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Characteristics of charged particle multiplicities distribution in relativistic heavy-ion interactions
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Multiplicity and pseudorapidity distributions of shower particles produced in interactions of the197Au at
10.6A GeV, 28Si at 14.5A GeV, 16O and 32S at 200A GeV beams were studied in nuclear emulsion. The
pseudorapidity (h) distributions are approximately Gaussian in shape. Their widths increase monotonically
from central to peripheral collisions with energy and with the size of the target. The widths of the pseudora-
pidity distributions, the values of their centroid, pseudorapidity density andhpeakvalues are compared among
the different groups of their multiplicity at different energies as a function of centrality for all four beams.
@S0556-2813~96!06710-6#

PACS number~s!: 25.75.2q, 24.60.Ky, 25.70.Pq
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I. INTRODUCTION

Relativistic heavy-ion physics aims to probe previous
experimentally inaccessible regions of high energy and t
baryon density of nuclear matter. Much of the motivatio
arises from the production of a new state in which the ind
vidual quarks and gluons are deconfined: quark-glu
plasma@1#. Recent lattice QCD calculations@2# predict a
critical temperatureT'200 MeV corresponding to an energy
density of the order of'3 GeV/~fm! 3, which is essential for
quark-gluon plasma~QGP! formation. Another related issue
is the degree of ‘‘stopping’’ of the incident projectile had
rons. Previous studies have shown that these conditions
created mostly in central collisions. Some insight into th
dynamics of such collisions can be gained by the investig
tion of the multiplicity and pseudorapidity density distribu
tions of charged particles@3,4#. We compare the results on
such studies for16O and 32S at 200A GeV, 28Si at 14.5A
GeV, and197Au at 10.6A GeV interactions with an emulsion
target. Experimental details were discussed in previous p
lications @3–7# and thus we only highlight the main points
for the experimental technique here.

Within the last few years a large amount of experiment
work in high-energy heavy-ion physics has been done w
electronic detectors, which generally have limited covera
in the pseudorapidity (h) range @8,9#. On the other hand,
emulsion is a global detector and has full 4p coverage. It
acts as a target as well as a detector in which the angle
emittance of about 0.1 mrad can be easily achieved. Th
with a minimal-bias data set, one can make exclusive obs
vation in multiplicity and pseudorapidity distributions of al
the charged particles produced in individual interactions w
different projectiles at various energies. For any systema
study on shower particles in an event as a function of ce
trality, it is also desirable to identify the charges of the pro
jectile fragments~PF’s! observed in the interaction for the
complete analysis on an event, as was done in Ref.@5#.

II. EXPERIMENTAL DETAILS

We are using the197Au at 10.6A GeV ~BNL Experiment
No. 875!, 28Si at 14.5A GeV ~BNL Experiment No. 847!,
16O and32S at 200A GeV ~CERN Experiment No. EMU08!
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beams. The details of the data acquisition procedure a
angle measurement technique are given in Ref.@6# for the
197Au and 28Si beams and for the16O and32S beams in Ref.
@7#. For each beam, scanning was done using the along-th
track technique and thus we collected about 1400, 130
1000, and 900 events for the197Au ~beam A! at 10.6A GeV,
32S ~beam B! at 200A GeV, 28Si ~beam C! at 14.5A GeV,
and 16O ~beam D! at 200A GeV, respectively. From the
minimum-bias~MB! sample of each beam, we excluded the
electromagnetic and the elastic events@10#. In the case of the
197Au beam A, we put further restrictions and selected thos
events that have PF’s of charge 1<Z<17. These restrictions
on the 197Au beam reduced the numbers of events to 275
379, 811, 345 for beams A, B, C, and D, respectively. Th
emulsion detector is quite suitable for recording all the
charged particles: PF’s ofZ.1 @5,11#, singly charged
shower (Ns produced! particles~mostly pions with a mixture
of kaons!; protons withb.0.7 and ionizationI,1.4I 0 (I 0
being the minimum ionization! in the very forward direction;
target associated grey particles@mostly knock-out protons
(Ng) plus low energy pions with 0.3,b,0.7 or
1.4I 0,I,5I 0# with energy between 40–400 MeV and the
evaporation fragments from the target; the black particle
(Nb) with b,0.2 or I.5I 0 and with energy,40 MeV.
Thus the total target associated particlesNh5Nb1Ng . The
spectator PF’s of chargeZ51 ~protonNp) are mostly pro-
duced within a narrow forward cone ofu,uc50.2/Pmax.
For the number of shower particles (Ns) produced in an
interaction, all of the spectator protons are excluded from th
numberNs in the present discussion. The counter@8,9# ex-
periments, on the other hand, generally do not make distin
tion between particles withb.0.7 and the 0.3,b<0.7, and
thus they generally include the grey particles with showe
particles. For any comparison of emulsion data with the da
accumulated with the counter techniques, one must be awa
of these facts.

III. RESULTS AND DISCUSSION

A. Angular distribution of shower particles

The angles of all the shower particles were determine
with the relative primary method@3#. In these measurements
1892 © 1996 The American Physical Society
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54 1893CHARACTERISTICS OF CHARGED PARTICLE . . .
we have excluded the electron pair tracks from pion-g con-
version (g→e1e2). The electron tracks generally stay to
gether and have a considerable amount of Coulomb scat
ing with very small opening angles between them@12#. The
emission angle u of the track gives pseudorapidity
@h lab52 ln tan(u/2)#. For the beams B, C, and D, the pseu
dorapidity distributions for the MB data as well as for th
central events were presented in Refs.@4,7,11#. The distribu-
tions for these beams fit very well with Monte Carlo cod
VENUS rather thanFRITIOF @3,7#. First we present the pseu-
dorapidity distribution for only central events for the197Au
beam A, and for that we used a different sample of 24
central events withNs.50, where the charges of the PF’
were Z<20. These events are divided into three differe
groups with multiplicities:Ns<125, 125,Ns<225, and
Ns.225. The pseudorapidity density distribution of thes
events is shown in Fig. 1~a!, and they are fitted with a Gauss
ian distribution. The highest density observed with show
particles between 0.1<h<4.0 is with ^Ns&'300 and
NPF50. For the highest multiplicity events the peak value o
the normalized density as shown in Fig. 1~a! is
rmax5136622, hpeak52.1260.29, ands50.9360.10. The
excess of particles beyondh54.0 is due to the spectator
~PF! protons. There is a depletion of particles in the ve
forward direction, which is a consequence of energy cons
vation.

B. Comparison of different parameters observed
from MB data sample of 32S, 28Si, and 16O

with 197Au beam

The number of MB events for beams A, B, C, and D a
275, 379, 811, and 345, respectively. From the angles
their shower particles, the pseudorapidity density distributi
for beams is plotted and is shown in Fig. 1~b!. For these four

FIG. 1. ~a! (dNs /dh lab)/Nev vs h lab for
197Au at 10.6A GeV.

~b! The same as~a! but for four beams16O and32S at 200A GeV,
28Si at 14.5A GeV, and197Au at 10.6A GeV.
-
ter-

-
e

e

0
s
nt

e
-
er

f

ry
er-

re
of
on

beams with different projectiles at different energies, on
sees evidence for limiting fragmentation in the target frag
mentation region, where the distributions from four energie
fall on top of each other forh,1.0. For each beam, the peak
of the distributiondNs /dh is clearly shifted towards smaller
h values with increasing centrality as shown for the197Au
beam in Fig. 1~a!. The backward displacement is accompa
nied by a slight reduction of the width of theh distribution,
which is expected as the degree of stopping increases. T
data for each beam was distributed into six different multi
plicity sets so that each set within a particular beam has
reasonable number of events. For each set of events in
particular beam, we plotted the pseudorapidity distribution
that were fitted with Gaussian distributions with differen
s0 values for each beam. Then for each set of shower pa
ticles in a particular group we determine the values of th
parameters ^Ns&, s0, ^h lab& ~centroid!, hpeak,
(dNs /dh)peak, ^Np&, ^Ng&, and^Npart&. We are interested in
knowing how these parameters vary with mass, energy, a
centrality.

One of the important parameters that one needs in heav
ion interactions is to measure the centrality of the collision
In electronic experiments@8,9#, it is quite common to use
Et or Pt as an energy or transverse momentum transfer p
rameter as a measure of the impact parameter. In emuls
works, some authors have used the multiplicity (Ns) to de-
termine the centrality of the event@13#. Multiplicity may not
be an ideal parameter especially when the projectile is hea
such as197Au or 208Pb nuclei. We find that eitherNp or
Zbound is a good indicator about the impact parameter@5#,
where Np5Zbeam2Zbound and Zbound5(Zi.1Zi . Np and

Zbound are complementary to one another. For this proce
one has to determine very carefully the charges of all th
PF’s within a reasonable error, which is a tedious task i
emulsion work especially in a heavy-ion beam of197Au at
10.6A GeV, which was first exhibited in Ref.@5#. We find
thatNp is a good parameter for centrality. For a simple geo
metrical picture of collisions, we have shown previously@11#
a monotonic relationship between the number of projectil
proton Np and the impact parameterb through
b̄5b(Np)/bmax5@*Np

` dPNp#
1/2, wheredPNp is the normal-

ized probability distribution for the measured proton multi-
plicity andbmax is the maximum impact parameter.

In the following discussion, we are introducing for the
first time the usefulness of the parameter ‘‘Np’’ for the de-
termination of the centrality in the relativistic heavy-ion in-
teractions at the AGS and the CERN energies. We shall com
pare the results with the standard electronic detectors, whe
Et is generally used as a measure of the impact parameter
collision @8,9#.

1. Šh lab‹ vs ŠNp‹/Zbeam

In Fig. 2~a! is plotted the centroid̂h lab& of the Gaussian
fits of the h distribution as a function of centrality~i.e.,
^h lab& vs ^Np&/Zbeam). The errors shown here are all statisti-
cal in nature, throughout this paper. The distribution of th
centroids of the low-energy beams of197Au and 28Si is al-
most constant and independent of centrality, but for larg
^Np& the constant values decrease. For the16O and 32S
beams, both lighter projectiles at higher energies, show sim
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lar behaviors as shown by the197Au and 28Si beams, but
their centroid values are much larger as compared to
197Au and 28Si beams, the energy effect. The same kind
observations were made in Refs.@8,9,14#. The backward
shift of the peak position with increasing centrality is due
the fact that the ratio of target participants to projectile pa
ticipants increases as the impact parameter decreases w
the projectile is smaller than the target. This is also cle
from Fig. 1~b!. We may mention that in emulsion the heavi
element is~AgBr!, which is smaller than197Au nuclei.

2. sO vs ŠNp‹/Zbeam

In Fig. 2~b! we show the width (s0) of the Gaussian fits
to the data, which decreases with the central
(^Np&/Zbeam) but increases significantly with the increase
the projectile energy at 200A GeV. The behavior of the
32S and 16O beams at 200A GeV are similar at the same
energy. On the other hand, the low-energy beams197Au and
28Si, display lows0 values and show similar behavior up t
^Np&/Zbeam'0.6 and after that they behave slightly diffe
ently where the projectile mass plays an important role.
the last two points the heavier beam197Au has narrows0
values than for the28Si beam. Previously we have prove
@15# that when we go from a lighter target~H,CNO! to a
heavier target~Ag,Br!, the width s0 is affected. A heavy
target has more spectator matter than a small target.
fragmentation of the target gives the largest contribution
the backward regions and widens the pseudorapidity dis
bution. If we take a high-energy beam of16O or 32S at
200A GeV, there is a substantial breakup of the target a
projectile into nucleons even for peripheral collisions. Th
means that in peripheral collisions a larger fraction of t
charged particles stems from the fragmentation of target
projectile as compared to central collisions. The backwa
and forward regions are dominated by target and projec
fragmentation, respectively, whereas the region arou
midrapidity is dominated by the produced particles. Since

FIG. 2. For four beams:~a! ^h lab&, ~b! s0, ~c! hpeak, and ~d!
^Ns& as a function of̂ Np&/Zbeam.
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yield of charged particles in the backward and forward re
gions does not increase as strongly with centrality as in t
central region, the width decreases with centrality~or with
multiplicity!. Thus the width obtained from the experimenta
data increases with the size of the target and decreases w
increasing centrality. The same trend was observed in Re
@8,9,14#.

3. hpeak vs ŠNp‹/Zbeam

Fig. 2~c! displays the pseudorapidity (h) of the centroid,
i.e., hpeak position values as a function of centrality. The
values for the 197Au beam ~for larger mass! are slightly
higher than for the28Si beam, both at low energy, and thes
values decrease with centrality due to the relatively larg
contribution of slow protons from the target. High-energ
beams32S and 16O have similar values with centrality but
their peakh position values are quite large as compared
the low-energy197Au and 28Si beams. This coincides with
the observations made in Ref.@8#.

4. ŠNs‹ vs ŠNp‹/Zbeam

In the geometrical model, when two nuclei collide, th
nuclei in the overlap regions known as the ‘‘participants
collide with each other, thereby slowing down and creatin
new particles whereas the projectile and target remnants o
side the overlap volume known as the ‘‘spectators’’ continu
to move at nearly projectile and target rapidity. The numb
of participants and spectators is determined by the collisi
geometry. Thus the relative sizes of the projectile and th
target are important, and this is observed in Fig. 2~d! where
we plot the average shower particle multiplicity^Ns& vs
^Np&/Zbeam. The linearity of^Ns& for light projectiles

16O,
28Si, and 32S beams are up tôNp&/Zbeam'0.9 and for the
heavy 197Au beam it is only up to 0.60. After that the mul-
tiplicity values increase much more rapidly in the197Au
beam as compared to the16O, 28Si, and 32S beams. These
distributions do not show linearity over the whole rang
while Np distribution is linear over the whole impact param
eter range@11#. One can see why multiplicity (NS) where it
is not separated fromNp , should not be used as an indicato
of the centrality as it was used in Ref.@13#.

5. ŠNpart‹ vs ŠNp‹/Zbeam

The number of participating nucleons^Npart& in heavy-ion
collisions is an important parameter that can be estimated
Npart5Zbeam2(Zi.1ZiPF2Nproj.sp, whereNproj.sp represents

projectile spectator (Z51) among the shower particles, and
are produced in the very forward direction as was discuss
earlier in Sec II. The number of target spectator grey pa
ticles, mostly knock-out protons (Ng), are very easy to rec-
ognize in emulsion as compared to electronic detectors. F
ure 3~a! exhibits the distribution of projectile participants
^Npart& as a function of centrality. The numberNpart increases
almost linearly with^Np&/Zbeam for all beams. For smaller
projectile (16O, 28Si, and 32S!, the ^Np&/Zbeam increase is
very small while for the heavy projectile197Au beam, the
^Np&/Zbeamincrease is very large. Collision geometry plays
very important role here.
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54 1895CHARACTERISTICS OF CHARGED PARTICLE . . .
6. ŠNg‹ vs ŠNp‹/Zbeam

In Fig. 3~b! we show the dependence of the number
target participants on centrality. The superposition model
sumes that each collision of the projectile in the targ
nucleus yields the same distribution of grey particles irr
spective of the incident energy, and that consecutive co
sions contribute independently to the finalNg distribution.
This is true for light beams B, C, and D. But for the heav
projectile 197Au, although the distribution shape is the sam
its values are higher, excepting the last point where it sligh
decreases. For all the light beams^Ng& values increase, and
they are almost saturated for most central interactions@7#.

7. ŠNs‹/Npart vs ŠQZD‹/Zbeam

The effect of nuclear geometry is further observed in t
distribution of ^Ns&/Npart when plotted against
^QZD&/Zbeam, whereQZD is the zero-degree charge dete
mined from the charge of PF’s ofZ>1. Here again we stress
that the parameterQZD cannot be effectively used unless th
charges of all the PF’s are determined carefully, especially
a heavy beam like197Au nuclei. The distribution of the high-
energy16O and32S beams is quite similar, as is the behavi
between low-energy beams of28Si and 197Au, but the mag-
nitudes of high-energy beams are much larger than the lo

FIG. 3. ~a! ^Npart& and~b! ^Ng& as a function of̂Np&/Zbeam. ~c!
^Ns&/^Npart& vs ^QZD&/Zbeam.
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energy beams, as is depicted in Fig. 3~c!. For the heavier
beam, ^Ns&/Npart is almost constant over the wholeQZD
range.

8. Global characteristics observed from the197Au beam

We determined the maximum number of particles in eac
event by scanning with a fixed pseudorapidity window
Dh50.2 units across its fullh range. The average of this
quantity^rmax& is then plotted as a function ofNs for all the
beams. The least squares fit to the data is of the for
A1BNs , the values of A510.3561.81 and
B50.4160.01. Our data in Fig. 4~a! show that the maximum
number of particles in a given pseudorapidity interval in
creases linearly with multiplicity. This maximum number o
particles demonstrates scaling@3# that can be very useful for
future studies.

9. (dNs/dh)peak vs khlabl

Figure 4~b! shows the maximum density as a function o
^h lab&. For each beam we observe that~a! the shift inDh is
very small as a function of density,~b! the shift inDh is
always toward the target side, largely due to stopping, a
~c! the highest density is shown by the heaviest projecti
197Au beam followed by the32S beam. The contributions to
(dNs /dh)peak from the 16O and 28Si beams are comparable,
though large differences in their energies is partially com
pensated for by the28Si beam’s heavier mass as compared
the 16O beam. This is also noted in Fig. 3~c!.

10. (dNs/dh)peak vs ŠNp‹/Zbeam

In Fig. 4~c! we depict the maxima of the particle density
distribution as a function of̂Np&/Zbeam. A larger projectile
would not only provide a larger interaction volume but also
somewhat larger energy density. Sec. II B 1, it was stat
that thehpeakshifts towards smallerh values with increasing
centrality. The widths0 also decreases, which is expected a
the degree of stopping increases due to the increasing nu
ber of interacting participants from the target. The ratio o

FIG. 4. ~a! ^rmax& vs Ns , ~b! (dNs /dh)peak vs ^h lab&, ~c!
(dNs./dh)peak vs ^Np&/Zbeam, and~d! P(rmax) vs rmax.
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1896 54P. L. JAIN AND G. SINGH
target participants to projectile participants increases with
decrease in the impact parameter. The values
(dNs /dh)peak first increase linearly with centrality up to a
value of ^Np&/Zbeam'0.9 for beams B, C, and D except th
last two points, and for beam A linearity is only up to 0.
@Fig. 2~d!#. For the last two points the values are very lar
where the widths0 values decrease much more with centra
ity @Fig. 2~b!#.

11. P(rmax)

In order to find the probability of observing a given max
mum particle densityrmax, for three beams28Si, 32S, and
197Au using a scanningDh interval of 0.05, we exhibit in
Fig. 4~d! the energy density distribution of'4 GeV/~fm! 3

for the 197Au beam, which according to theoretical predi
tions should exhibit the presence of QGP. Perhaps we h
to look for some other special signatures for the presence
QGP. Recently,208Pb on 208Pb experiments@16# have also
observed in central collisions the energy density'3 GeV/
~fm! 3, but with no special signature of QGP.

IV. CONCLUSIONS

For central collisions, the width is basically governed b
the energy of the projectile. For centrality, we have show
the
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that Np is a good parameter to use and for that one has
determine the charges of all the fragments ofZ.1. The
width parameter (s0), the peak position (hpeak), and centroid
(^h lab&) of the pseudorapidity distributions decrease ver
slowly as a function of centrality for low-energy beam
28Si and 197Au and are comparable to one another, but the
values are relatively small when compared to high-ener
beams of16O and 32S. Heavier projectiles not only provide
large interaction volume but also somewhat larger ener
density. Shower particles of all the four beams show a sc
ing approximation in^rmax& as a function of multiplicity.
In the 197Au beam, an energy density of about 324
GeV/~fm! 3 is estimated for near head-on collisions with
emulsion nuclei.
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