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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°the at
10.6A GeV, %S at 14.8 GeV, %0 and 3°S at 20@ GeV beams were studied in nuclear emulsion. The
pseudorapidity §) 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 densitysgpg values are compared among
the different groups of their multiplicity at different energies as a function of centrality for all four beams.
[S0556-28186)06710-§

PACS numbdrs): 25.75~q, 24.60.Ky, 25.70.Pq

[. INTRODUCTION beams. The details of the data acquisition procedure and
angle measurement technique are given in Re&f.for the
Relativistic heavy-ion physics aims to probe previously **’Au and 28Si beams and for th&°0 and®?S beams in Ref.
experimentally inaccessible regions of high energy and thé7]. For each beam, scanning was done using the along-the-
baryon density of nuclear matter. Much of the mativationtrack technique and thus we collected about 1400, 1300,
arises from the production of a new state in which the indi-1000, and 900 events for tHé’Au (beam A at 10.6A GeV,
vidual quarks and gluons are deconfined: quark-gluor®S (beam B at 2007 GeV, 28Sj (beam G at 14.5A GeV,
plasma[1]. Recent lattice QCD calculatiorfi®] predict a and '°0 (beam D at 200A GeV, respectively. From the
critical temperaturd ~200 MeV corresponding to an energy minimum-bias(MB) sample of each beam, we excluded the
density of the order o3 GeVAfm) 3, which is essential for electromagnetic and the elastic evefi§]. In the case of the
quark-gluon plasm&QGP formation. Another related issue °’Au beam A, we put further restrictions and selected those
is the degree of “stopping” of the incident projectile had- events that have PF's of chargesZ<17. These restrictions
rons. Previous studies have shown that these conditions aos the °’Au beam reduced the numbers of events to 275,
created mostly in central collisions. Some insight into the379, 811, 345 for beams A, B, C, and D, respectively. The
dynamics of such collisions can be gained by the investigaemulsion detector is quite suitable for recording all the
tion of the multiplicity and pseudorapidity density distribu- charged particles: PF's oZ>1 [5,11], singly charged
tions of charged particle3,4]. We compare the results on shower (N produced particles(mostly pions with a mixture
such studies for'®O and %°S at 20\ GeV, Si at 148  of kaon3; protons with3>0.7 and ionizatiorl <1.41, (I,
GeV, and®’Au at 10.8A GeV interactions with an emulsion being the minimum ionizatiorin the very forward direction;
target. Experimental details were discussed in previous puliarget associated grey particlesostly knock-out protons
lications [3-7] and thus we only highlight the main points (Ng) plus low energy pions with 088<0.7 or
for the experimental technique here. 1.41,<1<5ly] with energy between 40—400 MeV and the
Within the last few years a large amount of experimentalevaporation fragments from the target; the black particles
work in high-energy heavy-ion physics has been done witN,) with 8<0.2 or I>5l, and with energy<40 MeV.
electronic detectors, which generally have limited coveragehus the total target associated partidds=N,+Ny. The
in the pseudorapidity 4) range[8,9]. On the other hand, spectator PF’s of chargé=1 (protonN,) are mostly pro-
emulsion is a global detector and has fulir&£overage. It duced within a narrow forward cone @< ,=0.2/P .
acts as a target as well as a detector in which the angle &for the number of shower particle$Ny) produced in an
emittance of about 0.1 mrad can be easily achieved. Thugiteraction, all of the spectator protons are excluded from the
with a minimal-bias data set, one can make exclusive obsefrumberNjs in the present discussion. The counfg9] ex-
vation in multiplicity and pseudorapidity distributions of all periments, on the other hand, generally do not make distinc-
the charged particles produced in individual interactions withtion between particles witg>0.7 and the 0.8 8<0.7, and
different projectiles at various energies. For any systematigéhus they generally include the grey particles with shower
study on shower particles in an event as a function of cenparticles. For any comparison of emulsion data with the data

trality, it is also desirable to identify the charges of the pro-accumulated with the counter techniques, one must be aware
jectile fragments(PF’'s) observed in the interaction for the of these facts.
complete analysis on an event, as was done in [Béf.

Il EXPERIMENTAL DETAILS lll. RESULTS AND DISCUSSION

We are using thé%7Au at 10.6A GeV (BNL Experiment A. Angular distribution of shower particles

No. 875, 2Si at 14.5A GeV (BNL Experiment No. 84y, The angles of all the shower particles were determined
160 and %2S at 20\ GeV (CERN Experiment No. EMUO8  with the relative primary methofB]. In these measurements
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192 ————— 11— beams with different projectiles at different energies, one
_(0?\.)‘:1";" 19740 | sees evidence for limiting fragmentation in the target frag-
Z% B DS s | mentation region, where the distributions from four energies
N A | fall on top of each other for;<1.0. For each beam, the peak
7}, I ; of the distributiondNg/d 7 is clearly shifted towards smaller
£ 9% ) 7 values with increasing centrality as shown for tHéAu
3 r i beam in Fig. 18). The backward displacement is accompa-
% azl / . nied by a slight reduction of the width of the distribution,
~ 1 - which is expected as the degree of stopping increases. The
BN s i e data for each beam was distributed into six different multi-
-3 0 3 6 9 plicity sets so that each set within a particular beam has a
68 —— 11— reasonable number of events. For each set of events in a
N L gegm - i particular beam, we plotted the pseudorapidity distributions
7. 50} 2351 ;‘*‘A‘ 4 that were fitted with Gaussian distributions with different
N | i teo o4 N 4 o values for each beam. Then for each set of shower par-
3 asl ol % | ticles in a particular group we determine the values of the
5 ] o;ﬁme& ] parameters (Ng), 00, {7jap) (centroiq, Tpeak:
2 Lal : %‘A | (dNs/d7) peak (Np), (Ng), and{Npqar)- We are interested in
< O knowing how these parameters vary with mass, energy, and
g _— St centrality.
[P, One of the important parameters that one needs in heavy-
Tab ion interactions is to measure the centrality of the collision.

In electronic experimentf8,9], it is quite common to use
FIG. 1. (8 (dNs/d7ap)/Ne, VS 710 for **’Au at 10.6A GeV.  E, or P, as an energy or transverse momentum transfer pa-
(22) The same aga) but for four beams'®0 and*’S at 200 GeV,  rameter as a measure of the impact parameter. In emulsion
Siat 14.5A GeV, and™Au at 10.6A GeV. works, some authors have used the multipliciNg) to de-
termine the centrality of the eveft3]. Multiplicity may not
be an ideal parameter especially when the projectile is heavy
uch as™®Au or 2°%b nuclei. We find that eitheN,, or

we have excluded the electron pair tracks from pjocen-
version (y—e*e”). The electron tracks generally stay to-
gether and have a considerable amount of Coulomb scatte i - .
ing with very small opening angles between thgtg]. The bound IS @ good indicator about the impact paramets);
emission angle @ of the track gives pseudorapidity where Np=Zpeani~ Zpound @Nd Zyoung=2z>1Zi- Ny and

[ 7a= —In tan(6/2)]. For the beams B, C, and D, the pseu- Zbound &r€ cOmplementary to one another. For this process
dorapidity distributions for the MB data as well as for the One has to determine very carefully the charges of all the
central events were presented in R¢#s7,11. The distribu- PF's within a reasonable error, which is a tedious task in
tions for these beams fit very well with Monte Carlo code€emulsion work especially in a heavy-ion beam 8fAu at
VENUS rather thanFRITIOF [3,7]. First we present the pseu- 10.6A GeV, which was first exhibited in Ref5]. We find
dorapidity distribution for only central events for tHé’Au  thatN, is a good parameter for centrality. For a simple geo-
beam A, and for that we used a different sample of 24gmetrical picture of collisions, we have shown previoysl§]
central events witiNs>50, where the charges of the PF’s & monotonic relationship between the number of projectile
were Z<20. These events are divided into three differentproton N, and the impact parameterb through
groups with multiplicities: N;<125, 125<N <225, and b=b(Np)/bmaX:[fﬁdeNp]l’z, wheredPy_is the normal-
Ns>225. The pseudorapidity density distribution of thesejzed probability distribution for the measured proton multi-
events is shown in Fig.(&), and they are fitted with a Gauss- plicity and b, is the maximum impact parameter.

ian distribution. The hlghest density observed with shower In the fo||owing discussion, we are introducing for the
particles between 0s7=<4.0 is with (Ny)~300 and first time the usefulness of the parametéd,” for the de-
Npe=0. For the highest multiplicity events the peak value oftermination of the centrality in the relativistic heavy-ion in-
the normalized density as shown in Fig.(al is teractions at the AGS and the CERN energies. We shall com-
Pmax= 136= 22, 17peq=2.12-0.29, ando=0.93+0.10. The  pare the results with the standard electronic detectors, where

excess of particles beyong=4.0 is due to the spectator E, is generally used as a measure of the impact parameter of
(PP protons. There is a depletion of particles in the verycollision [8,9].

forward direction, which is a consequence of energy conser-
VatIOI"I 1. (77|ab) vS (Np)/Zbeam

In Fig. 2(a) is plotted the centroid sy, of the Gaussian
fits of the # distribution as a function of centralityi.e.,
(Map VS(Np)/Zpear - The errors shown here are all statisti-
cal in nature, throughout this paper. The distribution of the

The number of MB events for beams A, B, C, and D arecentroids of the low-energy beams &Au and 28Si is al-
275, 379, 811, and 345, respectively. From the angles afnost constant and independent of centrality, but for large
their shower particles, the pseudorapidity density distributio N,) the constant values decrease. For tHe and %S
for beams is plotted and is shown in FigblL For these four beams, both lighter projectiles at higher energies, show simi-

B. Comparison of different parameters observed
from MB data sample of %2S, 28Sj, and €0
with %7Au beam



1894 P. L. JAIN AND G. SINGH 54

52— 2.0 yield of charged particles in the backward and forward re-
() e 1o7au i . gions does not increase as strongly with centrality as in the
4.3} a s2s { v7r 2 les i central region, the width decreases with centrafiy with
’): [ 51 ool | : Fog B ;o i multiplicity). Thus the width obtained from the experimental
g 3 SR W] ° 1ar | data increases with the size of the target and decreases with
R 1, 1} Bs 25 ., ] increasing centrality. The same trend was observed in Refs.
BRI 2 [8,9,14.
185 02 o8 12 -850 0.3 0.6 0.9 1.2
<Np>/Zpeam <NL>/Zpeam 3. peak S {NpMZpeam
=g i";l‘é? 1 *T@ s roan C ] Fig. 2c) displays the pseudorapiditysj of the centroid,
4.1} 7 us {1 soop o%s ﬁ 1 i.€., Mpeak positilor71 values as a function of central_ity. The
% - §H@z e A - vglues for the®’Au beam (for larger masg are slightly
f o=, + % 4y zo0f } I higher than for the®®Si beam, both at low energy, and these
® Tl 1Y - 37 values decrease with centrality due to the relatively larger
2.3 AL NS W ] 10°r 3 }m . ? 1 contribution of slow protons from the target. High-energy
I * (ot & I beams®?S and '°0 have similar values with centrality but
145 02 o8 1.2 00 03 0.6 0.9 1.2 their peaks position values are quite large as compared to
<Np>/Zpeam <Np>/Zpeam the low-energy'®/Au and 8Si beams. This coincides with

the observations made in R¢8].
FIG. 2. For four beams{a) (7p), (b) 0o, (C) 7pear and (d)

N¢) as a function of N,)/Z .
N o) Zoean 4.(N3) 05 (Np}/Zoeam

lar behaviors as shown by th€7Au and 28Si beams, but In _the geometrical mo_del, when two nuclei co_lli_de, the
their centroid values are much larger as compared to thBUCl€i in the overlap regions known as the “participants™
197y and 2Si beams, the energy effect. The same kind Ofcolhde w_|th each other, therepy s.Iowmg down and creating
observations were made in Ref®,9,14. The backward new particles whereas the projectile and target remnants out-
shift of the peak position with increasing centrality is due toSide the overlap volume known as the “spectators™ continue
the fact that the ratio of target participants to projectile par—t0 move at nearly projectile an_d target rgp|d|ty. The ”“”?k?er
ticipants increases as the impact parameter decreases wHanParticipants and spectators is determined by the collision
the projectile is smaller than the target. This is also cleadeoOmetry. .Thus the relatlvg Sizes of the prou_actlle and the
from Fig. 1(b). We may mention that in emulsion the heavier [Arg€t are important, and this is observed in Figl) 2vhere
element is(AgBr), which is smaller than®’Au nuclei. we plot the average shower particle multiplicigNs) vs
(Np) Zpeam The linearity of(Ng) for light projectiles %0,
“8Si, and %S beams are up tON,)/Zpean=0.9 and for the
2. 00 vS{Np)/ Zpeam heavy °’Au beam it is only up to 0.60. After that the mul-

In Fig. 2(b) we show the width &) of the Gaussian fits tiplicity values increase much more rapidly in tH&"Au
to the data, which decreases with the centralitypeam as compared to th€O, 28Si, and %S beams. These
((Np)/ Zpear but increases significantly with the increase in distributions do not show linearity over the whole range
the projectile energy at 200 GeV. The behavior of the while N, distribution is linear over the whole impact param-
325 and %0 beams at 208 GeV are similar at the same eter rangd11]. One can see why multiplicityNs) where it
energy. On the other hand, the low-energy bedf%u and is not separated fromM,,, should not be used as an indicator
285, display lowo, values and show similar behavior up to of the centrality as it was used in R¢13].
(Np)/Zpeant=0.6 and after that they behave slightly differ-
ently where the projectile mass plays an important role. At
the last two points the heavier beal¥Au has narrowo, > <Nrfar_t) v_s {Ne) Zbearm ) .
values than for th®Si beam. Previously we have proved 1he humber of participating nucleoql;, in heavy-ion
[15] that when we go from a lighter targétl,CNO) to a collisions is an important parameter that can be estimated by
heavier targetAg,Br), the width o, is affected. A heavy Npar=Zbeani~ 2z,>1ZipF~ Nprojsp Where Np;.sp represents
target has more spectator matter than a small target. Thgrojectile spectator{=1) among the shower particles, and
fragmentation of the target gives the largest contribution inare produced in the very forward direction as was discussed
the backward regions and widens the pseudorapidity distriearlier in Sec Il. The number of target spectator grey par-
bution. If we take a high-energy beam 6fO or 32S at ticles, mostly knock-out protons\g), are very easy to rec-
200A GeV, there is a substantial breakup of the target an@gnize in emulsion as compared to electronic detectors. Fig-
projectile into nucleons even for peripheral collisions. Thisure 3a) exhibits the distribution of projectile participants
means that in peripheral collisions a larger fraction of the{Npa a@s a function of centrality. The numbig,increases
charged particles stems from the fragmentation of target analmost linearly with(N)/Zc,mfor all beams. For smaller
projectile as compared to central collisions. The backwargrojectile (°0, ?8Si, and 3%5), the (N)/Zyeam inCrease is
and forward regions are dominated by target and projectileery small while for the heavy projectilé®’Au beam, the
fragmentation, respectively, whereas the region aroundN,)/Z,.,mincrease is very large. Collision geometry plays a
midrapidity is dominated by the produced particles. Since thevery important role here.
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A L (o) g 1T0An . energy beams, as is depicted in Figc)3 For the heavier
e .
L 3ot : e 1 beam, (Ng)/Nya, is almost constant over the whol@,p
n | _ range.
V. 20+ % } .
> | ; I b 8. Global characteristics observed from tH&’Au beam
dydl . . . .
Z 10f s ! We determined the maximum number of particles in each
\Y L LIS ,‘% g event by scanning with a fixed pseudorapidity window
2 ) b -
QL—t 11 A7=0.2 units across its fully range. The average of this
0.0 0.4 0.8 1.2 ; ; :
: quantity(pmay is then plotted as a function &f; for all the
<QZD>/zbeam

beams. The least squares fit to the data is of the form

A+BNg, the wvalues of A=10.35:1.81 and

B=0.41+0.01. Our data in Fig. @) show that the maximum

number of particles in a given pseudorapidity interval in-

creases linearly with multiplicity. This maximum number of
6. (Ng) vs (Np}Zpeam particles demonstrates scalif] that can be very useful for

In Fig. 3(b) we show the dependence of the number offuture studies.
target participants on centrality. The superposition model as-
sumes that each collision of the projectile in the target 9. (dNs/dn)pear S (Map)

nucleus yields the same distribution of grey particles irre-  Figure 4b) shows the maximum density as a function of
spective of the incident energy, and that consecutive colli< 7ian)- FOr each beam we observe ttat the shift inA 7 is
sions contribute independently to the flr‘l\% distribution. very small as a function of densnyb) the shift |nA7] is
This is true for light beams B, C, and D. But for the heavy glways toward the target side, largely due to stopping, and
projectile *Au, although the distribution shape is the same,(c) the highest density is shown by the heaviest projectile
its values are higher, excepting the last point where it slightlyl97a, heam followed by theé’?S beam. The contributions to
decreases. For all the light beaiid,) values increase, and (dNs/d7) peax from the 180 and 28si beams are comparable,
they are almost saturated for most central interacti@ils  though large differences in their energies is partially com-

pensated for by thé®Si beam’s heavier mass as compared to

7. (NN part v {Qz0)/ Zpeam the %0 beam. This is also noted in Fig(c3.

The effect of nuclear geometry is further observed in the
distribution  of (Ng)/Npse when plotted  against 10. (dAN/dn)peakv'S {Np)/ Zpeam
(Qzp) Zpeams Where Q,p is the zero-degree charge deter- In Fig. 4(c) we depict the maxima of the particle density
mined from the charge of PF's @= 1. Here again we stress distribution as a function ofN)/Zyc.m A larger projectile
that the paramete®,p cannot be effectively used unless the would not only provide a larger interaction volume but also a
charges of all the PF’s are determined carefully, especially isomewhat larger energy density. Sec. Il B 1, it was stated
a heavy beam liké®’Au nuclei. The distribution of the high- that thenpeacshifts towards smallen values with increasing
energy®0 and3’S beams is quite similar, as is the behaviorcentrality. The widtho, also decreases, which is expected as
between low-energy beams 6%Si and 1°’Au, but the mag- the degree of stopping increases due to the increasing num-
nitudes of high-energy beams are much larger than the lowber of interacting participants from the target. The ratio of

FIG. 3. (@ (Nparp and(b) (Ng) as a function of Ny)/Zpeam. (€)
<Ns>/<Npart> \E <QZD>/Zbeam-
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target participants to projectile participants increases with théhat N, is a good parameter to use and for that one has to
decrease in the impact parameter. The values ofletermine the charges of all the fragmentsZof1. The
(dNs/d ) pea first increase linearly with centrality up to a width parameter¢,), the peak position#,e,), and centroid
value of(Np)/Zyeant~0.9 for beams B, C, and D except the ((,,.)) of the pseudorapidity distributions decrease very
last two points, and for beam A linearity is only up to 0.6 sjowly as a function of centrality for low-energy beams
[Fig. 2(d)]. For the last two points the values are very large 2sgj and197Au and are comparable to one another, but these
yvherg the widthr, values decrease much more with central-y51,es are relatively small when compared to high-energy
ity [Fig. 2b)]. beams of*®0 and *S. Heavier projectiles not only provide
11. Ppra) large interaction volume but also somewhat larger energy
Crma density. Shower particles of all the four beams show a scal-
In order to find the probability of observing a given maxi- ing approximation in(pma. as a function of multiplicity.
mum particle density,a,, for three beams®si, %S, and  |n the 197Au beam, an energy density of about-a

¥’Au using a scanning\ 7 interval of 0.05, we exhibit in  Gev/fm)? is estimated for near head-on collisions with
Fig. 4d) the energy density distribution 64 GeVAfm)3 emulsion nuclei.

for the %’Au beam, which according to theoretical predic-
tions should exhibit the presence of QGP. Perhaps we have
to look for some other special signatures for the presence of
QGP. Recently2%Pb on 2%%Pb experiment§16] have also
observed in central collisions the energy densit§ GeV/
(fm) 3, but with no special signature of QGP.
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IV. CONCLUSIONS
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