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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 th& dependence and pseudorapidity intervég) dependence of midrapiditig distri-
butions in a half-azimutifA¢=m) electromagnetic calorimeter are presented garBe, p+Au, O+Cu,
Si+Au, and AutAu collisions at the BNL-AGSAlternating-Gradient SynchrotronThe shapes of the upper
edges of midrapiditye distributions as a function of the pseudorapidity interdalin the range 0.3 to 1.3,
roughly centered at midrapidity, are observed to vary witj like multiplicity—the upper edges of the
distributions flatten ag7 is reduced. At the typical fixed upper percentile€gfdistributions used fonuclear
geometrycharacterization byentrality definition—7 percentile, 4 percentile, 2 percentile, 1 percentile, 0.5
percentile—the effect of this variation in shape on the measured projagtidependence fot°0, 2%Si, 97Au
projectiles on an Au target is small for the rangessgfand percentile examined. THe; distributions for
p+Au and p+Be change in shape withy; but in eachdy interval the shapes of the+Au and p+Be
distributions remain indentical with each other—a striking confirmation of the absence of multiple-collision
effects at midrapidity at AGS energies. The validity of theclear geometrycharacterization versugy is
illustrated by plots of th&+( &%) distribution in eachy interval in units of the measur&&(457))p+ay in the
samedy interval for p+ Au collisions. These plots, in the physically meaningful units of “number of average
p+Au collisions,” are nearly universal as a function 6%, confirming that the reaction dynamics f&x
production at midrapidity at AGS energies is governed by the number of projectile participants and can be well
characterized by measurements in apertures as smaklpasr, 67=0.3.
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I. INTRODUCTION
Er=>, E sing, and dE{(7)/dy=sin6(zn)dE(z)/dy,
I

@

A. E; —from jet probe to global variable

Transverse energyEf) measurements usingm#hadron
calorimeters inp-p collisions were proposefll—3] for the
purpose of detecting and studying the hard scattering of corwhere »=—Intané/2 is the pseudorapidity and the sum is
stituents of the protofdiscovered at the CERN ISR via high taken over all particles emitted on an eveinto a fixed but
pr leading particle$4]) by finding localized cores of energy large solid angle—utilized a full azimuth hadron calorimeter
deposition, “jets,” in an unbiased manner. However, thethat covered only the midrapidity region pap collisions at
first published measuremens] of an E; distribution—  c.m. energy\s=24 GeV, —0.88<7=0.67 in the c.m. sys-
whereE+ is defined as tem. The experimental result was striking—the predominant
source of transverse energy turned out to be “soft” multi-
particle production, not jets.
E- distributions are composed of a large humber of par-
ticles with relatively small transverse momenta, the random
product of the particle multiplicity ang, distributions[5].

%Present address: Reedley College, Reedley, CA 93654. As the pt distribution inp-p collisions is largely indepen-
bPresent address: Lawrence Livermore National Laboratory, Liv-dent of rapidity and multiplicity{6], the E; and multiplicity
ermore, CA 94550. distributions are simply relatéd
‘Present address: Renaissance Technologies Corp., East Setauket,
NY 11790.
dPresent address: Oak Ridge National Laboratory, Oak Ridge, TN dEr/dn~(pr)xdn/dy, 2
37831.
®Present address: Radionics Software Applications, Inc., Burling-
ton, MA 01803. where(pr) is the average transverse momentum per patrticle.
'Present address: New Side S.A., Buenos Aires, Argentina. According to Bjorken[8], dEr/dy is thought to be re-
9Present address: LPNHE, Ecole Polytechnique, IN2P3-CNR§,""ted_tO the comovm_g energy density in a Io_ng_ltudlnal ex-
Palaiseau, France. pansion, and proportional to the energy densiy i( space
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Geophysics, DK-1200 Copenhagén @enmark.

iPresent address: University of California, Los Angeles, CA ij:E ;2, (3
90095. dy 279mR

iPresent address: Hitachi Limited, Hitachi, Ibaraki 316, Japan.

Kpresent address: Schlumberger Corp., Houston, TX 77210. . . . 1
wherer,, the formation time, is usually taken agdr 3) fm,

|
Deceased. . . - -
m , wR? is the effective area of the collision, andE/dy is the
Present address: Integral, Inc., Cambridge, MA 02138. . L .
. o co-moving(i.e. transverseenergy density in rapidity. Many
OkPresent?ggriss. Nippon Telegraph and Telephone Co., Tsuyama, o5 have suggested that since the transverse energy in
ayama 7Ls, Japan. both hard 2,9] and softef10] collisions is created before the

°Present address: The Institute of Physical and Chemical Researﬂﬁdronization stageE distributions may carry more direct

(RIKEN), Saitama 351-01, Japan. o _information than may be reflected in multiplicity distribu-
PPresent address: Radionics Software Applications, Inc., Burlingtions.

ton, MA 01803. With the advent of the Alternating-Gradient Synchrotron

9Present address: VECC, Calcutta 700064, India. (AGS) and CERN relativistic heavy iofRHI) programs in
'Present address: NITON, Bedford, MA 01730. the later 1980sE distributions have come to play a leading
*Present address: Office of Science, Department of Energy, Gerole as a “global variable” to define the overall character or
mantown, MD 20874-1290. centrality of individual RHI interactions: as the impact pa-
'Present address: Lawrence Berkeley National Laboratory, Berkgameter is reduced from grazing impact, more nucleons par-
ley, CA 94720. ticipate (there are fewer spectatdrso more energy is trans-
Upresent address: Mitsubishi Electric Co., Hyogo 652, Japan. ferred from the projectile and target rapidity regions to the
Vpresent address: UC Irvine, Irvine, CA 92717. transverse direction and toward midrapidity. Extensive mea-
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Ypresent address: Thomas Jefferson National Accelerator Facility, NOt€ thatEr is an “event-by-event” variable.
Newport News, VA 23606. 2In detail, the relationship is much more complicaf@dl

064602-2



SYSTEMATICS OF MIDRAPIDITY TRANSVERE . . . PHYSICAL REVIEW C 63 064602

103 T T T T T T T T | T T T T | T T T T g 101 EI T 17T L T T T 7T T 1T | T 1T | T T Ig
O E814/877 PCAL 3 E 3
102 B ® E868 EpP'F-EPFxe ] . 0 [e EB02—-AGS A
R B = 10% E 0+Au E
> o ] o 5 7
& 1 [ - _ S i ]
S Y ERE £ 107 g E
8 F ] A F E
o 100 =8 = - 10-2 L —
N FSi+Al E = E E
) [ T o C ]
® 107l 3 S 1073 L —~
-2 [ _f : 3

i 3 10—4 . NUANAN AVAVAAN N N\ NPV VP
0 100 200 300 400 0 g 4 6 8 10 12

EECL (Gev) E; (GeV)

FIG. 1. E814/E877E; spectra[31] in a full-azimuth hadron 101 L I B N R IR
calorimeter covering 0.887<4.7, denotedE;“"", compared to i EBIEAGS b
E802/E866ET spectrg 15] in a full-azimuth mid-rapidity EM calo- & 100 & 0+Cu =
rimeter covering 1.8 7<2.4, denoted(™?. The E866Ey spectra & 3 3
are scaled by an empirical factor of 4B} to match theEFA- g 107! g -
spectra. Some upper percentiles of the E802/E866-Aw spec- § E 3
trum are indicated by arrows. The solid line on the E802/E866 & 1072 - —=
Au+Au data is a WPNM calculation to be discussed later. g § ]

3 1073 =
[17—-22 have shown thaE distributions inA+ A collisions . F | i i | ]
are largely dominated by theuclear geometryf the reac- ™= 2 @ a 8 - -
tion, at the present level of sensitivity, so that “a very mod- Ep (GeV)

est qualityE; measurement over a limited region of phase

space will provide sufficiently accurate information for im-  FIG. 2. Previously publishefll4] measured energy emission in
pact parameter taggin@3].” At the 160—200A GeV/c in- the E802 electromagnetic calorimetgy¢=1, 1.22<7<2.50 for
cident beam momentum at CERm~ 19 GeV), midra- 160+ Au and O+Cu i_nteractions at 145 GeV/c. The solid
pidity E; for A+A collisions[24] is largely proportional to curve through the data is the sum of the .1-f0Id to 16-fqld convolu-
the total number of participantévounded nucleonsas it ~ ton of the measuregh+Au spectrum weighted according to the
was for p+A and light-ion collisions in this energy range probability for 1, 2. .. ,_16 of theprojectile nucleo_ns_tc_) interact in
[25.26. The situation at AGS energies of 11.6—14.6 the targef{wounded projected nuclgon mogeThe individual com-
GeVlc (\syn~5 GeV) is quite different—midrapidityE+ Eggsgfjt,g;;“;j”;“ag;‘;j“°W“ with the 1-fold and 16-fridAu
distributions inA+ A collisions are generally described by a P '

superposition ofp+A collisions [11-15,27. The Ey l[32,33. However, when nuclei are involved, the situation is

measurements provided the first indication of significan onsiderably more complicated. The phvsics mav be differ-
projectile stopping at AGS energies, subsequently confirmed Y. P . phy Y
ent for outgoing nucleons, which are overwhelmingly frag-

ngcfg%ct measurements of the nucleon rapidity d|str|but|onsmentS from the original projectile and target, and for pro-

duced particles, which are typically mesamsainly pions.
This leads to a philosophical issue: one may use the overall
B. Centrality definition via Eq—midrapidity versus 4 44 multiplicity or E; to try to learn the physics from a

At the AGS, where midrapidity i%N.r,:.z 1.6-1.7, both measurement, or one may distinguish among the target frag-

ST mentation, midrapidity, and projectile-fragmentation rapidity
E8(.)2/E866[14] and .E814/E87T31] u_seET d|str|but|ons_ to regions where, furthermore, the systematics may be quite
define centrality, typically by a certain upper percentile of

the distribution: Ref[14] measure& in a midrapidity elec- gg];eezﬁgteégre tok}eaorlgfcrﬁg; i;:;a;t:gl;ah z‘i)zeesd kf\ys nggzsﬂrg;ce“rlss in
tromagnetic calorimeter that is sensitive predominantly tQ[he projectile-fragmentation regid@5,18,34, while the tar-
produc_ed part?cle$14,1&'ﬂ while [31] employs_ a nearly # get dependence is emphasized t;y ’me’asurements in the
hadronl_c calonmgte@_see Fig. 1. The upper tails of the less- target-fragmentation regiofl7,35,7, midrapidity measure-
constrained distributions measured|tig] in the smaller ap- ments might represent a reasonable global average for cen-
erture, midrapidity, electromagnetic calorimetscaled by a

factor of 4 inE+ for visual effecj fluctuate mordi.e., have a trality definition or studies of reaction dynamics.
less steep upper edgéhan the more constrained distribu-
tions measured bf31] in the nearly 4r hadron calorimeter;
but for the most part the distributions are very similar in  Previous measuremerjts1-15 of midrapidity E distri-
shape, and therefore in centrality definition. butions have demonstrated that beyond simple issues of
The utility of hermetic4sr detectors to search fonissing  nuclear geometry, dynamics plays a significant role. Once
energy in nucleon-nucleon collisions is beyond debatethe maximum number of participants is reached in central

C. Previous measurements and open issues
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collisions, the geometrical effect is exhausted leaving thess biock array 245 block amay
detailed shape of the sharp drop-off of the upper edge of the
spectrum to reveal possible underlying dynamics. Two early /
measurements illustrate this effect. The first midrapidity

spectra (1.2& #=<2.50) measured at the AGS with 80

beam[11-13 showed saturation in targets of Cu or heavier
(see Fig. 2 The maximum transverse energy is roughly the +
same in'%0+ Cu and %0+ Au reactions, even though the

maximum thickness of a Cu nucleus is onrh2/3 that of Au.

Also, the shapes of the upper edges of both spectra are ider;scmat1.5m

tical, with a constant ratio do/dEqr)gsau/(do/dEr) sy Bomatdm

~6, which is close to the ratio of the are@s5) for the 160 [] O

projectile to fit within the Au or Cu target nucle(i$1,12.

The same trend was observed in the A E; spectra, which

have the same shape aftf};) for p+Be, p+Al, p+Cuand FIG. 3. E802/E859/E866 lead glass electromagnetic calorimeter.
p-+ Au reactions—a striking absence of the successive colliThe 67 dependence reported here is made using the more highly
sion effect seen at higher energ[@4]. segmented right half of the calorimeter that covekg=r,

These two observations, together with the success in rel.22<»=<2.50. The heavy lines define the fiducial volume for a
constructing the measured+@ [36], Si+A (B+A) mid- previous measuremefi5] (Fig. 1) and are not relevant for the
rapidity Et spectra as the sum of the 1Befold convolutions ~ Present data.
of the measureg@+ Au spectrum, weighted according to the N _ S
geometrigorobability for 1, 2,. . ., B of the projectile nucle-  Ycm=1.6—1.7 depending on the spegiel$ is important to
ons to interact in the targetwounded projectile nucleon note that the PbGl EM calorimeter accurately measures elec-
model, or WPNM, see curves on Fig), 2ould be explained tromagnetic energy deposited by photdtypically produced
if the projectiles were presumed to exhaust their ability toby m°— yy and »— neutral decays but also responds to
produce pions after only a few nucleon-nucleon collisionsthe Cerenkov radiation from relativistic charged hadrons
[11-14,27. It is also conceivabl§l9,37] that the saturation [14,15. The overall response of the detector may be simply
of the upper edges of the E802 midrapidiEy spectra at represented as
AGS energies could be an artifact of the limited angulgy (
acceptance. . o Er= > E,sing+ > (0.45GeVXxsing. (4)

The pseudorapidity acceptance is an issue because non- photons charged,3=0.8
guantum mechanical models, based on solid-body kinematics o .
[38], which work well at nonrelativistic energid89—41], N_o correction is made for the average charged_hadron signal
predict that the rapidity of the c.m. system will shift such thatSiNc& an unknown model-dependent systematic error would
the maximum indn/dy (and presumablyE;/d») moves &accrue. Thus,Et is a composite but pr_eusely_measured
towards the rapidity of the larger nucleus in an asymmetricduantity that has linear response for multiple collisidie-
B-+A reaction. Similar but quantitatively different shifts are f@ils on the linearity, response, and calibration of the detec-
also predicted in relativistic successive collision modély ~ tors may be found elsewhef#4,35,44. For the present pur-
since the excitation of a nucleon by a collision causes t0S€S; it is important to note that at least 85% of the
rapidity to decrease. These effects are observel@93. measurecE+ in the PbGI is due to produced particlés.,
Therefore, an important issue to address is whether the pselot nucleons S .
dorapidity acceptance of the midrapidiB# distributions af- The pseudorapidity distributionslEy/d 7 for fixed Er,
fects the interpretation of the measurements—i.e., are th@ave already been publish¢ti4,15. In the present study,
saturation observation, the stopping inference, and th&he full 7 acceptance of the half-azimuth calorimeter,
WPNM calculations something fundamental, or are they just-22<7=2.50, is subdivided into eight nominally equal
an artifact of a particulasy acceptance? An additional issue Pins of 0.16 in pseudorapidity, i.e., 122=1.38,

is whether the shapes &, distributions change with they ~ 1.38<7<1.54 ...,2.34<9=<2.50. The acceptance(Ar
interval, like multiplicity, and if so, how this affects the *<A¢) of each bin varies compared to the ideal 0<if

event characterization armentrality definition. and is corrected by quoting an effectivdy rather than
simply the difference of the boundaries of the interval. The

E distributions(in A¢=) are then measured fa@y inter-
vals composed of groups of 1,2,4,6,8 bins centdeatept
for the smalleston »=1.86: 5=1.30, the full acceptance
A. Overview of the calorimeter (actually 1.2Z%#%<2.50; 6%=0.966
(1.38<79<2.39; 67=0.624 (1.54<7n<2.18; 67=0.378

Il. NEW MEASUREMENTS OF MIDRAPIDITY E+
DISTRIBUTIONS VERSUS é7%

Systematic measurements of midrapidiy distributions
are presented as a function &% using the E802 lead glass
(PbG) EM calorimeter(see Fig. 3 that covered half the
azimuth A ¢= ), with a total pseudorapidity acceptance of 3in previous publication§13,14, this same quantity was denoted

1.22< »<2.50 (where midrapidity for these energies is E?"°
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TABLE |. Beams and targets used in the reported data. -~ T ]

100 E802-AGS &) 3

Thickness Percent of . o, |10 A GeV/c 1

Bean(s) Target (mg/cnd) interaction length 10 3

p Be 1480 2 1077 3 5

Si Al 817 3 (Si) L X Sithu 12/88 B ]

0 Cu 1440 3(Si) 10 o Si+Au 4/87 E

p, O Au 2939 3(Si) 4 + S%+A1 12/88 .

S A e 2 gﬁ

. > 1 u ]

Au Au 944 1(Si) 2 105 *SitAl 4/92 % é

> ]

g0 | | | B

(1.70=9<2.02; 69=0.170(1.70<%<1.86. The data and § b) ]

method of analysis are the same as reported in Réfs15 ;é 10-1 .

where full details are given. A brief description follows. 3 E

All the data presented here come from the right half azi- §° 102 I« gi4au 12/88 .
muth of the calorimete(Fig. 3). Data from previous publi- E o SitAu 12/87

cations[12—14 use the same setufDifferent setups were 1073 &+ si+al 12/88 ‘ -

used for Fig. 115] and Ref[11].) The data were taken over P O SivAl 12/87 3

the period 1987-1992 with beamsmf®0, 2Si, and'%Au 1074 -4 f:f:l“ ‘:/ ‘;22 LR

on various targetésee Table)l Several triggers were used to 3 ' / Xmﬁ ]

acquire the data: the minimum bias interaction trigger 1075 | ﬁ

(=] oy

“INT” and hardware highEy trigger, “PB2,” described in T T
Ref.[14]; and an alternative minimum-bias trigger “EMIN” Eq(GeV)
defined by any hit on the PbGE{~ 15— 75 MeV, depend-
ing on the specigsn coincidence with a good beam count,  FIG. 4. E; distributions (A¢=m, 1.22<67<2.50 at 14.8A
described in Ref[15]. Pile-up was eliminated by vetoing GeVic for Si+Al (filled diamond$ and SitAu (open triangles,
events with more than one beam particle withinct&800-ns  open circleg from the April 1992 run, which includes the AtAu
window. Target-out contributions were measured and submeasurement, compared to measurements in previous| fidihs
tracted for all beam-target-trigger combinations. The stabilityNote that the filled diamonds and open circles represent an analysis
of the E calibration over the five year period, checked by done just after the data were taken in April 1992, while the present
remeasurement of théy=1.30 Si+Al and Si+Au E; spec- analysis of the SiAu data is shown as the open triangles.
tra[13], was within =3% (see Fig. 4.
[46,47), leaving little energy in the midrapidity acceptance of

B. Proton-nucleus spectra the calorimeter. This is further evidence that the large stop-

ping observed in nucleus-nucleus collisions at AGS energies

The original Abbottet al. measurement§12,14 in the d.s also manifest im+ A collisions[12,14,27.

full #» acceptance of the half-azimuth calorimeter showe
that the midrapidityE; spectra ofp+Au, p+Cu, p+Al,
and p+ Be all exhibit the same shape over roughly five de-
cades of cross section—no obvious multiple-collisions ef- Measurements of theE; distributions for p+Au
fects were evident at midrapidity far+ A collisions at AGS ~ (Sec. 1B, 0+Cu, 0+ Cu(central), ®Si+Au at
energies. In the present measurementB&helistributions of ~ 14.6A GeV/c and **’Au+Au, *’Au-+Au(central) at 11.8
p+Au andp+Be at 14.6 GeW (see Fig. 5 and Tables Il GeV/c as a function of$» are shown in Fig. 6. The plots are
and Ill) are obtained as a function of the smallsrintervals  strikingly similar in all 87 intervals, but there is a clear flat-
listed in Sec. Il A. It is evident in Fig. 5 that as th®  tening of the upper edges of the distributions with decreasing
interval is reduced, the shapes of thg spectra clearly &7. The centrality is defined by a zero degree calorimeter
change withdn for both p+Au and p+Be; but in eachdn  [13,48, which, for O+Cu [49], required a forward-going
interval, the shapes of thp+Au and p+Be distributions  kinetic energy of less than that of a single projectile spectator
remain essentiallidenticalto each other. This striking effect (13.6 GeV, indicating that all 16 projectile nucleons had
is exhibited quantitatively by fits of each spectrum to ainteracted, and, for A#tAu [48], selected the most central
single-Gamma distributiop45] that result in the equality of 8.4 percentile of the projectile spectator distribution corre-
the p+Au and p+ Be fit parametersb and p, in eachdn  sponding to collisions with less than 40 projectile spectators
interval as indicated on Fig. Gee also Table I/ The near  (out of 197, with a mean value ofN,,)=197—20=177
indistinguishability of thgp+ Au andp + Be E distributions  projectile participants. The data are tabulated in Tables
for the smallerdn intervals is striking confirmation of the V-IX. See Refs[13,48,49 for further details pertaining to
previous explanation of the same effect in the fglaccep- the zero degree calorimeter.

tance[14] by a class of events where the pion distribution The flattening of the upper edges of the distributions and
exhibits a large backward shift in rapidityz0.8 units the broadening of the central collision spectra with decreas-

C. Nucleus-nucleus spectra
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p+Au 1.225n<2.50 Ad=m p+Be 1.2259<2.50 Ad=m
_ 10! !._u.ylu|.|||.|.|.||.Iy|||||.|_|! _ 100'._u.I....I.-:-l-n-nlvunnlnnnn
= 100 £ p=1.78+0.03 3 % 10-1L p=1.8210.03
<] E 3 <] E
g E b=5.06+0.04 E g E b=5.05+0.04
£ 1§ ofr
g e i 2 wef
§ wsfp 4 8 ot
Sl WA T NI 4 ¥ et
0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ep (GeV) Ep (GeV)
p+Au 1.3851<2.34 Ad=m p+Be 1.3859<2.34 Ad=m
‘01—"'I'"'I""I""I""I"'s 100 SR RRANRARAS RARRROARAS RARE:
= 100 | p=1.43+0.03 - % 107t - p=1.39+0.03 -
% 10t b=5.00:0.04 - % 1072 |- s, b=4.87:0.04 4 FIG. 5 Er distributions forp+ Au (_Ieft) and
& w2 3 & s “,f\ - p+Be (right) at 14.6 GeV¢ as a function of de-
g 108 - g 107t \ = creasing oy from top to bottom. Adjacentp
EREEU= | 4 5 0S| o % = +Au and p+Be plots have the saméy. The
o‘ounnno'sn|||.||||‘||||.||||'||||3‘0 o'ou|||O.5||||170||||1'5||||20|||275|||3‘0 gapSIntheSDECtl'afOI'Sma”@’ﬂlntervalsare
Ey (GeV) due to the fact that the highy trigger was op-
erative on the fully acceptance, thus not fully
p+Au 1.54=5n<2.18 Ad=m p+Be 1.5451<2.18 Ad=m efficient in the smaller intervals, requiring ineffi-
ST A R AL A R S N A R R R R R cient points to be deleted. As described in the
E ey p=0.98+0.03 E - p=0.99+0.03 3 text .. bias tri dt btain th
g - bod.96.40.05 g 1wt be4.872006 B ext, minimum-bias triggers are used to obtain the
E 107t - § 1077 - . lower E+ segments of the spectra. The solid lines
é; 1072 - % 1073 - = on the figure are Gamma distribution fits with
T w0 \ T ot B parameters indicated.
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ing 67, evident in Fig. 6, is emphasized by plotting the b

central collision spectrum in eacdy interval scaled by its f(x)= m(bx)pflefbx, 6)
mean(see Fig. 7. Since measurements of the shapes of mul-

tiplicity distributions for central **0+Cu collisions [49]  \where

have been made with exactly the same data sets used in the

presentE; analysis, they are shown as a reminder on Fig. 8. p>0, b>0, O0=x=ox,
Evidently, the shapes of the upper edgegefdistributions . . ) o
change withs, like multiplicity. I'(p) is the Gamma function, which equals<{ 1)! if pis an

integer, and (x) is normalized. The first few moments of the
distribution are

. FITS
In the mid 1980s, the close connection betwé&sgnand — ()= _\/_5 0_2_ 1 6)
multiplicity distributions inp-p collisions was reinforced by K=" 9T W2 p

the fact that both could be described by relatively simple and

closely related functions, the negative binomial distribution ~The negative binomial distribution of an integeris de-
(NBD) for multiplicity [50] and the Gamma distribution for fined as

E; [51-54. In fact, Gamma distributions were found to pro-

vide excellent representations of midrapidiy distributions (ﬁ) "

for ten decades in cross section for betp and a-« colli- (m+k—1)! k

sions[53]. P(m)= mi(k—1)! ALY v
(1+ E)

A. Gamma and negative binomial distributions

The Gamma distribution represents the probability densityvhereP(m) is normalized for &cm=-c, u=(m), and some
for a continuous variablg, and has two parametebsandp: higher moments are
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TABLE Il. do/dE; (b/GeV) versusE; (GeV) for p+Be at 14.8 GeV/c for four &7 intervals. Errors quoted are statistical only;
systematic errors are estimated to be less th&fo on theE scale.

p+Be

Er S7=1.30 Er 57=0.966 Er 57=0.624 Er 67=0.378

0.125 3.66<10 1+1.09x1072 0.094 3.6X101+1.24x10°2 0.075 3.8X10 '*1.41x1072 0.075 3.8%10 '+1.42x102
0.175 3.3%10 '+1.03x102 0.131 3.9%10 '+1.29x10°? 0.105 3.9%10 '*1.43x10°2 0.105 3.7X10 '+1.39x10 2
0.225 3.0x10°'+9.83x107% 0.169 3.5X101+1.22x1072 0.135 3.9&%10 '*1.44x1072 0.135 3.5K10 1+1.34x1072
0.275 2.6%10 1+9.21x10°% 0.206 2.7%10 'x1.09x10°? 0.165 3.4%10 *1.33x10°2 0.165 2.45%10 '+1.13x10 2
0.325 2.3K10'+8.62x10°° 0.244 2.6X10'+1.05x1072 0.195 2.6X10 '*1.16x107%2 0.195 1.6%10 '+9.31x10°°
0.375 1.8%10 1+7.72<10°°% 0.281 2.4%10 '+1.00x10 2 0.225 1.9%10 '+1.02x102 0.225 1.3%10 '+8.36x10°°
0.425 1.8K10'+7.44x107% 0.319 1.9x107'+8.87x10°° 0.255 1.9%10'*1.01x107%2 0.255 1.1&10 '+7.53x107°
0.475 1.56¢10 1+6.91x10°% 0.356 1.66<10 1+8.25x10°° 0.285 1.4(x10 *8.56x10°° 0.285 8.7&10 ?+6.76x10 3
0.525 1.3%10 '*+6.45<10°° 0.394 1.5X10 '+7.86x10 % 0.315 1.36<10 '+8.31x10°% 0.315 7.7X10 %*+6.21x10 °
0.575 1.0610 1+5.69x10°° 0.431 1.2K10'+7.06x10°° 0.345 1.1K10 *7.77x10°° 0.345 5.4K10 ?+5.41x10°°
0.625 8.9%10 ?+5.19x10 3 0.469 1.0X10 '+6.54x10°° 0.375 9.8%10 2x7.06x10°% 0.375 4.9%10 ?+5.10x10 3
0.675 8.6X102+5.11x10°° 0.506 9.5%10 2+6.24x10° % 0.405 8.66<10 %+6.64x10° 0.405 4.5%10 °+4.72x10 3
0.725 7.36¢10 ?+4.67x10 3 0.544 8.6K10 2x5.89x10 ° 0.435 6.2%10 %*5.77x10°% 0.435 3.5%X10 ?+4.26x10 3
0.775 5.1&10%+2.80x10°° 0.581 7.0X102%5.33x10°° 0.465 6.3%10%+5.61x10°° 0.465 3.0k10 ?+3.87x10°°
0.825 4.3x10 ?+2.57x10 % 0.619 5.9%10 2+4.90x10°° 0.495 4.9610 %+5.08<10°° 0.495 2.6510 ?+3.61x10 3
0.875 3.5%102+2.36x10°° 0.656 4.9%102+3.18x10°° 0.525 4.84102+3.50x10°° 0.525 2.6&10 ?+2.57x10°°
0.925 2.9%10 2+2.12x10°% 0.694 4.1K102%+2.93x10°° 0.555 3.9410 2%3.18<10°° 0.555 2.0510 ?+2.29x10 3
0.975 2.4k1072+1.92x107% 0.731 4.3&1072+2.94x10°° 0.585 3.2%1072+2.86x10°° 0.585 1.5k10 ?+1.98x107°
1.025 2.1&1072+1.82x10°°% 0.769 3.6X10 %+2.71x10°% 0.615 3.0&K10 ?+2.77x10°% 0.615 1.110 2*+1.72x10 °
1.075 1.46¢10 °+1.48x10° 3 0.806 2.4510 2+2.28x10°% 0.645 2.16K10 2+2.37x10°° 0.645 8.5x10 3+1.48x10 3
1.125 1.3%1072+1.44x10°° 0.844 2.4%10 %+2.26x10°% 0.675 2.26¢10 2+2.39x10°° 0.675 9.0%10 3+1.54x10 °
1.175 8.7%10 3+1.16x10 % 0.881 2.0&10 2+2.05x10°% 0.705 2.2&X10 2+2.36x10°° 0.705 7.7%10 3+1.41x10 3
1.225 1.0x1072+1.22x10°°% 0.919 1.8x102+1.91x10°% 0.735 1.6K10 2+2.06x10°° 0.735 9.9%10 3+1.55x10 °
1.275 6.9%103+1.04x10°°% 0.956 1.60x10 %x1.77x10°% 0.765 1.6X10 °+2.03x10 3 0.765 4.5%10 3+1.09x10 °
1.325 5.7%1073+9.32x107* 0.994 1.46K10%+1.72<10% 0.795 1.0&10 2+1.72x10°% 0.795 4.0%10 3+1.02x10°°
1.375 5.3%103£8.93x10°4 1.031 7.6&10 3+1.29x10°% 0.825 1.3%10 °+1.84x10 % 0.825 4.3X10 3+1.01x10°
1.425 4.9%1073+8.50x107* 1.069 7.7%10 3+1.27x10°° 0.855 1.1&102+1.72x10°° 0.855 2.9%10 3+8.93x10 *
1.475 2.6X103+6.24x10°4 1.106 7.85%10 3+1.26x10°° 0.885 7.7%10 3+1.41x10 % 0.885 3.8X10 3+9.65x10 *
1525 1.3K1073+4.86x107* 1.144 3.7&10°%+9.13x10™* 0.915 7.3K10°+1.33x10°° 0.915 3.2X10 °+8.85x10 ¢
1575 1.7%K1073+5.16x10°4 1.181 5.1%10 3+1.02<10°% 0.945 4.76¢10 3+1.19x10° 3 0.945 2.9%10 3+8.95x10 *
1.625 1.5%107%+5.95x107° 1.219 4.9%103+1.01x10°% 0.975 6.1xk10°+1.24x10°° 0.975 1.2x10 3+5.43x10°*
1.675 1.3x1073+5.40x10°° 1.256 5.1x10 3+1.02<10"% 1.005 5.3%10 °+1.18<10°% 1.005 1.3x10 3+5.91x10 *
1.725 1.0%10 3+4.86x10°° 1.294 2.7%10 3+7.55x10* 1.035 3.1410 °+9.54x10 % 1.035 1.6X%10 3+6.72x10 *
1.775 7.4%107%+4.09x107° 1.331 2.7x10 3x7.57x10™* 1.065 2.7&10 3+8.30x10°* 1.065 1.710 3+6.22x10 *
1.825 5.6%10 4+3.57x10° 1.369 3.1510 3+7.69x10* 1.095 3.2&10 °+9.19x10 4 1.095 3.7x10 4+4.00x10 *
1.875 4.7K107%+3.28x107° 1.406 3.2&10 3+7.90<10™* 1.125 24610 3+7.65<10° % 1.125 8.1%10 *+4.42x10*
1.925 3.3X10 4+2.73x10°° 1.444 1.26<10 3+5.39x10* 1.155 1.4K10 3+6.35x10 4 1.155 7.6X10 4+4.45x10 *
1.975 2.3X107%+2.28x107° 1.481 1.1%10 3+5.08<10™* 1.185 2.1&10 3+7.35x10°* 1.185 9.8X10 *+4.96x10 *
2.025 2.1&10 *+2.19x10°° 1.519 3.8%10 *+3.14x10“4 1.215 1.9610 3+7.02x10 % 1.215 1.1<10 3+4.90x10*
2.075 1.6k1074+1.90x10°° 1.556 1.26¢1073+5.02x10°% 1.245 1.8(x10 3+6.65<10™* 1.245 6.0x10 *+3.84x10~*
2.125 1.26¢10 *+1.68x10°° 1.594 1.0X10 3+4.32x10*4 1.275 2.0&10 3+6.97x10 % 1.275 6.5K10 *+3.79x10*
2.175 9.6&10 °+1.48<10°° 1.631 7.9%10 *+4.89x10°° 1.305 2.6%10 4+3.25x10 % 1.305 8.76<10 *+4.38x10°*
2.225 6.75%107°+1.23x10°° 1.669 6.8410%+4.53x10°° 1.335 1.9K10 3+6.60<10™* 1.335 4.3&%10 *+3.10x10°*
2.275 4.2&10 °+9.81x10°° 1.706 5.8%10 **+4.18<10°° 1.365 1.9X10 °+6.60x10 % 1.365 1.26<10 3+5.40x10*
2.325 1.810°°+6.36x10°% 1.744 4.20x10%+3.55x10°° 1.395 8.76¢10 *+4.38<10™* 1.395 2.1%10 4+2.19x10*
2.375 2710 °+7.79x10°® 1.781 3.4&10 **+3.23x10°° 1.425 1.26¢10 3+5.40x10 % 1.605 8.2510 °+1.76x10°°
2425 3.6k107°+9.00x10°® 1.819 3.4X10%+3.20x107°° 1.455 4.76¢10 °+2.40<10™* 1.635 1.16K10 *+2.09x10°°
2475 15&%10°+5.95x10° % 1.856 1.9%10 %+2.44x10°° 1.485 1.6X10 *+2.26<10°* 1.665 1.0510 4+1.98<10 >
2525 9.0k10°6+4.50x10°® 1.894 1.86107%+2.36x10°° 1.515 6.5K10 *+3.79x10™* 1.695 5.6%10 °+1.45<10°°
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TABLE II. (Continued.

p+Be

Er 87=1.30 Er 87=0.966 Er 57=0.624 Er 67=0.378

2575 2.2%10°%+2.25x10°® 1.931 1.5%10 *+2.18<107° 1.545 4.3&10 %+3.10x10°* 1.725 4.5x10°+1.30x10°°
2.625 2.2%10°%+2.25x10°® 1.969 1.3%10 *+2.01x10™° 1575 4.3&10 %+3.10x10°* 1.755 2.2510°+9.19x10°°
2.675 6.7%10°°+3.90x10°® 2.006 8.7x10 °+1.62<107° 1.605 3.4510 %+3.60x10°° 1.785 1.8&10 °+8.39x10°°
2.725 1.1X10°+503x10°% 2.044 9.0k10 °+1.64x10™° 1.635 3.15%10 *+3.44x10°° 1.815 1.5k10 °+7.50x10 ©
2.775 2.2%10°%+2.25x10°% 2.081 6.3x10 °+1.37x10°° 1.665 2.1&10 4+2.83x10°° 1.845 2.6%10°+9.92x10°°
2.825 6.7%10°6+3.90x10°6® 2.119 7.2x10 °+1.47x10°° 1.695 2.36¢10 4+2.98<10°° 1.875 2.6%10 °+9.92x10°°
2.925 4510 °+3.18x10°% 2.156 6.6k10 °+1.41x10°° 1.725 1.3X10 *+2.22x10°° 1.905 1.510 ®+7.50x10 ©
2.194 1.8x10 °x7.35x10°® 1.755 1.5&%10 %*£2.43x10°° 1.935 1.8%10 °x8.39x10°°®
2.231 2.4(x10 °+8.49x10 % 1.785 1.2x10 *+2.12<x10°° 1.965 1.5(x10 °+7.50x10 °
2.269 2.7x10 °+9.00x10 ® 1.815 7.8%10 °+1.72x10°° 1.995 3.7%10 %+3.75x10 °
2.306 1.2x107°+6.00x10°® 1.845 7.1X107°+1.63x10°° 2.025 1.5x10 °+7.50x107®
2.344 15K107°+6.71x10°% 1.875 4.1X107°x1.24x10°° 2.055 3.75%10 ®+3.75x107°
2.381 2.1x107°+7.94x10°® 1.905 7.1x%10°°+1.63x10°° 2.085 7.5(x10 ®+5.30x107®
2.419 1.210°°+6.00x10°® 1.935 7.5x10°+1.68x10°° 2.115 3.75%10 ®+3.75x107°

2.456 6.00<10°+4.24x10°% 1.965 7.5x10 °+1.68<10°°

2.494 3.010°+3.00x10°% 1.995 4.1%10 °+1.24x10°°

2.531 6.00<10 6+4.24x10°% 2.025 3.3%10 °%1.13x10°°

2.569 6.0010 6+4.24x10°% 2.055 1.8%10 °x8.39x10

2.085 1.8%10 °+8.39x10 ©

2.115 2.6%107°+9.92x10°°

2.145 2.25%107°+9.19x10°°

2.175 1.1X%10°+6.50x10°°

2.235 1.1X%10°+6.50x10°°

2.265 1.1%10 °+6.50x10 °

2.325 3.7%10 %+3.75x10°°®

2.355 7.50x10 ®+5.30x10 ®

2.385 7.5(x10 ®+5.30x10 ®

2
B / “ o 1 1 _ b np—14-bx
o= M 1+E , F_;J’_E. (8) fn(x)_r(np)(bx) e ) (10)

i.e., p—np andb remains unchanged. Notice that the mean
un, and standard deviatiom,, of the n-fold convolution obey
the familiar rule

The NBD, with an additional parametér compared to a

Poisson distribution, becomes Poisson in the likaitc and

binomial fork equal to a negative integéhence the name

The negative binomial distribution bears a strong relation- wn=nu, o 20\/5_ (12)

ship to the Gamma distribution, and becomes a Gamma dis- " o

tribution in the limit u>k>1. In fact, many times, Gamma The convolution property of the Gamma distribution also

distributions are substituted for NBD to prove various theo-holds for the NBD, withu—nu, k—nk, so thatu/k re-

rems[55]. One important difference between between NBDmains constani49].

and Gamma distributions is in the limih or x—0: for p

>1 the limit is always zero for a Gamma distribution, B. Gamma distribution fits

whereas for the NBD it is always finite. . . . L -
The Gamma distribution has an important property under Again referring to Figs. 7 and 8, the solid lines in Fig. 7

convolution. Define thex-fold convolution of a distribution  are fits of theEy distributions to a single Gamma distribution
with itself as [see Table X for the fitted parameters to Ef)] and the

solid lines in Fig. 8 are NBD fits to the multiplicity distribu-
« tions. The NBD provides excellent fits to thet@u central
fo(X)= f dy f(y) f,_1(x—V); (9) multiplicity distributions[49], while the Gamma distribution
0 provides a reasonablg{~ 1.5/dof) fit to the G-Cu central
E- distributions and a fair fit ¥>~3— 6/dof) to the AurAu
then for a Gamma distributioriEqg. (5)], the n-fold convolu-  central E; distributions. Since the centrality trigger for the
tion is simply given by the function Au+Au data is relatively weak{48], corresponding to
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TABLE Ill. do/dE; (b/GeV) versusE; (GeV) for p+Au at 14.6A GeV/c for four &7 intervals. Errors quoted are statistical only;
systematic errors are estimated to be less th&fo on theE scale.

p+Au

Er 57=1.30 Er 57=0.966 Er 57=0.624 Er 67=0.378

0.125  3.2&10°+9.97x102 0.094 3.3x10°+1.13x10 ! 0.075 3.8k10°+1.35x10° ' 0.075 3.8%10°+1.34x10°!
0.175 3.2%10°+9.73x1072 0.131 3.7&x10°+1.20x10°! 0.105 4.0&410°+1.38x10°' 0.105 3.56<1(°+1.30x10°*
0.225 2.9%10°+9.25<107%2 0.169 3.4610°+1.15x10°% 0.135 3.7k10°+1.34x10°' 0.135 3.1&10°+1.21x107*
0.275 2.4%10°+8.42<102 0.206 2.8410°+1.05x10 ! 0.165 3.0510°+1.20x10° ' 0.165 2.3x10°+1.04x10°*
0.325 2.3%K10°+8.17x1072 0.244 25%10°+9.86x10°2 0.195 2.4%10°=1.07x10°' 0.195 1.76¢10°+8.94x102
0.375  1.96&10°+7.42<10°2 0.281 2.2410°+9.09x10 % 0.225 2.15%10°=1.00x10° ' 0.225 1.26<10°+7.63x10 2
0.425 1.6&10°+6.83x102 0.319 2.0&10°+8.65x10° 2 0.255 1.9610°+9.46x10°2 0.255 1.1x%10°+7.10x10 2
0.475 1.4%10°+6.31x1072 0.356 1.7&10°+7.96x1072 0.285 1.4&10°=8.30x1072 0.285 8.5&10 '+6.35x1072
0525  1.1x10°+572<102 0.394 1.3&10°+7.10x10°2 0.315 1.3%10°+7.80x10°? 0.315 7.56¢10 '*5.82x102
0575 1.1X10°+549<1072 0.431 1.2K10°+6.69x10°2 0.345 1.0610°=7.09x10°2 0.345 5.05%10 *+4.99x1072
0.625 7.9410 '+4.67x10° 0.469 1.05x10°+6.26x10 2 0.375 9.2k10 *6.49x10°2 0.375 4.3410 1+4.57x10?
0.675 7.4%10 '+4.55<102 0.506 8.8K10 '+5.71x10°2 0.405 7.6%X101+5.98x10°2 0.405 4.7X10 *4.50x10 2
0.725 5.36K10 '+3.87x1072 0.544 7.6&10 1+5.29x1072 0.435 6.2X1071+547x107% 0.435 2.6X10 *3.55x1072
0.775 5.0410 '+3.71x1072 0.581 6.2K10 '+4.79x10° % 0.465 5.5&10 1+5.02x10°% 0.465 3.0410 '*3.68<10 2
0.825 3.7X101+3.22<1072 0.619 5.3K10 1+4.41x10°% 0.495 4.8%101+4.77x10°2 0.495 1.76¢10 **2.87x102
0.875 3.0&610 '+2.91x1072 0.656 4.6X10 1+4.15x1072 0.525 4.1&1071+4.37x107% 0.525 1.5X10 '*2.68x1072
0.925 2.9K10 1+2.81x1072 0.694 3.4%10 '+3.65x10 2 0.555 3.44101x3.92x10°2 0.555 1.5X10 ‘*2.60x10 2
0.975 2.1%10 '+2.44x1072 0.731 3.5K10'+3.56x10°2 0.585 2.7&1071+3.63x10°2 0.585 1.16¢10 *+2.30x1072
1.025 1.7K10 '+2.00x10 2 0.769 3.1X10 1x3.34x10°2 0.615 2.9410 'x3.76x1072 0.615 1.1%10 '+2.30x10 2
1.075 15410 '+1.85x10°2 0.806 2.7K1071+3.13x10°2 0.645 2.06¢10 '+3.06x1072 0.645 1.210 '+2.33x10 2
1125 1.2X%10°'+1.68<10°2 0.844 2.1K1071+2.82x1072 0.675 1.9%10 '+3.02x107%2 0.675 8.6%10 2+1.93x10°2
1.175 9.3%X10 2+1.45x10 2 0.881 1.5410 1x2.40x10°2 0.705 1.4%10 *2.54x1072 0.705 8.6%10 ?+1.93x10 2
1.225 7.7&1072+1.33x10°2 0.919 1.71071x2.52x1072 0.735 2.1&10 +3.03x107%2 0.735 7.7%10 ?+1.74x10 2
1.275 6.0X1072+1.20x10°2 0.956 1.1X1071+2.12x1072 0.765 1.1X10 '+2.36x107%2 0.765 5.3&10 ?+1.42x1072
1.325 6.8410 2+1.22x10°2 0.994 1.0%10 1*+1.94x10°2 0.795 1.4X10 'x2.47x10°2 0.795 7.7K10 ?+1.66x10 2
1.375 4.7&1072+1.04x10°2 1.031 1.0X1071+1.95x1072 0.825 9.55%10 2+2.20x1072 0.825 5.8X10 ?+1.41x1072
1.425 2.26<10 2+7.37x10 % 1.069 7.6410 2x1.76x10°2 0.855 1.06K10 x2.16x1072 0.855 4.2&10 ?+1.26x10 2
1.475 3.7K1072+8.94x10°° 1.106 8.8%X1072+1.75x10°2 0.885 4.9610 2+1.70<1072 0.885 4.1&10 ?+1.22x10 2
1525 2.1&1072+7.09x10°° 1.144 6.3%X1072+1.53x1072 0.915 6.94K102+1.79x107%2 0.915 3.56<10 2+1.13x1072
1575 1.7K10°2+6.20x10 % 1.181 3.36¢10 2x1.29x10°2 0.945 4.9%10 %+1.44<10°%2 0.945 2.2&10 ?+9.89x10 3
1.625 1.3&1072+3.86x10°% 1.219 4.9%1072+1.23x1072 0.975 4.1X10%+1.49x107%2 0.975 2.46<10 2+9.18x10°°
1.675 1.0&10 %+3.39x10* 1.256 2.0%10 2+8.79<10°° 1.005 4.9%10 °+1.39x10 % 1.005 1.04&10 %+6.58<10 3
1.725 8.1K10 3+3.00x10* 1.294 2.1&10 2+8.29x10 % 1.035 2.3%10 ?+1.05x10 % 1.035 9.1&10 3+6.64x10 3
1.775 5.9%103+2.58<10°% 1.331 4.1%1072+1.11x10°2 1.065 5.8X102+1.41x107%2 1.065 2.5X10 2+9.15x10°°
1.825 4.6&10 3+2.27x10 % 1.369 2.3%102%£8.23x10°° 1.095 3.6%10 2x1.18<10°2 1.095 9.7K10 3+6.61x10 3
1.875 3.4%103+1.95x10°% 1.406 3.3%K1072+9.73x10°° 1.125 1.4%10 %+7.30x10°° 1.125 9.06<10 3+5.63x10°
1.925 2.9610°°%+1.81x10°% 1.444 1.20x1072+6.47x107° 1.155 1.8&102+8.68x10°° 1.155 1.9%10 3+3.35x10°°
1.975 2.5%10 3+1.67x10* 1.481 2.2&10 2+8.26x10°° 1.185 1.6%10 ?+8.01x10 % 1.185 8.4%10 3+5.66x10 3
2.025 1.7%10°3+1.39x10™* 1.519 1.1&10°+5.84x10°° 1.215 1.041072+6.58x10°° 1.215 3.2%10 3+3.23x10°°
2.075 1.2X%103+1.16x10*% 1.556 3.66¢10 3+3.75x10 3 1.245 7.8x10 3+5.70x10% 1.245 5.8%10 3+4.61x10°
2.125 8.6510 4+9.80x10°° 1.594 7.2510 3+4.50x10°° 1.275 1.1K102%£6.52x10°° 1.275 3.2%10 3+3.23x10°°
2.175 7.4%10°4+9.08<10° 1.631 6.7K10°+3.17x10°* 1.305 1.4%1072+x7.30x10°° 1.605 5.7%10 *+1.03x107*
2.225 55510 4+7.84x10°° 1.669 5.4%10 3+2.85x10 % 1.335 2.60x10 3x3.29x10° 1.635 6.66<10 **1.11x10 4
2.275 3.4410°4+6.18<10°° 1.706 4.4K10%+2.57x10°* 1.365 9.06¢1073+5.63x10°° 1.665 4.0%10 *+8.67x10°°
2.325 3.0x10 %+5.76x10°° 1.744 3.3%10 3+2.23x10 % 1.395 9.6%10 3+5.59x10 % 1.695 3.1410 *+7.62x10°°
2.375 2.66K10 *+5.43x10°° 1.781 3.0X10 3+2.11x10 % 1.605 2.4X10 3+2.12x10* 1.725 4.2510 *+8.87x10°
2425 22X10°4+4.96<107° 1.819 2.2x10°+1.81x10°* 1.635 1.6X107°x1.72x10°% 1.755 3.7(x10 *+8.27x107°
2475 1.1K10 %+351x10°° 1.856 1.9410 3+1.69x10 % 1.665 1.9&10 3+1.91x10* 1.785 2.2X10 *+6.40x10°
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TABLE lll. (Continued.

p+Au

Er  o7=1.30 Er 87=0.966 Er 57=0.624 Er 67=0.378

1.894 1.60<10 3+1.54x107* 1.695 1.2010 3+1.49x10 1.815 24010 *+6.67x10°°
1.931 1.3%10 3+1.43x107* 1.725 1.2410 %+1.51x10°* 1.845 1.66¢10 %£5.55x10"°
1.969 1.2 10 3+1.34x107* 1.755 1.0%10 3+1.42x10°* 1.875 2.5%10 4+6.92x107°
2.006 7.8410 *+1.08x107* 1.785 8.3X10 *+1.24x10°* 1.905 2.5%10*+6.92x10°
2.044 6.06¢10 *+9.47x10°° 1.815 7.4x10 %+1.17x10°* 1.935 9.2410 °+4.13x10°°
2.081 6.2x1074+9.59x107° 1.845 6.1<107%+1.06x10™4 1.965 555107 5+3.20x107°
2.119 3.9%10 *+7.69x10° 1.875 7.4x104+1.17x1074 1.995 7.4x1075+3.70x107°
2.156 3.2510 4+6.94x107° 1.905 6.1<10 *+1.06x10™*
2.194 3.9%10 4+7.69x10° 1.935 55510 4+1.01x10°*
2.231 2.96¢10 *+6.61x10°° 1.965 2.96¢10 4+7.40x10°°
2.269 2.5K10 4+6.10x10°° 1.995 3.8%104+8.47x10°°
2.306 1.3%10 4+4.44x10°° 2.025 2.5%10 4+6.92x10°
2.344 1.9%10 *+5.33x10°° 2.055 2.2X10 *+6.40x10°°
2.381 4.4410°+2.56x10° 2.085 2.5%10 *+6.92x10°°
2.419 1.48 10 %+4.68<107° 2.115 1.66<10 4+5.55<107°
2.456 7.4x10°°+3.31x10°° 2.145 9.2410°5+4.13x107°
2.494 8.8K10 °+3.62x107° 2.175 1110 4+£4.53x10°°
2.531 4.4410 °+2.56x10°° 2.205 1.1X10 *+4.53x10°°
2.569 2.96¢10 °+2.09x10°° 2.235 55510 °+3.20x10°°

2.265 55510 °+3.20x10°°

2.295 3.7x10°+2.61x10°°

2.325 5.5%10 °+3.20x10°

2.385 5.55%10 °+3.20x10°°

2.445 3.7107%+2.61x107°

2.475 3.7x107%+2.61x107°

a range of from 0 to 40 projectile spectators, it is perhaps noare shown as filled circles on Fig. 9 and vary systematically
surprising that the lower edges of the data do not follow awith 67, similarly to thek(8%) from multiplicity distribu-
simple Gamma distribution, thus causing the relatively poottions [49]. However, in contrast to the situation for multi-
quality of the fits. plicity distributions, where the shape as characterized by the
Thep(67) parameters from the fits to thet Au (Fig. 5), NBD parameterk(dz) can be related to the two-particle
O+Cu central and Au-Au central E; distributions(Fig. 7) short-range correlation lengfb6-59, there is at present no

TABLE IV. Parameters from Gamma distribution fits o+ Au and p+Be data. Errors quoted are
statistical only. The fit parameters ase p, andb. The (E;)=p/b on each interval is computed from the
fitted parameters of the distribution. The probabifityfor ap+ Au (p+ Be) reaction to produce zero signal
on the intervaldzn is computed by taking % p, as the ratio ofr, the observed cross section on the interval,
to the inelasticp+Au (p+Be) cross section of 1.66@.176 barn from the nuclear geometry calculation

[14,64.
Gamma fit parameters
& o (b) (Er) (GeV) p b(GeVv 1) 1o
p+Au
1.30 1.52£0.02 0.3530.007 1.780.03 5.06-0.04 0.917%0.011
0.966 1.46:0.02 0.286:-0.006 1.430.03 5.00-0.04 0.844:0.011
0.624 1.29-0.02 0.197-0.006 0.98:0.03 4.96-0.05 0.774:0.014
0.378 1.290.06 0.11%0.007 0.6:0.04 5.00:0.09 0.774:0.034
p+Be
1.30 0.1610.002 0.360:0.006 1.82:0.03 5.05-0.04 0.9150.011

0.966 0.1470.002 0.286:0.006 1.3%0.03 4.87-0.04 0.838:0.011
0.624 0.131*0.002 0.204:0.006 0.990.03 4.870.06 0.742-0.013
0.378 0.136:0.006 0.125:0.008 0.63-0.04 5.0G:0.10 0.739%-0.032
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FIG. 6. E; (A¢=r) distributions for the fousy intervals indicated fop+ Au (open diamondsand (filled pointg for the reactiongin
order of increasing maximurg;) O+Cu, SHAu at 14.6A GeV/c and AutAu, at 11.68A GeV/c. The open squares on thet@u and
Au+Au distributions represent the centrally triggered-Cu (ZCAL) and Aut+Au (ZCAL) data. Thep+ Au cross section is multiplied by
0.10 for clarity of presentation. The plotting range<infor eachdn interval are chosen by eye so that the+#u distribution is near full
scale on all plots.

theoretical framework to relate the systematic variation intripution, f(E1,np,b), wherep andb are the parameters of
the Gamma-distribution parametp(47) to other physical he £ distribution for a single particl§48]; and it is as-
quantities. On the other hand, Gamma distribution fits 05, meq that théE; spectra for individual particles are inde-
the _O+Cu_ mult|pI|C|ty distributions[49] (open d_lamonds pendent of each other and independent of the multiplicity
(r);sfllt% 9 give p(d7) in excellent agreement with thig; so that theEt spectrum fom particles is thenth convolution

' of the spectrum for a single particl&q. (10)]. Satisfactory
convergence of fits to Eq12) could not be obtained, so the
NBD was restricted to be Poisson, by fixink#0, which

An interesting issue is wheth&s production is primary, led to convergence. These fits are shown as dots on Fig. 7. A

followed by fragmentation to particles, or whethEr is  simpler fit based on Eq2) was also tried that assumed a
composed of the random product of the particle multiplicity simple proportionality betweeB; andn, so that the number

and PT diStI’ibutionS[59—6]]. If Er prOdUCtion were the re- of partic|esn for a givenET was taken ag= ET/<pT> (near-
sult of the creation of particles according to the semi-gst integerand fit to a NBD

inclusive multiplicity distribution followed by the random

assignment of transverse momentum to each particle accord-

C. Is E1 or multiplicity primary?

ing to the single-particle semi-inclusiyg: distribution[59— do
61], the process would be described by the equation dE- =0 faep(ET/{p1), 1K, 1). (13
T
do Nmax

JE- =7 2 freo(n.lk.p) fr(Er.npb), (12 | | _ |
T n=1 These fits are shown as dashed lines on Fig. 7. Neither of the
more complicated forms fit the central collision data as well
where the multiplicity distribution for @ Cu central colli- as a single-Gamma distribution. The tendency is for the
sions is represented by a NB@9], fygp(n,1Kk,u), the Et NBD based fits to be lower than the single-Gamma distribu-
distribution forn particles is represented by the Gamma dis-tion fits at the higher values oE; and higher than the
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TABLE V. do/dE; (b/GeV) versusE; (GeV) for O+Cu at 14.8\ GeV/c for four &7 intervals. Errors quoted are statistical only;
systematic errors are estimated to be less th&f on theE scale.

O+Cu
E; 61=1.30 E; 617=0.966 Er 6n=0.624 E 6n7=0.378

0.25  1.0&10°+£2.04x1072 0.19 1.4%10°+2.76x102 0.15 2.2%10°+3.70x1072 0.15  3.05¢10°+4.21x1072
0.75 6.06<10'+1.36x1072 0.56 7.6K10 '+1.77x10°2 0.45 1.0%10°+2.25x10°2 0.45 1.210°+2.38x10°2
1.25 45%101+1.15x10% 094 6.0x10 **1.52<1072 0.75 7.5%10 '+1.87x10% 0.75 8.31x1071*1.91x10 2
1.75 3.5&10 '+9.97x10°° 1.31 45%10 **+1.30x102 1.05 6.1%10 1+1.67x102 1.05 5.60<10 1+1.55x10 ?
2.25 3.0510 '+9.03x10% 1.69 4.1X10 '*1.21x10? 1.35 4.9510 '*1.47x1072 1.35 3.5%10 '+1.23x10?
2.75 2.5&10 '+8.11x10°°% 2.06 3.2810 '+1.07x10? 1.65 3.8X10 '+1.28x10 % 1.65 2.1%10 '+9.52x10 3
3.25 22K10'+755x10°° 244 2.8K10 '+9.81x10 % 1.95 3.1410 '*1.15x102 1.95 1.2%10 *+7.09x10 3
3.75 1.8K107'x6.82x107° 2.81 2.3KX10'+8.78<10°° 225 2.2%1071+9.690x10°° 2.25 5.1K10 %+4.63x107°
425 143107'+592¢107° 3.19 1.9410 '+8.01x10°° 255 1.60<1071+8.10x10°% 2.55 3.14&10 ?+3.63x10°°
475 1.0%10'+500<107° 3.56 1.4K10'+6.98<10°° 2.85 1.0x1071+6.49x10°° 2.85 1.4X10 %+2.39x10°°
525 7.3K10%+4.23x10°° 3.94 9.48&102+558<10°° 3.15 6.38%1072+5.09x10°° 3.15 5.8Xx10 3+3.96x107*
575 3.8%10%+3.06x10°° 4.31 7.2%10 2+4.82x10°° 3.45 3.75102+3.91x10°° 3.45 2.5X10 3+2.59x1074
6.25 2.2%102+6.03x10°* 4.69 3.8K10 °+3.54x10°° 3.75 24110 ?+3.11x10° 3.75 1.0%10 3+1.69x10 *
6.75 1.08&10 2+4.16x10°* 5.06 2.4X10°+7.19x10 % 4.05 1.16<10 °+556x10 % 4.05 6.8%10 *+1.35x10 4
7.25 4.6%10 3+2.74x10°* 544 1.3%102%x5.42x10% 4.35 6.30<10 3+x4.10<10* 4.35 2.3%10 4+7.95x10 °
7.75 2.3%10°+1.94x10°* 581 6.9%10 °+3.84x10 % 4.65 3.5K%10 °+3.10x10 * 4.65 2.65<10 °+2.65x10 >
8.25 7.16<1074+1.07x107* 6.19 3.26<10°3+2.63x10°% 4.95 1.6X107%+2.07x10°* 4.95 2.6510 °+2.65<107°
8.75 3.5%1074+7.66x10™° 6.56 1.8&%10 3+2.00x10°* 525 7.6K107%+1.43x10°* 525 2.6510 °+2.65<107°
9.25 6.36<10°°+3.18<10°° 6.94 7.85€10 *+1.29x10° % 555 5.0410 *+1.16x107*
9.75 3.1&10°°+2.25x10°° 7.31 3.1&10 *+8.21x10°° 5.85 6.81x10 °+4.73x107°
10.25 1.5%107°+1.59x10°° 7.69 9.6%10 °+4.83x10°° 6.15 9.46<10 °+5.42x10°°
8.06 4.2410°+3.00<10°° 6.45 2.65¢10 °+2.65x10 °

TABLE VI. do/dE; (b/GeV) versusEt (GeV) for O+Cu (ZCAL) at 14.6A GeV/c for four 87 intervals. Errors quoted are statistical
only; systematic errors are estimated to be less thafo on theE; scale.

O+Cu (ZCAL)
Er 87=1.30 Er 87=0.966 Er 57=0.624 Er 57=0.378

225 4.7X103%+522<10°% 1.69 9.5X10 °+7.18<10°% 0.75 3.3K10 °+7.72x10 % 0.45 25510 ?+1.21x103
2.75 2.0K10%+7.02<107* 2.06 2.86<1072%+9.38x10°% 1.05 2.3%107%+1.06x10°° 0.75 8.26<107°+1.69x10°°
3.25 3.94107%+8.68<107* 244 46K102+1.09x10°° 1.35 4.9x1072+1.33x10°° 1.05 1.1410 '+1.86x107°
3.75 5.38107%+9.66x107* 2.81 6.3X102+1.22x10°° 1.65 7.6%1072+1.54x10°° 1.35 1.0%10 1+1.77x10°°
425 576<10%+9.82x107* 3.19 6.8x10 2+1.24x10°° 1.95 8.741072+1.59x10°° 1.65 7.8%10 ?+1.49x10°°
4.75 5.0410%+9.09x10°* 3.56 6.0%102+1.16x10°° 225 8.0x%1072+1.50x10°° 1.95 5.1K10 %+1.20x10°°
525 3.75%1072+7.79x10°% 3.94 4.9K10 ?+1.04x10 % 255 6710 %+1.37x10°% 2.25 2.9X%10 %+8.97x10 *
575 24%10%2+6.31x10°* 4.31 3.70<10 °+8.95x10 % 2.85 4.9810 ?+1.17x10 3 2.55 1.5%10 %+6.58x10 *
6.25 1.56<10 ?+5.02x10* 4.69 23610 2%x7.15x10 % 3.15 3.40<10 %x9.65<10* 2.85 7.5510 3+4.55x10 *
6.75 7.7K10 3+352<10°* 5.06 1.66<10 °+5.98<10 % 3.45 2.1K10 °+7.67x10 % 3.15 4.20<10 3+3.39x10 *
7.25 3.5%10°3+2.40x107* 544 9.48&10°°+4.50x10°% 3.75 1.41x107%+6.16x107* 3.45 1.5&10 3+2.06x10°*
7.75 1.7%103+1.68<107* 5.81 4.9410 °+3.25x10°% 4.05 8.1%103+4.68<10™* 3.75 7.8&%10 %+1.49x10°*
8.25 6.20<1074+£9.93x107° 6.19 24KX103+2.27x10°* 4.35 4.6810°°+3.54x10°% 4.05 4.7K10 *+1.12x107*
8.75 2.64&10 %+6.59x10° 6.56 1.3K10 °+1.71x10* 4.65 25x1073+2.60x10°* 4.35 2.1X10 *+7.50<10°°
9.25 A4.7K10°+2.75<10°° 6.94 65%104+1.18x10°% 4.95 1.1X10 3+1.72x10™* 4.65 3.3%10°+2.33x10°°
9.75 3.1&10°+2.25x10°° 7.31 1.9X10 *+6.36x10°° 525 5.8%10 *+1.24x10 % 4.95 2.65€10 °+2.65x10 >

10.25 1.5%10°%x1.59x10°° 7.69 9.6%10 °+4.83x10°° 555 4.24<10 *+1.06x10 4

8.06 2.1X10 °+2.12x10°° 5.85 4.16<10 °+3.92x10°

6.15 6.81x10 °+4.73x10°°

6.45 2.6510 °+2.65<10°
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TABLE VII. do/dE; (b/GeV) versusE; (GeV) for Si+Au at 14.6A GeV/c for four &7 intervals. Errors quoted are statistical only;
systematic errors are estimated to be less th&f on theE scale.

Si+Au
Er 57=1.30 Er 517=0.966 Er 517=0.624 Er 57=0.378

0.25 1.7&10°+4.2310<7%2 0.19 2.5&10°+572x107% 0.15 3.63x10°+7.33x10% 0.10 5.9x10°+1.12x107*
0.75 7.7X10'+1.76x1072 0.56 9.8X10 '+2.26x102 0.45 1.24&10°+2.86x102 0.30 1.90<10°+4.28x1072
1.25 6.0%10 '+1.49x10°% 0.94 7.5%10 '+1.92x10% 0.75 9.95%10 1*x2.45x10°2 0.50 1.3%x10°+3.58<10 ?
175 46X10'+1.27x10% 1.31 58&10'+1.70x10°2 1.05 7.91071*x2.15x1072 0.70 1.20<10°+3.18x10°?
2.25 3.9%10 '+1.19x107%2 1.69 5.05%10 '+1.54x102 1.35 6.4X10 '+1.90x102 0.90 1.0410°+2.84x102
2.75 3.46K10 '+1.07x10°2 2.06 4.3K10 '+1.40x10? 1.65 5.8410 '*+1.72x1072 1.10 9.16<10 *2.59x10 2
3.25 3.0%x10'+9.67x107° 244 3.9x%10'+1.28<1072 1.95 55X10 '+1.58<107% 1.30 8.4%10 1+2.36x1072
3.75 27410 '+9.03x10°°% 2.81 3.7&10 '+1.19x10 % 2.25 4.7K10 '*+1.45<102 150 7.9&10 +2.21x10°2
4.25 250k107'+8.24x10°° 319 3.20k10'+1.09x107%2 2.55 4.4%10'+1.36x1072 1.70 6.98<10 1+2.08x1072
475 2.4%10'+7.93x10°° 356 3.0%10 '+1.02x107%2 2.85 4.2X10 '+1.30x10% 1.90 6.5%10 *1.97x1072
525 2.2K10 '+7.35<10°% 3.94 29610 '+9.76x10° 3.15 4.2%10 '+1.27x102% 210 6.2%10 '*1.91x102
575 22510 '+7.11x10°° 4.31 2.9%10'+959x10°° 3.45 4.1X10'+1.24x107% 2.30 5.68<10 1+1.79x1072
6.25 2.06<10 '+6.81x10°° 4.69 2.8x10 '+9.15x10° 3.75 3.7X10 '+1.17x10% 250 5.3K10 1x1.72x1072
6.75 2.1%10'+6.94x10°% 5.06 2.5%10'+8.79x10° 4.05 3.3X10°'+1.10x107% 2.70 4.7%10 '+1.62x1072
7.25 2.0K10 '+6.71x10°° 544 26810 1+8.88<10°° 4.35 3.2&101+1.09x1072 2.90 4.28<10 +1.53x1072
7.75 2.05%10 '+6.67x10°° 581 25810 1+8.68<10°° 4.65 2.86<10 '+1.02x10% 3.10 3.5%10 '*1.39x10°2
8.25 1.9410'+6.50<107° 6.19 2.3%10'+8.30x10°° 4.95 25K10'+9.64x10°° 3.30 2.8K10 1*1.25x1072
8.75 1.9%10 '+6.48<10°° 6.56 2.2%10 '+8.14x10°° 5.25 2.0K10 '+8.66x10°° 3.50 2.36<10 +1.13x10°2
9.25 1.8x10 '+6.28<10°°% 6.94 22510 '+8.07x10 % 555 1.7%10 '+8.05x10°° 3.70 1.75%10 '+9.75x10°3
9.75 1.48&10'+568<10°° 7.31 2.0X10'+7.64x10°° 5.85 1.4K10'+7.30x10°° 3.90 1.65¢10 1+9.50x1073
10.25 1.2410 '+519x10°% 7.69 1.7K10 '+7.17x10°° 6.15 1.0%10 '+6.21x10°% 4.10 1.15¢10 *7.90x10°3
10.75 9.4K107%+4.53x10°° 8.06 1.2&10'+6.08<10°° 6.45 8.3%10°2+551x10°° 4.30 8.63<107%+6.84x107°
11.25 6.75%10%+3.83x10°°% 844 1.1%10 '+577x10°° 6.75 5.25%10 2+4.36x10°° 450 6.6x10 %+5.99x10 3
11.75 4.2%1072+3.03x10°° 8.81 8.2510 ?+4.89x10° 7.05 4.1X102+3.86x10° 4.70 4.4510 2+4.98<10 °
12.25 3.65%1072+2.81x10°% 9.19 5.96K10 %+4.15<10°° 7.35 2.4X1072+2.96x10°° 4.90 4.45¢10%+4.91x10°°
12.75 2.3%10%+2.28<10°% 9556 4.7510 ?+3.71x10°° 7.65 1.95%10 2+2.66x10 3 510 2.33%10 %+3.56x10° 3
13.25 1.4%10 %x1.76<10°% 9.94 3.5%10 ?+3.20x10°% 7.95 1.2K%10 ?+2.14x10% 530 2.0x10 ?x3.30x10 3
13.75 7.2%10°3+1.57x10™* 10.31 2.3X10%+259x10°° 8.25 8.6&%103+1.77x10°° 550 1.30<10 %+2.66x107°3
14.25 4.0K10 3x1.17x10™% 10.69 1.3&10 ?+2.46x10* 855 6.1510 3+1.49x103 570 7.06<10 3x1.96x10 3
14.75 2.05%10°3+8.33x10™° 11.06 9.3KX10 3+2.05<10* 8.85 2.7%103+1.25x107% 5.90 5.43<103+1.72x107°
15.25 1.0X10 3+5.84x10™° 11.44 59610 3+1.64x10°* 9.15 1.7&10°3+1.00x10°* 6.10 3.80<10 3+1.44x10°3
15.75 4.8%10 4+4.06<10°° 11.81 3.44&10 3+1.25<10% 9.45 1.1X10 3+7.94x10°° 6.30 2.00<10 3x1.30x10 4
16.25 2.1X104+2.69x107° 12.19 2.2X%10 3+1.01x10* 9.75 6.7X10 %+6.16x10°° 650 1.2K10 3+1.04x107*
16.75 1.3%10 %+2.14x10°° 1256 1.2K10 3+7.38<10°° 10.05 3.3%10 4+4.37x10°° 6.70 9.40<10 *+8.92x10°°
17.25 3.7%105+1.12x10°° 12.94 6.8610 *+5.57x10° 10.35 2.3%10 *+3.66x10° 6.90 6.5X%10 *+7.43x10°°
17.75 1.0X10°°+5.87x10°% 13.31 3.66K10 *+4.06<x10°°> 10.65 1.0K10 %+2.46x10°° 7.10 3.81x10 *+5.68<107°
18.25 1.0x10 °+5.87x10°% 13.69 2310 %+3.22<x10°° 10.95 3.3%10 °+1.38<10°° 7.30 2.7%10 %+4.86x10°
18.75 1.3%10°°+6.77x10°% 14.06 1.1K10 *+2.30x107° 11.25 2.8X107°+1.26x10°° 7.50 1.2K10 *+3.28x107°
19.25 6.7K10 %+£4.79x10°% 1444 54x10°+1.56x10°° 1155 3.3%10°+1.38<10°° 7.70 1.35¢10 *+3.39x10°°
14.81 3.16€10°5+1.19x10°° 11.85 5.6410 °+564x10°® 7.90 6.7%10 °+2.39x10 °

15.19 1.8%X107°+9.03x10°% 12.15 1.1%10°+7.98<10°® 8.10 8.4K10 °+8.47x107°

8.30 1.6%10 °+1.20x10°°

8.50 1.6%10 5+1.20x10°°

8.70 8.4x10 °+8.47x107°®

8.90 8.4%10 6+8.47x10°°

9.10 1.6%10 5+1.20x10°°

9.30 8.4%10 °+8.47x107°
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TABLE VIII. do/dE; (b/GeV) versusE; (GeV) for Au+Au at 11.6A GeV/c for four 67 intervals. Errors quoted are statistical only;
systematic errors are estimated to be less th&fo on theE scale.

Au+Au
Et on=1.30 Et 617=0.966 E 6m=0.624 E; 61m=0.378

0.40 1.6%10°+7.37x1072 0.30 2.26<10°+£9.90<1072 0.24 2.9&K10°+1.29x10°* 0.16 4.5%10°+1.97x10°*
1.20 3.9xX10 1+4.04<1072 0.90 5.010 '+526x10°2 0.72 8.0K10'+6.37x10°2 0.48 1.2x%10°+9.27x1072
2.00 35%1071+2.72x1072 150 4.3%10 '+3.66<1072 1.20 6.0X10 '+4.48<10°% 0.80 1.04&10°+6.77x10 ?
2.80 2.8410 1+2.22x102 2.10 3.9X10 '+2.96x10%2 1.68 5.7%10 1*+3.75x10°% 1.12 8.84<10 '+5.45x10 2
3.60 2.6%10 1+1.96x10 2 2.70 3.6X%10 '*2.58<10%2 2.16 4.7X101*+3.11x10°°% 1.44 7.75<10 '+4.69x10 2
440 25%10 1+1.69x102 3.30 3.2%10 '*2.27x1072 2.64 4.18&10 '+2.75x10% 1.76 6.06<10 1+4.10x10 2
520 21K10 '+1.54x102 3.90 3.0410 '*2.04x102 3.12 4.3K10'+255<10° 2.08 5.96<10 '+3.61x10 ?
6.00 2.21x1071+1.44x1072 450 2.8510 '+1.88<1072 3.60 3.1&10°'+2.20x107% 2.40 5.4210 1+3.37x10?
6.80 2.0<1071*+1.35x1072 5.10 2.5510 '*1.75<1072 4.08 3.1%K10 '+2.09x1072 2.72 5.0%10 1+3.16x10?
7.60 1.8%1071+1.20x1072 5.70 2.3%10 *1.60<1072 456 3.3X10'+2.09x1072 3.04 4.24<10 1+2.85x10 2
8.40 1.6K1071+1.17x1072 6.30 2.2%10 '+1.58<1072 504 2.6&10 1+1.85<102 3.36 4.86<10 1+2.92x10?
9.20 1.46<1071+1.08x10°2 6.90 1.8%10 '+1.43x1072 552 2.3X10 '+1.67x102 3.68 4.06<10 1+2.65x10 2
10.00 1.5%10'+1.03x10°2 7.50 1.91x101*+1.36x10°2 6.00 2.75¢10 '*1.74x1072 4.00 3.7%10 '+2.52x10 2
10.80 1.2%10 '+9.64x10°° 8.10 1.9%10 1*+1.32x10°°2 6.48 24410 '+1.62x102 4.32 2.70x10 +2.14x10°2
11.60 1.4k10 '+9.84x10°% 8.70 1.5%10 1*+1.24x10°2 6.96 2.10<10 '*1.48<10°2 4.64 3.3&%10 '+2.31x10?
12.40 1.2410 '+8.86x10°°% 9.30 1.610 1*+1.21x10° 7.44 2.06<10 '+1.48x10 % 4.96 3.4%10 '+2.35x10°2
1320 1.1X107'+8.46x10°° 9.90 1.4%1071*+1.11x1072 7.92 2.30k10'*x1.57x107%2 528 3.3&10 1+2.26x1072
14.00 1.1%10°'+8.55x10°° 1050 1.5%1071*+1.12x1072 8.40 2.1410 '+1.48<107%2 560 3.4X10 1+2.30x1072
14.80 1.26¢1071+8.88x10°° 11.10 1.5%1071+1.14x1072 8.88 2.30x10 '*1.53x1072 592 3.3X10 1+2.24x1072
15.60 1.1%10'+8.61x10°° 11.70 1.6%K1071x1.17x10°2 9.36 1.95¢10 +1.40<107%2 6.24 3.0410 1+2.15x10 2
16.40 1.2K10'+8.61x10°° 12.30 1.5%1071*+1.13x10°2 9.84 1.7X10 '*1.32x107%2 6.56 2.66<10 '1+2.00x10 2
17.20 1.1k10 '+8.20x10°° 1290 1.4%10 '+1.07x102 10.32 1.7X10 '+1.33x10% 6.88 2.6%10 '+2.03x102
18.00 1.0x10 '+7.90x10°° 1350 1.3%X10 '*+1.04<10°? 10.80 1.7K10 '+1.34x102% 7.20 2.60x10 '+1.98x102
18.80 1.0Xx10 '+7.83x10°° 14.10 1.4%10 '+1.08<10°% 11.28 1.5X10 '+1.23x10% 7.52 2.3%10 '+1.89x102
19.60 1.0k10 '+7.83x10°% 14.70 1.3x10'*+1.03x10°° 11.76 1.66¢10 '+1.30x10 % 7.84 3.1X10 '*2.17x10°2
20.40 8.6&10°%+7.23x107° 15.30 1.0%1071+9.43x10°° 1224 1.6&%1071+1.30x107% 8.16 2.16<10 '*1.81x1072
21.20 9.1%107%+7.50<10° 15.90 1.1%107'+9.80x10°° 12.72 1.7%X1071x1.35x10°2 8.48 2.75¢10 '*2.05x1072
22.00 9.6X10°%+7.67x10°° 16.50 1.2&10°'+1.01x10°2 1320 1.6x1071x1.27x1072 8.80 2.21x10 *+1.83x1072
22.80 8.4x10%+7.13x10°° 17.10 1.1%10'+9.53x10°° 13.68 1.3&%1071+1.18x10°2 9.12 2.4%10 1+1.94x10°2
23.60 8.76¢10°2+7.33x10°° 17.70 1.0X10'+9.15x10°° 14.16 1.4&1071+1.22x107% 9.44 2.1%10 '+1.83x1072
24.40 8.64102+7.23x10°° 18.30 1.2%10 '+1.01x10 2 14.64 1.56<10 '*1.25x10%2 9.76 1.96<10 1+1.72x10?
25.20 7.8x10 2+6.86<10°° 18.90 1.1410 '+9.60x10 % 15.12 1.3%10 '+1.16x10%2 10.08 2.3%10 '+1.87x10?
26.00 8.2X10 %+7.05<10° 19.50 9.35¢10 °+8.68x10 % 15.60 1.2410 1x1.12x10°? 10.40 2.0%10 *1.78x102
26.80 8.2&10 2+7.07x10°° 20.10 1.0X10 '+9.08x10° % 16.08 1.4K10 '*1.19x102 10.72 1.9%10 '+1.74x10?
27.60 9.1%10°%+7.43x10°° 20.70 1.0%1071+9.19x10°° 16.56 1.5x1071+1.23x107% 11.04 1.8&410 '*1.67x1072
28.40 6.9%102+6.48<10°° 21.30 9.9%1072+8.97x10°° 17.04 1.2K1071x1.10x10°? 11.36 1.7&410 *1.62x1072
29.20 6.5%10°%+6.28<10°° 21.90 9.2K10°2+8.64x10°° 17.52 1.1X1071x1.10x10°% 11.68 1.3%10 **1.42x1072
30.00 7.55%10°%+6.76x10°° 2250 7.91072+7.98<10°° 18.00 1.0%1071x1.02x10°2 12.00 1.6(x10 ‘*1.56x1072
30.80 8.0&4102+6.97x10°° 23.10 9.5%102+8.79x10°° 18.48 1.1x1071+1.05x10°2 12.32 1.3%10 '*1.44x10°2
31.60 6.2&10 %+6.22<10°° 23.70 9.9%10 2+8.97x10° % 18.96 9.7K1072+9.92x10°° 12.64 1.5%10 *1.52x102
32.40 6.2%10 %+6.16<10°° 24.30 9.5%10 2+8.79x10 % 19.44 9.4K102x9.77x10°° 12.96 1.36<10 '*1.43x102
33.20 5.6&10 2+5.86x10°° 24.90 7.5%10 °+7.81x10 % 19.92 8.16<10 2+9.07x10 % 13.28 1.2%10 1+1.38x10?
34.00 6.4%102+6.25<10° % 2550 8.6X10 °+8.34x10 % 20.40 9.1K10 %+9.61x10 % 13.60 1.2%10 '+1.38x10?
34.80 6.0410%+6.04<107° 26.10 6.85102+7.43x10°° 20.88 9.3K1072+9.71x10°° 13.92 8.76¢102+1.15x1072
35.60 4.9x10%+5.44x10°° 26.70 7.9&102+8.10x10°° 21.36 8.56¢1072%x9.290x10°° 14.24 1.0X10 '*1.24x1072
36.40 5.4410°%+573x10°° 27.30 7.0%107°2+7.56x10°° 21.84 8.26¢1072%x9.12x10°° 14.56 9.6K10 2+1.21x102
37.20 5.44&10°%+573x10°° 27.90 6.9%102+7.47x10°° 22.32 5.841072x7.67x10°° 14.88 7.86<10 2+1.09x1072
38.00 5.5K102+5.77x10°° 2850 6.9%102+7.47x10°° 22.80 6.3%1072+7.99x10°° 1520 6.9510 2+1.02x102
38.80 5.9%10 2+5.98<10°° 29.10 5.7X10 2+6.79x10° % 23.28 5.841072+7.67x10°° 1552 6.95%10 2+1.02<10 2
39.60 4.7K10 %+5.37x10°° 29.70 6.8510 °+7.43x10° % 23.76 6.04102x7.80x10°° 15.84 4.8%10 2x8.55<10 3
40.40 4.5%102+527x10°° 30.30 6.6X10 ?+7.30x10 % 24.24 4.8%10 %+6.98<10°° 16.16 4.0&10 2+7.85<10 °
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TABLE VIII. (Continued.

Au+Au
Er 617=1.30 Er 61=0.966 E 61=0.624 E; 6n1=0.378

4120 4.2%107%+5.09x107° 30.90 7.0K1072%7.52x107° 24.72 4.4%10°%+6.68<107° 16.48 3.7&10 ?+7.55x107°
42.00 3.8X1072+4.80x10°° 3150 5.561072%6.69x10°° 2520 3.8&X10°%+9.51x10™* 16.80 3.2k10 ?+1.07x10°°
42.80 3.6%X1072+4.68x10°° 32.10 4.1%10%2+5.81x10°° 25.68 3.3X102+8.86x10™* 17.12 2.6K10 2+9.75x10°*
43.60 2.841072+4.14x10°° 32.70 4.5K1072%6.03x10°° 26.16 2.80x10 2+8.14x107* 17.44 2.3%10 ?+9.23x10°*
44.40 3.7%1072+4.76x10°° 33.30 5.16¢102%6.45x10°° 26.64 2.3610 2+7.48<10™* 17.76 1.8K10 ?+8.15x10*
4520 3.0K10 2+6.61x10 % 33.90 4.5%10 2+6.08<10°° 27.12 1.7410 ?+6.42<10 % 18.08 1.3X10 %+6.85x10 *
46.00 2.8%10 2+6.37x10 % 34.50 4.1%10 2+5.81x10°° 27.60 1.4%10 °+594x10 % 18.40 1.1&10 %+6.49x10*
46.80 2.4%102%x5.95x10 4 35.10 3.7%10 2%8.43x10°% 28.08 1.1%10 2*5.23<10°* 18.72 8.7%10 3+5.59x10 *
47.60 2.0&10 %+5.39x10 % 35.70 3.7k10 2+8.38<10°* 28.56 8.9X10 3+4.60x10 * 19.04 6.5K10 3+4.81x10*
48.40 1.6X107%+4.78x107% 36.30 3.2&1072+7.89x10°* 29.04 5.9&10 3+3.76x10™* 19.36 4.2%10 3+3.88x107*
49.20 1.3%1072+4.35x10°% 36.90 2.8%1072%7.39x10°* 29.52 5.1X10 3+3.49x10™* 19.68 3.0Xx10 3+3.28x10°*
50.00 1.0%1072+3.84x10°% 37.50 2.561072%6.97x10°* 30.00 3.2510 3+2.78<10™* 20.00 2.95%10 3+3.24x10°*
50.80 8.1x107°+3.39x10°% 38.10 2.1X1072%6.32x10°* 30.48 24410 3+2.41x10™* 20.32 1.4%10 3+2.31x10°*
51.60 5.7%1073+2.86x10°% 38.70 1.6K102%5.62x10°* 30.96 1.7&10 3+2.05<10™* 20.64 1.5%10 3+2.33x10°*
52.40 4.1&10%+2.44x10°* 39.30 1.4x10 %+5.15<10°% 31.44 1.0&10 3+1.57x10 % 20.96 7.1X10 *+1.59x10 4
53.20 2.8%10 3+2.01x10 % 39.90 1.0&10 2+4.45x10* 31.92 7.1X10 *+1.30x10 % 21.28 8.8%10 *+1.78x10*
54.00 1.9%10%x1.68<10°* 40.50 8.1X10 3+3.93x10* 32.40 5.6%10 4+1.16x10 % 21.60 3.9%10 *+1.18x10 4
54.80 1.1%10 3+1.29x10 % 41.10 5.9410 3+3.36x10* 32.88 2.6X10 *+7.87x10°° 21.92 2.1%10 *+8.71x10 ®
55.60 7.8X%107%+1.06x107* 41.70 5.1x10 °+3.11x10™* 33.36 1.1%X10 %+5.30x10°° 22.24 1.0K10 *+6.16x10°°
56.40 3.4X107%+6.97x107° 42.30 3.8%10°x2.70x10°* 33.84 7.1X107°+4.11x10™° 2256 1.7&10 %+7.95x107°
57.20 2.7x107%+6.20x107° 42.90 2.4%10°+£2.15x10°*% 34.32 7.1X10°°+4.11x10™° 22.88 1.4X10 %+7.12x10°°
58.00 8.54107°+3.49x10°° 4350 1.8410°+£1.87x10°* 34.80 4.7410°°+3.35<10° 23.20 3.56<10 °+3.56x10°°
58.80 8.5410°+3.49x10°° 44.10 1.16¢103+1.48x10°* 2352 3.56¢107°+3.56x10°°
59.60 1.4X10 °+1.42x10°° 44.70 8.3%10 *+1.26x10* 23.84 3.56¢10 °+3.56x10 °

Gamma fits at the lower values Bf.. Surprisingly, the more integrated over the impact parameter of fhe¢ A or B+A
complicated fif Eq. (12)] with more parameters fits the data reaction? Typically, Woods-Saxon densities are used for
much worse than the simpler forfq. (13)] that again fits both the projectile and target nuclei, and a nucleon-nucleon
the data much more poorly than a single-Gamma distribuinelastic cross section of 30 mb is taken, corresponding to a
tion. If multiplicity were the primary quantity, leading to an nucleon-nucleon mean free path-e2.2 fm at nuclear den-

E; distribution of the form of Eqs(12) and(13), one would ~ Sity [36,11,13. Once the nuclear geometry is specified in
expect these equations to fit the measurements better than ti#S manner, experimental measurements can be used to de-
single-Gamma distribution. It is tempting to speculate on theive the distribution(in the actual detectprof Ex or multi-
implications of these results for the detailed relationship beP!iCity (or other additive quantiyfor the elementary colli-
tweenE- and multiplicity distributions and the effect of had- SO0 Process, i.e., a wounded nucleon or a wounded
ronization; however, the present experiment has significarﬁro]ecme nucleon, which is then used as the basis of the

) . o analysis of a nuclear scattering as the result of multiple in-
instrumental effects in both trgr and multlpllcny measure- dependent elementary collision processes. The key experi-
ments so that a more controlled experiment to better exami

. . . "fhental issue then becomes the linearity of the detector re-
these issues certainly seems desirable. sponse to multiple collisionéetter than 1% in the present
case, instead of detailed instrumental corrections to obtain,
e.g., the “trueE;” impinging on the detector from the mea-

IV. WOUNDED PROJECTED NUCLEON MODEL -
suredEt and response functidriEq. (4)].

A. Method and results The WPNM calculation for 8+ A reaction is given by
A simple and elegant method for separating instrumentail’® SUmM
effects from nuclear geometrical and possible dynamical ef- B
) ; o do
fects is to use extreme-independent-collision models such as (_ =0, W,P,(Ey), (14)
the wounded nucleon moddWNM) [26,62,63 or the dEr/ onm 1=1

wounded projectile nucleon mod@VPNM) [36,27,11,12to _ o .

relate measurements of different nuclei in the same detectoW/Nereo is the measured+A cross section in the interval
In these models, the nuclear geometry is represented as the

relative probability per interaction for a given number of

total participantfWNM) or projectile participant$WPNM) 41t can also be done as a function of impact parameter.
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TABLE IX. do/dE; (b/GeV) versusE (GeV) for Au+Au (ZCAL) at 11.6A GeV/c for four 87 intervals. Errors quoted are statistical
only; systematic errors are estimated to be less th@fo on theE; scale.

Au-+Au (ZCAL)
Er 57=1.30 Er 517=0.966 Er 517=0.624 Er 57=0.378

24.40 4.5%104+3.22<107* 16.50 6.0K10 %+4.29x10°* 11.28 3.7X107%x3.79x10°% 5.92 5.6%10 *+5.69x10™*
2520 1.3%103+557x10*4 17.10 3.0%10 “+3.03x10 % 11.76 3.7%10 *+3.79x10* 6.24 5.6%10 *+5.69x10 4
26.00 2.0%10°3+6.83x10™* 17.70 3.0X10 %+3.03x10°* 1224 7.5%107%x5.36x10°% 6.56 1.1410 3+8.05x10°*
26.80 9.1x10 *+4.55<10 4 18.30 3.0X%10 #+3.03x10 % 12.72 2.2&10 3+9.29x10* 6.88 1.1410 3+8.05x10 4
27.60 2510 3+7.55<107* 18.90 3.0%x10 %+3.03x10°* 13.20 2.6%107°+1.00x10°° 7.20 1.1410 3+8.05x107*
28.40 4.7&10 3+1.04<10° 1950 1.5X10 °+6.79x10 % 13.68 3.0%103+1.07x10°° 7.52 1.7x10 3+9.85x10°*
29.20 4.1x10°3+9.66x10™* 20.10 1.5X10°°+6.79x10°* 14.16 7.2K1073+1.65x10°° 7.84 4.5510 3+1.61x107°
30.00 7.0510 3+1.27x10°° 20.70 4.2510 °+1.14x10°° 14.64 7.2K10°3+1.65x10°° 8.16 7.40<10 3+2.05x10 3
30.80 7.74103+1.33x10°° 21.30 4.5%10 3+1.18x10 % 15.12 1.1&10 %+2.08x10°% 8.48 7.40<10 3+2.05x10°
31.60 8.4X103+1.38<10°° 21.90 3.6&K10°+1.05x10°° 15.60 1.441072+2.34x10°° 8.80 1.5410 %+2.96x10 3
3240 1.3%102+1.76x10°° 2250 3.9410 3+1.09x10 3 16.08 1.8X10 %+2.63x10°% 9.12 2.3%10 2+3.64x10 °
33.20 1.5%1072+1.88<10°° 23.10 7.2&10°+1.49x10°° 16.56 2.8X1072+3.26x10°° 9.44 2.50K102+3.77x10°°2
34.00 2.2K102+2.24<10°° 23.70 1.1%10 °+1.87x10 % 17.04 2.8K10 %+3.26x10°% 9.76 3.2410 2+4.30x10 °
34.80 2.2%10°%+2.25<10°° 24.30 1.6K102+2.25x10°° 17.52 3.1X1072x3.48x10°° 10.08 4.10x10 %+4.83x10°°
35.60 2.44102+2.35<10°° 24.90 1.7%X10 ?+2.33x10° % 18.00 3.9%10 %+3.85x10 % 10.40 4.1x10 2+4.83x10°
36.40 2.46K10°%+2.37x10°° 2550 1.8&102+2.39x10°° 18.48 3.8%1072x3.81x10°° 10.72 5.0X102+5.34x10°°
37.20 2.6X10 %+2.47<10°° 26.10 2.0X10 °+2.48<10°° 18.96 4.86¢10 2+4.29x10° 11.04 5.86K10 2+5.77x10 3
38.00 3.1&107%+2.67x10° 26.70 3.0%X1072+3.03x10°° 19.44 5.161072+4.42x10°° 11.36 7.5%10%+6.56x107°
38.80 3.7&10 2+2.93x10°° 27.30 3.06¢10 °+3.05x10°° 19.92 5.2%102+4.46x10°° 11.68 7.1X10 %+6.36x10 3
39.60 3.7&107%+2.93x107% 27.90 2.7k1072+2.86x10°° 20.40 6.0%X1072+4.78x10°° 12.00 7.9%102+6.73x107°
40.40 4.2K107%+3.10<10°% 28,50 3.010 ?+3.02x10°° 20.88 5.84102+4.71x10°° 12.32 7.9%10 %%6.73x10°°3
41.20 3.76¢102+2.92x10°° 29.10 3.8%10 ?+3.42x10° % 21.36 6.2X10 %+4.86x10°° 12.64 9.7%10 2+7.46x10 °
42.00 3.3K1072x2.77x10°% 29.70 4.16¢10 ?+3.55x10°° 21.84 6.4%X102+4.96x10°° 12.96 7.9%10 %+6.73x10°°
42.80 3.44102+2.80x10°° 30.30 4.3X10 ?+3.62x10 % 22.32 6.45%10 2+4.95<10°° 13.28 8.8%10 2+7.11x10°
43.60 3.46¢1072+2.81x107° 30.90 4.76<10 ?+3.80x10°° 22.80 6.1X102+4.81x10°° 13.60 8.48&10 2+6.95x10 3
44.40 3.3K10%x2.77x10°% 3150 3.9K10 ?+3.47x10 3 23.28 4.8610 2+4.29x10° 13.92 8.0&10 %x6.78<10 3
4520 3.0K1072+2.64x107° 32.10 4.9&10 %+3.89x10°° 23.76 4.6K10°2+4.21x10°° 14.24 7.5K10%+6.54x107°
46.00 2.3X102+2.30x10°°% 32.70 4.9%10 ?+3.89x10° % 24.24 4.1%10 %+3.96x10°° 1456 8.5%10 2+6.99x10 3
46.80 2.25%1072+2.26x107° 33.30 4.3K102+3.63x10°° 24.72 45K107°+4.14x10°° 14.88 7.6X102*6.59x107°
47.60 1.8X10%+2.04<10°3 33.90 3.9410 ?+3.46x10 3 25.20 3.5%102%+3.66x10 ° 1520 5.75%10 %%5.72x10° 3
48.40 1.80x1072+2.02x107% 34.50 4.25%10 %+3.59x10°° 25.68 3.1510°+3.46x10°° 1552 6.1410%+5.91x107°
49.20 1.5%107%+1.90<10°% 3510 3.0K10 ?+3.02x10°° 26.16 2.5&102+3.13x10°° 15.84 5.46K10 %+5.57x10 3
50.00 1.05%10 2+1.54x10°° 35.70 3.2X10 °+3.12x10 % 26.64 2.7%10 %+3.22x10°% 16.16 3.4%10 2+4.44x10°
50.80 9.56K10 3+1.47x10°° 36.30 2.76<102+2.89x10°° 27.12 1.3X1072+2.24x10°° 16.48 3.64&10 2+4.55<10 3
51.60 8.1%10 3+1.37x10°° 36.90 2.8%10 °+2.96x10 3 27.60 1.5%10 %+2.46x10% 16.80 2.9x10 2+4.06x10 °
52.40 5.6X10 3+1.14x10°° 3750 2.0%102+2.52x10°° 28.08 1.4&1072+2.37x10°° 17.12 3.3(x102+4.33x10°°
53.20 2.5k10 3+7.55<10°% 38.10 1.9%10 2+2.45x10 % 28.56 1.0X102x1.97x10° 17.44 2.4%10 %x3.73x10°3
54.00 1.14103+5.00<10™* 38.70 1.9K102+2.45x10°° 29.04 7.2K1073+1.65x10°° 17.76 2.16K102+3.51x10°°
54.80 9.1x10 “+4.55<10°% 39.30 1.4%10 °+2.08<10 % 29.52 5.3%103+1.42x10°° 18.08 1.1410 2%2.54x10 3
55.60 1.1410 3+5.00<10™* 39.90 1.4x102+2.06x10°° 30.00 3.7%X1073+1.20x10°° 18.40 1.7X102+3.12x10°°
56.40 9.1x10 *+4.55<10°* 40.50 1.0%10 2+1.77x10°° 30.48 2.2&103+9.29x10°4 18.72 1.1%10 %+2.61x10° 3
4110 7.2&10°%+1.49x107% 30.96 7.5%10°%+5.36x10°* 19.04 7.9K10°+2.13x10°°

41.70 6.0K10 3+1.36x10°% 31.44 15X10 3+7.59x10 % 19.36 6.26¢10 3+1.89x10 °

4230 45%10%+1.18<10°° 31.92 3.7%X10 4+3.79x10 % 19.68 1.7X10 3+9.85x10*

42.90 2.7%103+9.10<10™* 32.40 7.5%10 4+5.36x10°% 20.00 2.2&10 3+1.14x10°

4350 9.1x10 **+5.26x10 4 32.88 3.7X10 4+3.79x10 % 20.32 5.6%10 *+5.69x10 4

4410 6.0K10 *+4.29x107* 20.64 2.2&10 3+1.14x10°3

20.96 1.1410 3+8.05x10 4

21.28 5.6%10 *+5.69x10 4
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TABLE X. Parameters from Gamma distribution fits to+Qu
and Aut-Au central collision data. Errors quoted are statistical only.

Gamma fit parameters
O+Cu (ZCAL)

<Eg> do/dE; (barn)

1078

0 1 2 3

Ey / <Ep>

4 5 6

57 s  (EpGeV) p  b(Gev?
1.30 0.160-0.001 4.450.08 15.7#0.2 3.53:0.04
0.966 0.159-0.001 3.4%0.07 12.4-0.2 3.62:0.04
0624 01580001 228004 87:0.1 3.82:0.05
0378 0.5%0.001 1.38002 5601 4.04-0.05

Au+Au (ZCAL)
1.30 0.541%*0.009 41.81.0 79.4:1.3 1.90:0.03
0.966 0.5520.009 32.5-0.7 63.7#1.0 1.96-0.03
0.624 0.567#0.009 21.¢0.5 49.7#0.8 2.2#0.03
0.378 0.5530.009 13.5:0.3 35.7#0.6 2.64-0.04

<Eg> do/dE; (barn)

Ep / <Ep>

FIG. 7. (a) E distributions measured itfO-+Cu central colli-
sions at 14.8 GeV/c; (b) E; distributions measured in AuAu
central collisions at 1148 GeV/c. Measurements are shown for
five &7 intervals, 0.17,0.378 . .,1.30, scaled byE) on the inter-
val. The scale ifE;) do/dE; corresponds to the uppermost plot,

6m=0.17. Succesive distributions have been normalized by factors

of 1071-10* for clarity of presentation. The curves correspond to
fits which are discussed in the text.

om, W, is the relative probability fon projectile participants
in the B+ A reaction and®,(E+) is the calculatedE distri-
bution on thed interval forn independently interacting pro-
jectile nucleons. Iff ;(E) is the measuredt; spectrum in
the &7 interval for one projectile nucleon, in this case the

104 E802—AGS

0+Cu

102

109

<n> Frequency

1072

1074

n/<n>

FIG. 8. Multiplicity distributions from Ref[49] measured in
180+Cu central collisions at 1446 GeV/c for five 8y intervals
(indicated around midrapidity, scaled by th@) on the interval.

p+ Au spectrum, ang, is the probability for gp+ Au col-
lision to produce no signal in théy interval, thenP,(Ey)
(including thep, effec is

n

Po(En=2 o I), I.|oo '(1-po)'fi(E7), (15
_IIII|IIII|IIII L IIII|I||I_
80— E —
- I -
60— —
i s ]
5
S I ]
40— —
i . ]
20— —
L & s 4
L e ° eo i
L © Qi 4
o &
- e -
el e e Y
0.00 0.25 0.50 0.75 1.00 1.25 1.50
on

FIG. 9. Gamma distribution fit parametgréd») as a function
of &n for E; distributions(filled circles from central collisions of
Au+Au at 11.6A GeV/c, central collisions of @ Cu at 14.&\

Each successive distribution has been normalized downwards bgeV/c , and fromp+ Au collisions 14.6 GeW. The open dia-
the factor indicated for clarity of presentation. The curves corre-monds arep(5%) from Gamma distribution fitg49] to O+Cu cen-

spond to NBD fits as discussed in the text.

tral multiplicity distributions at 14.8 GeV/c.
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FIG. 10. E (A¢=m) distributions from Fig. 6 for the fousz intervals indicated fotopen diamondsp+ Au (X0.10), and(filled pointg
for the reactiongin order of increasing maximui;) O+Cu, SiHAu, at 14.8\ GeV/c and Aut+-Au at 11.6A GeV/c. The open squares on
the O+Cu distribution represent the centrally triggered- Ou (ZCAL) data. The WPNM calculations for-©Cu, SHAu, and Aut-Au are
shown as solid lines. To correct for the difference in incident energies, the WPNM calculation fokiAbas been scaled down iy by
a factor of 1.15915] to correspond to the lower beam energy.

wherefy(E1)=48(E+) (the Dirac delta functionand f;(Et) plus systematic error a£0.02 to =0.03. The results of the
is theith convolution off{(Et). Since thep+Au data in  WPNM calculations for the data of Fig. 6 are shown in Fig.
eachdn interval are nicely fit by Gamma distributions, the 10, with details of the calculation for ©Cu shown in Fig.
convolution is analytical45]. Reversing the indices in Egs. 11. Clearly, the wounded projectile nucleon model continues
(14) and(15) gives a form that is less physically transparent,to work well to relate the measurggi Au, O+Cu, SHAu
but considerably easier to compute and Au+Au® E; distributions, even foby intervals as small
B as 0.32 around midrapidity. This shows that midrapidity
(;g) :Uz w! (po) fi(Eq), (16) distributions, even ir_1 relatively small apertures, provide ex-
T/ wenm =1 cellent characterization of the nuclear geometrefA col-
lisions. As noted in Ref.15], it is perhaps surprising that the
where WPNM, which treats the projectile and target asymmetri-
cally, seems to work well even for the symmetric -A8u

2 n! . tem.
Wi'(loo)Z(l—po)'nE:i mpgflwn- (17) system

As smaller and smalledy intervals are used for thE; B. A simple exercise
spectra, the probabilitp, for a p+ Au reaction to produce ) o
zero signal on the interval becomes larger and larger. This Recently, electromagneti&; measurements in limited
effect is easily measured from the ratio of the detected cros0lid angleg67~1) have been accepted as a characterization
section on thesy interval for p+Au (Table IV) to the total of the nuclear geometry of RHI collisions to such an extent
inelasticp+ Au cross section of 1662 mb from the nuclear
geometry calculatiopl4,64], and must be taken into account
when performing the WPNM. The values pf, are 0.08, SThe calculation for At-Au is scaled down irE; by a factor of
0.16, 0.23, 0.23 for théy intervals of Fig. 5, with statistical 1.155[15] to correspond to the lower beam energy.
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FIG. 11. WPNM calculationglines) for the four 67 intervals indicated for the ®Cu E+ distributions(filled circles from Fig. 10. The
p+Au E; distributions(open diamonds which are the basis of the calculation in ea®pinterval are also showfnormalized by a factor
of 0.10 for presentation purpogedhe centrally triggered ®Cu (ZCAL) distributions are shown as open squares. The individual compo-
nentsw,P,(E;) for n=1,2,...,16 vounded projectile nucleori&q. (14)] are shown as lighter lines. Note that the present valua§or
=0.083 on the 1.22 <2.50 interval is different from the valug,=0.10 used14] in Fig. 2.

that the measureH; tends to be treated as if it represented acontinued proportionalityr/ woc1/\/w at still lower value$.
microscopic quantity such as impact parameter or pathThis is consistent with previous estima{&?,65. It stands
length in the nuclear medium to a high precisf@2]. In the  to reason that changes of any microscopic physical quantity
context of the WPNM calculation for the present data, it isas a function of measurds; are unlikely to be sharper than
straightforward to calculate from E@14) the distribution, the variation in the number of projectile participants at the

P(m)|ET' of the number of wounded projectile nucleons, SameE; value. Then, of coursé resolution different from
0,
for a fixed value ofEy the <1% of the present measurement would further affect

the sharpness.

W Pm( ET)
PMlg=5———. (18) V. Er DISTRIBUTIONS WITH APERTURE CORRECTED
2, W Pr(Er) SCALE

One problem with the limited aperture EM calorimefgr
distributions in comparison to/#hadron calorimeters is the

This is shown in Fig. 12 for the intervaldy=1.30 ands,  difficulty in relating the end points of thEr spectra to the
=0.624 for five values ofE; (A¢=m) that correspond total available energy for the reaction. However, when the
roughly to the upper 31 percentile, 7 percentile, 4 percentilenergy scale for each aperture is normalized by the measured
2 percentile and 1/2 percentile of the AAu E+ distribution

on the interval. For a fixe&; (measured with<1% resolu-

tion), the number of projectile participanthl,,, varies by  Sror the 57=0.624 interval, the rms variation in the number of
7-9%(rms) (depending on théz) around the mear{N,,), WPNM around the mean is given by the simple relati6f] o/u

at the upper percentiles wheeentralityis normally defined, =1/y/u; but this relationship depends on the intengaf for the
increasing to a variation of 10—15 fims) about the mean at smaller interval o/u>1/\J and for the larger intervalss/u

the lower centrality value&~50 projectile participanjswith <1Nu.

064602-19



T. ABBOTT et al. PHYSICAL REVIEW C 63 064602

1.2251<£2.50 Ad=mn 1.54=5n<2.18 Ad=n

010 ——— L L ™ 010 ——— L L ™
L a) ] ¥ b) ]
- 0.08 — -] - 0.08 — -]
b=t - 4 = - ]
a B il a E ]
3 0.06 — — | 0.06 — —
o r ] <] r ]
= - B = - -
[+ - - "y - =
L ] N \ ]
: 004~ — 2 0.04 — N\ A
e r A e [ \ 7
ke - . ke - r .
L) [ i | u [ T
w c 1 w E 1
0.02 | — — 0.02 | — —
C v v ‘ L L _ L o] C o L ‘ L — N 0 ]

0 50 100 150 0 50 100 150

Projectile Participants Projectile Participants

FIG. 12. Calculated distribution in projectile participants for a fixed valuEofA¢=m) in Au+Au collisions at 11.8 GeV/c for two
Sy intervals:(a) 1.22<67<2.50,(b) 1.54<5%=<2.18. Calculations are for five valuesBf which correspond approximately to the upper 31
percentile, 7 percentile, 4 percentile, 2 percentile, 1/2 percentile of the distributions.

1.222n=2.50 Ad=m 1.54=n=2.18 Ad=m

T T T | T T T T | T T T T | T T T T E T =

- lF -

5 1071 E g E

£ E £ 3

= 7 = ]

8 o2 g B

b 10 - ol 3 <) §

o ] ~] 3

H ] H ]

3 B 3 b
o o

A 1073 — A, -

3] 3 (= 3

v 7 v 3

1074 =g .8 5 %5

0 50 100 150 0 50 100 150
Er /<Er>pim Er /<Er>pim
1.38=1n<2.34 Ad=7 1.70=n<2.02 Ad=7

T T T T | T T T T | T T T T I T T T T E| T T T T | T T T T | T T T T | T T T T T 3

7 | E =

(3 — |5 E

[ E| o =

2 3 2 3

9 B 9 ]
=) N =)
o o

< _ < —

5 E 5 E

< 3 © E

2 7 2 N
¥ i ¥
o o

A A —

& — = 3

&) 3 =] 3

\ 9 \ ]

Z I} = $J| =

0 50 100 150 0 50 100 150 200
Ep /<Er>pis Ep /<Er>pis

FIG. 13. E; (A¢=m) distributions for the fourdn intervals indicated for(open diamondsp+Au (X0.10 and (filled pointg
for the reactions(in order of increasing maximunk;) O+Cu, SiAu at 14.6A GeV/c; Au+Au, corrected to 1448 GeV/c. For
each interval, theer scale is normalized by the measuréeh(57)),4ay ON the interval. The open squares on the Qu and AurAu
distributions represent the centrally triggereér Cu (ZCAL) and AutAu (ZCAL) data. The Ad-Au measurements have been scaled up in
E; by a factor of 1.155 to correspond to 14%6GeV/c beam momentunil5]. The solid lines are wounded projectile nucleon model
calculations.
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FIG. 14. (a) E (A¢p=,1.22<5=<2.50 distributions(open diamondsfor p+ Au (X0.10 and(filled pointg for the reactiongin order
of increasing maximuni;) O+Cu, O+Au, Si+Au at 14.6A GeV/c; Au+Au corrected to 148 GeV/c as on Fig. 13. The open squares
on the AutAu distribution represent the centrally triggered A8u (ZCAL) data. The G-Au data[14] come from Fig. 2(b) The same
with standard WPNM calculation for AuAu, with individual WPN componentEq. (16)] shown.(c) Standard WPNM calculationsolid
curves, po=0.083; WPNM calculation for AtrAu (dot-dash with p,— 0; WPNM calculationglighter/dotted curveswith po=0.156. (d)

WPNM calculation(dasheswith underlyingp+ Au T'(p,b) parameters changed keepiftr) . a, fixed: p—p/2, b—b/2. Solid curve on
all panels is the standard WPNM calculation.

(Et) in the same aperture fqr+ Au collisions (Table 1V), an_d the s_ymmetric AﬂiAu system in all foursy intervals is
the situation changes dramaticalee Fig. 13 Note that the evident directly from Fig. 13, without recourse to a model.
Au-+Au E; distribution in Fig. 13 has been scaled up by a

factor of 1.155 to correspond to 1A&5eV/c beam momen- VI STUDIES OF THE UPPER EDGES FOR AutAu
tum[15]. The dynamics of the reaction, in terms of projectile  The details of the upper edge of the AAu distribution
participants, can now be read directly from Fig. 13, e.g., thean be further understood in the context of the WPNM using
knees of the'®0+Cu and **Si+Au Ey distributions for all  the 57=1.30 interval for illustratiorsee Fig. 14 The posi-
dnintervals occur at roughly 16 and 28 times &), oy, tion of and the steep fall-off above the uppareeof the
corresponding to thé of the projectiles; but the knees of the Au-+Au distribution is largely due to the steep fall-off of the
Au+Au distributions are at roughly 150, clearly nét,,  contributions above 150 WPN, as shown in Fig(d4This

=197. The underlying dynamics and the difference in dy-is both a nuclear geometry eff@emd an acceptance effect in
namics between the asymmetfi®O+Cu, 8Si+Au systems

8The edges of heavy nuclei are dilute compared to the centers, so
"If multiple-collision effects were apparent in tipet A data, as at  even zero-impact-parameter collisions for symmetric systems have,

CERN energies, then the measur@d;) for p-p collisions (2 on the average, significant numbers of noninteracting nucleons at
wounded nucleonswould be a better normalizing factor. the periphery.
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the limited aperture, i.e., (2py)*°’ tends to be considerably
less than unity for most reasonable valuepgfwherep, is
the measured probability for a WPd p+ Au interaction to
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TABLE XI. Upper percentiles ofE; distributions at 14.8
GeV/c as a function of the intervalz in units of (E1(87))p+ a, ON
the interval.

produce zero signal on th&y interval.

The sensitivity of the upper edge B can be studied by
settingpy=0 in the WPNM calculatiofFig. 14(c)]; and to on
the shape of the underlying+ Au E+ distribution by vary-

Au+Au corrected to 144 GeV/c

7

4

2

1

0.5
percentile percentile percentile percentile percentile

ing p andb, keeping(E+)p. ay=p/b fixed [Fig. 14d)]. The 4 39

i L . 122.76 135.30 147.27 155.02 161.38
shape of upper edge is preservedpgsvaries, but the posi- g  118.12 131.25 143.05  151.20  157.66
tion of the knee moves. For fixe@r)p, oy, the upper edge  o0g24 11615 12916  141.88 15114  158.71
flattens ash flattens(decreases but the kneeremains un- 0.378 119.18 133.07 146.85 157.82 167.43
changed. Thus, the upper edges of#Au E; distributions Si+Au
integrate over many WPN but retain their sensitivity to the 1 39 27.05 2952 3207 34.45 36.26
underlying fundamental fluctuations on the interval as wellg gg6  26.01 28.67 31.36 33.85 35.84
as to the nuclear geometry. 0.624  25.79 28.83 31.88 34.67 37.36

Since the acceptance effect in the WPNM calculation hag) 378 26.55 30.17 34.20 37.90 41.26
factors proportional to (% py)”», one could imagine that the O+Cu
slight discrepancies of the WPNM calculations compared t01.30 12.58 14.16 15.69 17.17 18.39
the ®/Au+Au measurements in Figs. 11 and 13 could be0.966  12.20 13.78 15.49 17.03 18.46
improved by varyingpg, without affecting the better agree- 0.624 11.88 13.65 15.74 17.61 19.29
ment for the®O and #*Si projectiles with smalleA,. This ~ 0.378 1252 14.79 17.14 19.66 22.10
is shown in Fig. 14c) where p, is empirically varied to O-+Au WPNM calculation
0.156 from its measured value of 0.088.011 (Table Iv),  1.30 16.06 17.34 18.73 19.89 21.08
+~0.02 systematic, which in fact does give curyighter/ ~ 0.966  15.28 16.68 18.18 19.55 20.80
dotted curvep that pass through the AwAu data. The 0.624 14.77 16.40 18.12 19.75 21.27
0.378 15.88 17.73 20.08 22.27 24.45

change inpy of 7.3% is equivalent to ak scale change of

roughly 8% for AutAu, while making a smaller change

(~5% in Ey) in the SiAu and OfCu (not shown  (E (s7)),, 4, is apparent since the percentiles are given in
CalCUlat|0n§ Without arguing whether the WPNM describes the physma”y meaningfu| units of “number of average
the present data within the quoted errors py and the  + Ay collisions,” equivalent to average number of projectile
relative Er scale(£3%), it is clear that the WPNM pro- participants(N,,). The effect of the variation in shape of
vides in detail a reasonable description of the presenthe upper edges of thHe; distributions on the percentiles of
data within+=5% in Et for all cases. Without recourse to a the distributions is small for the ranges & and percentiles
model, the plots in units oE+/(Et),.a, lead to the same studied. The 4 percentile results shown in Figial @re typi-
conclusion. cal. A given percentile centrality on th&»=0.378 anddn
=1.30 intervals tends to correspond to a slighti#5%)
larger number of equivalent projectile participants than on
the 0.966 and 0.624 intervals for all three projectiles. This
o i . R small-observed variation is actually significantly less than
The projectile dependence of midrapidiy distributions  \yould be expected if the data were perfectly described by the
as a function of the centrality—defined as a fixed uppefnypPNM and calls attention to the systematic variation of the
percentile—was determined as a function of the intedsial  \WPNM with respect to the data evident in Fig. 13—in the
from the data of Fig. 13 fot®0+Cu, °O+Au, #Si+Au,  largestdy bin, the upper edge of the WPNM curve-is8%
and ’Au+Au, where the Au-Au data have been scaled up higher in E; than the measurements and moves systemati-
[15] by a factor of 1.155 inE; to correspond to 1446  cally lower with respect to the measurements &g is
GeV/c beam momentum and the4@\u distributions were reduced, becoming-7% lower in E; than the measure-
extrapolated from @ Cu using the WPNM. Centralities of ments for the smalleséz. In other words, if the WPNM
7 percentile, 4 percentile, 2 percentile, 1 percentile, 0.5 perwere strictly correct as a function of»n, the measured
centile were examinedsee Table X). The convenience percentiles in units of “number of average+Au colli-
of normalizing the E; scales in each intervalgy», by  sions”in eachdyninterval would be equal to the true average
number of projectile participant¢N,,) times 1-p,, a
roughly 18% monotonic variation, rather than tke5%
variation observed®

VIl. Ap DEPENDENCE OF MIDRAPIDITY E+
DISTRIBUTIONS IN Ap+Au COLLISIONS AT 14.6 AGeV/c

%To the extent that th&; spectrum is dominated by the nuclear
geometry rather than the shapglf) of the underlyingp+Au E;
distribution, i.e., forE; values up to thé&neeof the distribution, the
effect of py as a change in thE; scale by a factor of + py can be
understood from Eq.15). The average value @& for n collisions
with po#0, (E1(po))n, is equal to the true averagé; for n
collisions, (Et),, times (1-pg)/(1—pg) which equals % p,
for largen.

105Since the WPNM calculation happens to describe therAu
data best in th&7=0.966 interval, correcting the measured percen-
tiles for Au+Au in Table Xl by 1-p, gives values for this inter-
val that are closest to the true percentiles of the WPNM in units
of (Npp).
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FIG. 15. (a) 4 percentile ofE distributions as a functiodz, measured in units ofEr(57))p4+ay, for Au+Au (corrected to 144
GeV/c) and Si-Au, O+Cu at 14.8 GeV/c. (b) Projectile (A;)-dependence in an Au target of the 4 percentil&efdistributions for the
four &7 bins, measured in units ¢E1(67))p+au - Lines are fits tmgp from Si+Au to Au+Au (corrected to 14 A GeV/c). The points for
A,=16 are extrapolated from-©Cu to O+Au using the WPNM.

The projectileA, dependence at fixed percentile centrality tuations(flatter upper tailsfor smaller intervals. This varia-
[see Fig. 18b]) cannot be represented as a simple power lawtion has little effect on the projectilé, dependence mea-

A% from O+Au. Si+Au to Au+Au. However theA, de- sured at a constant centrality defined as a fixed upper
p L 1 . 1 . . . . .
pendence is nearlyk;, from O+Au to Si+Au (a,=0.94 percentile of theE; distributions for the typical values, 7

~1.00 depending on percentile ant), changing toa, percentile, 4 percentile, 2 percentile, 1 percentile, 0.5 percen-

. . ; tile, which were investigated.
fo'73_0'78 from S+_Au to AutAu depen_dmg on percen- The nuclear geometry characterization of the midrapidity
tile and 67. The relatively small systematic variation af,

X : E+ distributions remains valid for albn intervals studied as
over the ranges of percentile ang studied shows that cen- §emonstrated by the success of the wounded projectile
trality definition by a fixed upper percentile of midrapidity n,,cleon model in relating the spectra for-Gu, SiAu, and
Er distributions is surprisingly robust. There are previousp+ Ay to thep+ Au E; spectrum measured in the saéw
measurements of the target dependef14 of Er pro-  jnterval. The success in reproducing the shapes of the upper
duqﬂor! at AGS energies; but previous measurements of thgjjls of theE+ distributions in Aut+Au collisions, where the
projectile dependende1] were for symmetric systems and ymber of participants is so large that combinatoric accep-
given relative to thesotropic fireball model[38], making  ance effects play an important role, further illustrates the
comparisons difficult. sensitivity of the method to the underlying dynamics as well
as to the nuclear geometry.

An effective way of demonstrating the systematics of the
projectile dependence without recourse to a model is to plot

Systematic measurementsf distributions of produced the theE{(&d7) distribution in eachS» interval in units of the
particles forp+Be, p+Au, O+Cu, SiAu, and Au-Au  measured E1(67)),+ay in the samedy interval for p+Au
collisions at 11.6—14.8. GeV/c incident momentum in a collisions. These plots, in the physically meaningful units of
half-azimuth(A ¢=1r) electromagnetic calorimeter as a func- “number of average+ Au collisions,” are nearly universal
tion of the pseudorapidity intervaly from 0.2 to 1.3 around as a function ofé», confirming that the reaction dynamics
midrapidity are presented. The shapes offreaistributions  for E; production at midrapidity at AGS energies is gov-
vary with the &7 interval, like multiplicity, with larger fluc-  erned by the number of projectile participants.

VIll. SUMMARY AND CONCLUSIONS
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A particularly striking result comes from+ A collisions,  tuations about the mean f&; and multiplicity distributions
where a large change in shape wiih is observed for both [49] in O+Cu central collisions, where the centrality defini-
the p+ Be andp+Au E- distributions; yet in eaclén inter-  tion is very clean(<1 projectile spectatdr were inconclu-
val the p+ Be andp+ Au distributions remain identical in sive, leaving unresolved the issue of whether multiplicity or
shape to each other, dramatically illustrating the absence afnergy emission is primary.
multiple-collision effects at AGS energies at midrapidity It seems clear that midrapidity is indeed a reasonable
over a wide range of pseudorapidity intervals, frém=0.3  place for robust event characterization and studies of reaction
to d»=1.3. This demonstrates that the large projectile stopdynamics in relativistic heavy ion collisions usifg distri-
ping at AGS energies, originally inferred from early mea- butions in limited apertures. Independent of any model, re-
surements of midrapidit§g, distributions[11,12), and sub- sults can be expressed in the physically meaningful units of
sequently confirmed by direct measurements of the nucleoraverage number gi-p or p+ A collisions by using measure-
rapidity distributiongd28—3( is not an artifact of a particular ments of these reactions in the same apertures, which serve
on interval. asin situ calibration of the detector, and which works re-

Attempts to understand in detail the differences in fluc-markably well at AGS energies.
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