
P H Y S I C A L R E V I E W L E T T E R S week ending
14 MARCH 2003VOLUME 90, NUMBER 10
What Determines the K� Multiplicity at Energies Around �1–2�A GeV?
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In heavy ion reactions at energies around �1–2�A GeV the measured K� yields appear rather high as
compared to pp collisions as shown by the KaoS Collaboration. Employing quantum molecular dy-
namics simulations, we show that this is caused by the fact that the dominant production channel is not
BB ! BBK�K� but the mesonic ����� ! K�B reaction. Because the � (�) stem from the reaction
BB ! ����K�B, the K� and the K� yield are strongly correlated, i.e., the K�=K� ratio occurs to be
nearly independent of the impact parameter as found experimentally. The final K� yield is strongly
influenced by the K�N [due to their production via the ����] but very little by the K�N potential.
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experimentally measured elementary cross sections or earlier than those from the �� channel because the �
A while ago the KaoS Collaboration published results
on the K� and K� production in Ni� Ni reactions at
1:8A GeV and 1:0A GeV, respectively [1], which came as
a surprise: As a function of the available energy, i.e.,
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is 2.548 GeV for the
K� via pp ! �K�p and 2.870 GeV for the K� via pp !
ppK�K�) the number of K� produced equals that of K�

although in pp reactions close to threshold the cross
section for K� production is orders of magnitude higher
than that for K� production. In addition, the K� have a
high probability for absorption via K�N ! ��, whereas
the K� cannot get reabsorbed due to its �ss content. Even
more astonishing was the experimental finding that at
incident energies of 1:8A GeV and 1:93A GeV the K� and
K� multiplicities exhibit the same impact-parameter de-
pendence [1–3] although the K� production is above the
respective NN threshold while the K� production is far
below. Equal centrality dependence for K� and K� was
also found at AGS energies [4]. All these observations
have triggered a lot of activities [5,6].

It is the aim of this Letter to show that these obser-
vations have a simple explanation. For this purpose we
use isospin quantum molecular dynamics (IQMD) simu-
lations. The details of the IQMD approach have been
published elsewhere [7]. Here we have introduced in
our standard simulation program a (density-dependent)
KN potential. We use the results of the relativistic mean
field (RMF) calculation of Schaffner [8] which gives the
same result as more sophisticated approaches such as the
chiral perturbation theory or the Nambu-Jona-Lasinio
Lagrangian. The relativistic mean field shifts the masses
of the particles in the medium. Because this mass shift is
applied to the phase space as well as to the flow, detailed
balance in the production cross sections is conserved. We
have supplemented our calculation as well by all revelant
cross sections for kaon production and annihilation. The
added cross sections are either parametrizations of the
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are based on one-boson-exchange calculations if mea-
sured cross sections are not available. The kaons are
treated perturbatively. This means that in each collision
with a sufficient center of mass energy there is a kaon
produced with a probability given by the relative ratio

�NN ! K� � X�=
tot. The final momenta of the nucle-
ons, however, are calculated under the assumption that no
kaon has been produced. If the kaon-nucleon potentials
are switched on we assume that the inmedium cross
section and the free cross section agree for the same
relative momentum between the scattering partners.

The strange baryons � and � are treated as one par-
ticle and in the text we use only � which stands for both
particles. The potential U�N is taken as 2=3 of UNN. This
yields a very good description of the K� and � production
in these heavy ion collisions [9]. We have performed the
calculations for the reactions Au� Au and C� C at
1:5A GeV incident energy. This energy has been chosen
because data on K� and K� for three different systems
are available [3] or will soon become available.

Figure 1 displays the production and absorption rates
(top panel) of the K� as well as the integrated number
of produced K� and the actual number of K� present
in the system as a function of time (middle panel) for
two production channels �� ! K�B [10] and BB !
BBK�K� where B is either a nucleon or a �. The third
production channel �B ! BK�K� has qualitatively the
same structure as the BB channel. On the left (right) hand
side we display the results for central reactions (b � 0) at
1:5A GeV for Au� Au �C� C� collisions. For reasons
which we will discuss later, the K� yields are divided
by the final number of K�. In the bottom panel the den-
sity, the number of free pions, and the number of K� (both
divided by the mass number A of one of the nuclei) are
given as a function of time. For both targets �� ! K�B
is the dominant K� production channel. The K� from the
BB channel are produced in the high-density phase and
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FIG. 2. Top panel: The rates for production (thin lines) and
absorption (thick lines) of K�. Bottom panel: The net number
of K� in the system. The effective cross sections we used in
the calculation are denoted by 
eff � n
exp with n being a
multiplication factor. On the left (right) hand side central
Au�Au �C� C� reactions are shown, both at 1:5A GeV.

FIG. 1. Time evolution of rates and multiplicities for central
collisions of Au�Au (left) and C� C reactions at 1:5A GeV
incident energy. Top panel: rates for the production and absorp-
tion channels for K�. Middle panel: Integrated number of
produced K� and the actual number of K� (production minus
absorption) present at time t for different K� production
channels (normalized to the final number of K�). Bottom
panel: Number of free pions/A and of K�/A (with A the mass
number of one collision partners) and the central density as a
function of time.
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have to be produced first in BB ! �K�B collisions. At a
later stage of the collisions the available energy in the BB
and �B channels is not sufficient anymore to create kaon
pairs. Produced early, the K� from the BB and �B
channels have a higher chance to be reabsorbed and
finally almost all (more than 90%) of them have disap-
peared. Absorption of K� is very high: in C�C �Au�Au�
collisions about 50% (20%) survive. We like to note that
the final number of K� divided by the K� is equal in both
systems despite of the fact the many more K� are pro-
duced in the Au� Au reaction.

Next we study the balance between production and
absorption of K�. In the upper part of Fig. 2 we plot the
rate of production and absorption of the K� in the domi-
nant �� channel as a function of time. A large differ-
ence in the rates is seen at the moment when the system is
very dense. There the K� are produced via K�K� pair-
production as already shown in Fig. 1. Later, during ex-
pansion, the rates become very similar. Finally the rates
separate again but now the rate for K� absorption domi-
nates. The K� production approaches zero because for this
endothermic reaction the energy in a �� collision is not
sufficient anymore but the exothermic absorption can still
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continue. This dominance of exothermic reaction is a very
general phenomenon in expanding systems where the
locally available energy decreases with time [11].

The fact that the rates in both directions are almost
identical testifies that the system has reached an equilib-
rium. This may be a thermal equilibrium which is char-
acterized by the fact that the particle yields depend
exclusively on the temperature and the chemical poten-
tial. It may be as well a steady state which occurs, for
example, if creation and absorption are strongly con-
nected by a very short life time.

If the system is in thermal equilibrium an (artificial)
increase of the cross sections does not change the particle
number ratios (and hence also not the number K�). It only
brings the system faster to equilibrium. Therefore we can
test whether thermal equilibrium is obtained by multi-
plying the cross section in the �� channel by a constant
factor n. From the top part of Fig. 2 we see that both,
production and absorption, increase with n, but differ-
ently. The net numbers are given in the lower part of Fig. 2
showing that a larger cross section produces more K�.
Thus we can conclude that for n � 1 the system is not yet
in (local) thermal equilibrium. This interpretation is sup-
ported by the observation that only few of the � make a
K� and that only a negligible number of those �, which
are produced by K�N collisions, produce another time a
102302-2
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K�. Therefore there are too few collisions in this channel
to produce an equilibrium.

Thus in the present situation we observe a steady state.
Its origin is easy to understand if one realizes that close to
the threshold due to flow and phase space the cross section
of the dominant channel, �� ! K�N, is very small as
compared to that of the inverse reaction. If a K� is
produced its mean free path and hence its mean lifetime
is short. It will be destroyed shortly after its creation with
the consequence that the rate of production and annihi-
lation are locked and identical. Only close to the surface
the K� has a chance to escape.

Next we study how the K�=K� ratio depends on the
impact parameter. The results of the IQMD calculations
are presented in Fig. 3. For the standard parametrization
(n � 1) we observe for Au� Au collisions a rather con-
stant K�=K� ratio for impact parameters smaller than
8 fm in agreement with the preliminary experimental
results [3]. This has been considered as remarkable be-
cause both the K� as well as the K� yield increase with
decreasing impact parameter.

For a grand canonical ensemble this would be of no
surprise. Even in the canonical approach where strange-
ness is strictly conserved a constant K�=K� ratio is
expected as the terms depending on the system size
drop out [12]. Our microscopic calculation shows that
this impact-parameter independence is not of thermal
origin. We have already seen that the dominant reaction
channel for the K� is �� ! K�B. Because the � is
produced together with the K�, the K� production is
directly coupled to the � density and hence to the number
of K�. The calculations show that the length of the
trajectory of the � in matter does not change for impact
parameters smaller than 8 fm. For larger impact parame-
ters less K� are produced, whereas the percentage of
reabsorption remains still almost constant. The K�=K�
FIG. 3. Impact parameter dependence of the K�=K� ratio in
�lab � 40� 4	 for Au� Au collisions at 1:5A GeV. The effec-
tive cross sections used in the calculation are denoted by 
eff �
n
exp with n being a multiplication factor.
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ratio depends on the number of pions present. The relation
between the K�=K� ratio and the pion multiplicity is
visible between 1A GeV and 10A GeV [6]. Pions are pres-
ent only in heavy ions reactions and therefore the reaction
mechanism in pp reactions is completely different, where
at this energy a K� can only be produced together with a
K�. This explains why the experimental results are that
different. Already for systems as small as C� C, how-
ever, the pion number is sufficient for the �� channel to
dominate the K� production. The K� production stops
before the number of pions has reached its asymptotic
value as can be seen in Fig. 1. Therefore, in the K�

production the pion and � dynamics is encoded as well.
(Please note that we have not taken into account the small
�� ! K�X cross section [13].)

Figure 3 exhibits another interesting feature: Increas-
ing ‘‘artificially’’ the cross sections (for both produc-
tion and absorption) by a factor of 3 one expects naively
to get closer to the equilibrium condition, i.e., a constant
K�=K� ratio with impact parameter. However, the oppo-
site is seen: the K�=K� ratio drops towards peripheral
collisions. There are two reasons for this effect. The first
one is related to the increasing amount of spectator matter
in peripheral collisions. In spectator matter K� can only
be absorbed but not produced. Increasing both cross sec-
tions, the effects of absorption becomes more pronounced
leading to a decrease of the K�=K� ratio for peripheral
collisions. The second reason is connected with the ex-
pansion of the system. In an expanding system the locally
available energy decreases as a function of time and
therefore the endothermic reaction becomes suppressed.
Therefore the system will run out of equilibrium during
the expansion even if it has been in thermal equilibrium
initially. This phenomenon we see for the case n � 3
where a larger K� absorption is not compensated by a
larger production.

Up to now we have studied the K� production assum-
ing that both the K� and the K� have a mass as given by
the relativistic mean field calculation [8]. These calcula-
tions are yet far from being confirmed by experimental
results. It is therefore important to see how the predicted
mass change of the kaons in the medium influences their
multiplicity. The K�N potential is attractive, leading to
lower ‘‘in-medium’’ masses, while the K�N potential is
slightly repulsive. For this reason we study the time
evolution of the K� and K� yields under different as-
sumptions on the KN potential: We compare the standard
calculation (K�:w;K�:w; where w stands for ‘‘with po-
tential’’) with those in which either the K�N potential
(K�:w=o; K�:w; where w=o stands for ‘‘without poten-
tial’’) or the K�N potential (K�:w;K�:w=o) is switched
off as well as with a calculation in which no KN potential
is applied (K�:w=o;K�:w=o) and consequently the kaons
have their free mass.

The result, shown in Fig. 4 (left) is evidence that the
final K� yield depends strongly on the K�N potential but
102302-3



FIG. 4. Left panel: Influence of the K�=�N potentials on the
final K� yields for central Au� Au collisions at 1:5A GeV. We
separately switch off (w=o) and on (w) the KN potentials for
K� and K�. For the two upper curves the K�N has been
switched off. Right panel: Production and absorption of the
K�: right hand column (from bottom to top) the production in
BB collisions, �B collisions and �� collisions, left hand
column (from bottom to top) survival and absorption.
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is almost independent on the K�N potential. This has an
easy explanation: the K�N potential determines how
many � are produced in the initial BB ! �K�B reaction.
This reaction takes place when the baryon density is high.
The K�N potential increases the ‘‘mass’’ of the K� and
hence their production threshold and lowers therefore the
� multiplicity. On the contrary, the mass change of the
K� has little influence on the result because the observed
K� are created very late by the mechanism described
above and therefore at a density where the mass change
due to the K�N potential is small. Thus heavy ion reac-
tions test the KN potentials at very different densities:
The K�N potential is tested around twice nuclear matter
density, where the � and K� are produced, whereas the
K� potential is tested at low densities where it is small.
The decrease of the K� yield at the end of the reaction is
exclusively caused by the (exothermic) absorption which
still takes place but which is not counterbalanced by
creation for which the available energy is too small.

The number of finally observed K� is directly propor-
tional to the number of � produced initially. This number
is equivalent to the number of K�. Therefore we have
divided in Fig. 1 the K� multiplicity by the K� multiplic-
ity. We see in Fig. 1 that the ratio M�K��=M�K�� depends
little on the system size [in distinction to M�K��].

In conclusion, we have given an interpretation of the
experimental observation that (i) in heavy ion reactions
the yields for K� compared to K� is much higher than
in pp collisions (compared at the same available energy
with respect to their thresholds) and (ii) that the K�=K�

ratio is independent of the impact parameter for semi-
central and central reactions. The pair-production chan-
nel, which is the only channel in pp collisions,
contributes in AA collisions only marginally to the finally
observed K� yield. Almost all K� are produced by the
pionic channel �� ! K�B which is not available in pp.
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Because the � is produced simultaneously with the K�,
the K� and the K� production are strongly correlated.
The naively expected impact-parameter dependence of
the K� yield due to absorption is not observed because
creation and absorption occur at almost the same rate due
to the large difference between the production and ab-
sorption cross section. Despite of the fact that thermal
models predict [12] the K� multiplicity and the impact-
parameter independence of the K�=K� yield we observe
in the simulations that both are determined by dynamical
quantities like cross sections and by the locking of the K�

to the K�. The systems are too rapidly expanding for
reaching equilibrium in a channel which has a relatively
small cross section. Furthermore, at the end of the ex-
pansion the cross section for the exothermic reaction is
large due to the detailed-balance factors. This is a very
generic phenomenon and not limited to the K� produc-
tion and leads the system to run out of equilibrium during
expansion even if it had been in equilibrium before. The
final yield of K� depend on the K�N potential (which
determines how many � are produced initially) but does
not depend on the K�N potential because the observed
K� are produced very late at low densities where this
potential is small.
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