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Multiplicity and angular distributions of shower, grey, and black particles produced in the in-
teractions of 3’S and '°0 at 2004 GeV, and %O at 604 GeV, and 2Si at 14.54 GeV in emulsion
are compared with the predictions of an event generator, which takes into account the intranu-
clear cascading. The data on shower and grey particles for all four beams are well described by
the event generator. The black prong distributions show significant departure from the model.

The advent of heavy-ion beams at the CERN super-
proton synchrotron (SPS) and at the BNL alternating-
gradient synchrotron (AGS) has opened a new field of ul-
trarelativistic heavy-ion collisions for systematic studies.
In the past, data for many parameters of measurements
have been compared with model predictions such as the
Monte Carlo code FRITIOF,! but the experimental data
have not been fitted in their entirety with this model. The
main reason is that the cascade interactions, which play a
very important role in nucleus-nucleus collisions, especial-
ly in the small rapidity region called the target fragmenta-
tion region, have not been incorporated properly in this
model. Moreover, when the analysis is done at low in-
cident energies (such as at BNL), the effect of the cascade
interactions becomes all the more important. In order to
fit the data with any good theoretical model, it should
have the provision of cascading interactions. Thus, FRI-
TIOF is not suitable at BNL energies. As far as we know,
there has not been any previous successful attempt to fit
the data of heavy-ion collisions both at CERN and BNL
energies (with a difference of energy per nucleon by a fac-
tor of 20) of different projectile masses with just one
theoretical model; this is the subject of this paper.

In this paper, we present the multiplicity distributions
of shower particles (8> 0.7) and their fluctuations in
pseudorapidity intervals for 32S (beam A4), '°0 (beam B)
at 2004 GeV, and 'O (beam C) at 604 GeV from
CERN SPS (Expt. No. EMUO08), %Si (beam D) at 14.54

43

GeV from BNL AGS (Expt. No. 847), and also the multi-
plicity and angular distributions of the target-associated
(slow) particles for all four beams. The experimental ob-
servations of different parameters are compared for all the
beams (with different projectile masses), not only among
themselves, but also with the theoretical predictions of the
Monte Carlo code VENUS (Ref. 2) of the dual-parton
model, which has intranuclear cascading incorporated in
it. The parameter in VENUS (version 3.05) which deter-
mines rescattering is the interaction radius ro. This
means that whenever two particles come closer than ro,
they interact. It plays an important role in determining
the energy density, and hence in the formation of quark
gluon plasma.

In this experiment, stacks of Ilford G-5 and Fuji emul-
sions were exposed horizontally to beams A, B, and C at
CERN, and to beam D at BNL. The primary interactions
were found by along-the-track scanning of the emulsion
plates for each of the projectiles 4, B, C, and D, and are
referred to as the minimum-bias events. From these sam-
ples, we have excluded the electromagnetic® and elastic-
scattering events. Further details of the experiment, with
comprehensive discussions of classification and identi-
fication of the events in emulsion, are given in Refs. 4 and
5. The emulsion detector is suitable for recording all
charged particles and is particularly reliable for events
with very high multiplicities of shower particles (8> 0.7)
with ionization I < 1.41y (Ip being the minimum ioniza-
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TABLE I. The experimental average multiplicities of shower (n), black N, and grey N, particles
with the corresponding predictions of VENUS (given in parentheses).

Energy ro Cinel

Beam (A4 GeV) Ne? (fm) (mg) (ns) {Np) (N,)

28 200 379 1140+ 36 79.20+ 4.1 4.97+0.26 2.25+0.12
0.5) (1208) (80.10) (0.46) (2.08)

150 200 345 1101 + 60 57.30 % 3.1 5.39+0.29 2.03%0.11
(0.5) (1039) (57.77) (0.49) (1.97)

150 60 282 990 + 44 34.12+2.3 491+0.34 2.16£0.15
0.9) (1015) (36.32) (0.78) (2.64)

28g;j 14.5 396 1010 £ 36 30.75%+ 1.5 6.86+0.34  291%0.15
(1.35) (1204) (28.78) (1.43) (2.95)

2N denotes number of events.

tion) in the very forward direction, grey particles with
0.2<B<0.7 or 1.4 <I<5.0ly (remnants of intranu-
clear cascade), and black particles with 8 < 0.2 or I > 5],
(evaporation prongs with very short track lengths) pro-
duced in ultrarelativistic heavy-ion collisions in a 4r
geometry. The angles of the shower tracks in the forward
direction are measured with an accuracy of better than
0.1 mrad.?

The data samples used here are given in Table I. The
normalized pseudorapidity (n;,,) distributions of charged
shower particles for beams A4, B, C, and D are shown in
Figs. 1(a)-1(d), respectively. The experimental data are
compared with 1000 minimum-bias events generated for
each of the beams A, B, C, and D using the Monte Carlo
code VENUS, which stored the stable charged particles
only. The fraction of the events from the different target
nuclei in emulsion was generated using the known chemi-
cal composition of emulsion as an input to the model. The
inelastic cross sections ojne of the simulated events and
the average multiplicities ({n;)) are in good agreement
with the data for all the beams, as shown in Table I. The
shapes of the experimental pseudorapidity distributions
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FIG. 1. The normalized psuedorapidity distributions for (a)
2004 GeV *2S, (b) 2004 GeV 'O, (c) 604 GeV '°O, and (d)
14.54 GeV 2Si. The broken histograms are the corresponding
predictions of VENUS.

are reproduced quite well in each of the beams, except in
the very forward region, where the spectator fragments of
the projectile play an important role and for which the
VENUS model has no provision. In order to compare the
relative widths and heights of the 7, distributions, the
pseudorapidity distributions for all the four beams are
shown in Fig. 2(a). The heights and widths of the 7, dis-
tributions increase with the increase in the energy and
mass of the projectile. The peak values of 7, distribu-
tions for beams A4 and B lie near 7, = 3.4, and for beams
C and D near n,, = 2.4 and 2, respectively. Beam D has
a long tail due to projectile fragmentation and also the
peak value of its nj,p distribution for shower particles has
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FIG. 2. (a) A comparison of the pseudorapidity distributions
corresponding to the four projectiles. (b) {n;) ox/Gina as a func-
tion of ny/{ns): 2004 GeV S (x), 2004 GeV '°0 (0), 604
GeV '°0 (+), and 14.54 GeV 2Si (@). The solid curve is the
prediction of VENUS pertaining to the 28Si projectile. (c) (fian)
as a function of N,;. The curves represent polynomial fits to the
data. (d) (d{Nmax)/dmab)/Ney as a function of N.
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the lowest value in comparison to the other beams. The
part of the distribution for 7., < 1.8 (target fragmenta-
tion region) for all the beams remains unchanged, which
is due to the phenomenon of limiting fragmentation.® The
multiplicity distribution of shower particles (n;) for each
beam, just like the 7, distribution, is well reproduced by
VENUS. This leads us to compare the multiplicity distri-
butions {n;)0,/0inel in the normalized form n,/{n,) for all
four beams. These exhibit a universal scaling irrespective
of the projectile mass and energy and are shown in Fig.
2(b). Here, o, and oy, are the partial and total cross
sections, respectively. The theoretical predictions due to
the model VENUS for respective beams fit the data in Fig.
2(b) quite well. For the sake of clarity we show here the
theoretical predictions for the 28Si beam D only. The ori-
gin of the multiplicity scaling in minimum-bias events is a
consequence of the nuclear geometry and reflects the dis-
tribution of the participating nucleons from the two in-
teracting nuclei.

The violence of the nuclear collision is generally mea-
sured by the transverse energy, which is related to the
number of (intranuclear) collisions (v). They (v) are fur-
ther correlated nonlinearly with the observed number of
grey tracks NV, (Ref. 6) which are mostly recoil protons
with a kinetic energy of 20 < 7 <375 MeV. The linear
increase in the {(n;) vs N, depends on the projectile mass
as well as on its energy. This is exhibited through the in-
crease in its slope.” We now discuss how the energy of the
projectile is distributed among the secondary shower (cas-
cading) particles, as observed by the production of N;. A
strong correlation between the excitation energy observed
through the production of grey particles (IV,) and the
charged particle multiplicity (n,) is emphasized by the be-
havior of (nm.,» as a function of N,. We present the
characteristics of {(n) distributions in Fig. 2(c), which
decrease monotonically with N, for all four beams (where
the data points have been fitted with polynomials). The
distributions at any NV, conserve approximately the con-
stant difference (nia?; — (Miap?; for any two beams ij. All
curves slowly decrease due to the loss of the projectile en-
ergy which has to be shared by more and more particles at
less and less niap or energy with the increasing number of
collisions (large N,); eventually these curves level off.
The loss (slopes) of (A is the first few values of IV, is
more in the heavier beam A4 as compared to beam B at the
same energy per nucleon, and is followed by beams C and
D. In beam D, the distribution {n,,) continues decreasing
for large values of IV,, and its 1oss ({M1ab)max — {Miab)platean )
as compared to other beams, is over the whole 7, range.
It is almost double that of any other beam (4, B, or C)
and has the maximum energy loss with respect to its pri-
mary energy. Hence, we observe the largest amount of
nuclear stopping for beam D. Plotted in Fig. 2(d) is the
normalized distribution of (d{N,zn)/dniap) vs Ny for all
four beams. For beams A, B, and C, we find that the dis-
tributions are independent of the projectile masses and en-
ergies. This shows a limiting behavior of the minimum-
bias samples for beams A4, B, and C at any value of N,
i.e., the events corresponding to a fixed impact parameter
in terms of geometrical models. However, when we use a
projectile of much less energy, i.e., 2Si at 14.54 GeV

RAPID COMMUNICATIONS

R2029
(0] (0]
O () O (o)
o'k o'k,
'MA ‘ HI*"i
0 *M‘i] | 161 SAEE
Z 10k AT, A
~N
=~ 4 -4
= 10 , 10 L L L )
Z \®0 5 10 15 2000 5 10 15 20
> (b) L (d)
S 10}, 10+,
EY Mt
G} Uy 16°} ity
| I
K [N K W
IO ) 1L A
IO4 L Il L 'I(j4| 1 L 1 1 J
0 5 10 15 20 6 5 10152025
Ng Ng

FIG. 3. The normalized multiplicity distributions of grey
prongs for (a) 2004 GeV %S, (b) 2004 GeV '°0, (c) 604 GeV
160, and (d) 14.54 Si. The corresponding VENUS predictions
(a) are shown in each case.

(beam D), the distribution as shown in Fig. 2(d) has ap-
proximately the same shape as shown for other beams (A4,
B, and C) together, but the magnitude of the density per
Ng for beam D is reduced to almost half the values of
beams A, B, and C.

The normalized multiplicity distributions of grey (IV,)
particles for four beams are compared with reference sam-
ples generated by VENUS in Fig. 3. The agreement is very
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FIG. 4. The normalized angular distributions of grey prongs
at (a) 2004 GeV *3S, (b) 2004 GeV '°0O, (c) 604 GeV '°O,
and (d) 14.54 GeV 28Si. The corresponding VENUS predictions
(A) are shown in each case.
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good for the values of r¢g indicated in Table I. Beam D has
the longest tail for large values of Vg, as is also shown in
Fig. 2(c). Figure 4 exhibits the angular distribution of
grey particles for projectiles 4, B, C, and D, along the cor-
responding predictions from VENUS. The distributions in
Fig. 4 are distinctly anisotropic for recoil particles emerg-
ing from interactions of the projectiles considered. In
general, the model reproduces the shapes of the angular
distributions of grey particles from all beams quite well,
except in the region of cosf < —0.3, and the best results
are obtained for beam D [Fig. 4(c)].

The experimental results for shower particles (n;) and
grey particles (IVg) are well reproduced by VENUS. The
multiplicity distributions for black prongs (IV,) for the
four beams are shown in Fig. 5, while the same distribu-
tions obtained from VENUS show significant departure
from the data for the same set of values of ro used in the
context of the N, distributions. The failure of VENUS to
describe the multiplicity distribution of black prongs (tar-
get protons) is a natural consequence of the simple
geometry described by the Monte Carlo code. Theoretical
predictions from VENUS for beams A4, B, and C are far
away from the corresponding data points, while for beam
D they are relatively closer to the experimental observa-
tions. For r¢ values different from those given in Table I,
the theoretical values are less than those shown in Fig. 5.
The kinks in the experimental distributions at N, = 8§ may
be due to the change of impact parameter from collisions
with light (C, N, O) to heavy (Ag, Br) targets in emul-
sion.

The multiplicity and angular distributions of shower
(n;) and grey (IV,) particles are successfully reproduced
by the theoretical multistring model VENUS at CERN and
BNL energies. However, the simple rescattering mecha-
nism included in VENUS is inadequate for explaining the
distribution of the black particles. It needs a full intranu-
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FIG. 5. A comparison of the multiplicity distributions of
black prongs corresponding to the four projectiles. The VENUS
predictions (®) are shown for each of these incident beams by
hand-drawn lines.

clear cascade which includes all subsequent collisions of
hadrons created in the secondary collisions.
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