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Effect of multiparticle collisions on pion production in relativistic heavy-ion reactions
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Fundação de Ensino Superior de Sa˜o João del-Rei, Sa˜o João del-Rei–MG, Brazil

E. L. Medeiros† and S. B. Duarte
Centro Brasileiro de Pesquisas Fı´sicas–CBPF/CNPq, Rua Dr. Xavier Sigaud, 150, 22290-180, Rio de Janeiro–RJ, Brazil

~Received 7 October 1996!

In the present work we discuss the effect ofN-body processes on pion multiplicity in relativistic heavy-ion
reactions. This effect is analyzed in the energy range from the pion threshold up to 2 GeV/nucleon, for several
projectile-target systems. The analysis is carried out in the context of intranuclear cascade calculations. It is
shown that the inclusion of multibaryonic collisions is a crucial element in the study of the pion production
mechanisms, being strongly dependent on the adopted correlation range for the particles involved in the
N-body processes.@S0556-2813~97!05305-3#

PACS number~s!: 25.75.2q, 25.75.Gz, 25.75.Dw
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I. INTRODUCTION

The study of relativistic heavy-ion collisions at interm
diate energies still makes claims for a theoretical approac
the reaction mechanism that includes properly the ma
body correlations in the baryonic interacting system. Af
the phenomenological thermal and hydrodynamic pictu
were used to describe some aspects of the nucleus-nu
reactions@1#, models based on transport equations have b
largely applied and presented as good candidates to des
many-body correlations@2#. These approaches are well e
tablished from the microscopic point of view in terms of
time-dependent Hartree-Fock calculation@3#. However, the
basic element in these approaches is theone-bodyphase-
space distribution function;many-bodycorrelations at shor
distances cannot be properly incorporated into models ba
on the Boltzmann-Uehling-Uhlenbeck~BUU! transport
equation. The most recent attempt to include many-body
fects in these transport schemes has been carried ou
Batko et al. @4#, who have modified the collisional term i
the BUU equation by introducing an effective cross sect
for collisions involving three or more baryons.

The importance ofN-body (N.2) effects to the descrip
tion of the heavy-ion reaction mechanism was first poin
out by Kodamaet al. @5#, by using Monte Carlo simulation
in the intranuclear cascade model. In that work it was de
onstrated that nonbinary particle collisions due to dynam
density fluctuations cannot be neglected. In this contex
intranuclear cascade~INC! models, however, the relevanc
of multibaryonic collisions to particle production has not y
been discussed. This important issue, already discussed
nonrelativistic BUU-equation approach for kaon producti
@4#, still needs to be examined regarding pion production

The main purpose of the present work is to study
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effect of multiparticle collisions on pion production in th
broad energy range from the nucleon-nucleon pion thresh
to energies around 2 GeV/nucleon. Although the BU
scheme deals directly with a self-consistent mean field, a
including the Pauli-blocking effect in the binary collision
term, we believe that the BUU description of the evolution
the system in terms of the one-body distribution functi
only, is not appropriate to discuss effects originated in
dynamics of density fluctuations. It seems that an INC c
culation, with some improvement in the prescription
mimic the Pauli blocking, continues to be a useful, availa
tool to provide a reliable estimate for effects which depe
on multibaryonic interactions.

We remind the reader that, for low energies near the p
threshold, particle production significantly cools down t
formed hot system and can interfere in the occurrence o
possible liquid-vapor phase transition of the nuclear ma
@6#, discussed since early studies on heavy-ion collisio
Furthermore, it is the available energy to heat the nucl
system that will determine the fragmentation process of
residual nucleus in the final stage of the nuclear react
Besides, the subthreshold pion production itself still clai
for an analysis focused on multiparticle collisional process

For higher energies the interest is to explore the relativ
tic character of the INC calculation@7#. Current BUU
schemes used to discuss the effect ofN-body collisions on
particle production are nonrelativistic@4#. Consequently, ki-
nematic effects on particle production, as well as the eff
of multibaryonic collisions included in these BUU calcul
tions, should be reviewed.

The calculation of the present work follows the gene
aspects of our previous relativistic INC models@5,7#. In the
present study we explore the effect ofN-body processes on
pion production, and discuss the sensitivity of results to d
ferent ways of defining these multiparticle collisions.

This work is organized as follows. In Sec. II we give
brief description of the present INC model, emphasizing
details related to the inclusion of many-body collisions.
Sec. III, we present and discuss our results. Finally, we d
some conclusions and make our final remarks in Sec. IV

J,
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II. THE N-BODY INTRANUCLEAR CASCADE
CALCULATION

The inclusion ofN-body interactions in the present IN
calculation begins by checking the neighborhood of any t
colliding particles of a conventional cascade calculation
other baryons can interfere in the binary collision, the p
cess should rather be considered as anN-body process, with
N being the number of the intruders plus the two collidi
particles. The fundamental point is how to define the int
fering neighborhood. Let us consider two interacting baryo
i and j , separated by the distancedi j . The simplest way to
decide on whether a generic third particlek is in the geomet-
ric interfering neighborhood of thei - j pair or not, is by
comparing the effective ranges for thek- i and k- j interac-
tions with the distancesr ki andr k j , respectively. Namely, if
any of the conditions

r ki,Aski~s!

p
or r k j,Ask j~s!

p
~1!

is satisfied, the particlek is considered to be in the interfe
ing neighborhood of the baryonsi and j . @The total cross
sections for any two particles,s(s), are parametrized a
functions ofs, the invariant-mass squared.#

In order to better appreciate the effect of the interfer
neighborhood on the pion production, one can alternativ
restrict this interfering neighborhood. Let us say that parti
k interferes in thei - j collision if, in addition to condition~1!,
one also requires that

r ki,di j or r k j,di j . ~2!

With the additional condition~2!, the number of particles
involved in theN-body processes results is smaller than
the previous situation. We can say that the criterion wh
uses only the first condition leads to larger clusters surrou
ing the interactingi - j pair. Thus, hereafter, we will call this
criterion thelarge-cluster criterion~LCC!, in contrast to the
second one, referred to assmall-cluster criterion~SCC!.

Since neither experimental information for the cross s
tions of theseN-body interactions is available, nor any effi
cient theoretical approach to calculate it, the simplest wa
take into account the effect of the other particles on thei - j
collision is by considering a redistribution of energy a
momentum among theN particles in the cluster. This
energy-momentum redistribution prescription must,
course, preserve strictly the total energy-momentum con
vation. As a matter of fact, we have picked out equally pro
able configurations in theN-body phase space restricted b
energy-momentum conservation constraints@5,8#. After this
redistribution, the resulting energies and momenta of
baryonsi and j are then used as input for the processing
their binary interaction. By using this prescription we a
imposing a local thermalization mechanism, similar to t
one adopted in Ref.@4# to define an effective cross sectio
for the N-body processes.~This point will be further dis-
cussed in Sec. III.!

We list below all the elementary reactions that we ha
included in the present version of the INC model:

B1B2→B1B2 , ~3!
o
f
-

-
s

ly
e

h
d-

-

to

f
r-
-

e
f

e

e

NN
ND, ~4!

NN
NN* , ~5!

D
Np, ~6!

N*
Np, ~7!

whereB means any baryon,N means a nucleon, andD and
N* are the lowest-mass~1232 MeV! and the next higher
~1440 MeV! baryonic resonances, respectively. The cro
section for the elastic baryon-baryon process, Eq.~3!, has
been taken from a compilation of experimental data@9#.

The direct reactions~4! and ~5! are the D- and
N* -formation processes, respectively. The cross sections
all possible isospin channels in these reactions, taken f
Ref. @10#, are given in terms of the parametrization by Ve
West and Arndt@11# of the data for nucleon-nucleon single
pion production. The resonance-recombination processes
verse reactions in Eqs.~4! and~5!, were calculated by using
the extended detailed balance relation@12#. Although other
versions of the extended detailed balance have been
@13#, a recent experimental analysis@14# has shown that the
version of Wolfet al.presents a better performance in repr
ducing the data for the delta-recombination cross section

The D andN* resonances may decay into a pion and
nucleon through the direct reactions in Eqs.~6! and~7!. The
decay time of a resonance is randomly chosen from the c
acteristic exponential law with a lifetime given byt5\/G,
where GD5115 MeV andGN*5200 MeV. We note that
pion absorption effects—inverse reactions in Eqs.~6! and
~7!—are explicitly included. Their cross sections have be
taken from Ref.@10#. Finally, in our model the pion produc
tion may occur only through a resonance decay, once
disregarded the directs-state pion production.

In conventional versions of the INC model@15–17#, the
Pauli-blocking effect has been taken into account throu
prescriptions which adopt some sort of energy cutoff for s
collisions ~collisions with relative kinetic energy lower tha
the local Fermi energy are not processed!. The way the
Pauli-blocking effect has been considered in our present I
model represents an improvement over the previou
adopted treatments; we have used phase-space exclusion
umes attached to each fermion. For every elementary in
action processed, we check whether the exclusion volu
associated with the final state of each colliding fermion
cludes more than 2S11 similar fermions, whereS is the spin
of that fermion. Whenever this happens, the collision is
allowed. The exclusion volume corresponds to a hypercu
cell in phase space, with the spatial size equal to typ
nucleon dimension (Dxa51.13 fm), and the momentum
size given by the uncertainty relationDxaDpa5h, with
a51,2,3.

III. RESULTS AND DISCUSSION

We now discuss the main results obtained with t
present INC model. The frequency of occurrence
N-body processes (N52,3,4,5), as a function of time, is
shown in Fig. 1 for central Ca-Ca reactions at incident e
ergyElab52 GeV/nucleon. The calculations were perform
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under the two different criteria~LCC and SCC! adopted in
the definition of the interfering neighborhood. Under t
SCC criterion, Fig. 1~a!, the binary collisions dominate dur
ing the whole nuclear reaction. However, under the LC
criterion, Fig. 1~b!, the relative frequency of multiparticle
collisions increases significantly, with a consequent decre
in the number of binary processes; this latter is even s
passed by the frequency of three- and four-body proces
We have verified that this same qualitative behavior a
holds for incident energies around 300 MeV/nucleon.

The use of either the LCC or the SCC criterion chang
drastically the pion multiplicity, for energies in the rang
0.25–2 GeV/nucleon. In Fig. 2 we plot the results for t
negative-pion multiplicity in quasicentral~impact parameter
<2 fm! 40Ca140Ca reactions, as a function of the incide
energy, obtained with three different models: the conv
tional INC model@16# ~solid line!, which includes only bi-
nary collisions, and the present INC model—which includ
alsoN-body processes—under two different assumptions
the neighborhood criterion, namely SCC~dashed line! and
LCC ~dotted line!. The inclusion of multiparticle collisions
under the SCC criterion decreases the pion production
high incident energies, having practically no effect for en
gies around the pion threshold~shown in the small graph in
the Fig. 2!. On the other hand, the LCC criterion has a mu
higher effect on pion production, decreasing the pion yield
the full range of energies investigated here. The experime
data @18# are displayed only to evidence the relevance
multibaryonic collisions to the pion production in relativist
heavy-ion reactions. We remark that years ago the exis

FIG. 1. Frequency ofN-body collisions during the time evolu
tion of central 40Ca140Ca reactions atElab52 GeV/nucleon. The
calculations were performed under two different cluster crite
SCC, the small-cluster formation criterion~a! and LCC, the large-
cluster formation criterion~b!. The frequencies of collisions involv
ing N particles, withN52, N53, N54 andN55, are represented
by the solid, dashed, dot-dashed, and dotted lines, respectively
se
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es.
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discrepancy between conventional INC calculations of p
multiplicities and the data was attributed to either the pr
ence of a compressional energy effect@18# or, alternatively,
the effect of the nuclear mean field@19#. In the framework of
conventional INC models, the discrepancy was only e
plained by claiming for a nuclear binding-energy effe
@17,20#.

We notice that the reduction of pion multiplicity as a co
sequence of the inclusion ofN-body processes, as obtaine
in the present work, is apparently in disagreement with
effect ofN-body collisions on the kaon multiplicity reporte
in Ref. @4#. There, the inclusion of multiparticle collision
leads to an increase in the number of the produced ka
However, it is not intuitive that pion multiplicity should b
similarly affected by the inclusion of many-body collision
in a dynamical model for heavy-ion reactions. Note that
processes of pion absorption—inverse reactions in Eqs.~6!
and~7!—and ofD andN* recombination—inverse reaction
in Eqs. ~4! and ~5!—are expected to affect significantly th
pion yield. The inclusion ofN-body processes changes th
As distribution of baryon-baryon inelastic collisions. Henc
we display in Fig. 3 the distribution of nucleon-nucleon i
elastic collisions@Fig. 3~a!#, and of nucleon-delta collisions
@Fig. 3~b!#. The inclusion of many-body processes~specially
in respect to the LCC criterion! decreases the fraction o
inelastic nucleon-nucleon collisions, and enhances the f
tion of inelastic nucleon-delta processes, in the energy reg
of largestD-recombination cross section. Then, with the i
clusion ofN-body processes, the combined effect reduces
final pion yield. On the other hand, kaons are not affected
similar processes, since kaons are assumed not to inte
being treated as free particles which escape the system
after they are produced. Moreover, the relevant aspect of
distribution in respect to kaon production is the change in
high energy region of the distribution tail. This tail increas

:

FIG. 2. Dependence of the negative-pion multiplicity on inc
dent energy (Elab) in quasicentral Ca1Ca reactions, obtained with
three versions of the intranuclear cascade model: the convent
INC model @16# ~solid line!, the present INC model under SC
criterion ~dashed line!, and the present INC model under LCC cr
terion ~dotted line!. The solid circles are the data@18#. The small
graph shows the pion multiplicityversusenergy in the pion thresh
old energy region.
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when one considers the inclusion of many-body proces
providing an enhancement in the kaon multiplicity, as o
served in Ref.@4#, due to the increasing quartic power for
of the kaon formation cross section@21#.

We have studied the sensitivity of the present INC mo
to the mechanism adopted for redistributing energy and
mentum among theN baryons inside a cluster. Besides t
phase-space distribution described in Sec. II, we have
used the prescription adopted in Ref.@4#. The latter assume
that the total available energy is distributed among the ini
particles of the cluster, following a microcanonical distrib
tion with an effective temperature given by the average
netic energy of the particles inside the cluster. We ha
found that our model is relatively insensitive to the use
either mechanism, since the pion multiplicities calculated
der the two different prescriptions differ from each other
less than 2%.

We have also investigated how the effect ofN-body in-
teractions on pion multiplicity depends on the total mass
the colliding nuclear system, for two incident energies. F
ure 4 shows the average negative-pion multiplicity as a fu
tion of number of participants@total mass numbe
(AP1AT) of the projectile-target system#, in central heavy-
ion reactions atElab52 GeV/nucleon. From these result
and the ones calculated atElab5300 MeV/nucleon ~not
shown!, one can say that the effect of the inclusion
N-body processes obtained under the SCC and LCC crit
exhibits the same qualitative behavior as for the Ca-Ca re
tion ~Fig. 2!.

At this point a few comments concerning the choice
these two geometric criteria for cluster formation, SCC a
LCC, are worthwhile. The former is defined in terms of t
smallest physically meaningful region of particles interferi
in the baryon-baryon collision. Therefore, the magnitude

FIG. 3. As distribution of the inelastic nucleon-nucleon~a! and
nucleon-delta~b! collisions, normalized to the total number of pa
ticle collisions. Lines are the same as in Fig. 2.
s,
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theN-body effect calculated under the SCC criterion sho
be regarded as theminimumeffect of these multiparticle in-
teractions. On the other hand, once we are not regard
long-range particle correlations, the magnitude of t
N-body effect calculated under the less restrictive criter
~LCC! should be regarded as an upper bound for the sa
effect, since it is not physically reasonable to allow intera
tions between particles which do not satisfy condition~1!.

IV. CONCLUSIONS AND FINAL REMARKS

In the present work,N-body processes have been includ
in the INC model to discuss their effect on pion producti
in heavy-ion reactions, for relativistic as well as for su

FIG. 4. Negative-pion multiplicity as a function of number o
participants in central nucleus-nucleus collisions at 2 GeV/nucle
Lines are the same as in Fig. 2.

FIG. 5. Energy spectra of protons and pions as calculated w
the present INC model for two different reactions at the same in
dent energy,Elab50.8 GeV/nucleon.~a! refers to protons and pion
emitted atuc.m.590° from quasicentral (b<2 fm) 40Ca140Ca reac-
tions. In ~b! proton spectra from inclusive (b<bmax)

12C112C re-
actions are shown for two values of the scattering ang
u lab515° andu lab570°. In both figures, the curves are the same
in Fig. 2. Ca1Ca data, solid circles in~a!, are taken from Ref.@22#
and C1C data, solid circles in~b!, are taken from Ref.@23#.
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threshold energies. We have shown that the effect of th
multibaryonic collisions is noticeable, and depends stron
on the adopted criterion for cluster formation.

In order to explicit the effect of multiparticle collisions o
other aspects of relativistic nucleus-nucleus reactions,
present in Fig. 5 the energy spectra for protons and pion
calcium-calcium@Fig. 5~a!# and carbon-carbon@Fig. 5~b!#
reactions, calculated with the present INC model. It is cl
from the figure that the inclusion ofN-body processes unde
the SCC criterion improves the results obtained with a c
ventional INC model—one that includes only two-body co
relations. Results obtained with our model under the L
criterion, however, do not reproduce the data shown in F
5.

As a final remark, we note that the use ofgeometriccri-
teria for cluster formation, in the present work, raises so
questions related to a possible noninvariance of our res
ss

1
nc

a

R

se
ly

e
in

r

-

.

e
lts

@7#. We have carefully checked this point by running o
code in two different reference frames: the laboratory fra
~lab! and the center-of-mass frame~c.m.!. For energies nea
pion threshold, we have confirmed that it is completely irr
evant to get the results in either frame. For the highest
ergy in our analysis, the average pion multiplicities obtain
in the lab frame differ from the ones calculated in the c.
frame by less than 3%.

We are now working on the inclusion of other elementa
nucleon-nucleon inelastic channels in our model, particula
on those leading to the production of kaons and hyperon
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