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Kaons and antikaons in hot and dense hadronic matter
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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 8) model. The mutual interactions with baryons in hot hadronic matter and

the effects from the baryonic Dirac sea on tEK) masses are examined. The in-medium masses from the
chiral SU3) 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 weKas the

flow pattern in heavy-ion collision experiments at 1.3+&eV are investigated within the hadron-string-
dynamics transport approach. Detailed predictions on the transverse momentum and rapidity dependence of
directed flowv, and the elliptic flowv, are provided for Ni+Ni at 1.98 GeV within the various models, that

can be used to determine the in-mediith properties from the experimental side in the near future.
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I. INTRODUCTION channell =0 is dominated by thé (1409 resonant structure

The property of hadrons under extreme conditions of tem{28], which in free space is only 27 MeV below thHeN
perature and densityl] is an important topic in present threshold. It is presently not clear if this physical resonance
strong-interaction physics. This subject has direct implicais a real excited state of a “strange” baryon or it is some
tions in heavy-ion collision experiments, in the study of as-short-lived intermediate state which can be generated dy-
trophysical compact objecttike neutron stars as well as in  namically in a coupled-chann&matrix scattering equation
the early universe. The in-medium properties of kaons haveising a suitable meson-baryon potential. Additionally, the
been primarily investigated due to their relevance in neutrorzoupling between th&N and 7Y (Y=A,3) channels is es-
star phenomenology as well as relativistic heavy-ion colli-sential to get the proper dynamical behavior in free space.
sions. For example, in the interior of the neutron star, thecorrespondingly, the in-medium properties of thé1405),
attractive kaon nucleon interaction might lead to kaon cony,ch as its pole position and its width, which in turn strongly

densation as suggested early by Kaplan and NefBprrhe influence the antikaon-nucleus optical potential, are very

in-medium modification of kaon/antikaon properties can begoqjiive to the many-body treatment of the medium effects.
observed experimentally primarily in relativistic nuclear col-

lisions. Indeed, the experimentg—7] and theoretical stud- Previous works have shown that a self-consistent treatment

ies[8—19 on K* production fromA+A collisions at Schwer- 0f the K self-energy has a strong impact on the scattering
lonen-SynchrotroriSIS) energies of 1-2 GeV have shown amplitudes[17,24,26,27,29,30and thus on the in-medium
that in-medium properties of kaons have been seen in thproperties of the antikaon. Due to the complexity of this
collective flow pattern oK* mesong20] as well as in the many-body problem, the actual kaon and antikaon self-
abundancy and spectra of antikaons. energiegor potential$ are still a matter of debate.

The theoretical research work on the topic of in-medium In the present investigation, we will use a chiral (SYJ
properties of hadrons was triggered in part by the early sugmodel for the description of hadrons in the medi{8t]. The
gestion of Brown and Rh¢21], that the modifications of nucleons—as modified in the hot hyperonic matter—have
hadron masses should scale with the scalar quark condensditeen studied within this modgs2] previously. Furthermore,
(qop at finite baryon density. The first attempts to extract thethe properties of vector mesofi32,33—due to their inter-
antikaon-nucleus potential from the analysis of kaonic-atorrictions with nucleons in the medium—have been also exam-
data were in favor of very strong attractive potentials of theined and have been found to show appreciable modifications
order of -150 to -200 MeV at normal nuclear matter den-due to Dirac sea polarization effects. The chiral(Skhyor
sity po [22,23. However, more recent self-consistent calcu-model was also been generalized to(8)g,, to study the
lations based on a chiral Lagrangi§®4—27 or coupled- mass modification oD mesons due to their interactions with
channelG-matrix theory(within meson-exchange potentipls the light hadrons in hot hadronic matter [84]. In the
[29] only predicted moderate attractive depths of —50 topresent work, the masses of kagaatikaon$, as modified in
—-80 MeV at densityp,,. the medium due to their interaction with nucleons, are stud-

The problem with the antikaon potential at finite baryonied within the chiral S§3) framework, which is consistent
density is that the antikaon-nucleon amplitude in the isospimwith the low-energy kaon-nucleqiKN) scattering dat§35].

In this approach, however, only the real parts of the kaon/
antikaon self-energies can be addressed.

*Electronic address: mishra@th.physik.uni-frankfurt.de Another problem related to the complexity of kaon/
TElectronic address: Elena.Bratkovskaya@th.physik.uni-2ntikaon physics in relativistic heavy-ion reactions is that not
frankfurt.de only the mean-field properties of the K mesons enter, but
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also their in-medium scattering amplitudes sometimes far R 1

from the mass shell16,29, because the antikaon couples  £kin=1TrBy,D*B+ ETY D XD#X + Tr(u, Xu*X

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 Ref16] have incorporated the full - }Tr(V/ VA — lTr(F Frv) — lTr(A AR

off-shell dynamics in transport. Thus, when confronting our 4 K 4 4

model predictions with experimental data, we will use a pa- 2)

rametrization of the off-shell amplitudes from Ref&6,29

in order to reduce the systematic uncertainty in the transitiohh Ed. (2), B is the baryon octe®X the scalar meson multip-

amplitudes or scattering rates of antikaons with baryons. Fadet, Y the pseudoscalar chiral srngléwt“(A“) the renormal-

the real part of the self-energies, however, we will implemenized vector (axial vectoj meson multiplet with the fleld

the results from the different models to be discussed in th'%trength tensoV =0, V -9 V S AL=0,A,-0,A,), F,,

work. the field strength tensor of the photon apds the scalar
The outline of the paper is as follows: In Sec. Il we Sha”lsoscalar dilaton (gluebal) field. In the above,u

briefly recall the basic concepts of the chiral SUmodel /Z[UTﬂ U=ud uT] whereu=ex (i/go) 7\%ye] is the tl;ni-

used in the present investigation. Section Ill describes th?ary transformation operator, and the covariant derivative
medium modification of the KK) mesons in this effective readsD,=d,+[T',,] with I, ==i/2[u’d,u+udg,u'l.

model. In Sec. IV, we investigate the kaon masses using The baryon meson interaction forageneral meson Wéld
chiral perturbation theory, while in Sec. V we discuss andhas the form

compare the results from the chiral @Y model to those

from the chiral perturbation theory. Section VI explores the Law="— \298 {a\,\,[B(’)BV\/]F +(1- aW)[B(’)BVV]D}
effects of in-medium modifications of kaoiantikaon$ on

their production and flow pattern in relativistic heavy-ion ‘91
collisions in comparison to experimental data. Section VII

summarizes the findings of the present investigation and dis- — — — —
cusses future extensions. with  [BOBWJg:=Tr(BOWB-BOBW) and [BOBW]p
:=Tr(BOWB+BOBW)—-(2/3)Tr(BOB)Tr W. The different
terms—to be considered—are those for the interaction of
baryons with scalar mesorf8V=X,0=1), with vector me-

In this section the various terms of the effective hadronicsons(W=V,,0=vy, for the vector andN—V,“,,(’) o™ for
Lagrangian used, the tensor interaction with axial vector mesons(W
=A,,0=v,ys and with pseudoscalar mesong/=u,,O
L=Lunt S Law+ Lyp+ Lyect Lot L (1) :'y;f'yS),_ respec_trvely. For the current investigation the_fol—
M ey B VR Tvee TR0 T SE lowing interactions are relevant: Baryon-scalar meson inter-

actions generate the baryon masses through coupling of the

are briefly reviewed. Equatiofi) corresponds to a relativis- baryons to the nonstrange(~(uu+dd)) and the strange
tic quantum-field-theoretical model of baryons and mesong(~(ss)) scalar quark condensate. The parameg%rgs, and
built on a nonlinear realization of chiral symmetry and bro- ag are adjusted to fix the baryon masses to their experimen-
ken scale invariancéfor details, seg31-33) to describe tally measured vacuum values. It should be emphasized that
strongly interacting nuclear matter. The model was used suthe nucleon mass also depends on the strange ‘condensate
cessfully to describe nuclear matter, finite nuclei, hypernufor the special case of ideal mixiigs=1 andg;= \693) the
clei, and neutron stars. The Lagrangian contains the baryonucleon mass depends only on the nonstrange quark conden-
octet, the spin-0 and spin-1 meson multiplets as the elememate. In the present investigation, the general case will be
tary degrees of freedom. In E(), Ly, is the kinetic energy used to study hot and strange hadronic maf82, which
term, Lgy contains the baryon-meson interactions in whichtakes into account the baryon coupling terms to both scalar
the baryon-spin-0 meson interaction terms generate théelds (o and ) while summing over the baryonic tadpole
baryon masse<,p describes the interactions of vector me- diagrams to investigate the effect from the baryonic Dirac
sons with the pseudoscalar mesgasd with photons £,  sea in the relativistic Hartree approximatifgg].
describes the dynamical mass generation of the vector me- In analogy to the baryon-scalar meson coupling there ex-
sons via couplings to the scalar mesons and contains addst two independent baryon-vector meson interaction terms
tionally quartic self-interactions of the vector field con-  corresponding to theF-type (antisymmetrig and D-type
tains the meson-meson interaction terms inducing thgsymmetrig couplings. Here we will use the antisymmetric
spontaneous breaking of chiral symmetry as well as a scaleoupling because—from the universality princigis] and
invariance breaking logarithmic potentidlsg describes the the vector meson dominance model—one can conclude that
explicit chiral symmetry breaking. the symmetric coupling should be small. We realize it by
The kinetic energy terms are given as setting w,=1 for all fits. Additionally we decouple the

1 1
+ Xu, u*X) + ETr D, YD*Y + EDMXD“X

1_Tr(BOB)Tr W, (3)

/

Il. THE HADRONIC CHIRAL SU (3) X SU(3) MODEL

044904-2



KAONS AND ANTIKAONS IN HOT AND DENSE... PHYSICAL REVIEW C 70, 044904(2004)

strange vector fieldp,~sy,s from the nucleon by setting here, the interactions to the scalar fieldenstrangeg and
g‘l’: \5’69}3’. The remaining baryon-vector meson interactionstrange, {) as well as a vectorial interaction and a
reads w-exchange term modify the masses ff mesons in the
o _ medium. These interactions were considered within the
Lgy=-2g§{[By,BV]-+ Tr(By,B)TrV#}.  (4)  SU@3) chiral model to investigate the modificationskoine-

. _ . . sons in the thermal mediuii37] in the mean-field approxi-
The Lagrangian descrlblng the !nte_r action for the Scalarmation. The scalar meson exchange gives an attractive inter-
mesonsX and pseudoscalar singlgtis given as[31]

action leading to a drop of th€-meson masses similar to a
1 scalar sigma term in the chiral perturbation the@?y. In
Lo=- Eko)(2|2 +Ky(12)? + kol 4 + 2Kaxl 3, (5  fact, the KN[37] as well as therN sigma term are predicted
in our approach automatically by using &YJsymmetry. The

with [,=Tr(X+iY)?, l3=de(X+iY), and I,=Tr(X+iY)% In pion-nucleon and kaon-nucleon sigma terms, as calculated
the above,y is the scalar color singlet gluon field. It is in- from the scalar meson exchange interaction of our Lagrang-
troduced in order to “mimic” the QCD trace anomaly, ian, are 28 and 463 MeV, respectively. The value for the KN
ie, the nonvanishing energy-momentum tense, sigma term calculated in our model is close to the value of
=(Baco/ 20)(G,,G**"), whereG,, is the gluon field tensor. 2kn=450 MeV found by lattice gauge calculatiofg]. In

The following scale breaking potential is introduced addition to the terms considered[i87], we also account the
. effect of repulsive scalar contributior(s~(d,K*)(*K")],
r _ 1 an X 4 [ n I3 ©) which contribute in the same order as the attractive sigma
scalebreak” ~ 4 X X5 3 detx),’ term in chiral perturbation theory. These terms will ensure

) ) L ) . that KN scattering lengths can be described and, hence, the
which allows for the identification of thg field width the low-density theorem for kaons is fulfilled.
gluon condensat@,’j:(l—a))(f Finally the te"_“.ﬁxz_k4)<4 The scalar meson multiplet has the expectation value
generates a phenomenologically consistent finite vacuum exXxy=diago/\2,0/ V2 ), with o and ¢ corresponding to the

pectation value. The variation gf in the medium is rather . honstrange and strange scalar condensates. The pseudoscalar
small[31]. Hence, we shall use the frozen glueball approxi-nason fieldP can be written as

mation, i.e., sejy to its vacuum valuey,.
The Lagrangian for the vector meson interaction is written

as - 2K*
72 T
X B o a N o Lrw
Lyec= 7—2Tr(VMV“) + ZTr(VWV‘”XZ) + 1—\2/[Tr(V””)]2 p=| = -2 o | 9)
Xo K-
+2()*Tr(V, V92, (7) Trw 0

The vector meson fieId§/M are related to the renormalized B
fields byVM:Z\l,/ZVﬂ, with V=w,p, ¢. The masses ob, p, where w=v2¢/o, and we have written down the entries

and ¢ are fitted fromm,, w, and\y. which are relevant for the present investigation. From

The explicit symmetry-breaking term is given @] PCAC, one gets the decay constants for the pseudoscalar
_ ) . - mesons ag_.=-c and fy=—(o++v2{)/2. The vector meson
Lsg=Tr AfuX+iY)u+ul(X-iY)u'], (8) interaction with the pseudoscalar mesons, which modifies the

with Ap:1/\s"§ diag(nﬁfw,nﬁfw,ZnFK fK—mifw) and m_ ~ masses of th& mesons, is given a87]

=139 MeV,m =498 MeV. This choice foA,, together with

the constraintsry=—f, {,=-1/\2(2fc-f.) on the vacuum m\2/

expectation valugVEV) on the scalar condensates assure Lyp==5—Tr(l ,V¥) +h.c.. (10

that the partially conserved axial-vector curréRCAC) re- 20v

lations of the pion and kaon are fulfilled. With .
=93.3 MeV andfc=122 MeV we obtain|oy|=93.3 MeV ~ The vector meson multiplet is given a¥=diad(w
and|{y| =106.56 MeV. +po) /N2 ,(w=pg)/\2,4]. The non-diagonal components in

We will treat the chiral S(B) model in the mean field and the multiplet, which are not relevant in the present investi-
in the relativistic Hartree approximatioig®r details, we re-  gation, are not written down. With the interacti¢h0), the
fer to Refs.[32,33). coupling of theK meson to thew meson is related to the
pion-rho coupling as),k/g,»=f2/(2f2).

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 A,

In this section, we investigate the medium modification of=1/v2 diagm? f.,m? f ., 2m&f, —m2 f ).
the K-meson mass due to the interactions of khemesons in The interaction Lagrangian modifying themeson mass
the hadronic medium. In the chiral effective model as usedan be written a§37]

I1l. KAON INTERACTIONS IN THE EFFECTIVE
CHIRAL MODEL
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3| Ny — - mﬁ [~ _ mmas yectorial
Le=- ginN(K 3,K* = 3, KK + EK(0'+ V20K K* €00 T

=== - exch

femiEFANQE (SN
—Ota]

Ch. SU(3) - MFT

. _ _ 1 = _
—ig.k(K 9K =9, KK - f—K(o+ V20)(9,K7) -

X (#K*) + d—lz(ﬁN)(aMK-)(aﬂm. (11)
22

In Eqg. (11) the first term is the vectorial interaction term
obtained from the first term in E@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 of w-meson exchange, is attractive for tke and
repulsive forK*. The fourth term arises within the present 200

300

chiral model from the kinetic term of the pseudoscalar me- (@) 0 1 pjpo 3 4
sons given by the third term in E(R), when the scalar fields
in one of the meson multipletsX are replaced by their
vacuum expectation values. The fifth term in Etfl) for the . »
X ) : 600 K e
KN interactions arises from the term e
—f,—’—’-‘u"‘
£8M=d, Tr(u,u“BB), (12) e
500 pelE T T
in the SU3) chiral model. The last two terms in E¢ll) “*-\.\\
represent the range term in the chiral model. From the Fou- | e S~
rier transformation of the equation of motion for kaons ¥ wb T Sor .
-2+ mﬁ +3(w,p) =0, Ch. SU(3) - MFT
one derives the effective energy of tké andK~, which are
the poles of the kaon propagator in the medi(assuming 300 =0 o
zero momentum foS-wave Bose condensatiprwhere S _—oxeh
denotes the kaon self-energy in the medium. ' rangeerm
200
Fitting to KN scattering data 0 1 2 3
. . b
For the KN interactions, the terit12) reduces to (b) Palfo
KN 1 — FIG. 1. Contributions to the masses Iéf mesons due to the
L5 =dyz5 (NN)(9,K7)(*K™). (13)  various interactions in the effective chiral model in the mean-field
2f approximation. The curves refer to individual contributions from

The coefficient, in the above is determined by fitting to the the vectorial interaction, scalar exchange,exchange, and the
KN scattering length[34,35,39,4Q The isospin averaged range term. The solid line shows the total contribution.

KN scattering length

-0.4836 as fixed by the vacuum baryon masses, and the
other parameters are fitted to the nuclear matter saturation
properties as listed in Ref32]. We consider the case when a
quartic vector interaction is present. The coefficieptis
evaluated in the mean-field and relativistic Hartree approxi-

o My [_ (ﬂ) o _ ( \,,2mK> o mation (RHA) cases as 5.681 and 4.33/n, respectively

_ 1 _ _
an = Z(3a',{,\} +al0) (14)

can be calculated to be

akn [34]. The contribution from this term is thus seen to be

= 2
4m(1 +my/my) 2fk mﬁ 2fk my; attractive, contrary to the other term proportional to
20uk0un 3 dymy (9,K7)(a*K*) in Eq. (11), which is repulsive.
R T 15)
m;, 4f  2f
The empirical value of the isospin averaged scattering length IV CHIRAL PERTURBATION THEORY
[35,39,4Q is taken to be The effective Lagrangian obtained from chiral perturba-
Ay ~ — 0.255 fm, (16) tion theory[2] has been used extensively in the literature for

the study of kaons in dense matter. This approach has a vec-
which determines the value for the coefficied. The tor interaction(called the Tomozawa-Weinberg terms the
present calculations use the valuggy=10.618 andg= leading term. At subleading order there are the attractive sca-
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v scalar exch.
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— total
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(&) pe/po

200
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600 4
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500

400 Ch. SU(3) - RHA

T=0

300

m=== yectorial

v scalar exch.
m—— - exch
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= rotal

0 1 2 3 4
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FIG. 2. Same as in Fig. 1, but in the relativistic Hartree approxi-
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=man (i) w/o range term -MFT
= (ii) with range term -MFT
600 1o (i) wfo range term -RHA
vmme (ji) with range term -RHA

Ch. SU3)
500
%k M
g
400
300
4
(a)
600 e |
gt
At
(e
K+
*
g

400 Ch. SU(3)

mmmn (i) w/o range term -MFT
300 == (ii) with range term -MFT
v (i) w/o range term -RHA
remie (ii) with range term -RHA

0 1 2 3 4
() palpo

FIG. 3. Masses ak* mesons due to the interactions in the chiral

mation. The contributions to the massesksf mesons due to the SU(3) model atT=0, (i) without and(ii) with the contribution from
various interactions are seen to be smaller with the Dirac sege range term.

effects.

lar nucleon interaction terrtthe sigma term[2] as well as
the repulsive scalar contributiaiproportional to the kinetic
term of the pesudoscalar megomhe KN interaction is
given as

3i — SN —
Lin == —5NyAN(K™9,K* = 3,KK*) + ZH(NN)KK*
8f;2 f2

+ %(ﬁN)(aﬂK‘)(ﬁ“K"). (17)
K

where 3 =(m+mg/2)(N|(uu+ss)|N) [38]. In our calcula-
tions, we takem,=150 MeV andm=(m,+my)/2=7 MeV.

The last term of the Lagrangidat7) is repulsive and is of

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

choices:2yn=2m,. and 2x\n=450 MeV. The coefficienD,
as fitted to the empirical value of the KN scattering length
(16), is in general given by39]

D = 0.33My — Syp/ME. (18)

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 thE-meson masses in hot and dense

the same order as the attractive sigma term. This, to a larggadronic medium within a chiral S8) model. The contri-
extent, compensates the scalar attraction due to the stalarpytions from the various terms of the interaction Lagrangian

term. The coefficienD is fixed by the KN scattering lengths (11) are shown in Fig. 1 in the mean-field approximation.
(see Ref[39]) by choosing a value foEy, which depends The vector interaction as well as the exchange terms
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=mus (i) w/o range term -MFT
(i) with range term -MFT

600 tven (7)) w/o range term -RHA 600

vemin (i) with range term -RHA
Ch. Pert. - MFT
500
T=150 MeV

Ch. SU(3)

500

400 400

w—(]) Sgn=2m , (W/o Tange term)

~
300 . \'\:'\' s 300 | ==== (II) %y =450 MeV (w/o range term)

~ = (IIT) Eg\=2m , (with range term)
. @ m ([V) Xg=450 MeV (with range term)
0 1 2 3 4 0 1 2 3 4
(a) P8/Po (a) Pr/Po
e - -
e -
600 B .;;;l';_a" 600
s
2
2
o K+

500 500

*; Ch. SU(3) *
£ £ Ch. Pert. - MFT

m=mn (i) w/o range term -MFT B
i) wi m— () Sx\=2m , (W/o range term)
300 | = (!‘) with range term VT 300 | ==== () Txn=450 MeV (w/o range term)
— (l) W/? ra[rlge term -RHA === ([II) Exn=2m , (with range term)
vemin (i) with range term -RHA e (IV) TonASOMeY (with range term)
0 1 2 3 4 0 1 5 n .
©) Palpo (b) Pe/po
FIG. 4. Masses oK* mesons in the chiral S8) model for T FIG. 5. Masses oK* mesons al =0 in the mean-field approxi-

=150 MeV, (i) without and(ii) with the range term contribution.  mation in chiral perturbation theory, without and with the contribu-

. . . tion from the range term.
[given by the first and the third terms of E@L1), respec- J

tively] lead to a drop for the&K™ mass, whereas they are other case corresponds to the inclusion of the range terms in
repulsive for theK*. The scalar meson exchange term ISEq. (11). Both theK-meson mass, as well as tie mass,
attractive for botrK™ andK™. The first term of the range term drop at large densities when the range term is included.
of Eqg. (11) is repulsive, whereas the second term has an In Fig. 4, the masses are plotted at a temperature of
attractive contribution. This results in a turnover of tie 150 MeV. The drop of the kaon masses are smaller as com-
mass at around Op§ above which the attractive range term pared to the zero temperature case. This is due to the fact that
[the last term in Eq(11)] dominates. The dominant contri- the nucleon mass increases with temperature at finite densi-
butions arise from the scalar exchange and the range terties in the chiral model used hef@2,41. Such a behavior of
(dominated byd, term at higher densitigswhich lead to a the nucleon mass with temperature was also observed earlier
substantial drop oK-meson mass in the medium. The vector within the Walecka model by Ko and L[41] in a mean-field
terms lead to a further drop #f~ mass, whereas fd¢* they  calculation. The subtle behavior of the baryon self-energy
compete with the contributions from the other two contribu-can be understood as follows. The scalar self-energy in the
tions. The effect from the nucleon Dirac sea on the massnean-field approximation increases due to the thermal distri-
modification of theK mesons is shown in Fig. 2. This gives bution functions at finite temperatures, whereas at higher
rise to smaller modifications as compared to the mean-fieltemperatures there are also contributions from higher mo-
calculations though qualitative features remain the same. menta which lead to lower values of the self-energy. These
In Fig. 3 the masses of thik mesons are plotted fof  competing effects give rise to the observed increase of the
=0 in the present chiral model. We first consider the situatioreffective baryon masses with temperature at finite densities.
when the Weinberg-Tomozawa term is supplemented by th&his change in the nucleon mass with temperature at finite
scalar and vector meson exchange interactif8¥§. The density is also reflected in the vector megeon p, and ¢)
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respectively, where this term is absent. A6, the term
gives higher values for the in-medium mass at large densi-

600 ties, as expected. The relativistic Hartree approximation
shows again smaller mass modification as compared to the
mean-field case. Thik*-meson mass shows a strong drop at
500 large density in the chiral effective model as compared to the

other approaches. The range term proportionaltan Eq.

(11) has to overcome the repulsiveexchange 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

mg

400

= (D) Z=2m , (W/o range term) ) effective chiral model gives stronger modifications for the
300 | o O S0 e o range ) K-meson masses as compared to chiral perturbation theory,
= = (IV) Tqy=450 MeV (with range term) especially at large density.
0 1 2 3 4 We note that the somewhat shallow attractive potential for
(a) Prlpo K™ of =30 to —80 MeV atpy has been extracted also from
coupled-channel calculatiof$7,24—-27,29,3pwhen includ-
} ing effects from dressing th€~ propagator self-consistently.
600 At

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

500 Since the different models discussed in the previous sec-

tions give very different results for thé* properties in the
5 nuclear medium, it is of central importance to obtain further
400 information from the experimental studies KA production
- in order to support or reject part of the models. However,
high-density matter can only be produced in relativistic
nucleus-nucleus collisions, whek& production and propa-
— (1) Sye=2m , (W/0 range term) 3 - | .
300 | mmes (1) =450 MeV (wfo range term) gation happens to a large extent out of kinetic and chemical
= (IIl) Zgy=2m ; (with range term) equilibrium. One thus has to employ nonequilibrium trans-
=om (IV) Egy=450 MeV (with range term) . .
port approaches to follow the dynamics of all hadrons in

0 1 2 3 4 phase spacg2].
(b) PulPo

T=0

FIG. 6. Same as in Fig. 5, but in the relativistic Hartree A. Description of the transport model

approximation. ) o )
Our study of heavy-ion collisions is based on the hadron-

string-dynamicgHSD) transport approacfiLl3—15. Though

masses in the mediufi32]. However at zero density, due to
effects arising only from the thermal distribution functions, the HSD transport approach has been _developed for the.off—
shell dynamic, including the propagation of hadrons with

i masas e e o o ooy g S e e
model to those of the chiral perturbation theqsee Ref. the context ofK, K production and propagation in nucleus-
[35,39). The corresponding kaon masses are plotted in Figdlucleus collision§16], we here restrict to the on-shell qua-
5 and 6 at zero temperature for the mean field as well as fotiParticle realization similar to Ref§13-13. The main rea-
the relativistic Hartree approximation. THE* masses are Son is that the full off-shell calculations require the
plotted for different casestl) and (Il) correspond taSyy knowledge of the momentum, density, and temperature-
=2m,. and 3x\=450 MeV, respectively, without the range dependent spectral functions Kf K mesons as well as the
term, while the case@ll) and(IV) are with the range term in-medium cross sections for all production and absorption

(9,K")(9#K"), with the parameteD fitted to scattering channels. The latter have to be calculated in a consistent way,

length, so as to fulfill the low-density theord@g]. The case  INcorporating again the same spectral functions. Such infor-
(I1) shows a stronger drop of th¢" mass in the medium as Mation is naturally provided by coupled-chanr@imatrix
compared to the casg) due to the larger attractive sigma Calculations[16]. However, the models presented in Secs.
term. ForK*, however, there are canceling effects from the!l~V are not suited for such purposes since they are formu-
sigma term and the Weinberg-Tomozawa interactions, lead2ted on the mean-field level, only. We note in passing that
ing to only a moderate mass modification. The inclusion oftn€ differences between the present on-shell and the previous
the repulsive range term iflll) and (IV) gives rise to a off-shell [16] versions of transport foK spectra in the SIS
smaller drop of theK™ mass as compared ) and (ll),  energy regime are less than 30% for the systems to be inves-
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tigated below if similar antikaon potentials are employed [ T=70 MeV

[44]. _ 120 | —-— Ch.SUG3)-RHA o
In Refs.[13-15 the transition amplitudes faKN chan- | —--=Ch.SU(3)-MFT

nels below the threshold e£1.432 GeV have been extrapo- 115 — Ch. Pert-RHA i

lated from the vacuum amplitudes in an “ad hoc” fashion, . = = - Ch. Pert.-MFT

which differ sizeably from more recent microscopic coupled- *\Eg 1.10 i
channel calculation$24—-26,29. To reduce this ambiguity &

we have adopted the results from t@ematrix calculations 1.05 [ _
of Ref. [29], which have been also incorporated in the off- o b N a
shell calculations[16] and extend far below the “free” J

. . 1.00 i+Ni . .
threshold. The latteG-matrix calculations have been per- <Py/Py> Ni+Ni@ 1.93 A GeV
formed at a fixed temperatur€=70 MeV, which corre- 0.95 | | |
sponds to an average temperature of the “fireballs” producec ' | ' 5 ’ 3 ' 4
in nucleus-nucleus collisions at SIS energies. We recall tha:
variations in the temperature from 50-100 MeV do not sen- L0 y T T T T T

n . -

sibly affect the quasiparticle properties in the medium ac-
cording to the studies in Ref29].

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

’ 34 | . \~\ ]
O142-.3+4(S) = (277)5%‘& f d cog6) “\:M 0.7 L \\\:\'\_ ~ > 4
1 06 - T=70 MeV \\\\'\-\_\ =
% G, (19 0 [ —-— Ch.SU@3)-RHA ~~\\ T~ T
B I
wherep andp’ denote the center-of-mass momentum of the . — — - Ch. Pert.-MFT o
particles in the initial and final state, respectively, dad 0.4 ! 1 1 1 . 1 )
stand for the particle energies. The sums avand « indi- 0 1 2 3 4
cate the summation over initial and final spins, wtles, P/Py

are the spins of the particles in the entrance channel. Apart ) . . :
from the kinematical factors, the transition rates are deter- FIG. 7. (Color onling The ratio of the in-medium kaoupper

- . . ... parh and antikaon(lower pary masses to the vacuum masses
mined by the angle integrated average transition probab|I|t|e$m*K/mK) as a function of baryon density in units a§=0.16 frr3

1 calculated in the different models for the temperatlire/0 MeV.
—2 E GTG, The dotted-dashed lines correspond to the results within the chiral
(28, +1)(25,+ 1) 7 7 SU(3) model in the relativistic Hartree approximati¢@h. SU?3)-

(20) RHA], the dotted-dotted-dashed lines stand for the chira(3gU

model in the mean-field approximati¢€h. SU3)-MFT], the solid

which, as mentioned above, are uniquely determined by thgnes indicate the calculations within the chiral perturbation theory
G-matrix elements evaluated for finite densitytemperature in relativistic Hartree approximatiofCh. Pert.-RHA with the KN
T, and relative momenturpy, with respect to the nuclear sigma term taken as 450 MeV, whereas the dashed lines show the
matter rest frame. The transition probabilities of EZ0) results for the chiral perturbation theory in mean-field approxima-
have been displayed in the right-hand sidé.s) of Figs. tion (Ch. Pert.-MFT. The full symbols connected by arrows indi-
5-8 of Ref.[16] for the reactionK p—K™p, K'p—2°7°, cate the averaged freeze-out baryon density in unitpyobf K*
K p—An° and A7°— A#° as a function of density and (upper pant and K~ mesons(lower par} for free (dotg and in-
invariant energy, respectively. The latter have been paraninedium scenariogsquaresfor central(b=1 fm) Ni+Ni collisions
etrized by the authors of Ref16] and are available to the at1.9RAGeV.

public[45]. In this context it is important to point out that the rough approximations for the transition probabilities involv-
packward channeIsK pH.EOWO' K p‘_AWOZ etc., are en- inggantilggons. These transition ampIituF()jes are beyond the
tirely determined by detailed balance, which is strictly ful-|gye| of mean-field theory essentially discussed in Secs. II-V.
filled in the HSD transport approach using Eg9). We stress that for the present study we employ the kaon
In principle, the real parts of th self-energies are also production cross sections folA andAA channels from Ref.
fully determined by thes-matrix calculations. However, we [46] instead of the previously used fixed isospin relations,
here a adopt &ybrid modelthat keeps the in-medium tran- j.e., ows_nky(VS)=3/dounnky(VS)  and  oys nky(VS)
sitions probabilitieg20) fixed, and vary the real part of thé :1/20NNHNKY(\“"§). The kaon yields in vacuum now are on
self-energies or antikaon potential according to the modelaverage enhanced by30% relative to the yields in Refs.
presented in Secs. II-V. In this way one can study the exf13-15. This enhancement is a consequence of the larger
plicit effect of the kaon and antikaon potentials in the nucleaproduction cross section in tHéA and AA channels from
medium in a more transparent way without employing tooRef. [46] (as also used in Refs[18,19). Since these

P1i23+4(8) = f dcog0)
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FIG. 8. (Color online The rapidity spectra okK* (upper part and K~ mesonglower pary for Ni+Ni at 1.93A GeV for semicentra(b
<4.5 fm) (l.h.s) and noncentralb=4.5-7.5 fm (r.h.9 collisions in comparison to the KaoS data from R&f. The dashed lines corre-
spond to the free calculations, i.e., discarditigandK™ potentials, the dotted lingower left plof) shows the calculations withk&" potential
according to the chiral S@3)-RHA model, the solid lines correspond to the results forkfiendK™ potentials from the chiral S@3)-RHA

model.

resonance-induced production cross sections cannot be maaughly coincide for kaongupper parnt—except for the limit
sured in vacuum, the actu#l* yield from A+A collisions  Ch. SU3)-MFT, the modifications of th&™ masseglower
calculated with transport models might differ substantiallyparf) differ more drastically. Here the Ch. $8)-MFT’ limit
depending on the parametrizations involved. gives the lowest masses, followed by Ch.(S8}JRHA. 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-

For reasons of transparency, we show in Fig. 7 the resultaged freeze-out baryon density in units @f of K* (upper
from Secs. 1I-V for the kaon and antikaon masses in nucleasarty and K~ mesons(lower par} for free (dotg and in-
matter at a temperature=70 MeV that are parametrized as medium scenariogquaresfor central(b=1 fm) Ni+ Ni col-
a function of the densityg and enter the transport calcula- lisions at 1.92 GeV. SinceK* mesons are basically pro-
tion in the production as well as propagation parts. In Fig. 7duced from primary collisions and suffer less from
the dotted-dashed lines correspond to the results within theescattering, they see a higher baryon densiBp,. The K™
chiral SU3) model in the relativistic Hartree approximation mesons are freezing-out later and dominantly stem from the
[Ch. SU3)-RHA], the dotted-dotted-dashed lines stand forpion-hyperon interaction$47]. Since the difference in the
the chiral SY3) model in the mean-field approximatig€h. KN and wA thresholds for the nonmodifield™ masses is
SU(3)-MFT], the solid lines indicate the calculations within about 320 MeV, theK™ mesons can be produced only by
the chiral perturbation theory in relativistic Hartree approxi-energetic pions or hyperons. Consequently, the density at the
mation (Ch. Pert.-RHA with the KN sigma term taken as production point is only~pg, i.e., lower than the initial
450 MeV, whereas the dashed lines show the results for thiearyon density achieved, e.g., in Ni+Ni collisions at
chiral perturbation theory in mean-field approximati@h.  1.93A GeV. The in-medium shift oK™ masses reduces the
Pert.-MFT). Whereas the results of the different modelsthresholds forK™ production, such thak™ mesons are cre-

B. K* spectra from nucleus-nucleus collisions
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FIG. 9. (Color onling The rapidity spectra okK* (upper part and K~ mesonglower pary for Ni+Ni at 1.93A GeV for semicentra(b
<4.5fm) (L.h.s) and noncentralb=4.5-7.5 fm (r.h.s) collisions in comparison to the KaoS data from RE]. The dashed lines
correspond to the free’calculations, while the solid lines show the results fd¢'tked K~ potentials from the chiral S@3)-MFT model.

ated earlier(and more frequentlyby low-momentum par- RHA model, a very satisfactory agreement is achieved for
ticles at high baryon density-1.80, (depending on the semicentral and noncentral collisions.
strength of the attractive poteniaMoreover, the in-medium The K™ rapidity distributions are slightly overestimated
absorption cross section of antikaons according to the trarwhen using only free kaon and antikaon masses. This limit,
sition probabilities employed here, is lower than the free abhowever, is unphysical since th&" spectra require a repul-
sorption cross section. sive potential as demonstrated in the upper part of the figure.
Thus, K*,K~ mesons produced in heavy-ion collisions Now, when including the repulsivi®™ potential, theK™ ra-
probe the density regime 1—2p,, where the different mod- pidity distribution is slightly underestimated due to the lower
els deviate substantially, so one can hope to check the relamount ofK™ production by the hyperoehpion production
ability of the models by comparing to the experimental datachannel. Note, that the hyperon abundance is strongly corre-
for A+A reactions. lated with the abundance of kaons due to strangeness conser-
We start with differential spectra fd* and K~ mesons vation. Incorporating the very strori§ potential from the
from Ni+Ni reactions at 1.98GeV for semicentral(b chiral SU3)-RHA model, however, the antikaon yields are
<4.5fm) [left-hand side (L.h.s)] and noncentral (b  Severely overestimated by a factor -ofl.6-1.8. This result
=4.5-7.5 fm (r.h.9 collisions in comparison to the KaoS indicates thgt the attraction for th€™ in the chiral SU3)-
data from Ref[5] (Fig. 8). The dashed lines correspond to RHA model is too strong. _ o
the “free” calculations, i.e., discardir§" andK~ potentials, In Fig. 9 we show the same comparison as in Fig. 8 for
the dotted linglower left ploy shows the calculations with a the chiral SW3)-MFT model. In this case the kaon potential
K* potential according to the chiral $8)-RHA model, the IS very low and practically does not give a sufficient reduc-
solid lines correspond to the results for tiéandK™ poten-  tion of the kaon rapidity distribution relative to the free case.
tials from the chiral S(B)-RHA model. It is seen that thg* ~ Consequently, also the hyperon abundance is overestimated
rapidity distributions are overestimated in comparison to thdn this model, which gives too many antikao(isy the
data when discarding a kaon potential. However, when in+hyperon channejsalready without indlucing aniK poten-
cluding the repulsiveK* potential from the chiral S{B)- tial. On the other hand, the chiral &)-MET model leads to
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FIG. 10. (Color onling The rapidity spectra oK™ (upper part and K~ mesong(lower pary for Ni+Ni at 1.93A GeV for semicentral
(b=<4.5 fm) (l.h.s) and noncentralb=4.5-7.5 fm (r.h.s) collisions in comparison to the KaoS data from RgE]. The dashed lines
correspond to the free’calculations, while the solid lines show the results fé¢*thad K™ potentials from the chiral perturbation theory in
relativistic Hartree approximatiofCh. Pert.-RHA.

very strongK™ potentials which in turn giv&K™ yields in  data from Ref[7]. The dashed lines with open circles corre-
nucleus-nucleus collisions that are larger than the data by ugpond to the free calculations, the dashed lines with open
to a factor of 3. We conclude that this model is essentiallysquares stand for the results with t& and K™ potentials
ruled out by the data due t@) a lacking repulsion in the from the chiral SWU3)-RHA model, the dotted lines with
kaon channel andii) too much attraction in the antikaon open triangles indicate the calculations within the chiral
channel. SU(3)-MFT model and the solid lines with stars show the
In Fig. 10 we continue with the same comparison as inresults with theK* andK™ potentials from chiral perturbation
Fig. 8 for the Ch. Pert.-RHA. In this case the kaon potentialtheory in relativistic Hartree approximation. We find that
potential is moderately repulsive and give a sufficient reducwithout anyK* andK™ potentials theK* spectra are overes-
tion of the kaon rapidity distribution relative to the free casetimated and show a slope parameter which is too low in
almost perfectly in line with the data. When including now comparison with experiment. Due to strangeness conserva-
additionally the in-medium modifications, th€™ rapidity  tion also the hyperons are too frequent in this limit, which
distributions are in a very good agreement with the data as iteads to a slight overestimation of the antikaon spectra. In
earlier studies such as R¢1.0]. We thus find that the chiral this case thé&™ slope comes out too high.
perturbation theory gives the proper repulsion in the kaon as As discussed in the context of Fig. 9, the chiral(S)J
well as attraction in the antikaon channel. MFT model yields only a small change of thé spectra but
Though the Ni+Ni system at 1.93GeV already provides overestimates thK™ spectra again by a factor of 3—4. Thus,
clear hints for the proper size d€* self-energies at finite we obtain the same conclusion for the Au+Au system at
baryon density, it is important to check these indications byl.48A GeV when looking at the transverse kinetic energy
independent observables in a different system, too. In thispectra. In the chiral S@3)-RHA model the kaons come out
respect we show in Fig. 11 the differential inclusik& (up-  reasonably well, but again th€™ spectrum is severely over-
per parj and K~ spectra (lower parj for Au+Au at estimated due to the strong attraction in the antikaon chan-
1.48A GeV andf, ,,=(90£10° in comparison to the KaoS nel. Only the chiral perturbation theoritarg provides a
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3

good description of both spectra simultaneously, and also fol
the Au+Au system at 1.48GeV, which gives a further in-

dication for the propeK* self-energies given in this limit. A‘ﬁx& AurAu ->K'+X, 1.5 A GeV ,
We, furthermore, stress that not only the magnitude of the"'; \.:& \\A B KaoS Collab., 6, =(90+10)
differential K*,K~ spectra is described well in chiral pertur- "o * o S
bation theory, but also th*,K™ slopes(cf. Refs.[10,16). % ,

In Fig. 12 we show additionally th&* (upper part and _C-; 107 E
K™ angular distributionglower parj for semicentrakl.h.s) E
and noncentrafr.h.s) Au+Au collisions at 1.48 GeV. We o — o— K*:no

note that all angular distributions have been normalized to%’
unity for cosé, ,=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 th& angular distri-
bution comes out too flat in the free case, i.e., wherkfho
potentials and free transition rates for the scattering pro-+-

1

10

2

10

10°
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K': yes

--o-- Ch. SU(3)-RHA
- -2- - Ch. SU(3)-MFT
—%— Ch. Pert.-RHA

0.

0.2 0.3

I ! I ! I
Au+Au -> K +X, 1.5 A GeV
® Kao$ Collab., 8_ =(90+10)"

cesses are used in the transport model. We note that thes-; K &E\:: - i
angular distributions are almost the same as in the full off- " ~ Q;Z - 3
shell calculations from Ref.16] for this system. 3 - o
=
£ o N .
C. Collective flow of kaons and antikaons = F - :(( “:s" ]': “:s ‘D-:':g:?
Though the rapidity and transverse energy distributions-2 [ - Ch..ySU’(s)-ililA iﬂ‘::"'é*i
for K* mesons have given some preference for chiral pertur-= j¢* | - - - Ch. SU3)-MFT \\a:
bation theory in the previous subsection, it is important to get f —%— Ch. Pert.-RHA
independent information from further observables that are L ! ! . L . L
less sensitive to the explicit production cross sections from 0.0 01 0.2 0.3 0.4
the various channels employed. We recall that especially the E_ " [GeV]

K* yields from NA and AA channels are model dependent

and cannot directly be measured in experiment. Futhermore, FIG. 11. (Color onling The differential inclusiveK™ (upper
there are cancellation effects due to the different in-mediunf@rd and K™ spectra(lower parj for Au+Au at 1.4 GeV and
potentials fork* andK™, which imply that the absolute mag- fem=(90£10 in comparison to the KaoS data from REf]. The
nitude of the spectra alone does not provide stringent inforgashed Ilneg with open circles correspond to the 'free calc.ulaltlons,
mation on the in-mediunk* properties. the dashed lines with open squares stand for the results witk‘the

The collective flow of hadrons is experimentally defined "’.md K_.pOtent'als. from the .Ch'ral S3)-RHA r.nOde".th.e dotted_
. . S lines with open triangles indicate the calculations within the chiral
by the anisotropy in the angular distribution as

SU(3)-MFT model and the solid lines with stars show the results
with the K* and K~ potentials from chiral perturbation theory in

dN
—— ~1+2, cod¢) +2v, cog2¢). relativistic Hartree approximation.

de
The coefficiente); andv, characterize directed and elliptic
flow, respectively, and can be evaluated from the transpo

calculations as
> , U= <—> . (22
Y.pr

V1= < 2, 2
Px*tPy/ lyp, and/or the transverse momentyss~ v p§+p§.

where the beam is ia direction and the reaction plane ori-  In Fig. 13 we show thép,) for K* (upper part and K~
ented inx direction. An elliptic flowv, >0 indicates in-plane (lower pary mesons as a function of the normalized rapidity
emission of particles, whereas, <0 corresponds to a Y. m/Yprojfor Ni+Niat 1.93A GeV. We have gated on central
squeeze-out perpendicular to the reaction plane. collisions(b<4 fm) and applied a transverse momentum cut

The elliptic flowv, is very sensitive to the strength of the p;=0.25 GeVt as for the experimental data of the FOPI
interaction ofK™,K~ mesons with the nuclear environment. Collaboration[49] (full dots). We find that when neglecting
In the case of a repulsive potenti@s for K*) one expects any potential for kaons and antikaons #eflow follows the
v,<0, i.e., a dominant out-of-plane emission of kaons due tgroton flow, however, with a lower magnitude. Since the
the repulsive interaction with the nucleon spectators. Oppokaon potential in the chiral S@)-MFT model is only very
sitely, for antikaons—which are attracted by the nucleonsmall, there is almost no change {p,)(y) (upper part for

(21)

spectators—the coefficient is expected to be positive if the
r;%ntikaon 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 coefficiemtgor

2 2
Px—p
C {py) andv, especially when gating additionally on rapidity

Px
Pt
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FIG. 12. (Color online The K* (upper part and K~ angular distributionglower pary for semicentral(l.h.s) and noncentra(r.h.s)
Au+Au collisions at 1.48 GeV. All angular distributions are normalized to unity for &s,=0. The experimental data have been taken
from Ref.[48]. The assignment of the individual lines is the same as in Fig. 11.

K* mesons. Only when including the moderate repulsive pomesons as a function of the center-of-mass rapiglity for
tential of the other models the kaons are “pushed away” fronmoncentral(b=3.5—-9.5 fm) Ni+Ni collisions at 1.93 GeV.
the protons and approximately show a vanishing even  As it is well known, the flow phenomena are more pro-
slightly oppositg flow pattern in line with the data. Conse- nounced for midcentral and peripheral nucleus-nucleus col-
quently, the flowp,)(y) leads to the same conclusion on the lisions; this is also seen from Fig. 14. Here the strong anti-
kaon potential as in Sec. VI B, which is also consistent withflow of K*-mesons should allow us to further discriminate
the earlier studies in Ref§10,15,2Q. the models in the next round of experimental studies. This
In contrast, the antikaons are attracted towards the protoalso holds for the strong attractive” flow in the lower part
flow direction by an attractive potential. This is most pro- of Fig. 14 that needs experimental control.
nounced for the chiral S3)-MFT and -RHA models with In Figs. 15 and 16 we display the directed flowfor K*
their large attraction for antikaons. The results for the chiralupper parnt andK™ (lower par) mesons as a function of the
perturbation theory, including a modera{é attraction, are transverse momentunp; for noncentral (b=3.5—-9.5 fm)
in between the free and chiral &) limits. Unfortunately, Ni+Ni collisions at 1.92 GeV including the rapidity cut
there are presently no comparable data to confirm or exclude@<y. ,, <0.5. Thep; dependence of the, is another ob-
the various models. servable that will allow for future experimental discrimina-
In Fig. 14 we, furthermore, provide predictions for the tion. Our calculations demonstrate that the kaon flow is prac-
directed flowwv, for K* (upper pant and K~ (lower pary tically zero if no potentials are employed. But for nonz&ro
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FIG. 13. (Color onling The (p,) for K* (upper part and K™ FIG. 14. (Color onling The directed flow, for K* (upper part
(lower pary mesons as a function of the normalized rapidity 5ng K- (lower par) mesons as a function of the center-of-mass
Yem/Yproj for Ni+Ni at 1.93A GeV. We have gated on central col- ranigity v - for noncentral(b=3.5-9.5 fm Ni+Ni collisions at

lisions (b<4 fm) and applied a transverse momentum @it 1 g3z Gev. The assignment of the individual lines is the same as in
=0.25 GeVt as for the experimental data of the FOPI Collabora- Fig. 11.

tion [49] (full dots). The assignment of the individual lines is the

same as in Fig. 11. . . e . .
but directed in-plane for all rapidities when including attrac-

potentials,v; becomes increasingly negative wily up to  tive potentials. These effects are small at midrapidity, but
pr=0.4 GeVk. The strength ob, is, furthermore, almost become more pronounced fiy, ,,| > 0.5, where the specta-
proportional to the strength of the kaon self-energy. The antor nucleons show up. Also note that tké mesons in the
tikaons show a qualitatively similar behavior fig, but with  interactions with spectators only probe densifigss p,. The
the opposite sign. There is practically no signal—withinnext round of experiments should allow to put some further
statistics—for a nonvanishing, when discarding &~ po-  constraints on the models.
tential. Only when including moderatéor the chiral pertur- We stress that there is a clear difference for free and in-
bation theory or stronger antikaon potentiglor the chiral ~mediumK®,K™ scenarios in the, (or (p)), v, flow patterns
SU3)-RHA and -MFT model} a positive signal inv; is  which provides a unique signal for medium modifications.
found again, which is most pronounced for momenta in theThus, future experiments with sufficient statistics might be
0.2—-0.4 GeV¢ regime. able not only to confirm unambiguously medium effects for
We finally present our results for the elliptic flows for K* and K~ mesons, but also provide constraints on the un-
K* (upper part and K~ (lower pary mesons as a function derlying potentials in a dense and hot medium.
of the center-of-mass rapidity.,, for noncentral (b

=3.5-9.5 fm Ni+Ni collisions at 1.92 GeV. The calcula- VIl. SUMMARY
tions show a distinct dependence of the elliptic flow as a ) . ) . .
function of the rapidity in the c.m. systefy. ,) for kaons as To summarize, we have investigated in a chiral(3U

well as antikaons. FOK* mesons the flow is always nega- Model the temperature and density dependence of the
tive, i.e., enhanced perpendicular to the reaction plane. Th,K-meson masses arising from the interactions with nucle-
size of this “squeeze-out,” however, provides a measure fopns and scalar and vector mesons. The properties of the light
the strength of the repulsive potential. For free antikaons théadrons—as studied in a $8) chiral model—modify the

elliptic flow is again compatible with zer@vithin statistics, K-meson properties in the hot and dense hadronic medium.
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FIG. 15. (Color onling The directed flow; for K* (upper part FIG. 16. (Color onling The v, coefficient forK* (upper part

andK™ (lower pary mesons as a function of the transverse momen-and K™ (lower par) mesons as a function of the center-of-mass
tum py for noncentral (b=3.5-9.5fm Ni+Ni collisions at rapidity ycm, for noncentral(b=3.5+9.5 fm) Ni+Ni collisions at
1.93A GeV including the rapidity cut &y, ,<0.5. The assign- 1.93AGeV. The assignment of the individual lines is the same as in
ment of the individual lines is the same as in Fig. 11. Fig. 11.

the mean-field calculations, while the qualitative trends in

The SU3) model with parameters fixed from the propertiesthe medium remain.
of hadron masses, nuclei and hypernuclei and KN scattering Since the predictions of the various models differ substan-
data, takes into account all terms up to the next to leadingially for the K* masses at finite density and temperature we
order arising in chiral perturbative expansion for the interachave used a covariant transport approach to study the poten-
tions of K mesons with baryons. The important advantage ofial effects of the models in comparison to experimental data
the present approach is that the DN, KN as wellm@¢3  at SIS energies. Our detailed analysis fF rapidity and
terms are calculated within the model itself. The predictiongransverse energy distributions has given a clear preference
for the wN and KN, terms are reasonable, the value qu for the potentials from chiral perturbation theory, which
from the model being, furthermore, in agreement with latticeyields a moderately repulsive kaon potential and a moder-
gauge calculations. ately attractive antikaon potential. We stress that this moder-

Using the Lagrangian from chiral perturbation theory with ate K~ potential is in agreement with more sophisticated
a Tomozawa-Weinberg interaction, supplemented by an atoupled-channel calculations, which take into account effects
tractive scalar interactiofthe 2, term) for the KN interac- from the A(1409 and dress the in-mediud~ propagator
tions, the results obtained are seen to be similar to earlieselfconsistently.
calculations: thé&<* mass increases with density while tie As pointed out in Sec. V, the effective &) chiral model
mass decreases. However, the presence of the repulsigives stronger modifications for thémeson masses as com-
range term, given by the last term(ih7), reduces the drop in pared to chiral perturbation theory, especially at large den-
the antikaon mass. The chiral effective model, which is adsity, due to the repulsive-exchange term, which is absent in
justed to describe nuclear properties, gives a larger drop afhiral perturbation theory. This effect leads to a range term
the K-meson masses at finite density as compared to chirabhich is attractive contrary to the situation in chiral pertur-
perturbation theory dominantly due to an attractive rangebation theory where the range term is repulsive. In the ab-
term. Furthermore, the effect of the baryon Dirac sea for hosence of thew-exchange term in the chiral $8) model,
hadronic matterfwithin the chiral SWY3) model gives a however, the qualitative features can be similar in both mod-
slightly higher value for th&-meson masses as compared toels.
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One has to keep in mind also, that the(8Jumodel has the dependence of the flow coefficientg and v, on the
been constructed in order to describe nuclear properties &tansverse momentuipy and on the rapidityy show a sen-
normal baryon density. Moreover, it is a “static” theory sincesitivity to the sign and magnitude of thé" potentials. These
it is formulated on the mean-field level only, i.e. dynamical sensitivities can be used to determine the in-medium proper-
effects such as momentum dependence of the kaon/antikadies of the kaons and antikaons from the experimental side in
potentials are not included. Our analysis shows that théhe near futurg50].
heavy-ion data indicate that such a restricted picture of in-
med|u.m effects do_esn'lt v_vork at high baryon densities. More- ACKNOWLEDGMENTS
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