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K* production in baryon-baryon and heavy-ion collisions
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Kaon production cross sections in nucleon-nucleon, nucleoandA-A interactions are studied in a boson
exchange model. For the latter two interactions, the exchanged pion can be on-mass shell; only contributions
due to a virtual pion are included via the Peierls method by taking into account theXimidth. With these
cross sections and also those for pion-baryon interactions, subthreshold kaon production from heavy-ion
collisions is studied in the relativistic transport mod&0556-28188)02101-3

PACS numbsdis): 25.75.Dw, 14.40.Aq, 24.10.Jv

Kaon production in heavy-ion collisions at subthresholdthe NA interaction[15], the imaginary part of the pion self-
energies continues to attract great interest, as it is expected émergy is determined from the pion-nucleon scattering cross
carry useful information not only on the initial collision dy- section. Although the resulting cross sections are finite at
namics but also on the nuclear equation of state at high deriinite densities, they remain diverge as the density ap-
sity [1-5] and the kaon properties in dense maft@r8|.  proaches zero.

However, to extract this information from the experimental In heavy-ion collisions, thé -induced reaction is part of a
data requires the use of transport models, in which elemennore complex process that involves first the production of a
tary kaon production cross sections in hadron-hadron interA in an NN interaction, which can be either on or off its
actions are needed. At SIS energiesl( GeV/nucleophthe  energy shell, and then its interaction with another nucleon.
colliding system consists mainly of nucleors,resonances, For kaon production, it was shown in R¢L9] that the con-
and pions, so one needs kaon production cross sections iribution from an off-shellA is much smaller than that from
interactions between these particles. For kaon production ian on-shell one. Since an on-shallhas a finite lifetime, its
the nucleon-nucleonNN) interaction, there are only experi- mass is thus complex with the imaginary part given by its
mental data at high energies. Thus various parametrizationgidth. Then energy-momentum conservation leads to a com-
have been introduced to make predictions at low energielex four momentum for the exchanged pion, which moves
Furthermore, for processes involving baryon resonanceshe singularity to the complex plane and thus makes the con-
such asNA—NYK and NA—NYK, which are unique in tribution from th_e exchange of an off.-shell'pion finite. Such
heavy-ion collisions and play important roles in subthreshold® Method was first introduced by Peief®0] in understand-
kaon productiorfi1—6], no experimental information is avail- "9 higher resonances production from the pion-nucleon re-
able. The usual prescription used in transport models is tgction by first producing aA and then followed by
—N* via at-channel nucleon exchange. The singular

assume that these cross sections are either the same as th?f&

in NN interactions at same center-of-mass energies or somé‘-mpIitUde at the nucleon pole was regularized by including

what smaller using the scaling ansatz of Randrup and K(’She complexA mass. In Ref[l@], this method_ was used to
based on isospin consideraticig]. evaluate thegp meson production cross section MA and

There are attempts to evaluate the kaon production crogd2 interactions. This physical region singularity in the scat-
sections using the one-boson exchange mddel—13, termg of part_lcles with finite I|f_et|mes_appears als_;o in muon
which has also been used frequently in calculating the pioffo!lider physicq21], where a singularity appears in the pro-
[14], 7 [15], ¢ [16], and dilepton[17,18 production cross Cessu’u” —evW™, as the exchanged neutrino can be on-
sections INNN interactions. The extension of this model to shell due to the decag—ewvwv,. In Ref.[21], this singu-
particle production in nucleon-deltaNQA) and delta-delta larity has also been regularized via the Peierls method by
(AA) interactions are straightforward, except for the compli-including the width of the muon.
cation that the exchanged pion can be on-mass shell, which The elementary kaon production cross sections in baryon-
then leads to a singular cross section. Since the two-stelparyon interactions have been studied in R&2] based on
process, which involves the decay ofAainto a nucleon and the pion and kaon exchange model. By adjusting two cutoff
a pion and the subsequent interaction of the pion with anparameters\ , and Ak in the form factors at therNN and
other nucleon to produce a kaon, has already been include<INA vertices, respectively, very good agreements with ex-
in the transport model, one should not includéNid andAA perimental kaon production cross sections in K inter-
interactions the contribution due to an on-shell pion. In Refaction have been obtained. In Fig. 1, resultsgpr— pAK™
[12], a complex pion self-energy based on a schemati@are compared with the experimental data and various param-
A-hole model has been introduced to evaluate the off-shektrizations. Open circles are old data from the compilation by
contribution. In a similar study of meson production from Baldini et al, [22], while the solid circle is the data from the

0556-2813/98/5(1)/434(4)/$15.00 57 434 © 1998 The American Physical Society



57 BRIEF REPORTS 435

N T T ||||||| T T ||||||| T T |l|||||| |,_! 1000 E £
100 . pp~pAK* /‘/ Ll 3 F — this work 3
[ oBaldini et al. ; @_ 100 = RandruP—Kg',..» ]
|l e Balewski et al 4 § §
10 3 8 ol .
E _ 3 ® - 3
L7 ] 1L NN-NAK L NN-NZK ]
—~ 1 = 2 E
Q E 3 r N
3 F E 1000 £
S - S - a ]
0.1 ks = 100 & -
£ '/ —Li-Ko 3 - E E
F G Cassing et al. ] :93 10 i
2 - - Randrup-Ko 7 5 ; 3
0.01 E/& ./‘/ -—-— Schuermann et al. 3 1 L NA-NAK L NA-SNZK ]
£ ,/‘/ 7 E 3
L 7/ - .
s | | | 1000 £ .
0.0ol L1 11111l L1 11111l L1 11111l 1| E 3
0.001 0.01 0.1 1 - .
100 <3
Vs—Vs, (GeV) P 3
3 10 3 3
FIG. 1. Kaon production cross section fpp—pAK™. The o E E
solid curve is the results from the boson-exchange model of Ref. 1B AA-NAK AA-NZK ]
[12]. The dashed, dash-dotted, and dotted curves are, respectively, E 3
the parametrizations of Randrup and F&, Schumann and Zwer- 0.1 Lovvnd v v v T 0 indd il il L]
mann[24], and Cassingt al. [25]. Open circles are experimental 0.001 0.01 0.1 10001 001 0.1 1
data from Baldiniet al. [22], while the solid circle is from Ref. Vs -Vs, (GeV) Vs-+/s, (GeV)
[23].

FIG. 2. Isospin-averaged kaon production cross sectiohsNn
recent experiment at COSY for proton-proton collisions at 2NA, and AA interactions. Solid curves are from this work, and
MeV above the kaon production threshd@3]. It is seen  dotted curves are from the Randrup-Ko parametrizat8in
that our model provides a good description of both old and
new data. The parametrization of Randrup and [Rpis  imaginary self-energy due to interactions. Such medium-
shown in the figure by the dashed curve. It describes reasofiependent effects are interesting but require further study
ably well the experimental data at high energigpen and are thus neglected here.
circles, which were available when it was introduced. How-  Results for the isospin-averaged kaon production cross
ever, it significantly overestimates the COSY data as a resugections for bottNXK andNAK final states are shown in
of its incorrect threshold behavior. The parametrization ofFig. 2, together with those from the parametrization of Ran-
Schirmann and Zwermanf®4] is shown in the figure by the drup and Ko[9]. Near the threshold, because of their incor-
dash-dotted curve. Its assumption of a quartic dependence ¢fct threshold behaviofsee Fig. ], the Randrup-Ko cross
Pmax (the maximum momentum of kaon at a given center-of-Sections are larger than our microscopic results for all the
mass energydoes not agree with the experimental data neaghannels. In the energy region most relevant for kaon pro-
the threshold either. The dotted curve in the figure comegluction at SIS energies, our results féA andAA channels
from Cassinget al. [25], which is also based on the boson- are larger than those of Randrup and Ko.
exchange model. To apply these cross sections in the transport model, we

In evaluating the kaon production cross sections\ik have parameterized our theoretical results in terms/®f
andAA interactions by the Peierls method, the pion propa— /so, With \'s and /s, denoting, respectively, the available
gator is modified by the imaginady energy due to its width energy and the threshold,

FA, i.e.,
1 OBB— (\/_ /—) mb (2)

(pa—pn)?—m?
The fitted parameters, b, andx for six channels are listed
. 1 (1) in Table I. In addition, we also include kaon production from
(Pa—Pn)2—m2—imy[(Ey—EN)/EAIT pion-baryon interactions with cross sections taken from Ref.
[26], which were also parametrized in terms @¢§— +/so.
wherepy andp, are four momenta of the final-state nucleon Furthermore, we include processes with one or two pions in
and initial-stateA resonance, respectivelf¥éy and E, are  the final states. The cross sections for these processes are
their energies in the center-of-mass frame. The off-shell piombtained from parametrizations based on experimental data
contribution is then obtained by including only the real part[27]. When medium effects on kaons are considered, the
of Eg. (1). In nuclear medium, thé width is expected to threshold is calculated with in-medium masses. In addition,
change, and also the exchanged pion can acquire additionkhons also propagate in their mean field potenfia8.
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TABLE |. Fitted parameters in Eq2).

NN—NAK NN—NXK NA—NAK NA—NXK AA—NAK AA—NZK

a 0.0865 0.1499 0.1397 0.3221 0.0361 0.0965
b 0.0345 0.167 0.0152 0.107 0.0137 0.014
X 2.0 2.4 2.3 2.3 2.9 2.3

Kaon properties in dense matter have been extensively In the upper panel of Fig. 4 we show tKe" yield, nor-
studied; for a recent review see RE29]. These studies in- malized by the number of participant nucleofg,, as a
dicate that the kaon energy in medium can be expressed afinction of A, In both cases with and without kaon me-
dium effects, the ratio increases more than a factor of 2 from
peripheral to central collisions. On the other hand, the ratio

’7T+/Apan stays almost a constant of 0.03 in the entire impact

where bK=3/(8ffT)%O.333 GeV fn? represents the vector ; The st d d Kthevield
repulsion, whileay determines the strength of the attractive parameter range. The stronger dependence orthe/ie
than the pion yield on the centrality of the collision indicates

scalar potential. If one considers only the KapIan—NeIsonh q involvi . ande
term, thenag=3 /2, with 3.y being theKN sigma that secondary processes involving pions sonances

term. In the same orérér, there is also an energy-dependeﬂfe extremely important for subthreshold particle production.

range term which cuts down the scalar attracfiel. Since  ndeed, for central A¢Au collisions, the kaon yield from
both S and the range term are not very well determined,p'on'baryon. collisions accounts folr more than 60% of the
we treatay as a free parameter. Taking ~0.22 Ge\ fm?, total kaon y|eld,'as was also found in RE&SZ]. Furthermore,
then a kaon feels a repulsive potential of about 20 MeV atheNA channel is found to be the most important one among
normal nuclear matter density, in rough agreement with théll the baryon-baryon contributions.
prediction of impulse approximation using tKé\ scattering In the lower window of Fig. 4 we show the ratio"/ 7"
length in free spacg28]. as a function ofA,,. It is seen that our results with kaon
Extensive transport model calculations for subthresholdnedium medium effects are in agreements with the latest
kaon production have been carried out recentlj2,27,33. KaoS data shown by solid squarel]. The results without
Here we shall concentrate ¢q*/7™ ratio in Au+Au colli- kaon medium effects overestimate this ratio. Also shown in
sions at A GeV, as measured by KaoS Collaborationthe figure by open squares are the previous KaoS data pub-
[30,31. We first show in Fig. 3 ther™ transverse momen- lished in Ref[30], which seem to be better described by the
tum spectra in Ad-Au collisions at JA GeV. The results scenario without the kaon medium effe¢tghich implies a
from our transport modehistogram are in very good agree-
ment with the recent data from both the FOPI Collaboration

wk=[mg+k?—agps+ (bkpn) 21+ bypn s ©)
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FIG. 3. #* transverse momentum spectra in-Adwu collisions FIG. 4. Upper window:z" andK™ yields normalized by the

at 1.0A GeV. The histogram gives our theoretical results, while theparticipant nucleon numbek,,; in Au+Au collisions at 1A GeV.
circles and squares are the experimental data from the F&#PI  Lower window: K*/#* ratio as a function of the participant
and Kao9 31] Collaborations, respectively. nucleon number.
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complete cancellation of the scalar and vector potentials ithat the latest KaoS data on this ratio are consistent with a
Eq. (3)]. weak repulsive kaon potential.

In summary, extending our previous work on phi meson
production cr())/ss sectiongs in bZ\ryon-baryon collizi@he], We thank Gerry Brown, C.-H. Lee, and P. Senger for
we have evaluated the kaon production cross sectiohgin useful discussions. G.Q.L. was supported in part by the U.S.
and AA interactions using the Peierls method by includingPepartment of Energy under Contract No. DE-FG02-
the finite A width. Using them in the relativistic transport 88ER40388, while C.M.K. and W.S.C. were supported in
model, we have studied kaon production, in particular thdpart by the National Science Foundation under Grant No.
K*/x™" ratio, in Au+Au collisions at 1A GeV. We found PHY-9509266.
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