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The medium modification of kaon and antikaon masses, compatible with low-energy kaon-nucleon scatter-
ing data, are studied in a chiral SU(3) model. The mutual interactions with baryons in hot hadronic matter and

the effects from the baryonic Dirac sea on theKsK̄d masses are examined. The in-medium masses from the
chiral SU(3) effective model are compared to those from chiral perturbation theory. Furthermore, the influence

of these in-medium effects on kaon rapidity distributions and transverse energy spectra, as well as theK ,K̄
flow pattern in heavy-ion collision experiments at 1.5–2A GeV are investigated within the hadron-string-
dynamics transport approach. Detailed predictions on the transverse momentum and rapidity dependence of
directed flowv1 and the elliptic flowv2 are provided for Ni+Ni at 1.93A GeV within the various models, that
can be used to determine the in-mediumK± properties from the experimental side in the near future.
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I. INTRODUCTION

The property of hadrons under extreme conditions of tem-
perature and density[1] is an important topic in present
strong-interaction physics. This subject has direct implica-
tions in heavy-ion collision experiments, in the study of as-
trophysical compact objects(like neutron stars), as well as in
the early universe. The in-medium properties of kaons have
been primarily investigated due to their relevance in neutron
star phenomenology as well as relativistic heavy-ion colli-
sions. For example, in the interior of the neutron star, the
attractive kaon nucleon interaction might lead to kaon con-
densation as suggested early by Kaplan and Nelson[2]. The
in-medium modification of kaon/antikaon properties can be
observed experimentally primarily in relativistic nuclear col-
lisions. Indeed, the experimental[3–7] and theoretical stud-
ies [8–19] on K± production fromA+A collisions at Schwer-
Ionen-Synchrotron(SIS) energies of 1–2A GeV have shown
that in-medium properties of kaons have been seen in the
collective flow pattern ofK+ mesons[20] as well as in the
abundancy and spectra of antikaons.

The theoretical research work on the topic of in-medium
properties of hadrons was triggered in part by the early sug-
gestion of Brown and Rho[21], that the modifications of
hadron masses should scale with the scalar quark condensate
kqq̄l at finite baryon density. The first attempts to extract the
antikaon-nucleus potential from the analysis of kaonic-atom
data were in favor of very strong attractive potentials of the
order of −150 to −200 MeV at normal nuclear matter den-
sity r0 [22,23]. However, more recent self-consistent calcu-
lations based on a chiral Lagrangian[24–27] or coupled-
channelG-matrix theory(within meson-exchange potentials)
[29] only predicted moderate attractive depths of −50 to
−80 MeV at densityr0.

The problem with the antikaon potential at finite baryon
density is that the antikaon-nucleon amplitude in the isospin

channelI =0 is dominated by theLs1405d resonant structure

[28], which in free space is only 27 MeV below theK̄N
threshold. It is presently not clear if this physical resonance
is a real excited state of a “strange” baryon or it is some
short-lived intermediate state which can be generated dy-
namically in a coupled-channelT-matrix scattering equation
using a suitable meson-baryon potential. Additionally, the
coupling between theK̄N andpY sY=L ,Sd channels is es-
sential to get the proper dynamical behavior in free space.
Correspondingly, the in-medium properties of theLs1405d,
such as its pole position and its width, which in turn strongly
influence the antikaon-nucleus optical potential, are very
sensitive to the many-body treatment of the medium effects.
Previous works have shown that a self-consistent treatment

of the K̄ self-energy has a strong impact on the scattering
amplitudes[17,24,26,27,29,30] and thus on the in-medium
properties of the antikaon. Due to the complexity of this
many-body problem, the actual kaon and antikaon self-
energies(or potentials) are still a matter of debate.

In the present investigation, we will use a chiral SU(3)
model for the description of hadrons in the medium[31]. The
nucleons—as modified in the hot hyperonic matter—have
been studied within this model[32] previously. Furthermore,
the properties of vector mesons[32,33]—due to their inter-
actions with nucleons in the medium—have been also exam-
ined and have been found to show appreciable modifications
due to Dirac sea polarization effects. The chiral SUs3dflavor

model was also been generalized to SUs4dflavor to study the
mass modification ofD mesons due to their interactions with
the light hadrons in hot hadronic matter in[34]. In the
present work, the masses of kaons(antikaons), as modified in
the medium due to their interaction with nucleons, are stud-
ied within the chiral SU(3) framework, which is consistent
with the low-energy kaon-nucleon(KN) scattering data[35].
In this approach, however, only the real parts of the kaon/
antikaon self-energies can be addressed.

Another problem related to the complexity of kaon/
antikaon physics in relativistic heavy-ion reactions is that not

only the mean-field properties of theK ,K̄ mesons enter, but
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also their in-medium scattering amplitudes sometimes far
from the mass shell[16,29], because the antikaon couples
strongly to the baryons and achieves a nontrivial spectral
width in the medium. Whereas in the early calculations in
Refs. [10–15] the off-shell transition amplitudes have been
simply extrapolated from on-shell cross sections in vacuum,
more recent studies in Ref.[16] have incorporated the full
off-shell dynamics in transport. Thus, when confronting our
model predictions with experimental data, we will use a pa-
rametrization of the off-shell amplitudes from Refs.[16,29]
in order to reduce the systematic uncertainty in the transition
amplitudes or scattering rates of antikaons with baryons. For
the real part of the self-energies, however, we will implement
the results from the different models to be discussed in this
work.

The outline of the paper is as follows: In Sec. II we shall
briefly recall the basic concepts of the chiral SU(3) model
used in the present investigation. Section III describes the

medium modification of the KsK̄d mesons in this effective
model. In Sec. IV, we investigate the kaon masses using
chiral perturbation theory, while in Sec. V we discuss and
compare the results from the chiral SU(3) model to those
from the chiral perturbation theory. Section VI explores the
effects of in-medium modifications of kaons(antikaons) on
their production and flow pattern in relativistic heavy-ion
collisions in comparison to experimental data. Section VII
summarizes the findings of the present investigation and dis-
cusses future extensions.

II. THE HADRONIC CHIRAL SU „3…ÃSU„3… MODEL

In this section the various terms of the effective hadronic
Lagrangian used,

L = Lkin + o
W=X,Y,V,A,u

LBW+ LVP + Lvec+ L0 + LSB, s1d

are briefly reviewed. Equation(1) corresponds to a relativis-
tic quantum-field-theoretical model of baryons and mesons
built on a nonlinear realization of chiral symmetry and bro-
ken scale invariance(for details, see[31–33]) to describe
strongly interacting nuclear matter. The model was used suc-
cessfully to describe nuclear matter, finite nuclei, hypernu-
clei, and neutron stars. The Lagrangian contains the baryon
octet, the spin-0 and spin-1 meson multiplets as the elemen-
tary degrees of freedom. In Eq.(1), Lkin is the kinetic energy
term, LBW contains the baryon-meson interactions in which
the baryon-spin-0 meson interaction terms generate the
baryon masses.LVP describes the interactions of vector me-
sons with the pseudoscalar mesons(and with photons). Lvec
describes the dynamical mass generation of the vector me-
sons via couplings to the scalar mesons and contains addi-
tionally quartic self-interactions of the vector fields.L0 con-
tains the meson-meson interaction terms inducing the
spontaneous breaking of chiral symmetry as well as a scale
invariance breaking logarithmic potential.LSB describes the
explicit chiral symmetry breaking.

The kinetic energy terms are given as

Lkin = i Tr B̄gmDmB +
1

2
Tr DmXDmX + TrsumXumX

+ XumumXd +
1

2
Tr DmYDmY +

1

2
DmxDmx

−
1

4
TrsṼmnṼ

mnd −
1

4
TrsFmnF

mnd −
1

4
TrsAmn Amnd.

s2d

In Eq. (2), B is the baryon octet,X the scalar meson multip-

let, Y the pseudoscalar chiral singlet,ṼmsAmd the renormal-
ized vector (axial vector) meson multiplet with the field

strength tensorṼmn=]mṼn−]nṼmsAmn=]mAn−]n Amd, Fmn is
the field strength tensor of the photon andx is the scalar,
isoscalar dilaton (glueball) field. In the above, um=
−i /2fu†]mu−u]mu†g, whereu=expfsi /s0dpalag5g is the uni-
tary transformation operator, and the covariant derivative
readsDm=]m+fGm ,g with Gm=−i /2fu†]mu+u]mu†g.

The baryon-meson interaction for a general meson fieldW
has the form

LBW= − Î2g8
WhaWfB̄OBWgF + s1 − aWdfB̄OBWgDj

− g1
W 1

Î3
TrsB̄OBdTr W, s3d

with fB̄OBWgFªTrsB̄OWB−B̄OBWd and fB̄OBWgD

ªTrsB̄OWB+B̄OBWd−s2/3dTrsB̄OBdTr W. The different
terms—to be considered—are those for the interaction of
baryons with scalar mesonssW=X,O=1d, with vector me-

sons(W=Ṽm ,O=gm for the vector andW=Ṽmn ,O=smn for
the tensor interaction), with axial vector mesonssW
=Am ,O=gmg5 and with pseudoscalar mesonssW=um ,O
=gmg5d, respectively. For the current investigation the fol-
lowing interactions are relevant: Baryon-scalar meson inter-
actions generate the baryon masses through coupling of the

baryons to the nonstrangess,kūu+ d̄dld and the strange
zs,ks̄sld scalar quark condensate. The parametersg1

S, g8
S, and

aS are adjusted to fix the baryon masses to their experimen-
tally measured vacuum values. It should be emphasized that
the nucleon mass also depends on the strange condensatez.
For the special case of ideal mixing(aS=1 andg1

S=Î6g8
S) the

nucleon mass depends only on the nonstrange quark conden-
sate. In the present investigation, the general case will be
used to study hot and strange hadronic matter[32], which
takes into account the baryon coupling terms to both scalar
fields (s and z) while summing over the baryonic tadpole
diagrams to investigate the effect from the baryonic Dirac
sea in the relativistic Hartree approximation[32].

In analogy to the baryon-scalar meson coupling there ex-
ist two independent baryon-vector meson interaction terms
corresponding to theF-type (antisymmetric) and D-type
(symmetric) couplings. Here we will use the antisymmetric
coupling because—from the universality principle[36] and
the vector meson dominance model—one can conclude that
the symmetric coupling should be small. We realize it by
setting aV=1 for all fits. Additionally we decouple the
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strange vector fieldfm, s̄gms from the nucleon by setting
g1

V=Î6g8
V. The remaining baryon-vector meson interaction

reads

LBV = − Î2g8
VhfB̄gmBVmgF + TrsB̄gmBdTr Vmj. s4d

The Lagrangian describing the interaction for the scalar
mesonsX and pseudoscalar singletY is given as[31]

L0 = −
1

2
k0x2I2 + k1sI2d2 + k2I4 + 2k3xI3, s5d

with I2=TrsX+ iYd2, I3=detsX+ iYd, and I4=TrsX+ iYd4. In
the above,x is the scalar color singlet gluon field. It is in-
troduced in order to “mimic” the QCD trace anomaly,
i.e., the nonvanishing energy-momentum tensorum

m

=sbQCD/2gdkGmn
a Ga,mnl, whereGmn

a is the gluon field tensor.
The following scale breaking potential is introduced

Lscalebreak= −
1

4
x4 ln

x4

x0
4 +

d

3
x4 ln

I3

detkXl0
, s6d

which allows for the identification of thex field width the
gluon condensateum

m=s1−ddx4. Finally the termLx=−k4x4

generates a phenomenologically consistent finite vacuum ex-
pectation value. The variation ofx in the medium is rather
small [31]. Hence, we shall use the frozen glueball approxi-
mation, i.e., setx to its vacuum value,x0.

The Lagrangian for the vector meson interaction is written
as

Lvec=
mV

2

2

x2

x0
2TrsṼmṼmd +

m

4
TrsṼmnṼ

mnX2d +
lV

12
fTrsṼmndg2

+ 2sg̃4d4TrsṼmṼmd2. s7d

The vector meson fields,Ṽm are related to the renormalized

fields by Vm=ZV
1/2Ṽm, with V=v ,r ,f. The masses ofv , r,

andf are fitted frommV, m, andlV.
The explicit symmetry-breaking term is given as[31]

LSB= Tr ApfusX + iYdu + u†sX − iYdu†g, s8d

with Ap=1/Î2 diagsmp
2 fp ,mp

2 fp ,2mK
2 fK−mp

2 fpd and mp

=139 MeV,mK=498 MeV. This choice forAp, together with
the constraintss0=−fp, z0=−1/Î2s2fK− fpd on the vacuum
expectation value(VEV) on the scalar condensates assure
that the partially conserved axial-vector current(PCAC) re-
lations of the pion and kaon are fulfilled. Withfp

=93.3 MeV and fK=122 MeV we obtainus0u =93.3 MeV
and uz0u =106.56 MeV.

We will treat the chiral SU(3) model in the mean field and
in the relativistic Hartree approximations(for details, we re-
fer to Refs.[32,33]).

III. KAON INTERACTIONS IN THE EFFECTIVE
CHIRAL MODEL

In this section, we investigate the medium modification of
theK-meson mass due to the interactions of theK mesons in
the hadronic medium. In the chiral effective model as used

here, the interactions to the scalar fields(nonstrange,s and
strange, z) as well as a vectorial interaction and a
v-exchange term modify the masses forK± mesons in the
medium. These interactions were considered within the
SU(3) chiral model to investigate the modifications ofK me-
sons in the thermal medium[37] in the mean-field approxi-
mation. The scalar meson exchange gives an attractive inter-
action leading to a drop of theK-meson masses similar to a
scalar sigma term in the chiral perturbation theory[2]. In
fact, the KN[37] as well as thepN sigma term are predicted
in our approach automatically by using SU(3) symmetry. The
pion-nucleon and kaon-nucleon sigma terms, as calculated
from the scalar meson exchange interaction of our Lagrang-
ian, are 28 and 463 MeV, respectively. The value for the KN
sigma term calculated in our model is close to the value of
SKN=450 MeV found by lattice gauge calculations[38]. In
addition to the terms considered in[37], we also account the
effect of repulsive scalar contributionsf,s]mK+ds]mK−dg,
which contribute in the same order as the attractive sigma
term in chiral perturbation theory. These terms will ensure
that KN scattering lengths can be described and, hence, the
low-density theorem for kaons is fulfilled.

The scalar meson multiplet has the expectation value
kXl=diagss /Î2,s /Î2,zd, with s andz corresponding to the
nonstrange and strange scalar condensates. The pseudoscalar
meson fieldP can be written as,

P =1p0/Î2 p+ 2K+

1 + w

p− − p0/Î2 0

2K−

1 + w
0 0 2 , s9d

where w=Î2z /s, and we have written down the entries
which are relevant for the present investigation. From
PCAC, one gets the decay constants for the pseudoscalar
mesons asfp=−s and fK=−ss+Î2zd /2. The vector meson
interaction with the pseudoscalar mesons, which modifies the
masses of theK mesons, is given as[37]

LVP = −
mV

2

2gV
TrsGmVmd + h.c.. s10d

The vector meson multiplet is given asV=diagfsv
+r0d /Î2,sv−r0d /Î2,fg. The non-diagonal components in
the multiplet, which are not relevant in the present investi-
gation, are not written down. With the interaction(10), the
coupling of theK meson to thev meson is related to the
pion-rho coupling asgvK /grpp= fp

2/ s2fK
2d.

The scalar meson exchange interaction term, which is at-
tractive for the K mesons, is given from the explicit
symmetry-breaking term by Eq. (8), where Ap
=1/Î2 diagsmp

2 fp ,mp
2 fp ,2mK

2 fK−mp
2 fpd.

The interaction Lagrangian modifying theK-meson mass
can be written as[37]
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LK = −
3i

8fK
2 N̄g mNsK−]mK+ − ]mK−K+d +

mK
2

2fK
ss + Î2zdK−K+

− igvKsK−]mK+ − ]mK−K+dvm −
1

fK
ss + Î2zds]mK−d

3s]mK+d +
d1

2fK
2sN̄Nds]mK−ds] mK+d. s11d

In Eq. (11) the first term is the vectorial interaction term
obtained from the first term in Eq.(2) (Weinberg-Tomozawa
term). The second term, which gives an attractive interaction
for the K mesons, is obtained from the explicit symmetry-
breaking term(8). The third term, referring to the interaction
in terms ofv-meson exchange, is attractive for theK− and
repulsive forK+. The fourth term arises within the present
chiral model from the kinetic term of the pseudoscalar me-
sons given by the third term in Eq.(2), when the scalar fields
in one of the meson multiplets,X are replaced by their
vacuum expectation values. The fifth term in Eq.(11) for the
KN interactions arises from the term

LBM = d1 TrsumumB̄Bd, s12d

in the SU(3) chiral model. The last two terms in Eq.(11)
represent the range term in the chiral model. From the Fou-
rier transformation of the equation of motion for kaons

− v2 + mK
2 + SKsv,rd = 0,

one derives the effective energy of theK+ andK−, which are
the poles of the kaon propagator in the medium(assuming
zero momentum forS-wave Bose condensation), whereSK
denotes the kaon self-energy in the medium.

Fitting to KN scattering data

For the KN interactions, the term(12) reduces to

L
D̃

KN
= d1

1

2fK
2 sN̄Nds]mK−ds]mK+d. s13d

The coefficientd1 in the above is determined by fitting to the
KN scattering length[34,35,39,40]. The isospin averaged
KN scattering length

āKN =
1

4
s3aKN

I=1 + aKN
I=0d s14d

can be calculated to be

āKN =
mK

4ps1 + mK/mNdF− S mK

2fK
D ·

gsN

ms
2 − SÎ2mK

2fK
D ·

gzN

mz
2

−
2gvKgvN

mv
2 −

3

4fK
2 +

d1mK

2fK
2 G . s15d

The empirical value of the isospin averaged scattering length
[35,39,40] is taken to be

āKN < − 0.255 fm, s16d

which determines the value for the coefficientd1. The
present calculations use the values,gsN=10.618 andgzN=

−0.4836 as fixed by the vacuum baryon masses, and the
other parameters are fitted to the nuclear matter saturation
properties as listed in Ref.[32]. We consider the case when a
quartic vector interaction is present. The coefficientd1 is
evaluated in the mean-field and relativistic Hartree approxi-
mation (RHA) cases as 5.63/mK and 4.33/mK, respectively
[34]. The contribution from this term is thus seen to be
attractive, contrary to the other term proportional to
s]mK−ds]mK+d in Eq. (11), which is repulsive.

IV. CHIRAL PERTURBATION THEORY

The effective Lagrangian obtained from chiral perturba-
tion theory[2] has been used extensively in the literature for
the study of kaons in dense matter. This approach has a vec-
tor interaction(called the Tomozawa-Weinberg term) as the
leading term. At subleading order there are the attractive sca-

FIG. 1. Contributions to the masses ofK± mesons due to the
various interactions in the effective chiral model in the mean-field
approximation. The curves refer to individual contributions from
the vectorial interaction, scalar exchange,v exchange, and the
range term. The solid line shows the total contribution.
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lar nucleon interaction term(the sigma term) [2] as well as
the repulsive scalar contribution(proportional to the kinetic
term of the pesudoscalar meson). The KN interaction is
given as

LKN = −
3i

8fK
2N̄g mNsK−]mK+ − ]mK−K+d +

SKN

fK
2 sN̄NdK−K+

+
D̃

fK
2sN̄Nds]mK−ds]mK+d. s17d

where SKN=sm̄+ms/2dkNusūu+ s̄sduNl [38]. In our calcula-
tions, we takems=150 MeV andm̄=smu+mdd /2=7 MeV.

The last term of the Lagrangian(17) is repulsive and is of
the same order as the attractive sigma term. This, to a large
extent, compensates the scalar attraction due to the scalarS

term. The coefficientD̃ is fixed by the KN scattering lengths
(see Ref.[39]) by choosing a value forSKN, which depends

on the strangeness content of the nucleon. Its value has, how-
ever, a large uncertainty. We consider the two extreme

choices:SKN=2mp and SKN=450 MeV. The coefficientD̃,
as fitted to the empirical value of the KN scattering length
(16), is in general given by[39]

D̃ < 0.33/mK − SKN/mK
2 . s18d

In the next section, we shall discuss the results for the
K-meson mass modification obtained in the effective chiral
model as compared to chiral perturbation theory.

V. MEDIUM MODIFICATION OF K-MESON MASSES

We now investigate theK-meson masses in hot and dense
hadronic medium within a chiral SU(3) model. The contri-
butions from the various terms of the interaction Lagrangian
(11) are shown in Fig. 1 in the mean-field approximation.
The vector interaction as well as thev exchange terms

FIG. 2. Same as in Fig. 1, but in the relativistic Hartree approxi-
mation. The contributions to the masses ofK± mesons due to the
various interactions are seen to be smaller with the Dirac sea
effects.

FIG. 3. Masses ofK± mesons due to the interactions in the chiral
SU(3) model atT=0, (i) without and(ii ) with the contribution from
the range term.
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[given by the first and the third terms of Eq.(11), respec-
tively] lead to a drop for theK− mass, whereas they are
repulsive for theK+. The scalar meson exchange term is
attractive for bothK+ andK−. The first term of the range term
of Eq. (11) is repulsive, whereas the second term has an
attractive contribution. This results in a turnover of theK
mass at around 0.8r0 above which the attractive range term
[the last term in Eq.(11)] dominates. The dominant contri-
butions arise from the scalar exchange and the range term
(dominated byd1 term at higher densities), which lead to a
substantial drop ofK-meson mass in the medium. The vector
terms lead to a further drop ofK− mass, whereas forK+ they
compete with the contributions from the other two contribu-
tions. The effect from the nucleon Dirac sea on the mass
modification of theK mesons is shown in Fig. 2. This gives
rise to smaller modifications as compared to the mean-field
calculations though qualitative features remain the same.

In Fig. 3 the masses of theK mesons are plotted forT
=0 in the present chiral model. We first consider the situation
when the Weinberg-Tomozawa term is supplemented by the
scalar and vector meson exchange interactions[37]. The

other case corresponds to the inclusion of the range terms in
Eq. (11). Both theK-meson mass, as well as theK̄ mass,
drop at large densities when the range term is included.

In Fig. 4, the masses are plotted at a temperature of
150 MeV. The drop of the kaon masses are smaller as com-
pared to the zero temperature case. This is due to the fact that
the nucleon mass increases with temperature at finite densi-
ties in the chiral model used here[32,41]. Such a behavior of
the nucleon mass with temperature was also observed earlier
within the Walecka model by Ko and Li[41] in a mean-field
calculation. The subtle behavior of the baryon self-energy
can be understood as follows. The scalar self-energy in the
mean-field approximation increases due to the thermal distri-
bution functions at finite temperatures, whereas at higher
temperatures there are also contributions from higher mo-
menta which lead to lower values of the self-energy. These
competing effects give rise to the observed increase of the
effective baryon masses with temperature at finite densities.
This change in the nucleon mass with temperature at finite
density is also reflected in the vector meson(v, r, and f)

FIG. 4. Masses ofK± mesons in the chiral SU(3) model for T
=150 MeV, (i) without and(ii ) with the range term contribution.

FIG. 5. Masses ofK± mesons atT=0 in the mean-field approxi-
mation in chiral perturbation theory, without and with the contribu-
tion from the range term.
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masses in the medium[32]. However at zero density, due to
effects arising only from the thermal distribution functions,
the masses are seen to drop continuously with temperature.

We compare the results obtained in the chiral effective
model to those of the chiral perturbation theory(see Ref.
[35,39]). The corresponding kaon masses are plotted in Figs.
5 and 6 at zero temperature for the mean field as well as for
the relativistic Hartree approximation. TheK± masses are
plotted for different cases:(I) and (II ) correspond toSKN
=2mp and SKN=450 MeV, respectively, without the range
term, while the cases(III ) and (IV ) are with the range term

s]mK+ds]mK−d, with the parameterD̃ fitted to scattering
length, so as to fulfill the low-density theorem[39]. The case
(II ) shows a stronger drop of theK− mass in the medium as
compared to the case(I) due to the larger attractive sigma
term. ForK+, however, there are canceling effects from the
sigma term and the Weinberg-Tomozawa interactions, lead-
ing to only a moderate mass modification. The inclusion of
the repulsive range term in(III ) and (IV ) gives rise to a
smaller drop of theK− mass as compared to(I) and (II ),

respectively, where this term is absent. ForK+, the term
gives higher values for the in-medium mass at large densi-
ties, as expected. The relativistic Hartree approximation
shows again smaller mass modification as compared to the
mean-field case. TheK+-meson mass shows a strong drop at
large density in the chiral effective model as compared to the
other approaches. The range term proportional tod1 in Eq.
(11) has to overcome the repulsivev-exchange term, to be
compatible with the KN scattering data, which is absent in
chiral perturbation theory. This effect leads to a range term
that is attractive contrary to the situation in chiral perturba-
tion theory where the range term is repulsive. As a result, the
effective chiral model gives stronger modifications for the
K-meson masses as compared to chiral perturbation theory,
especially at large density.

We note that the somewhat shallow attractive potential for
K− of −30 to −80 MeV atr0 has been extracted also from
coupled-channel calculations[17,24–27,29,30] when includ-
ing effects from dressing theK− propagator self-consistently.

VI. K± PRODUCTION AT SIS ENERGIES WITHIN
A COVARIANT TRANSPORT MODEL

Since the different models discussed in the previous sec-
tions give very different results for theK± properties in the
nuclear medium, it is of central importance to obtain further
information from the experimental studies onK± production
in order to support or reject part of the models. However,
high-density matter can only be produced in relativistic
nucleus-nucleus collisions, whereK± production and propa-
gation happens to a large extent out of kinetic and chemical
equilibrium. One thus has to employ nonequilibrium trans-
port approaches to follow the dynamics of all hadrons in
phase space[42].

A. Description of the transport model

Our study of heavy-ion collisions is based on the hadron-
string-dynamics(HSD) transport approach[13–15]. Though
the HSD transport approach has been developed for the off-
shell dynamic, including the propagation of hadrons with
dynamical spectral functions[43], and also has been used in

the context ofK, K̄ production and propagation in nucleus-
nucleus collisions[16], we here restrict to the on-shell qua-
siparticle realization similar to Refs.[13–15]. The main rea-
son is that the full off-shell calculations require the
knowledge of the momentum, density, and temperature-

dependent spectral functions ofK, K̄ mesons as well as the
in-medium cross sections for all production and absorption
channels. The latter have to be calculated in a consistent way,
incorporating again the same spectral functions. Such infor-
mation is naturally provided by coupled-channelG-matrix
calculations[16]. However, the models presented in Secs.
II–V are not suited for such purposes since they are formu-
lated on the mean-field level, only. We note in passing that
the differences between the present on-shell and the previous

off-shell [16] versions of transport forK̄ spectra in the SIS
energy regime are less than 30% for the systems to be inves-

FIG. 6. Same as in Fig. 5, but in the relativistic Hartree
approximation.
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tigated below if similar antikaon potentials are employed
[44].

In Refs. [13–15] the transition amplitudes forK̄N chan-
nels below the threshold of<1.432 GeV have been extrapo-
lated from the vacuum amplitudes in an “ad hoc” fashion,
which differ sizeably from more recent microscopic coupled-
channel calculations[24–26,29]. To reduce this ambiguity
we have adopted the results from theG-matrix calculations
of Ref. [29], which have been also incorporated in the off-
shell calculations[16] and extend far below the “free”
threshold. The latterG-matrix calculations have been per-
formed at a fixed temperatureT=70 MeV, which corre-
sponds to an average temperature of the “fireballs” produced
in nucleus-nucleus collisions at SIS energies. We recall that
variations in the temperature from 50–100 MeV do not sen-
sibly affect the quasiparticle properties in the medium ac-
cording to the studies in Ref.[29].

Actual cross sections in our present approach are deter-
mined as a function of the invariant energy squareds as[16]

s1+2→3+4ssd = s2pd5E1E2E3E4

s

p8

p
E d cossud

3
1

s2s1 + 1ds2s2 + 1doi
o
a

G†G, s19d

wherep andp8 denote the center-of-mass momentum of the
particles in the initial and final state, respectively, andEj
stand for the particle energies. The sums overi anda indi-
cate the summation over initial and final spins, whiles1,s2
are the spins of the particles in the entrance channel. Apart
from the kinematical factors, the transition rates are deter-
mined by the angle integrated average transition probabilities

P1+2→3+4ssd =E d cossud
1

s2s1 + 1ds2s2 + 1doi
o
a

G†G,

s20d

which, as mentioned above, are uniquely determined by the
G-matrix elements evaluated for finite densityr, temperature
T, and relative momentumpK̄, with respect to the nuclear
matter rest frame. The transition probabilities of Eq.(20)
have been displayed in the right-hand side(r.h.s.) of Figs.
5–8 of Ref.[16] for the reactionsK−p→K−p, K−p→S0p0,
K−p→Lp0, and Lp0→Lp0 as a function of density and
invariant energy, respectively. The latter have been param-
etrized by the authors of Ref.[16] and are available to the
public [45]. In this context it is important to point out that the
backward channelsK−p←S0p0, K−p←Lp0, etc., are en-
tirely determined by detailed balance, which is strictly ful-
filled in the HSD transport approach using Eq.(19).

In principle, the real parts of theK̄ self-energies are also
fully determined by theG-matrix calculations. However, we
here a adopt ahybrid modelthat keeps the in-medium tran-

sitions probabilities(20) fixed, and vary the real part of theK̄
self-energies or antikaon potential according to the models
presented in Secs. II–V. In this way one can study the ex-
plicit effect of the kaon and antikaon potentials in the nuclear
medium in a more transparent way without employing too

rough approximations for the transition probabilities involv-
ing antikaons. These transition amplitudes are beyond the
level of mean-field theory essentially discussed in Secs. II–V.

We stress that for the present study we employ the kaon
production cross sections forND andDD channels from Ref.
[46] instead of the previously used fixed isospin relations,
i.e., sND→NKYsÎsd=3/4sNN→NKYsÎsd and sDD→NKYsÎsd
=1/2sNN→NKYsÎsd. The kaon yields in vacuum now are on
average enhanced by,30% relative to the yields in Refs.
[13–15]. This enhancement is a consequence of the larger
production cross section in theND and DD channels from
Ref. [46] (as also used in Refs.[18,19]). Since these

FIG. 7. (Color online) The ratio of the in-medium kaon(upper
part) and antikaon(lower part) masses to the vacuum masses
smK

* /mKd as a function of baryon density in units ofr0=0.16 fm−3

calculated in the different models for the temperatureT=70 MeV.
The dotted-dashed lines correspond to the results within the chiral
SU(3) model in the relativistic Hartree approximation[Ch. SU(3)-
RHA], the dotted-dotted-dashed lines stand for the chiral SU(3)
model in the mean-field approximation[Ch. SU(3)-MFT], the solid
lines indicate the calculations within the chiral perturbation theory
in relativistic Hartree approximation(Ch. Pert.-RHA) with the KN
sigma term taken as 450 MeV, whereas the dashed lines show the
results for the chiral perturbation theory in mean-field approxima-
tion (Ch. Pert.-MFT). The full symbols connected by arrows indi-
cate the averaged freeze-out baryon density in units ofr0 of K+

(upper part) and K− mesons(lower part) for free (dots) and in-
medium scenarios(squares) for centralsb=1 fmd Ni+Ni collisions
at 1.93A GeV.

A. MISHRA et al. PHYSICAL REVIEW C 70, 044904(2004)

044904-8



resonance-induced production cross sections cannot be mea-
sured in vacuum, the actualK+ yield from A+A collisions
calculated with transport models might differ substantially
depending on the parametrizations involved.

B. K± spectra from nucleus-nucleus collisions

For reasons of transparency, we show in Fig. 7 the results
from Secs. II–V for the kaon and antikaon masses in nuclear
matter at a temperatureT=70 MeV that are parametrized as
a function of the densityrB and enter the transport calcula-
tion in the production as well as propagation parts. In Fig. 7
the dotted-dashed lines correspond to the results within the
chiral SU(3) model in the relativistic Hartree approximation
[Ch. SU(3)-RHA], the dotted-dotted-dashed lines stand for
the chiral SU(3) model in the mean-field approximation[Ch.
SU(3)-MFT], the solid lines indicate the calculations within
the chiral perturbation theory in relativistic Hartree approxi-
mation (Ch. Pert.-RHA) with the KN sigma term taken as
450 MeV, whereas the dashed lines show the results for the
chiral perturbation theory in mean-field approximation(Ch.
Pert.-MFT). Whereas the results of the different models

roughly coincide for kaons(upper part)—except for the limit
Ch. SU(3)-MFT, the modifications of theK− masses(lower
part) differ more drastically. Here the Ch. SU(3)-MFT’ limit
gives the lowest masses, followed by Ch. SU(3)-RHA. The
results from the two limits of chiral perturbation theory here
provide the lowest mass modifications.

The full symbols connected by arrows indicate the aver-
aged freeze-out baryon density in units ofr0 of K+ (upper
part) and K− mesons(lower part) for free (dots) and in-
medium scenarios(squares) for centralsb=1 fmd Ni+Ni col-
lisions at 1.93A GeV. SinceK+ mesons are basically pro-
duced from primary collisions and suffer less from
rescattering, they see a higher baryon density,2r0. TheK−

mesons are freezing-out later and dominantly stem from the
pion-hyperon interactions[47]. Since the difference in the
K−N and pL thresholds for the nonmodifiedK− masses is
about 320 MeV, theK− mesons can be produced only by
energetic pions or hyperons. Consequently, the density at the
production point is only,r0, i.e., lower than the initial
baryon density achieved, e.g., in Ni+Ni collisions at
1.93A GeV. The in-medium shift ofK− masses reduces the
thresholds forK− production, such thatK− mesons are cre-

FIG. 8. (Color online) The rapidity spectra ofK+ (upper part) andK− mesons(lower part) for Ni+Ni at 1.93A GeV for semicentralsb
ø4.5 fmd (l.h.s.) and noncentralsb=4.5–7.5 fmd (r.h.s) collisions in comparison to the KaoS data from Ref.[5]. The dashed lines corre-
spond to the free calculations, i.e., discardingK+ andK− potentials, the dotted line(lower left plot) shows the calculations with aK+ potential
according to the chiral SU(3)-RHA model, the solid lines correspond to the results for theK+ andK− potentials from the chiral SU(3)-RHA
model.
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ated earlier(and more frequently) by low-momentum par-
ticles at high baryon density,1.8r0 (depending on the
strength of the attractive potential). Moreover, the in-medium
absorption cross section of antikaons according to the tran-
sition probabilities employed here, is lower than the free ab-
sorption cross section.

Thus, K+,K− mesons produced in heavy-ion collisions
probe the density regime,1–2r0, where the different mod-
els deviate substantially, so one can hope to check the reli-
ability of the models by comparing to the experimental data
for A+A reactions.

We start with differential spectra forK+ and K− mesons
from Ni+Ni reactions at 1.93A GeV for semicentralsb
ø4.5 fmd [left-hand side (l.h.s.)] and noncentral sb
=4.5–7.5 fmd (r.h.s) collisions in comparison to the KaoS
data from Ref.[5] (Fig. 8). The dashed lines correspond to
the “free” calculations, i.e., discardingK+ andK− potentials,
the dotted line(lower left plot) shows the calculations with a
K+ potential according to the chiral SU(3)-RHA model, the
solid lines correspond to the results for theK+ andK− poten-
tials from the chiral SU(3)-RHA model. It is seen that theK+

rapidity distributions are overestimated in comparison to the
data when discarding a kaon potential. However, when in-
cluding the repulsiveK+ potential from the chiral SU(3)-

RHA model, a very satisfactory agreement is achieved for
semicentral and noncentral collisions.

The K− rapidity distributions are slightly overestimated
when using only free kaon and antikaon masses. This limit,
however, is unphysical since theK+ spectra require a repul-
sive potential as demonstrated in the upper part of the figure.
Now, when including the repulsiveK+ potential, theK− ra-
pidity distribution is slightly underestimated due to the lower
amount ofK− production by the hyperon1pion production
channel. Note, that the hyperon abundance is strongly corre-
lated with the abundance of kaons due to strangeness conser-
vation. Incorporating the very strongK− potential from the
chiral SU(3)-RHA model, however, the antikaon yields are
severely overestimated by a factor of,1.6–1.8. This result
indicates that the attraction for theK− in the chiral SU(3)-
RHA model is too strong.

In Fig. 9 we show the same comparison as in Fig. 8 for
the chiral SU(3)-MFT model. In this case the kaon potential
is very low and practically does not give a sufficient reduc-
tion of the kaon rapidity distribution relative to the free case.
Consequently, also the hyperon abundance is overestimated
in this model, which gives too many antikaons(by the p

+hyperon channels) already without indlucing anyK̄ poten-
tial. On the other hand, the chiral SU(3)-MET model leads to

FIG. 9. (Color online) The rapidity spectra ofK+ (upper part) andK− mesons(lower part) for Ni+Ni at 1.93A GeV for semicentralsb
ø4.5 fmd (l.h.s.) and noncentralsb=4.5–7.5 fmd (r.h.s.) collisions in comparison to the KaoS data from Ref.[5]. The dashed lines
correspond to the free’calculations, while the solid lines show the results for theK+ andK− potentials from the chiral SU(3)-MFT model.
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very strongK− potentials which in turn giveK− yields in
nucleus-nucleus collisions that are larger than the data by up
to a factor of 3. We conclude that this model is essentially
ruled out by the data due to(i) a lacking repulsion in the
kaon channel and(ii ) too much attraction in the antikaon
channel.

In Fig. 10 we continue with the same comparison as in
Fig. 8 for the Ch. Pert.-RHA. In this case the kaon potential
potential is moderately repulsive and give a sufficient reduc-
tion of the kaon rapidity distribution relative to the free case
almost perfectly in line with the data. When including now
additionally the in-medium modifications, theK− rapidity
distributions are in a very good agreement with the data as in
earlier studies such as Ref.[10]. We thus find that the chiral
perturbation theory gives the proper repulsion in the kaon as
well as attraction in the antikaon channel.

Though the Ni+Ni system at 1.93A GeV already provides
clear hints for the proper size ofK± self-energies at finite
baryon density, it is important to check these indications by
independent observables in a different system, too. In this
respect we show in Fig. 11 the differential inclusiveK+ (up-
per part) and K− spectra (lower part) for Au+Au at
1.48A GeV anduc.m.=s90±10do in comparison to the KaoS

data from Ref.[7]. The dashed lines with open circles corre-
spond to the free calculations, the dashed lines with open
squares stand for the results with theK+ and K− potentials
from the chiral SU(3)-RHA model, the dotted lines with
open triangles indicate the calculations within the chiral
SU(3)-MFT model and the solid lines with stars show the
results with theK+ andK− potentials from chiral perturbation
theory in relativistic Hartree approximation. We find that
without anyK+ andK− potentials theK+ spectra are overes-
timated and show a slope parameter which is too low in
comparison with experiment. Due to strangeness conserva-
tion also the hyperons are too frequent in this limit, which
leads to a slight overestimation of the antikaon spectra. In
this case theK− slope comes out too high.

As discussed in the context of Fig. 9, the chiral SU(3)-
MFT model yields only a small change of theK+ spectra but
overestimates theK− spectra again by a factor of 3–4. Thus,
we obtain the same conclusion for the Au+Au system at
1.48A GeV when looking at the transverse kinetic energy
spectra. In the chiral SU(3)-RHA model the kaons come out
reasonably well, but again theK− spectrum is severely over-
estimated due to the strong attraction in the antikaon chan-
nel. Only the chiral perturbation theory(stars) provides a

FIG. 10. (Color online) The rapidity spectra ofK+ (upper part) and K− mesons(lower part) for Ni+Ni at 1.93A GeV for semicentral
sbø4.5 fmd (l.h.s.) and noncentralsb=4.5–7.5 fmd (r.h.s.) collisions in comparison to the KaoS data from Ref.[5]. The dashed lines
correspond to the free’calculations, while the solid lines show the results for theK+ andK− potentials from the chiral perturbation theory in
relativistic Hartree approximation(Ch. Pert.-RHA).
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good description of both spectra simultaneously, and also for
the Au+Au system at 1.48A GeV, which gives a further in-
dication for the properK± self-energies given in this limit.
We, furthermore, stress that not only the magnitude of the
differential K+,K− spectra is described well in chiral pertur-
bation theory, but also theK+,K− slopes(cf. Refs.[10,16]).

In Fig. 12 we show additionally theK+ (upper part) and
K− angular distributions(lower part) for semicentral(l.h.s.)
and noncentral(r.h.s.) Au+Au collisions at 1.48A GeV. We
note that all angular distributions have been normalized to
unity for cosuc.m.=0 as well as the experimental data from
Ref. [48]. The assignment of the individual lines from the
different models is the same as in Fig. 11. We find that all
models do not differ very much in the angular distributions
that are more sensitive to the elastic and inelastic cross sec-
tions employed in the transport approach for kaons and an-
tikaons. Only for noncentral collisions theK− angular distri-
bution comes out too flat in the free case, i.e., when noK±

potentials and free transition rates for the scattering pro-
cesses are used in the transport model. We note that these
angular distributions are almost the same as in the full off-
shell calculations from Ref.[16] for this system.

C. Collective flow of kaons and antikaons

Though the rapidity and transverse energy distributions
for K± mesons have given some preference for chiral pertur-
bation theory in the previous subsection, it is important to get
independent information from further observables that are
less sensitive to the explicit production cross sections from
the various channels employed. We recall that especially the
K± yields from ND and DD channels are model dependent
and cannot directly be measured in experiment. Futhermore,
there are cancellation effects due to the different in-medium
potentials forK+ andK−, which imply that the absolute mag-
nitude of the spectra alone does not provide stringent infor-
mation on the in-mediumK± properties.

The collective flow of hadrons is experimentally defined
by the anisotropy in the angular distribution as

dN

df
, 1 + 2v1 cossfd + 2v2 coss2fd. s21d

The coefficientsv1 and v2 characterize directed and elliptic
flow, respectively, and can be evaluated from the transport
calculations as

v1 = UK px

pT
LU

y,pT

, v2 = UK px
2 − px

2

px
2 + py

2LU
y,pT

, s22d

where the beam is inz direction and the reaction plane ori-
ented inx direction. An elliptic flowv2.0 indicates in-plane
emission of particles, whereasv2,0 corresponds to a
squeeze-out perpendicular to the reaction plane.

The elliptic flowv2 is very sensitive to the strength of the
interaction ofK+,K− mesons with the nuclear environment.
In the case of a repulsive potential(as for K+) one expects
v2,0, i.e., a dominant out-of-plane emission of kaons due to
the repulsive interaction with the nucleon spectators. Oppo-
sitely, for antikaons—which are attracted by the nucleon

spectators—the coefficientv2 is expected to be positive if the
antikaon absorption by nucleon spectators is not too strong.

Since the deviations from an isotropic angular distribution
are small, one needs a transport calculation with very high
statistics to extract solid numbers for the coefficientsv1 (or
kpxl) andv2 especially when gating additionally on rapidityy
and/or the transverse momentumpT=Îpx

2+py
2.

In Fig. 13 we show thekpxl for K+ (upper part) and K−

(lower part) mesons as a function of the normalized rapidity
yc.m./yproj for Ni+Ni at 1.93A GeV. We have gated on central
collisionssbø4 fmd and applied a transverse momentum cut
pTù0.25 GeV/c as for the experimental data of the FOPI
Collaboration[49] (full dots). We find that when neglecting
any potential for kaons and antikaons theK± flow follows the
proton flow, however, with a lower magnitude. Since the
kaon potential in the chiral SU(3)-MFT model is only very
small, there is almost no change inkpxlsyd (upper part) for

FIG. 11. (Color online) The differential inclusiveK+ (upper
part) and K− spectra(lower part) for Au+Au at 1.48A GeV and
uc.m.=s90±10d° in comparison to the KaoS data from Ref.[7]. The
dashed lines with open circles correspond to the ’free’ calculations,
the dashed lines with open squares stand for the results with theK+

and K− potentials from the chiral SU(3)-RHA model, the dotted
lines with open triangles indicate the calculations within the chiral
SU(3)-MFT model and the solid lines with stars show the results
with the K+ and K− potentials from chiral perturbation theory in
relativistic Hartree approximation.
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K+ mesons. Only when including the moderate repulsive po-
tential of the other models the kaons are “pushed away” from
the protons and approximately show a vanishing(or even
slightly opposite) flow pattern in line with the data. Conse-
quently, the flowkpxlsyd leads to the same conclusion on the
kaon potential as in Sec. VI B, which is also consistent with
the earlier studies in Refs.[10,15,20].

In contrast, the antikaons are attracted towards the proton
flow direction by an attractive potential. This is most pro-
nounced for the chiral SU(3)-MFT and -RHA models with
their large attraction for antikaons. The results for the chiral
perturbation theory, including a moderateK− attraction, are
in between the free and chiral SU(3) limits. Unfortunately,
there are presently no comparable data to confirm or exclude
the various models.

In Fig. 14 we, furthermore, provide predictions for the
directed flow v1 for K+ (upper part) and K− (lower part)

mesons as a function of the center-of-mass rapidityyc.m. for
noncentralsb=3.5–9.5 fmd Ni+Ni collisions at 1.93A GeV.
As it is well known, the flow phenomena are more pro-
nounced for midcentral and peripheral nucleus-nucleus col-
lisions; this is also seen from Fig. 14. Here the strong anti-
flow of K+-mesons should allow us to further discriminate
the models in the next round of experimental studies. This
also holds for the strong attractiveK− flow in the lower part
of Fig. 14 that needs experimental control.

In Figs. 15 and 16 we display the directed flowv1 for K+

(upper part) andK− (lower part) mesons as a function of the
transverse momentumpT for noncentral sb=3.5–9.5 fmd
Ni+Ni collisions at 1.93A GeV including the rapidity cut
0,yc.m.,0.5. ThepT dependence of thev1 is another ob-
servable that will allow for future experimental discrimina-
tion. Our calculations demonstrate that the kaon flow is prac-
tically zero if no potentials are employed. But for nonzeroK+

FIG. 12. (Color online) The K+ (upper part) and K− angular distributions(lower part) for semicentral(l.h.s.) and noncentral(r.h.s.)
Au+Au collisions at 1.48A GeV. All angular distributions are normalized to unity for cosuc.m.=0. The experimental data have been taken
from Ref. [48]. The assignment of the individual lines is the same as in Fig. 11.
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potentials,v1 becomes increasingly negative withpT up to
pT<0.4 GeV/c. The strength ofv1 is, furthermore, almost
proportional to the strength of the kaon self-energy. The an-
tikaons show a qualitatively similar behavior inpT, but with
the opposite sign. There is practically no signal—within
statistics—for a nonvanishingv1 when discarding aK− po-
tential. Only when including moderate(for the chiral pertur-
bation theory) or stronger antikaon potential[for the chiral
SU(3)-RHA and -MFT models] a positive signal inv1 is
found again, which is most pronounced for momenta in the
0.2–0.4 GeV/c regime.

We finally present our results for the elliptic flowv2 for
K+ (upper part) and K− (lower part) mesons as a function
of the center-of-mass rapidityyc.m. for noncentral sb
=3.5–9.5 fmd Ni+Ni collisions at 1.93A GeV. The calcula-
tions show a distinct dependence of the elliptic flow as a
function of the rapidity in the c.m. systemsyc.m.d for kaons as
well as antikaons. ForK+ mesons the flow is always nega-
tive, i.e., enhanced perpendicular to the reaction plane. The
size of this “squeeze-out,” however, provides a measure for
the strength of the repulsive potential. For free antikaons the
elliptic flow is again compatible with zero(within statistics),

but directed in-plane for all rapidities when including attrac-
tive potentials. These effects are small at midrapidity, but
become more pronounced foruyc.m.u.0.5, where the specta-
tor nucleons show up. Also note that theK± mesons in the
interactions with spectators only probe densitiesrBør0. The
next round of experiments should allow to put some further
constraints on the models.

We stress that there is a clear difference for free and in-
mediumK+,K− scenarios in thev1 (or kpxl), v2 flow patterns
which provides a unique signal for medium modifications.
Thus, future experiments with sufficient statistics might be
able not only to confirm unambiguously medium effects for
K+ and K− mesons, but also provide constraints on the un-
derlying potentials in a dense and hot medium.

VII. SUMMARY

To summarize, we have investigated in a chiral SU(3)
model the temperature and density dependence of the

K ,K̄-meson masses arising from the interactions with nucle-
ons and scalar and vector mesons. The properties of the light
hadrons—as studied in a SU(3) chiral model—modify the
K-meson properties in the hot and dense hadronic medium.

FIG. 13. (Color online) The kpxl for K+ (upper part) and K−

(lower part) mesons as a function of the normalized rapidity
yc.m./yproj for Ni+Ni at 1.93A GeV. We have gated on central col-
lisions sbø4 fmd and applied a transverse momentum cutpT

ù0.25 GeV/c as for the experimental data of the FOPI Collabora-
tion [49] (full dots). The assignment of the individual lines is the
same as in Fig. 11.

FIG. 14. (Color online) The directed flowv1 for K+ (upper part)
and K− (lower part) mesons as a function of the center-of-mass
rapidity yc.m. for noncentralsb=3.5–9.5 fmd Ni+Ni collisions at
1.93A GeV. The assignment of the individual lines is the same as in
Fig. 11.

A. MISHRA et al. PHYSICAL REVIEW C 70, 044904(2004)

044904-14



The SU(3) model with parameters fixed from the properties
of hadron masses, nuclei and hypernuclei and KN scattering
data, takes into account all terms up to the next to leading
order arising in chiral perturbative expansion for the interac-
tions ofK mesons with baryons. The important advantage of
the present approach is that the DN, KN as well aspN S
terms are calculated within the model itself. The predictions
for thepN and KNS terms are reasonable, the value forSKN
from the model being, furthermore, in agreement with lattice
gauge calculations.

Using the Lagrangian from chiral perturbation theory with
a Tomozawa-Weinberg interaction, supplemented by an at-
tractive scalar interaction(the S term) for the KN interac-
tions, the results obtained are seen to be similar to earlier
calculations: theK+ mass increases with density while theK−

mass decreases. However, the presence of the repulsive
range term, given by the last term in(17), reduces the drop in
the antikaon mass. The chiral effective model, which is ad-
justed to describe nuclear properties, gives a larger drop of
the K-meson masses at finite density as compared to chiral
perturbation theory dominantly due to an attractive range
term. Furthermore, the effect of the baryon Dirac sea for hot
hadronic matter[within the chiral SU(3) model] gives a
slightly higher value for theK-meson masses as compared to

the mean-field calculations, while the qualitative trends in
the medium remain.

Since the predictions of the various models differ substan-
tially for the K± masses at finite density and temperature we
have used a covariant transport approach to study the poten-
tial effects of the models in comparison to experimental data
at SIS energies. Our detailed analysis forK± rapidity and
transverse energy distributions has given a clear preference
for the potentials from chiral perturbation theory, which
yields a moderately repulsive kaon potential and a moder-
ately attractive antikaon potential. We stress that this moder-
ate K− potential is in agreement with more sophisticated
coupled-channel calculations, which take into account effects
from the Ls1405d and dress the in-mediumK− propagator
selfconsistently.

As pointed out in Sec. V, the effective SU(3) chiral model
gives stronger modifications for theK-meson masses as com-
pared to chiral perturbation theory, especially at large den-
sity, due to the repulsivev-exchange term, which is absent in
chiral perturbation theory. This effect leads to a range term
which is attractive contrary to the situation in chiral pertur-
bation theory where the range term is repulsive. In the ab-
sence of thev-exchange term in the chiral SU(3) model,
however, the qualitative features can be similar in both mod-
els.

FIG. 15. (Color online) The directed flown1 for K+ (upper part)
andK− (lower part) mesons as a function of the transverse momen-
tum pT for noncentral sb=3.5–9.5 fmd Ni+Ni collisions at
1.93A GeV including the rapidity cut 0,yc.m.,0.5. The assign-
ment of the individual lines is the same as in Fig. 11.

FIG. 16. (Color online) The n2 coefficient forK+ (upper part)
and K− (lower part) mesons as a function of the center-of-mass
rapidity yc.m. for noncentralsb=3.5÷9.5 fmd Ni+Ni collisions at
1.93A GeV. The assignment of the individual lines is the same as in
Fig. 11.
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One has to keep in mind also, that the SU(3) model has
been constructed in order to describe nuclear properties at
normal baryon density. Moreover, it is a “static” theory since
it is formulated on the mean-field level only, i.e. dynamical
effects such as momentum dependence of the kaon/antikaon
potentials are not included. Our analysis shows that the
heavy-ion data indicate that such a restricted picture of in-
medium effects doesn’t work at high baryon densities. More-
over, it seems quite difficult to constrain the parameters of
the chiral SU(3) model such that they describe the heavy-ion
data and simultaneously achieve a good agreement with the
nuclear matter data. Most likely, more sophisticated sce-
narios as coupled-channelG-matrix calculations provide a
more realistic picture of the medium modification of kaons
and antikaons.

We have, furthermore, calculated the collective flow for
kaons and antikaons in Ni+Ni reactions at 1.93A GeV,
which shows a clear dependence on the strength of the po-
tentials for non-central and peripheral collisions. Moreover,

the dependence of the flow coefficientsv1 and v2 on the
transverse momentumpT and on the rapidityy show a sen-
sitivity to the sign and magnitude of theK± potentials. These
sensitivities can be used to determine the in-medium proper-
ties of the kaons and antikaons from the experimental side in
the near future[50].
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