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Multiplicity distribution in ultrarelativistic nucleus-nucleus collisions
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Charged secondary multiplicity distributions for various nucleus-nucleus collisions at 200 and 15

CxeV/nucleon are calculated based on the hypothesis of universal Koba-Nielsen-Olesen scaling at
each impact parameter. The correlation between the multiplicity cut and the cut in impact pa-
rameter is also discussed.

I. INTRODUCTION

There is a great deal of interest in ultrarelativistic
nucleus-nucleus collisions in recent years, and experi-1 —3

mental programs are being carried out at CERN and
BNL. The experiments in CERN use ' 0 and S as the
projectiles bombarding fixed nuclear targets at an in-
cident laboratory energy per nucleon, E~,b, of 200
GeV/nucleon. The NA35 group in CERN, using the
' 0 beam, observed a wide transverse-energy (ET ) distri-
bution for particles produced in 2.2&y &3.8 and a large
( ET/particle ) value among those particles in
60 & ET & 80 GeV. Experiments in BNL will use a
variety of projectiles at E~,b & 28 GeV/nucleon.

One of the most interesting aspects in ultrarelativistic
nucleus-nucleus collisions is the possibility to observe the
formation of the quark-gluon-plasma (QGP) phase. For-
mation of the QGP may be revealed through' an ex-
cess of dileptons, direct photons, strange particles, and
an enhancement of p, or ET per particle. These and oth-
er signals of new phenomena will be pronounced in
high-multiplicity events. In fact, the occurrence of new
phenomena has been suggested in association with high-
multiplicity events in cosmic-ray experiments. Since al-
most all of the theoretical calculations for signals of the
QGP are done for central collisions, it is desirable to
correlate multiplicities with the impact parameter (bt ) of
colliding nuclei when comparing theoretical predictions
with experimental data. Furthermore, there is specula-
tion that hadronization of QGP will produce a large ex-
cess of entropy. A large entropy production will affect
the multiplicity distribution at high multiplicities.

Another point of interest in ultrarelativistic nucleus-
nucleus collisions is the comparison of models of particle
production built for hadron-nucleus collisions. Among
several models, the multichain model ' (MCM) and the
wounded-nucleon model ' (WNM) predict considerably
different mean multiplicities for collisions of heavy nu-
clei at high energies when the cascading effect in projec-
tile nuclei is neglected.

The aim in this paper is to present a simple and
coherent model of the multiplicity distribution in ul-
trarelativistic nucleus-nucleus collisions and to make
predictions based on the knowledge of hadron-hadron

and hadron-nucleus collisions. Since, in the CERN ex-
periment, the spectator nucleons in the beam nucleus
are thrown into the veto calorimeter and those in the
target nucleus can be removed by cuts in the laboratory
angles of the produced particles, we concentrate on the
multiplicities of the secondary (or participant) particles
which include wounded nucleons in the colliding nuclei
and particles produced in collisions of those nucleons.
In some previous papers, " the multiplicity distribution
was calculated as an explicit sum of the contributions
from individual nucleon-nucleon collisions. This method
becomes, however, formidable when the colliding nuclei
are large and E] b is large. To overcome this difhculty,
we employ an empirical rule which is satisfied by the
multiplicity distribution of the secondary particles for
nucleon-nucleon and nucleon-nucleus collisions. It was
shown' that the hypothesis of universal Koba-Nielsen-
Olesen (KNO) scaling at each impact parameter leads to
a satisfactory agreement between calculations and exper-
imental data' on p+ Ar and p+ Xe collisions at 200
GeV. The predicted target-mass number dependence
was further confirmed' in a recent experiment with Mg,
Ag, and Au as targets bombarded by 100-GeV hadrons.
In this paper, we apply the same hypothesis to nucleus-
nucleus collisions.

An important feature of our model is that, once the
mean multiplicity ( n (bt, E»„)) „~ in collisions of nuclei
A and B as a function of bl is given, our model contains
no free parameter. That is described in Sec. II ~ As
shown in Sec. III, the KNO function P„~(z,E~,b) for all
nucleus-nucleus collisions is a useful vehicle for compar-
ison with experiments.

II. THE MODEL

We regard A +B collisions, in which the production
of secondary particles occurs, as proceeding in two
stages: In the first stage, multiple collisions among par-
ticipant nucleons take place and spectator nucleons
decouple from the interaction. In the subsequent stage,
the secondary particles are produced via intermediate
products formed by the multiple collisions among the
participant nucleons. The assumptions of our model are
as follows.
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(1) The first stage is described by the Glauber theory
which has been extended to A +B collisions. '

(2) The second stage is independent of the first stage:
If the same intermediate products were formed in
different reactions, the spectra of the secondary particles
are the same.

(3) The multiplicity n of charged secondary particles
produced from the intermediate products obeys a distri-
bution which is parametrized by only one parameter:
namely, the mean multiplicity. This distribution is
universal for all A +B collisions including N+N and
N +B collisions.

Since KNO scaling is valid for N +N collisions below
SppS energies, the last assumption (3) implies that the
universal multiplicity distribution P„ for a fixed mean
multiplicity ( n ) can be written as

P„=(1/&n ))1((n/(n ))
with

(2.1)

&n(El b})rrN+ ' (El b}/~i 1

n'=z(n (El») )» (2.2)

Xp(n/&n(br, El»))AB) . (2.3)

Assumptions (1) and (2) then imply that the multiplicity
distribution in A +B collisions is given by

AB
Aa z»~( r' Aa

Pn (br El»»
~a] s

(2.4)

where the weight rr,"b, 'br)/cr, "b, for collisions at br is
given in the Glauber theory. '

We note that our model contains no free parameter
once (n(brb ))„B is given. With point nucleons, our

model, for the case of B =N, reduces to the model of
Ref. 12, and reduces to N+N collisions for the case of
A =N and B =N.

We define the KNO function for A +B collisions by

4AB(z El» ) & n (El» ) ) ABP

where (n(El»))» is the mean charged multiplicity,
and o „(El,b ) and o;„,l are the n '-charged-prong and to-
tal inelastic cross sections, respectively, in N +N
collisions at El,b. For A +B collisions, (n ) in Eq. (2.1)
is given as a function of the overall impact parameter
bl and laboratory energy per nucleon E],t„
( n (br, El,b ) ) „B,and we write Eq. (2.1) as

P„" (br, E»b)=[1/(n (br, E„„})„B]

and

QAB (br El» ) ( n (br Ej» ) ) Aa /& n (El» }) AB

(2.7)

In the second equation of Eq. (2.5), we have used Eqs.
(2.3) and (2.4). We easily observe that ltAlB(z, E»b) scales
with energy if QAB(br, El,b) is energy independent and
the weak energy dependence of rr,"b, (br )/a',"b, is ignored.

We must now determine (n (br, El,b) ) Aa. The WNM
(Ref. 10) gives the charged secondary multiplicity as

& n (br, El,b ) ) „B——[ ( w A (br ) ) + ( wa (br ) ) ]
X (n (El,b ) )»/2, (2.8)

where (wA(br)) [(wa(br))] is the average number of
wounded nucleons in the nucleus A [8]. We note that
the contribution from the spectator nucleons is not in-
cluded in Eq. (2.8). Because of the factorizable nature of
Eq. (2.8), the energy dependence in Q„a(br, El,b) cancels
out, and as mentioned before, p „B(z, El,b ) scales approx-
imately with energy. Another form of (n(br, El,b })Aa
is provided by the MCM (Ref. 8) as

(n (br, El,b) ) AB
——(NAB(br ) ) (n [I Aa(br )El,b] )»,

(2.9)

I Aa (br }=& vA (br })& va(br ) ), (2.10)

where (N„a(br)) denotes the average total number of
N +N collisions for A +B collisions at bl, and
(vA(br)) [(va(br))] is the average collision number of
a wounded nucleon in the nucleus 8 [A]. In Eq. (2.9),
we have adopted the simplest model (which is case I of
Ref. 8) of the equipartition for the collision energy-
momentum among N+N collisions. It is seen that the
energy dependence of QAB (br, El» ) cancels out if
(n (El,b))» obeys a power law. In reality, it does not,
and therefore ltlAB(z, E„b) will not scale. It turns out
that at 200 GeV/nucleon, for large z, JAB(z, E„b) is
quite independent of the particular choice of
(n(br, El,b))». In the following, we call those choices
of (n(br, El,b))» case WNM and case MCM, respec-
tively.

We summarize the formulas of the Glauber theory ex-
tended ' to nuclear collisions. The absorption cross
section is given by

where

AB( b
d br „QAa '(br, El b)

~abs

Xg(zQAB '(br El b)) (2.5)

~abs d bIabs ~I

where

l7abs(br }=1 — 1 —f d b o';„,~tA (b)ta(br +b)

(2.11)

(2.12)

n =z(n(E„b})„a,
AB( b

& n «»b) ) a = f d'br „, & n(br El.b) & Aa
~abs

(2 6)
t„(b)= f dz pA (z, b), (2.13)

with pA (z, b) being the nuclear density for the nucleus A
and normalized to unity. In Eq. (2.8), we use
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( wA (bI ) ) [ ~ /~ b (bl )]

&( f d b t~ (b) I 1 —[1 —o;„„t~(br+1)]

(2. 14)

and a similar expression for ( wz(bt ) ). In Eq. (2.10), we
use

III. NUMERICAL RESULTS

A. Input

We use the following input for our model.
(a) For the KNO scaling function g in Eqs. (2.3) and

(2.5), we use the parametrization given by Slattery

l( (z ) = —'( 3.79z +33.7z —6.64z +0.332z '
)

exp�(

—3.04z ) .

(3.1)
X f d bcr;„,itg(b)t~(bt+b), (2.15)

(b) For ( n (Ei,b ) )» in Eqs. (2.8) and (2.9), we write

where (n(Ei,b))» ——(n(E|,b)) „—1, (3.2)

cr „(bt )= f debt~(b) [1—[1 o;„„t„(—bt+b)]

(2.16)

and a similar expression for (v~(bt ) ). (N„n(bt ) ) in

Eq. (2.9) is related to these quantities by

(N (b ))=(w (bt))(vg(bt))

where we regard approximately half of the incident nu-
cleons coming from colliding nuclei as neutral. The
mean charged multiplicity in pp collisions, (n (El,b))~~,
is given by'

( n (E|,& ) ) = 1.20+0.589 ln(E|,b )+0.118[in(E|,b )]~,

(3.3)

= ( wg(b )t)(&g(b )t) . (2.17) where E[,b is in units of GeV.

TABLE I. Calculated values of o,"b„(w„), (w~), and (N„s) at E„b=200 GeV/nucleon. Also
shown are values of (n(E„b))„~ calculated using the MCM and WNM at 200 GeV/nucleon. Values
in parentheses are those for E„b=15 GeV/nucleon.

A+B (w, ) (w, )
(n (E„b ) ) ~s

MCM WNM

16Q + 207pb 3623
(3582)

7.62
(7.56)

15.9
(15.4)

29.4
(27.3)

101
(22.1)

78.2
(31.4)

1 6Q + 108Ag 2676
(2641)

6.60
(6.53)

1 1.2
(10.9)

20.8
(19.3)

77.2
(18.9)

59.3
(23.8)

16Q + 56Fe 1995
(1963)

5 ~ 58
(5.50)

7.82
(7.60)

14.4
(13~ 5)

58.0
(15.5)

44.5

(17.9)

16Q + 16Q 1169
(1144)

3.81
(3.72)

3.81
(3 ~ 72)

7.03
(6.61}

31.9
(9.62)

25.3
(10.2)

»S + 207pb 4306
(4263)

12.8
(12.7)

22.4
(21.8)

49.5
(45.9)

158
(31.2)

117
(47.2)

»S+ ' 'Ag 3267
(3228)

10.8
(10.7)

15.4
(15.0)

34.0
(31.6)

118
(26.6)

87.0
(35.2)

»S+ 56Fe 2507
(2473)

8.88
(8.73)

10.4
(10.1)

23.0
(21.4)

86.3
(21.5)

64.0
(25.8)

32S + 16Q 1565
(1537)

5.69
(5.54)

4.75
(4.66)

10.5
(9.84)

44.7
(12.7)

34.7
(14.0)

207pb + 207pb

Ag+ ' Ag

56F + 56Fe

7464

4817

3046

47.9

24.8

12.8

47.9

24.8

12.8

185

77.9

33.1

462

235

117

318

165

85.0

2021 7.36 7.36 16.3 64.9 48.9
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(c) We use' cr;„,~ 3——2. 1 mb for E&,b
——200 GeV/

nucleon and o.;„,& ——31.7 mb at E~» ——15 GeV/
nucleon in Eqs. (2.12) and (2.14)—(2.16).

(d) In Eq. (2.13), we adopt pz (r) as given in Ref. 19:

Pb

p„(r)=po[1+e xp(r —R „)/d]
Rz ——(1.192 ' —1.612 '

) fm,

d =0.54 fm,

(3.4)

1.5

where po is determined from the normalization. This pa-
rametrization provides, via the Glauber formula, a satis-
factory agreement between the calculated and measured
hadron-nucleus reaction cross sections. ' Note that the
usage of a realistic pz is important for the calculations
of t/ized(z, E~,b) at small z, since, in this case, contribu-
tions from large bl become dominant.

We show in Table I the calculated value of o.,b, for
various AB collisions at E&,b

——200 and 15 GeV/nucleon
together with ( w„), ( wz ), and (N„b ), which are
obtained by averaging ( m„(bl ) ), ( w~ (bl ) ), and
(Nz~(bq)) over br with the weight o,"b, (bi )/. o.g, . Also
shown are the values of (n(E~,b)) zz calculated from
Eqs. (2.6), (2.8), and (2.9) for WNM and MCM. From
this table, we observe that MCM gives (n (E„b))„~
30—45 % larger at 200 GeV/nucleon and 10—30 %%uo

smaller at E~» ——15 GeV/nucleon, compared with those
given in WNM. The simplest version of the energy par-
tition in the MCM Eq. (2.9) underestimates (n(E&, b)) „z
at lower energy, although the bi dependence of
(n (bl, E&,b) ) „~ is not expected to change much if more
sophisticated versions of the energy partition are used.
A constant multiplied to (n(bl, Ebb)) „z does not acct
the results on P„~(z,E~,b ) given below.

ikJ
1 0

0.5

0.0
0.0 0.2 0.4

I

0.6 0.8 1.0

FIG. 2. Predicted KNO function for ' S+ A collisions at
15 GeV/nucleon for the case MCM. The nuclide A is shown
on the side of curves.

B. KNO function of AB collisions

We show the prediction of our model for P~~(z, E„b)
of the charged secondary multiplicity distributions for
various combinations of 2 and B colliding at E&,b

——200
GeV/nucleon in Figs. 1(a)—1(c). Results are shown only
for the region z ( 1.0 in Figs. 1(a) and 1(b) and for
z & 0.5 in Fig. 1(c) to illustrate the peaks of P ~~ (z, E„b )

on a linear scale. It can be seen that the difference be-
tween case MCM (solid curves) and case WNM (dashed
curves) for each A +B is significant only in the peak re-
gion. Case MCM gives a higher peak and the position
of the peak is situated at a smaller z as compared with
case WNM. For both cases, the peak is generally higher
and the position of the peak occurs at smaller z when
the combination 3 and B gives larger (N„z ). This
trend of nuclear-mass number dependence of the peak is
consistent with that observed in pA collisions. '

As mentioned in the previous section, values of
g„~(z,E&,b) calculated for case WNM, approximately
scale with energy and its change is negligible for the
range of energy interested in this paper. For case MCM,
however, considerable energy dependence exists in the
peak region. To see this, we show g~z(z, E~,b) in case-
MCM for collisions of 8 off ' 0, Fe, and Pb at
Et,b

——15 GeV/nucleon in Fig. 2. Comparing Figs. 1(b)

~kJ
10

10

10
1.0 2.0 3.0 4.0 5.0

FIG. 3. Predicted KNO function for nucleus-nucleus col-
lisions at large z. Solid {dashed) curves show the case MCM
{WNM) at 200 GeV/nucleon and dash-dot curves show the
case MCM at 15 GeV/nucleon.
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and 2, we observe that the peak is higher and the posi-
tion of the peak is located at a smaller z when E„b is
larger. We summarize our result on the normalized mo-
ments c =(n ) „~/ (n ) „~ for m =2, 3, 4 at both en-
ergies in Table II.

We turn to the large-z (& 1.5) region where signals of
new phenomena such as QGP formation might be ex-
pected directly in the multiplicity distribution, or the
multiplicity may be used as a trigger for other signals.
We note that we need the information on f(z) only for
z & 2. 5 to calculate P„~(z, E„b ) up to z = 5 because
Q„~ '(b, E„b) in Eq. (2.5) is less than 0.5 at b =0 for 2
and B listed in Tables I and II. In Fig. 3 we show our
calculation of g„~(z,Ehb) at 1 &z & 5 for ' 0+ ' 0,
' 0+ Pb, and Pb+ Pb collisions at E],b =200
GeV/nucleon. For the former two cases, we also show
the result of case MCM at E„„=15GeV/nucleon. At
200 GeV/nucleon, case MCM and case WNM show lit-
tle difference for each A +B collision. One can easily
confirm this result also for other combinations of A and
B listed in Tables I and II. The dependence of
g„~(z,E„b ) on A and B in this region of z is much less
pronounced than that in the peak region.

IV. DISCUSSIC)N
The main features of our model can be summarized as

follows.

(a) The peak height and the position of g„~(z,E|»)
depend strongly on (N„z ). This dependence on (N„~ )
is similar both for case MCM and case WNM. Thus, in-
dependent of the use of MCM or WNM, our model can
be tested against experiments by comparing the move-
ment of the peak when A and B are varied.

(b) In the peak region (z & 1), the factorizable and un-
factorizable forms of (n (bl, E|»))„s lead to a totally
different energy dependence of g zz (z, E„b ). Thus,
measurement on /zan(z) in the region z & 1 at different
energies will distinguish clearly the forms of
( n (bI, Ei» ) ) ~~, especially for large (Nqs ).

(c) In the tail region (z & 1), our model provides a
unique prediction of P„~(z) at E&» ——200 GeV/nucleon
for each 3 and B. It is not sensitive to the particular
choice of the input ( n (bI, Ebb ) ) ~z at El» ——200
GeV/nucleon.

We would like to comment on the two models for
(n(bl, Ei,b))~z. In a recent experiment, the charged
multiplicity N+ at laboratory angles t9(60 in ' 0+ Pb
collisions at 200 GeV/nucleon was observed as a func-
tion of the total energy E„„, in the forward veto
calorimeter. We assume that the observed charged par-
ticles are the charged secondary particles and the beam
spectator protons. Suppose we identify E„„,/200 GeV
as the number of beam spectator nucleons in ' 0,
(&o(bi) ) =16—(tco(bi ) ), we obtain a relation between

TABLE II. Results for scaled moments c for lower m's at 200 GeV/nucleon calculated for the
cases MCM and WNM. Values in parentheses are those at 15 GeV/nucleon.

A+B
16Q + 207pb

16Q + 108Ag

16Q + 56Pe

16Q + 16Q

32S + 207pb

S+ ' Ag

C2

2.32
(1.95)

2.40
(2.06)

2.42
(2.12)

2.22
(2.00)

2.54
(2.06)

2.64
(2.20)

MCM
C3

8.11
(5.50)

8.95
{6.36)

9.40
(6.97)

8.06
(6.37)

9.95
(6.21)

11.0
(7.32)

C4

40.7
(21.9)

48.6
(28.1)

53.6
(33.4)

43.8
(30.3)

56.2
{26.4)

67.0
(35.1)

C2

2.31
(2.30)

2.34
(2.33)

2.33
(2.31)

2.10
(2.08)

2.51
(2.50)

2.55
(2.54)

WNM
C3

8.17
(8.07)

8.61
(8.51)

8.67
(8 ~ 57)

7.18
(7.05)

9.80
(9.73)

10.3
(10.3)

C4

41.7
(40.9)

46.2
(45.4)

47.7
{46.8)

36.7
(35.7)

55.7
(55.1)

61 ~ 3
(60.9)

pe

32' + 16Q

207pb + 207pb

108Ag + 108Ag

pe+ pe

2.65
(2.26)

2.38
(2. 11)

2.90

2.87

2.76

11~ 3
(8.00)

9.19
(7.03)

13.4

13.2

12.3

71.5
(41.4)

52.8
(34.7)

91.0

89.8

81.0

2.52
(2.51)

2.26
(2.24)

2.84

2.77

2.63

10.3
(10.2)

8.27
(8.16)

12.9

12.3

61.8
(61.4)

45.0
(44.1)

86.5

80.6

69.9

2.57 10.8 67.0 2.44 9.64 56.7
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300

0+ Pb

2 0 0 GeV/nucleon

200
2-

S + Fe

100-

0
0.0 0.5 2.0 2.5 3.0

0
0

(b)

FIG. 4. Mean charged-particle multiplicity as a function of
the total energy in the forward veto calorimeter. Solid and
dashed curves are calculated by the MCM and WNM, respec-
tively. Data are taken from Ref. 4.

Zc

FIG. 5. Impact-parameter cut as a function of the multipli-
city cut for 200-GeV/nucleon nucleus-nucleus collisions. Solid
and dashed curves are for r, =0.5 and 0.8, respectively. Dot-
ted curves show the geometric estimate.

E„„and bI. Using this relation, we plot
N+ ——(n (bI, E~,&) &opg+(sp( b)l) l2 as a function of
E„„together with the experimental data in Fig. 4. The
solid curve calculated from the MCM reproduces the ex-
perimental data well. Deviation of the curves from the
experimental data at E„„&0.8 TeV may be explained
as the effect of particle production due to the internu-
clear cascading in the target nucleus (Pb). The deviation
from the experimental data in the small E„„,region is
larger for the dashed curve which is calculated from the
WNM. Although the result may suggest that the MCM
is preferable, we do not go further on this point because
our assumption regarding the relation between br and

Eveto may be oversimplifie
Since our model is based on geometric aspects, we can

relate the cut in the multiplicity with that in the impact
parameter. To do this, we calculate the probability r,
that an 3 +8 collision takes place at the impact param-
eter bi & b, among events with a scaled multiplicity
z )zg

b, cr,q, (bi )
r, =N~s '(z, ) f 2nbldbl „s @gg(z, , bi ),

0 ~abs

(4. 1)

where

4&„z(z„bi)=g 9(n —z, (n (E~») ) ~~)

XP„" (bl, E),~),

AB(b )
4 „a(z, )=f d br „z 4'~a(z„bl) .

O abs

In Figs. 5(a) and 5(b), we show the values of b, as a func-
tion of z, at r, =0.5 and 0.8 for ' 0+ Pb and S+ Fe
collisions, respectively, at EI,b ——200 GeV/nucleon. We
used the MCM for (n (bI, E~,& ) ) zz in this calculation.
The difference between case WNM and case MCM is
less than 5%. For comparison, we also show the
geometric estimate of b, :

b

a,"~,@qs(z, )= f 2vrbldblo, b, (br) . (4.2)
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Our illustration shows, for example, for the multiplicity
cut at z, =3 in ' 0+ Pb collisions, that 50% of the
events occur with bl &3.5 fm, and 80'7o of the events
occur with bi &4. 5 fm. For collisions of 3 +8 with
(N„z ) =20—30 at E&,~ ——200 GeV/nucleon, the
geometric estimate in the region 1 &z, & 3 can be regard-
ed as providing a b, for which approximately 50—80%
of the events occur with b &b, . Such information would
be valuable for a comparison of the theoretical calcula-
tion with experiments concerning the signals of the
QGP.



36 MULTIPLICITY DISTRIBUTION IN ULTRARELATIVISTIC. . . 2751

'Permanent address: Department of Physics, National Univer-
sity of Singapore, Singapore, 0511.

tProceedings of the Fourth International Conference on Ultra-
relatiuistic Nucleus-Nucleus Collisions, Helsinki, 1984, edited
by K. Kajantie (Springer, Berlin, 1985).

2Proceedings of the Fifth International Conference on Ultrarela-
tivistic Nucleus-Nucleus Collisions, Asilornar, 1986, edited by
L. S. Schroeder and M. Gyulassy [Nucl. Phys. A461 (1987)].

3Proceedings of the Second International Conference on

Nucleus-Nucleus Collisions, Visby, Sweden, 1985, edited by
H. -A. Gustafsson, B. Jakobsson, I. Otterlund, and K. Alek-
leth [Nucl. Phys. A447 (1986)].

4A. Bamberger et al. , Phys. Lett. B 184, 271 (1987).
5T. H. Burnett et al. , Phys. Rev. Lett. 50, 2062 (1983); F. Taka-

gi, ibid. 53, 427 (1984).
SG. Baym, in Proceedings of the Fourth International Confer

ence on Ultrarelatiuistic Nucleus-Nucleus Collisions (Ref. 1).
A. Capella and A. Krzywicki, Phys. Rev. D 18, 3357 (1978);

K. Kinoshita, A. Minaka, and H. Sumiyoshi, Prog. Theor.

Phys. 61, 165 (1979).
H. Sum&yoshi, Phys. Lett. 131B,241 (1983).
A. Bizlas, M. Bleszynski, and W. Czyi, Nucl. Phys. B111,461

(1976).
' I. Otterlund and E. Stenlund, Phys. Scr. 22, 15 (1980).

J. P. Vary, Phys. Rev. Lett. 40, 295 (1978); F. Takagi, Prog.
Theor. Phys. 71, 585 (1984).
D. Kiang, S. H. Ling, K. Young, and C. S. Lam, Phys. Rev.
D 31, 31 (1985).

3C. De Marzo et al. , Phys. Rev. D 26, 1019 (1982).
N. N. Biswas et al. , Phys. Rev. D 33, 3167 (1986).

'5K. Kinoshita, A. Minaka, and H. Surniyoshi, Z. Phys. C 8,
205 (1981).

' P. Slattery, Phys. Rev. Lett. 29, 1624 (1972).
7W. Thome et al. , Nucl. Phys. 8129, 365 (1977).
J. Whitmore, Phys. Rep. C23, 286 (1976).
S. Date, H. Sumiyoshi, and M. Gyulassy, Phys. Rev. D 32,
619 (1985).
H. Sumiyoshi (private communication).


