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Particle production at high energy. II. Accumulative impact and clustering
in relativistic heavy-ion collisions

Chia C. Shih and Jing-ye Zhang
Department of Physics, University of Tennessee, Knoxville, Tennessee 37996-1200

~Received 22 July 1996!

Transverse energy dependencedET /dh of O1Ag, S1Ag, and S1W collisions at 200 GeV/c are analyzed
in a parameter-free phenomenological model of cascade and clustering based onp1p andp1Ag collisions.
The model uses an event generator which explicitly displays the impact parameter dependence of the colliding
hadrons and incorporates basic features of multiparticle production inp1p collisions.p1Ag data at 200 GeV/
c are first analyzed with special attention to the time ordering of the cascading many-body processes using the
space-time geometry and the impact parameter dependence of the colliding hadrons. We introduce a relaxation
time parametert, the size of a time interval of the overlapping regions of space-time in the center-of-
momentum frame of the colliding hadrons. Within at interval of relaxation, impacts of all collisions are
accumulative. Only after this time has passed are pions allowed to be emitted from excited nuclear matter
according to a set of rules for cascade. A value oft;0.1 fm/c used forp1Ag data leads to a description of
the gross features of the transverse energy dependencedET /dh of O1Ag and S1Ag data of WA80 and S1W
data in the forward region of HELIOS.@S0556-2813~97!00601-8#

PACS number~s!: 13.85.2t, 24.10.Lx
a

l
b
p
ic
at
di
d
pl
th
o
st
dis
om
ri
t
tu
-
e
n
th
lat
r

ue

nc

,
an
ch
a
t
ng
o

the
gas.
of

eno-
is
tic
ith
eus

an
s.
mi-
to
ive
time
hall
he
is

bi-
al-
ry
cas-
r of
ody
en-
the
and
ed

n
ical
ys-
cs of
tial
an
In the past decade various models have demonstrated
importance and usefulness of the concept of branching
cascading in relativistic heavy-ion collisions@1#. Broadly
speaking, one type of approach is essentially statistica
nature. Very simple models of dynamics are used to ela
rate certain universal features of multiparticle statistics. S
cific formulations are then suggested in phenomenolog
diagnostics of real experimental data. It has often been st
that the bulk of salient features of experimental data are
tated by statistics and are independent of the details of
namics@2#. Such models are, however, frequently too sim
to satisfy the deep-rooted desire of a physicist to pinpoint
underlying dynamics of the physical world. Increasingly s
phisticated formulations have been introduced in many
tistical models in an attempt to take on the challenge to
tinguish the unique features of the specific dynamics fr
the bulk of experimental data. On the other hand, a majo
of approaches emphasizes the underlying dynamics of
multihadron systems. Many such models based on quan
chromodynamical~QCD! motivated formulations have con
tinuously been improved. In such a dynamically orient
model, statistics is often treated as an unavoidable nuisa
masking the underlying dynamics. Since rather leng
Monte Carlo algorithms have to be constructed to simu
the complicated dynamics, statistical aspects are often
duced to the ‘‘central-limit theorem.’’ Features of the uniq
unstable system associated with each individual event in
self may often be overlooked. Given the possible existe
of a quark-gluon plasma~QGP! to be one of the first priori-
ties of current research in high-energy heavy-ion physics
is important to recognize that such a system is a highly tr
sit unstable system lasting for a very brief time within ea
event. Both a statistical and a dynamical consideration m
be needed for a proper understanding of the nature of
possible QCD phase transition. Yet it remains a challe
both experimentally and theoretically to develop a set
550556-2813/97/55~1!/384~8!/$10.00
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unique diagnostic tools which distinguish unambiguously
differences between an unstable QGP and a hot hadron

In order to obtain better insight into the characteristics
relativistic heavy-ion collisions~RHIC’s! we would like to
reexamine some basic concepts that enter many phenom
logical studies. We would like to construct a model which
substantially statistical in nature and yet sufficiently realis
in the dynamics of the system. We notice that even w
hadron collisions alone as the basic entities of internucl
processes, a sizable set of data can be interpreted@3#. Such a
framework displays an explicit space-time evolution and c
be readily coded numerically for Monte Carlo simulation
The need for simultaneously keeping track of many dyna
cally interacting entities then becomes obvious. In order
construct any self-consistent simulation of success
branching and cascades, a proper consideration of their
ordering also becomes a necessity. In the following we s
follow the language of particle and parton to focus on t
multihadron dynamics. Energy-momentum propagation
therefore local in nature~in contrast to the strings!. We fur-
ther assume that all evolutions are the accumulation of
nary processes. It is therefore crucial to use an efficient
gorithm for an event generator with the basic bina
collisions processes as the starting kernel of internuclear
cading processes. The ability to consider a large numbe
binary collisions successively enables us to study many-b
effects systematically. As we shall discuss later on, it ev
tually leads us to evaluate quantitatively the concept of
impact and response of a nucleus system under collisions
introduce our own dynamical model for the more involv
nucleus-nucleus (AB) collision systems.

In any Monte Carlo simulation of relativistic heavy-io
collisions, an event generator should always yield statist
predictions consistent with experimental data for simple s
tems. It should also possess the space-time characteristi
the colliding hadrons, since the geometry of the finite spa
extension of the constitutional hadrons is known to play
384 © 1997 The American Physical Society
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55 385PARTICLE PRODUCTION AT HIGH ENERGY. II. . . .
important role in heavy-ion collisions. When such a mode
adapted to the internuclear cascading hadronic subproce
it can be used to probe interesting and nontrivial multih
dronic dynamics. For instance, it may be used to evaluate
possibility of a cluster formation. It may also provide a us
ful background calculation for the next level of subhadro
interactions.

In order to keep the algorithm of our numerical simulati
simple, we have treated individual hadrons as the basic e
ties for the propagation of energy and momentum and
binary collisions between hadrons as the kernel of inter
tion. Prior to any interaction, energy momentum is tra
ferred along straight line trajectories of hadrons. During a
binary collision, hadronic interactions are responsible for a
abrupt change of momentum associated with the straight
trajectories, which essentially originate in a local space-ti
region. A more refined local structure would require the co
sideration of partons@4,5#. Still binary collisions and the
time ordering of such collisions would then be of interes
the local interaction is a meaningful concept.

We present an analysis with particular emphasis on
space-time geometry of the internuclear hadronic distribu
by using an impact-parameter-dependent event generato
hadron-hadron collisions. Its Monte Carlo simulation h
given a consistent representation of the multiparticle prod
tion data ofp1p collisions (pp) for the range of laboratory
momentum,P<250 MeV/c @6#.

Without altering any of the parameters used for thepp
analysis, this same event generator is used for subhadr
pp collisions during the internuclear cascade of the proton1
silver (p1Ag! systems. In order to take into account nona
ditive effects due to multihadronic collisions, we shall fin
that it is necessary to introduce an additional parametert, the
width of a time window. Within this window of space-time
the effects of all participating hadronic collisions are acc
mulative and the compound system is also assumed to
momentarily ‘‘frozen’’ in configuration space. After the e
lipsis of such a time window, the accumulated ‘‘stress’’
then allowed to relax collectively through hadronic em
sions. Thus the emission processes present a clustering
nario in space-time when the world lines of incoming p
ticipating hadrons are very close to each other. Notice
the introduction of this ‘‘time’’ parameter does not alter o
earlier phenomenological representation ofp1p collisions.
In p1p collisions, there are no other hadrons nearby@6#, as
the final statepp rescattering has already been included
fectively in the phenomenologicalhh cross section. Once th
value of this parametert is determined from ap1Ag colli-
sion, our model of accumulative impacts and cluster
~AIC!, can be applied to other more involved RHIC pr
cesses where more hadrons participate in an environme
multiple collisions. We shall demonstrate that without fu
ther adjustment of any parameter, this model can disp
many features of the transverse energy dependence of
tems at 200 GeV/c.

While our model is an economic one to describepp,
pA, andAB systems simultaneously, it also brings attenti
to the need for evaluating collective responses for any s
tially extended colliding objects under the impact of repea
internuclear subcollisions. Since such effects have not
been fully addressed in other current phenomenolog
s
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models, we shall explore this issue in a simple model.
shall keep the parametrization to a minimum by using o
on-shell cross sections phenomenologically while ignor
the QGP structures of the strongly interacting hadronic m
ter.

We shall first review our geometrically oriented model f
a pp collision to be adapted as a part of the kernel
hadron-hadron (hh) collisions during a typical internuclea
cascading process@6#. Given a configuration with an impac
parameterb between the center of mass~c.m.! of any two
hadrons, we introduce a stopping power distribution which
stronger for central collisions than for peripheral ones.
construct this distribution, we start with the experimental
tal inelastic cross sections in(hh) at a given laboratory mo-
mentumq given by @7#

s in~pp,q!533.741239.0q24.33226.9q21.21

10.245 ln2q21.59 lnq, ~1!

s in~pp,q!5212.4140.4q20.28211.2q21.6720.180 ln2q

15.21 lnq. ~2!

We then assume thats in(hh) obeys geometrical scaling in
terms of an eikonal functionV(R) @8,9#,

s in~hh,q!5E db2~12e22V![E db2s in~hh,q,b!,

~3!

s tot~hh,q!52E b2~12e2V!,

with a Gaussian approximation given by Ref.@8# for the total
cross sections tot and inelastic cross sectionss in in relation
to multiplicity fluctuations

12e2V5Ae2~2A2A2/2!R2, A50.68, R5b/b0~q!,
~4!

s in~hh,q![pb0
2q,

to project out theb dependence ofpp andpp collisions. For
the s in(pp) process which is not measured directly, a fa
torized expression is used as an approximation so that

s in~pp,q!5s in~pp,q!2/s in~pp,q!. ~5!

The above geometrical cross section stochastically dict
the occurrence of any collision. Given a collision occurri
at a specificb, we further assume that the probability distr
bution of the energy loss of the colliding hadrons follows

p~y!dy5~22a!~eymax21!a22ey~ey21!12ady,

0<y<ymax, ~6!

where

a5a0e
2a1b. ~7!

Here,y is calculated in the center-of-momentum frame of t
two colliding hadrons.ymax5

1
2ln @(E1upWLu)/(E2upWLu)# is the
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386 55CHIA C. SHIH AND JING-YE ZHANG
incident value of the rapidity of either incoming hadron.
this paper, the choice ofa051.4 anda150.51/fm leads to a
y distribution peaked toward the peripheral region. The
sult of a convolution inb is also consistent with the exper
mental leading particle spectrum@10#. Since Eq.~5! intro-
duces the same impact parameterb for each colliding
hadron, the energy loss of the opposing hadrons are p
tively correlated in their c.m. system.

Associated with thisy distribution, the value of the trans
verse momentumpt5upW j u follows closely the experimenta
distribution of the inclusive measurements inp1p→p1X
@3#, and is given by

P~pt!;e24.1pt
2

~pt<0.81 GeV/c!

;2.53e24.4pt, ~0.81 GeV/c,pt,2.4 GeV/c!.
~8!

Given the final state momentum of the colliding hadro
we now construct a statistical model for the stochastic em
sion of pions, ignoring the relatively smaller probability
kion and antinucleon production. Here an emitted pion
given a random charge assignment.1 There exits, however
no general theoretical guideline, on the momentum distri
tion of the secondary particles when the impacts of collis
originate from more than two axes. Historically, in deali
with binary collisions, the hydrodynamical-thermodynamic
approaches of Fermi and Landau@11# realized that despite
thermalization, secondary particles do not lose all
memory of the initial state. The directions of the Loren
contracted nuclear matter of the colliding systems also de
the longitudinal axes of the secondary particles. In our s
ation the initial states may eventfully possess several co
ing axes. It is therefore natural to allow each pion the po
bility of carrying a rapidity value up to its kinematic limi
yj ,max alone each of thej axis. We then assume that ind
vidually the direction specified by the indexj is randomly
chosen among all possible longitudinal directions~parallel to
the momentum transfer of the colliding hadrons!.

The probability distributionf (yp , j ) of the rapidityyp of
the secondary pions is given in a universal form by

1This requirement is technically intriguing, since true randomn
requires independence between the secondary particles. To a
the overall neutrality, we assume that all charged secondaries
produced by neutral pairs which consist of a positive and nega
pion only. Given the number of such pairs to benc , a Gaussian
distribution is assumed fornc , so that^nc& is equal to the total
number of secondary particles modulated by 3. In order to av
such a Gaussian distribution to be either too broad or too narr
we have further assumed that the variance ofnc is essentially
^nc&/3. Different choices of this variance are related to charge fl
tuation among individual events. Such information is generally
available phenomenologically. Our Monte Carlo simulation d
pends mildly on the specific value used for this variance. The ef
of charge fluctuation can be compensated by adjustments of o
parameters in order to achieve a reasonable representation o
perimental data. The bulk of our conclusions is not sensitive to
specific choice given above.
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f y~yp , j !5Cj~22b!~elyj ,max21!b22elyp

3~elyp21!12bdyp ,

Cj5yj ,maxY (
k
yk,max , yp<yj ,max , j< jmax,

~9!

with jmax52 for hadron-hadron (hh) processes. While the
choice of a directionj is dictated by the relative strengths o
the overall normalization factorPj , the shape of theyp dis-
tribution is controlled by the parameterb andl. A choice of
b52.1 andl520.325, give a rather flatyp distribution.
Together with the longitudinal momentum distribution, th
associated transverse-momentum distributionpt5upW j u is
given by

P~pt!;e26.2pt ~pt<0.81 GeV/c!

;0.5326e25.3pt ~0.81 GeV/c,pt,2.4 GeV/c!.

~10!

The above parametrization is typical of any longitudin
phase space model which does not use of light cone varia
@3#. Since the distribution of each secondary pion depends
the energy momentum of a single parent, our model can
directly generalized to a RHIC processes where later on
shall allow more than two sources contributing their ene
momentum to a common cluster.

We now turn our attention topA systems. Our task is to
construct a proper sequencing of the internuclear collisio
Given individual entities of collision such as extended o
jects, information on their rest mass, location of its center
mass, and effective range of interaction is not sufficient
construct a Lorentz-covariant algorithm for the ordering
collisions@12#. While we will address this question in deta
at a later time, it is presently sufficient to notice that orderi
becomes an important problem only for situations where
ternuclear collisions occur close to each other in space-ti
In such circumstances, there is already the important qu
tion of the finiteness of the relaxation time~response time! of
such transient multihadronic systems. In order to simplify
problem, we shall further assume that the entities of co
sions are at the level of hadrons, and the hadronic cr
section for the internuclear cascade is the same as that o
empirical on-shell ones.

In order to accommodate the possibility of a finite rela
ation time, we shall now introduce a parametert, the size of
a window in time, within which repeated impacts of collisio
will accumulate. Heret is defined in the initial c.m. frame o
the colliding constituent nucleon. This is the reference fra
where all our bookkeeping of the dynamics is maintained
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55 387PARTICLE PRODUCTION AT HIGH ENERGY. II. . . .
all times. We note that after a binary collision, a participati
hadron may soon be bombarded by another hadron. If
time lapse is small, no substantial evolution in the space-t
configuration of the participating hadrons can occur dur
the interval between collisions. There always exists a co
petition between the accumulation of repeated impacts
the relaxation of an excited system to evolve in space-ti
The precise definition of the time of collision is also subje
to an intrinsic quantum mechanical uncertainty. With the
considerations in mind, we have allowed for the possibi
that within this time windowt of relaxation impacts on al
energy-momentum transfers of successive subcollisions
accumulative. A compound cluster is first formed and
system decays collectively afterward@13,14#.

Cluster formation is not a new concept for the investig
tion of aspects of the dynamics of strongly interacting s
tems. But its dynamics has seldom been successfully in
porated in any full fledged Monte Carlo algorithm. In o
AIC model, the relaxation time is the window of time a
lowed for a cluster to absorb impacts. In the limit of a lo
relaxation time, a large amount of collisions would be ac
mulated, leading to a large invariant mass for a cluster
would then correspond to an interacting tube scenario@15#,
where all the energy associated with all geometrically ov
lapping tubes will be added to a huge fire ball. This limitin
scenario would be clearly different from those associa
with an ensemble of wounded nucleons.~In other words,
even though clusters receive their supply of energy and
mentum from the hadrons directly, they do start to dec
within a short time.! The relaxation time in the AIC model i
more concerned with initial state configurations prior to ha
ronization instead of the formation of hadrons after the ini
state interaction. Its emphasis is therefore different from
familiar concept of the ‘‘formation time’’ of hadrons. Th
dynamics of hadronization itself is beyond the scope of
simple approach.

For the cascade of a cluster we have adapted a statis
approach by assuming that after a cluster is formed, it
members only the various impact axes of the participat
hadrons. The cluster shall otherwise decay through the
chastic emission of pions. In our model, the underlying em
sion process is the same as that in the nucleon-nuc
(NN) system except that a cluster is allowed to emit pio
along several longitudinal directions of rapidity@i.e.,
jmax.2 in Eq.~9!#. Since the ensemble of collisions within
window is treated collectively, the detailed ordering of co
lisions within themselves is no longer a critical issue to
addressed. To simulate a real formation time of the pio
one could turn off the interaction of the on-shell second
pions and let them travel ‘‘collision free’’ for a period o
proper time. The present simulation, instead, has introdu
a minor cutoff factor in the invariant mass and the fou
momentum transfer to shorten the amount of CPU ti
needed for a typical run. Very soft pions are therefore
heavily involved in any individual re-scattering process
Although our AIC Monte Carlo simulation allows this de
gree of freedom of pion formation time, this parameter h
not yet been extensively dialed in conjunction with oth
degrees of freedom to look for potential interpretations of
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data and to obtain a strong feeling toward the underly
physics.2

The AIC model presented here essentially assumes tha
hadrons travel along classical straight trajectories both be
and after any collision. Multihadron effects are significa
only within the impact windowt when the hadrons meet. I
order to treat the classical part of the space-time evolut
our simulation first traces each hadron through its fut
space-time trajectory. All potential pairwise ‘‘instant of co
lisions’’ are identified as the time of the minimum approa
in the c.m. reference frame of the initialNN system. A com-
prehensive bookkeeping is kept to sort out all possible fut
‘‘instant of collisions,’’ identify the ‘‘first’’ collision, and
record all subsequent collisions within an allowed AIC wi
dow of time. Since the number of participating hadrons
large, our simulation for each collision is computationa
intensive. In this paper, we have therefore restricted o
selves to thep1Ag, O1Ag, S1Ag, and S1W systems.

In a heavy-ion system, we assume that the incid
nucleus takes the Woods-Saxon profile. During a RHIC c
lision, the constituent hadrons suffer repeated collisio
which are either spacelike or timelike between each oth
The ordering of the timelike collisions in fact will depend o
the definition of the ‘‘instant of collision.’’ Typically the
time difference between two potentially overlapping ‘‘in
stants of collision’’ is also very short in any reference
space-time representation. In order to proceed, we h
adapted the following procedure to keep track of the co
sion dynamics of anN-hadron system.

~1! In the rest frame of a given hadron~say, hadroni ), the
‘‘instant of collision’’ t i j8 , with another hadronj , is identified
as the time whenj reaches its minimum ‘‘distance of ap
proach’’ bi j . Given this impact parameterbi j and its associ-
ated cross section, a stochastic decision determines whet
collision will occur att i j8 assuming that the particlej is al-
lowed to reach the distancebi j without the interference of
other collisions. The correspondingt i j in the overallNN c.m.
frame ~i.e., the c.m. system between an initial target a
projectile constituent nucleon! is recorded in a common tabl
and time ordered after the scanning of the whole ensembl
collisions. We identify the two participating hadrons~say,
X andY) of the very next collision as the seeds of this ste
With the pair of ‘‘seed-hadrons,’’ say, hadronsX,Y, all sub-

2In a typical scenario of a QCD model, a string is hadronized a
a period of formation time. The energy and the momentum of
strings are associated with the end points and the kinks, and
body of the strings would not be subjected to rescattering direc
The energy distributed in the corresponding section of the st
tension is not subject to collisions. In other scenarios, if strings
not completely transparent in the region between the kinks and
end points, time ordering of finitely extended objects may be
evant. To accommodate the possibility of a reduced effective c
section, we have also allowed for the reduction of the cross sec
for collisions of produced pions for a period of time after the ‘‘in
stant of collision.’’ Our present parametrization, however, pref
the use the hadronic cross section to determine the probabilit
pion production in the space-time region when pions are create
is analogous to the situation of a small ‘‘collision-free formatio
time.’’
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388 55CHIA C. SHIH AND JING-YE ZHANG
sequent collisions againstX and Y within the window of
response timet are treated as follow-up secondary collisio
of X and Y individually. We shall refer these hadrons
follow-up ‘‘colliding partners’’ to the seed hadrons.

~2! All collisions are treated as binary collisions accordi
to the stopping power law of on-shell hadron-hadr
collisions.3 The piecewise straight line trajectories are co
structed with the change in energy momentum assigne
the ‘‘instant of collision’’ of the seed hadrons. The loss
energy momentum of all the participating hadrons within
time windowt is first transferred to a common cluster. Co
lectively, the overall energy momentum is then converted
secondary pions. The energy-momentum assignment to
soft pions now follows the same prescription as before
that in theNN systems. We note, however, that there are
general more than two directions to choose.

~3! The newly created pions are also assumed to be
formly distributed along the straight line between the cen
of mass of the overall cluster and point of interaction of t
emitting hadron. The detailed dynamics on the formation
pions is not addressed.

~4! All the updating of the phase space trajectories is p
formed at a given time in theNN c.m. system. The emissio
process repeats itself until all the energy of the cluste
exhausted. At this point, the unbalanced momentum
evenly distributed to all the secondary particles to rest
conservation of total momentum. A common momentum
scaling is finally used to restore conservation of the to
energy also@6#.

~5! With the newly scattered hadrons and the newly c
ated secondaries, step~1! and step~2! are repeated for a new
round of internuclear cascades. All of the newly produc
pions are allowed to scatter with other existing hadrons,
cept with their seeding parents and the newly created p
themselves to avoid potential double counting in using
shell cross sections.

A strong incentive for the need for an accumulated
sponse can be appreciated through the existence of a ‘‘
of ordering’’ of the collisions. In our calculation of step~1!,
we have identified the ‘‘instant of collision’’ of a particl
X with all other hadronsj51, . . . ,N in the rest frame of
X. This definition sometimes runs into a logical loop wh
many particles are present. For example, after finding a
ticle Y being the next candidate to collide withX, we shift to
the rest frame ofY and may find a particleZ, different from
X, being the next candidate to encounterY. This chain of
ordering will complete a cycle, when a particleV is identi-
fied which takes particleX as its next candidate for collision
Our situation is a reflection of the infinite precision of th
classical definition of the ‘‘instant of collision’’ and the lac
of covariance of ‘‘rigid body’’ dynamics. The introduction o
the accumulated time windowt lumps all the colliding part-
ners into a single window, and the resultant dynamical e
lution is not very sensitive to the details of the definition
the ‘‘instant of collision.’’

3To avoid an excessive CPU time occurring near the threshold
low momentum transfer, a cutoff of 2.15 GeV in the invariant ma
and20.4 GeV/c for the four-momentum transfer are set for a
binary collision.
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In Fig. 1, we have plotteddnch/dy and dn2 /dy for p
1Ag collisions at 200 GeV/c for the value oft50.1 fm/c.
This choice leads to ânch&517. There is room for a some
what different choice oft, as other parameters can always
adjusted to restore a reasonable fit to the data. But our m
does have difficulty generating enough secondary particle
fit the experimental data if the value oft is taken to be too
small. Given the fitting to the data as being acceptable,
above value oft will be used for the more complicate
analysis of the RHIC systems that follows.

In Fig. 2 we have used the above phenomenological
mulation to calculate the transverse energydET /dh depen-
dence for O1Ag and S1Ag collisions at 200 GeV/c using
the minimum bias criterion of the WA80 experiment. In th
forward region, the agreement between the S1Ag data and
the Monte Carlo simulation is acceptable. In the backw
region the Monte Carlo results are roughly 15% too hig
Given the qualitative nature of our present phenomenolog
parametrization, we shall not pursue further improvem
between our Monte Carlo simulations and the experime

nd
s

FIG. 1. Inclusive distributions ofp 1 AG collision for charged
particles at 200 GeV/c. Upper curve:dnch/dy. Lower curve: nega-
tively charged particlesdn2 /dy Data3 from Ref. @25#.

FIG. 2. Transverse energydEt /dh (lab) as a function of labo-
ratory rapidityh lab. Upper curve: S1 Ag. Lower curve: O1 Ag.
The minimum bias criterion is the same as those used in the W
data to be compared. Data3 for S 1 Ag from Ref. @26#.
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data until further studies. Table I shows a comparison of
peak values and the locations ofdET /dh with the O1Ag
and S1Ag data of WA80 at 200 GeV using various criter
introduced by WA80 to label the center, middle, and perip
eral collisions. The discrepancy is also,15%.

In Fig. 3, we have calculated S1W collisions at 200 GeV/
c. Since the system is larger and the Monte Carlo calcula
demands a longer CPU time, it is not easy to obtain stat
cal information for the very rapid decreasing exponential
of the highEt region. Again in the forward region we ob
served better agreement between the Monte Carlo simula
and the experimental data. For the backward region and
full region, our Monte Carlo simulation is too high b
roughly a factor of 2. Further tuning of the parametrizati
no doubt can improve the agreement. We shall leave it a
task for the future.

The AIC model we present here is a generalization
earlier models where the scattering between hadrons is
fined to geometrically determined tubes@15,16#. Inside these
encountering tubes all colliding hadrons possess cross
tions which depend on their impact parameters and
smaller than the corresponding on-shell value at the s
energy. If ourt value were taken to be zero~even with

TABLE I. Peak and position of O1 Ag and S1 Ag collisions
obtained from WA80 and Monte Carlo simulations fordET /dh at
200 GeV/c in the central, intermediate, and peripheral regions.

Region Peak Position Peak Position

WA80 O1Ag MC O1Ag

CEN 49.8 2.44 45.2 2.83
MID 30.0 2.57 27.8 2.64
PER 11.1 2.71 14.3 2.64

WA80 S1Ag MC S1Ag

CEN 81.9 2.67 82.2 2.67
MID 55.0 2.78 53.2 2.67
PER 15.0 2.94 21.9 2.67

FIG. 3. Transverse energydET /dh lab as a function of laboratory
rapidityh lab. The minimum bias criterion is the same as those u
in the HELIOS data to be compared with data3, L, andh from
Ref. @27#.
e
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rescattering included!, our model would underestimate th
average number of secondary particles produced inpA and
AB collisions. With a nonzerot, the secondary pions bein
produced display substantial clustering and are more ab
dantly produced. A better agreement with the experimen
data can be obtained. Thus, in our present model, it is n
essary for the response timet to be nonzero.

In theNN c.m. system, the average spacing between
constituent hadrons is of the order 0.05 fm for the laborat
momentum of 200 GeV/c. t50.1 fm/c allows two to three
constituent hadrons to compound their energy losses in
central cluster before the pion emission begins. On the o
hand, a typical cluster may contain a large number of s
ondary pions produced at an earlier time. In a typicalpA
collision with a largeA, the dependence on the value ofA in
the projectile region is small. On the other hand, the res
tering effect is very strong in the target region and theA
dependence is obvious. Our crude Monte Carlo model c
sistently leads to a somewhat higher value ofEt . Further
refinement is clearly desirable.

Theoretically the value oft is not easy to estimate, as th
system under consideration is a unstable QCD syst
Parton-parton interactions or string-string interactions sho
be considered. At the hadronic level, we have tried to ta
into account rescattering effects by ignoring the off-shell n
ture of the secondary pions and treating them as on-s
particles@17#. The secondary particles are created near
point of interaction along the longitudinal direction betwe
the center of collision and the scattered hadron within
vicinity of the compound cluster. The detailed dynamics
the rearrangement of the compound cluster is therefore
den in a black box and never addressed. Conservatio
energy momentum is imposed at each intermediate ste
the cluster cascade in our simulation. It should also
viewed as an approximation of the underlying dynamics a
@6#. This is opposite to the other limiting scenario in whic
strings are treated as ‘‘collision free’’ entities before conve
ing into pions.

Part of the merit of our model is the simplicity of th
formulation. A detailed fine-tuning of the input paramete
has not been performed for the more complicated heavy
systems. Considerable flexibility of our model still exists f
a more realistic parametrization in the future. For examp
more detailed considerations such as charge exchange i
action, factorization inpp cross sections, transverse m
mentumpt and impact parameterb dependence, productio
of the k mesons, and leading particle effects may also
incorporated. These and other fine-tuning should further
prove the agreement between our model and the experim
tal data of the heavy-ion collision systems. The spec
forms of the dependence of the rapidity and transverse
mentum as in Eqs.~4!–~9! are adopted for their conve
niences in numerical simulation. Since there are no intrin
advantages in these forms, other reasonable parametriza
are clearly acceptable. None of these changes, however,
alter the rationale of our kinematic and dynamical treatme
of the Monte Carlo simulation for the heavy-ion collisio
processes under consideration.

In a real sense, the goal of our research is not to creat
ambitious model to explain all essential features of hadr
and nucleus-induced processes at relativistic energies,

d
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the LUND and DPM models being developed over deca
@4#. In order to demonstrate the central thesis of our
proach, it is, nevertheless, necessary for us to use a com
hensive set of parametrizations for our Monte Carlo inp
and a reasonable representation of the system evolutio
order to explore the kinematic and dynamics considerati
of the interacting entities. Such considerations have force
to be more critical in constructing our Monte Carlo simu
tion than most other statistical models. It also provided
with a quantitative tool to entangle the difficult issue of ‘‘o
dering’’ multiple scatterings in a four-dimensional geome
of space-time. Since our Monte Carlo algorithm translate
rather intuitive physical picture to its associated compu
simulation, it allows us to reevaluate the response of a ty
cal localized system and introduce the concept of the ac
mulation of impacts and clustering. Thus the frequently ci
issue of clustering in RHIC’s can also be interpreted acco
ingly @14#.

The space-time evolution of the many-body dynam
presented in this paper is essentially a classical one@18,19#.
Quantum mechanical effects such as path interference ar
incorporated. In this study, it is our intention to push t
partonic localization concept to its limit so that better foc
can be achieved on various techniques of numerical sim
tion in regions of densely populated hadronic matter. If
classical kernel of hadronic interaction is replaced by Q
parton or strings, questions of the time ordering of succ
sive binary collisions discussed here remain an issue.
assumptions on cluster formation and response may als
considered as an alternative phenomenological approac
the quark-gluon dynamics not being addressed in this stu
The Monte Carlo simulations presented here could there
be considered as one of the many complementary analys
other models based on string dynamics.

In our phenomenological construction of the event g
erator, several important features of high energy proce
have been ignored. One of the factors is local correlation
different kinds. Existing data indicate that the momentu
and charge balance typically observes a compensation w
rg
de
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od
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one unit of rapidity@20#. In our representation, such correl
tions have been diluted to an overall global domain at
individual stage of interaction. For heavy-ion collisions, co
relations between various produced hadrons also exist
consequence of multilevels of internuclear cascade. Powe
phenomenological formations such as a wavelet anal
may lead to various correlation integrals for further illustr
tion of the strong interaction dynamics illustrated by o
Monte Carlo model as well@21#.

Current extensive efforts exist on simulations of RH
physics. Many of the Monte Carlo generators being dev
oped can describe the available data (pp, pA, andAA) very
well from low up to very high energies. It is therefore inte
esting to compare our AIC Monte Carlo generator explici
with current generators. First the AIC generator is
hadronic-based generator, which is similar to ARC@22#, and
is therefore quite different from models that are QCD bas
such as FRITIOF@4#, DPM @5#, PCM @17#, RQMD @23#, and
HIJING @24#. Second, the AIC generator is partially simila
to HIJING in the use of the eikonal and stopping pow
formulations. But in the AIC generator, a collision is im
pacted on a whole hadron. Third, the AIC generator ta
into account rescattering among the produced and scatt
hadrons with no color degrees of freedom in a~311!-
dimensional space. No color rope and resonance excitat
are included. Fourth, the AIC generator considers a ‘‘rel
ation time’’ for the formation of initial clusters. This poss
bility is not considered in most Monte Carlo generators.
separate consideration for the formation time of the seco
arily produced pions is given in the vicinity of the AIC clus
ters. While RQMD and ARC are built for physics betwee
AGS and SPS energies, HIJING and PCM for higher en
gies than that of SPS, the AIC generator has been selecti
applied for both low and high energy regions.
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