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Production cross sections ofK1 and K2 mesons have been measured in C1 C collisions at beam
energies per nucleon below and near the nucleon-nucleon threshold. At a given beam energy, the
spectral slopes of theK2 mesons are significantly steeper than the ones of theK1 mesons. The
excitation functions forK1 and K2 mesons nearly coincide when correcting for the threshold energy.
In contrast, theK1 yield exceeds theK2 yield by a factor of about 100 in proton-proton collisions at
beam energies near the respective nucleon-nucleon thresholds. [S0031-9007(99)08547-6]
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The properties of strange mesons in a medium of fin
baryon density are essential for our understanding
the strong interaction. According to various theoretic
approaches, antikaons feel strong attractive forces in
nuclear medium, whereas the in-medium kaon-nucle
potential is expected to be slightly repulsive [1–5
Predictions have been made that the effective mass
the K2 meson decreases with increasing nuclear den
leading toK2 condensation in neutron stars above 3 tim
saturation densityr0. This effect is expected to influenc
significantly the evolution of supernova explosions: t
K2 condensate softens the nuclear equation of s
and thus causes a core with 1.5–2 solar masses
collapse into a black hole rather than to form a neutr
star [6,7].

Experimental evidence for the attractive in-mediu
K2N potential was found inK2 nucleus scattering
[8] and kaonic atoms [9]. Strong effects are expec
in relativistic nucleus-nucleus collisions where baryon
densities of several times the saturation densityro can be
reached. Under these conditions theK2 effective mass
will be reduced and thus the kinematical threshold for t
processNN ! K2 1 K1 1 NN (which in free space
corresponds to a kinetic beam energy of 2.5 GeV) w
be lowered. As a consequence, theK2 yield in A 1 A
collisions at bombarding energies below theNN threshold
will be enhanced significantly as compared to the ca
without in-medium mass reduction. In contrast, the yie
of K1 mesons is predicted to be decreased as theK1

effective mass and thus the in-mediumK1 production
threshold is slightly increased [3,10,11]. The in-mediu
640 0031-9007y99y82(8)y1640(4)$15.00
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KN potentials are also expected to affect the propaga
of kaons and antikaons, hence modifying their emiss
pattern in nucleus-nucleus collisions.

According to these considerations, theK2yK1 ratio
observed in nucleus-nucleus collisions at beam ener
below the NN threshold is sensitive to the in-mediu
properties of kaons and antikaons. Moreover, relativis
transport calculations find distinct differences in theK1

andK2 spectral slopes, again due to medium effects.
particular, these calculations predict that theK2 spectra
fall off steeper than theK1 spectra due to the decrease
theK2 effective mass in the nuclear medium [12].

Recent experimental studies of kaon and antika
production in Ni1 Ni collisions found a largeK2 yield
at 1.8A GeV [13,14], a vanishing in-plane flow ofK1

mesons [15], and an enhanced out-of-plane emissio
K1 mesons [16]. These observations are indicatio
for in-medium modifications of theK meson properties
[10,11,17,18].

In this Letter we report on the first comparative me
surement of theK2 and K1 excitation functions in
nucleus-nucleus collisions at subthreshold beam ener
(i.e., at beam energies per nucleon below theNN thresh-
old). We have chosen the system C1 C at bombarding
energies betweens0.8 and2dA GeV. For each energy
differential cross sections forK meson production were
obtained at various emission angles. In this light co
sion system, the loss ofK2 mesons via the strangene
exchange reactionK2N ! Yp (with Y  L, S) and its
effect on theK2 spectrum should be significantly small
than in the Ni1 Ni system [13,14].
© 1999 The American Physical Society
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The experiment was performed with the Kaon Sp
trometer (KaoS) at the heavy ion synchrotron (SIS)
GSI in Darmstadt [19]. The12C beam had an inten
sity of about 1 3 108 ions per spill. The energy los
of the projectiles in the target (thickness 5 mm) is less
than 5 MeV per nucleon. This magnetic spectrometer
a large acceptance in solid angle and momentum (V ø
30 msr, pmaxypmin ø 2). The short distance of 5–6.5 m
from target to focal plane minimizes kaon decays in flig
Particle identification and the trigger are based on sepa
measurements of velocity, momentum, and time of flig
The trigger suppresses pions and protons by factors of102

and 103, respectively. The background due to spurio
tracks and pileup is removed by trajectory reconstruc
based on three large-area multiwire chambers. The
maining background below the kaon mass peak (ø20%)
is subtracted. The loss of kaons decaying in flight is
termined (and corrected) by Monte Carlo simulations
ing the GEANT code. TheK mesons were registered
polar angles ofQlab  32± 70± over a momentum rang
of 260 , plab , 1200 MeVyc. The (approximate) raw
numbers of detectedK mesons are listed in Table I.

Figure 1 shows the invariant inclusive cross section
K1 (open symbols) andK2 production (full symbols) as a
function of the center-of-mass kinetic energy measure
C 1 C collisions at s0.8, 1.0, 1.2, 1.5, 1.8, and2dA GeV
under different laboratory angles. The error bars sho
are due to statistics only. An overall systematic error
10% due to efficiency corrections and normalization p
cedures has to be added. The lines represent Boltzm
distributionsd3sydp3 ~ exps2EyT d fitted to the spectra
(only some of the fits are shown). The resulting inve
slope parametersT are given in Table I. TheT values
for the antikaons are significantly smaller than the o
for the kaons.

From theK1 spectra taken ats1.8 and2.0dA GeV one
can deduce a polar angle distribution which turns ou
ctions

ll
quoted
TABLE I. Sample sizes, inverse slope parameters, and inclusive production cross se
for kaons and antikaons in C1 C collisions. The values forT ands are determined by fit-
ting a Boltzmann distributiond3sydp3 ~ exps2EyT d to the data. In the extrapolation to fu
phase space the nonisotropic angular distribution is taken into account (see text). The
errors on the cross sections include systematic effects.

Beam energy TsK1d ssK1d
(A GeV) Qlab NsK1d (MeV) (mb)

0.8 44± 740 54 6 3 0.015 6 0.003
1.0 44±, 54± 1200 58 6 6 0.1 6 0.02
1.2 40± 2400 64 6 4 0.3 6 0.05
1.5 32±, 48± 7000 74 6 5 1.3 6 0.2
1.8 32±, 40±, 48±, 60± 17000 75 6 5 3.0 6 0.3
2.0 32±, 40± 11000 78 6 5 5.0 6 0.5

Beam energy TsK2d ssK2d
(A GeV) Qlab NsK2d (MeV) (mb)

1.5 40± 50 40 6 15 0.016 6 0.006
1.8 40±, 60± 2000 55 6 6 0.076 6 0.02
2.0 40± 370 55 6 7 0.19 6 0.06
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be forward-backward peaked. The nonisotropic contri
tion to the kaon yield is about 20%. This value agre
with the prediction of relativistic transport calculations f
C 1 C collisions ats1.8 and2.0dA GeV. Inclusive pro-
duction cross sectionssK are calculated from the extrapo
lations in c.m. energy and angles. The kaon and antik
spectra are parametrized by Boltzmann distributions in
cordance with the data in Fig. 1, with the results of ot
measurements [13,14,20] and with the results of mo
calculations [12]. A nonisotropic contribution of 20%
taken into account both forK1 andK2 mesons, although
the transport calculations predict a value of 40% for
antikaons. We do not apply this correction to the data,
rather include this uncertainty into the systematic erro
the antikaon yields.

In Fig. 2 we present theK1 andK2 multiplicities per
participating nucleon for C1 C collisions as a function o
the energy above threshold (

p
s 2

p
sth ) in the nucleon-

nucleon (NN) system. The values of
p

s 2
p

sth are
calculated according tos  sEpro 1 2mN d2 2 p2

pro with
Epro andppro the projectile kinetic energy and momentu
per nucleon andmN the nucleon mass. The thresho
energy is

p
sth  mK 1 mL 1 mN  2.55 GeV for

K1 production and
p

sth  2mK 1 2mN  2.86 GeV
for K2K1 pair production. K meson multiplic-
ities are defined asMK  sKysR with sR the
geometrical cross section of the reaction which
sR  4ps1.2A1y3d2 fm2  0.94b for C 1 C. The aver-
age number of nucleons which participate in a reac
is kApartl  Ay2  6 for C 1 C (according to a geo
metrical model [21]). For comparison, Fig. 2 prese
also the parametrizations of the isospin averaged c
sections for K meson production in nucleon-nucleo
collisions [22–24]. These calculations reproduce
available experimental cross sections including the m
recent data measured at COSY close to threshold [
The multiplicities as shown in Fig. 2 are calculated fro
1641
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FIG. 1. Inclusive invariant production cross sections
K1 mesons (open symbols) andK2 mesons (full sym-
bols) measured in C1 C collisions at beam energies o
s2, 1.8, 1.5, 1.2, 1.0, and0.8dA GeV (from top to bottom) under
different laboratory angles (as indicated). The solid lin
correspond to Boltzmann distributions fitted to some of t
spectra (see text and Table I).

the elementary cross sections usingsR  45 mb and
Apart  2 for nucleon-nucleon collisions.

The data in Fig. 2 demonstrate that the excitation fu
tions for K1 and K2 production in C1 C collisions
are quite similar when correcting the energy axis f
the threshold energies. This similarity is also observ
when the invariant differential cross sections forK1 and
K2 production are compared at equivalent beam energ
(see Fig. 1). In nucleon-nucleon (NN) collisions, how-
ever, theK1 yield exceeds theK2 yield by 1–2 or-
ders of magnitude for beam energies close to thresh
The comparison of theK1 and K2 excitation functions
for C 1 C and nucleon-nucleon reactions near thre
old clearly indicates that in the nuclear medium t
K2yK1 ratio is much larger than in nucleon-nucleo
interactions.

In nucleus-nucleus collisions, strange mesons can
be produced in secondary processes likepN ! K1Y ,
1642
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FIG. 2. Kaon and antikaon multiplicity per participating nu
cleon as a function of theQ value for C1 C collisions (open
squares:K1; full dots: K2) and nucleon-nucleon collisions
The error bars include systematic effects. The lines corresp
to parametrizations of the isospin averaged cross sections
K meson production measured in proton-proton collisions (f
line: K1; dashed line:K2) [22–24].

DN ! K1YN , pN ! K2K1N , DN ! K2K1NN , and
pY ! K2N . According to relativistic transport model
the pion andD induced sequential processes domina
the K1 production at bombarding energies near t
kinematical threshold [11,26]. In the case ofK2 mesons,
however, the measured yield is still about 6 times larg
than what is predicted to emerge from all pion induc
processes (including the strangeness exchange rea
pY ! K2N). In this comparison the in-medium mas
modifications are omitted but absorption is taken in
account [11].

Transport calculations predict different spectral slop
for K2 and K1 mesons as a result of the differences
the effective masses [12,27]. Figure 3 presents the r
of the invariant production cross sections (K2yK1) as a
function of the c.m. kinetic energy in C1 C collisions at
1.8A GeV. In such a representation the systematic unc
tainties of the experimental data are partly compensa
and the difference in slope is clearly visible. TheK2yK1

ratio steeply decreases with increasing kinetic energy of
K mesons. This is not a trivial observation asK2 mesons
with low energies are more strongly affected by abso
tion thanK2 mesons with higher energies [28]. Relativi
tic transport calculations predict a constantK2yK1 ratio
when in-medium mass modifications of theK mesons are
neglected [12]. If the calculations take into account
medium effects, both the yields and the spectral shape
the K mesons are modified. In this case theK2 yield at
low momenta is enhanced by a factor of about 5 (e.g.
Ekin

cm  0.1 GeV) mainly due to the reducedK2 effective
mass which drops according tomp  m0 (1 2 0.24ryr0)
[12]. This effect overcompensates the absorption ofK2

mesons by strangeness exchange reactionsK2N ! Yp

which are expected to reduce theK2 yield predominantly
at low kaon momenta [28].



VOLUME 82, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 22 FEBRUARY 1999

s

ha

a
f

a
d
r

ns
e

n
u

r
y

th
rl
I

c

k

ive

ov-
c
SI

ast

l.

l.

. B

t.

ys.
FIG. 3. K2yK1 ratio as a function of the center-of-mas
kinetic energy measured in C1 C collisions at1.8A GeV and
at Qlab  40±.

In Ni 1 Ni collisions at 1.8A GeV, a K1yK2 cross
section ratio of21 6 9 was found [14]. According to
Table I the corresponding ratio is39 6 6 in C 1 C
collisions. This result is in contrast to the expectation t
in the light system the absorption ofK2 mesons should
be reduced (theK1 meson cannot be absorbed in nucle
matter due to itss quark content). The observation o
a decreasingK1yK2 ratio with increasing size of the
collision system may be partly caused by phase sp
effects: at1.8A GeV, K1 production is above threshol
whereasK2 production is below, and the probability fo
subthreshold particle production via multiple collisio
rises with increasing number of participants. Anoth
reason could be the density dependence of theK2

effective mass. An increasing system size correspo
to an increased average baryonic density which in t
may cause a more strongly reduction of theK2 effective
mass and thus a lower effectiveK2 production threshold.
The resulting relativeK2 yield is enhanced in the heavie
system because the absorption is overcompensated b
lowered threshold.

In summary, we have measuredK1 andK2 production
in C 1 C collisions at beam energies below and near
kinematical threshold. The excitation functions nea
coincide when correcting for the threshold energy.
contrast, theK2yK1 ratio measured inp 1 p collisions is
about 0.01 for beam energies near threshold. The spe
slopes of theK2 mesons are steeper than the ones ofK1

mesons at the same beam energy. Within the framewor
t
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transport calculations, both the enhancedK2 yield and the
steepK2 spectral slope is explained by a reduced effect
mass of theK2 meson in the nuclear medium.
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