20 4.103102369.6631024 20.10 1.523102366.7931024 14.16 7.213102361.6531023 7.84 4.553102361.6131023

30.00 7.053102361.2731023 20.70 4.253102361.1431023 14.64 7.213102361.6531023 8.16 7.403102362.0531023

30.80 7.743102361.3331023 21.30 4.553102361.1831023 15.12 1.143102262.0831023 8.48 7.403102362.0531023

31.60 8.423102361.3831023 21.90 3.643102361.0531023 15.60 1.443102262.3431023 8.80 1.543102262.9631023

32.40 1.373102261.7631023 22.50 3.943102361.0931023 16.08 1.823102262.6331023 9.12 2.333102263.6431023

33.20 1.553102261.8831023 23.10 7.283102361.4931023 16.56 2.813102263.2631023 9.44 2.503102263.7731023

34.00 2.213102262.2431023 23.70 1.153102261.8731023 17.04 2.813102263.2631023 9.76 3.243102264.3031023

34.80 2.233102262.2531023 24.30 1.673102262.2531023 17.52 3.193102263.4831023 10.08 4.103102264.8331023

35.60 2.443102262.3531023 24.90 1.793102262.3331023 18.00 3.913102263.8531023 10.40 4.103102264.8331023

36.40 2.463102262.3731023 25.50 1.883102262.3931023 18.48 3.833102263.8131023 10.72 5.013102265.3431023

37.20 2.693102262.4731023 26.10 2.033102262.4831023 18.96 4.863102264.2931023 11.04 5.863102265.7731023

38.00 3.143102262.6731023 26.70 3.033102263.0331023 19.44 5.163102264.4231023 11.36 7.573102266.5631023

38.80 3.783102262.9331023 27.30 3.063102263.0531023 19.92 5.233102264.4631023 11.68 7.113102266.3631023

39.60 3.783102262.9331023 27.90 2.703102262.8631023 20.40 6.033102264.7831023 12.00 7.973102266.7331023

40.40 4.213102263.1031023 28.50 3.003102263.0231023 20.88 5.843102264.7131023 12.32 7.973102266.7331023

41.20 3.763102262.9231023 29.10 3.853102263.4231023 21.36 6.223102264.8631023 12.64 9.793102267.4631023

42.00 3.373102262.7731023 29.70 4.163102263.5531023 21.84 6.493102264.9631023 12.96 7.973102266.7331023

42.80 3.443102262.8031023 30.30 4.313102263.6231023 22.32 6.453102264.9531023 13.28 8.883102267.1131023

43.60 3.463102262.8131023 30.90 4.763102263.8031023 22.80 6.113102264.8131023 13.60 8.483102266.9531023

44.40 3.373102262.7731023 31.50 3.973102263.4731023 23.28 4.863102264.2931023 13.92 8.083102266.7831023

45.20 3.073102262.6431023 32.10 4.983102263.8931023 23.76 4.673102264.2131023 14.24 7.513102266.5431023

46.00 2.323102262.3031023 32.70 4.983102263.8931023 24.24 4.133102263.9631023 14.56 8.593102266.9931023

46.80 2.253102262.2631023 33.30 4.343102263.6331023 24.72 4.513102264.1431023 14.88 7.623102266.5931023

47.60 1.823102262.0431023 33.90 3.943102263.4631023 25.20 3.533102263.6631023 15.20 5.753102265.7231023

48.40 1.803102262.0231023 34.50 4.253102263.5931023 25.68 3.153102263.4631023 15.52 6.143102265.9131023

49.20 1.593102261.9031023 35.10 3.003102263.0231023 26.16 2.583102263.1331023 15.84 5.463102265.5731023

50.00 1.053102261.5431023 35.70 3.223102263.1231023 26.64 2.733102263.2231023 16.16 3.473102264.4431023

50.80 9.563102361.4731023 36.30 2.763102262.8931023 27.12 1.333102262.2431023 16.48 3.643102264.5531023

51.60 8.193102361.3731023 36.90 2.883102262.9631023 27.60 1.593102262.4631023 16.80 2.903102264.0631023

52.40 5.693102361.1431023 37.50 2.093102262.5231023 28.08 1.483102262.3731023 17.12 3.303102264.3331023

53.20 2.503102367.5531024 38.10 1.973102262.4531023 28.56 1.023102261.9731023 17.44 2.453102263.7331023

54.00 1.143102365.0931024 38.70 1.973102262.4531023 29.04 7.213102361.6531023 17.76 2.163102263.5131023

54.80 9.103102464.5531024 39.30 1.433102262.0831023 29.52 5.313102361.4231023 18.08 1.143102262.5431023

55.60 1.143102365.0931024 39.90 1.403102262.0631023 30.00 3.793102361.2031023 18.40 1.713102263.1231023

56.40 9.103102464.5531024 40.50 1.033102261.7731023 30.48 2.283102369.2931024 18.72 1.193102262.6131023

41.10 7.283102361.4931023 30.96 7.593102465.3631024 19.04 7.973102362.1331023

41.70 6.073102361.3631023 31.44 1.523102367.5931024 19.36 6.263102361.8931023

42.30 4.553102361.1831023 31.92 3.793102463.7931024 19.68 1.713102369.8531024

42.90 2.733102369.1031024 32.40 7.593102465.3631024 20.00 2.283102361.1431023

43.50 9.103102465.2631024 32.88 3.793102463.7931024 20.32 5.693102465.6931024

44.10 6.073102464.2931024 20.64 2.283102361.1431023

20.96 1.143102368.0531024

21.28 5.693102465.6931024
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SYSTEMATICS OF MIDRAPIDITY TRANSVERSE . . . PHYSICAL REVIEW C 63 064602
dh, wn is the relative probability forn projectile participants
in the B1A reaction andPn(ET) is the calculatedET distri-
bution on thedh interval forn independently interacting pro
jectile nucleons. Iff 1(ET) is the measuredET spectrum in
the dh interval for one projectile nucleon, in this case t

FIG. 7. ~a! ET distributions measured in16O1Cu central colli-
sions at 14.6A GeV/c; ~b! ET distributions measured in Au1Au
central collisions at 11.6A GeV/c. Measurements are shown fo
five dh intervals, 0.17,0.378, . . . ,1.30, scaled bŷET& on the inter-
val. The scale in̂ ET& ds/dET corresponds to the uppermost plo
dh50.17. Succesive distributions have been normalized by fac
of 1021–1024 for clarity of presentation. The curves correspond
fits which are discussed in the text.

FIG. 8. Multiplicity distributions from Ref.@49# measured in
16O1Cu central collisions at 14.6A GeV/c for five dh intervals
~indicated! around midrapidity, scaled by thên& on the interval.
Each successive distribution has been normalized downward
the factor indicated for clarity of presentation. The curves co
spond to NBD fits as discussed in the text.
06460
p1Au spectrum, andp0 is the probability for ap1Au col-
lision to produce no signal in thedh interval, thenPn(ET)
~including thep0 effect! is

Pn~ET!5(
i 50

n
n!

~n2 i !! i !
p0

n2 i~12p0! i f i~ET!, ~15!

TABLE X. Parameters from Gamma distribution fits to O1Cu
and Au1Au central collision data. Errors quoted are statistical on

Gamma fit parameters
O1Cu ~ZCAL!

dh s ~b! ^ET& ~GeV! p b ~GeV21)

1.30 0.16060.001 4.4560.08 15.760.2 3.5360.04
0.966 0.15960.001 3.4360.07 12.460.2 3.6260.04
0.624 0.15860.001 2.2860.04 8.760.1 3.8260.05
0.378 0.15760.001 1.3860.02 5.660.1 4.0460.05

Au1Au ~ZCAL!

1.30 0.54160.009 41.861.0 79.461.3 1.9060.03
0.966 0.55260.009 32.560.7 63.761.0 1.9660.03
0.624 0.56760.009 21.960.5 49.760.8 2.2760.03
0.378 0.55360.009 13.560.3 35.760.6 2.6460.04

rs

by
-

FIG. 9. Gamma distribution fit parametersp(dh) as a function
of dh for ET distributions~filled circles! from central collisions of
Au1Au at 11.6A GeV/c, central collisions of O1Cu at 14.6A
GeV/c , and from p1Au collisions 14.6 GeV/c. The open dia-
monds arep(dh) from Gamma distribution fits@49# to O1Cu cen-
tral multiplicity distributions at 14.6A GeV/c.
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FIG. 10. ET ~Df5p! distributions from Fig. 6 for the fourdh intervals indicated for~open diamonds! p1Au ~30.10!, and~filled points!
for the reactions~in order of increasing maximumET) O1Cu, Si1Au, at 14.6A GeV/c and Au1Au at 11.6A GeV/c. The open squares on
the O1Cu distribution represent the centrally triggered O1Cu ~ZCAL! data. The WPNM calculations for O1Cu, Si1Au, and Au1Au are
shown as solid lines. To correct for the difference in incident energies, the WPNM calculation for Au1Au has been scaled down inET by
a factor of 1.155@15# to correspond to the lower beam energy.
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where f 0(ET)[d(ET) ~the Dirac delta function! and f i(ET)
is the i th convolution of f 1(ET). Since thep1Au data in
eachdh interval are nicely fit by Gamma distributions, th
convolution is analytical@45#. Reversing the indices in Eqs
~14! and~15! gives a form that is less physically transpare
but considerably easier to compute

S ds

dET
D

WPNM

5s(
i 51

B

wi8~p0! f i~ET!, ~16!

where

wi8~p0!5~12p0! i (
n5 i

B
n!

~n2 i !! i !
p0

n2 i wn . ~17!

As smaller and smallerdh intervals are used for theET
spectra, the probabilityp0 for a p1Au reaction to produce
zero signal on the interval becomes larger and larger. T
effect is easily measured from the ratio of the detected c
section on thedh interval for p1Au ~Table IV! to the total
inelasticp1Au cross section of 1662 mb from the nucle
geometry calculation@14,64#, and must be taken into accou
when performing the WPNM. The values ofp0 are 0.08,
0.16, 0.23, 0.23 for thedh intervals of Fig. 5, with statistica
06460
,

is
ss

plus systematic error of60.02 to60.03. The results of the
WPNM calculations for the data of Fig. 6 are shown in F
10, with details of the calculation for O1Cu shown in Fig.
11. Clearly, the wounded projectile nucleon model continu
to work well to relate the measuredp1Au, O1Cu, Si1Au
and Au1Au5 ET distributions, even fordh intervals as small
as 0.32 around midrapidity. This shows that midrapidityET

distributions, even in relatively small apertures, provide e
cellent characterization of the nuclear geometry ofB1A col-
lisions. As noted in Ref.@15#, it is perhaps surprising that th
WPNM, which treats the projectile and target asymme
cally, seems to work well even for the symmetric Au1Au
system.

B. A simple exercise

Recently, electromagneticET measurements in limited
solid angles~dh;1! have been accepted as a characteriza
of the nuclear geometry of RHI collisions to such an exte

5The calculation for Au1Au is scaled down inET by a factor of
1.155@15# to correspond to the lower beam energy.
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FIG. 11. WPNM calculations~lines! for the fourdh intervals indicated for the O1Cu ET distributions~filled circles! from Fig. 10. The
p1Au ET distributions~open diamonds!, which are the basis of the calculation in eachdh interval are also shown~normalized by a factor
of 0.10 for presentation purposes!. The centrally triggered O1Cu ~ZCAL! distributions are shown as open squares. The individual com
nentswnPn(ET) for n51,2, . . . ,16 wounded projectile nucleons@Eq. ~14!# are shown as lighter lines. Note that the present value forp0

50.083 on the 1.22<h<2.50 interval is different from the valuep050.10 used@14# in Fig. 2.
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that the measuredET tends to be treated as if it represented
microscopic quantity such as impact parameter or pa
length in the nuclear medium to a high precision@22#. In the
context of the WPNM calculation for the present data, it
straightforward to calculate from Eq.~14! the distribution,
P(m)uET

, of the number of wounded projectile nucleons,m,

for a fixed value ofET

P~m!uET
5

wm Pm~ET!

(
n51

B

wn Pn~ET!

. ~18!

This is shown in Fig. 12 for the intervalsdh51.30 anddh
50.624 for five values ofET ~Df5p! that correspond
roughly to the upper 31 percentile, 7 percentile, 4 percen
2 percentile and 1/2 percentile of the Au1Au ET distribution
on the interval. For a fixedET ~measured with<1% resolu-
tion!, the number of projectile participants,Npp , varies by
7–9 %~rms! ~depending on thedh! around the mean,^Npp&,
at the upper percentiles wherecentrality is normally defined,
increasing to a variation of 10–15 %~rms! about the mean a
the lower centrality values~;50 projectile participants!, with
06460
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e,

continued proportionalitys/m}1/Am at still lower values.6

This is consistent with previous estimates@22,65#. It stands
to reason that changes of any microscopic physical quan
as a function of measuredET are unlikely to be sharper tha
the variation in the number of projectile participants at t
sameET value. Then, of course,ET resolution different from
the <1% of the present measurement would further aff
the sharpness.

V. ET DISTRIBUTIONS WITH APERTURE CORRECTED
SCALE

One problem with the limited aperture EM calorimeterET
distributions in comparison to 4p hadron calorimeters is the
difficulty in relating the end points of theET spectra to the
total available energy for the reaction. However, when
energy scale for each aperture is normalized by the meas

6For thedh50.624 interval, the rms variation in the number
WPNM around the mean is given by the simple relation@65# s/m
51/Am; but this relationship depends on the intervaldh: for the
smaller interval s/m.1/Am and for the larger intervalss/m
,1/Am.
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FIG. 12. Calculated distribution in projectile participants for a fixed value ofET ~Df5p! in Au1Au collisions at 11.6A GeV/c for two
dh intervals:~a! 1.22<dh<2.50,~b! 1.54<dh<2.18. Calculations are for five values ofET which correspond approximately to the upper
percentile, 7 percentile, 4 percentile, 2 percentile, 1/2 percentile of the distributions.

FIG. 13. ET ~Df5p! distributions for the fourdh intervals indicated for~open diamonds! p1Au ~30.10! and ~filled points!
for the reactions~in order of increasing maximumET) O1Cu, Si1Au at 14.6A GeV/c; Au1Au, corrected to 14.6A GeV/c. For
each interval, theET scale is normalized by the measured^ET(dh)&p1Au on the interval. The open squares on the O1Cu and Au1Au
distributions represent the centrally triggered O1Cu ~ZCAL! and Au1Au ~ZCAL! data. The Au1Au measurements have been scaled up
ET by a factor of 1.155 to correspond to 14.6A GeV/c beam momentum@15#. The solid lines are wounded projectile nucleon mod
calculations.
064602-20
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FIG. 14. ~a! ET ~Df5p,1.22<h<2.50! distributions~open diamonds! for p1Au ~30.10! and ~filled points! for the reactions~in order
of increasing maximumET) O1Cu, O1Au, Si1Au at 14.6A GeV/c; Au1Au corrected to 14.6A GeV/c as on Fig. 13. The open square
on the Au1Au distribution represent the centrally triggered Au1Au ~ZCAL! data. The O1Au data@14# come from Fig. 2.~b! The same
with standard WPNM calculation for Au1Au, with individual WPN components@Eq. ~16!# shown.~c! Standard WPNM calculations~solid
curves!, p050.083; WPNM calculation for Au1Au ~dot-dash! with p0→0; WPNM calculations~lighter/dotted curves! with p050.156.~d!
WPNM calculation~dashes! with underlyingp1Au G(p,b) parameters changed keeping^ET&p1Au fixed: p→p/2, b→b/2. Solid curve on
all panels is the standard WPNM calculation.
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^ET& in the same aperture forp1Au collisions7 ~Table IV!,
the situation changes dramatically~see Fig. 13!. Note that the
Au1Au ET distribution in Fig. 13 has been scaled up by
factor of 1.155 to correspond to 14.6A GeV/c beam momen-
tum @15#. The dynamics of the reaction, in terms of project
participants, can now be read directly from Fig. 13, e.g.,
knees of the16O1Cu and 28Si1Au ET distributions for all
dh intervals occur at roughly 16 and 28 times the^ET&p1Au ,
corresponding to theA of the projectiles; but the knees of th
Au1Au distributions are at roughly 150, clearly notAAu
5197. The underlying dynamics and the difference in d
namics between the asymmetric16O1Cu, 28Si1Au systems

7If multiple-collision effects were apparent in thep1A data, as at
CERN energies, then the measured^ET& for p-p collisions ~2
wounded nucleons! would be a better normalizing factor.
06460
e
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and the symmetric Au1Au system in all fourdh intervals is
evident directly from Fig. 13, without recourse to a mode

VI. STUDIES OF THE UPPER EDGES FOR Au¿Au

The details of the upper edge of the Au1Au distribution
can be further understood in the context of the WPNM us
the dh51.30 interval for illustration~see Fig. 14!. The posi-
tion of and the steep fall-off above the upperkneeof the
Au1Au distribution is largely due to the steep fall-off of th
contributions above 150 WPN, as shown in Fig. 14~b!. This
is both a nuclear geometry effect8 and an acceptance effect i

8The edges of heavy nuclei are dilute compared to the center
even zero-impact-parameter collisions for symmetric systems h
on the average, significant numbers of noninteracting nucleon
the periphery.
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the limited aperture, i.e., (12p0)197 tends to be considerabl
less than unity for most reasonable values ofp0, wherep0 is
the measured probability for a WPN~a p1Au interaction! to
produce zero signal on thedh interval.

The sensitivity of the upper edge top0 can be studied by
settingp050 in the WPNM calculation@Fig. 14~c!#; and to
the shape of the underlyingp1Au ET distribution by vary-
ing p andb, keeping^ET&p1Au5p/b fixed @Fig. 14~d!#. The
shape of upper edge is preserved asp0 varies, but the posi-
tion of the knee moves. For fixed̂ET&p1Au , the upper edge
flattens asb flattens~decreases!, but thekneeremains un-
changed. Thus, the upper edges of Au1Au ET distributions
integrate over many WPN but retain their sensitivity to t
underlying fundamental fluctuations on the interval as w
as to the nuclear geometry.

Since the acceptance effect in the WPNM calculation
factors proportional to (12p0)Ap, one could imagine that the
slight discrepancies of the WPNM calculations compared
the 197Au1Au measurements in Figs. 11 and 13 could
improved by varyingp0, without affecting the better agree
ment for the16O and 28Si projectiles with smallerAp . This
is shown in Fig. 14~c! where p0 is empirically varied to
0.156 from its measured value of 0.08360.011 ~Table IV!,
6;0.02 systematic, which in fact does give curves~lighter/
dotted curves! that pass through the Au1Au data. The
change inp0 of 7.3% is equivalent to anET scale change o
roughly 8% for Au1Au, while making a smaller chang
~;5% in ET) in the Si1Au and O1Cu ~not shown!
calculations.9 Without arguing whether the WPNM describe
the present data within the quoted errors onp0 and the
relative ET scale ~63%!, it is clear that the WPNM pro-
vides in detail a reasonable description of the pres
data within65% in ET for all cases. Without recourse to
model, the plots in units ofET /^ET&p1Au lead to the same
conclusion.

VII. AP DEPENDENCE OF MIDRAPIDITY ET

DISTRIBUTIONS IN AP¿Au COLLISIONS AT 14.6 AGeVÕc

The projectile dependence of midrapidityET distributions
as a function of the centrality—defined as a fixed up
percentile—was determined as a function of the intervaldh
from the data of Fig. 13 for16O1Cu, 16O1Au, 28Si1Au,
and 197Au1Au, where the Au1Au data have been scaled u
@15# by a factor of 1.155 inET to correspond to 14.6A
GeV/c beam momentum and the O1Au distributions were
extrapolated from O1Cu using the WPNM. Centralities o
7 percentile, 4 percentile, 2 percentile, 1 percentile, 0.5 p
centile were examined~see Table XI!. The convenience
of normalizing the ET scales in each interval,dh, by

9To the extent that theET spectrum is dominated by the nucle
geometry rather than the shape (p,b) of the underlyingp1Au ET

distribution, i.e., forET values up to thekneeof the distribution, the
effect ofp0 as a change in theET scale by a factor of 12p0 can be
understood from Eq.~15!. The average value ofET for n collisions
with p0Þ0, ^ET(p0)&n , is equal to the true averageET for n
collisions, ^ET&n , times (12p0)/(12p0

n) which equals 12p0

for largen.
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^ET(dh)&p1Au is apparent since the percentiles are given
the physically meaningful units of ‘‘number of averagep
1Au collisions,’’ equivalent to average number of projecti
participants,̂ Npp&. The effect of the variation in shape o
the upper edges of theET distributions on the percentiles o
the distributions is small for the ranges ofdh and percentiles
studied. The 4 percentile results shown in Fig. 15~a! are typi-
cal. A given percentile centrality on thedh50.378 anddh
51.30 intervals tends to correspond to a slightly~<5%!
larger number of equivalent projectile participants than
the 0.966 and 0.624 intervals for all three projectiles. T
small-observed variation is actually significantly less th
would be expected if the data were perfectly described by
WPNM and calls attention to the systematic variation of t
WPNM with respect to the data evident in Fig. 13—in th
largestdh bin, the upper edge of the WPNM curve is;8%
higher in ET than the measurements and moves system
cally lower with respect to the measurements asdh is
reduced, becoming;7% lower in ET than the measure
ments for the smallestdh. In other words, if the WPNM
were strictly correct as a function ofdh, the measured
percentiles in units of ‘‘number of averagep1Au colli-
sions’’ in eachdh interval would be equal to the true averag
number of projectile participantŝNpp& times 12p0, a
roughly 18% monotonic variation, rather than the<5%
variation observed.10

10Since the WPNM calculation happens to describe the Au1Au
data best in thedh50.966 interval, correcting the measured perce
tiles for Au1Au in Table XI by 12p0 gives values for this inter-
val that are closest to the true percentiles of the WPNM in un
of ^Npp&.

TABLE XI. Upper percentiles ofET distributions at 14.6A
GeV/c as a function of the intervaldh in units of^ET(dh)&p1Au on
the interval.

Au1Au corrected to 14.6A GeV/c
dh 7

percentile
4

percentile
2

percentile
1

percentile
0.5

percentile

1.30 122.76 135.30 147.27 155.02 161.38
0.966 118.12 131.25 143.05 151.20 157.66
0.624 116.15 129.16 141.88 151.14 158.71
0.378 119.18 133.07 146.85 157.82 167.43

Si1Au
1.30 27.05 29.52 32.07 34.45 36.26
0.966 26.01 28.67 31.36 33.85 35.84
0.624 25.79 28.83 31.88 34.67 37.36
0.378 26.55 30.17 34.20 37.90 41.26

O1Cu
1.30 12.58 14.16 15.69 17.17 18.39
0.966 12.20 13.78 15.49 17.03 18.46
0.624 11.88 13.65 15.74 17.61 19.29
0.378 12.52 14.79 17.14 19.66 22.10

O1Au WPNM calculation
1.30 16.06 17.34 18.73 19.89 21.08
0.966 15.28 16.68 18.18 19.55 20.80
0.624 14.77 16.40 18.12 19.75 21.27
0.378 15.88 17.73 20.08 22.27 24.45
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FIG. 15. ~a! 4 percentile ofET distributions as a functiondh, measured in units of̂ET(dh)&p1Au , for Au1Au ~corrected to 14.6A
GeV/c) and Si1Au, O1Cu at 14.6A GeV/c. ~b! Projectile (Ap)-dependence in an Au target of the 4 percentile ofET distributions for the
four dh bins, measured in units of^ET(dh)&p1Au . Lines are fits toAp

ap from Si1Au to Au1Au ~corrected to 14.6A GeV/c). The points for
Ap516 are extrapolated from O1Cu to O1Au using the WPNM.
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The projectileAp dependence at fixed percentile central
@see Fig. 15~b#! cannot be represented as a simple power l
Ap

ap , from O1Au, Si1Au to Au1Au. However, theAp de-
pendence is nearlyAp

1 , from O1Au to Si1Au (ap50.94
21.00 depending on percentile anddh!, changing toap
50.73–0.78 from Si1Au to Au1Au depending on percen
tile and dh. The relatively small systematic variation ofap
over the ranges of percentile anddh studied shows that cen
trality definition by a fixed upper percentile of midrapidi
ET distributions is surprisingly robust. There are previo
measurements of the target dependence@66,14# of ET pro-
duction at AGS energies; but previous measurements of
projectile dependence@31# were for symmetric systems an
given relative to theisotropic fireball model@38#, making
comparisons difficult.

VIII. SUMMARY AND CONCLUSIONS

Systematic measurements ofET distributions of produced
particles for p1Be, p1Au, O1Cu, Si1Au, and Au1Au
collisions at 11.6–14.6A GeV/c incident momentum in a
half-azimuth~Df5p! electromagnetic calorimeter as a fun
tion of the pseudorapidity intervaldh from 0.2 to 1.3 around
midrapidity are presented. The shapes of theET distributions
vary with thedh interval, like multiplicity, with larger fluc-
06460
,

s

he

tuations~flatter upper tails! for smaller intervals. This varia-
tion has little effect on the projectileAp dependence mea
sured at a constant centrality defined as a fixed up
percentile of theET distributions for the typical values, 7
percentile, 4 percentile, 2 percentile, 1 percentile, 0.5 perc
tile, which were investigated.

The nuclear geometry characterization of the midrapid
ET distributions remains valid for alldh intervals studied as
demonstrated by the success of the wounded proje
nucleon model in relating the spectra for O1Cu, Si1Au, and
Au1Au to thep1Au ET spectrum measured in the samedh
interval. The success in reproducing the shapes of the u
tails of theET distributions in Au1Au collisions, where the
number of participants is so large that combinatoric acc
tance effects play an important role, further illustrates
sensitivity of the method to the underlying dynamics as w
as to the nuclear geometry.

An effective way of demonstrating the systematics of t
projectile dependence without recourse to a model is to
the theET(dh) distribution in eachdh interval in units of the
measured̂ET(dh)&p1Au in the samedh interval for p1Au
collisions. These plots, in the physically meaningful units
‘‘number of averagep1Au collisions,’’ are nearly universa
as a function ofdh, confirming that the reaction dynamic
for ET production at midrapidity at AGS energies is go
erned by the number of projectile participants.
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A particularly striking result comes fromp1A collisions,
where a large change in shape withdh is observed for both
the p1Be andp1Au ET distributions; yet in eachdh inter-
val the p1 Be andp1Au distributions remain identical in
shape to each other, dramatically illustrating the absenc
multiple-collision effects at AGS energies at midrapid
over a wide range of pseudorapidity intervals, fromdh50.3
to dh51.3. This demonstrates that the large projectile st
ping at AGS energies, originally inferred from early me
surements of midrapidityET distributions@11,12#, and sub-
sequently confirmed by direct measurements of the nucle
rapidity distributions@28–30# is not an artifact of a particula
dh interval.

Attempts to understand in detail the differences in flu
s
er

e

p,

tt.

06460
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tuations about the mean forET and multiplicity distributions
@49# in O1Cu central collisions, where the centrality defin
tion is very clean~,1 projectile spectator!, were inconclu-
sive, leaving unresolved the issue of whether multiplicity
energy emission is primary.

It seems clear that midrapidity is indeed a reasona
place for robust event characterization and studies of reac
dynamics in relativistic heavy ion collisions usingET distri-
butions in limited apertures. Independent of any model,
sults can be expressed in the physically meaningful units
average number ofp-p or p1A collisions by using measure
ments of these reactions in the same apertures, which s
as in situ calibration of the detector, and which works r
markably well at AGS energies.
tt.
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