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A hadronic cascade model based on resonances and strings is used to study mass dependence of relativistic
nuclear collisions fronp+ Be to Aut+Au 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 numbgs): 25.75.Gz, 14.20.Gk, 24.8bp

I. INTRODUCTION and CERN Large Hadron CollidékHC), and have met with
some success in describing heavy ion collisions at CERN

There is now much interest in studying strongly interact-SPS energiegl0].
ing matter at high density and/or temperature created in high The third category of model is a transport model which is
energy nuclear collisions. Indeed, at high densities and/ooften referred to as “hadronic cascade.” For example,
temperatures, QCD predicts the chiral symmetry restoratioRQMD [11,12, QGSM[13], ARC[14], ART [15], UrQMD
and quark deconfinement. How can we create such mattef26], and HSD[17] can be categorized here. They have been
At present, high energy heavy ion collision is considered tosuccessfully used to describe many aspects of high energy
be a unique way to create such dense and hot matter in tHesavy ion collisions in a wide range of incident energies. For
laboratory. In order to find such a new form of nuclear mat-the description of AA collisions in hadronic cascade models,
ter, several heavy ion experiments have been and are beirlge trajectories of all hadrons as well as resonances including
performed with Si(14.8 GeV/c) or Au(11.6A GeV/c) produced particles are followed explicitly as a function of
beam at BNL Alternating Gradient Synchrotr@AGS) and  time. Nuclear collisions are modeled by the sum of indepen-
with  the  O(20@&\ GeVic), S(20A GeV/c) or dent hadron-hadronh) collisions without interferences.
Pb(158\ GeV/c) beam at CERN Super Proton Synchrotron Two particles are made to collide if their closest distance is
(SPS. smaller thanyo(s)/m, wherea(s) represents the total cross

Since high energy heavy ion collisions lead to a hugesection at the c.m. energys. As a result of thénh collision,
number of final states, many event generators have been preecondary particles will be produced according to the spe-
posed to explore these high energy nuclear collisions, witlgific model with some formation time. One of the most dis-
the aid of the Monte-Carlo realization of complex processestinct differences among these models may be the method of
In these event generators, there are mainly three categoriesigfiplementing hadronic degrees of freedom. In RQMD and
models. The models in the first category assume GlaubasrQMD, many established hadronic resonances are explic-
geometry for the treatment of AA collisions. For example,itly propagated in space-time, while ARC, ART, and HSD
FRITIOF [1], LUCIAE [2], VENUS [3], HIJING [4], DPM  do not include higher hadronic resonances. Although both
[5], HIJET([6], and LEXUS[7] belong to this category. Final modelings seem to give similar results if we see the final
interaction among hadrons are included in VENUS, HIJET hadronic spectra inclusively, we expect thermodynamic
and LUCIAE. In these models, main quantum features durquantities like pressure or temperature before freeze-out pre-
ing the multiple scattering are preserved within the eikonaldicted by those models would be different from each other
approximation, and efficiently fast calculations are possiblef18]. Another difference is the treatment of multiparticle pro-
However, these approaches are mainly designed for extuction. The string model is adapted in RQMD, QGSM,
tremely high energy collisions\(s>10A GeV). UrQMD, and HSD, while in ARC and ART, final states are

The models in the second categ@parton cascade mod- sampled according to the direct parameterization of the ex-
els), such as VNI[8] and ZPC[9], have been recently devel- perimental data. The hadronic cascade model based on the
oped to implement the interaction among partons to study thetring phenomenology implies that some partonic degrees of
space-time evolution of partons produced in high energyfreedom play some roles in reaction dynamics implicitly. In
nuclear collisions. These models were originally designed tdact, the estimation of partonic degrees of freedom has been
describe ultrarelativistic heavy ion collisions at collider en-done recently within UrQMD19]. ARC[14] has shown that
ergies, such as BNL Relativistic Heavy lon Collid&HIC) a “pure” hadronic model can describe the data at AGS en-
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ergies. At collider energies, however, explicit treatments of

H . - l —==-pptotal ] 60 T """" pntotal ]

partonic degrees of freedom will be necessary. I e ppelastic] OO 1 e pn elastic

The main purpose of this work is to perform systematic - b 4f\*__ PSR (R A £ N
analyses of collisions fronpA to massive AA systems at \5, I E i
AGS energies, for which high-quality systematic experimen- = ,, ﬁ.‘ 1 b ]
tal data are availablg41,42, within the hadronic cascade Mot tan e ]
model JAM1.0, which has been developed recently based o1 (L. - . s ol : A
resonances, strings, and pQCD. 2 ‘Em (C?eV) 8§ 10 2 ‘]‘Em (é’ev) g8 10

The main features included imm are as follows(1) At
low energies, inelastibh collisions are modeled by the reso-  FIG. 1. The fitted total and elastigp and pn cross sections
nance productions based on the idea from RQMD anavhich are used in the code together with measured data taken from
UrQMD. (2) Above the resonance region, soft string exci- the Particle Data Group28]. The CERN HERA and COMPAS
tation is implemented along the lines of the HIJING modelgroup parameterizations are used at high eng2gy.

[4]. (3) Multiple minijet production is also included in the Fermi motion of nucleons is assigned according to the local

same way as the HIJING model in which jet cross sectio . . . :
and the number of jets are calculated using an eikonal forr"-:erml momentum.(3) All established hadronic states, in-

malism for perturbative QCD(pQCD) and hard parton- cluding resonances, are explicitly included with explicit isos-
parton scatterings with initial and final state radiation areP" states as well as their an_tmartu;les. A”.O.f them can
simulated using the PYTHIA20] program.(4) Rescattering propagate in space-time) The |r!elast|chh coll|§|ons pro-

of hadrons which have original constituent quarks can occuguce resonances at low energies while at high energies

: . " . (=4 GeV in BB collisions =3 GeV in MB collisions, and
with other hadrons assuming the additive quark cross sectl(j}‘&;e2 GeV in MM collisions color strings are formed that

within a formation time. Since these features of the presen into had dina to the Lund stri a6

hadronic cascade model JAM1.0, enable us to explore hea cay Into nadrons according to the Lund string mqae).

ion collisions in a wide energy range, from WMeV to ormation time is assigned to hadrons from string fragmen-

RHIC energies, in a unified way, it is a big challenge for ustation. Formatlo.n point and time are determmed by assuming
yo-yo formation point. This choice gives the formation

to make systematic analyses in these energies. In this pap€ . . -~ 9

we focus on the mass dependence of the collision system e of roughly 1imé WI'Fh.StI‘Iﬂg tension« = 1 Gevfim. (5)
AGS energies. Other applications at higher energies ar gdrons which have or|g|_nal consUtggnt quarks can scat;er
found elsewheré21] with other hadrons assuming the additive quark cross section

The outline of this paper is as follows. We will present aWithind. a forrr1nac}ion _ti:ne. t.Thef imt;%ortadnce cif thisf
detailed description of cross sections and modeling ofinelasEuarK |qlilark)_- a r?nCIIEnR?\lragll’OSn or the descrip 'Or; g b
tic processes fonh collisions in Sec. Il, because elementary aryokfn ?opplng[lal 16, (6) Paul eglergkl_es v]:/as tLep?_r el y
hh processes are essential inputs for the hadronic cascagéi?eotr’]rs i%r?vldg-boay éollisionas,uils ag% I(I:qc?ns?drer (ag VI\?:
g?gt(:ieblﬁtlignzegf ;I)Irlbt\lc\)lﬁsflrs;oigdgn?i;gilzy:gs r;:)LrRIentu do not include any medium effects such as string fusion to
p+Cu, p+Au, Si+A, Si+Cu, and StAu collisions at the rope[3,11], medium modified cross sections, and in-medium

laboratory incident momentum of 1A6GeV/c. We discuss mass shift. Al r_esults which will be presented ?n this paper
. : are those obtained from the free cross sections and free
the role of rescattering by comparing the cascade model re Jsses as inputs
sults with the Glauber-type calculations. We then discuss the '
collision dynamics for truly heavy ion colliding system _ ,
Au+Au collisions. The summary and outlook are given in B. Baryon-baryon interactions
Sec. IV. Let us start with a detailed explanation of the resonance
model for baryon-baryonBB) collisions implemented in
our model. We assume that inelasB® collisions are de-
scribed by the resonance formations and their decays below
In this section, we present the assumptions and parans.m. energy\s<4 GeV and at higher colliding energies,
eters of our model together with the inclusive and the exclustring formation and their fragmentation into hadrons are in-
sive hh data including incident energy dependence. cluded based on a similar picture to that in the RQM2]
and the UrQMD model$16]. The total and elastipp and
pn cross sections are well known. Fitted cross sections and
experimental data are shown in Fig. 1. Inelastic cross sec-
The main components of our model are as followdy. tions are assumed to be filled up with the resonance forma-
The nuclear collision is assumed to be described by the sumions up to\s=3-4 GeV. At higher energies, the difference
of independent binaryih collisions. Eachhh collision is  between the experimental inelastic cross section and reso-
realized by the closest distance approach. In this work, n@ance formation cross sections is assigned to the string for-
mean field is included, therefore the trajectory of each hadmation.
ron is straight in between two-body collisions, decays, or The following nonstrange baryonic resonance excitation
absorptions.(2) The initial position of each nucleon is channels are implemented for the nucleon-nucleon scattering
sampled by the parametrized distribution of nuclear densityin our model: (1) NN—NA(1232), (2) NN—NN*, (3)

Il. MODEL DESCRIPTION

A. Main components of the model
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TABLE I. Resonance cross section parameterd fofl.. 5 denotess-wave pion production.

Channel a b c d Vst

o1 (NN—NN*) 24.94700 2.48150 2.63330 0.425358 2.162
o1(NN— A (1232)A(1232)) 7.63181 1.41140 267784 0.311722 2.252
o1 (NN—NA*) 8.01615 2.74161 3.34503 0.259703 2.340
a1 (NN—N*A(1232)) 13.14580 2.06775 2.75682 0.247810 2.300
a1 (NN—A(1232)A%) 19.63220 2.01946 2.80619 0.297073 2.528
o1(NN—N*N*) 11.67320 2.31682 2.96359 0.259223 2.438
o1 (NN—N*A*) 2.99086 2.29380 3.54392 0.090438 2.666
o1 (NN—A*A*) 35.13780 2.25498 3.14299 0.215611 2.804

01 (NN—NNy) 15.644100 1.675220 2.07706 0.658047 2.014

NN—A(1232)A(1232), (49 NN—NA*, (5 NN 1
—N*A(1232),(6) NN—A(1232)A*, (7) NN—N*N*, (8) o(pn—np*)=yo(l=1)+ 7o(1=0), 4
NN—N*A* (9) NN—A*A*,

HereN* and A* represent higher baryonic states below
2 GeV/c?. Thepp andpn cross sections are calculated from
each isospin componemwt(l) (in some cases we ignore the
interferences between different amplitudes

2
o(pp—ATAT)= ga(l =1),

a(hlhﬁh3h4)=2I |C(hshy,D)[?[C(hshy,1)|?a(1), o(pn—AOPA+)= 2—1oa(| =1)+ %U(I =0), (5
D

whereC(h;h; 1) is isospin Clebsch-Gordon coefficients. For 3

N* andA* production, the sum of production cross sections o(pp—A°ATT)= g(r(l =1),

of several resonance specig(1440)~N(1990) for N*

andA(1600)~A(1950) forA*] are parametrized, and reso-

nance species are chosen afterw@ek below The strength 9 1

of each branchr(l) is determined from the exclusive pion o(pn—A"AT )= Z)G(I =1)+ Za(l =0). (6)
production datd22]. Isospinl =1 component foNN colli-

sions can be extracted from thpp reactions. We assume

that isospinl =0 components are determined from tha  The functional form for the nonstrange baryonic resonance
reactions: then the explicit forms of cross sections in differ-formation cross sections is assumed to be

ent isospin channels can be written as follows:

a(Vs/\sp—1)°d
(Vslc—1)24+d?

1 1
a(pp—pAT)=zo(1=1), a(pn—>nA")=_a(l=1), o(\s)= @

)
e 3 o1 All parameters except the oreproduction cross section are
o(pp—nA" ) =7o(l=1), o(pn—pAT)=70(1=1),  |isted in Tables | and Il for each isospin channel where all
®) cross sections are given in mb agigy, denotes a threshold.

The oneA production cross sectiom; (NN—NA(1232)) is
o(pp—pp*)=a(l=1), parametrized with the following functional form:

TABLE Il. Resonance cross section parameters| fof, 75 denotess-wave pion production.

Channel a b c d Vs
oo(NN—NN*) 166.60600 2.10128 2.34635 0.284955 2.162
oo(NN—A(1232)A(1232) 39.99770 1.83576 240348 0288931  2.252
oo(NN—A(1232)A%) 56.32490 2.00679 2.71312 0.362132 2.528
o(NN—N* N*¥) 2.14575 0.21662 3.40108  0.252880  2.438
oo(NN—A*A*) 4.14197 1.67026 3.75133 0.476595 2.804
0o(NN—NN7) 78.868103 0.746742 1.25223 0.404072 2.014
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"op R " TR functions of c.m. energies. The upper panels of Fig. 2 show
60 RR | 60f o RR the one-resonance production cross sechidfi—NR (solid

———"inel. toal —=—=—"-1inel. total

lines), two-resonance production cross sectibiN—RR
(dotted lines, and the sum ofNR and RR cross sections
(long-dashed lingdor pp (left panel$ andpn (right panel$
reactions. Total inelastic cross sections are filled up by the
resonance productions up to abdgg,,=4 GeV, while at
CERN SPS energies, string excitation is dominated. The dot-
dashed lines in the upper panels of Fig. 2 express the string
excitation cross sections fgrp and pn. At AGS energies
corresponding to the invariant mag's~5 GeV, the contri-
butions of the resonance productions and string productions
are approximately the same in the first nucleon-nucleon col-
lision in our parametrization. The collision spectrumBiB
collisions, however, is spread in broad energy range for
Au+Au collision as shown in Ref{16], due to the high
baryon density achieved at AGS energies. Low energy cross
sections, therefore, are also important in order to treat the
dynamics correctly at AGS energies from first chante
collisions to the final hadronic gas stage.

The cross section for the resonance productions may be
written by

dojp 34 (25+1)(25,+1)

. ) dQ 2
FIG. 2. The resonance production cross sectionspfor(left 64m°S Py,

panel$ and pn (right panel$ reactions as functions of c.m. ener-

gies. In the upper panels, the total one-resonaiNR), double- XJ f p34|M|2A(m§)A(mi)d(m%)d(mﬁ),
resonanc€RR), total resonancéNR+RR), total inelastic cross sec-

tion, and string formation cross sections are shown. In the middle (10
and the lower panels, each one-resonance production branch and

double-resonance production branch is plotted. whereS; ,i = 3,4 express the spin of the particles in the final

state. The mass distribution functi@n(miz) for nucleons is
just a é function, while that for resonances is given by the
relativistic Breit-Wigner function

0.0052840/\/;»/2.0139999 1

o1(NN—NA(1232)=
(\s—2.11477%+0.0171408
AT) = 1 mgl"(m) (1)
N (m?—mg)?+mal(m)?’

28.0401\/s/2.124- 1)0-480085

+ ;
(« &/2-06673_ 1)?+0.576422 where N\ denotes the normalization constant. In this article,
(8)  We use simply takgV=, which is a value in the case of a
constant width. The full widtH"(m) is a sum of the partial
in order to ensure correct threshold behavior. The pionic fudecay widthI'3(MB) for resonanceR into mesonsM and
sion cross sectionpp—d= ") has been fitted as baryonsB which depends on the momentum of the decaying
particle[12,16]:
0.146481/s/2.024— 1)0-20807

—drt)= s 21+1
7pp=dm) ((\/s/2.13072—1)2+0.042473 FR(MB)zfg(MB)%<—p' "(m))
m pc.m.s.(mR)
0.12892\/s/2.054- 1)0-08448 12
+ : :
((V/s/2.18138 - 1)?+0.059207 x b (m) 2L (12)
© rod )

In actual simulations, we have effectively included the crossvherel and p.,s(m) are the relative angular momentum
section of theNN— 7rd into the A production cross section and the relative momentum in the exit channel in their rest
for simplicity. Similarly thes-wave pion production channels frame.
NN— NN are simulated as thi(1440) production. The Monte Carlo procedure is as follows. First, final reso-

In Fig. 2 we show the contributions of nonstrange bary-nance type\(1232), N* , or A* are chosen using param-
onic resonance cross sections for different partial channels agrized cross sections and then we determine each resonance
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FIG. 3. The energy depen-
dence of the exclusive pion pro-
duction cross sections for proton-
proton and proton-neutron

02 4 6 8

4 T T T T T T . . .
. pp—pn 2t T s pnopnrtn interactions as a function of c.m.
u L ] energy. Solid lines are the results
3 . 6 .
ﬁ o % obtained from the code. Data from
2F P Py 1 af § ] Ref.[22].
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1f 4 2t .
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production channel according to E(LO). To do this, we In the case of the collisions involving resonance states in

need to know the matrix elemejt1|? for all resonances. In  the incoming channel, we use the approximation that the
the present model, we make the simple assumption that eadhelastic cross sections for resonance production as well as
resonance production cross section can be selected accorditige elastic cross section are the same as the nucleon-nucleon

to the probability cross sections at the same momentum in the c.m. frame,
except for deexcitation process@&R— NN andRR—NN,
P(Ri,Rj))~(25+1)(25+1) whose cross sections are estimated by using the detailed bal-
ance described in the next Sec. Il C.
XJ f piin(miZ)Aj(ij)d(miZ)d(ij)_ _ Figure 3 shows the energy dependence of the exclusive
pion production cross sections frp (up to five pion produc-

(13)  tion) andpn (up to two pion productionreactions. We com-
pare the results obtained from our simulation with the data in
Namely, the partial cross section for each resonance state [i22]. Overall agreement is achieved in these exclusive pion
only governed by the final spins and mass integrals ignoringproductions within a factor of two with the above simplifi-
the resonance state dependence of the matrix element. Oncation of the common matrix element in E@.3). Smooth
the type of resonances is chosen, we generate the resonarit@nsition from the resonance picture to the string picture at
masses according to the distribution, neglecting the mass d&. ,=3—-4 GeV is achieved since no irregularity of the en-

pendence of the matrix elements in Eg0), ergy dependence is present in the calculated results. String
excitation law will be described in Sec. Il E. In order to get a
P(mg,m,)dmgdm,~4msm,p3A(m3)A(m3)dmgdmy, more satisfactory fit, for example, we can improve the model

by introducing different values for the matrix elements for
(14)  different resonance channels. For example, in R&3], the
matrix elements are fitted to reproduce the pion production
in the reaction ¥2—3+4, where the mass distribution cross sections up to two-pion productions as well asshe
function A(m;) should be replaced by th& function in the  production cross section assuming that they are independent
case of stable particles in the final state. of masses but dependent on species.
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100 T T " T ]04 E T
; E ©* p cross sections
g%anielewicz 3 [ o Exp.tot. 1
107 o Exp.el. 3
50 Xy m=13GeV | D . F g e total, :
\ g/ 102 L F ———= elastic t-channel
© S ]
100 10l E
£ 10°
3 : 1 2 3
T 50r me=1232GeV | Ecm (GeV)
=
1) FIG. 5. Parametrization of the total and elasti¢p cross sec-
© tions. The data has been taken fr¢28]. Total and elastic cross

100 sections are assumed to be the surs-cifiannel and-channel reso-
nance and/or string formation processes.

50 my=1.18GeV 7] the aboves functions with the certain normalized mass dis-
tribution functionsA(m?). Using | M, .34 =|Mag4 .14, We
obtain

070 12 14 2

Em—m, (GeV) dozs .12 (25,+1)(2S,+1) p1odogp 3

FIG. 4. The cross section fak* *n— pp calculated using the df) (253+1)(25,+1) p3s  d

different descriptions for the detailed balance as a functiog/®f

—My,, whereM, is the mass of ingoind. The short-dashed lines X ! ,
correspond to the results of the formula which does not také\the 2 2 2 2

width into account. The results of the cross sections obtained using P3A(m3) A(mg)d(mg)d(my)

the formula in Refs[26] and[24] are shown by dotted and full 17)
lines, respectively. The long-dashed lines correspond to the results

using Eq.(18). where we use the relativistic Breit-Wigner functi¢hl) for

the mass distribution functioA(m?). The extra factor com-

pared to the usual detailed balance formula increases the ab-
In the process of resonance absorption, we use a generaerption cross section. It has been proved that this formula

ized detailed balance formuJ24—2€¢ which takes the finite plays an essential role in understanding #&A dynamics

width of the resonance mass into account. The time-reverséP4—2§.

invariance of the matrix element leads to the principle of In the case of the on&{1232) absorption cross section,

detailed balance. If scattering particles are all stable, the forwe can write the following formula:

mula is given by

C. Detailed balance

1 1 pd
d0'34—>12: (25,+1)(25,+1) p_fz dois .34 (15 ONA-NN' =5 1_'_—5NN, TN =N
d0  (25+1)(25,+ 1) p2, dQ

-1

(B—my)?
f( N)sz(1232)A(m2)dm2 . (18

my+m,

X

whereS; denotes the spin of particleandp;; corresponds to
the c.m. momentum of the particlegndj.

The differential cross section for the reaction (1,2
—(3,4) for the stable particles may be written

) pn andp, are the final nucleon-nucleon ¢.m. momentum and
the initial c.m. momentum, respectively. The factor 1/(1
+ Syny) in Eq. (18) arises from the identical nature of the
final states, and 1/2 comes from spins.

doip 30 | Mis34? 1 There are some versions of the extended detailed balance
aa 64m2s  (2S,+1)(2S,+1) formula that are slightly different from each other. For ex-
ample, Danielewicz and Bertdi24] use the formula
1
Xp_lZJ' J P24d(p5—m3)d(m3) doss .12 (25+1)(25,+1) p_iz@ m, dosy a4
dQ (2S3+1)(25,+1) psgamimy  dQ
X 8(p2—m2)d(m?), (16) = At
1
where | M |? represents the spin-averaged matrix ele . - (19
12— 34 - - 12 12 12 12
ment. If the particles have a finite width, we should replace f J' PaA(ME)A(m, ") dmg"dm,
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3 [r” p cross sections ' 150 T T
107 E o Exp. tot. E : }
o Exp.el E K’ p cross sections
3 t(ftal_
P elastic 1
s 102 E ———= elastic t-channel 4 __1oo ) Eig: gl)'t. i
[= F A \ E = ; total
= é {l elastic
© L ©
10 —_—_:?:1"_5';55:2&_& 50 I 4
ofE b o L i - apag g 08 ]
10 1 5 3 0L P
E GeV 10 10 10
em. (GeV) Puay (GeV/c)

FIG. 6. Parametrization of the total and elasticp cross sec-

) FIG. 7. Parametrization of the total and eladticp cross sec-
tions. The data has been taken fro28|.

tions. The data has been taken frg28]. The sum of thes-channel
resonance productions amethannel elastict-channel charge ex-
where miR denotes the pole mass of the resonanaehile change, and-channel hyperon production cross sections can de-

Wolf, Cassing, and MosdR6] use scribe the data properly at low energies.
d 25,+1)(28,+1) p3 d m(hc)®
0312 (25,11)(25, ) P12dosp 54 o(MB—R)=— > |c(MB,R)|2
dQ (25;+1)(25+1) pz, dQ Pem. R
1 (2Sg+1)
(20) 2S5yt 125+ 1)

X .
fJA(mé)A(m‘z‘)dm%dm‘z‘ T'o(MB)Tk(tot)
R R

(\/s—mg)2+ T g(tot)2/4”

(22

We have checked that these formulas give similar results to

ours. Figure 4 shows the comparisons between the different

formulas of the cross sections for the reactibph*n—pp. ~ The momentum dependent decay widt2) is also used for
the calculation of the decay width in E®2). Sg, Sg, and
Su denote the spin of the resonance, the decaying baryon,

D. Meson-baryon, meson-meson collisions and meson, respectively. The sum runs over resonafces,
We now turn to the explanation of meson-barydg)  =N(1440)~N(1990) andA(1232)~A(1950). Actual val-
and meson-mesonMM) collisions. We also use the ues for these parameters are taken from the Particle Data
resonance/string excitation model fB and MM colli- ~ Group[28] and are adjusted within an experimental error bar
sions. to get a reasonable fit faviB cross sections. The results of
The total cross section for theN incoming channel is the fit are shown in Figs. 5 and 6. It has been shown that
assumed to be decomposed to inclusion of resonances plays an important role in studying

strangeness production in AGS and SPS enerdiés and
Tiot(S) ™= 0pw(S) + Te(S) + 0sst or.g(S), (21 (K™,K™) reactions[29]. In fact, strangeness production
cross sections for resonanbeincoming channels are found
to be much larger than that for theN channel. This would
be effective to explain the strangeness enhancement ob-
served in heavy ion collisions within a rescattering scenario.

where o¢((S), ogw(S), 0s5(S), and o.g(S) denote the
t-channel elastic cross section, teehannel resonance for-
mation cross section with the Breit-Wigner form, and the
s-channel and-channel string formation cross sections, re-
spectively. We neglect théchannel resonance formation L ) ]
X L K'n cross sections 4
Cross section at an energy range g6<2GeV. The 100
t-channel elastic cross section (s) was determined so that E§52 tot.
the sum of the elastic component of tsehannel Breit- = [\ - tol
Wigner cross sectiongy(s) andt-channel elastic cross sec-
tion ¢ ((S) reproduces the experimental elastic data#dt L
interaction. Above the\(1232) region, thdé-channel elastic i 59'4“
cross section becomes nonzero in our parametrizgB@s. 0 R
5 and 6. String formation cross sectiono.s(s) and 10 10
oi.5(s)] are determined to fill up the difference between the Py (GeV/e)

experimental total cross section amgy/(s)+ e (s). We FIG. 8. Parametrization of the total and elasicn cross sec-
calculate the resonance formation cross sectiga(S) Us-  tions. Parametrizations of the low energy part of the cross section
ing the Breit-Wigner formulgd 27,11 (neglecting the inter- where data are absent are addressed by [@&f. The data have
ference between resonanges been taken froni28].

G(mb)

50
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I K'p—>n0lA 1 F I K'p—»n*}ll' E [ I K'p—mOEIO
1 Exp. 101 E Exp. - 1 °  Exp.
10k sum 3 E 3 sum E 10k sum
2 F Y & - schamnel 1 & e 5. channel | 2 J— ",
E EW F EINE] FIG. 9. The energy depen-
o i [ .
S0 ° b Py S0’ dence of the exclusive hyperon
S L e production cross section& ~p
0 Z Tt _
o' . X el . o —m'A, K p—=wm2X", Kp
15 20 2.5 15 20 2.5 S K n—m30 K-n
10% ¢ . , , 10% - , —7%3°% and charge exchange
E E| L 0 4 E - . _ .
1 o Kn-n'z . i K PCha‘g”“‘:“ge cross sectiorK  p—K°n used in
E X 3 Xp.
Exp. op o'l ] the model are shown by the full
10" e L 1 " s-channel lines together witls-channel(dot-
§-channel 7 . N .
I 10k PN, TS ted contributions. Circles are data
: L ] E : from Ref.[46].
0 [N 1 [
10 - N Y A R H
EL N ) B s o ot L s
15 20 25 15 20 25 15 20 2.5
E¢m (GeV) E;m, (GeV) E¢m (GeV)

Since theKN interaction has some exoergic channels 0(S)=0gw(S)+ 0r(S)+ 0 ((S) + 05 5(S) + Ty.5(S).

such asl?N—er, we need to include additional terms: (25

Tiot(S) N=0pu(S) + Te((S) + oe(S) The difference between the experimental inelastic cross sec-
tion and resonance cross sections at energies above reso-
nance region for the meson-baryon and meson-meson colli-
sions is attributed to the string formation cross section where
whereo(s) andoy(s) denotet-channel charge exchange 1/\'s energy dependence of, 5(s) is used[12].

reaction andt-channel hyperon production cross sections For the cross sections for which no experimental data are
which are also fixed by the requirement that the sum ofvailable, we calculate the total and elastic cross sections by
t-channel contributions and Breit-Wigner contributions re-using the additive quark modgl1,16,3Q

produce experimental data. The Breit-Wigner formula en-

t0v(S)+0ss(S)+or4(S), (23

ables us to calculate experimentally unmeasured cross sec- _ UANRLY) Ns1 Ns2

tions such apN— AK. For the calculation ofrgy(s), we Tot™ UNN(?) (3) ( 1_0'4n_1> ( 1_0'4n_2)’ (26)
include hyperon resonance®= A(1405)~A(2110) and

2(1385%2(2030). The total and elastic cross sections for Ool= ‘thcf( Ule/Uﬁlﬁl ’ (27)

KN interactions used in JAM are plotted in Figs. 7 and 8 in

comparison with experimental dafas]. where oy, oh express nucleon-nucleon total and elastic
. The symbolo v(s) n Eq. (23) is the sum oft-channel  ¢ross sections, and;, ng; are the number of quarks ard
pion hyperon production cross sectiol§N— 7Y, Y  quarks contained in the hadron, respectively. This expression

=A,>. In Fig. 9, we plot the cross sections of hyperonworks well above the resonance region where the cross sec-
productions and charge exchange cross sections as well #sn becomes flat.

Breit-Wigner contributions fitted in our model. The cross For the t-channel resonance production cross sections
section for the inverse processes suchr¥s—KN is calcu-  o.r(S), we do not fit experimental data explicitly in this
lated using the detailed balance formula. work except for theNN reaction and one and two pion pro-

The KN incoming channel cannot form ansgchannel duction in theKN reaction, because of the vast body of the
resonance due to its quark contents. Therefore the total cropossibilities for the final states. Instead, we simply determine
section can be written within our model as follows:

40 . . — 40 . .
................ Klptoul o Kol
1ol S) N = R(S)+ 0el(S) F oa(S) Fors(s), (24 ) P s0f SRR e ]
o0l 20
where o_g(s) is t-channel resonance formation cross sec- °
tion. Total, elastic, and charge exchange cross sections use '© W 10
in our model are shown in Fig. 10. In the present version of ;L i osioriss S
JAM, only KN—KA, KN—K(892)N, and KN 10 1o 10 10
—K(892)A are explicitly fitted to experimental da{@2] Py (GVIC) Py (GeV/C)
and fitted results are shown in Fig. 11. FIG. 10. Parametrization of the total and elasticp andK "n
In meson-meson scattering, we also apply the same piross sections as well as the charge exchange cross secKomin
ture as that in meson-baryon collisions: interaction. The data have been taken fri228].
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5 . 5 . . . 5 . . .
Exp. Exp.
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Py (GeVic) the A, K* productions cross sec-
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4 E e tions. The data are from RdR22].
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1 K*n—=K"n

2 (L 1

1 -

0 20 0 5 10 15 20

P (GeVic)
the outgoing resonance types according to the spins, in In the center-of-mass frame of two colliding hadrons, we
the final state and phase space for the production of resdntroduce light-cone momenta defined by
nancesR; andR, . B
p'=E+p,, p =E-p,. (31
P(R3,R4)(2S3+1)(2S,+ 1) pay(s)?, (28)

Assuming that beam hadron 1 moves in the positidérec-

wherepay(s) denotes the c.m. momentum in the final state.tion and target hadron 2 moves negataeirection, the ini-
If the incoming channel involves resonances, their groundial momenta of both the hadrons are
state particles are also considered in the final state. Once the + L
outgoliong resonance types are determined, we generate P1=(P1.P1.0r),  P2=(P2.P2.0r). (32)
masses according to the Breit-Wigner distribution.

For the angular dependence in the processdscbénnel
resonance productios;.g(S), we use

After exchanging the momentung(,q~,p;), the momenta
will change to

=(1-xNPT x"P7,py),
Mwexqbt) 29 p1=(( ) Pr)
dt ' pr=X"P*,(1-x")P",—py), (33

and the slope parametds for the energy range ofs where P*=p1++p2+=P’=p[+p§=\/§ (in the c.m.
>2.17 GeV is parametrized by frame. The string masses will be

b=2.5+0.7In(s/2), (30 Mi=x_(l—x+)s—p$, M§=x+(1—x_)s—p$,

I o (34)
with invariant mass squaresigiven in units of GeV. We

use the same parametrization presented in Rl for the  respectively. Minimum momentum fractions are;..
energy below\s<2.17 GeV for thet-channel resonance =p,/P" and x,;,,=p;/P~. For light-cone momentum
productions. The elastic angular distribution is also taken

from Ref.[31] for \/s<10 GeV and from PYTHIA20] for constituent formation point

Vs>10 GeV. yo-yo formation point

E. String formation and fragmentation

At an energy range abovgs>4—5 GeV, the(isolated
resonance picture breaks down because the width of the reso-
nance becomes wider and the discrete levels get closer. The
hadronic interactions at the energy range 4~%<10—100
GeV where it is characterized by the small transverse mo-
mentum transfer is called “soft process,” and string phe-
nomenological models are known to describe the data for Lx
such soft interactions well. The hadron-hadron collision
leads to a stringlike excitation longitudinally. In actual de-  FIG. 12. Space-time picture of the motion in a simgbesystem
scription of the soft processes, we follow the prescriptionand an illustration of how two breakups of the string result in the
adopted in the41JING model[4], as described below. production of a hadron.
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FIG. 13. The rapidity distributions for protoisircles, =" (tri-
angles, and 7=~ (squarey in pp collisions at 12 GeW (upper
pane) and 24 GeV¢ (lower pane). Histograms are the results ob-
tained from our calculation. The data are from Ré&E].

transfer for the nondiffractive events, we use the same dis-

tribution as that in DPM5] and HIJING[4]:

pixt)= O (35
X* =
(Xt2+02/5)1/4
for baryons and
. 1
P(x7)= (36)

(Xt2+ 02/5)1/4((1_ Xt)2+ CZ/S)1/4

for mesons, wherec=0.1 GeV is a cutoff. For single-

diffractive events, in order to reproduce experimentally ob-

served mass distributiotM?/M?, we use the distribution

P(x%) 37

(Xt2+ CZ/S)l/Z'

The same functional form as the HIJING modd] for
the softpy transfer at lowpr<<py is used:

f(pr)={(p3+c2)(p+p3)(1+ePT-Polc2)L =1 (38)

where ¢,;=0.1 GeVk, po=14 GeVk, and ¢,

=0.4 GeVL, to reproduce the high momentum tail of the

particles at energiel,,,=10-20 GeV.

The strings are assumed to hadronize via quark-antiquark
or diguark-antidiquark creation using the Lund fragmenta-

tion model PYTHIA6.1[20]. Hadron formation points from

1 1
pr(GeV/c) pr(GeV/c)

FIG. 14. The transverse momentum distributions for protons
(squarey «* (triangles, and =~ (circles in pp collisions at
12 GeVk (left pane) and 24 GeV¢ (right panel. Histograms are
the results obtained from our calculation. The data are from Ref.
[35].

In the Lund string model, space-time coordinates and
energy-momentum coordinates for the quarks are directly re-
lated via the string tensiofi33,34). Let us consider one-
dimensional masslessq string in the c.m. frame as illus-
trated in Fig. 12. Ifx; =t;=x,; denotes the light-cone
coordinates of theth production point, then the light cone
momentap;” =E,* p,; of theith rank hadron, which is pro-
duced by the energy-momentum fractianfrom (i—1)th
stringp;" =zp;",, are fixed by

+:

Pr=r(X_1=X), P =x(X —X_1), (39

with initial value

W
N

Xg=—, Xo=0, (40)

whereW corresponds to the string initial invariant mass. Us-
ing the relationpi+pi‘=mi2l with m;, being the transverse
mass of theéth hadron, we have the recursion formula§]

2
eI e L LR 3
(41)
Therefore, yo-yo formation points are obtained as
XY= (%1 %), (42)
and constituent formation points,
X O (6 x0). (43)

In RQMD [12], the formation points of hadrons are calcu-
lated as the average of the twa production point as
XX XX

2 ' 2

xRQMD— (44)

a string fragmentation are assumed to be given by the yo-yo . ) )
formation point[32] which is defined by the first meeting [N UrQMD [16], the yo-yo formation point(42) is used.
point of created quarks. The yo-yo formation time is aboutClearly, one can see that

1 fm/c assuming the string tensiok=1 GeV/fm at AGS
energies.

xFOnste xRAMDyyo-yo, (45)
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FIG. 15. The energy dependence of the inclusive production cross sections for pions, hyperons, and kaons for the proton-proton

interaction as a function of c.m. energy. Solid lines are the results obtained from our model. The data are f{@#|.Ref.

However, we have checked that at AGS energies, a differthis section, we explain our treatment of time development
ence in the definitions of hadron formation points of the reaction and actual Monte Carlo procedure in the code
(42),(43),(44) does not affect the final results at all. for completeness, because the details may be different in
In Fig. 13, the calculated rapidity distributions of protons, several computer codes.
positive, and negative pions for proton-proton collisions at |n the current verion of JAM, we include only two body
12 GeVk and 24 GeV¢ are shown with the data from Ref. collisions, 22, 2-1 and decay %:n, where n
[35]. The proton stopping behavior and the pion yields are=2 3 in thecollision term of the Boltzmann equation.
well described by the present model. Within our model, fast (i) The initial state is constructed as follows. The nucleons
protons come from resonance decays and midrapidity pron the nucleus are distributed according to the appropriate
tons from string fragmentation of the Lund model Fermi distribution. Then Fermi motion of nucleons is as-
(PYTHIA6.1 [20]) with the default parameter which deter- sijgned according to the local Fermi momentupy
mines the probability of diquark breaking at these energies._ 7 (3/272(r))¥3 The initialized phase-space is then
Anisotropic angular distribution in a resonance decay is)ggsted.
taken into account assuming Gaussia distribution [12] (i) The nucleons are propagated along classical trajecto-
with a mean value of 0.35 Gew?. ries until they interac(two-body scattering, absorption, or
As reported in HIJING4], an extra lowpr transfer to the  gecay. The interaction probabilities are determined by the
constituent quarks is important to account for the high  method of so-called “closest distance approach;” if the
tails of the pion and proton distributions at energi®g,  minimum relative distancé,, for any pair of particles be-

~20 GeVk?. As shown in Fig. 14, the present model alsocomes less than the interaction range specified by
reproduces the proton and pion transverse momentum distri-

butions reasonably well g,,= 12 GeVk? and 24 GeVe?. _
In addition, the present model also describes well the en-p 10° £y=0723 | g-y=0723 pral [ y-0723 piCuT;y=07-23 pran]

ergy dependence of the particle production cross sections, 8% o° 3\\‘1,
shown in Fig. 15. Here we show the incident energy depen-g . :\h"-:\‘
dence of the inclusive data far™, 7, #° K% K™, A, 10
37, and 3° production from proton-proton interactions in
comparison with the experimental da22]. 510
The comparisons shown until now in Figs. 2—13 show 2
that the combination of particle production mechanisms byE 10
the resonance decay and the string decay enables us to eS10°F 1§ + T L
plore a wide incident energy region from a few hundred 00 05 10 00 05 10 00 05 10 00
MeV to a few ten GeV, with reasonably well-fitted inclusive et (GeV/e)
as well as exclusive cross sections, which are essential inputs g, 16. Invariant cross sections of protons frquBe, p
in cascade models. +Al, p+Cu, andp+ Au collisions at 14.6 GeW. The calculated
results from the cascade modaistogram are compared with the
E802 data from Ref[41]. For proton induced collisiongupper
pane), the rapidity interval isy=0.7 (bottom spectrumto y=2.3
The basic equation that we have to solve in the hadronigtop spectrumwith Sy=0.2. The spectra are increased by a factor
cascade model is the relativistic Boltzmann type equation. Imf 10 from bottom to upper.

10*

2

6/dmdy (m
rFird
7

T
=

F. Simulation procedure
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FIG. 17. Invariant cross sections of protons from central FIG. 19. The Glauber-type calculations compared to the data
Si+Al (b=<1.79 fm), SiCu (b=<2.2 fm), and S+Au (b [42]. The meaning of the figure is the same as Fig. 17.
<2.9 fm), collisions at 14.6 GeV/ The calculated results from

the cascade modehistogram are compared with the E802 data where asterisks represent quantities in the two-body c.m.
from Ref.[42]. For Si+Al and Si+Cu collisions, the rapidity inter- frame, and/i* — pi*/Ei* are velocities in c.m. frame. Thus the

val is y=0.4 toy=2.0 with 5y=0.2. For SirAu collisions, the o1 a4ive distance squared is expressed as a function of c.m.
rapidity interval isy=0.4 toy=2.0 with y=0.2. The spectra are time

increased by a factor of 10 from bottom to upper.

Jo(\/s)lr, whereo(4/s) is the total cross section for the o (%) = (X T VIt*)%, (47)

pair at the c.m. energy/s, then particles are assumed to )

collide. This cascade method has been widely used to simyvith

late high energy nucleus-nucleus collisions

[2,8,9,11,14,15,17,16 However, a geometrical interpreta- X5=X5 —x5 —Vit] +vits, (48

tion of the cross section violates causality, and the time or-

dering of the collisions in general differs from one frame to %

another. Those problems have been studied by several au- VimV1 7V (49)

thors [9,36]. Here we adopt a similar procedure as Refs.

[9,37] for the collision criterion to mimic the reference-frame One may calculate the time of minimum relative distance

dependence. squarecb,zeI and the collision time frond* (t*)/dt* =0 as
The minimum relative distande,, is defined by the dis- [37]

tance in their common c.m. frame. Let us denote the coordi-

nates and momenta of two particles By=(t;,X;), X»

_ _ _ ; X1 V1 (Xi2 Vi)
=(t2,%z), and p;=(E;,p1),p2=(E2,p,) respectively, th=— ., bhy=xif-———. (50
wheret;(i =1,2) denote the production tin{éhe time of the Vi, vi;

last collision whose initial values are set to 0. In the c.m.
frame of two particles, we have the equation of motion for
particlesi=1,2

[ y=09-2.7 p+Cuo [ y=0.7-2.7 p+Aun |

XF (%) =X (%) +vi (1 —tF), (46)

~y=0.7-23 p+Al]

) 4
U

1/(2rm )d*c/dm dy (mb GeV>c*)

y

'l N A T A A AN A A A [N EE
00 05 10 00 05 1.0 00 05 1.0 00 05 10 1.5
my-mg (GeV/c?)

FIG. 20. Invariant cross sections of positive pions frgm
+Be (0.9sy=<2.7), p+Al (0.7sy=<2.7), p+Cu (0.9sy=<2.7),
and p+Au (0.7<y=<2.7), collisions at 14.6 Ge¥/ The calcu-
0005 100005 lf_mﬁgev,géf 100005 10 15 lated results from the cascade mogéktogram are compared with
l the E802 data from Ref41]. The bin of rapidity is 0.2 for all
FIG. 18. The Glauber-type calculations compared to the data&ollision systems. The spectra are increased by a factor of 10 from
[41]. The meaning of the figure is the same as Fig. 16. bottom to upper.

1/(2rm )d*c/dm dy (mb GeV>c*)

024901-12



RELATIVISTIC NUCLEAR COLLISIONS AT 1A GeV . .. PHYSICAL REVIEW C61 024901

B B e e e R BEEE SR SR e IREEEsRaES;
[ y=0.6-2.8 Si+Al | y=0.6-2.8 Si+Cu | y=0.7-2.7 Si+Au ]

_

T AL s . R [ L. .1 | caa Ly 1Nabeyg | W NN R
00 05 1.0 00 05 1.0 00 05 10 15 00 05 10 00 05 10 00 05 10 15
memg (GeV/c?) memg (GeV/c?)

B e R R REEREmE e
[ y=0.6-2.8 Si+Cu [ y=0.7-2.7 Si+Au ]

I

1/(2nm )d*N/dm dy (GeV2ch
=
T ]
IFAFAFA
??/ I
6] | | |
1/2nm)d>N/dmdy (GeV e

n

FIG. 21. Invariant cross sections of positive pions from  FIG. 23. Invariant cross sections of negative pions from
Si+Al (0.6<y=<2.8), SHCu (0.6sy=<2.8), and SiAu (0.7<y Si+Al (0.6<y=<2.8), SH-Cu (0.6sy<2.8), and SiAu (0.7<y
<2.7) collisions at 14.6 Ge\/ The calculated results from the =<2.7) collisions at 14.6 Ge\¢. The calculated results from the
cascade modehistogram are compared with the E802 data from cascade modehistogram are compared with the E802 data from
Ref. [42]. The bin of rapidity is 0.2 for all collision systems. The Ref.[42]. The bin of rapidity is 0.2 for all collision systems. The
spectra are increased by a factor of 10 from bottom to upper. spectra are increased by a factor of 10 from bottom to upper.

We note that the definition df,¢| is also the same as Refs. process is selected, we determine whether this collision is the
[16,39,38. The collision times in the reference frarf@®m-  resonance production or the string formation using our pa-
putational framgfor each particles are obtained as rametrized resonance cross sections. If the resonance produc-
tion process is selected, we generate resonances and they
= Y(thin T B1T),  TF =XV (i th), propagate in space-time. If the string formation process is
(i=1,2), (51) selected, we generate strings using mm_ type excitation
law as explained in Sec. Il E and then strings are fragmented
where 8= (p;+p,)/(E;+E,) and y is the corresponding Using a subroutine of PYTHIA20] (modified to calculate
Lorentz y factor. We assume that the collisions are ordered® Positions of hadrongo obtain the momenta of hadrons
by the average timet=1/2(t§°”+t§°”) [9,32. We have &S well as the space-time positions of prpgjuced ha_drons.
checked that the cascade method described above gives tNEW!Y produced hadrons which have no original constituent

same results at AGS energies both in the laboratory framgu@rks begin to propagate at this space-time point. Newly
and in nucleus-nuclues c.m. frame calculations. produced hadrons do not interact within the formation time

(i) Once the collisions are predicted from methgid calculated above, but the leading hadrons which have origi-

we calculate the partial cross sections explained in the pré?al cqnstitugnt guarks can scatter furt_her within their forma-
vious section. We generate elastic scattering according to tHPn time with a reduced cross section. For example, the
probability Py, = 0'g /01y, . Otherwise, we select whether the cross section between the leading baryon which has a di-
collision is soft or hard using the hard cross section calcuduark and formed hadron tsqqn=2/30p. - ,

lated by the eikonal formalism for pQCP¥] (note that at The leading hadron interactions are of importance in order

AGS energies, the hard cross section is zetbthe soft to generate Glauber-like multiple collisions in the initial
' stage of the reactions in nucleus-nucleus collisions at SPS

T e e e e s A energies or above. At sufficiently high energies, we might
yoLA2T prBe T y=0927 prAl] model the nucleus-nucleus collisions as follows. First, to
pass through the nucleus together, nucleons scatter according

(=
5
T T 11

o0

[ y=09-27 p+Be T y=0.7-2.7 p+Al[ y=09-2.7 p+Cu]

v
4w
.

1/(2rm )d*c/dm dy (mb GeV>c*)
3 3 B
5/://%//

'
%
[}

”

A P i . A I I ceon bl
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my-mg (GeV/c?)

[T T ol Il 0 Y T Y T O

1/(2rm )d*c/dm dy (mb GeV>c*)
3, 3,

flﬂl/l/rj I
||:°|"|.-|-|||||||||

T
[

FIG. 22. Invariant cross sections of negative pions frpm
+Be (1.l=xy=<2.7), ptAl (0.9<y=<2.7), p+Cu (1.Isy=<2.7), FFIFIPS UL A I (I I Ll 1
and p+Au (0.7<y<2.7), collisions at 14.6 Ge¥/ The calcu- 0005 100005 lﬁ_mﬁgev,i’;f 100005 10 15
lated results from the cascade motlestogram are compared with

the E802 data from Ref41]. The bin of rapidity is 0.2 for all FIG. 24. Same as Fig. 20, but the histograms show the results
collision systems. The spectra are increased by a factor of 10 frorabtained from the Glauber-type calculations without any rescatter-
bottom to upper. ing among produced particles.
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[ y=0.7-2.7 SitAu] 10
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FIG. 25. Same as Fig. 22, but the histograms show the results

. . . FIG. 27. Comparison of the invariant transverse momentum
obtained from the Glauber-type calculations without any rescatter- T .
. - spectra oK™ between the cascade model and the experimental data
ing among produced particles.

of [42] in Si+Al (0.6<y=<2.2 with bin size 0.2 Si+Cu (0.6sy

) o ) =< 1.8 with bin size 0.4 and Si+tAu (0.7<y=<2.1 with bin size 0.2

to the Glauber-type multiple collisions, then final st&ec-  ¢jisions at 14.6 Ge\. The spectra are increased by a factor of
ondary hadron interactions occur before freeze-out. If weyg from bottom to upper.

can clearly separate this initial multiple collision from the

final state hadron interaction, the cascade method describ&d cascading by comparing the results obtained by the cas-
above would approximately give the same collision series focade model with the Glauber-type calculations.

initial multiple scattering. Actually, we have studied the

Glauber-type Monte Calro simulatiofthe same method as A. Comparison to E802 data

HIJING and FRITIOF and the cascade method without |p this section, we first focus our attention on the proton
meson-baryon and meson-meson collisions give the same rgansverse distributions to check the detailed examination of
sults for the rapidity distributions of protons and producedine collision term and its space-time pictufermation time
particles for Pb-Pb central collisions at SPS energy if we ysed in our model and also to see the transition of the reac-
use the same elementray inputs. As we will see in Sec. lll Gyon dynamics from proton induced collisions to heavy ion
the initial BB collision spectrum which lies around the col- ¢gjjisions.

lision c.m. energy of 4 Ge¥ \s<6 GeV is quite similar We show in Fig. 16 proton invariant transverse mass dis-
between Glauber-type calculations and the cascade calculgibutions calculated by our cascade model for the proton
tions if final state hadron interactions are negligible ( induced reactionp+Be, p+Al, p+Cu, p+Au, and in Fig.

+Be, p+Al, p+Cu collisions. 17, silicon induced reactions of central 45\, Si+Cu,
Si+Au at 14.6 GeVt in comparison to the data from the
IIl. RESULTS E802 Collaboration41,42. In each figure, spectra are plot-

ted in a rapidity interval of 0.2 and are displayed by multi-

In the following, we systematically apply our hadronic plying each by a power of 10 from bottom to upper:+3i,

cascade modelJAM1.0 [40]) to proton, silicon, and gold Si+Cu, and Si-Au data correspond to the central collision

- - : ; - ith 7% centrality. For the calculations of SA (A
induced reactions at AGS energies and investigate the effedY . L
g 9 =Al,Cu,Au) systems, the impact parameter is distributed as

)

~10°

—— —— —— ——
« y=09-2.1 p+Be 4-y=09-2.1 p+Al L y=09-2.1 p+Cu—1y=0.7-2.1 p+Au
6

)
=

p+Cu | y=0.9-1.9 p+Au_]

| y=L1-1.9 prAl _

c4

p+Be | y=09-2.1 =0.9-2.1

»

=]

=

10

1/(2nm)d>c/dmdy (mb GeV
1/(2nm )d>c/dm dy (mb GeV 2c*

10° £ . L : | i
0 .
10’ 107 g L i I I
- i |- - —
107 M P M P P P R 10*2I|1|
0.0 05 0.0 0.5 0.0 0.5 0.0 0.5 1.0 0.0 0.5 0.0 0.5 0.0 0.5 0.0 0.5 1.0

m-my (GeVie?) memg (GeV/c?)

FIG. 26. Comparison of the invariant transverse momentum FIG. 28. Comparison of the invariant transverse momentum
spectra oK™ between the cascade model and the experimental datspectra of K~ in p+Be (1.I<y=<1.9 with bin size 0.2 p
of [41] in p+Be (0.9sy=<2.1 with bin size 0.2 p+Al (0.9sy +Al (0.9<y=<2.1 with bin size 0.2 p+Cu (0.9<y=<2.1 with bin
<2.1 with bin size 0.2 p+Cu (0.9<y<2.1 with bin size 0. and  size 0.2, andp+Au (0.9<y<1.9 with bin size 0.2 collisions at
p+Au (0.7<y=<2.1 with bin size 0.2 collisions at 14.6 Ge\d. 14.6 GeVE. The spectra are increased by a factor of 10 from bot-
The spectra are increased by a factor of 10 from bottom to uppertom to upper.
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L e e e L e e e e e e B e A B — T T
y=1.0-1.8 Si+Al | y=1.0-1.8 Si+Cu | y=0.9-2.1 Si+Au Fy=0.6-2.2 Si+Al + y=0.6-1.8 Si+Cu 1 y=0.7-2.1 Si+Au |

1/2mm )d*N/dm dy (GeV2c?)

v e PR ke T L ool L Lol L
0.5 0.0 0.5 1.0 00 05 10 00 05 10 00 05 10 15
memg (GeV/c?) memg (GeV/c?)

FIG. 29. Comparison of the invariant transverse momentum FIG. 31. Glauber-type calculations of the invariant cross sec-
spectra of K™ in Si+Al (1.0=<y=<1.8 with bin size 0.4 tions ofK* for Si+Al, Si+Cu, and Si-Au reactions at 14.6 Ge¢/
Si+Cu (1.0sy=<1.8 with bin size 0.4 and SitAu (0.9sy<2.1 in comparison to the E802 data fropd2]. The meaning of the
with bin size 0.4 collisions at 14.6 Ge\W. The spectra are in- figure is the same as Fig. 27.
creased by a factor of 10 from bottom to upper.

In the present treatment, we have used our parametrization in
follows: b<<1.797 fm for Si-Al, b<2.2 fm for Si+-Cu, and calculating the probability to excite nucleons to resonances
b<2.9 fm for Si+Au. Our calculations show good agree- or strings. Figures 18 and 19 show the results obtained by
ment with the data in proton induced reactions. In siliconthis Glauber-type calculation. In the beam rapidity region,
induced reactions, our calculations do a good job of accounfor all systems, good agreement can be seen because the
ing for the experimental data in general. However, we careffects of rescattering would be small as expected. For
see some overestimates at low transverse momenta, in pgrroton-induced reactions, the Glauber-type calculation gives
ticular for the Si-Au system. As a result, our cascade modela steeper shape in comparison to the data at midrapidity and
gives larger proton stopping than the data. target regions. In heavy ion reactions, this deviation is sig-

Now we compare the cascade model results with thenificant at around midrapidity. Rescattering, therefore, is
Glauber-type calculation in order to see the effect of pionnecessary to account for transverse momentum distributions
rescattering, nucleon cascading, and the consequent deviaf protons for reactions involving heavy nuclei.
tion from the linear extrapolation of sum of binary nucleon- We now turn to the mass dependence of the pion trans-
nucleon collisions to proton-nucleus and nucleus-nucleuserse distributions. In Figs. 20—-23, we show the calculated
collisions. Glauber-type models such as the FRITIOF modelr™ and =~ spectra by histograms together with the E802
[1] have been widely used at higher energies, i.e., more thatiata[41,42. Agreement between the cascade model and the
200A GeV. We use the same method as the FRITIOF modetlata is very good for the combination of projectile and target,
with some modifications. The wounded nucleons becomend for both the slope parameter and the absolute value of
resonances or strings in each nucleon-nucleon collision, arithe cross section.
strings can interact again before they fragment. Resonances On the other hand, as shown in Fig. 24 and Fig. 25,
can be converted to nucleons, and strings are allowed to b8lauber-type calculations reproduce well the data for small
deexcited to the minimum string mass. After all binary col-mass systemp+Be, p+Al, p+Cu, and SitAl, and give
lisions are completed, strings and resonances are forced gimilar slopes to the experimental data, while the multiplicity
decay. Rescattering of produced particles is not consideredf pions in heavy systems is larger than that of the data. This

- —_—— ——
N | y=09-21 p+Aldy=09-21 p+Cuday=07-2.1 prAu-
10* - H_L -

6

s
o

—_
(=]

—

=3

| y=1.1-1.9 p+Be | y=09-2.1 p+Al y—092l p+Cu _y=0.9-l.9 pHAu_|

%
T‘L.,lj-
tran

T

i
=1
o
[+
o

=
¥
=
L)
]

10 3

1/(2nm )d%c/dm dy (mb GeV Zc*)

=

5 0 0 0.5 0.0 0.5 1.0
memg (GeV/c ] memg (GeVic?)

O
=)

l/(21tm,)d26/dm,dy (mb GeV ¢
2 3
I Tl T

0.5

FIG. 30. Glauber-type calculations of invariant cross sections of FIG. 32. Glauber-type calculations of invariant cross sections of
K* for p+Be, p+Al, p+Cu, andp+Au reactions at 14.6 Ge¥/ K~ for p+Be, p+Al, p+Cu, andp+ Au reactions at 14.6 Ge¢/
in comparison to the E802 data fropd1l]. The meaning of the in comparison to the E802 data frod1]. The meaning of the
figure is the same as Fig. 26. figure is the same as Fig. 28.
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T
b < 3.338fm

4 proton x0.1

a n

° m*x10

y=10-18 Si+Al | y=10-18 Si+Cu | y=0.92.1 Si+Au

E0.0<y<02

1/2mm)dN/dm dy [GeV 2c*]

A P P B I ;
090 05 10 15
m-m, (GeV/c?)

10’....I.|.....I.......I.... o ) )
0.0 05 00 05 00 0.5 1.0 FIG. 36. Transverse mass distributions of protons and pions for

min, (GeV/e?) the central Au-Au collision at 11.6 GeW¢. The triangles represent
FIG. 33. Glauber-type calculations of invariant cross sections Oihe data of protons scaled by a factor of 0.1; squares Correspond to
K™ for p+Be, p+Al, p+Cu, p+Au, Si+Al, Si+Cu, and StAU 7~ data, circles correspond te* data scaled by a factor of 10
reactions at 14.6 Ge'¢/in comparison to the E802 data frd#2].  from Ref.[43]. Histograms represent the results from the cascade
The meaning of the figure is the same as Fig. 29. model with impact parametédr<3.338 fm.

is due to the effect of rescattering in which pions are ab-

107 A ad Spen wisacevie sorbed during evolution for the large mass systems.
P b<3.338fm Let us study the kaon and antikaon transverse mass spec-
RT > tra of E802. The calculated transverse mass distributions of
> 2l . e K* and K~ in the cascade model are compared with the
o e e | E802 data[41,47 in Figs. 26—29. Figures 30-33 are the
%:104: g " ] results with the Glauber-type calculations fiér" and K~
g e unge i invariant transverse momentum distributions. We find more
Z16°7 o !Ii significant differences between the cascade and Glauber re-
g Lk Blegeg, Iiil sults of kaon production than those in proton and pion spec-
510 o, U1 |i|! tra. This fact shows the importance of the rescattering: As
:10_10: SN h!| discussed in Sec. 11D, some of the exoerfyl®@ reactions,

L | |||| which involve resonances, have very large strangeness pro-
10"80 03 10 5 duction cross sections, and they contributektand K pro-

m-mg (GeV/c?) duction, especially in heavy ion reactiofikl,29. Enhance-

FIG. 34. The result of the cascade model calculation of trans-ments due to these meson rescatterings are clearly seen in the

verse mass distributions of protons for the central-#w collision K™ andK™ spectra, eXC(_apt for the reactions pf- Be_ a_md .
at 11.6 GeVe in different rapidity intervals. The spectra are scaled P T Al, because there is no meson-baryon collision in
down by a factor of 10 successively from upper corresponding td>lauber-type calculation.

the c.m. rapidityy=0.05 to lower spectrum of=1.05 with the bin

width of 0.1. The impact parameter is distributed from 0 to 3.338 B. Au+Au collisions

fm. The data are from Ref43]. We continue our comparison to E866 experimental data

[43] with the truly heavy ion collision AwAu at
11.6A GeV. Our cascade model calculation with impact pa-

100 . . . rameterb=<3.338 fm is compared to E866 ddi3] in Fig.
b < 3.338fm
b 2000
- oo - Proton+nucleus collisions ' nucleus-nucleus collisins ' '
% 50 | B £ 20—=—3B Au —=—BB AutAu
= Z ——MB ——MB
= ——MM —— MM
8 —— Glauber —o— Glauber
| e | : o '
%025 g 10T ]
O 1 1 ] Y
-2 -1 0 1 2 E
rapidity y g Be SitAl
0 L al 0 1 I
. . s 0 100 200 0 100 200 300 400
FIG. 35. Comparison of rapidity distributions of protons mass number mass number (A+B)

(circles, positive pions(squares and negative piongtriangles

between experimental daftd3] and the cascade model calculations  FIG. 37. Mass dependence of the numbeB& (open squares
(histogramg for central Aut-Au collision at 11.6 GeW. The data MB (open circleg and MM (open crossescollisions obtained

for positive pions are scaled down by a factor of 0.5 and for negafrom the cascade model calculations and Glauber-type calculations
tive pions 0.25. In the cascade calculations, the impact parameter {spen diamondsfor p+ A collisions in the left panel and for $iA
distributed from 0 to 3.338 fm. and AutAu collisions (right pane).
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2 10 broton+nucleus collisions nucleus-nucleus collisins Au+Au‘ mean field. In faCtr it has been found in the works of RQMD
| G 600 e Cascace ] [44] .and ART[15] nuclggr mean field S|gmf|cantly reduces
& maximum baryon densities of the hadronic matter, and con-
g st Au } 400 1 sequently the midrapidity protons become small.
5 Cu 200 | ] In this work, we have assumed that the elastic and inelas-
£ Al SivAl tic cross sections involving baryon resonances, except for the
= 0 > ) w 0 s : s w deexcitation processes N, are the same as that in thiN

0 100 200 0 100 200 300 400

mass number (A+B) mass number (A+B) channel at the same c.m. momentum. However, since the
deexcitation cross sections are enhanced due to the general-
FIG. 38. Mass dependence of the number of total mesons fronyed detailed balance as explained in Sec. Il C, if other cross

the cascade model calculatioffall circles) and Glauber-type cal-  sections are smaller than thoseMRN, stopping power may
culations(full triangles for Si+A (A=Al, Cu, Au), Au+Au colli- be reduced.

sions(right pane] and forp+ A (A=Be, Al, Cu, Au collisions(left

pane). Meson multiplicity is reduced by including rescattering. C. Mass dependence of the collision dynamics

34 from c.m. rapidity ofy=0.05 toy= 1.05 with the rapidity In this section, we study the mass dependence of the col-
bin of 0.1 scaled down by a factor of 10 from the top to thelision dynamics within the hadronic cascade model. First we
bottom spectrum. The cascade model results show goopresent the cascade model resultsB&, MB, and MM
agreement with the data at the transverse mass abowsllision numbers as a function of the system ma&s-B)

0.2 GeVk? The cascade model, however, overpredictsn comparison to that of Glauber-type calculations.

again the proton spectrum in the low transverse momentum Figure 37 displays the total collision number®B (open
region. squaresandMB (open circlesandMM (open crosseob-

In Figs. 35 and 36, we compare the cascade model resultsined from the cascade calculation together with a Glauber-
with the experimental data by the E802 Collaborafié8] in  type calculation(open diamondsfor the p+A (left pane)
central Au-Au collisions. Pion multiplicities are in good and SiA (right pane) collisions. When the system becomes
agreement with data as well as the slopes of bethand  bigger,BB collisions are much more frequent in the cascade
7~ . However, the present cascade model does not descrilmodel than in the Glauber predictions, even in the proton
the suppression of protons having low transverse momenténduced collisions. This indicates that there is successive
and consequently it gives stronger stopping of proton thamucleon cascading in the nuclear medium in the cascade
the data. This proton rapidity spectrum for central#8u  model picture. It is interesting to see that the numbeB Bf
collisions shows an amount of stopping similar to those withandM B collisions is almost the same in heavy ion collisions.
other cascade models like RQOMD1], ARC [14], and ART  This seems to be the origin of the pion number suppression,
[15]. In addition, the Glauber-type calculation gives the samehe increase in the proton transverse momentum slope, and
results for the proton rapidity distribution. Therefore, thisthe increase in kaon yield.
defect is not a consequence of the cascade model. Since the Indeed we can see the reduction of produced pion multi-
deviation of the transverse mass spectrum of heavy hadromgicity in the cascade model compared to the Glauber-type
from a single exponential behavior is generally considered asalculations as shown in Fig. 38, where the number of total
a result of the radial flow, it may be influenced by the nucleaproduced mesons is plotted as a function of the system mass

3 F T E|
102 E_p+Al —BB 4 102 ;_p+Cu ——BRB _
N e MM : e MM

x Glauber—; v x Glauber_i

x Glauber

XXX,
XXX Xxy

FIG. 39. Collision spectrum d8B (full lines), MB (dashed lines andM M (dotted line$ collisions from the cascade model calculations
and Glauber-type calculatior(srosses for the p+Be, p+Al, p+Cu, p+Au, Si+Al, Si+Cu, SHAu, and AutAu collisions at AGS
energies.
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[ y=0.6-2.8 Si+Cu ] y=0.7-2.7 Si+Au ]| y=1.127 p+Be T y=09-27 p+Al T y=11-27 p+CuT]
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T T T
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FIG. 41. Same as Fig. 22, but the histograms show the results
FIG. 40. Same as Fig. 21, but the histograms show the resultgbtained from the Glauber-type calculations without any rescatter-
obtained from the Glauber-type calculations without any rescattering among produced patrticles.
ing among produced particles.

found to be important to explain both the pion yield and the
number. Pions are absorbed mainly in the two-step procesgansverse slope, which are demonstrated by comparing the
in the cascade model. For example, the most important piogascade model results with the Glauber-type calculations.
absorption path at AGS energies is Those effects increase the transverse momentum slopes of
protons and pions, and reduce the pion yield. The importance

7N—4, NA—NN. (52 of the rescattering among particles is more visible in kaon

Therefore, a large number BB andMB collisions are nec- SPectra. . .
essary to describe appropriate pion absorptions. One of the problems in the hadronic cascade model JAM

In order to get more detailed information on the massS that it gives much larger stopping of the protons in
dependence of the collision dynamics at AGS energies, waucleus-nucleus coII|S|on§. This large stopping is not the
display in Fig. 39 the colliding energy spectrumiB, MB consequence of rescattering because the Glauber-type calcu-
and MM given by the cascade model together with thosdation also gives the same amount o.f baryon stopping. This
from the Glauber-type calculations. TB&B collision distri- problem of strong baryon stopping in casqade models_, has
butions as a function of invariant mass are very differenlb.een reported, and proton spectra can be fitted by the inclu-
between the cascade model and the Glauber-type model. Tﬁéoz of s nuclearbrpeanl f'?ld in RQQAEM] and ART[th]'
Glauber-type calculations predict the collisions which are pot er possi 6*52 Ut'orl rrlay € to sSuppress the cross
spread around the initidlN c.m. energy, while th&B col-  Sections such as(N1 N; —N3 Ny ), which is assumed to be
lisions occur at all available collision energies in the cascadde same as that in thEN incoming channel at the same
model. In bothp+ A and A+B reactions, thMB collisions ~C-M- momentum in a present model. These interactions
are pronounced in the resonance regigls<2 GeV). Itis among resonances become important at AGS energies where
interesting to note that ip+ Au system, the number of low € have sufficiently ‘?'ense matter in heavy ion collisions,
energyBB collisions is much larger than that @f+Be, p and the baryon stopping is sensitive to the cross sections in
+Al, and p+Cu systems. I'A+B systems(bottom of lyzig the resonance incoming reactions. In fact, we have checked
39), ,the collision number grows very quickly: however, the that if resonance-resonancB ) cross sections are reduced

shape of the collision spectrum is similar in all the systemsfrom Fhe nucleon-nucleon cross section, we get I_ess proton
(see Figs. 40, 41 stopping than the present results. Detailed study in this line

will be interesting.

IV. SUMMARY
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