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Relativistic nuclear collisions at 10A GeV energies fromp1Be to Au1Au
with the hadronic cascade model
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A hadronic cascade model based on resonances and strings is used to study mass dependence of relativistic
nuclear collisions fromp1Be to Au1Au at AGS energies (;10A GeV) systematically. Hadron transverse
momentum and rapidity distributions obtained with both cascade calculations and Glauber-type calculations
are compared with experimental data, leading to a detailed discussion concerning the importance of rescatter-
ing among hadrons. We find good agreement with the experimental data without any change of model param-
eters with the cascade model. It is found that rescattering is of importance both for the explanation of the high
transverse momentum tail and for the multiplicity of produced particles.

PACS number~s!: 25.75.Gz, 14.20.Gk, 24.85.1p
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I. INTRODUCTION

There is now much interest in studying strongly intera
ing matter at high density and/or temperature created in h
energy nuclear collisions. Indeed, at high densities an
temperatures, QCD predicts the chiral symmetry restora
and quark deconfinement. How can we create such ma
At present, high energy heavy ion collision is considered
be a unique way to create such dense and hot matter in
laboratory. In order to find such a new form of nuclear m
ter, several heavy ion experiments have been and are b
performed with Si(14.6A GeV/c) or Au(11.6A GeV/c)
beam at BNL Alternating Gradient Synchrotron~AGS! and
with the O(200A GeV/c), S(200A GeV/c) or
Pb(158A GeV/c) beam at CERN Super Proton Synchrotr
~SPS!.

Since high energy heavy ion collisions lead to a hu
number of final states, many event generators have been
posed to explore these high energy nuclear collisions, w
the aid of the Monte-Carlo realization of complex process
In these event generators, there are mainly three categori
models. The models in the first category assume Glau
geometry for the treatment of AA collisions. For examp
FRITIOF @1#, LUCIAE @2#, VENUS @3#, HIJING @4#, DPM
@5#, HIJET @6#, and LEXUS@7# belong to this category. Fina
interaction among hadrons are included in VENUS, HIJE
and LUCIAE. In these models, main quantum features d
ing the multiple scattering are preserved within the eiko
approximation, and efficiently fast calculations are possib
However, these approaches are mainly designed for
tremely high energy collisions (As.10A GeV).

The models in the second category~parton cascade mod
els!, such as VNI@8# and ZPC@9#, have been recently deve
oped to implement the interaction among partons to study
space-time evolution of partons produced in high ene
nuclear collisions. These models were originally designed
describe ultrarelativistic heavy ion collisions at collider e
ergies, such as BNL Relativistic Heavy Ion Collider~RHIC!
0556-2813/99/61~2!/024901~19!/$15.00 61 0249
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and CERN Large Hadron Collider~LHC!, and have met with
some success in describing heavy ion collisions at CE
SPS energies@10#.

The third category of model is a transport model which
often referred to as ‘‘hadronic cascade.’’ For examp
RQMD @11,12#, QGSM @13#, ARC @14#, ART @15#, UrQMD
@16#, and HSD@17# can be categorized here. They have be
successfully used to describe many aspects of high en
heavy ion collisions in a wide range of incident energies. F
the description of AA collisions in hadronic cascade mode
the trajectories of all hadrons as well as resonances inclu
produced particles are followed explicitly as a function
time. Nuclear collisions are modeled by the sum of indep
dent hadron-hadron (hh) collisions without interferences
Two particles are made to collide if their closest distance
smaller thanAs(s)/p, wheres(s) represents the total cros
section at the c.m. energyAs. As a result of thehh collision,
secondary particles will be produced according to the s
cific model with some formation time. One of the most d
tinct differences among these models may be the metho
implementing hadronic degrees of freedom. In RQMD a
UrQMD, many established hadronic resonances are exp
itly propagated in space-time, while ARC, ART, and HS
do not include higher hadronic resonances. Although b
modelings seem to give similar results if we see the fi
hadronic spectra inclusively, we expect thermodynam
quantities like pressure or temperature before freeze-out
dicted by those models would be different from each ot
@18#. Another difference is the treatment of multiparticle pr
duction. The string model is adapted in RQMD, QGSM
UrQMD, and HSD, while in ARC and ART, final states a
sampled according to the direct parameterization of the
perimental data. The hadronic cascade model based on
string phenomenology implies that some partonic degree
freedom play some roles in reaction dynamics implicitly.
fact, the estimation of partonic degrees of freedom has b
done recently within UrQMD@19#. ARC @14# has shown that
a ‘‘pure’’ hadronic model can describe the data at AGS e
©1999 The American Physical Society01-1
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ergies. At collider energies, however, explicit treatments
partonic degrees of freedom will be necessary.

The main purpose of this work is to perform systema
analyses of collisions frompA to massive AA systems a
AGS energies, for which high-quality systematic experime
tal data are available@41,42#, within the hadronic cascad
model JAM1.0, which has been developed recently base
resonances, strings, and pQCD.

The main features included inJAM are as follows.~1! At
low energies, inelastichh collisions are modeled by the reso
nance productions based on the idea from RQMD a
UrQMD. ~2! Above the resonance region, soft string exc
tation is implemented along the lines of the HIJING mod
@4#. ~3! Multiple minijet production is also included in th
same way as the HIJING model in which jet cross sect
and the number of jets are calculated using an eikonal
malism for perturbative QCD~pQCD! and hard parton-
parton scatterings with initial and final state radiation a
simulated using the PYTHIA@20# program.~4! Rescattering
of hadrons which have original constituent quarks can oc
with other hadrons assuming the additive quark cross sec
within a formation time. Since these features of the pres
hadronic cascade model JAM1.0, enable us to explore he
ion collisions in a wide energy range, from 100A MeV to
RHIC energies, in a unified way, it is a big challenge for
to make systematic analyses in these energies. In this p
we focus on the mass dependence of the collision syste
AGS energies. Other applications at higher energies
found elsewhere@21#.

The outline of this paper is as follows. We will present
detailed description of cross sections and modeling of ine
tic processes forhh collisions in Sec. II, because elementa
hh processes are essential inputs for the hadronic cas
model. In Sec. III, we first study the transverse moment
distributions of protons, pions, and kaons inp1Be, p1Al,
p1Cu, p1Au, Si1A, Si1Cu, and Si1Au collisions at the
laboratory incident momentum of 14.6A GeV/c. We discuss
the role of rescattering by comparing the cascade mode
sults with the Glauber-type calculations. We then discuss
collision dynamics for truly heavy ion colliding system
Au1Au collisions. The summary and outlook are given
Sec. IV.

II. MODEL DESCRIPTION

In this section, we present the assumptions and par
eters of our model together with the inclusive and the exc
sive hh data including incident energy dependence.

A. Main components of the model

The main components of our model are as follows.~1!
The nuclear collision is assumed to be described by the
of independent binaryhh collisions. Eachhh collision is
realized by the closest distance approach. In this work,
mean field is included, therefore the trajectory of each h
ron is straight in between two-body collisions, decays,
absorptions.~2! The initial position of each nucleon i
sampled by the parametrized distribution of nuclear dens
02490
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Fermi motion of nucleons is assigned according to the lo
Fermi momentum.~3! All established hadronic states, in
cluding resonances, are explicitly included with explicit iso
pin states as well as their antiparticles. All of them c
propagate in space-time.~4! The inelastichh collisions pro-
duce resonances at low energies while at high energ
(*4 GeV in BB collisions *3 GeV in MB collisions, and
*2 GeV in MM collisions! color strings are formed tha
decay into hadrons according to the Lund string model@20#.
Formation time is assigned to hadrons from string fragm
tation. Formation point and time are determined by assum
a yo-yo formation point. This choice gives the formatio
time of roughly 1 fm/c with string tensionk51 GeV/fm. ~5!
Hadrons which have original constituent quarks can sca
with other hadrons assuming the additive quark cross sec
within a formation time. The importance of thi
quark~diquark!-hadron interaction for the description o
baryon stopping at CERN SPS energies was reported
Frankfurt group @11,16#. ~6! Pauli blocking for the final
nucleons in two-body collisions is also considered.~7! We
do not include any medium effects such as string fusion
rope@3,11#, medium modified cross sections, and in-mediu
mass shift. All results which will be presented in this pap
are those obtained from the free cross sections and
masses as inputs.

B. Baryon-baryon interactions

Let us start with a detailed explanation of the resona
model for baryon-baryon (BB) collisions implemented in
our model. We assume that inelasticBB collisions are de-
scribed by the resonance formations and their decays be
c.m. energyAs,4 GeV and at higher colliding energies
string formation and their fragmentation into hadrons are
cluded based on a similar picture to that in the RQMD@12#
and the UrQMD models@16#. The total and elasticpp and
pn cross sections are well known. Fitted cross sections
experimental data are shown in Fig. 1. Inelastic cross s
tions are assumed to be filled up with the resonance for
tions up toAs53 –4 GeV. At higher energies, the differenc
between the experimental inelastic cross section and r
nance formation cross sections is assigned to the string
mation.

The following nonstrange baryonic resonance excitat
channels are implemented for the nucleon-nucleon scatte
in our model: ~1! NN→ND(1232), ~2! NN→NN* , ~3!

FIG. 1. The fitted total and elasticpp and pn cross sections
which are used in the code together with measured data taken
the Particle Data Group@28#. The CERN HERA and COMPAS
group parameterizations are used at high energy@28#.
1-2
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TABLE I. Resonance cross section parameters forI 51. ps denotess-wave pion production.

Channel a b c d Asth

s1(NN→NN* ) 24.94700 2.48150 2.63330 0.425358 2.162
s1„NN→D(1232)D(1232)… 7.63181 1.41140 2.67784 0.311722 2.252

s1(NN→ND* ) 8.01615 2.74161 3.34503 0.259703 2.340
s1„NN→N* D(1232)… 13.14580 2.06775 2.75682 0.247810 2.300
s1„NN→D(1232)D* … 19.63220 2.01946 2.80619 0.297073 2.528

s1(NN→N* N* ) 11.67320 2.31682 2.96359 0.259223 2.438
s1(NN→N* D* ) 2.99086 2.29380 3.54392 0.090438 2.666
s1(NN→D* D* ) 35.13780 2.25498 3.14299 0.215611 2.804
s1(NN→NNps) 15.644100 1.675220 2.07706 0.658047 2.01
w
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NN→D(1232)D(1232), ~4! NN→ND* , ~5! NN
→N* D(1232), ~6! NN→D(1232)D* , ~7! NN→N* N* , ~8!
NN→N* D* , ~9! NN→D* D* .

Here N* and D* represent higher baryonic states belo
2 GeV/c2. Thepp andpn cross sections are calculated fro
each isospin components(I ) ~in some cases we ignore th
interferences between different amplitudes!:

s~h1h2→h3h4!5(
I

uC~h1h2 ,I !u2uC~h3h4 ,I !u2s~ I !,

~1!

whereC(hihj ,I ) is isospin Clebsch-Gordon coefficients. F
N* andD* production, the sum of production cross sectio
of several resonance species@N(1440);N(1990) for N*
andD(1600);D(1950) forD* ] are parametrized, and reso
nance species are chosen afterward~see below!. The strength
of each branchs(I ) is determined from the exclusive pio
production data@22#. IsospinI 51 component forNN colli-
sions can be extracted from thepp reactions. We assum
that isospinI 50 components are determined from thepn
reactions: then the explicit forms of cross sections in diff
ent isospin channels can be written as follows:

s~pp→pD1!5
1

4
s~ I 51!, s~pn→nD1!5

1

4
s~ I 51!,

~2!

s~pp→nD11!5
3

4
s~ I 51!, s~pn→pD0!5

1

4
s~ I 51!,

~3!

s~pp→pp* !5s~ I 51!,
02490
s

-

s~pn→np* !5
1

4
s~ I 51!1

1

4
s~ I 50!, ~4!

s~pp→D1D1!5
2

5
s~ I 51!,

s~pn→D0D1!5
1

20
s~ I 51!1

1

4
s~ I 50!, ~5!

s~pp→D0D11!5
3

5
s~ I 51!,

s~pn→D2D11!5
9

20
s~ I 51!1

1

4
s~ I 50!. ~6!

The functional form for the nonstrange baryonic resona
formation cross sections is assumed to be

s~As!5
a~As/Asth21!bd

~As/c21!21d2
. ~7!

All parameters except the one-D production cross section ar
listed in Tables I and II for each isospin channel where
cross sections are given in mb andAsth denotes a threshold
The one-D production cross sections1„NN→ND(1232)… is
parametrized with the following functional form:
4

TABLE II. Resonance cross section parameters forI 50, ps denotess-wave pion production.

Channel a b c d Asth

s0(NN→NN* ) 166.60600 2.10128 2.34635 0.284955 2.162
s0„NN→D(1232)D(1232)… 39.99770 1.83576 2.40348 0.288931 2.252

s0„NN→D(1232)D* … 56.32490 2.00679 2.71312 0.362132 2.528
s0(NN→N* N* ) 2.14575 0.21662 3.40108 0.252889 2.438
s0(NN→D* D* ) 4.14197 1.67026 3.75133 0.476595 2.804
s0(NN→NNps) 78.868103 0.746742 1.25223 0.404072 2.01
1-3
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NARA, OTUKA, OHNISHI, NIITA, AND CHIBA PHYSICAL REVIEW C 61 024901
s1„NN→ND~1232!…5
0.0052840AAs/2.013999921

~As22.11477!210.01714052

1
28.0401~As/2.12421!0.480085

„~As/2.06672!21…210.5764222
,

~8!

in order to ensure correct threshold behavior. The pionic
sion cross section (pp→dp1) has been fitted as

s~pp→dp1!5
0.14648~As/2.02421!0.20807

„~As/2.13072!21…210.0424752

1
0.12892~As/2.05421!0.08448

„~As/2.18138!21…210.0592072
.

~9!

In actual simulations, we have effectively included the cro
section of theNN→pd into theD production cross section
for simplicity. Similarly thes-wave pion production channel
NN→NNps are simulated as theN(1440) production.

In Fig. 2 we show the contributions of nonstrange ba
onic resonance cross sections for different partial channe

FIG. 2. The resonance production cross sections forpp ~left
panels! and pn ~right panels! reactions as functions of c.m. ene
gies. In the upper panels, the total one-resonance~NR!, double-
resonance~RR!, total resonance~NR1RR!, total inelastic cross sec
tion, and string formation cross sections are shown. In the mid
and the lower panels, each one-resonance production branch
double-resonance production branch is plotted.
02490
-
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-
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functions of c.m. energies. The upper panels of Fig. 2 sh
the one-resonance production cross sectionNN→NR ~solid
lines!, two-resonance production cross sectionNN→RR
~dotted lines!, and the sum ofNR and RR cross sections
~long-dashed lines! for pp ~left panels! andpn ~right panels!
reactions. Total inelastic cross sections are filled up by
resonance productions up to aboutEc.m.54 GeV, while at
CERN SPS energies, string excitation is dominated. The
dashed lines in the upper panels of Fig. 2 express the st
excitation cross sections forpp and pn. At AGS energies
corresponding to the invariant massAs;5 GeV, the contri-
butions of the resonance productions and string product
are approximately the same in the first nucleon-nucleon
lision in our parametrization. The collision spectrum inBB
collisions, however, is spread in broad energy range
Au1Au collision as shown in Ref.@16#, due to the high
baryon density achieved at AGS energies. Low energy cr
sections, therefore, are also important in order to treat
dynamics correctly at AGS energies from first chanceNN
collisions to the final hadronic gas stage.

The cross section for the resonance productions may
written by

ds12→34

dV
5

~2S311!~2S411!

64p2sp12

3E E p34uMu2A~m3
2!A~m4

2!d~m3
2!d~m4

2!,

~10!

whereSi ,i 53,4 express the spin of the particles in the fin
state. The mass distribution functionA(mi

2) for nucleons is
just a d function, while that for resonances is given by th
relativistic Breit-Wigner function

A~m2!5
1

N
mRG~m!

~m22mR
2 !21mR

2G~m!2 . ~11!

whereN denotes the normalization constant. In this artic
we use simply takeN5p, which is a value in the case of
constant width. The full widthG(m) is a sum of the partial
decay widthGR(MB) for resonanceR into mesonsM and
baryonsB which depends on the momentum of the decay
particle @12,16#:

GR~MB!5GR
0~MB!

mR

m S pc.m.s.~m!

pc.m.s.~mR! D
2l 11

3
1.2

110.2S pc.m.s.~m!

pc.m.s.~mR! D
2l 11 , ~12!

where l and pc.m.s.(m) are the relative angular momentu
and the relative momentum in the exit channel in their r
frame.

The Monte Carlo procedure is as follows. First, final res
nance typesD(1232), N* , or D* are chosen using param
etrized cross sections and then we determine each reson

le
nd
1-4
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FIG. 3. The energy depen
dence of the exclusive pion pro
duction cross sections for proton
proton and proton-neutron
interactions as a function of c.m
energy. Solid lines are the result
obtained from the code. Data from
Ref. @22#.
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production channel according to Eq.~10!. To do this, we
need to know the matrix elementuMu2 for all resonances. In
the present model, we make the simple assumption that
resonance production cross section can be selected acco
to the probability

P~Ri ,Rj !;~2Si11!~2Sj11!

3E E pi j Ai~mi
2!Aj~mj

2!d~mi
2!d~mj

2!.

~13!

Namely, the partial cross section for each resonance sta
only governed by the final spins and mass integrals igno
the resonance state dependence of the matrix element.
the type of resonances is chosen, we generate the reson
masses according to the distribution, neglecting the mass
pendence of the matrix elements in Eq.~10!,

P~m3 ,m4!dm3dm4;4m3m4p34A~m3
2!A~m4

2!dm3dm4 ,

~14!

in the reaction 112→314, where the mass distributio
function A(mi) should be replaced by thed function in the
case of stable particles in the final state.
02490
ch
ing

is
g
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nce
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In the case of the collisions involving resonance states
the incoming channel, we use the approximation that
inelastic cross sections for resonance production as we
the elastic cross section are the same as the nucleon-nu
cross sections at the same momentum in the c.m. fra
except for deexcitation processes,NR→NN andRR→NN,
whose cross sections are estimated by using the detailed
ance described in the next Sec. II C.

Figure 3 shows the energy dependence of the exclu
pion production cross sections inpp ~up to five pion produc-
tion! andpn ~up to two pion production! reactions. We com-
pare the results obtained from our simulation with the data
@22#. Overall agreement is achieved in these exclusive p
productions within a factor of two with the above simplifi
cation of the common matrix element in Eq.~13!. Smooth
transition from the resonance picture to the string picture
Ec.m.53 –4 GeV is achieved since no irregularity of the e
ergy dependence is present in the calculated results. S
excitation law will be described in Sec. II E. In order to ge
more satisfactory fit, for example, we can improve the mo
by introducing different values for the matrix elements f
different resonance channels. For example, in Ref.@23#, the
matrix elements are fitted to reproduce the pion product
cross sections up to two-pion productions as well as theh
production cross section assuming that they are indepen
of masses but dependent on species.
1-5
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C. Detailed balance

In the process of resonance absorption, we use a gen
ized detailed balance formula@24–26# which takes the finite
width of the resonance mass into account. The time-reve
invariance of the matrix element leads to the principle
detailed balance. If scattering particles are all stable, the
mula is given by

ds34→12

dV
5

~2S111!~2S211!

~2S311!~2S411!

p12
2

p34
2

ds12→34

dV
, ~15!

whereSi denotes the spin of particlei andpi j corresponds to
the c.m. momentum of the particlesi and j.

The differential cross section for the reaction (1,
→(3,4) for the stable particles may be written

ds12→34

dV
5

uM12→34u2

64p2s

1

~2S111!~2S211!

3
1

p12
E E p34d~p3

22m3
2!d~m3

2!

3d~p4
22m4

2!d~m4
2!, ~16!

where uM12→34u2 represents the spin-averaged matrix e
ment. If the particles have a finite width, we should repla

FIG. 4. The cross section forD11n→pp calculated using the
different descriptions for the detailed balance as a function ofAs
2MD , whereMD is the mass of ingoingD. The short-dashed line
correspond to the results of the formula which does not take thD
width into account. The results of the cross sections obtained u
the formula in Refs.@26# and @24# are shown by dotted and ful
lines, respectively. The long-dashed lines correspond to the re
using Eq.~18!.
02490
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the aboved functions with the certain normalized mass d
tribution functionsA(m2). Using uM12→34u5uM34→12u, we
obtain

ds34→12

dV
5

~2S111!~2S211!

~2S311!~2S411!

p12
2

p34

ds12→34

dV

3
1

E E p34A~m3
2!A~m4

2!d~m3
2!d~m4

2!

,

~17!

where we use the relativistic Breit-Wigner function~11! for
the mass distribution functionA(m2). The extra factor com-
pared to the usual detailed balance formula increases the
sorption cross section. It has been proved that this form
plays an essential role in understanding thepND dynamics
@24–26#.

In the case of the one-D(1232) absorption cross section
we can write the following formula:

sND→NN85
1

2

1

11dNN8

pN
2

pD
sNN8→ND

3S E
(mN1mp)2

(As2mN)2

pD(1232)A~m2!dm2D 21

. ~18!

pN andpD are the final nucleon-nucleon c.m. momentum a
the initial c.m. momentum, respectively. The factor 1/
1dNN8) in Eq. ~18! arises from the identical nature of th
final states, and 1/2 comes from spins.

There are some versions of the extended detailed bala
formula that are slightly different from each other. For e
ample, Danielewicz and Bertch@24# use the formula

ds34→12

dV
5

~2S111!~2S211!

~2S311!~2S411!

p12
2

p34

m3

m3
R

m4

m4
R

ds12→34

dV

3
1

E E p34A~m38
2!A~m48

2!dm38
2dm48

2
, ~19!

ng

lts

FIG. 5. Parametrization of the total and elasticp1p cross sec-
tions. The data has been taken from@28#. Total and elastic cross
sections are assumed to be the sum ofs-channel andt-channel reso-
nance and/or string formation processes.
1-6
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RELATIVISTIC NUCLEAR COLLISIONS AT 10A GeV . . . PHYSICAL REVIEW C61 024901
wheremi
R denotes the pole mass of the resonancei, while

Wolf, Cassing, and Mosel@26# use

ds34→12

dV
5

~2S111!~2S211!

~2S311!~2S411!

p12
2

p34
2

ds12→34

dV

3
1

E E A~m3
2!A~m4

2!dm3
2dm4

2
. ~20!

We have checked that these formulas give similar result
ours. Figure 4 shows the comparisons between the diffe
formulas of the cross sections for the reactionD11n→pp.

D. Meson-baryon, meson-meson collisions

We now turn to the explanation of meson-baryon (MB)
and meson-meson (MM ) collisions. We also use the
resonance/string excitation model forMB and MM colli-
sions.

The total cross section for thepN incoming channel is
assumed to be decomposed to

s tot~s!pN5sBW~s!1sel~s!1ss-S1s t-S~s!, ~21!

where sel(s), sBW(s), ss-S(s), and s t-S(s) denote the
t-channel elastic cross section, thes-channel resonance for
mation cross section with the Breit-Wigner form, and t
s-channel andt-channel string formation cross sections, r
spectively. We neglect thet-channel resonance formatio
cross section at an energy range ofAs&2 GeV. The
t-channel elastic cross sectionsel(s) was determined so tha
the sum of the elastic component of thes-channel Breit-
Wigner cross sectionsBW(s) andt-channel elastic cross sec
tion sel(s) reproduces the experimental elastic data forpN
interaction. Above theD(1232) region, thet-channel elastic
cross section becomes nonzero in our parametrization~Figs.
5 and 6!. String formation cross sections@ss-S(s) and
s t-S(s)] are determined to fill up the difference between t
experimental total cross section andsBW(s)1sel(s). We
calculate the resonance formation cross sectionsBW(s) us-
ing the Breit-Wigner formula@27,11# ~neglecting the inter-
ference between resonances!,

FIG. 6. Parametrization of the total and elasticp2p cross sec-
tions. The data has been taken from@28#.
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s~MB→R!5
p~\c!2

pc.m.
2 (

R
uC~MB,R!u2

3
~2SR11!

~2SM11!~2SB11!

3
GR~MB!GR~ tot!

~As2mR!21GR~ tot!2/4
. ~22!

The momentum dependent decay width~12! is also used for
the calculation of the decay width in Eq.~22!. SR , SB , and
SM denote the spin of the resonance, the decaying bar
and meson, respectively. The sum runs over resonanceR
5N(1440);N(1990) andD(1232);D(1950). Actual val-
ues for these parameters are taken from the Particle D
Group@28# and are adjusted within an experimental error b
to get a reasonable fit forMB cross sections. The results o
the fit are shown in Figs. 5 and 6. It has been shown t
inclusion of resonances plays an important role in study
strangeness production in AGS and SPS energies@11# and
(K2,K1) reactions @29#. In fact, strangeness productio
cross sections for resonance-N incoming channels are foun
to be much larger than that for thepN channel. This would
be effective to explain the strangeness enhancement
served in heavy ion collisions within a rescattering scena

FIG. 7. Parametrization of the total and elasticK2p cross sec-
tions. The data has been taken from@28#. The sum of thes-channel
resonance productions andt-channel elastic,t-channel charge ex-
change, andt-channel hyperon production cross sections can
scribe the data properly at low energies.

FIG. 8. Parametrization of the total and elasticK2n cross sec-
tions. Parametrizations of the low energy part of the cross sec
where data are absent are addressed by Ref.@45#. The data have
been taken from@28#.
1-7
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FIG. 9. The energy depen
dence of the exclusive hypero
production cross sectionsK2p
→p0L, K2p→p2S1, K2p
→p1S2, K2n→p2S0, K2n
→p0S0, and charge exchang
cross sectionK2p→K0n used in
the model are shown by the ful
lines together withs-channel~dot-
ted! contributions. Circles are data
from Ref. @46#.
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Since theK̄N interaction has some exoergic chann
such asK̄N→pY, we need to include additional terms:

s tot~s!K̄N5sBW~s!1sel~s!1sch~s!

1spY~s!1ss-S~s!1s t-S~s!, ~23!

wheresch(s) andspY(s) denotet-channel charge exchang
reaction andt-channel hyperon production cross sectio
which are also fixed by the requirement that the sum
t-channel contributions and Breit-Wigner contributions
produce experimental data. The Breit-Wigner formula e
ables us to calculate experimentally unmeasured cross
tions such asrN→LK. For the calculation ofsBW(s), we
include hyperon resonances,R5L(1405);L(2110) and
S(1385);S(2030). The total and elastic cross sections
K̄N interactions used in JAM are plotted in Figs. 7 and 8
comparison with experimental data@28#.

The symbolspY(s) in Eq. ~23! is the sum oft-channel
pion hyperon production cross sectionsK̄N→pY, Y
5L,S. In Fig. 9, we plot the cross sections of hyper
productions and charge exchange cross sections as we
Breit-Wigner contributions fitted in our model. The cro
section for the inverse processes such aspY→K̄N is calcu-
lated using the detailed balance formula.

The KN incoming channel cannot form anys-channel
resonance due to its quark contents. Therefore the total c
section can be written within our model as follows:

s tot~s!KN5s t-R~s!1sel~s!1sch~s!1s t-S~s!, ~24!

where s t-R(s) is t-channel resonance formation cross s
tion. Total, elastic, and charge exchange cross sections
in our model are shown in Fig. 10. In the present version
JAM, only KN→KD, KN→K(892)N, and KN
→K(892)D are explicitly fitted to experimental data@22#
and fitted results are shown in Fig. 11.

In meson-meson scattering, we also apply the same
ture as that in meson-baryon collisions:
02490
s
f
-
-
ec-

r

as

ss

-
ed
f

ic-

s tot~s!5sBW~s!1s t-R~s!1sel~s!1ss-S~s!1s t-S~s!.

~25!

The difference between the experimental inelastic cross
tion and resonance cross sections at energies above
nance region for the meson-baryon and meson-meson c
sions is attributed to the string formation cross section wh
1/As energy dependence ofss-S(s) is used@12#.

For the cross sections for which no experimental data
available, we calculate the total and elastic cross section
using the additive quark model@11,16,30#

s tot5sNNS n1

3 D S n2

3 D S 120.4
ns1

n1
D S 120.4

ns2

n2
D , ~26!

sel5s tot
2/3~sel

NN/sNN
2/3!, ~27!

wheresNN , sel
NN express nucleon-nucleon total and elas

cross sections, andni , nsi are the number of quarks ands
quarks contained in the hadron, respectively. This expres
works well above the resonance region where the cross
tion becomes flat.

For the t-channel resonance production cross secti
s t-R(s), we do not fit experimental data explicitly in thi
work except for theNN reaction and one and two pion pro
duction in theKN reaction, because of the vast body of t
possibilities for the final states. Instead, we simply determ

FIG. 10. Parametrization of the total and elasticK1p andK1n
cross sections as well as the charge exchange cross section inK1n
interaction. The data have been taken from@28#.
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FIG. 11. Parametrization o
the D, K* productions cross sec
tions in K1p and K1n interac-
tions. The data are from Ref.@22#.
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the outgoing resonance types according to the spinsS3 , S4 in
the final state and phase space for the production of r
nancesR3 andR4

P~R3 ,R4!}~2S311!~2S411!p34~s!2, ~28!

wherep34(s) denotes the c.m. momentum in the final sta
If the incoming channel involves resonances, their grou
state particles are also considered in the final state. Once
outgoing resonance types are determined, we gene
masses according to the Breit-Wigner distribution.

For the angular dependence in the processes oft-channel
resonance productions t-R(s), we use

ds t-R~s!

dt
;exp~bt!, ~29!

and the slope parameterb for the energy range ofAs
.2.17 GeV is parametrized by

b52.510.7ln~s/2!, ~30!

with invariant mass squareds given in units of GeV2. We
use the same parametrization presented in Ref.@31# for the
energy belowAs,2.17 GeV for thet-channel resonanc
productions. The elastic angular distribution is also tak
from Ref. @31# for As,10 GeV and from PYTHIA@20# for
As.10 GeV.

E. String formation and fragmentation

At an energy range aboveAs.425 GeV, the~isolated!
resonance picture breaks down because the width of the r
nance becomes wider and the discrete levels get closer.
hadronic interactions at the energy range 4–5,As,10–100
GeV where it is characterized by the small transverse m
mentum transfer is called ‘‘soft process,’’ and string ph
nomenological models are known to describe the data
such soft interactions well. The hadron-hadron collisi
leads to a stringlike excitation longitudinally. In actual d
scription of the soft processes, we follow the prescript
adopted in theHIJING model @4#, as described below.
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In the center-of-mass frame of two colliding hadrons, w
introduce light-cone momenta defined by

p15E1pz , p25E2pz . ~31!

Assuming that beam hadron 1 moves in the positivez direc-
tion and target hadron 2 moves negativez direction, the ini-
tial momenta of both the hadrons are

p15~p1
1 ,p1

2,0T!, p25~p2
1 ,p2

2,0T!. ~32!

After exchanging the momentum (q1,q2,pT), the momenta
will change to

p185„~12x1!P1,x2P2,pT…,

p285„x1P1,~12x2!P2,2pT…, ~33!

where P15p1
11p2

15P25p1
21p2

25As ~in the c.m.
frame!. The string masses will be

M1
25x2~12x1!s2pT

2 , M2
25x1~12x2!s2pT

2 ,
~34!

respectively. Minimum momentum fractions arexmin
1

5p2
1/P1 and xmin

2 5p1
2/P2. For light-cone momentum

FIG. 12. Space-time picture of the motion in a simpleqq̄ system
and an illustration of how two breakups of the string result in t
production of a hadron.
1-9
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transfer for the nondiffractive events, we use the same
tribution as that in DPM@5# and HIJING@4#:

P~x6!5
~1.02x6!1.5

~x621c2/s!1/4
~35!

for baryons and

P~x6!5
1

~x621c2/s!1/4
„~12x6!21c2/s…1/4

~36!

for mesons, wherec50.1 GeV is a cutoff. For single
diffractive events, in order to reproduce experimentally o
served mass distributiondM2/M2, we use the distribution

P~x6!5
1

~x621c2/s!1/2
. ~37!

The same functional form as the HIJING model@4# for
the softpT transfer at lowpT,p0 is used:

f ~pT!5$~pT
21c1

2!~pT
21p0

2!~11e(pT2p0)/c2!%21, ~38!

where c150.1 GeV/c, p051.4 GeV/c, and c2
50.4 GeV/c, to reproduce the high momentum tail of th
particles at energiesElab510–20 GeV.

The strings are assumed to hadronize via quark-antiqu
or diquark-antidiquark creation using the Lund fragmen
tion model PYTHIA6.1@20#. Hadron formation points from
a string fragmentation are assumed to be given by the yo
formation point@32# which is defined by the first meetin
point of created quarks. The yo-yo formation time is abo
1 fm/c assuming the string tensionk51 GeV/fm at AGS
energies.

FIG. 13. The rapidity distributions for protons~circles!, p1 ~tri-
angles!, and p2 ~squares! in pp collisions at 12 GeV/c ~upper
panel! and 24 GeV/c ~lower panel!. Histograms are the results ob
tained from our calculation. The data are from Ref.@35#.
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In the Lund string model, space-time coordinates a
energy-momentum coordinates for the quarks are directly
lated via the string tension@33,34#. Let us consider one-
dimensional masslessqq̄ string in the c.m. frame as illus
trated in Fig. 12. If xi

65t i6xzi denotes the light-cone
coordinates of thei th production point, then the light con
momentapi

65En6pzi of the i th rank hadron, which is pro-
duced by the energy-momentum fractionzi from (i 21)th
string pi

15zipi 21
1 , are fixed by

pi
15k~xi 21

1 2xi
1!, pi

25k~xi
22xi 21

2 !, ~39!

with initial value

x0
15

W

k
, x0

250, ~40!

whereW corresponds to the string initial invariant mass. U
ing the relationpi

1pi
25mi'

2 with mi' being the transverse
mass of thei th hadron, we have the recursion formulas@33#

xi
15~12zi !xi 21

1 , xi
25xi 21

2 1S mi'

k D 2 12zi

zi

1

xi
1 .

~41!

Therefore, yo-yo formation points are obtained as

xi
yo-yo5~xi 21

1 ,xi
2!, ~42!

and constituent formation points,

xi
const5~xi

1 ,xi
2!. ~43!

In RQMD @12#, the formation points of hadrons are calc
lated as the average of the twoqq̄ production point as

xi
RQMD5S xi

11xi 21
1

2
,
xi

21xi 21
2

2 D . ~44!

In UrQMD @16#, the yo-yo formation point~42! is used.
Clearly, one can see that

xi
const,xi

RQMD,xi
yo-yo . ~45!

FIG. 14. The transverse momentum distributions for proto
~squares!, p1 ~triangles!, and p2 ~circles! in pp collisions at
12 GeV/c ~left panel! and 24 GeV/c ~right panel!. Histograms are
the results obtained from our calculation. The data are from R
@35#.
1-10
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FIG. 15. The energy dependence of the inclusive production cross sections for pions, hyperons, and kaons for the prot
interaction as a function of c.m. energy. Solid lines are the results obtained from our model. The data are from Ref.@22#.
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However, we have checked that at AGS energies, a dif
ence in the definitions of hadron formation poin
~42!,~43!,~44! does not affect the final results at all.

In Fig. 13, the calculated rapidity distributions of proton
positive, and negative pions for proton-proton collisions
12 GeV/c and 24 GeV/c are shown with the data from Re
@35#. The proton stopping behavior and the pion yields
well described by the present model. Within our model, f
protons come from resonance decays and midrapidity
tons from string fragmentation of the Lund mod
~PYTHIA6.1 @20#! with the default parameter which dete
mines the probability of diquark breaking at these energ
Anisotropic angular distribution in a resonance decay
taken into account assuming GaussianpT distribution @12#
with a mean value of 0.35 GeV/c2.

As reported in HIJING@4#, an extra lowpT transfer to the
constituent quarks is important to account for the highpT
tails of the pion and proton distributions at energiesplab
;20 GeV/c2. As shown in Fig. 14, the present model al
reproduces the proton and pion transverse momentum d
butions reasonably well atplab512 GeV/c2 and 24 GeV/c2.

In addition, the present model also describes well the
ergy dependence of the particle production cross section
shown in Fig. 15. Here we show the incident energy dep
dence of the inclusive data forp1, p2, p0, K0, K1, L,
S2, and S0 production from proton-proton interactions
comparison with the experimental data@22#.

The comparisons shown until now in Figs. 2–13 sh
that the combination of particle production mechanisms
the resonance decay and the string decay enables us t
plore a wide incident energy region from a few hundr
MeV to a few ten GeV, with reasonably well-fitted inclusiv
as well as exclusive cross sections, which are essential in
in cascade models.

F. Simulation procedure

The basic equation that we have to solve in the hadro
cascade model is the relativistic Boltzmann type equation
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this section, we explain our treatment of time developm
of the reaction and actual Monte Carlo procedure in the c
for completeness, because the details may be differen
several computer codes.

In the current verion of JAM, we include only two bod
collisions, 2→2, 2→1 and decay 1→n, where n
52,3, . . . , in thecollision term of the Boltzmann equation

~i! The initial state is constructed as follows. The nucleo
in the nucleus are distributed according to the appropr
Fermi distribution. Then Fermi motion of nucleons is a
signed according to the local Fermi momentumpf
5\„3/2p2r(r)…1/3. The initialized phase-space is the
boosted.

~ii ! The nucleons are propagated along classical traje
ries until they interact~two-body scattering, absorption, o
decay!. The interaction probabilities are determined by t
method of so-called ‘‘closest distance approach;’’ if t
minimum relative distancebrel for any pair of particles be-
comes less than the interaction range specified

FIG. 16. Invariant cross sections of protons fromp1Be, p
1Al, p1Cu, andp1Au collisions at 14.6 GeV/c. The calculated
results from the cascade model~histogram! are compared with the
E802 data from Ref.@41#. For proton induced collisions~upper
panel!, the rapidity interval isy50.7 ~bottom spectrum! to y52.3
~top spectrum! with dy50.2. The spectra are increased by a fac
of 10 from bottom to upper.
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As(As)/p, wheres(As) is the total cross section for th
pair at the c.m. energyAs, then particles are assumed
collide. This cascade method has been widely used to si
late high energy nucleus-nucleus collisio
@2,8,9,11,14,15,17,16#. However, a geometrical interpreta
tion of the cross section violates causality, and the time
dering of the collisions in general differs from one frame
another. Those problems have been studied by severa
thors @9,36#. Here we adopt a similar procedure as Re
@9,37# for the collision criterion to mimic the reference-fram
dependence.

The minimum relative distancebrel is defined by the dis-
tance in their common c.m. frame. Let us denote the coo
nates and momenta of two particles byx15(t1 ,x1), x2
5(t2 ,x2), and p15(E1 ,p1),p25(E2 ,p2) respectively,
wheret i( i 51,2) denote the production time~the time of the
last collision! whose initial values are set to 0. In the c.m
frame of two particles, we have the equation of motion
particlesi 51,2

xi* ~ t* !5xi* ~ t* !1v i* ~ t* 2t i* !, ~46!

FIG. 17. Invariant cross sections of protons from cent
Si1Al ( b<1.79 fm), Si1Cu (b<2.2 fm), and Si1Au (b
<2.9 fm), collisions at 14.6 GeV/c. The calculated results from
the cascade model~histogram! are compared with the E802 da
from Ref.@42#. For Si1Al and Si1Cu collisions, the rapidity inter-
val is y50.4 to y52.0 with dy50.2. For Si1Au collisions, the
rapidity interval isy50.4 to y52.0 with dy50.2. The spectra are
increased by a factor of 10 from bottom to upper.

FIG. 18. The Glauber-type calculations compared to the d
@41#. The meaning of the figure is the same as Fig. 16.
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where asterisks represent quantities in the two-body c
frame, andv i* 5pi* /Ei* are velocities in c.m. frame. Thus th
relative distance squared is expressed as a function of
time

d* ~ t* !5~x12* 1v12* t* !2, ~47!

with

x12* 5x1* 2x2* 2v1* t1* 1v2* t2* , ~48!

v12* 5v1* 2v2* . ~49!

One may calculate the time of minimum relative distan
squaredbrel

2 and the collision time fromd* (t* )/dt* 50 as
@37#

tmin* 52
x12* •v12*

v12*
2

, brel
2 5x12*

22
~x12* •v12* !2

v12*
2

. ~50!

l

ta

FIG. 19. The Glauber-type calculations compared to the d
@42#. The meaning of the figure is the same as Fig. 17.

FIG. 20. Invariant cross sections of positive pions fromp
1Be (0.9<y<2.7), p1Al (0.7<y<2.7), p1Cu (0.9<y<2.7),
and p1Au (0.7<y<2.7), collisions at 14.6 GeV/c. The calcu-
lated results from the cascade model~histogram! are compared with
the E802 data from Ref.@41#. The bin of rapidity is 0.2 for all
collision systems. The spectra are increased by a factor of 10 f
bottom to upper.
1-12



s.

re

s
m

pr
t

e
cu

the
pa-
duc-
they
is

ted

s
ns.

ent
wly

e
igi-
a-

the
di-

der
al
PS
ht
to

rding

m

e
m
e

ro

m

e
m
e

ults
ter-

RELATIVISTIC NUCLEAR COLLISIONS AT 10A GeV . . . PHYSICAL REVIEW C61 024901
We note that the definition ofbrel is also the same as Ref
@16,39,38#. The collision times in the reference frame~com-
putational frame! for each particles are obtained as

t i
coll5g~ tmin* 1b•r i* !, r i* 5xi* 1v i* ~ tmin* 2t i* !,

~ i 51,2!, ~51!

where b5(p11p2)/(E11E2) and g is the corresponding
Lorentzg factor. We assume that the collisions are orde
by the average timet51/2(t1

coll1t2
coll) @9,32#. We have

checked that the cascade method described above give
same results at AGS energies both in the laboratory fra
and in nucleus-nuclues c.m. frame calculations.

~iii ! Once the collisions are predicted from method~ii !,
we calculate the partial cross sections explained in the
vious section. We generate elastic scattering according to
probability Pel5sel /s tot . Otherwise, we select whether th
collision is soft or hard using the hard cross section cal
lated by the eikonal formalism for pQCD@4# ~note that at
AGS energies, the hard cross section is zero!. If the soft

FIG. 21. Invariant cross sections of positive pions fro
Si1Al (0.6<y<2.8), Si1Cu (0.6<y<2.8), and Si1Au (0.7<y
<2.7) collisions at 14.6 GeV/c. The calculated results from th
cascade model~histogram! are compared with the E802 data fro
Ref. @42#. The bin of rapidity is 0.2 for all collision systems. Th
spectra are increased by a factor of 10 from bottom to upper.

FIG. 22. Invariant cross sections of negative pions fromp
1Be (1.1<y<2.7), p1Al (0.9<y<2.7), p1Cu (1.1<y<2.7),
and p1Au (0.7<y<2.7), collisions at 14.6 GeV/c. The calcu-
lated results from the cascade model~histogram! are compared with
the E802 data from Ref.@41#. The bin of rapidity is 0.2 for all
collision systems. The spectra are increased by a factor of 10 f
bottom to upper.
02490
d

the
e

e-
he

-

process is selected, we determine whether this collision is
resonance production or the string formation using our
rametrized resonance cross sections. If the resonance pro
tion process is selected, we generate resonances and
propagate in space-time. If the string formation process
selected, we generate strings using theDPM type excitation
law as explained in Sec. II E and then strings are fragmen
using a subroutine of PYTHIA@20# ~modified to calculate
the positions of hadrons! to obtain the momenta of hadron
as well as the space-time positions of produced hadro
Newly produced hadrons which have no original constitu
quarks begin to propagate at this space-time point. Ne
produced hadrons do not interact within the formation tim
calculated above, but the leading hadrons which have or
nal constituent quarks can scatter further within their form
tion time with a reduced cross section. For example,
cross section between the leading baryon which has a
quark and formed hadron issqqh52/3shh .

The leading hadron interactions are of importance in or
to generate Glauber-like multiple collisions in the initi
stage of the reactions in nucleus-nucleus collisions at S
energies or above. At sufficiently high energies, we mig
model the nucleus-nucleus collisions as follows. First,
pass through the nucleus together, nucleons scatter acco

m

FIG. 23. Invariant cross sections of negative pions fro
Si1Al (0.6<y<2.8), Si1Cu (0.6<y<2.8), and Si1Au (0.7<y
<2.7) collisions at 14.6 GeV/c. The calculated results from th
cascade model~histogram! are compared with the E802 data fro
Ref. @42#. The bin of rapidity is 0.2 for all collision systems. Th
spectra are increased by a factor of 10 from bottom to upper.

FIG. 24. Same as Fig. 20, but the histograms show the res
obtained from the Glauber-type calculations without any rescat
ing among produced particles.
1-13
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to the Glauber-type multiple collisions, then final state~sec-
ondary! hadron interactions occur before freeze-out. If w
can clearly separate this initial multiple collision from th
final state hadron interaction, the cascade method descr
above would approximately give the same collision series
initial multiple scattering. Actually, we have studied th
Glauber-type Monte Calro simulation~the same method a
HIJING and FRITIOF! and the cascade method witho
meson-baryon and meson-meson collisions give the sam
sults for the rapidity distributions of protons and produc
particles for Pb1Pb central collisions at SPS energy if w
use the same elementray inputs. As we will see in Sec. II
the initial BB collision spectrum which lies around the co
lision c.m. energy of 4 GeV,As,6 GeV is quite similar
between Glauber-type calculations and the cascade cal
tions if final state hadron interactions are negligiblep
1Be, p1Al, p1Cu collisions!.

III. RESULTS

In the following, we systematically apply our hadron
cascade model~JAM1.0 @40#! to proton, silicon, and gold
induced reactions at AGS energies and investigate the e

FIG. 25. Same as Fig. 22, but the histograms show the res
obtained from the Glauber-type calculations without any resca
ing among produced particles.

FIG. 26. Comparison of the invariant transverse moment
spectra ofK1 between the cascade model and the experimental
of @41# in p1Be (0.9<y<2.1 with bin size 0.2!, p1Al (0.9<y
<2.1 with bin size 0.2!, p1Cu (0.9<y<2.1 with bin size 0.2!, and
p1Au (0.7<y<2.1 with bin size 0.2! collisions at 14.6 GeV/c.
The spectra are increased by a factor of 10 from bottom to upp
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of cascading by comparing the results obtained by the c
cade model with the Glauber-type calculations.

A. Comparison to E802 data

In this section, we first focus our attention on the prot
transverse distributions to check the detailed examination
the collision term and its space-time picture~formation time!
used in our model and also to see the transition of the re
tion dynamics from proton induced collisions to heavy i
collisions.

We show in Fig. 16 proton invariant transverse mass d
tributions calculated by our cascade model for the pro
induced reactionsp1Be, p1Al, p1Cu, p1Au, and in Fig.
17, silicon induced reactions of central Si1Al, Si1Cu,
Si1Au at 14.6 GeV/c in comparison to the data from th
E802 Collaboration@41,42#. In each figure, spectra are plo
ted in a rapidity interval of 0.2 and are displayed by mul
plying each by a power of 10 from bottom to upper. Si1Al,
Si1Cu, and Si1Au data correspond to the central collisio
with 7% centrality. For the calculations of Si1A ~A
5Al,Cu,Au! systems, the impact parameter is distributed

lts
r-

ta

r.

FIG. 27. Comparison of the invariant transverse moment
spectra ofK1 between the cascade model and the experimental
of @42# in Si1Al (0.6<y<2.2 with bin size 0.2!, Si1Cu (0.6<y
<1.8 with bin size 0.4!, and Si1Au (0.7<y<2.1 with bin size 0.2!
collisions at 14.6 GeV/c. The spectra are increased by a factor
10 from bottom to upper.

FIG. 28. Comparison of the invariant transverse moment
spectra of K2 in p1Be (1.1<y<1.9 with bin size 0.2!, p
1Al (0.9<y<2.1 with bin size 0.2!, p1Cu (0.9<y<2.1 with bin
size 0.2!, and p1Au (0.9<y<1.9 with bin size 0.2! collisions at
14.6 GeV/c. The spectra are increased by a factor of 10 from b
tom to upper.
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follows: b,1.797 fm for Si1Al, b,2.2 fm for Si1Cu, and
b,2.9 fm for Si1Au. Our calculations show good agre
ment with the data in proton induced reactions. In silic
induced reactions, our calculations do a good job of acco
ing for the experimental data in general. However, we c
see some overestimates at low transverse momenta, in
ticular for the Si1Au system. As a result, our cascade mod
gives larger proton stopping than the data.

Now we compare the cascade model results with
Glauber-type calculation in order to see the effect of p
rescattering, nucleon cascading, and the consequent d
tion from the linear extrapolation of sum of binary nucleo
nucleon collisions to proton-nucleus and nucleus-nucl
collisions. Glauber-type models such as the FRITIOF mo
@1# have been widely used at higher energies, i.e., more
200A GeV. We use the same method as the FRITIOF mo
with some modifications. The wounded nucleons beco
resonances or strings in each nucleon-nucleon collision,
strings can interact again before they fragment. Resona
can be converted to nucleons, and strings are allowed t
deexcited to the minimum string mass. After all binary c
lisions are completed, strings and resonances are force
decay. Rescattering of produced particles is not conside

FIG. 29. Comparison of the invariant transverse moment
spectra of K2 in Si1Al (1.0<y<1.8 with bin size 0.4!,
Si1Cu (1.0<y<1.8 with bin size 0.4!, and Si1Au (0.9<y<2.1
with bin size 0.4! collisions at 14.6 GeV/c. The spectra are in-
creased by a factor of 10 from bottom to upper.

FIG. 30. Glauber-type calculations of invariant cross section
K1 for p1Be, p1Al, p1Cu, andp1Au reactions at 14.6 GeV/c
in comparison to the E802 data from@41#. The meaning of the
figure is the same as Fig. 26.
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In the present treatment, we have used our parametrizatio
calculating the probability to excite nucleons to resonan
or strings. Figures 18 and 19 show the results obtained
this Glauber-type calculation. In the beam rapidity regio
for all systems, good agreement can be seen because
effects of rescattering would be small as expected.
proton-induced reactions, the Glauber-type calculation gi
a steeper shape in comparison to the data at midrapidity
target regions. In heavy ion reactions, this deviation is s
nificant at around midrapidity. Rescattering, therefore,
necessary to account for transverse momentum distribut
of protons for reactions involving heavy nuclei.

We now turn to the mass dependence of the pion tra
verse distributions. In Figs. 20–23, we show the calcula
p1 and p2 spectra by histograms together with the E8
data@41,42#. Agreement between the cascade model and
data is very good for the combination of projectile and targ
and for both the slope parameter and the absolute valu
the cross section.

On the other hand, as shown in Fig. 24 and Fig.
Glauber-type calculations reproduce well the data for sm
mass systemsp1Be, p1Al, p1Cu, and Si1Al, and give
similar slopes to the experimental data, while the multiplic
of pions in heavy systems is larger than that of the data. T

f

FIG. 31. Glauber-type calculations of the invariant cross s
tions ofK1 for Si1Al, Si1Cu, and Si1Au reactions at 14.6 GeV/c
in comparison to the E802 data from@42#. The meaning of the
figure is the same as Fig. 27.

FIG. 32. Glauber-type calculations of invariant cross sections
K2 for p1Be, p1Al, p1Cu, andp1Au reactions at 14.6 GeV/c
in comparison to the E802 data from@41#. The meaning of the
figure is the same as Fig. 28.
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FIG. 33. Glauber-type calculations of invariant cross section
K2 for p1Be, p1Al, p1Cu, p1Au, Si1Al, Si1Cu, and Si1Au
reactions at 14.6 GeV/c in comparison to the E802 data from@42#.
The meaning of the figure is the same as Fig. 29.

FIG. 34. The result of the cascade model calculation of tra
verse mass distributions of protons for the central Au1Au collision
at 11.6 GeV/c in different rapidity intervals. The spectra are scal
down by a factor of 10 successively from upper corresponding
the c.m. rapidityy50.05 to lower spectrum ofy51.05 with the bin
width of 0.1. The impact parameter is distributed from 0 to 3.3
fm. The data are from Ref.@43#.

FIG. 35. Comparison of rapidity distributions of proton
~circles!, positive pions~squares!, and negative pions~triangles!
between experimental data@43# and the cascade model calculatio
~histograms! for central Au1Au collision at 11.6 GeV/c. The data
for positive pions are scaled down by a factor of 0.5 and for ne
tive pions 0.25. In the cascade calculations, the impact parame
distributed from 0 to 3.338 fm.
02490
is due to the effect of rescattering in which pions are a
sorbed during evolution for the large mass systems.

Let us study the kaon and antikaon transverse mass s
tra of E802. The calculated transverse mass distribution
K1 and K2 in the cascade model are compared with t
E802 data@41,42# in Figs. 26–29. Figures 30–33 are th
results with the Glauber-type calculations forK1 and K2

invariant transverse momentum distributions. We find m
significant differences between the cascade and Glaube
sults of kaon production than those in proton and pion sp
tra. This fact shows the importance of the rescattering:
discussed in Sec. II D, some of the exoergicMB reactions,
which involve resonances, have very large strangeness
duction cross sections, and they contribute toK and K̄ pro-
duction, especially in heavy ion reactions@11,29#. Enhance-
ments due to these meson rescatterings are clearly seen
K1 and K2 spectra, except for the reactions ofp1Be and
p1Al, because there is no meson-baryon collision
Glauber-type calculation.

B. Au1Au collisions

We continue our comparison to E866 experimental d
@43# with the truly heavy ion collision Au1Au at
11.6A GeV. Our cascade model calculation with impact p
rameterb<3.338 fm is compared to E866 data@43# in Fig.

f

-

o

-
is

FIG. 36. Transverse mass distributions of protons and pions
the central Au1Au collision at 11.6 GeV/c. The triangles represen
the data of protons scaled by a factor of 0.1; squares correspon
p2 data, circles correspond top1 data scaled by a factor of 10
from Ref. @43#. Histograms represent the results from the casc
model with impact parameterb<3.338 fm.

FIG. 37. Mass dependence of the number ofBB ~open squares!,
MB ~open circles!, and MM ~open crosses! collisions obtained
from the cascade model calculations and Glauber-type calculat
~open diamonds! for p1A collisions in the left panel and for Si1A
and Au1Au collisions ~right panel!.
1-16
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34 from c.m. rapidity ofy50.05 toy51.05 with the rapidity
bin of 0.1 scaled down by a factor of 10 from the top to t
bottom spectrum. The cascade model results show g
agreement with the data at the transverse mass a
0.2 GeV/c2. The cascade model, however, overpredi
again the proton spectrum in the low transverse momen
region.

In Figs. 35 and 36, we compare the cascade model re
with the experimental data by the E802 Collaboration@43# in
central Au1Au collisions. Pion multiplicities are in good
agreement with data as well as the slopes of bothp1 and
p2. However, the present cascade model does not des
the suppression of protons having low transverse mome
and consequently it gives stronger stopping of proton t
the data. This proton rapidity spectrum for central Au1Au
collisions shows an amount of stopping similar to those w
other cascade models like RQMD@11#, ARC @14#, and ART
@15#. In addition, the Glauber-type calculation gives the sa
results for the proton rapidity distribution. Therefore, th
defect is not a consequence of the cascade model. Sinc
deviation of the transverse mass spectrum of heavy had
from a single exponential behavior is generally considered
a result of the radial flow, it may be influenced by the nucle

FIG. 38. Mass dependence of the number of total mesons f
the cascade model calculations~full circles! and Glauber-type cal-
culations~full triangles! for Si1A ~A5Al, Cu, Au!, Au1Au colli-
sions~right panel! and forp1A ~A5Be, Al, Cu, Au! collisions~left
panel!. Meson multiplicity is reduced by including rescattering.
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mean field. In fact, it has been found in the works of RQM
@44# and ART @15# nuclear mean field significantly reduce
maximum baryon densities of the hadronic matter, and c
sequently the midrapidity protons become small.

In this work, we have assumed that the elastic and ine
tic cross sections involving baryon resonances, except for
deexcitation processes toNN, are the same as that in theNN
channel at the same c.m. momentum. However, since
deexcitation cross sections are enhanced due to the gen
ized detailed balance as explained in Sec. II C, if other cr
sections are smaller than those ofNN, stopping power may
be reduced.

C. Mass dependence of the collision dynamics

In this section, we study the mass dependence of the
lision dynamics within the hadronic cascade model. First
present the cascade model results ofBB, MB, and MM
collision numbers as a function of the system mass (A1B)
in comparison to that of Glauber-type calculations.

Figure 37 displays the total collision number ofBB ~open
squares! andMB ~open circles! andMM ~open crosses! ob-
tained from the cascade calculation together with a Glaub
type calculation~open diamonds! for the p1A ~left panel!
and Si1A ~right panel! collisions. When the system become
bigger,BB collisions are much more frequent in the casca
model than in the Glauber predictions, even in the pro
induced collisions. This indicates that there is success
nucleon cascading in the nuclear medium in the casc
model picture. It is interesting to see that the number ofBB
andMB collisions is almost the same in heavy ion collision
This seems to be the origin of the pion number suppress
the increase in the proton transverse momentum slope,
the increase in kaon yield.

Indeed we can see the reduction of produced pion mu
plicity in the cascade model compared to the Glauber-t
calculations as shown in Fig. 38, where the number of to
produced mesons is plotted as a function of the system m

m

ns
FIG. 39. Collision spectrum ofBB ~full lines!, MB ~dashed lines!, andMM ~dotted lines! collisions from the cascade model calculatio
and Glauber-type calculations~crosses! for the p1Be, p1Al, p1Cu, p1Au, Si1Al, Si1Cu, Si1Au, and Au1Au collisions at AGS
energies.
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number. Pions are absorbed mainly in the two-step proc
in the cascade model. For example, the most important p
absorption path at AGS energies is

pN→D, ND→NN. ~52!

Therefore, a large number ofBB andMB collisions are nec-
essary to describe appropriate pion absorptions.

In order to get more detailed information on the ma
dependence of the collision dynamics at AGS energies,
display in Fig. 39 the colliding energy spectrum ofBB, MB,
and MM given by the cascade model together with tho
from the Glauber-type calculations. TheBB collision distri-
butions as a function of invariant mass are very differ
between the cascade model and the Glauber-type model.
Glauber-type calculations predict the collisions which a
spread around the initialNN c.m. energy, while theBB col-
lisions occur at all available collision energies in the casc
model. In bothp1A and A1B reactions, theMB collisions
are pronounced in the resonance region (As<2 GeV). It is
interesting to note that inp1Au system, the number of low
energyBB collisions is much larger than that ofp1Be, p
1Al, and p1Cu systems. InA1B systems~bottom of Fig.
39!, the collision number grows very quickly; however, th
shape of the collision spectrum is similar in all the syste
~see Figs. 40, 41!.

IV. SUMMARY

We have systematically studied the system mass de
dence of the particle distributions at AGS energies with
newly developed cascade model~JAM1.0!. The cascade
model is shown to provide a good description of the o
served data for various combinations of projectile and tar
without any change of model parameters. The effect of r
cattering of produced particles and nucleon cascading

FIG. 40. Same as Fig. 21, but the histograms show the res
obtained from the Glauber-type calculations without any resca
ing among produced particles.
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found to be important to explain both the pion yield and t
transverse slope, which are demonstrated by comparing
cascade model results with the Glauber-type calculatio
Those effects increase the transverse momentum slope
protons and pions, and reduce the pion yield. The importa
of the rescattering among particles is more visible in ka
spectra.

One of the problems in the hadronic cascade model J
is that it gives much larger stopping of the protons
nucleus-nucleus collisions. This large stopping is not
consequence of rescattering because the Glauber-type c
lation also gives the same amount of baryon stopping. T
problem of strong baryon stopping in cascade models
been reported, and proton spectra can be fitted by the in
sion of a nuclear mean field in RQMD@44# and ART @15#.

Another possible solution may be to suppress the cr
sections such ass(N1* N2* →N3* N4* ), which is assumed to be
the same as that in theNN incoming channel at the sam
c.m. momentum in a present model. These interacti
among resonances become important at AGS energies w
we have sufficiently dense matter in heavy ion collision
and the baryon stopping is sensitive to the cross section
the resonance incoming reactions. In fact, we have chec
that if resonance-resonance (BB) cross sections are reduce
from the nucleon-nucleon cross section, we get less pro
stopping than the present results. Detailed study in this
will be interesting.
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