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Abstract. Production cross-sections of charged pions, kaons and antikaons have been measured in C+C
and C+Au collisions at beam energies of 1.0 and 1.8 AGeV for different polar emission angles. The kaon
and antikaon energy spectra can be described by Boltzmann distributions whereas the pion spectra exhibit
an additional enhancement at low energies. The pion multiplicity per participating nucleon M(π+)/〈Apart〉
is a factor of about 3 smaller in C+Au than in C+C collisions at 1.0 AGeV whereas it differs only little for
the C and the Au target at a beam energy of 1.8 AGeV. The K+ multiplicities per participating nucleon
M(K+)/〈Apart〉 are independent of the target size at 1 AGeV and at 1.8 AGeV. The K− multiplicity per
participating nucleon M(K−)/〈Apart〉 is reduced by a factor of about 2 in C+Au as compared to C+C
collisions at 1.8 AGeV. This effect might be caused by the absorption of antikaons in the heavy target
nucleus. Transport model calculations underestimate the K−/K+ ratio for C+C collisions at 1.8 AGeV by
a factor of about 4 if in-medium modifications of K-mesons are neglected.

PACS. 25.75.Dw Particle and resonance production

1 Introduction

The study of meson production and propagation in rel-
ativistic nucleus-nucleus collisions has become an impor-
tant experimental tool for the investigation of the proper-
ties of nuclear matter at high densities and of the hadron
self-energy in a dense nuclear medium [1–3]. The pion mul-
tiplicity measured in heavy-ion experiments at the BE-
VALAC has been correlated with the thermal energy of
the fireball in order to extract information on the nuclear
matter equation of state [4]. In a more advanced approach,
the production of kaons in nucleus-nucleus collisions at
beam energies below the threshold for free NN collisions
(Ebeam = 1.58 GeV for NN→K+ΛN) is used to probe the
compressibility of nuclear matter [5,6].

The properties of strange mesons in a medium of fi-
nite baryon density are essential for our understanding of
strong interactions. According to various theoretical ap-
proaches, antikaons feel strong attractive forces in the nu-
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clear medium whereas the in-medium kaon-nucleon poten-
tial is expected to be slightly repulsive [7–10]. Predictions
have been made that the effective mass of the K−-meson
decreases with increasing nuclear density leading to K−
condensation in neutron stars above 3 times the satura-
tion density ρ0. This effect is expected to influence sig-
nificantly the evolution of supernova explosions: the K−
condensate softens the nuclear equation of state and thus
causes a core with 1.5–2 solar masses to collapse into a
black hole rather than to form a neutron star [11,12].

Heavy-ion collisions at relativistic energies — where
baryonic densities of several times the saturation density
are reached — offer the possibility to study in-medium
properties of strange mesons. In dense nuclear matter the
K− effective mass is predicted to be reduced and thus the
kinematical threshold for the process NN→K−K+NN will
be lowered. As a consequence, the K− yield in nucleus-
nucleus collisions at bombarding energies below the NN
threshold (Ebeam = 2.5 GeV for NN→K+K−NN) is ex-
pected to be enhanced significantly as compared to the
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case without in-medium mass reduction. In contrast, the
yield of K+-mesons is predicted to be decreased as the
K+ effective mass and thus the in-medium K+ produc-
tion threshold is slightly increased [13,14,9].

The large antikaon/kaon ratio measured in nucleus-
nucleus collisions at “subthreshold” beam energies has
been interpreted as a signature for significant in-medium
modifications of antikaons [13–16]. Moreover, anisotropies
of the azimuthal emission pattern of kaons have been mea-
sured and explained by an in-medium kaon nucleon poten-
tial [17,18]. The same explanation was proposed for the
observation of a vanishing in-plane flow of kaons [19,20].

The various ratios of particles produced in nucleus-
nucleus collisions can be used as a “thermometer” if an
equilibrated fireball has been created [21,22]. Whether
this happens or not is still a matter of debate. Up to now,
particle ratios measured in Ni+Ni and Au+Au at SIS en-
ergies have been explained both by transport calculations
and by a thermal model which assumes a common freeze-
out temperature [22].

In contrast to heavy-collision systems, very light or
strongly asymmetric systems allow to differentiate be-
tween theoretical descriptions such as thermal models
or transport models. Predictions of statistical models —
which are based on the assumption of a hadronic fireball in
thermal and chemical equilibrium — might disagree with
the data whereas transport models should be well suited
for the description of nonequilibrated systems. Moreover,
compressional effects are negligible in light symmetric col-
lision systems, and hence nearly no collective flow is cre-
ated. Therefore, the particle spectra reflect only the “ther-
mal” energy of the particles. In addition, absorption effects
should be small.

Another important aspect of particle production in
nucleus-nucleus collisions is the absorption of particles in
the cold spectator matter or in the dilute stage of the
collision. This question is crucial when particle multiplici-
ties are used as a “calorimeter” (to determine the thermal
energy of a fireball) or as a probe for in-medium effects
(e.g., when particle yields or ratios are related to effective
masses in nuclear matter). This aspect can be studied in
strongly asymmetric collisions where the large target spec-
tator provides a source of particle absorption.

Therefore, the comparison of particle yields in light
symmetric and strongly asymmetric collision systems may
shed light on i) in-medium and absorption effects in the
absence of compression and flow and on ii) the predictive
power of statistical and nonequilibrium models. There is
also an experimental challenge connected with the inter-
pretation of data measured in asymmetric collisions. As
the velocity of the particle emitting source is not known a
priori, it is hard to disentangle the effects of the Lorentz-
boost, the polar angle distribution and rescattering of
particles from spectator matter. These effects will be dis-
cussed below.

Pioneering experiments on kaon production in nucleus-
nucleus collisions have been performed with a single-arm
spectrometer at the BEVALAC [23]. Those measurements
made use of the highest possible beam energy of 2.1 AGeV

in order to enhance the kaon-to-proton ratio. Antikaons
have been measured in beam-line spectrometers at Θlab =
0◦ which have a small acceptance in solid angle and mo-
mentum but an efficient partice identification capability
[24,25]. In this article we present experimental results on
the production of pions, kaons and antikaons in C+C and
C+Au collisions at beam energies of 1.0 and 1.8 AGeV
measured at various laboratory angles. The paper is ar-
ranged as follows. In the next chapter the experimental
setup is described. Then the experimental results are pre-
sented: double-differential cross-sections for the produc-
tion of pions, kaons and antikaons in the laboratory frame
for C+C and C+Au collisions and invariant cross-sections
for C+C collisions in the center-of-mass (c.m.) frame. For
the symmetric system we find a nonisotropic polar an-
gle distribution. Then we discuss the dependence of the
particle multiplicities on the number of participating nu-
cleons (Apart) in symmetric collisions and use the scaling
behaviour to estimate Apart for the asymmetric C+Au
system. We determine the velocity of the particle emit-
ting source in C+Au collisions with a transport calculation
and discuss spectral shapes in the source frame. Finally
we discuss in-medium effects and compare the data to the
predictions of transport calculations.

2 Experimental setup

The experiments reported here have been performed with
the Kaon Spectrometer (KaoS) [26] at the heavy-ion syn-
chrotron SIS at GSI in Darmstadt. KaoS was designed to
identify kaons and antikaons in collisions between heavy
nuclei at very low beam energies: the proton/pion/kaon
ratio can be as large as 106/104/1. In order to make use
of the highest beam intensities, the experiment is equipped
with an efficient kaon trigger based on time-of-flight and
Cherenkov detectors. Moreover, the KaoS setup is able to
determine the centrality of the collision, the number of
participants and the orientation of the reaction plane.

Figure 1 shows a sketch of the experimental setup. The
spectrometer consists of a double-focussing quadrupole-
dipole combination with a large acceptance in momentum
(pmax/pmin ≈ 2) and solid angle (Ω ≤ 35 msr). The max-
imum dipole magnetic field is B = 1.95 T corresponding
to a momentum of pmax = 1.6 GeV/c for particles with
charge one.

The spectrometer is equipped with plastic scintillator
arrays for time-of-flight measurements. The start detector
consists of 16 elements (length 220 mm, width 30 mm,
thickness 4 mm) and is located between the quadrupole
and the dipole magnet. The time resolution is about 320 ps
FWHM. The stop detector consists of 30 elements (length
380 mm, width 37 mm, thickness 20 mm) and is positioned
along the focal plane of the spectrometer. The time reso-
lution is about 100 ps FWHM, the distance from start to
stop detector is 3–4 m depending on trajectory.

A plastic scintillator hodoscope (Large Angle Ho-
doscope, “LAH”) consisting of 84 modules is located 8–13
cm downstream of the target. The modules are arranged in
3 rings and cover a polar angle range of 12◦ < Θlab < 48◦.
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Fig. 1. Sketch of the Kaon Spectrometer and its detector system.
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Fig. 2. Phase space covered by the Kaon Spectrometer with 4
angles and 3 magnetic fields in the transverse-momentum vs.
rapidity plane. The scatter plot of the measured kaons is not
corrected for acceptance.

This detector measures the multiplicity of charged parti-
cles which is correlated to the centrality of the collision.
The time signals generated by the particles (mostly pro-
tons, deuterons and pions) in the LAH are used to deter-
mine the time when the reaction takes place in the target
(t = 0). The time-of-flight between LAH and the start de-
tector (distance about 1.7 m) provides additional indepen-
dent information on the particle velocity. The comparison
of the two measurements of the particle velocity (LAH-
Start and Start-Stop) efficiently reduces the background
of rescattered particles with false trajectories.

The particle trajectories were measured with three
large area multiwire proportional chambers (MWPC).
The first MWPC has an active area of 30×60 cm2 and
is located between quadrupole and dipole. The 2. and 3.
MWPC have active areas of 35×120 cm2 and are posi-
tioned between dipole magnet and stop detector. The po-
sition resolution of the chambers is 1 mm FWHM. The
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Fig. 3. Mass/Z distribution of positively (top) and negatively
(bottom) charged particles for different trigger and tracking
conditions.
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quality of track recognition and vertex reconstruction is
limited by small-angle straggling in the detectors and in
the air.

A Cherenkov threshold detector is positioned behind
the TOF stop wall [27]. The aim of this detector is to pre-
vent high-energy protons from triggering the data aquisi-
tion, if the time-of-flight difference of protons and kaons
is too small to be discriminated by the TOF trigger. The
threshold velocity for particles producing Cherenkov light
is β = 1/n with n the refractive index of the radiator ma-
terial. We chose lucite (n = 1.49) and water (n = 1.34) as
radiators corresponding to threshold velocities of β = 0.67
and β = 0.75, respectively. The Cherenkov detector covers
an area of 40×190 cm2 and consists of 10 lucite modules
at the low momentum side (height 40 cm, width 10 cm,
thickness 5 cm) and 6 water modules at the high momen-
tum side (height 40 cm, width 10 cm, thickness 10 cm).
The overall efficiency of the Cherenkov detector for pions,
kaons and protons is 0.96, 0.86 and 0.02, respectively, at
particle momenta between 0.64 and 1.14 GeV/c.

The (hardware) kaon trigger is based on TOF and
Cherenkov information. The kaon TOF trigger rejects all
particles which differ in time-of-flight by a few nanosec-
onds from the nominal value of the kaon time-of-flight for
a given magnetic field configuration. Depending on the
magnetic field of the spectrometer, the kaon TOF trig-
ger reduces the proton trigger rate by a factor of 10–100
and the pion trigger rate by a factor of about 10. At high
magnetic fields where the TOF difference between protons
and kaons becomes small, the requirement of a Cherenkov
signal reduces the proton trigger rate by another factor of
about 10 (with the TOF trigger active).

The spectrometer can be pivoted on the target point
within the angular range of 0◦ < Θlab < 130◦. Fig-
ure 2 displays as an example the coverage of phase space
achieved with 4 angles and 3 magnetic fields for kaons
measured at 1.8 AGeV beam energy.

The beam intensity is determined with two plastic
scintillator telescopes which consist of 3 detectors (40×40
mm2) each. The telescope arms point to the target at Θlab

= 100◦ in the horizontal plane. The distance between the
target and the first detector and between the subsequent
detectors is 15 cm. The counting rate of the threefold coin-
cidences of the detectors of each telescope arm is recorded
with a scaler. This counting rate is proportional to the
beam current. In fact, we take the average counting rate
of the two telescopes in order to correct for a (horizon-
tally) noncentral beam position at the target. The cal-
ibration factor (beam intensity/telescope counting rate)
is determined by reducing the beam intensity to about
50000 ions/s and counting the beam directly with a mov-
able plastic scintillator (20×20×3mm3).

The challenge of the experiment is the identification of
kaons and antikaons in the presence of a large background.
This background is caused by i) rescattered particles,
mostly high-energetic protons which hit the yoke of the
quadrupole and are deflected into the focal plane detectors
and ii) two particles from different reactions producing a
random coincidence in the start/stop detectors and spu-

rious tracks in the MWPCs. The reconstruction of these
false tracks may result in an entry at a mass around 500
MeV/c2 which contributes to the “background” below the
kaon mass peak. Track recognition is performed by mea-
suring hits in the second and third MWPC. These tracks
are extrapolated to the first MWPC in which the calcu-
lated hit positions are compared to the measured ones.
The calculation of the trajectories is based on GEANT
simulations. Moreover, the tracks are extrapolated to the
start and stop detectors and the calculated positions are
compared to those paddles which had been hit by parti-
cles. Finally, the particle velocity measured between the
LAH and the start detector is compared to the one mea-
sured between the start and the stop detector. A track
is rejected, if the difference ∆x (between measured and
calculated positions) and the velocity difference ∆β (mea-
sured with the two TOF sections) exceed a value of 3 σ
of the ∆x and ∆β distributions, respectively. The losses
due to these cuts are determined by kaon data with low
background, i.e. kaon measurements at high bombarding
energies (1.8–2.0 AGeV). These cuts are used also for the
analysis of antikaons. The sum of all losses is about 20%.

The geometrical acceptance of the spectrometer and
kaon decay in flight is determined by Monte Carlo simula-
tions using the code GEANT. The kaon trigger efficiency
is measured with the so-called “pseudokaons” which are
protons (or pions) having the same velocity as the kaons
in the experiment. This is achieved by choosing appropri-
ate magnetic fields of dipole and quadrupole and using
the same TOF-trigger conditions as for the kaon measure-
ment. Similarly, the efficiency of the Cherenkov trigger is
determined. The kaon trigger efficiency is about 90%. The
efficiency of the MWPCs for the identification of minimum
ionizing particles is measured to be better than 95%.

The quality of particle identification in C+C collisions
at 1.8 AGeV is shown in fig. 3 for positively (top) and
negatively charged particles (bottom) as function of their
mass over charge ratio m/Z. The light grey spectrum is
measured with a trigger on charged particles in the spec-
trometer without time-of-flight condition. The medium
grey spectrum is measured with the TOF trigger. The
dark spectrum is measured with the kaon trigger and anal-
ysed with conditions on tracking and particle velocity. The
background near to the K mass is reduced by more than
two orders of magnitude. What remains is quantified by a
fit and is subtracted.

The measurements reported here have been performed
with a carbon beam. The beam energy, the target isotope
and thickness, the measured kaon rates and numbers are
listed in table 1.

3 Experimental results

The systematic errors of the measured cross-sections pre-
sented in this chapter amount to about 15%. These errors
are due to the uncertainties of beam normalization (7%),
efficiencies of the TOF-trigger (5%), detector efficiencies
(2%), track recognition (7%), kaon background subtrac-
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Table 1. Beam energy, target isotope and thickness; approximate rates and total numbers of identified kaons and antikaons.
The beam intensity is 108 ions per spill which had an average length of 4 s with a pause of 2 s (at 1 AGeV) and 4 s at (1.8
AGeV). The pion recording rate is typically 1–2×105/h.

Beam Target Target K+ K− K+ K−

energy thickness rate rate number number

1.0 AGeV 12C 5 mm 25/h − 1200 −
1.8 AGeV 12C 5 mm 900/h 25/h 17000 2000
1.0 AGeV 197Au 0.5 mm 120/h − 770 −
1.8 AGeV 197Au 0.5 mm 3000/h 70/h 13000 1300

Table 2. System, beam energy, laboratory angles, inverse slope parameters, inclusive production cross-sections and multiplicities
per participating nucleon for pions, kaons and antikaons. The values for T and σ are determined by fitting a Boltzmann
distribution d3σ/dp3 ∝ exp(−E/T ) to the data. In the case of pions a superposition of two Boltzmann distributions is fitted
and the slope parameter of the high-energy pions (T2) quoted. In the extrapolation to full phase space the nonisotropic angular
distribution is taken into account (see text). The definition of M/〈Apart〉 is given in the text. The quoted errors on the cross-
sections include systematic effects.

System Beam energy Θlab T2(π
+) T (K+) σ(π+) σ(K+) M(π+)

〈Apart〉
M(K+)
〈Apart〉

(AGeV) (MeV) (MeV) (b) (mb) ×10−2 ×10−5

C+C 1.0 44◦, 70◦ 57±5 58±6 0.35±0.05 0.1±0.02 6.1±0.9 1.8±0.35
C+Au 1.0 44◦, 70◦ 68±5 76±5 1.2±0.2 1.2±0.2 1.8±0.3 1.8±0.3
C+C 1.8 32◦, 40◦, 48◦, 60◦ 76±5 75±5 0.69±0.1 3.0±0.3 12.1±1.8 53±5
C+Au 1.8 40◦, 60◦ 80±6 90±6 5.0±0.7 30±5 7.6±1 45±8

System Beam energy Θlab T2(π
−) T (K−) σ(π−) σ(K−) M(π−)

〈Apart〉
M(K−)
〈Apart〉

(AGeV) (MeV) (MeV) (b) (mb) ×10−2 ×10−5

C+C 1.8 40◦, 60◦ 76±6 55±6 0.64±0.1 0.076±0.02 11.2±1.8 1.3±0.35
C+Au 1.8 40◦, 60◦ 82±6 73±7 6.0±1 0.5±0.15 9.1±1.5 0.75±0.23

tion (5%), dead-time correction (7%) and acceptance cal-
culation by GEANT (5%).

3.1 Differential production cross-sections

Figures 4 and 5 present the double differential cross-
sections for the production of pions, kaons and antikaons
in C+C and C+Au collisions at a beam energy of 1 AGeV
and 1.8 AGeV, as function of the laboratory momentum.
Each particle species has been measured at least at two
laboratory angles in order to obtain an estimate of the
polar angle distribution.

In order to study the properties of the particle emitting
source, one has to determine the shape of the particle spec-
tra and the angular distributions in its particular Lorentz
frame. The transformation of the data into the center-of-
mass of the participating nucleons is well defined only for
symmetric systems. Therefore, we present in the following
only the data taken in C+C collisions. The determination
of the velocity of the particle emitting source in C+Au
collisions will be discussed in the next chapter.

Figure 6 shows the invariant production cross-sections
E d3σ/dp3 for pions, kaons and antikaons in C+C colli-
sions at 1.0 (top) and 1.8 AGeV (bottom) as a function of
their kinetic energy in the c.m. system. Boltzmann distri-

butions d3σ/dp3 ∝ exp(−E/T ) have been fitted to the K+

and K− spectra. In contrast, the pion spectra cannot be
described well by a single Boltzmann distribution. There-
fore, a superposition of two distributions has been fitted to
the pion differential cross-sections. The inverse slope pa-
rameters for the K-mesons and for the high energy pions
are listed in table 2.

The K+ (and K−) spectra measured at different labo-
ratory angles are slightly different when presented in the
c.m. system. This indicates that the polar angle distribu-
tion is nonisotropic. A method to extract information on
the angular distribution from our data is discussed in the
next section.

3.2 Polar angle distributions in C + C collisions

In C+C collisions at 1.8 AGeV we have measured K+-
mesons at laboratory angles of Θlab = 32◦, 40◦, 48◦ and
60◦. Figure 7 shows the double differential cross-sections
as function of the laboratory momentum. The dotted lines
correspond to a simultaneous fit of a Boltzmann distri-
bution d3σ/dp3 ∝ exp(−E/T ) to the spectra assuming
isotropic emission. The fit results deviate systematically
from the data: near midrapidity (Θlab = 32◦) the fit
overestimates the data whereas at backward rapidities
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der different laboratory angles (as indicated) as a function of
laboratory momentum.

(Θlab = 60◦) the fit underestimates the data. In order
to improve the agreement between fit and data, we as-
sume a forward-backward peaked polar-angle distribution
according to

d3σ/dp3 ∝ (1 + a2 cos2 Θc.m.) exp(−E/T ) . (1)
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The solid lines represent a simultaneous fit of this func-
tion to the data. The resulting parameters are a2 =
0.54±0.25 and T = 75 ± 5 MeV corresponding to a for-
ward/backward peaked polar angle distribution. The frac-
tion of nonisotropically emitted kaons can be determined
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of the c.m kinetic energy.

by integrating eq. (1) over full phase space:

∫
dp3d3σ/dp3 ∝

∫
dφ d cos Θ(1 + a2 cos2 Θ)

∫
p2dp exp(−E/T ) , (2)
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Fig. 7. Inclusive double-differential cross-sections for the pro-
duction of K+-mesons in C+C collisions at a beam energy of
1.8 AGeV under different laboratory angles (as indicated) as
a function of the laboratory momentum. The lines represent
a simultaneous fit of a Boltzmann distribution to the data as-
suming an isotropic (dotted lines) and a nonisotropic (solid
lines) polar-angle distribution (see text).

with dp3 = p2dp dφ d cos Θ and separation of the angular
and momentum dependence. The integration over the an-
gles yields 4π(1+a2/3). This means that the nonisotropic
fraction of the total K+ production cross-section is only
(a2/3)/(1 + a2/3) = 0.15±0.07 for C+C collisions at 1.8
AGeV.

3.3 Total production cross-sections

When integrating the double-differential cross-sections for
K+ production in C+C collisions at 1.8 AGeV (as pre-
sented in fig. 7) over the full phase space assuming an
isotropic emission in the c.m. system, one obtains for the
total cross-section the values σK+ = 2.4 ± 0.3 mb(Θlab =
32◦), σK+ = 2.9 ± 0.3 mb(Θlab = 40◦), σK+ = 3.3 ±
0.3 mb(Θlab = 48◦) and σK+ = 3.6 ± 0.4 mb(Θlab = 60◦).
The different results demonstrate the influence of the
polar-angle distribution.

Total meson production cross-sections can be ex-
tracted from our data by integrating the fit function in
eq. (1) over full phase space. Using this procedure we ob-
tain for the total K+ production cross-section in C+C
collisions at 1.8 AGeV a value of σK+ = 3.0±0.3 mb.

A second method for the determination of the pro-
duction cross-section is based on i) the assumption of a
parabolic polar angle distribution (according to eq. (1))
and on ii) the observation that for a certain laboratory an-
gle an isotropic particle source and a nonisotropic source
yield the same differential cross-section. This matching
angle is about Θlab = 42◦ for K+-mesons from C+C pro-
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duction at 1.8 AGeV (see fig. 7). Therefore, the total cross-
sections calculated for different laboratory angles (assum-
ing isotropic emission, see above) can be interpolated to
the angle of Θlab = 42◦. The result is σK+ = 3.0±0.3
mb, exactly the same value as for the simultaneous fit of a
nonisotropic angular distribution. The second method has
the advantage that the result of the interpolation is largely
independent of the value of a2. Therefore, the error of a2

which might be very large when only two laboratory an-
gles have been measured, influences the result only weakly.
The matching angle depends only on the beam energy and
on the assumption of a parabolic polar angle distribution.

Table 2 contains the total production cross-sections for
pions, kaons and antikaons measured in C+C and C+Au
collisions at 1.0 and 1.8 AGeV. The calculation of the
cross-sections for the asymmetric C+Au system requires
information on the velocity of the particle emitting source
(see next section).

3.4 The kaon-emitting source in C + Au collisions

In order to study the properties of the fireball the particle
observables have to be analysed in the rest frame of the
source. For a symmetric collision system, this frame coin-
cides with the center-of-mass frame of the nuclei (i.e. the
nucleon-nucleon c.m. frame). For the asymmetric C+Au
system the situation is much less clear. In a first step,
one can roughly estimate the number of the participat-
ing nucleons (and their origin) for the C+Au system by a
geometrical model assuming straight line geometry [28]

〈Apart〉 =
APπR2

T + ATπR2
P

π(RP + RT)2
, (3)

with AP and AT the mass number and RP and RT the
radius of projectile and target nucleus, respectively. For
symmetric collisions systems the average number of par-
ticipants is 〈Apart〉 = A/2, i.e. 〈Apart〉 = 6 for 12C+12C
collisions. For 12C+197Au collisions the average number of
participants (for inclusive reactions) is 〈Apart〉 = 22 with
6.6 participants from the projectile and 15.4 from the tar-
get nucleus according to eq. (3).

However, with respect to particle production, the num-
ber of participating nucleons from the target nucleus
might differ from the geometrical estimate. Therefore, we
have extracted the velocity of the particle-emitting source
from a transport model calculation. Bratkowskaya and
Cassing have calculated K+ production in C+Au colli-
sions at 1.8 AGeV with their RBUU code [2] and made the
events available to us. The calculation uses a parameteri-
zation of elementary cross-sections which is based on data
including those recently measured at COSY [29] and takes
into account rescattering and in-medium effects. The pre-
dictions of the model calculation agree well with the dif-
ferential cross-sections for K+ and K− production in C+C
and C+Au collisions (see sect. 4). We have analysed the
momentum distribution of the kaons and have determined
the reference frame in which the average longitudinal mo-
mentum of the kaons is zero. This frame moves with the

velocity of a fireball which contains twice as many nucle-
ons from the target than from the projectile nucleus (e.g.
6 projectile nucleons and 12 target nucleons). The fireball
velocity is β = 0.44 for the C+Au system at 1 AGeV (as
compared to β = 0.59 for C+C at 1 AGeV) and β = 0.56
for the C+Au system at 1.8 AGeV (as compared to β =
0.70 for C+C).

Within these source frames both kaons and antikaons
are emitted nearly isotropically. This is demonstrated for
K+-mesons in the upper part of fig. 8 both for RBUU
predictions and data. Figure 8 (top) presents the invari-
ant cross-sections for K+ production in C+Au collisions at
1.8 AGeV transformed into the frame of the source which
contains twice as much nucleons from the target nucleus
than from the projectile. The K+ spectra taken at Θlab =
40◦ and 60◦ nearly coincide in this representation. In con-
trast, when transforming measured and calculated spectra
into the nucleon-nucleon frame (e.g., a source containing
6 nucleons from the projectile and 6 from the target) the
polar angle distribution appears very much nonisotropic
(see lower part of fig. 8).

In order to determine spectral distributions and mul-
tiplicities of pions, kaons and antikaons from C+Au col-
lisions, we adopt source velocities of β = 0.45 and 0.56
for beam energies of 1.0 and 1.8 AGeV, respectively, as
given by the RBUU transport calculation for K+ and K−-
mesons. Figure 9 presents the invariant meson production
cross-sections in C+Au collisions at 1.0 AGeV (top) and
1.8 AGeV (bottom) as a function of the kinetic energy in
the source frame. Boltzmann distributions have been fit-
ted to the data (not shown in fig. 9). The resulting inverse
slope parameters are given in table 2.

3.5 Particle multiplicities

Inclusive cross-sections for the production of pions, kaons
and antikaons in C+Au collisions have been determined
from fig. 9. The Boltzmann distributions are used to ex-
trapolate over the non-measured regions of phase space
taking into account the angular distributions as measured.
The cross-sections are listed in table 2. The multiplicity
of produced particles per collision can be calculated by
M = σ/σR with σ the production cross-section. The geo-
metrical reaction cross-section for a collision of two nuclei
with masses AP and AT is defined as

σR = π(r0A
1/3
P + r0A

1/3
T )2 , (4)

with r0 = 1.2 fm. This definition yields σR = 0.95 barns for
the 12C+12C system and σR = 3.0 barns for 12C+197Au
collisions. Table 2 includes the particle multiplicities per
participating nucleon M/〈Apart〉. The average number of
participating nucleons 〈Apart〉 is calculated for inclusive
reactions according to eq. 3.

It is interesting to note that the pion multiplicity per
participating nucleon M(π+)/〈Apart〉 is a factor of more
than three smaller in C+Au than in C+C collisions at
1 AGeV (the effect of isospin might change this factor
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Fig. 9. Inclusive invariant cross-sections for the production of
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tom) as a function of the kinetic energy in the source frame.
The source moves with the velocity of the center-of-mass of a
system containing one projectile nucleon and two target nucle-
ons.
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slightly, in C+Au collisions at 1.8 AGeV the π+/π− ra-
tio is 0.84±0.18). The TAPS Collaboration measured neu-
tral pions in C+C and C+Au collisions at 0.8 AGeV (at
midrapidity in the NN system) and found M(π0)/〈Apart〉
reduced by a factor of about 2 when using the heavy tar-
get [30]. At a beam energy of 1.8 AGeV, however, the
pion multiplicities per participating nucleon in C+C and
C+Au collisions differ only by a factor of about 0.7 (av-
eraged value for π+ and π−).

The strong reduction of the pion multiplicity per par-
ticipant in C+Au collisions at 1 AGeV as compared to
the C+C system indicates that pions are reabsorbed in
the large gold nucleus. When increasing the projectile en-
ergy, the projectile nucleons will collide subsequently with
nucleons in the Au target at energies well above the pion
production threshold. This effect increases the number of
produced pions and thus compensates partly for absorp-
tion. Such a scenario explains — at least qualitatively —
the observation that the pion multiplicity per participat-
ing nucleon rises faster with beam energy in C+Au than
in C+C collisions and hence is almost similar for both
targets at a beam energy of 1.8 AGeV (see table 2).

In contrast to the pions, the values of the K+ multi-
plicities per nucleon M(K+)/〈Apart〉 are very similar for
C+C and C+Au collisions at 1 AGeV and at 1.8 AGeV.
From symmetric collision systems at beam energies below
or near the K+ production threshold, it is known that
M(K+) increases more than linearly with 〈Apart〉 [15,16].
The similar values of M(K+)/〈Apart〉 for C+C and C+Au
indicate that the energy per participating nucleon avail-
able for particle production in C+Au collisions is smaller
than in the C+C system.

In Ni+Ni collisions at 1.8 AGeV it was found that the
multiplicities of K− and K+ mesons scale similarly with
〈Apart〉 [15]. Therefore, one would expect also an enhance-
ment of M(K−)/〈Apart〉 for C+Au as compared to C+C
collisions at 1.8 AGeV. However, we observe that the K−
multiplicity per participating nucleon is reduced by a fac-
tor of 0.55 in the C+Au system. This result indicates a sig-
nificant loss of K−-mesons in C+Au collisions which over-
compensates for the expected enhancement. The loss may
be caused by reabsorption of antikaons in the heavy target
nucleus via the strangeness exchange reaction K−N→ Λπ.
The inelastic K−p cross-section (at K− momenta of 300
MeV/c) is about 40 mb [31]. This corresponds to a mean
free path of about λ ≈1.5 fm for K−-mesons in nuclear
matter at saturation density (ρ0 = 0.17 fm−3).

Our data indicate that the absorption of antikaons is
an important process in nucleus-nucleus collisions. This
effect has to be understood quantitatively if one tries to
extract information on the in-medium properties of an-
tikaons from heavy-ion data. In the small C+C collision
system, however, K− absorption should be of minor im-
portance and in-medium effects might be observable.

A way to visualize the effect of the nuclear medium
on the production of kaons and antikaons is proposed
in fig. 10 (taken from [16]). The figure presents the K+

and K− multiplicities per participating nucleon for C+C
and nucleon-nucleon collisions as a function of the energy

Fig. 10. Kaon and antikaon multiplicity per participating nu-
cleon as a function of the Q-value for C+C collisions (open
squares: K+, full dots: K−) and nucleon-nucleon collisions.
The error bars include systematic effects. The lines (NN) cor-
respond to parameterizations of the isospin averaged cross-
sections for K-meson production measured in proton-proton
collisions (full line: K+, dashed line: K−) [32–34].

above threshold (
√

s−√
sth) in the nucleon-nucleon (NN)

system. The values of the excess energy
√

s−√
sth are cal-

culated according to s = (Epro + 2mN)2 − p2
pro, with Epro

and ppro the projectile kinetic energy and momentum per
nucleon and mN the nucleon mass. The threshold energy
is

√
sth = mK + mΛ + mN = 2.55 GeV for K+ produc-

tion and
√

sth = 2mK + 2mN = 2.86 GeV for K−K+ pair
production.

The solid and the dashed line in fig. 10 represent the
parameterizations of the isospin-averaged cross-sections
for K+ and K− production in nucleon-nucleon collisions
[32–34]. These calculations reproduce the available exper-
imental cross-sections including data measured recently
close to threshold at COSY and SATURNE [29,35]. The
multiplicities as shown in fig. 10 are calculated from the
elementary cross-sections using σR = 45 mb and Apart = 2
for nucleon-nucleon collisions.

The data in fig. 10 demonstrate that the excitation
functions for K+ and K− production in C+C collisions
are quite similar when correcting the energy axis for the
threshold energies. In nucleon-nucleon (NN) collisions,
however, the K+ yield exceeds the K− yield by 1–2 or-
ders of magnitude for beam energies close to threshold.
The comparison of the K+ and K− excitation functions for
C+C and nucleon-nucleon reactions near threshold clearly
indicates that in the nuclear medium the K− multiplicity
is much more enhanced than the K+ multiplicity. Possible
reasons for the enhancement of K− production in nucleus-
nucleus collisions will be discussed in the next section.
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4 Medium effects in kaon and antikaon
production

In nucleus-nucleus collisions at bombarding energies
near the production threshold, strange mesons are
created predominantly in secondary processes like
πN→K+Y, ∆N→K+YN, πN→K−K+N, ∆N→K−K+NN
and πY→K−N with Y = Λ,Σ. These processes repre-
sent mechanisms of energy accumulation via multiple col-
lisions. Moreover, the effective particle production thresh-
old is lowered by the Fermi motion of the nucleons. There-
fore, kaons and antikaons are observed in C+C collisions
below the nucleon-nucleon threshold of

√
s − √

sth = 0
(see fig. 10). According to relativistic transport models,
the pion- and ∆-induced sequential processes dominate
the K+ production at bombarding energies near the kine-
matical threshold [13,36]. In the case of K−-mesons, how-
ever, the most important channel is expected to be the
strangeness exchange reaction πY→K−N. However, the
calculations which take into account these secondary K−
production channels (including K− absorption) underpre-
dict the K− yield measured in Ni+Ni collisions at 1.8
AGeV [15] by a factor of about 6 when neglecting in-
medium mass modifications of K−-mesons [13].

4.1 K+ and K− production at equivalent beam
energies

One would expect that density-dependent in-medium ef-
fects are more pronounced in Ni+Ni than in C+C col-
lisions. As illustrated in fig. 10 medium effects can be
quantified for example by the measured ratio K−(1.8
AGeV)/K+(1.0 AGeV). These two energies are “equiv-
alent” in the sense that they correspond to very simi-
lar (negative) values for the excess energy of

√
s − √

sth≈ −0.23 GeV. However, this ratio is 1±0.4 for Ni+Ni [15]
and 0.76±0.25 for C+C [16], i.e. there is no difference
within the error bars. On the other hand, the reabsorp-
tion of antikaons should be enhanced in larger systems.
This effect may cancel the enhancement due to the in-
medium effect with the consequence that the K−/K+ ra-
tio at equivalent energies is independent of the size of the
collision system.

Figure 11 presents the invariant production cross-
sections of K+ and K−-mesons as a function of c.m. ki-
netic energy for C+C (top) and C+Au (bottom) collisions
at “equivalent” beam energies. In C+C collisions, the K+

yield measured at 1.0 AGeV agrees to the K− yield taken
at 1.8 AGeV similar as for Ni+Ni. In C+Au collisions,
however, the K− data are reduced with respect to the K+

data by more than a factor of 2. This observation may
be explained by reabsorption of antikaons in the target
spectator nucleus.

4.2 Comparison to transport model calculations

In the following we will compare the kaon and antikaon
data to predictions of RBUU transport calculations [2].
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Fig. 11. Comparison of invariant cross-sections for K− and
K+ production at equivalent energies (see text) in C+C (top)
and C+Au collisions (bottom).

The model takes into account the in-medium modifica-
tion of the effective masses of strange mesons according
to m∗

K = m0
K (1 − aρ/ρ0), with m0

K the kaon mass in the
vacuum, ρ the baryonic density inside the reaction zone,
ρ0 the saturation density and a = −0.06 for kaons and a =
0.24 for antikaons. The values of a correspond to a slight
increase of the kaon mass with increasing baryonic density
(12% at ρ = 2ρ0) and a significant decrease of the effective
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antikaon mass (48% at ρ = 2ρ0). The assumption on the
linear density dependence of the kaon and antikaon masses
reproduces a trend found by various calculations [8,9]. It
should be mentioned that the effect of dynamical spectral
functions on the in-medium properties of K-mesons [10] is
ignored in this simple parameterization.

The variation of the effective masses changes the in-
medium production thresholds and thus the kaon and
antikaon yields. At beam energies below and near the
thresholds, the kaon and antikaon excitation function rises
steeply with increasing bombarding energy and thus the
kaon and antikaon yields depend very sensitively upon the
in-medium thresholds.

In fig. 12 and fig. 13 the measured kaon and antikaon
invariant production cross-sections are compared to pre-
dictions of RBUU transport calculations [37]. The solid
lines correspond to the result of the transport code if
in-medium effects are taken into account. The dashed
lines represent the calculation assuming “bare” masses.
For C+C collisions at 1.0 AGeV (fig. 12, upper part) the
kaon data clearly favor the “in-medium” calculation in
contrast to the kaon data measured in the same system at
1.8 AGeV (fig. 13, lower part). In C+Au collisions both at
1.0 AGeV (fig. 12, lower part) and at 1.8 AGeV (fig. 13,
lower part) the data cannot distinguish the two calcula-
tions. Hence, no clear signature of in-medium effects on
K+ production emerges from the comparison of RBUU
calculations and experiment. However, transport calcula-
tions performed recently with two QMD codes [38] are
able to reproduce K+ production cross-sections measured
in C+C collisions at bombarding energies between 0.8 and
2.0 AGeV only when taking account a repulsive KN po-
tential.

On the other hand, the RBUU model calculation pre-
dicts an enhanced K− yield when in-medium effects are
taken into account (see fig. 13). For C+C collisions at 1.8
AGeV, the K− differential cross-section exceeds the “bare
mass” calculation by about a factor of 5 whereas the en-
hancement is less pronounced in C+Au collisions at 1.8
AGeV. Hence, the measured antikaon yield is much bet-
ter (although not perfectly) described by the calculations
with in-medium effects included.

As mentioned before, the measured cross-sections are
affected by an uncertainty of 15% due to systematic errors.
Moreover, the results of the model calculations depend in
absolute yield on the treatment of momentum dependent
interactions, the role of pions and baryonic resonances,
the nuclear equation of state, etc. In order to reduce these
uncertainties, we present in fig. 14 the K−/K+ ratios in
C+C collisions (top) and C+Au collisions (bottom) at a
beam energy of 1.8 AGeV as function of the c.m. kinetic
energy. The calculations predict two important features of
the data: the relative yields and spectral slopes of kaons
and antikaons. According to the RBUU calculation, the
steeper spectral slope of the antikaons with respect to the
kaons is caused by the in-medium kaon-nucleon potentials
which are repulsive for kaons but attractive for antikaons.
The number of calculated antikaons is much smaller than
the number of measured antikaons. Therefore, we have
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Fig. 12. Invariant cross-sections for K+ production in C+C
(top) and C+Au collisions (bottom) at 1.0 AGeV. The data
are compared to results of a RBUU transport calculation with
(solid lines) and without (dashed lines) in-medium modifica-
tions of the K+-mesons [37].

grouped the calculated K-mesons into 3–4 bins only. This
presentation causes the discontinuities of the model re-
sults.

5 Conclusions

We have presented production cross-sections of charged
pions, kaons and antikaons measured in C+C and C+Au
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Fig. 13. Invariant cross-sections for K+ and K− production in
C+C (top) and C+Au collisions (bottom) at 1.8 AGeV. The
data are compared to results of a RBUU transport calcula-
tion with (solid lines) and without (dashed lines) in-medium
modifications of the K-mesons [37].

collisions at beam energies of 1.0 and 1.8 AGeV at different
polar emission angles. For the asymmetric 12C+197Au sys-
tem we have determined the velocity of the K-meson emit-
ting source by transport calculations. It turns out that
the source moves with the velocity of the center-of-mass
of one nucleon from the projectile and two nucleons from
the target. Within this frame both the calculated and the
measured K-mesons exhibit essentially an isotropic emi-
sion pattern.
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Fig. 14. K−/K+ ratio for C+C (top) and C+Au collisions
(bottom) at 1.8 AGeV. The data are compared to results of
a RBUU transport calculation without (solid lines) and with
(dashed lines) in-medium modifications of the K-mesons [37].
The data shown in the top figure have been published in [16].

The kaon and antikaon spectra are described by Boltz-
mann distributions whereas the pion spectra exhibit an
additional enhancement at low energies. The spectral
slopes are similar for high-energy pions and kaons but
are steeper for antikaons. The inverse slope parameters
increase both with beam energy and target size.

At a beam energy of 1 AGeV, the pion multiplicity per
participating nucleon M(π+)/〈Apart〉 is about a factor of
three smaller in C+Au than in C+C collisions whereas at
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1.8 AGeV the values differ much less. The K+ multiplic-
ity per participating nucleon M(K+)/〈Apart〉 is similar for
C+C and C+Au collisions at 1 AGeV and at 1.8 AGeV.
These observations indicate that in C+Au collisions at
1 AGeV the pions are reabsorbed in the large gold nucleus
(this effect is not expected for K+-mesons due to their an-
tistrange quark content). At a beam energy of 1.8 AGeV,
however, energetic secondary collisions of projectile nucle-
ons with nucleons in the Au target may contribute to pion
production thus compensating for losses due to reabsorp-
tion.

In contrast to the K+-mesons, the K− multiplicity
per participating nucleon decreases by a factor of 0.55 in
C+Au as compared to C+C collisions at 1.8 AGeV. This
result indicates that K−-mesons are strongly absorbed by
the heavy target nucleus. This effect would also explain
that the K−/K+ ratios at equivalent energies are smaller
for C+Au than for C+C collisions.

RBUU transport model calculations predict the K+

data within a factor of two depending on the assumption
on the in-medium effective mass of the K+-mesons. For
C+C collisions at 1 AGeV, the K+ data favor the calcula-
tion based on the in-medium kaon mass whereas for C+C
collisions at 1.8 AGeV the bare mass option is closer to the
data. For C+Au collisions both assumptions on the K+ ef-
fective in-medium mass explain the data equally well.

The yield of K−-mesons measured in C+C collisions at
1.8 AGeV is clearly underpredicted by the transport cal-
culations if a bare antikaon mass is assumed. The agree-
ment with the data is improved when assuming an attrac-
tive antikaon-nucleon potential in the nuclear medium. For
C+Au collisions at 1.8 AGeV the data can hardly dis-
tinguish between the two options of the K− in-medium
effective mass. In this case the effect of the in-medium po-
tential — which depends on the baryon density — may
be washed out by the the strong absorption of K− in the
gold nucleus.

In summary, the RBUU transport calculations de-
scribe both kaon and antikaon data within a factor of
about two with consistent assumptions on in-medium ef-
fects. The accuracy of the calculations has to be further
improved in order to extract conclusive information on the
in-medium properties of strange mesons.
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