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Resonance model study of kaon production in baryon-baryon reactions for heavy-ion collisions
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University of Adelaide, SA 5005, Australia
2Institut fir Theoretische Physik, Universtt&iessen, D-35392 Giessen, Germany
3Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794
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The energy dependence of the total kaon production cross sections in baryon-Bdrgod 4) collisions
are studied in the resonance model, which is a relativistic tree-level treatment. This study is the first attempt to
complete a systematic consistent investigation of the elementary kaon production reactions for both the pion-
baryon and baryon-baryon reactions. Our model suggests that the magnitudes of the isospin-averaged total
cross sections for thEN—NY K andAN—NYK (Y=A or 3) reactions are almost equal at energies up to
about 200 MeV above threshold. However, the magnitudes foAtheeactions become about 6 times larger
than those for thé& N reactions at energies about 1 GeV above threshold. Furthermore, the magnitudes of the
isospin-averaged total cross sections for lg— AY K reactions turn out to be comparable to those for the
NN—NY K reactions alNN invariant collision energies about 3.1 GeV, and about 5 to 10 times larg¢Nat
invariant collision energies about 3.5 GeV. The microscopic cross sections are parametrized in all isospin
channels necessary for the transport model studies of kaon production in heavy-ion collisions. These cross
sections are then applied in the relativistic transport model to study the sensitivity to the underlying elementary
kaon production cross sectiof§0556-28189)03201-X

PACS numbe(s): 24.10.Jv, 25.46-h, 25.60.Dz, 25.70.Ef

I. INTRODUCTION [23], effects of chiral symmetry restorati¢h4], and the me-
dium modification of elementary kaon production cross sec-
Particle production in heavy-ion collisions is a unique tooltions [24,25. However, most of these theoretical investiga-
for studying the properties of matter under extreme conditions were perfomed using the energy dependence of the
tions such as high temperature and/or density4]. In par-  total kaon production cross sections parametrized in a simple
ticular, positive kaorkK ™ production in heavy-ion collisions phenomenological way[8,26,27. As a consequence, all
at intermediate energies is one of the most promising meththese investigations involve a certain amount of ambiguity
ods to probe matter formed under such conditions in therising from such parametrizations. Furthermore, although
central zone of the collisions,6]. recent investigations of strangeness production emphasize
BecauseK* mesons have a long mean free path due tadhe importance of elementary processes such asBiBs
the small cross sections for scattering on nucleons, they can:B;Y K and 7B— Y K reactions[19,33, no investigations
provide us almost undisturbed information about the centrafor these reactions have been perfomed in a consistent man-
zone of heavy-ion collisions, in which most of the" me-  ner even in a tree-level treatmefitere B, .3 andB stand
sons are considered to be produced in subthreshold heavior either the nucleon or th&, while Y stands for either the
ion reactions. According to the theoretical investigations inA or the, hyperon)
Refs. [7-11], the kaon yield is also very sensitive to the  Although many issues need to be considered in order to
nuclear equation of state. Furthermore, kaon production imchieve a better understanding of kaon production in heavy-
heavy-ion collisions may provide clues concerning quarkion collisions, the one emphasized in this article is the el-
gluon plasma formation from thé</z production ratio ementary kaon production cross sections at the hadronic
[12,13, chiral symmetry restorationl4—16, and the exis- level as was studied in Ref$§28—31,38,42,44,46 Since
tence of density isomerfdl7]. Thus, many studies of kaon most of the microscopic transport models assume that the
production in heavy-ion collisions have been made experirelevant reactions are described by on-shell, binary interac-
mentally and theoreticallj18—62. tions at the hadronic level, it should be straightforward to
The emphasis and focus of earlier theoretical studies waignprove the parametrizations for the elementary kaon pro-
on the momentum-dependent nuclear interacti@gs-22, duction cross sections, which are important inputs of the
effects of the rescattering and kaon mass renormalizatiomodels.
Recently, the COSY-11 CollaboratidB4] measured the
total cross section for thep— pAK™ reaction at an energy
*Electronic address: ktsushim@physics.adelaide.edu.au 2 MeV above the reaction threshold. The result distinctly
"Electronic address: sibirt@theorie.physik.uni-giessen.de; omliffers from those of the commonly used phenomenological
leave from the Institute of Theoretical and Experimental Physicsparametrization$8,26]. However, in practice, this discrep-

117259 Moscow, Russia. ancy probably does not significantly influence the past re-
*Electronic address: athomas@physics.adelaide.edu.au sults calculated using the parametrizations made without this
SElectronic address: ggli@nulcear.physics.sunysb.edu new data point, because the magnitudes of the cross sections
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at this energy are very small for both the experini@di and Bi(ps) Y(p,) K(k) Bs(ps) Y(ps) K(k)
parametrization§8,26).

On the other hand, theoretical reanalyses in H8f5-37] \ /
using different parametrizationg38] for the NN—NYK

cross sections, indicate that the secondary reactioNs
—Y K give rather important contributions—comparable with nnp
those of the baryon baryorN(and A) induced reactions. L {
This conclusion contradicts the previously accepted scenario,
in which the dominant contributions fd£* production in
heavy-ion collisions come fromAN and AA collisions
[10,39-42. Thus, it is necessary to investigate further the
elementary kaon production cross sections for both7tBe
—YK andB;B,—B3YK reaptions in a consistent manner. B(py) Bip)  Bi(py) By(pa)
Furthermore, all the conclusions drawn about the elementary
reactions involving aA were based on the results obtained o) b)
using the elementary cross sections for the nucleon, not for |G, 1. Kaon production processes in the resonance model.
the A, except for the isospin difference. Thus, an explicitg, (i=1,2,3), Y, andR stand for, respectively, either the nucleon
calculation for the cross sections involvingAashould be  ortheA, either theA or theS hyperon, and the baryon resonances.
performed, treating properly not only isospin degrees of free-
dom but also spin as was initially attempted in Ref2]  will supplement the cross section relations for the
using the results of the resonance model for #f2—YK  7N— AK reaction which were not mentioned in Rp46].
reactiong46].
_ For this purpose, we complete our s_ystematic investiga- Il. RESONANCE MODEL
tions for the elementary kaon production processes in all
baryon-baryon reactions, extending the studies made so far In Fig. 1, we show the Feynman diagrams relevant for
for the pion-baryon and proton-proton reactions using theaon production in the resonance modelstands for the
resonance modgh4,45. The treatment of the present study baryon resonances which are responsible for the kaon and
is tree level, using empirical branching ratios for the relevanhyperon pair production, with their masses up to about 2
resonances. It is relativistic, and incorporates the pionGeV. Assumptions and approximations of the model are as
baryon and baryon-baryon reactions in a consistent manneiollows [44—44.
Thus, most of the cutoff parameters, coupling constants, and (1) Resonances which are experimentally observed to de-
form factors have been fixed already in pion-baryon and:ay to hyperon and kaon are included in the model. A kaon is
proton-proton reaction$44,46. Furthermore, we param- always produced from these resonances simultaneously with
etrize the energy dependence of these total kaon productigh hyperon. In the study of theB— Y K reactions, we have
cross sections in baryon-baryon collisions for all the isospiralso investigated the nonresonant contributions, including an
channels needed in the simulation codes. We note that theffective t-channelK*-meson exchange. It turned out that
total cross sections for thpp—pAK™ reaction recently this nonresonant contribution was small in order to repro-
measured at energies about 50 and 150 MeV above threshaligice the experimental data, once the relegaitannel reso-
[47] show an excellent agreement with the predicted resultsances were included in the model6]. Thus, kaon ex-
of the resonance modgt4]. However, because the treatment change which is included in Ref$28,30,31,38,4R and
in the model does not include the final state interactions, ouwould introduce extra new parameters in the present treat-
results cannot be expected to describe well the near-threshofdent, is not included in the present calculation. Instead,
behavior. A more rigorous treatment of the resonances corsther meson exchanges, namejyand p meson exchanges,
sistent with the unitary condition was studied by Fuester anére included, and they compensate the contribution of kaon
Mosel [43], but such an approach does not seem to be suitexchange introduced in other models.
able for the present purpose and is beyond the scope of the (2) Mesons exchanged are restricted to those observed in
present study. the decay channels of the adopted resonar{&= also Fig.

The organization of this article is as follows. In Sec. Il we 1.) We note that there is a discussion in Rdb] of whether
will explain the resonance model in detail. Effective La- there is a possibility to settle what kind of meson exchange is
grangian densities at the hadronic level together with theesponsible for th@p—pAK™ reaction.
experimental data for the model will be described. Numerical (3) Those processes in which the exchanged pion can be
results for the total cross sections will be presented in Se@n shell are excluded, because on-shell pions are usually
1. In Sec. IV we give all the parametrizations for the energyincluded as secondary processes in microscopic transport
dependence of the total cross sections calculated in theodels through processes suchzad—A and 7B—YK.
model. In Sec. V these cross sections are used in the relatiithus, the AA—NYK reactions, which are possible only
istic transport model to study the sensitivity of the transporthroughs exchange in the model, are not included. Note that
model predictions to the underlying elementary kaon producbecause of the assumption made in KB, neitherp-meson
tion cross sections. Discussions and summary will be givemor -meson exchanges will give contributions to this chan-
in Sec. VI. Finally, in the Appendix, the relations betweennel in the present treatment.
the branching ratios of the resonances and the coupling con- (4) Resonances are treated as elementary particles, except
stants relevant for the model will be given. In addition, wethat their observed widths enter in the propagators. Because
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TABLE |I. Resonances included

N(1650****, N(1710***,
treated as an effective

in the model. Confidence levels of the resonances are
N(1720****, and A(1920*** [63]. Note that theA (1920) resonance is
resonance which represents all contributions of six resonances

A(1900), A(1905), A(1910), A(1920), A(1930), andA(1940). See Refl46] for this effective treat-

ment of theA(1920).

ResonanceJ’) Width (MeV) Decay channel Branching ratio Adopted value
N(1650)( ) 150 N7 0.60 — 0.80 0.700
N7 0.03 - 0.10 0.065
Az 0.03 - 0.07 0.050
AK 0.03 - 0.11 0.070
N(1710)G ") 100 N 0.10 - 0.20 0.150
N7 0.20 — 0.40 0.300
Np 0.05 - 0.25 0.150
Az 0.10 — 0.25 0.175
AK 0.05 - 0.25 0.150
2K 0.02 - 0.10 0.060
N(1720)E™) 150 N 0.10 — 0.20 0.150
N7 0.02 — 0.06 0.040
Np 0.70 — 0.85 0.775
Ax 0.05 - 0.15 0.100
AK 0.03 - 0.10 0.065
2K 0.02 — 0.05 0.035
A(1920)¢™) 200 N 0.05 - 0.20 0.125
2K 0.01 — 0.03 0.020

of this, p exchange attached to th#(1650) resonance is UaNN(1720  — . R
excluded kinematically, although this resonance has a branch Lannarzo=— o [N“(17207N-d,7
in the Np channel[63]. &
(5) Any final state interactions which are usually impor- +N;Nl’«(l72@.5ﬂ7;], (5)
tant for describing the near-threshold behavior are not in-
cluded. Thus, our results should not be taken seriously near g
the reaction threshold, which is different from the present ‘CwNA(19ZQ:M[AM(19201N'aM7;
main purpose. w
It is worth noting that all values of the coupling constants St -
squared relevant for the meson-barybaryon resonange +NZ'A%(1920 -9, 7], (6)

vertices,gf,IBR (M=,7,p), can be determined from the

experimental decay ratios, once the interaction Lagrangian Loan= —igWAAK#ySI%A“-;r, (7)
densities and relevant form factors are specified. In Table |

we summarize the data for those resonances which are in-

. . . 97AN(1650 — - -
cluded in the model, and necessary to calculate the coupling LraN(1650 =1 m—[N(165Q ysI AH. a,m
constants. B

Effective Lagrangian densities relevant for evaluating the . & >

Feynman diagrams depicted in Fig. 1 are +A%ysIN(1650 -7, 7], ®)

: = = = I7AN(1710 — - -

Lonn=—19 N YsTN- 7, (1) Loanano =" N(1710Z'A%- 5,7
NA — - I . +AIN(1710 -9, 7], 9

Lons=— 2N (RHIN. g, 7+ NTTAR- 0, 7). (2) g
LraN1720= — ig’n’AN(l72Q[ﬁ,u,(1720 ysI A#- o

L w1650 =~ I mn1esol N(1650 7N - -+ N7N(1650 - %(]3) + AR ysINH(1720) - 7], (10)

Lann710= —19 wNN(l?lQ[N(:L?lQ ys7N- 7

+Nys7N(1710 - 7],

L= _ignNNW'YSN 7, (11

(4) Loaa=—1g,0aA 5047, (12)
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LNN(1650 = — gnNN(lé}SQ[N( 1650 N 7+ NN(1650 7],

(13
Lonn1710= 19 nNN(l?lQ[W(]-?lQ ysN7
+NysN(1710 7], (14)
9,NN(1720 . — —
Lonni720= LA [ N#(1720N3,, 7+ NNH(1720 3, 7],
’ (15
N K = = -

Lonn=—9pnn| NY#7N-p, + Z—mNNO' ™N-3d,p, |,
(16)
LpAA:gpAAK,u‘yV’&AM";Vi (17)

— 'gPNA AMAVn, T NAMn, TEAYV -

Lona=—1= = (A%y"ysIN+ Ny ysT'A%) - (d,up,

p

_avf_)),u,)v (18)

LoNN(1710= — gpNN(l?lQ[ﬁ(l71@ ?’”;N : l;ﬂ

+Ny*7N(1710-p,], (19

EpNN(l72(): - igpNN(17ZQ[ﬁM(1720 7’5;’N : Igﬂ

+Nys7N#(1720 - p,,], (20)
L an1650= — Iiancissol N(1650 AK + KAN(1650 ],
(21
Lxsn1710= — igKAN(l710[W(17lq YsAK
+KAysN(1710], (22)
OKAN(1720 . —
EKAN(17ZQ:—L[NM(172QA3MK
+(9,K)AN#(1720], (23)
£K2N(1710:_igKEN(1710[ﬁ(1710'y5;'iK
+K3 - 7ysN(17107, (24)
IKSN(1720  —, -
LKEN(l?ZQ:—(Q[NM(]-?ZQT'EaMK
+(2,K)3 - IN#(1720], (25)
_ OkzA(1920 " > =
EKZA(lQZQ_m—K[A (19207-24,K
+(3,K)3-Z'A*(1920]. (26)

In the above, the operatofsand K are defined by

fM,uE 2

/=%1,0

12 ulome 2
Fo kM e 27
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K > (1/3|v|’ 3|\/| e* (28)
= 2 = e,
MM “io 2 2 4

with M, ., andM' being the third components of the isospin
projections, and the Pauli matrices\, N(1710),N(1720),
andA(1920) stand for the fields of the nucleon and the cor-
responding baryon resonances. They are expressell by
=(p,n), similarly for the nucleon resonances, and
A(1920)=[A(1920)" *,A(1920)",A(1920Y,A(1920) ] in
isospin space. The physical representations of the kaon field
areK™=(K* K% andK=(K~,K°), respectively, where the
superscriptT means the transposition operation. They are
defined as annihilatingcreating the physical particléanti-
particle states. For the propagatoiSg(p) of the spin-1/2
andiG*#”(p) of the spin-3/2 resonances we use

y-p+m

iSp(p)=i (29

p2_ m2+ imrfull !

~P*(p)

iIG*"(p)=i p2—m2+imr’

(30)
with

P=(p)=—(y-p+m)

1 1 )
g — 57"7”— 3—m(7“|0”— y'p*)

2
- —pHp’|, (3Y)
3m2p p 1
wherem andI"™" stand for the mass and full decay width of
the corresponding resonances. For the form fadfqmﬁ)

(ﬁ is the momentum of mesaM) appearing in the meson-
baryon{baryon resonangevertices, we use

Az "
—M) ' (32)

Fum(d)= =
m(Q) A2+

wheren=1 for the = and » mesons anch=2 for the p
meson, respectively, witl\,, being the cutoff parameter.
Most of the form factors, coupling constants, and cutoff pa-
rameters for the relevant meson-baryon-baryon and meson-
baryon{baryon resonangevertices are adopted from Refs.
[44,44. In the Appendix, we give the relations between the
branching ratios and the corresponding coupling constants
squaredg?,gg Which were calculated using the relevant La-
grangian densities. In the calculation, the form factors of Eq.
(32) are multiplied by the corresponding coupling constants
Ouer- For the coupling constantgy,x (M=m,7,p),
which appeared for the first time in the present study, we use
an SU6) quark model result with the definition E¢28),
Omara=30unn- IN addition, we use the same value for the
corresponding cutoff parameter as that for the nucleon. For
the value of the cutoff parameter at thBIA vertex, we use
544=1300% (920/2200) MeV, which is scaled the same
amount as was necessary for thN vertex of the Bonn
potential model(model | in Table B.1 of Ref[64]). The
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TABLE Il. Coupling constants and cutoff parameters used in the present studf,\n/g,nn=6.1 is
used for thepNN tensor coupling. Note that the coupling constants relevani{d©20), g,na(1929 . and
Oksa(1929 - are scaled multiplying by a factor 1.86 according to the effective treatfd@ht See also the
caption of Table I.

Vertex 9%l4m Cutoff (MeV) Vertex 9%l Cutoff (MeV)
7NN 14.4 1050 TAA 32x14.4 1050
7NN(1650)  1.1x10°! 800 7NN(1710)  2.0%10°* 800
7NN(1720)  4.1%10°% 800 7NA(1920)  1.1%10°% 500
7AN(1650)  7.1%10°2 800 7AN(1710)  2.2%10°3 800
wAN(1720) 1.39 800 7NN 5.00 2000
7AA 32x5.00 2000 7NN(1650)  3.3% 1072 800
7NN(1710) 2.31 800 7NN(1720)  1.0% 10" 800
pNN 0.74 920 pNA 19.0 544
pAA 32x0.74 920 pNN(1710) 3.6 10! 800
pNN(1720) 1.4%10*2 800 KAN(1650) 5.10<10°2 800
KAN(1710) 3.78 800 KAN(1720) 3.1 10! 800
KSN(1710) 4.66 800 KSN(1720)  2.9%10°! 800
KSA(1920)  3.0810° % 500

other quantities, coupling constants, cutoff parameters, andhere on the right-hand side of E@®3), the resonances and

form factors are, as far as possible, taken from the sammesons exchanged in the intermediate states are written in-

version of the mode[64]. In addition, we use a valueg side the bracket explicitly. Each amplitude can be obtained

=f,nn/g,nn= 6.1, for the tensor coupling constant at the straightforwardly by applying the Feynman rules with the

pNN vertex. We summarize in Table Il all values for the relevant interaction Lagrangian densities.

coupling constants and cutoff parameters used in the study. For a given invariant collision energys, the total cross
sectiono(pp—pAK™) can be calculated by

IIl. NUMERICAL RESULTS 1
+\— — Aq2
In this study, we neglected all interference terms between o(Pp—pAKT) Ff | M25*
the amplitudes. Thus, the relations given in this section for
the cross sections are not always valid when the interference X(P1tP2—P3—Pa~ Pk)
terms are included rigorously. d3ps d3p, d3py

2E, 2E, 2E,’

(34)
A. NN=NYK

Recently, the total cross section for thp—pAK* reac-  With the flux factor
tion was measured by the COSY 11 Collaboratj@4] at ST 2 2 5
energies of a few MeV above the reaction threshold, and it F=2\"5s,mp,mp) (2)°,
gave a new constraint on the theoretical calculations and
phenomenological parametrizations. However, we do not re-

fit the parameters and coupling constants to this new dalgnere the subscripts 1 and 2 stand for the initial protons and
point for the following reasons. First, our treatment does nok ¢4 the final proton, corresponding to the diagrams in Fig.

include the final state interactions nor interference termsq ¢, o(B,B,— B5YK). This notation, corresponding to Fig.
which will be important at energies very near threshold. Sec-, ’

ond, the total cross sections at energies up to about 10 Me%ﬁ]WIlliltEgeusaevdePaerggﬁ:\ré\:llh(Iasi:i]t(iaalsqsu?rzz g;ghij;ﬁtggg%er
above the threshold are very small in magnitude for both th P . 9 . P .
parametrization and the new data point. Thus, this new dat € final spins. To perform the_mtegraﬂon over the f'gal state
point will not influence the calculation of kaon yield in . ree-body phase space, we first mtegratgdﬁmh andd”p,
heavy-ion collisiongfor instance see Fig. 9 in ReB5)). in the center-of-maséc.m, frame of the final state proton

. 3 .
Here, we write down explicitly the amplitude and cross gndA, and then integrate od”py in the c.m. frame of the

section formula for th@p—pAK " reaction, as an example initial protons[65] using the Lorentz transformation. Note
The total amplitude for this reaction is giv,en by " that our treatment neglects all interference terms and final

state interactiong51,52 which are important in near-

A(X,Y,2) =X2+y2+ 22— Xy—yz— 27X,

M= M[p(1650,7°]+ M[p(1710,7°] threshold energy region. For the effect of the intereference
o terms in the model, one can find a discussion in Ré&4].
+M[p(1720, 7]+ M[p(1650, 7] Figure 2 illustrates the separate contributions frem p,

" " n 0 and n exchanges to the total cross sections for fhe
MIp(1710, 7]+ M{p(1720, 7]+ M[p(1710.p7] —pAK™ reaction. /s is thepp invariant collision energy in

+ M[p(1720,p°]+ (exchange termj (33)  their c.m. system, whilg/s,=my+m, +my is the threshold
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________ 80 80
3 + E — pAK* s — pAK*
3 PP P PP p
2oL PPPAK S
o : o
s'=my+mat+my
1L 60 |- 60 |-
_|-
10 3
; 40 | 40 |
[ ¢
10_2E —n
A Je i,
B I — n 20 b/ a=920mev | 20 | [ Fow/47=0.74
el $—A,=920 Mev
- G/ AT=0.7
2 ----A,=940 MeV
L s —Qan/4n=0.74|  Lj A,=1000 MeV
10_4 L .':,:.I R, . o /o 92M/47"=O~84 /
107 102 107" 1 R "
St/z_svoz (GeV) 10 1 10 1
s'%—sy/? (GeV)
FIG. 2. Separate contributions from, p, and » exchanges to
the total cross section for thep—pAK™ reaction.s*? and sé’z FIG. 3. Dependence on theNN coupling constant and cutoff
=my+m,+my are the invariant collision energy and threshold parameter of the total cross section for fhp— pAK™ reaction.
energy, respectively. The dots show experimental data from Ref9].

energy with my, m,, and mq being, respectively, th_e able range. However, it is worth noting that the parameter set
masses of the nucleon\,, and kaon. One can see that pion

: 3 . ; .
exchange is dominant at energies near the reaction threshowfed by the pp—pAK" reaction, including the cutoff

: . . . . NN, Must be used also for the calculation of tNeN
Wh,ii cv zé«;kllzfdi/ Igiggurglsne?jn?nalt?g%?etrhgntgigllecsr;)ss sec. —NZK reactions. Itis not trivial at all if the same parameter

tion is rather sensitive to the value of the cutoff parameterS et could also reproduce the experimental data forNhe

A in the oNN vertex form factor at higher eneraies. The —NZK reactions. Furthermore, although the parameters
p P 9 gies. were optimized so as to reproduce the data points around 1
dependence on the values of the cutoff paramétgrand

coupling constang,y is shown in Fig. 3. After fixing the
cutoff parameter to a specific value, the sensitivity of the 3 {g2L
total cross section to theNN coupling constang,y (with 2 f pp—>pAK
k=6.1 for the tensor coupling constarns small. The best [
values to reproduce the experimental dptf] at energies 10 k£
larger than about 100 MeV above threshold were found to be :
gonn/Am=0.74 andA ,=920 MeV. [
Since the total cross sections for the reaction at energie: 1
just above threshold receive their dominant contribution ;
from pion exchange, we will test the sensitivity of the results
to the value of the cutoff parameter in theN N form factor 10 F
A ;N - Although the cutoff and coupling constamfyy and :
A .nn are not independent in a strict sense, when they are
determined from thé&I N phase shift data, we will show the 10
results calculated using two different values for the cutoff
parameter A ,yy=3000 MeV and 1050 MeV, with the .
fixed, usually accepted valugé,/4m=14.4. The adopted 10 .7
value from this reaction for the cutoff parameterAs,yy o
=1050 MeV. sl
In Fig. 4 we show the total cross sections for thp fo 1073 1072 107! 1
—pAK™ reaction calculated with the two different cutoffs s2_s"2 (GeV)
A nn=3000 MeV (the solid ling and A _yy=1050 MeV °
(the dashed ling together with the experimental data F|G. 4. Dependence on the cutoff parameter in #¢N form
[34,49. Results are rather insensitive to the valligyy.  factor A .y of the total cross sections for tipp— pAK * reaction.
The new data point from COSY¥34] does not seem to be The dots and square are the experimental data, respectively, from
achieved by varying the value of the_\\ within a reason-  Refs.[49] and[34].

— Awn=3000 MeV

....... Aaw= 1050 MeV
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e AﬂNN=3000 MeV oo Apn= 1050 MeV
pn—=>pAK e ]

Si0p PPPIK
.

o (ub)
2

10 f s =my+m,+m

o (ub)

10 5162=mn+ mMg+mg

=3 MRS | MR |
10 10 1

o (ub)

_ 1/2_
10;;- s'g=myt+mg+my
1/2__ /2 10‘= M | P | A
s s GeV — -

o (Gev) o2 = 1

s'2—s'¢ (GeV)

FIG. 5. Separate contributions from, p, and » exchanges to

- O + .
the total cross sections for thggp— p2°K™ reaction. FIG. 7. Same as in Fig. 6, but for then—pAK® np

—p2%K?, andnp—p3 K™ reactions. Error bars are smaller than
GeV above threshold, the recent data for the total cross seche dots.
tions measured at energies about 50 and 150 MeV above the
threshold[47] show an excellent agreement with the Pre- e show the separate contributions fram p, and 7 ex-

dicted values of the resonance modé#]. This provides change to the total cross sections for pSOK* reac-

some qonflrmatlon of the validity of the parameters deter'tion. Thep exchange is again dominant at higher energies,
mined in the model.

o : . while the » and 7 exchanges are dominant near the thresh-
Next, we will discuss thep—NXK reactions. In Fig. 5 old. The larger contribution from the exchange compared
to that of = exchange, which contrasts with thpp
— Aw=3000 MeV - Awn=1050 MeV —pAK™ reaction, is due to the largeNN(1710) coupling
80 F constant, i.e., the large branching ratio of thé€l710) reso-

— + 1,0
L wf pp—>pl K nance to theyN channel.(See also Tables | and ).
= i
5 NN —> AYK
~~ 10 E
= nn—>A"AK*
‘g 10%
3 F
3 ]
© 0
F
o s¢2=m,+my+my
r
10_35. 7 Ll |
. 200 105 1072 107" 1
o) - + +
3 E pp—>nl K = R
\_,150: -g r pp_>A++z K*
[ ~ 3t
toog S T — o 10T
50 F e s ° 4
F " I 10 r
= r
10 1 -1E
s'2-sy"* (GeV) o s¢2=m,+ms+my
r
FIG. 6. Energy dependence of the total cross sections for the 10'3=. ol el el
pp—p2tK® pp—p3°K", and pp—n3 K" reactions. The 107 10 1
dots stand for the experimental data from Ré8] with error bars. s'?—s'? (GeV)
The solid and dashed lines show our results calculated using differ-
ent values for the cutoff parametdr_\y=3000 and 1050 MeV, FIG. 8. Energy dependence of the total cross sections for the

respectively. nn—A~AK" andpp—A**3 K" reactions.
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%103 op —> A*AK* - AN — NYK
o §10%F A" n>pAK
102 o F s'P=my+my+my

10 1 Ll ] ]
— 107 1072 10" 1
g —~ 10%
a - -
N 3 [ ANp—>ni K
b 1/2_
] 102!. So =My+mg+myg A m
; A e,
1 mpp—>prK°
; a(pp = pr°’L*K®) +o(pp —=> n*L*K°) : App—>nI'K*
E b ) 10-',,| L e
3 3.2 3.4 3.6 3.8 4 42 4.4 10—2 10—1 1
81/2 (GeV) 12 _1/2
s'?-s'? (GeV)

FIG. 9. Comparison of the energy dependence of the total cross FIG. 10. Energy dependence of the total cross sections for the
sections for thepp—AYK and pp—N#YK reactions. Note that A**n—pAK* andA~p—n3~K* reactions. The dots, triangles
the parametrizations are recommended to be used up to invariagt, squares are the experimental data for pfpeapA},(* pp '
collision energy about 3.6 GeV. —p2*K° and pp—n3 K" reactions, respectively, from Ref.

The energy dependence of the total cross sections for tt%g]'

+1c0 O + e+ : :
pp—p% K", pp—p2°K", andpp—nX K" reactions is We should comment about the discrepancies between the

S?}‘)WE in hF'lgd- 5,3/t_ogether with the ex.pherlme?]tal dEAQ]'f calculated results and the neutron data. Our calculations for
The threshold is/so=my+my +my, with my the mass of * yhe hn(np) - NYK reactions are based on 8 symmetry
the, hyperon. The solid and dashed lines indicate the results hich should be very good for the present purpose. For the
calculated using the two different values the cutoff parametefi en | agrangian densities, which are explained in Sec. I
Azyy=3000 MeV and 1050 MeV, respectively. Although yhe caicylations for then(np)— N'Y K reactions are trivially

the deviations of the experimental data are relatively Iargerelated to thepp—NYK reactions through isospin symme-
our model with the adopted cutoff parameter valeyy

=1050 MeV reproduces the data fairly well using the val- AN = AAK*
2 _ _ . .
ues goyn/4m=0.74 and A ,=920 MeV, fixed in thepp

+ . /-Q\ 102-_ e EY Y *

—pAK™ reaction. 3 [ A™ p—>A"™ AK

In Fig. 7, we show energy dependence of the total cross \o/ 1E
sections for the pn—pAK® np—p3°K° and np —2f
—p2 K" reactions together with the experimental data 10 i
[49]. The results are again shown for the two values of 10'4'_3- wl— el
A NN, Where the results calculated with the valte 10 10 10 1
=1050 MeV (the dashed lines in Fig.) Bhould be com- 0) 107 A > A A K
pared with the data. At energies about 1 GeV above the ~ i
threshold, the magnitudes of the total cross sections calcu- °© F
lated using the two different values of the cutdff,\ be- 10 F
come almost equal. This is because, at these energies, the 10—4-‘ e T
momentum of the exchanged pion becomes large and the 1073 1072 T 1
7NN form factor[64] is insensitive to the value of the cutoff 3 102F
parameter\ ,nn. The model resultgthe dashed lingsover- 3 L A" p—>A"AKT
estimate the experimental data roughly a factor of 2, orat o 'F
most a factor of 7 for one data point, although the same 10-2:: s’ 2 =my+my+my
parameter set reproduces the data forgipe- pAK™ reac- _aF
tion fairly well. However, the overestimate of about a factor 10 Bl ol el
of 2 for thepn— pAK? reaction, can be contrasted with the 10 10 10 31/21_S;/z (GeV)

finding of Fadt and Wilkin [51], that the results for the re-

action with a neutron target differs by factors of 5 to 10. FIG. 11. Energy dependence of the total cross sections for the
Their calculation included thi(1650) resonance alone with A**p—AT*AK*, ATn—A°AK™, and ATp—ATAK™ reac-
pion exchange, which is included as one of the contributionsions. The dots are the experimental data from R49] plotted at

in the present calculation. the same excess energies from each threshold energy.
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AN = AY K* AN — AT°K*
103, 103¢
— . ++ ++ - + — | ++ ++ Q +
_g . A" n—>AT I K %10' A" p—>AT YT K
) o -if
10 ¢ ® pp —> pIk*
-3
103
> F A n>A K
3 10 |
b —if
10 |
_ _3F
10 "L e T 10 "Ll . — il
_2 1 —2 1
10 10 1
103 103_10 10 1
ST F An—o>ATIK S F Ap—>AIK
310 3 10F
© © 10'1:_ S;/2=mA+mz+mK
10_3.| L L ......|_1 L M |

1 1
s'%—sy”? (GeV) s'%—sy”? (GeV)
FIG. 12. Energy dependence of the total cross sections for the FIG. 13. Same as in Fig. 11, but for thé™*p
AT TN—ATTS KT, A%p—ATS KT, andATn—ATS KT re- SATTSOKT, ATn—ACSOKT, and Atp—ATSOK™T reactions,
actions. and the data for thep— p3°K " reaction.

try. We do not have any new mechanism to introduce in thébecause of the high threshold energy. Thus, usually these
model in calculating th@n(np)— NY Kreactions except for reactions are not included in simulation codes. However,
charge symmetry breaking, which cannot be expected to leaghere has been no explicit theoretical estimate for the reac-
to such a huge difference between fhe(np)—NYK and tions.

pp—NY K reactions. We should also comment that the data In Fig. 8 we show the energy dependence of the total
for the pn(np)—NYK reactions tabulated in Ref49] are  cross sections for than—A~AK* andpp—A* 3 K™
taken from Ref[50], whose data contain a systematic uncer-reactions. ANN invariant collision energies about 3.1 GeV,
tainty of ~13% in the neutron beam normalization, wherethe magnitudes of the total cross sections for both reactions
that error is not included in Fig. 7. Furthermore, their analy-become about 7Qub. These magnitudes are comparable
sis [50] was based on a number of hypotheses, which in

principle, could be strongly model dependent. Thus, we
would like to emphasize that it is necessary to investigate 3 . 0 <t L+
further the reactions involving a neutron in the initial state, 2 Ap—=a'T7K
both theoretically and experimentally. : LI
The total cross sections for tH€® production channels [ s " +
are obtained by [ ; ¢
o(pp—pAK)=0c(nn—nAKP), (35
10
o(pn—nAK")=o(np—pAKP), (36) ;
a(pp—p2K*)=0o(nn—n3°KO), (37)
e pp—>pI'K°®
a(pp—n3 K" =a(nn—n3 K2, (39
L 3 ® pp —>nI’K*
a(pn—n3°K*)=o(np—p2°KO), (39 -
a(np—p>~KH)=0(pn—n3"K?), (40) 5 =
0 1 s'2-s'? (GeV)
o(nn—n3"K")=0o(pp—p= K. (41)
FIG. 14. Energy dependence of the total cross sections for the
B NN—AYK ATp—A°S K™ reaction together with the experimental data from

Ref.[49] for the pp—p3 "K® andpp—n3 K™ reactions, plotted
One expects that contributions from tNe&N—AY K reac- at the same excess energies. The threshold for Ahep

tions to the kaon yield in heavy-ion collisions are small, - A% *K* reaction isysy=m,+ms+my.
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12 12 FIG. 16. Energy dependence of the total cross sections for the
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oy — K+ i
FIG. 15. Same as in Fig. 11, but for th&*A*™* —AS 7K™ reactions.

—ATTAKY, APATTSATAKY, andAAT—APAKT reactions. these reactions have different thresholds, but the comparison
should be helpful in judging whether the results contain more
with that of thepp— pAK™ reaction at these energies. How- than a order of magnitude uncertainties. We restrict our-
ever, they become about 10 times larger than those of theelves toNN invariant collision energies below about 3.5
pp—pAK™ reaction atNN invariant collision energies GeV (as we do throughout this papethe predictions are
about 3.5 GeV. Thus, these reactions, which are usually disertainly of the same order of magnitude as the data and
carded in theoretical studies of kaon production in heavy-iortherefore not unreasonable. We conclude that bk
collisions, might give large contributions to the kaon yield, if —AYK reactions may be equally as important as Nk
there are plenty oNN pairs which have such collision en- —NYK reactions for heavy-ion simulations. However, this
ergies. argument should be checked eventually by heavy-ion simu-

In order to make an estimate of the uncertainty in thelations, keeping in mind the theoretical uncertainties.
calculation for these reactions, we make a comparison with The total cross sections for the other isospin channels are
the data for thepp—N=YK reactions in Fig. 9. Note that obtained by

o(nn—A"AK ) =a(pp—ATTAK®)=30(pn—A°AK*)=30(np—ATAKO)
=30(pp—ATAKT)=30(nn—A°AK?), (42)
a(pp—ATTS KN =a(nn—A 3 K =20(nn—A"3K")=20(pp—ATT3K?)
=30(np—ATS K" =30(pp—AT3 K% =30(nn—A’S "K")=30(pn—A°S KO

=60(pp—AT2K")=60(np—AT2KO)=60(pn—A°SK")=60(Nn—A"SK?). (43

C. AN—=NYK all isospin channels are obtained by fitting to the existing

According to the simulation result§10,39-43, it is limited isospin channels of the data. Furthermore, those pa-
widely believed that kaons are mostly produced through th&@metrizations for the reactions involvingdaor A’s used to
AN—NYK and AA—NYK reactions in heavy-ion colli- draw the conclusiorj10,39-41,33,6] are obtained using
sions. However, in most of the theoretical studies with theh€ cross sections _f(_)r the nucleon except for the isospin dif-
Boltzmann/Vlasov-Uehling-Uhlenbeck  approactiBUU/  ference[26]. In addition, the coupling constants relevant for
VUU) [1,53-57, or quantum molecular dynami¢gQMD)  the A are assumed to be equal to those for the nucleon, e.g.,
[58,59, the parametrizations used for these total cross sed=nnz=Fnar @NdF A ,=Fyng-
tions have been made in a simple phenomenological manner Recently, this isospin symmetry ansatz suggested in Ref.
in free spacd8,26,27. In addition, the parametrizations for [26] has been reconsidered by Li and k&2], and elemen-
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FIG. 17. Same as in Fig. 14 but for thiPA T+ L AFSOK* FIG. 18. Phase space consideration of the total cross section for

the pp—pAK™ reaction, according to Eq64). The dots and
sqguare show the experimental data from RdB] and Ref.[34],
respectively.

reaction and the experimental data are for te—p3°K* reac-
tion.

tary kaon production cross sections in baryon-baryon reac- _
tions have been calculated using a one pion and one kadiCess energy just above the thresholds— /s
exchange model. But their approach is still not fully consis-<100 MeV. However, at energiegs—\s;=1 GeV, the
tent because they adopted the results of the pion baryon reagnitudes of both theA**n—pAK® and A™p
actions from the resonance modiéb], where the resonance —n2 K™ reactions become larger by about a factor of 6
model[46] does not include one kaon exchange in its basidhan those of thepp—pAK™' and pp—p2"K® and pp
assumptions. Thus, if one wants to be consistent with the~-nX K™ reactions, respectively. One of the main reasons
parameters determined in the pion-baryon reactions, onfor this is the different spin structure of nucleon afd as
kaon exchange should not be introduced. can be seen from Eq31), which produces different energy
In Fig. 10 we show the energy dependence of the totatlependence in the Lorentz invariant scattering amplitude.
cross sections for tha " "n—pAK* and A"p—nX~K*  (The difference in form factors and coupling constants is also
reactions, together with the data for thep—pAK™, the other reasopOur result may be consistent with the con-
pp—p2 KO andpp—n3 TK* reactiond49] plotted at the  clusion that theAN— NY K reactions give the largest contri-
same excess energy above each threshold energy correspobdtion to kaon yield in heavy-ion collisions. However, this
ing to the A andX production channels. The magnitude of should be explicitly checked.
the total cross section for thA**n—pAK™ reaction is The total cross sections for the other isospin channels of
almost equal to that of thep— pAK™ reaction at the same the AN—NY K reactions are obtained by

(AT Tn—pAKY)=0(A p—nAK®)=30(A"p—pAK')=30(A*n—pAKP)
=30(A"n—nAK")=30(A%—pAKO)
=30(A°p—nAK")=30(An—nAK?P), (44)

(A p—=nE K" =c(A" 'n—p2TKY)=20(A" "n—p2°KT)=20(A p—nZ°KO)
=30(ATn—p2 K" =30(ATp—p2 K% =30(A%p—p3 K*)=30(A"n—n3*K?)
=30(An—n3 " K")=30(A%p—n2 K% =60(A"p—p2°K*)=60(A"n—p3K°)

=60(A"TN—n32K")=60(A%—p2K®)=60(A%D—nZ°K*)=60(AN—n3KO). (45)
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D. AN—AYK

Similarly to the situation for th&lN— AY K reactions, the\A— AY K reactions are not usually included in the simulation
codes due to the high threshold energy. However, these reactions may be responsible for the low-energy part of the kaon
spectra. In Figs. 11-14, we show energy dependence of the total cross sections sufficient for obtaining all isospin channels in
the reactions, together with the experimental data ofothespAK™, pp—p2°K*, pp—p=*K? andpp—nS K™ reac-
tions plotted at the same excess energies above the corresponding thresholds. The magnitudes of the total cross sections ar
almost equal to those measured for fhg—NY K reactions at the same excess eneygy- \/s—0> 100 MeV with respect to
each corresponding thresho{Eo.

The total cross sections for the other isospin channels are obtained by

(AT p=ATTAK ) =0(AT T Tn—=ATTAKO) =0(A p—A AKT)=0(A " n—A"AK?), (46)

30(ATNn—AAK ") =30(A%p—ATAKO) =40(AT T h—ATAKT)=40(ATp—ATTAKO)

=40(ANn—A"AK")=40(A p—A°AKO), (47)
o(ATp—=ATAKN)=a(AT"n—ATAK®) =0(A%p—A°AK ") =0 (An—A°AKD), (48)
c(ATTNSATTS KN =c(AT T p=ATT S TKY)=0(ATn—=A"S K =0(A T p—A" 37K, (49

30(A%p—ATS KN =30(ATh—AS KO =40(ATp—ATTS K)=40(AT T n—ATSTKO)

=40(A p—A%S " K')=40(An—A"3 KO, (50)
o(ATh—=ATS KN =0(ATp—ATS K =0(An—A"S "K")=0(A%p—A"S TKO), (51)
o(ATTp=ATTIK ) =0(AT TN ATTSKO) =g(A T p—A 3K ) =0(A n—A"3KO), (52)

30(ATn—A% K ) =30(A%p—ATSKO) =40(AT Tn—ATSK ) =40(A T p—ATTSOKO)
=40(A°n—A"3%K")=40(A p—A"3°K?), (53

c(ATp—=ATIKN)=0(ATNn—ATIKO) =0(A%D—ASOK ) =0 (A%Nn— AO3OKOD), (54)

30(ATp—ASTKT)=30(AN—=ATS KO =40(ATTp—= AT K ) =40(ATn—AT TS TKO)
=40(A°p—A" 3 KY)=40(A p—A°SOKO). (55)

E. AA—AYK

The energy dependence of the total cross sections fakthe: AAK andAA— A3 K reactions are shown in Figs. 15, 16,
and 17, together with the experimental data forgipe- pAK* andpp— p2°K* reactions plotted at the same excess energies
above the corresponding hyperon production threshold. As expected, the magnitudes of the total cross sections for these
reactions are small, because of the high threshold energies andAtlsrege involved in the processes. The magnitudes for
these reactions are almost 10 times smaller than those farpghepAK™ reaction which is shown in Fig. 17. The contribu-
tions from these reactions to the kaon yield in heavy-ion collisions are therefore negligible.

The total cross sections for the other isospin channels are obtained by

o(ATATT SATTAK ) =0(A°AT—=A"AK?)=30(A°A° A" AK")=30(ATAT AT TAKO)

=90(ATATSATAKT)=90(A°A°— ACAKDO), (56)
o(APATT SATAKT)=o(ATAT—APAKD), (57)
O'(AOA+—>AOAK+):O'(A+AO—>A+AKO), (58)

F(ATTAPSATTS KN =g(ATTAPS AT TSOK) =g (AT TAT S ATS KT
=0(ATTAT S ATIKY)=g(ATATT S ASOK T ) =a(ATATT S A0S TKO)
=0(A AT A 3K )=g(ATATSATSTKO), (59
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O_(AfAO_)AfszJr):O_(A++A+_)A++E+KO)=20_(A+A++_)A++EOK+)=ZU(AOA*HA*EOKO)
=30(ATATSATTS KT =30(A°A° A S KO)=60(A°A°—-A"SOKT)
=60(ATATSATTSOKY) =90 (AAP S AS TKT)=90(ATAT S ATS TKD)
=180(ATAT—ATISOKT)=180(A°A°— A®S 0KO), (60)
20(APATT SATSOK ) =20(ATAT A KY)=30(APAT S ATS TKT)=30(ATAP - ACS TKO), (61)
c(ATAT A KN ) =0(ATTAP S AT TKO) =60(APAT 5 APSOK ) =60(ATA—ATSOKO), (62

IV. PARAMETRIZATIONS channels treated in the previous section. The corresponding

The energy dependence of the total cross sections caIcH]reShOIOI energies squareg are als_o indicated. .
lated so far will be parametrized in the following form: Note that the parameters given in Table il are detgrmmed

’ so as to reproduce the theoretical results at energies up to
s b/ s\ C about 2 GeV above the corresponding threshold energies.
So l) S) ,

The reason is, when kaon production is studied at energies
larger than 2 GeV above threshold, we need to include more

wheres ands, are, respectively, the squares of the invariant o

collision energy and the threshold energyb, andc are the TABLE Ill. Parametrizations for energy dependence of the total

parameters to be determined so as to reproduce the calctoSs sections, b, andc, appearing in Eq(63) were determined so

lated energy dependence of the total cross sections anith as to reproduce the calculated total cross sections at ene@ies

units of mb ’ —/s0<2 GeV, with/s and /s, being, respectively, the invariant
AS Was oiemonstrated in RéB1], the functional form Eq collision energy and threshold energy. The parametrizations are rec-

(63), can reproduce quite well the,near-threshold behavior o mmended to be used up to invariant collision energy about 3.6

the total cross sections. The reason is that the function re—ev'

flects the energy dependence of the phase space reasonap|

just above the threshold, where the energy dependence of the” Reaction % (GeV) a(mb) b ¢
amplitude is usually weak. In addition the particles in thel pp—pAK™T 6.504 1.879 2.176 5.264
final state may be treated nonrelativistically due to the smalp pn—nAK* 6.504 2812 2121 4.893
amount of energy available. Assuming the relevant ampli3 pp—p3 K" 6.904 5.321 2.753 8.510
tude squarediT|? to be a constant, the total cross section cary nn—n3 K"+ 6.904 7.079 2.760 8.164
be written as 5 pn—n3°K* 6.904  6.310 2.773 7.820
R 6 np—ps K* 6.904 11.02 2.782 7.674
o=—|TJ?, 64 7 pp—n3 K" 6.904  1.466 2.743 3.271
F 8 pp—A~AK* 8.085 6.166 2.842 1.960

++s e+

with Rs the three-body phase space volume &nthe flux (”1;0 pAp:ﬁ_) EArf* 2:3411 éog'gg ;Z;’ g:ﬁ

factor. In Fig. 18 we show the results for the energy depen: _ pA + ' ' ' '
dence of the total cross section for thp— pAK ™ reaction, 1 i p—>n%+K N 6.904 52.7122.799 6.303
calculated using Eq(64), together with the experimental 12 A +p_’A0 Af 8.085 2.704 - 2.303 5551
data[34,49. The square of the constant amplitudé? was A+ “_’A+AK . 8.085 03122110 2.165
determined so as to fit the data point of COEM]. The 14 ATp—ATAK 8.085 2917 2.350 6.557
parameteb which is mostly relevant to reproduce the shapel® A" 'n—A""X"K"™ 8531  10.33 2743 8915
of the energy dependence of the total cross section near tH& A%—ATE KT 8.531 2128 2.843 50986
threshold, is obtained to He=1.995 in this case. This value 17~ A"n—ATX7K" 8531 1057 2757 1011
of b gives a behavior of the energy dependence very close 48 A" p—AT K" 8531  10.30 2748 9.321
that of phase space in the nonrelativistic cg8@]. On the 19 ATn—A%3OK* 8531  1.112 2.846 5943
other hand, the parameteiobtained to reproduce our results 20 ATp—ATIKT 8.531 10.62 2.759 10.20
is b=2.000, which is very close to the value of the above2l ATp—AS KT 8.531 0.647 2.830 3.862
phase space calculation. The last term in &®), (so/s)®, 22 ATATTSATTAKY 8.085 1.054 2.149 7.969
reflects both the energy dependence of the flux factor whick3 ACPATT SATAKT 8.085 0.881 2.150 7.977
becomes important at energi¢gs— \/s,>0.5 GeV, and also 24 APAT L AOAK T 8.085  0.291 2.148 7.934
the contribution from meson exchange which is expected t@5 A*TA°—A**S"K* 8.531 3.532 2.953 12.06
behave as 2. 26 ATASATS KT 8.531 7.047 2.952 12.05
The parameters, b, andc in Eq.(63), determined soasto 27  APA** LATSOK* 8.531 2931 2952 12.03
reproduce the results calculated in our model, are listed ing A AT SASSK* 8.531 5861 2.952 12.04

Table Ill. They are sufficient to reproduce all the isospin
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TABLE IV. Parametrizations for the energy dependence of the
isospin-averaged total cross sectiof®ee also the caption of Table

—~~

Averaged cross sections

PRC 59

I.) For theK* production reactions, replace the values for the 'g 103E
parameter by 1a. ~
lo 102
No. Reaction a(mb) b c 10
1 NN—NAK 2.330 2.140 5.024 1 :
2 NN—NXK 15.49 2.768 7.222 if
3 NN—AAK 9.249 2.842 1.960 10
4 NN—ASK 12.50 2.874 2.543 10'22"
5 AN—NAK 4.169 2.227 2.511 —
6 AN—NIK 39.54 2.799 6.303 'g 103
7 AN—AAK 2.679 2.280 5.086 o o2
8 AN—ASK 21.18 2.743 8.407 10
9 AA—AAK 0.337 2.149 7.967 10 i
10 AA—=ASK 5.140 2.952 12.05 1
-1f
resonances which decay to kaon and hyperon in the model, 10_2;

as well as taking into account the other kaon production 10
processes with more than three particles appearing in the
final states, where it seems impossible due to the present
experimental data available. In practice, we believe that the FIG. 19. Energy dependence of the isospin-averaged total cross
parametrizations are recommended to be used up to invariasgctions for theA and 3 production reactions in baryon-baryon
collision energies about 3.6 GeV, which are usually enoughteactions.

Although we have parametrized explicitly all the isospin

channels required, _it has been traditional to use iSOSpif‘;NAK)>;(NN—>NAK) can appreciably influence inclusive
averaged cross sections. In order to compare our results wilhon production in proton-nucleus or heavy-ion collisions. If
those isospin-averaged cross sections, we have also calgys s the case, high-energy inclusive kaon production in
lated them within the model. The results are again parampeayy-ion collisions will be also significantly influenced by
etrized by the function, Eq63). The parameters, b, andc,  he A" A test for this argument can be made by performing
for the isospin-averaged cross seqtlons, are listed in Tablgy|culations for high-energy inclusive kaon production both,
IV. Note that the parametrizations in Table IV also '”ClUdenegIecting all theA’s, and including them, and comparing
K° production channels. Thus, the parametrizations for thene results with the existing experimental data.
K™ production channels alone can be obtained replacing the Next, we compare the isospin-averaged total cross sec-
values for the parameterin Table IV by za. tions calculated in this model, with the commonly used rela-
We show the energy dependence of the isospin-averaggg, suggested by Randrup and K@6]. For the NN
total cross sectiongr calculated in the model for all the —NYK reactions, they suggested the relations
baryon baryon reactions in Fig. 19. Note that the horizontal
axes indicate invariant collision energies. Our results illus-
trate that the magnitudes of the isospin-averaged cross sec-

tions at energies/s—ys,<200 MeV are c(AN—NYK)

~a(NN—NYK) for both theA and3 production channels. o(NN—NZK)=3[o(pp—pZ°K*)+a(pp—p= K]
However, at energies/s— /s,>200 MeV, the magnitudes (66)

of the cross sectionE(AN—>NYK) become about 6 times

larger than those o:?(NN—>AY K). It is also noticable that In Fig. 20 we show the isospin-averaged total cross sec-

the magnitudes oi-(NN—AY K) become comparable with tions calculated in the moder(NN—NAK) and o(NN
those ofc(NN—NYK) at NN invariant energies about 3.1 —N2K) (denoted by our modeland the quantities calcu-

GeV, and overcome factors of 5 to 10NN invariant ener- lated using the right hand side of Eq85) and(6€) (denoted

gies about 3.5 GeV. In particular, this is pronounced for theby prescription from Ref[26]). The explicit calculation
A productioﬁ reactibns It is not, clear at the moment hOWshows disagreement of about a factor 2 between the relation

: . suggested by Randrup and Ka6] for most of the energy
much theNN— AY K reactions contribute to the total kaon
yield in heavy-ion collisions because they have usually bee [ange up to 2 GeV above the thresholds, for both/Ahand

neglected. It seems worthwhile to perform calculations in-l.i production reactions. Thus, the calculations performed us-
: : ) . ; ing the relation suggested by Randrup and[R6] to obtain
cluding these reactions. At invariant energies larger than

i — the isospin-averaged cross sections forikié— NY K reac-
about 3.2 GeV, the magnitudes o{AN—AYK) are also  ions may have about a factor of 2 ambiguity for these re-
comparable to those af(NN—NY K).

actions.
It is interesting to see if the relation for the elementary  As for the AN—NY K reactions, they suggested the rela-
kaon production cross sections(NN—AAK)>ao(AN tions[26]

25 3 3.5

4
s [GeV]

o(NN—=NAK)=3a(pp—pAK™), (65)
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Averaged cross sections Averaged cross sections
D10 NN oS NAK e o 10T
3 10°F NN—>NAK ' 8 i ON—>NAK
~—r r R - O ittt Ik PO
lo 1o ! prescription .. our result 16 4o ; <
1 r from [26] r prescription our result
107k \‘ 1 F from(26]
10—2: ’ 10 \‘
—af. 1/2 2 s> =my+my+m
10 Sy =my+m,+myg 1o_35 ) o Nt matmy
i S e 107 e .
1073 1072 107" 1 1073 1072 107" 1
LonS F L _acscazmzimiecee-s -~ 107
a 10 NN S NSK s Q r
3, NN —>NzK - 20 ANSNIK ]
6 3 o our result PP r result o
1 [ prescription - 3 our resu H prescription
167} from (261 . tF ‘ from (26]
—2F . 10
10 £ 112 " s =my+mg+m
10F . So  =Myt+mgz+my s ° TR
10_4:';- | > MR | : Ll L1 10 E ¢ T | T |
10 107 10 1 1073 1072 10! 1
s'2—s? (GeV) s'2—s? (GeV)

FIG. 20. Energy dependence of the total cross sections both FIG. 21. Same as in Fig. 20, but for tleN—NAK and AN
calculated in the model, isospin-averaged, and using the relations:N%K reactions and Eq$67) and (68), respectively.
Egs. (65) and (66) suggested by Randrup and K26]. The solid

lines ShOW. the model Calc,‘L'lat'ons for the. 'SOSp'n'averag?d tOta{ransport models. Important inputs for such studies are the
cross sectiongdenoted by “our result), while the dashed lines

show the model calculations obtained using the right-hand side o(?lementary kaon proQuctlonlcross sectlon§ In plon-baryon
Egs. (65 and (66) (denoted by “prescription froni26]” ). and baryon-baryon interactions. Conclusions concerning
nuclear matter equations of state and kaon in-medium prop-

. 9 erties, obtained by comparing calculations with measure-
a(AN—>NAK)=Za(pp—> PAK™), (67) ments, depend on the input kaon production cross sections.
In Ref. [19], a detailed study of these elementary cross
9 sections was carried out, based on both the parametrization
d(AN—=NZK)==[a(pp—p2°K ")+ o(pp—p= TK]. of experimental data and theoretical model calculations.
4 Here we want to compare the kaon yields in heavy-ion col-
(68) lisions obtained using the cross sections in this work with the
In Fig. 21 we show similar quantities calculated within Cr0ss sections of Ref19]. We will use the same relativistic
the present model as for théN— NY K reactions. At ener- transport model as in Reff19] so that the difference in kaon
gies near the threshold&— \'s,<200 MeV, our results are  Yield is due entirely to the different elementary cross sections
in good agreement with the relations Eq67) and (68),  Used. In this way, we can get a feeling for the sensitivity of
suggested to obtain the isospin-averaged cross sectiorf§ansport model predictions to the underlying elementary
However, at energiegs— \s,=1 GeV, our results show a Cross sections.

factor of 6 discrepancy with the relations suggested by Ran- We take central AgAu collsions at A GeV and NitNi
drup and Ko[26]. collisions at 1.8 GeV as examples. The results are shown

It is worth noting that the recent calculation for kaon pro-in Figs. 22 and 23, respectively. From these figures, we can
duction in heavy-ion collisions in free spai@5], performed ~ Make the following observations. .
at energies near or below the threshold region of k¢ (1) Generally, the kaon yield obtained with the cross sec-
—NAK reaction, illustrates that the dominant contribution tions from this work is smaller than that obtained with cross
comes from the secondary, pion induced reactions. Cassirgfctions from Ref.19]. The difference is about a factor of 2
etal. [35] and Li and Ko[42] used the relations of Egs. at 1A GeV, and reduces to about 40% atA.&eV.
(65)—(68), to obtain the isospin-averaged cross sections. In (2) Using both sets of cross sections, & channel is
view of our results, it seems necessary to perform calculafound to make the largest contributions among all the
tions using the total cross sections parametrized in a consi§aryon-baryon interactions. This is also in agreement with
tent manner for both the baryon-baryon and pion-baryon rethe earlier findings using the simple Randrup-Ko parametri-

actions. zation. o . .
(3) The contribution from the\A channel is particularly

small using the cross sections from this work. This is due to

the fact that in the present model, the cross sectiomfr
Kaon production in heavy-ion collisions at SIS energies—NY K channel is zero, while in Ref19] off-shell pion

(1-2A GeV) has been studied theoretically using variousexchange was included and gave a small contribution.

V. APPLICATION TO HEAVY-ION COLLISIONS
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Ol g7 T 1 T T T T T 73 ler—Tr 711 71 T T " T "3
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FIG. 22. Kaon yield in Ad-Au collisions at A GeV and 1 fm FIG. 23. The same as Fig. 22, for NNi collisions at
obtained with two sets of elementary cross sections. 1.8A GeV.
VI. SUMMARY kaon production cross sections for both the pion-baryon and

Within th del. which is full lativisti baryon-baryon reactions. Furthermore, one should use
Vithin the resonance model, which is fully relativistic, jsoqhin_averaged total cross sections calculated in a consis-
but includes only the tree-level processes as an effective andnt manner. Lastly although the present study has been
empirical contributions, we have studied the elementary,oqe for exclusive kaon production, there might also be a

kaon production reactions in baryon-baryon collisions in agjgnificant difference between theN andNN collision re-
consistent manner with those for the pion-baryon reaction$, tions in inclusive kaon production in proton-nucleus or

We have calculated and parametrized the energy dependengg,, . jon collisions. Thus, it is interesting to perform calcu-
of the total cross sections for all the necessary isospin chans

i ations for inclusive kaon production, focusing on the effect
nels in the NN—=NYK NN—AYK, AN=NYK AN = jtihan
—AYK, andAA—AYK reactions ¥=A andX). We have
also calculated and parametrized those for the isospin-
averaged cross sections and compared with the the relation
suggested by Rundrup and K@6] to obtain the isospin-
averaged cross sections. We thank J. Haidenbauer for helpful comments on the
The present study has several points which may need tonitarity and coupled channel calculation. K.T. would like to
be improved, for example, consistency with the unitarity, thethank K. Yazaki for valuable discussions at the very early
possibility to add other types of meson exchanges, such agages of this work. A.S. would like to thank W. Cassing and
kaon exchange, and the overestimate for the(np) U. Mosel for valuable discussions. This work was supported
—NYK reactions and the reactions involving the We  in part by the Forschungszentrumlidh, the Australian Re-
would like to emphasize a practical aspect of this work,search Council, and the U.S. Department of Energy under
which we belive provides useful inputs for further investiga- Grant No. DE-FG02-88ER40388.
tions of kaon production in heavy-ion collisions. Keeping
these in mind, we state a few comments as follows. First, our
explicit calculation indicates that the contributions from the APPENDIX
AN—NYK and NN—AYN reactions are substantially
larger than those from thBIN—NY K reactions at higher
energies. Second, the relation suggested by Randrup and Ko Here we give relations between the branching ratios of the
[26] [see Eqgs(65) and (66)] deviates from our results by adopted resonances and the corresponding coupling con-
about a factor of 2 for thtNN—NYK reactions. For the stants squared, evaluated in the rest frame of each resonance.
AN—NYK reactions, the relatiofsee Egs(67) and (68)] Note that all the coupling constants appearing below should
holds well at low energies, up to about 200 MeV above thebe understood as being multiplied by the appropriate form
threshold, but deviations by as much as a factor of 6 havéactors. In addition, the confidence level, spin and parity of
emerged at higher energies. From these facts we concludmach resonance is specified. For the definition\ ff,y,z)
that it is necessary to use consistent parametrizations of totappearing below, see the text, after Esg).
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12 2 2 2
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2
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2. Cross section relation for thewN— AK reactions

Here, we add a relation for the total cross sections forthe— AK reactions, which was not mentioned in Ref6]. The
relation is

o(m"n—=AK")=0(m p—AK®)=20(7p—AK")=20(7n— AKO). (A19)
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