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The relativistic transport model is extended to include the kaon degree of freedom. We also take
into account the density dependence of the kaon effective mass in nuclear matter and the rescattering
of kaons by nucleons. We find that the inclusion of kaon self-energy due to the attractive scalar
mean field leads to an enhanced kaon yield in heavy-ion collisions at subthreshold energies. Also,
kaon rescatterings are found to affect significantly the final kaon xnomentum spectra. We coxnpare
the theoretical results with recent experimental data from the Heavy-Ion Synchrotron (SIS) at GSI.
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Experiments on kaon production &om heavy-ion colli-
sions are being carried out at SIS [1]. The incident energy
per nucleon in the collision is around 1 GeV and is below
the threshold energy of 1.56 GeV for kaon production in
the nucleon-nucleon collision in &ee space. One of the
motivations for this study is to learn about the nuclear
equation of state at high densities. As 6rst pointed out
in Ref. [2], using the Vlasov-Uehling-Uhlenbeck (VUU)
model, kaon production &om heavy-ion collisions at sub-
threshold energies offers the possibility of extracting the
information about the nuclear equation of state as its
yield can differ by a factor of three depending on the
stiffness of the nuclear equation of state at high densi-
ties. A similar conclusion has been obtained recently us-

ing the covariant Boltzmann-Uehling-Uhlenbeck (BUU)
model [3] and the quantum molecular dynamics [4,5].

In the transport model for heavy-ion collisions, kaons
are usually treated as free particles. In Ref. [6] the rela-
tivistic transport model has been generalized to include
both the kaon mean-6eld potential and the collisions of
kaons with other particles. In this Rapid Communication
we shall use the generalized relativistic transport model
to study subthreshold kaon production in heavy-ion col-
lisions.

From the quantum hadrodynamics [7] in which the nu-
clear matter is treated as a system of interacting baryons
and mesons, one can derive a relativistic transport equa-
tion for the phase space distribution function f(x, p') of
nucleons [8]. This transport equation can be solved using
the method of pseudoparticles in which each nucleon is
replaced by a collection of test particles. The propaga-
tion of these test particles is described by the classical
equations of motion,

dx jg III

dt

—= —V' [E'+ (g jm ) ppg], (I)

with p~ being the nuclear matter density and E'
(m' + p' ) ~2. The nucleon efFective mass m' and ki-
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netic momentum p' are defined by

m'=m —g (o), P = P g~(~).

(3)

This gives rise to an attractive s-wave interaction for the
kaon. In the above, f~ is the kaon decay constant and
Z~~ is the KN sigma term. Their values are taken to be
flc 93 MeV and Zatv 350MeV as in Ref [6]. There.
is also a vector interaction in the chiral Lagrangian,

Lv —
2 N NKO(K

3i

8 z (4)

which leads to a repulsive s-wave interaction for a kaon
in the nuclear matter. We note that the resulting vector-
exchange mean-6eld potential between kaon and nucleon
is just 1j3 of the nucleon mean-field potential of Eq. (1)
[12].

Combining the scalar and vector interactions with the

In the above, g and g are the coupling constants of a
nucleon to the scalar (o) and vector (u) mesons, respec-
tively. The expectation values of the scalar meson (cr)
and the vector meson (io) are related in the mean-field
approximation to the nuclear scalar and current densi-
ties.

The coupling constants are determined &om the nu-
clear matter property. Two parameter sets have been
obtained in Ref. [8] by choosing a nucleon effective mass
m* = 0.83m at the normal nuclear density and allowing
the scalar meson self-interactions. They correspond to a
soft and a stiff nuclear equation of state with a compress-
ibility of 200 and 380 MeV, respectively.

We also include deltas and treat their propagation to
be similar to that of nucleons. Collisions among nucle-
ons and deltas are treated as in the cascade model [9].
Besides elastic scatterings, both nucleons and deltas can
interact inelastically via NN ++ NL. The pion degree of
&eedom is also included via 6 ~ xN, and it is assumed
to propagate as a free particle in the nuclear medium.

Because of explicit chiral symmetry breaking, nucleons
act on kaon as an effective scalar field [10,11], i.e.,
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kaon mass term, we obtain the kaon effective mass in the
medium

~KN ps 3pN
mK =mK

I
1 — .. . +

&KmK 4fKmK)

where p, is the nuclear scalar density. % ith Z~~ 350
MeV, the kaon mass is seen to increase slightly with den-
sity. This is consistent with the empirical observation
that the KN s-wave scattering length is negative but
small. In Ref. [6], only the kaon self-energy due to the
attractive scalar interaction is included in the kaon ef-
fective mass while that due to the repulsive vector in-
teraction is included in the kaon energy as in the case of
nucleons In. this case, the kaon mass in the medium is re-

+NN~BYK 72 pmax/mK Pb~ (6)

where P denotes A or Z and B denotes N or A. The
maximum kaon momentum p is given by

duced although its energy is increased. Since the kaon is
a boson, the present approach of treating both the scalar
and vector interactions on the same footing should be
the consistent way for determining the kaon mass in a
medium.

The doxninant process for kaon production in heavy-
ion collisions at subthreshold energies is &om the baryon-
baryon interaction [13,14]. The experimental cross sec-
tion can be parametrized as [15]

p,„=/[8 —(m Y + mB + mK ) ][s —(m Y + mB —mK) ]/48.

Kaons can also be produced &oxn nucleon-delta and
delta-delta interactions. The corresponding cross sec-
tions have been estimated in Ref. [15] and it was found
that o~~~~y~ 4 cr~~~~y~ and (r~~~~y~
2

0.~~~~y~ at the same center-of-mass energy.
To determine the kaon production cross section in the

medium, we sixnply use the in-medium masses to evaluate
p~ . For the in-medium nucleon and kaon masses, we
use those given by Eqs. (2) and (5). The hyperon mass
in the medium can be obtained &om the generalization
of the Walecka model [16], i.e.,

mY —mY gcrYY (&) ~

where the hyperon-scalar meson coupling constant g yy
is two-thirds of the nucleon-scalar meson coupling con-
stant g . Similarly, the vector mean-6eld potential for
the hyperon is two-thirds of that for the nucleon.

The total center-of-mass energy s / of the colliding
pair of baryons in Eq. (7) is given by

2

3 gm

In the above, the last term accounts for the difference of
the vector potential between the initial and final baryons.
This additional energy is, however, cancelled by the vec-
tor potential of the kaon which has been included in the
kaon effective mass. The vector potential energy is thus
similar for the initial and final states so it does not play
any role in particle production. As a result, the kaon
production threshold is reduced by its attractive scalar
interaction with nucleons.

Because of the small probability for kaon production
in baryon-baryon interactions, kaon production in heavy-
ion collisions at subthreshold energies is treated pertur-
batively so that the collision dynamics is not affected
by the presence of produced kaons. When the energy
in a baryon-baryon collision is above the threshold for
kaon production, kaon is produced isotropically in the

baryon-baryon center-of-mass frame with a momentum
distribution taken to be the same as in free space [15],
i.e.)

@d &BBwBYK(Q~)
p2 dpd0

The invariant double differential cross section for kaon
production in heavy-ion collisions is then obtained by
summing over the ixnpact parameter.

The propagation of kaons with in-medium mass is sim-
ilar to that for nucleons. Representing kaons by test par-
ticles, their motions are given by equations similar to Eq.
(1), i.e.,

dxg
dt PK /@K i

dpz
dt

where the kaon energy is EK ——gmK + PK. We note
that the kaon vector potential has been included in its
effective mass [see Eq. (5)].

To treat kaon rescatterings, we arti6cially allow N~
kaons to be produced in each baryon-baryon collision
with energy above the kaon production threshold [17].
Each kaon is then assigned a production probability,
which is given by the ratio of the kaon production cross
section to the baryon-baryon total cross section. The mo-
tions of kaons are then followed by solving the classical
equations of motion given by Eq. (11).

The kaon-nucleon collision is included by using a kaon-
nucleon total cross section [18] of about 10 mb which we
take to be density independent. After the collision the
kaon direction is isotropically distributed as the kaon-
nucleon interaction is mainly in the s wave. Since kaon
production is treated perturbatively, its effect on nucleon
dynamics is neglected. We therefore do not allow the nu-
cleon moment»m to change in a kaon-nucleon interaction.
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We include also the collision between a kaon and a pion
via the K* resonance [19]. Its efFect in heavy-ion colli-
sions at 1 GeV/nucleon is, however, insignificant com-
pared to the kaon-nucleon collision. This is due to both
the smaller number of pions than nucleons in the system
and the fact that pions materialize &om delta decays in
the expansion stage of heavy-ion collisions when the mat-
ter density starts to decrease.

To obtain the final kaon spectrum, we weight each
kaon with the production probability introduced previ-
ously and then divide the sum by N~. In the GSI exper-
iment, only K+ is measured. To obtain theoretical K+
yield, we need in principle to treat explicitly the isospin
degree of &eedom. For simplicity, we assuxne that the
K+ yield is half of the kaon yield. This will be valid
for heavy-ion collisions with isospin symmetric nuclei.
For collisions involving isospin asymmetric nuclei, this
assumption slightly overestimates the K+ yield.

To illustrate the above discussions and to understand
the recent kaon data &om the GSI, we have carried out
a calculation for the collision of two Au nuclei at an in-
cident energy of 1 GeV/nucleon. Using the generalized
relativistic transport model that includes the in-medium
kaon mass and the kaon 6nal-state interactions. The kaon
momentum spectra obtained with a soft equation of state
(200 MeV) are shown in Fig. 1 for difFerent laboratory
angles. The experimental data at 44' from SIS [1] are
also shown in Fig. 1 by the open squares.

The magnitude of the calculated kaon yield is slightly
below the xneasured one. We note, however, that we have
not included in the calculation kaon production &om
the pion-nucleon interaction. This contribution has been
shown to be about 25'%%uo of that from the baryon-baryon
interaction [13]. The inclusion of kaon prod. uction from
the pion-nucleon interaction is thus expected to bring
our results closer to the experimental data. If the kaon
self-energy due to the attractive scalar mean field is ne-
glected in the calculation, the kaon yield is reduced by
about a factor of 3. This can be seen in Fig. 2 where
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FIG. 1. Kaon momentum spectra at different laboratory
angles for Au+Au collisions at 1 GeV/nucleon. The experi-
mental data from Ref. [1] at 44' are also shown.
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FIG. 2. Kaon momentum spectra for Au+Au collisions at
1 GeV/nucleon and at an impact parameter of 3 fm. Solid
and dashed curves correspond to results with and without the
kaon attractive scalar mean field, respectively.

the kaon xnomentum spectra for the same nuclear reac-
tion at an impact parameter of 3 fm are shown. Solid
and dashed curves correspond to results obtained with
and without the kaon attractive scalar mean field, re-
spectively. In Refs. [4,5] the quantum molecular dynam-
ics (/MD) with the Skyrme mean-field potential and the
&ee kaon mass has been used to calculate the kaon yield,
and their results agree also with the experimental data.
However, it has been shown in Ref. [5,20] that including
the moxnentuxn-dependent interaction reduces the kaon
yield by about a factor of 3. Since our relativistic trans-
port model includes implicitly the momentum-dependent
efFect, our results are thus consistent with those of Refs.
[4,5]. Our calculation therefore indicates that the inclu-
sion of kaon self-energy due to the attractive scalar me-
son field provides a plausible explanation of the measured
kaon yield &om GSI.

As can be seen in Fig. 1, the shape of the theoreti-
cal spectrum at 44' is also consistent with the xneasured
one. The kaon moxnentum and angular distribution are
affected by its final-state interactions with nucleons. We
6nd that on the average a kaon undergoes about 6ve
rescatterings as it is produced mainly in high density
region. Neglecting the final-state interactions of kaons
makes the kaon momentum spectra steeper and also re-
duces the kaon yield at large angles as in Refs. [17,21].
This effect is shown in Fig. 3 for the Au+Au reaction at
an impact parameter of 3 fm. Solid curves are obtained
with kaon rescatterings while dashed curves correspond
to the case without such rescatterings.

All kaons are produced &om the compression stage of
the collision when the nuclear density is high. As in pre-
vious studies [2—5,13], the delta-nucleon interaction ac-
counts for more than half of the produced kaons.

The kaon yield does not change much if a stiff equation
of state (380 MeV) is used. This is different from the
results obtained in the normal VUU//MD model with
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the Skyrme mean-field potential where the dependence
on the stiffness of the nuclear equation of state is more
appreciable. This is due to the fact that in the relativistic
transport model the sensitivity of the kaon yield to the
nuclear compression energies is largely cancelled by the
smaller effective nucleon mass in a soft equation of state
than in a stiff equation of state at densities above the
normal nuclear matter density. As pointed out in Ref.
[2], the effect of nuclear equation of state on the kaon
yield is more significant in heavy-ion collisions at lower
incident energies such as 700 MeV. It is thus of interest
to have experimental data on kaon yield at these energies.

In summary, we have generalized the relativistic trans-
port model to include the kaon degree of &eedom. Our
results on the kaon yield for the collision between two Au
nuclei agree with recent data from the SIS at GSI if the
in-medium kaon mass is used. Neglecting its self-energy
due to the attractive scalar mean field the kaon yield is
about a factor of 3 smaller than the measured one. The
final-state interactions of kaons with nucleons are found
to increase appreciably the kaon yield at larger moments
and angles. However, we do not find any significant de-
pendence of the kaon yield on the nuclear equation of
state for heavy-ion collisions at 1 GeV/nucleon. Due to
the lack of data on kaon production from the nucleon-
nucleon interaction near the threshold and the complex-
ity of the collision dynamics, our conclusion that the kaon
has an appreciable attractive scalar mean-field potential
in dense matter is thus tentative. %ith refined theoret-

10 Au+' Au ~K + X:—
E~=1 GeVr'n, b=3 frn

with KN collision
——— without KN collision
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0

ical studies and more experimental kaon data at larger
angles and &om lower incident energies, we shall be able
to learn more about the property of kaon in dense matter
and the nuclear equation of state at high densities.
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FIG. 3. Same as Fig. 2. Solid and dashed curves corre-

spond to results with and without kaon Snal-state interac-
tions, respectively.
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