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Kaon production has been studied in NiNi collisions at beam energies of 0.8—1.8 Ge\cleon
with the kaon spectrometer at GSI. TH&" production cross section increases EB5202. Both
K* and K~ mesons are predominantly produced in central collisions. Fh¢K™ ratio measured at
equivalent beam energies below the respective particle production threshold is considerably larger for
Ni + Ni collisions than for nucleon-nucleon collisions near threshold. This is evidence for an enhanced
K~ production in the nuclear medium. [S0031-9007(97)03227-4]

PACS numbers: 25.75.Dw

Collisions between heavy nuclei at bombarding enerK~ production experiments offer the means to measure
gies of 1-2 GeYnucleon provide unique possibilities to the reduction of hadron masses in dense nuclear matter.
study nuclear matter at high temperature and density. The The available data on subthreshdtd™ production in
measured abundances and momenta of emitted particlesicleus-nucleus collisions are very scarce. Experiments
contain information on the thermal and on the collec-at the LBL Bevalac studied ™ production at®,,, =
tive energy of the fireball and thus can be linked to theD® in Ne + NaF and Si+ Si collisions at beam ener-
compressibility of nuclear matter [1]. Inside the hot andgies of 1.65—-2 GeY¥hucleon [13]. Similar experiments
dense nuclear medium, chiral symmetry may be partialllhave been performed at GSI-SIS also observitig
restored with the possible consequence of hadron massesons at®,,;, = 0° using Ne and Ni beams of 1.5-
modifications [2—4]. The production of kaons in nucleus-2 GeV/nucleon [14,15]. Subthreshokd™ production has
nucleus collisions and their propagation in the nucleabeen studied experimentally in A4 Au and Ne+ NaF
medium is regarded to be sensitive to both the nucleatollisions at 1 GeYnucleon [16,17].
equation of state and the modifications of hadron proper- In this Letter we report on the first measuremenkof
ties in the medium [5-10]. mesons produced in nucleus-nucleus collisions at sub-

Data on kaon production in nucleus-nucleus collisionghreshold bombarding energies with large kaon transverse
allow one to test predictions for the kaon self-energy inmomenta and with an impact parameter selection. These
the dense nuclear medium [2,3,7]. A general consequenaiata allow one to studi ~ production in central collisions
of the corresponding calculations—which is supported bywhere the nuclear density is highest) and at midrapidity
the analysis of data on kaonic atoms [11]—is the reducfwhere the kaons are little disturbed by interactions
tion of the antikaon mass in nuclear matter due to arwith spectator remnants). We present datakoh pro-
attractive antikaon-nucleon interaction. This effect mayduction in nucleus-nucleus collisions at 0.8, 1.0, and
lead to a novel scenario for neutron star dynamics and.8 GeV/nucleon, which represent the first experimental
black hole formationk ~ condensation sets in at nuclear K * excitation function in the region of the threshold beam
densities ofp = 3pg (po = 0.16 fm~3) and softens the energy (which is 1.58 GeV for fre¥N collisions). The
nuclear equation of state. Therefore, neutron stars witkdata allow one to compare kaon and antikaon production
lower masses than previously estimated would collapsen the nuclear medium under equivalent kinematical
into black holes [12]. In nuclear collisions, the evidenceconditions.
for an in-mediumK~ mass reduction would be a sig- The experiments have been performed with the mag-
nificantly lowered effectiveK ~ threshold and hence an netic spectrometer KaoS installed at the heavy ion syn-
increased cross section fa&f~ production at bombard- chrotron SIS at GSI Darmstadt [18]. We used®ali
ing energies below 2.5 GeV (which is t& production beam with an intensity of0’ ions per spill impinging on
threshold for freeVN collisions). Therefore, subthreshold a "*Ni target of 0.45 g/cn? thickness. Protons, pions,
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TABLE I. Kaon numbers, inverse slope parameters, and in-The absolute values of the cross sections are affected by
clusive cross sections for kaon productidar/d(). , at midra-  an additional error of 15% (see Table I). The lines in
pidity for Ni + Ni collisions. The values are determined by Fig. 1 correspond to Boltzmann distributiodo /dp3 o

fitting the data with a Maxwell Boltzmann distribution ; : .
d30_?dp3 = exp—E/T) and integrating the fitted curve over exp(—E/T) fitted to theK* spectra. The resulting in-

momentum. The facto#s assumes isotropic emission. The Verse slope parametefs and energy integrated cross
error of do/dQ). .. includes the uncertainty of the extrapola- sections for kaon productiodo/d{). ., at midrapidity
tion to low momenta and a systematical error of 15% which isgre given in Table I. Thek™ data taken at 1.8 GeV
due to the uncertainties of acceptance determination, deteCt@y,cieon show deviations from the Boltzmann fit which
and analysis efficiencies, and beam flux normalization. The_ . . - .
error of the inverse slope parameteris determined by the fit &r€ |_ncluded in the systematic error of the |r_1tegra_ted_cross
procedure. section. The increase of thE€™ cross section with in-
creasing beam energy,.., can be parametrized accord-

ing to do/dQem.  Eronl?. The K~ invariant cross

47 X do/dQem.

E (GeV/nucleo N(K T (MeV mb R .
(Gev/ D ( )+ ( ) (mb) section in Fig. 1 agrees reasonably well with #ie data
0.8 1050 K7 59 - 6 0.85 - 0.2 measured in Ni+ Ni collisions at 1.85 GeYnucleon by
i'g égzg §+ ;g - 2 25; - (1)'55 the FRS spectrometer positioned @f,, = 0° [14,15].
18 270 K- 90 + 15 27+ 1 '(I:'P:Tl]s f?grrr:aeemem suggests isotroffic” emission in the

The kaon production probability increases strongly
. with increasing centrality. This is demonstrated in Fig. 2
and kaons were observed within a polar angular rangghich shows the kaon and pion multiplicities per solid
of 40° < @,p < 48° and within a momentum range of zngle andd,,, as a function of the number of participat-
0.3 GeV/c < piap < 1.15 GeV/c. The numbers of rég- ing’nicleonst .. The data are measured around midra-
istered kaons are given in Table I. The proton and p'orbidity in Ni + Ni collisions at 1.8 GeYnucleon (left
dat"’_‘ have been publlsh_ed el_sewhere [19]. ) ) panel) and at 1.0 GeMucleon (right panel). For compari-
Figure 1 shows the invariark * cross sections inte- ¢onthex~ data taken at 1.8 GeMucleon are superim-
grated over impact parameter (open symbols) as & fungsoseq on the data taken at 1.0 Gevcleon. The collision
tion of the c.m. kinetic energy measured in NiNi  coniality is tagged by the number of charged particles
collisions at 0.8, 1.0, and 1.8 Gglucleon around midra- aa5yred with a granulated large-angle plastic-scintillator

pidity. The K~ data (full symbols) are measured at 5q4scope [18]. We define the meson multiplicity per
1.8 GeV/nucleon. The error bars represent the countig angle around midrapidity agM/dQ., = (do/

ing statistics and the uncertainty of kaon |dent|f|cat|on.dQC‘m.)/GR with do/dQ.,, the differential meson
production cross section integrated over momentum (mea-
sured aroun®. ,,. = 90°) andok the reaction cross sec-

105 b ' ' c')K+I 1.é GIeV/;w _ tion. The meson production cross sections are measured
E oK' 1.0 GeVW/n 7 for each centrality bin. Foorg we take the geometrical
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FIG. 2. Kaon and pion multiplicities per c.m. solid angle and
FIG. 1. Inclusive invarianK™ and K~ production cross sec- per number of participating nucleodM /d€cm /Apae @S a
tions for Ni + Ni collisions as a function of the c.m. energy. function of A, for Ni + Ni collisions at 1.8 GeYnucleon
The data are taken db° < @,, < 48°. TheK" spectra are (left) and at 1.0 GeYnucleon (right). The black squares in
fitted by Maxwell-Boltzmann distributions (see Table I). both panels represeit™ data for 1.8 GeYnucleon.
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cross sectiod 7 rgA%/3 with ry = 1.2 fm. The number of T T T T T T

participating nucleond,,; is assumed to be proportional 103

to the geometrical overlap of the colliding nuclei for

a given impact parameter. The values 4f,: then

are determined by a Monte Carlo simulation for each —

centrality bin. The calculation is based on measured -g_
©
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yields and slopes of protons, deuterons, and pions and

reproduces the charged particle multiplicity as measured

by the large-angle hodoscope. 10!
In contrast to the pions, thE&* andK ~ multiplicity per

Apar increases strongly with increasindg,,. This effect

was first found in Au+ Au collisions at 1.0 GeYnucleon
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and interpreted as a signature of multiple collisions con- 10
tributing dominantly to subthresholkl ™ production [16]. 0.1 1
For Ni + Ni collisions the centrality dependence of the ‘/g_’lsth. (GeV)

kaon multiplicity can be parametrized e /d Q. . >

A% With @ = 1.65 + 0.15 for K™ at 1.8 GeVnucleon, FIG. 3. Inclusivek and K~ cross sections i + p colli-

« =18 = 0.3 for K~ at 1.8 GeVnucleon, ande =  Sions as a function of the energy above threshold. Open sym-

+ _ bols:pp — K™ + X. Full symbols:;pp — K~ + X (the two
170 £ 0.25 for K™ at 1.0 GeYnucleon. The quoted er data points near threshold are deduced fi&fnmeasurements,

rors result from Fhe unc;ertainty in the determination ofgee text). The data are taken from [20]. The lines correspond
Apare and of the differential cross sectiaty /dQ. . (S€€  to parametrizations according to [23].

Table I).

In the following we discuss a method to systematically
investigateK ~ production in the nuclear medium. We [20]. According to isospin considerations these processes
compare theK ™ yield measured in nucleus-nucleus col- correspond toK~ production in pr and nn collisions
lisions to theK ™ yield from free nucleon-nucleon col- and are used to estimate the cross section for the reac-
lisions. However, this comparison cannot be performedion pp — K"K~ pp [22]. The K~ data above/s —
at the same bombarding energy, as we study subthreskfsyes = 1 GeV in Fig. 3 are the sum of different
old K~ production in order to amplify a possible effect. exclusive cross sections including those with one or
Therefore, we introduce an intermediate step: we deteftwo additional pions in the exit channel [22]. The lines
mine theK ~ /K" ratio at equivalent bombarding energiesin Fig. 3 represent a parametrization of the elementary
both in nucleus-nucleus and in nucleon-nucleon collisionskaon and antikaon cross sections performed within the
The concept of equivalent beam energies corrects fdiramework of a quark statistical phase space calculation
the different production thresholds. For example, a sef23]. The calculation is in rough agreement to a new ex-
of equivalent beam energies is 1 GaWicleon forkK * perimental value ofo(pp — ppK*A) =82+ 1.8 nb
production and 1.8 GeXhucleon for K~ production. measured at/s — \/sies = 2 MeV [24].  According
The resultingQ values are identicaly/s — /Sihres = to Fig. 3 the elementark ™ cross section is larger than
—0.23 GeV for both processe8N — K" AN at 1.0 GeV  the K~ cross section by about 1 order of magnitude for
andNN — K*K~NN at1.8 GeV. The study & */K~  equivalent proton energies close to threshold. The an-
ratios at equivalent beam energies has the advantage thidaon data as presented in Fig. 3 and the parametrizations
trivial medium effects like Fermi motion or multiple col- do not depend on isospin [23]. When assumirigpp —
lisions largely cancel out. K" + X) = o(pn — K* + X) and neglecting* pro-

According to Figs. 1 and 2 th& " yield at 1 GeV  duction via neutron-neutron collisions, ti&* /K~ ratio
nucleon agrees roughly with th€~ yield at 1.8 GeY  reduces from 10 for proton-proton collisions to about 7 for
nucleon. Not only the cross section but also the depemucleon-nucleon collisions at equivalent beam energies.
dence oM, is equal fork* andK ~ observed at equiva- As shown above we find & * /K~ ratio of 1 = 0.4
lent energies. The correspondiikg /K* ratio is found in Ni + Ni collisions at equivalent beam energies: this
to bel = 0.4. This result for nucleus-nucleus collisions corresponds to an enhanced in-medikm production by
is quite different from thek ~ /K * ratio for proton-proton a factor of7 = 3. The error is due to the uncertainty
collisions. Figure 3 shows the available data on inclusiven the determination of the differential cross sections (see
cross sections fok ¥ and antikaon production in proton- Table I). The enhancement of tii&" yield is contrary to
proton collisions as a function of the energy above threshthe expectation, ak~ mesons are strongly absorbed in
old. Thek* data are taken from [20,21]. Data &~ the nuclear medium by strangeness exchange reactions like
production inpp collisions are very rare. The antikaon K~ N — Y7 with Y = A, 3 [25]. In contrast, thek *
data points aty/s — /smes = 0.48 and 0.63 GeV in meson can hardly be absorbed due to its antistrange quark
Fig. 3 are determined by taking the sum of the measurednd the charge exchange reacti&nn — K°p does not
cross section forpp — K*K°pn and pp — K°K°pp  lead toK™* losses in isospin symmetric nuclear matter. In
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the following we discuss in-medium effects which might In summary, kaon production has been measured in
cause an enhancel~ production in nucleus-nucleus Ni + Ni collisions at 0.8—1.8 Ge¥hucleon. ThekK™
collisions with respect to nucleon-nucleon collisions: production excitation function rises according ad
(i) If thermodynamical equilibrium would be ap- Ey:0?. Thek* and thek ~ multiplicity per solid angle
proached already in N Ni collisions at 1.8 GeY rises strongly with an increasing number of participating
nucleon, the small elementark~ cross section is nucleons. Th& " /K~ ratio at equivalent beam energies
compensated by a large number of baryonic collisionsyields experimental evidence for an enhanéedproduc-
However, the steep rise of both the” andK ~ multiplic-  tion in the nuclear medium as compared to free nucleon-
ity per participant with increasing number of participantsnucleon collisions.
(see Fig. 2) is at variance with the picture of an equili- This work is supported by the German Federal Gov-
brated system. ernment (BMBF), by the Polish Committee of Scientific
(i) In medium kaon production may proceed via Research (Contract No. 2P03B11109), and by the GSI
secondary processes involving pionsN — K*K~N  fund for University collaborations.
and 7N — K'Y with Y = A,3 [26]. Close to the
respective thresholds, the isospin averaged cross sections
for K™Y production is a factor of 5—-10 larger than the
K"K~ cross section [22,26]. In addition, the number
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