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Anisotropy of Subthreshold K* Emission in Heavy lon Reactions
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The origin of the forward-backward enhancementkof emission observed in symmetric nucleus-
nucleus collisions at 1 GeMucleon has been explored. The nonisotropic pion-baryon reaction leading
to K* production has been found to play a substantial role in creating the forward-backward peak of the
kaon angular distribution. By an analysis including also the effects from relevant final-state interactions
on kaons, we can reproduce the experimental kaon angular distribution. We argue that the observed
nonisotropic kaon emission may provide a support to the pion-induced channel for subthreshold kaon
production in heavy ion reactions. [S0031-9007(97)04562-6]

PACS numbers: 25.75.Dw, 13.75.Jz

Kaon production in heavy ion reactions has been awill explore the effect of the new production channel and
topic of high interest in physics for a long time. Becausethe final-state interactions on the kaon angular distribution
of strangeness conservatidki; mesons experience little for symmetric heavy ion reactions at 1 GaMicleon.
reabsorption, and therefore may provide information on Here we adopt the framework of the QMD (quantum
the hot and dense nuclear matter created in the reactianolecular dynamics) model to describe heavy ion reac-
[1,2]. Kaons produced in heavy ion reactions also actions. A soft momentum-dependent nuclear mean field is
as a unique tool for investigating possible modificationsused throughout this paper. The kaon degrees of freedom
of kaon properties in nuclear matter [3—5]. For a longare treated in a perturbative way. Kaons are produced
time, the kaon emission had been thought to be isotropicia either the conventionaB channel or the novelrB
in the NN center-of-mass system [6,7]. However, a re-channel. For the first channel, we use a theoretical cross
cent measurement at the Gesellschaft flir Schwerionersection based on the one-boson-exchange model [13]
forschung has found that the kaon angular distributiorwhich was found to be in good agreement with the new
exhibits a forward-backward peak in th&V system for data from the COSY-11 collaboration [14]. The angular
symmetric heavy ion reactions at 1.0 GaWcleon [8].  distribution of this channel is assumed to be isotropic
An isotropic kaon distribution can be emitted by a singlesince the data for the reaction + N - N + Y + K™
equilibrated source. However, the elementary hadronshow no significant anisotropy [15]. A calculated cross
hadron collisions creating kaons occur in the very earlysection based on a resonance model which can reproduce
stage of the reaction when the equilibrium is far from esthe data is adopted for the pion-induced channel [16]. In
tablished in the reaction system. An isotropic preequilibfact, a parametrization of the angular distribution of this
rium kaon emission had been also expected, since kaomhiannel had been given by Cugnon and Lombard [17]
had been conventionally assumed to be produced fromhich fitted the observed ratio of forward over backward
the reactionB + B— B + K™ + Y (here B denotes a kaon emission from the pion-induced reaction. In this
nucleon or aA resonance, while&¥ denotes aA or 3  paper, we present a new parametrization by requiring a
hyperon), which was found experimentally to be nearlycorrect ratio of forward-backward over sideward emission
isotropic for theNN channel, and since kaons had beenwhich we define as

assumed to interact little with the nuclear medium due 0=60" do oy f9:1so° 47 10
to its long mean free patboxy ~ 10 mb). From this c = 1¢=0 d“0=1200 d09=12°° a0 _ 1)

point of view, the observed anisotropy might be a signa- o—600 700 48}

ture for the onset of novel kaon production mechanismsSince we concentrate on symmetric heavy ion reactions
including contributions from higher order partial waves,in which the clear forward or backward emission of the
or for the importance of final-state interactions for theelementary process would be washed out, we have as-
kaons produced. In our previous paper [9], a new kaorsumed in this paper a forward-backward symmetric angu-
production channel, the + B — Y + K™ reaction, was lar distribution for the pion-induced reaction@s /dQ) ~
found to also be important for incident energies of 1—(1 — xsiné), where the coefficient is determined from

2 GeV/nucleon and for large nuclear systems. It is wellthe factorC extracted from the data (the asymmetry factor
known that them-induced reaction has a substanttal  C is defined so thaC = 1 for a spherical distribution of
wave component which results in a large anisotropy [10]the kaons). This parametrization assures that one evalu-
On the other hand, the final-state interactions such as thates correctly the contribution of the-induced channel
K-N elastic rescattering [11], the in-medium kaon poten-o the forward-backward peak of the kaon angular distri-
tials of the Coulomb interaction [12], and the strong inter-bution. In Fig. 1 we present the asymmetry faatbex-
action [3,4] also have observable effects. In this paper, weacted from the data [10] as well as our parametrization.
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From the figure, one sees a nontrivial anisotropy in thdive to each other [19]. A similar effect seems to exist
mr-induced reaction, in particular, the reaction involvingfor K*’'s which is, however, much less pronounced due
A’s. This reaction is more important for subthresholdto the larger mass of th&* mesons. The trivial ef-
kaon production due to its lower energy threshold tharfect from the kaon strong potential, which is also repul-
the one involving theX's. In this paper, we use an sive for K*, can also be understood because this effect
isospin-averaged angular distribution for tkeinduced occurs essentially in the fireball and has little connection
reaction which has been constructed based on the abowvath the spectators, where the nuclear density is much
parametrization. lower than in the fireball. From the figure, one can see
After production, a kaon propagates through the nucleatlearly that the nonisotropie-induced channel enhances
medium and encounters final-state interactions. They arthe forward-backward peak substantially. This is both
the elastic rescattering of kaons by nucleons, the kaon irdue to the sizeable contribution of teeinduced channel
medium mean-field potential of the strong interaction, andand due to the nonequilibrium of the reaction system
the Coulomb interaction of kaons with protons, chargedvhere kaons are produced. In Ref. [9], it was found
nucleonic resonances, and charged pions. We adopt dhat in the reaction Au- Au at 1 GeV/nucleon ther B
empirical kaon strong potential obtained from the impulsechannel produces even more kaons thanBRBechannel.
approximation which is very similar to the potential At higher bombarding energies this channel becomes less
suggested recently by Brown and Rho [18] based onmmportant due to its resonancelike energy dependence.
chiral perturbation theory. The details of the treatmentOn the other hand, therB collisions which are violent
of the kaon Coulomb and strong interaction potential inenough for kaon production at the subthreshold beam en-
the QMD model can be found in Ref. [12]. ergy of 1 GeVVnucleon are far from being randomized in
In Fig. 2 we show the influence of these effects onmomentum space. They distribute mainly parallel to the
the kaon angular distribution for the reaction AuAu at  beam direction and, therefore, lead to a forward-backward
1 GeV/nucleon and at impact parameter= 5 fm. As  enhanced kaon emission. One can also understand the
expected, an isotropic kaon emission is found with thefact that this effect gets much smaller at higher incident
isotropic BB and B channels and with no interaction energies as observed by Cugnon and Lombard [17] for
of the kaons with the spectators. The kaon rescattering.1 GeV/nucleon and by Li and Ko [20] for alternating-
with the spectators results in a forward-backward pealgradient synchrotron energies, since thé# collisions
in the kaon angular distribution, which coincides with become less important on one hand and more randomly
the finding in Refs. [8,11]. However, the kaon Coulombdistributed on the other. This coincides with the experi-
and strong potential have a negligibly small effect. Wemental finding of an approximately isotropic kaon angular
note that for7*’s a focusing effect had been found to- distribution in theNN frame at higher incident energies
wardsé.,, = 90° due to the Coulomb field generated by [21]. We notice that there may be an additional effect
spectators of the projectile and target which move relaconcerning ther-induced channel. Since it is in essence
a secondary process, it may produce kaons away from
midrapidity. This may also contribute to the nonisotropic

- Tap>KE A

LI S S S B E S S E S B B B R N

. 0.15 |

C

o N B~ OO NN B~ O

Au+Au 1GeV/n b=5fm

0.10 [

dN/dQ

4 0'05 I PR T T WA SN ST TR SR ST SR S N S
- 0 30 60 90 120 150 180
0

cm

C

FIG. 2. The K* center-of-mass (c.m.) angular distribution
L . obtained by the QMD calculations in different cases, namely,
15 20 25 30 (1) with neither kaon final-state interaction nor the anisotropy
: : : . of the wB channel (dark dotted line); (2) with only th&-N
sqgri(s) (GeV) rescattering (light dotted line); (3) including, in addition, the
kaon Coulomb interaction (long dashed line); (4) adding to (3)
FIG. 1. The asymmetry facto€ defined in Eq. (1) for the also the kaon strong potential (light solid line); (5) in addition to
a-induced reaction. The circles are extracted from experimen¢4) including here the nonisotropic + B — K* + Y channel
tal data [10] while the lines indicate the parametrizations useddark solid line). All these distributions have been normalized
in the present paper. to the total kaon multiplicity.
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kaon emission. Our QMD model has included this effectthan the theoretical results including only the kaon final-
naturally. state interactions. In other words, the observed anisotropy
In Fig. 3 we present the QMD results of the kaon angu4in the kaon angular distribution has been underestimated
lar distribution obtained by averaging over impact parameby dropping the nonisotropigB channel. Therefore, the
ters for the reaction Au- Au at 1 GeV/nucleon. Also observed nonisotropic kaon emission may reflect the im-
shown is the function of1/3 + cog #) which was ob- portant role played by the-induced channel in subthresh-
tained by fitting the experimental data at different anglesld kaon production in heavy ion reactions. It is also
of f1,, = 44°, 85°, and 125° in a one-source model [8]. necessary to make clear the contribution from th
It can be seen that the kaon final-state interactions, whicand AA channels, since they also include so®avave
are essentially th&-N rescattering, lead to a forward- contribution. However, thh + N — K* + Y + N or
backward peaked angular distribution which is insufficientA + A — K™ + Y + N reaction produces a kaon which
to reproduce the data. This finding is in agreement withwould occupy the phase space much more randomly than
Ref. [8]. Thew-induced channel, including a nontrivial that produced fromthe + N — K + Y reaction, since
P-wave contribution, enhances the forward-backward peathe former reaction has more particles in the outcoming
substantially since, at this subthreshold beam energy, the&ate. In fact, the8B reaction also has a more symmetric
energetic B collisions are not distributed randomly in incoming state. By these simple considerations, we be-
momentum space. The resultant kaon angular distribuieve that theAN or AA reaction would exhibit an angular
tion is closer to the experimental result. To see how thalistribution much more isotropic than that of theV re-
theory agrees with experiment we compare, in Fig. 4, diaction. Therefore, we attribute the observed nonisotropic
rectly to the measured kaon momentum spectra at diffelkaon emission essentially to theinduced reaction.
ent angles of,,, = 44°, 85°, and 125°. We note that Figure 5 shows the dependence of the nonisotropic
the kaon cross sections obtained in the present paper akaon emission on the impact parameter for the same
lower than our previous results [9] since we have adoptedeaction as in Fig. 4. The factéi,.,x shown in the figure
here a smaller calculated cross section forRtechannel is a measure of the enhancement of forward-backward
rather than the parametrization given by Randrup and Ké&aon emission, which is defined as
[15]. Since we concentrate in this paper on the kaon 0=60° N 6=180° a7
angular distribution, we have renormalized the theoreti-  Fpeax = f —dQ + ——dQ
cal results with a common factor of 2 as we compare =0 dQQ o=120 )
the experimental momentum spectra at different angles. B fﬁm d—NdQ )
One can see that the data at all three angles can be re- =600 dQ) ’
produced simultaneously by the full calculation, includ-

! ; ._ where dN/d{) is the normalized angular distribution.
ing all the effects mentioned above, after renormallzmgIn the case of an isotropic distributiom,e,, = 0. It
speak — Y.

the theoretical results with a common factor of 2. ThlsCan be seen from the figure that the contribution from

means that our calculation can reproduce, apart from . L .
o o .. the nonisotropiczr-induced reaction stays more or less
common factor, the measured angular distribution within L S .
nchanged with increasing impact parameters, while the

the error bars for the three angles. On the other hanou,
it is clear from the figure that the experimental distri-
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FIG. 4. TheKk™" cross section as a function of the momentum
FIG. 3. The K™ c.m. angular distribution. The lines are in the reaction Au+ Au at 1 GeV/nucleon. The circles,
the QMD results obtained by integrating over the impactsquares and diamonds denote the experimental data from
parameters. The dotted, dashed, and solid lines correspond Refs. [6,8]. The solid and dashed lines denote the results of
the cases (1), (4), and (5) in Fig. 2, respectively. The circleghe full calculation and the calculation including only the kaon
denote the functior(1/3 + cog #) fitted to the experimental final-state interactions (the strong and the Coulomb potential
data [8]. All of these distributions have been normalized to theand theK-N rescattering), respectively. The theoretical results
total kaon cross section. have been multiplied with a common normalization factor of 2.
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03 U R contribution of this channel, one should look to central
| AusAu 1GeVin o | collisions.
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