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K~/K™* ratio in heavy-ion collisions with an antikaon self-energy in hot and dense matter
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TheK /K™ ratio produced in heavy-ion collisions at GSI energies is studied. The in-medium properties at
finite temperature of the hadrons involved are included, paying special attention to the in-medium properties of
antikaons. Using a statistical approach, it is found that the determination of the temperature and chemical
potential at freeze-out conditions compatible with the ritiod K* is very delicate, and depends very strongly
on the approximation adopted for the antikaon self-energy. The use of an energy-deﬁaﬂpentral density,
including boths- andp-wave components of th&N interaction, lowers substantially the freeze-out tempera-
ture compared to the standard simplified mean-field treatment and gives rise to an overabundénce of
production in the dense and hot medium. Even a moderately attractive antikaon-nucleus potential obtained
from our self-consistent many-body calculation does reproduce the “broadband equilibration” advocated by
Brown, Rho, and Song due to the additional strength of the spectral function &f the low energies.
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I. INTRODUCTION tial at nuclear matter saturation density.
On the other hand, heavy-ion collisions at energies around

The study of the properties of hadrons in hot and dens&—2A GeV offer the possibility of studying experimentally
matter is receiving a lot of attention in recent years to underthe properties of a dense and hot nuclear sy$@#&tn-23. In
stand fundamental aspects of the strong interaction, such garticular, a considerable amount of information about
the partial restoration of chiral symmetr¥—3|, as well as a strange particles such as antikaons is available. Since antika-
variety of astrophysical phenomena, such as the dynamicans are produced at finite density and finite momentum, the
evolution of supernovae and the composition of neutrorchiral models have recently incorporated the higher partial
stars[4]. waves of the antikaon-nucleon scattering amplitude both in

A special effort has been invested to understand the prodree spacd24—26¢ and in the nuclear mediuf27,2§. The
erties of antikaons in the medium, especially after the specuzomplete scenario taking into account finite density, finite
lation of the possible existence of an antikaon condensethomentum, and finite temperature has recently been ad-
phase was put forward in Ref5] which would soften the dressed in Refd.14,29.
equation of state producing, among other phenomena, lower Event generators trying to analyze heavy-ion collision
neutron star mass¢6—8|. data[30-36d need to implement the modified properties of

While it is well established that the antikaons should feelthe hadrons in the medium where they are produced. Trans-
an attractive interaction when they are embedded in a nuclegort models have shown, for instance, that the multiplicity
environment, the size of this attraction has been the subjeétistributions of kaons and antikaons are much better repro-
of intense debate. Theoretical models including medium efduced if in-medium masses rather than bare masses are used
fects on the antikaon-nucleon scattering amplitude, the bd-37,38. Production and propagation of kaons and antikaons
havior of which is governed by the isospin zeaq1405) have been investigated with the Kaon SpectrométeinS
resonance, naturally explain the evolution from repulsion irPf the SIS heavy-ion synchrotron at G@armstadt The
free space to attraction in the nuclear medii@yL0]. How-  €xperiments have been performed with #&u, Ni+Ni,
ever, the presence of the resonance makes the size of tke-C at energies between 0.6 and 2.0A G89—48. One
antikaon-nucleus potential very sensitive to the many-bodypurprising observation in €C and Ni+Ni collisions [42—
treatment of the medium effects. The phenomenological ad4] is that, as a function of the energy differenaés
tempts of extracting information about the antikaon-nucleus— Vsin, Where/sy, is the energy needed to produce the par-
potential from kaonic-atom data favored very strongly attracdicle (2.5 GeV forK* via pp—AK*p and 2.9 GeV foK ™~
tive well depths[11], but recent self-consistent in-medium via pp—ppK~K™), the number oK~ balanced the number
calculationd 12—15 based on chiral Lagrangiarf$0,16 or ~ of K™ in spite of the fact that ipp collisions the production
meson-exchange potentidls7] predict a moderately attrac- cross sections close to threshold are two to three orders of
tive kaon-nucleus interaction. In fact, recent analyses of kamagnitude different. This has been interpreted to be a mani-
onic atoms[18—2@ are able to find a reasonable reproduc-festation of the enhancement of tk€ mass and the reduc-
tion of the data with relative shallow antikaon-nucleustion of the K~ one in the nuclear medium, which in turn
potentials, therefore indicating that kaonic atom data canndhfluence the corresponding production threshffd35—3§,
really pin down the strength of the antikaon-nucleus potenalthough a complementary explanation in terms of in-
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medium enhancedrX—K p production has also been properties are used. We explore within the context of a sta-
given[14]. Another interesting observation is that at incidenttistical model what is the behavior of the¢ /K™ ratio as a
energies of 1.8 and 1.93A GeV, the andK* multiplicities ~ function of the nuclear density when the hadrons are dressed,
have the same impact parameter depend@®e44. Equal ~ paying special attention to different ways of dressing the
centrality dependence fo¢ ™ and K~ and, hence, indepen- antikaons: either treating them as noninteracting or dressing
dence of centrality for th& “/K* ratio have also been ob- them with an on-shell self-energy, or, finally, considering the
served in Au-Au and Pb-Pb reactions between 1.5A Gey complete antikaon spectral density. We use the antikaon self-

and RHIC energies\(s=200A GeV)[44,49—52. This inde- energy which has been derived within the framework of a
pendence of centrality is astonishing, since at low energiegoupled-channel self-consistent calculation in symmetric

one expects that as centrality increases—and with it the pap_uclear matter at finite temperatuf@d], taking as bare

L . ; . meson-baryon interaction the meson-exchange potential of
ticipating system size and the density probed—he/K the Jiich group[17]. We will show that the determination of

ratio §hould also increase due to the lncreaselzﬁreductlon %mperature and chemical potential at freeze-out conditions
theK™ mass together with the enhancement ofkhemass. o mpatible with the experimental value of the /K * ratio

In fact, the independence of trllé*/K.+ ratio on cer)trality _is very delicate, and depends very strongly on the approxi-
has often been advocated as signaling the lack of in-mediunhation adopted for the antikaon self-energy.

effects. A recent interesting interpretation of this phenom-  The paper is organized as follows. In Sec. II, the formal-
enon is given in Refl53], where it is shown that th&™ are  jsm of the thermal model is described and the different
predominantly produced viarY collisions (Y=A,X) and, ingredients used in the determination of the off-shell proper-
hence, th& ~ multiplicity is strongly correlated with th&*  ties of theK ™ are given. The results are presented and dis-
one, since kaons and hyperons are mainly produced togethenssed in Sec. IIl. Finally, our concluding remarks are given

via the reactioNN—KY N. in Sec. IV.
Although the transport model calculations show that
strangeness equilibration requires times of the order of Il. FORMALISM

40-80 fm¢t 54,55, statistical models, which assume chemi-

cal and thermal equilibrium and common freeze-out param- In this section, we present a brief description of the ther-
eters for all particles, are quite successful in describing pamal models to account for strangeness production in heavy-
ticle yields including strange particld$6—61. The kaon ion collisions. The basic hypothesis is to assume that the
and antikaon yields in the statistical models are based on frelative abundance of kaons and antikaons in the final state
masses and no medium effects are needed to describe thé relativistic nucleus-nucleus collisions is determined by
enhanced in-mediurK ~/K ™ ratio or its independence with imposing thermal and chemical equilibriu®6—-61,63. The
centrality. The increased value of thke /K™ ratio is simply ~ fact that the number of strange particles in the final state is
obtained by choosing a particular set of parameters at freezemall requires a strict treatment of the conservation of
out, the baryonic chemical potentialg=720 MeV and the strangeness and, for this quantum number, one has to work in
temperatureT =70 MeV, which also reproduce a variety of the canonical scheme. Other conservation laws must also be
particle multiplicity ratios[60,61]. On the other hand, the imposed, such as baryon number and electric charge conser-
centrality independence of thé /K™ ratio is automatically ~ vation. Since the number of baryons and charged particles is
obtained in statistical models within the canonical or grand4arge, they can be treated in the grand-canonical ensemble. In
canonical schemes because the terms depending on the sjiis way, the conservation laws associated with these other
tem size drop ouf61]. However, as shown by Browet al.  quantum numbers are satisfied on average, allowing for fluc-
in Ref.[62], using the reduced in-mediui~ mass in the tuations around the corresponding mean values.

statistical model would force, in order to reproduce the ex- To restrict the ensemble according to the exact strange-
perimental value of th& /K™ ratio, a larger value of the ness conservation law, as done in Ref§6-61, one
chemical potential and hence a larger and more plausiblBas to project the grand-canonical partition function
baryonic density for strangeness production. In additionZ(T,V,\g,\s,Ag) onto a fixed value of strangeneSs

Brown et al. introduce the concept of “broadband equilibra-

tion” according to which theK™ mesons and the hyperons 1 (2= -

are produced in an essentially constant ratio independent ofZs(T:V.hg . Ag)= ﬁfo dpe Z(T,V,Ag,As:Aq),
density, hence explaining also the centrality independence of (1)

the K™/K™ ratio but including medium effects. In essence,

the establishment of a broadband relies on the fact that thghere Ag.,As,\g are the baryon, strangeness, and charge

baryonic chemical potentiglg increases with density by an  fugacities, respectively, and whehg; stands explicitly for
amount which coincides roughly with the reduction of the ) .=¢'¢,

K™ mass. However, as mentioned above, the antikaon prop- Only particles withS=0,+1 are included in the grand-

erties are very sensitive to the type of model for &kl canonical partition function because, in the range of energies
interaction used and of the in-medium effects included. Theachieved at GSI, they are produced with a higher probability
purpose of the present work is precisely to investigate tdghan particles withS=*=2,+=3. The grand-canonical parti-

which extent the broadband equilibration concept holdgion function is calculated assuming an independent particle
when more sophisticated models for the in-medium antikaomehavior and the Boltzmann approximation for the one-
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particle partition function of the different particle species. In 1 (2=

principle, one deals with a dilute system, so the independent Zs=o(T,V,\g)= > d¢

particle model seems justified. However, medium effects on 0

the particle properties can be relevant. As mentioned in the X exp(Ns_o+Ng_ 187 '?+Ng_,€'?).

Introduction, the aim of this paper is to study how the dress-

ing of the hadrons present in the gas, especially the antika- @)

ons, affects the observables such as the ratio of kaon and

antikaon particle multiplicities, in particular for the condi-

tions of the heavy-ion collisions at SIS/GSI energies.
Within the approximations mentioned above, the grand

canonical partition function reads as follows:

In this work, as well as in Ref59], the small and large
volume limits of the particle abundances were studied. These
limits were performed to show that the canonical treatment
of strangeness in obtaining the particle abundances gives
completely different results in comparison to the grand-
= _ - i canonical scheme, demonstrating at the same time that, for
Z(T.V.hg As:ho) =€XfNs-oF Ns- 18 "“+Ns-,€'%), the volume considered, the canonical scheme is the appropri-
(2 ; . o U

ate one. The aim of going through these limits again in the
where Ng_y.; is the sum over one-particle partition following is to remind the reader that, for the specific case of
AR ; ; Jdbe ratioK ~/K™*, the result is independent of the size of the
functions of all particles and resonances with strangene NI !
S=0.+1 system and is the same for both the canonical and grand-
o canonical treatments.
L L L According to statistical mechanics, to compute the num-
Ns-o.+1= 2 ZBi+2 ZMj+Z ZR, (3  ber of kaons and antikaoi§3] one has to differentiate the
Bi Mi Rk partition function with respect to the particle fugacity,

3
Zé=gBVf d’p e Es /Teus, Merae) /T, (4) N <)
i i (277)3
J
=| M-k r)y T INZg=o(Ak-(k+)) . (8
1 d’p —Ey /T T RS M- (kh=1
Zy,=9m,V . 5€ W eremy T 5
(2m) ExpandingZs- in the small volume limitNx - andNg+ are
e Car - given by
Zl =g \V/ P dse—\/p2+S/T
R IR 3/ . 3
(27)°Jm-2r d°p
Ng+=0g+V e BT
3
1 mIl’ (2)

(esRIIM)euRIIT  (p)
T e m2\21 2]2 3
(s—=m*)“+mT e(—Eg(s=—1)Tug)/T

(2m)®

X { EI QBin
The expressionzéi and Zﬁ,,j indicate the one-particle parti-
tion function for baryons and mesons, respectively, wﬁﬁ(ka

is the one-particle partition function associated with a bary-
onic or mesonic resonance. In the latter case, however, the
factor e*8(RW'T would not be present in Eq6). Notice that 3
the resonance is described by means of a Breit-Wigner quK,:gK,Vf
rametrization. The quantity is the interacting volume of the

systemgg, du , andgg are spin-isospin degeneracy factors, e
andug and g are the baryonic and charge chemical poten- P e e T 1

tials of the s;/?stem. For NiNi system at SIS energieg,q X[; gMjVJ(zﬂ)ze M=y +2k ZRk(S+1)]'
can be omitted because it is associated with the isospin

asymmetry of the system and, in this case, the deviation from ©)
e ot e ond" e anbaryons have ot bee considre bocause the a
Since the abundance of nucleons is much larger than the ori® B/B=e"?*¢'T is negligibly small at GSI/SIS colliding

for the other baryons produced,, can be safely obtained by energies, wher® and B represent the number of baryons

a purely nucleonic equation of state, as done in the presefind antibaryons, respectively. The expressioriNipr (Ng-)

work. The energie€g ,Ey, refer to the in-medium single- indicates that the number &€* (K~) has to be balanced
particle energies of the hadrons present in the system at\ith all particles and resonances wii+= —1 (S=1). It can

d3p —-E _ /T 1
+; YA e Ems--1) +; z ,

(2m)3 Rk(s=-1)

P e Ex /T
(2m)°

given temperature. be observed from Eq9) that the ratioK /K*=Ny- /Ny+
Following Ref.[58], the canonical partition function for in the canonical ensemble does not depend on the volume
total strangenesS=0 is because it cancels out exactly.
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At the other extreme, i.e., in the thermodynamic limit on the properties of the antikaons in hot and dense matter.
(large volumey since it is known that the canonical treat- For consistency with previous papers, we prefer to compute
ment is equivalent to the grand-canonical one, one can conthe inverse raticK */K ™. As it was mentioned before, the
pute the ratio explicitly from the grand-canonical partition number of K~ (K*) has to be balanced by particles and

functionZ(T,V,\g,\g),

= 1 1, 1,
INZ(T.V.hg Ag)=AeZb + —ZL +Ng—Zho 4
As As

1
+NsZy 5= 1t )\_SZ%/I,S:—I' (10)

whereZg s . (Zy s—+1) is the sum of one-particle parti-

tion functions for baryongmesong with S=*+1. Then, by
imposing strangeness conservation on average,

J _
<S>=)\5WS|I’IZ=0, (11)

one can easily obtaikg,

1 1 1
Zg-tAelgs-—1tZus-—1

A2 . (12
ZK++ZJM,S:+1
Therefore, from
(Ng+)=NsZic+,
1 1
(Ng-)=—Z-, (13
As
one obtains the ratio
_ 1 1
K™ Zy- Ze++Zy s 11 (14

K* Zh. Zh +NeZbs 1 +Zhs 1

The condition(S)=0 and dealing with strange particles of

S=0,=1 make the ratio independent of the volume.

resonances withS=+1 (S=-1) in order to conserve
strangeness exactly. For balancing the numbeK6f the
main contribution in theS= —1 sector comes from tha
and 2, hyperons and, in a smaller proportion, from ke
mesons. In addition, the effect of th& (1385 resonance is
also considered because it is comparable to that oKthe
mesons. On the other hand, the numbelKof is balanced
only by the presence ¢€*. Then, we can write th& /K~
ratio as

KY  Nev  Zgo(Zi- +ZR+Z8+2Z5)

= 1 51
zL 7L,

K™ Ng-

Zh+ 724+ 75,
Zl

K-

=1+ , (15)

where theZ'’s indicate the different one-particle partition
functions forK =, K*, A, 3, and¥*, and for baryons, they
now contain the corresponding fugacity. It is clear from Eqg.
(15) that the relative abundance df, >, and >* baryons
with respect to that oK™ mesons determines the value of
the ratio.

In order to introduce the in-medium and temperature ef-
fects, the particles involved in the calculation of the ratio are
dressed according to their properties in the hot and dense
medium in which they are embedded. For theand X, hy-
perons, the partition function

dp

(—Ep s+ug)/T
emt o

Zis= gA,EVJ

is constructed using a mean-field dispersion relation for the

Although the expression obtained is the same as that frorfiingle-particle energies:
the canonical ensemble in the small volume limit, the proof

that the ratiok /K™ is independent of the volume has to be

Eas=Vm3s+p°+U,s(p). (17)

obtained from a general intermediate size situation. This was

shown to be the case in Ref60], where expanding ror y,(p), we take the parametrization of Ref64],
Zs—o(T,V,\p) of Eq.(7) in power series, it was expressed asy, (p)= — 340+ 1087.52. ForUs(p), we take a repulsive

Zs_o=Zlo(X1), WhereZ, is the partition function that in-

cludes all particles and resonances Wik 0, 14(X,) is the
modified Bessel function, and;=2+Ng-1Ng-_4. The

potential,Us (p) =30p/pg, extracted from the analysis &f
atoms and X-nucleus scattering[65,66, where pg
=0.17 fm 3 is the saturation density of symmetric nuclear

computedK /K™ ratio gave precisely the same expressionmatter. A repulsiveS, potential is compatible with the ab-

as those given here for smakq. (9)] and large[Eq. (14)]
volumes. Therefore, as noted in REB9], the K /K™ ratio

sence of any bound state or narrow peaks in the continuum in
a recentX-hypernuclear search done at BNB7]. The

is independent of the volume and, consequently, independest« (1385 resonance is described by a Breit-Wigner shape,

of whether it is calculated in the canonical or grand-

canonical schemes.

In-medium effects in K~/K™ ratio at finite T

In this section, we study how the in-medium modifica-
tions of the properties of the hadrons at finite temperature
affect the value of th&K /K™ ratio, focusing our attention
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with my»=1385 MeV andl'=37 MeV, Where\/§ is inte- 1
grated frommyx —2T" to My« + 2T, S(T.p,@,p) == M Dk(T.p,®,p), (24)
In the case oK™, we take

where
N dp —Ey+ T
ZK+:gK+vf e <, (19
(2m)3 :
D(T,p,w,p)= wz_pz_m%_ﬂ—(T p,w,pP) 29
EK+:\/W+UK+([))’ (20) K KU, P, W,

stands for theK propagator. In this case, the partition

where U +(p) =32p/py is obtained from ap approxima- function reads

tion, as discussed in Refgl0,68. One could also take for
the kaon potential the recent experimental value of 20 MeV &
at po [69]. However, we note that in the present approach the 7l - 7\/[ P f dsS(T — Js.p)e T
properties of the kaons do not play a direct role in the deter- “K~ K (2m)3 K(T.p0=15,p) '
mination of theK */K ™~ ratio. The reason is that the negative (26)
strangeness of the antikaons is balanced only Bith+ 1
kaons and, as seen in E(5), the corresponding partition wheres= w?.
function cancels out in performing the ratio. We note, however, that only thewave contribution of

A particular effort has been invested in studying the antithe Jiich KN interaction has been kept. The reason is that
kaon properties in the medium, since ti&l has a particu- this potential presents some shortcomings inlthel partial
larly rich structure due to the presence of thel405 reso-  wave, which manifest themselves especially in the low-
nance[12—-15. The antikaon optical potential in hot and energy region of th& self-energy. Specifically, tha and=
dense nuclear matter has recently been obtdia@Hwithin poles of theKN T matrix come out lower about 100 MeV

t_he framework of a coupled-channel .seIf-consistent CaICUIathan the physical values and, consequently, the correspond-
tlonhtaklng, as b.aqe fmﬁsplﬂl-r]baryon T;erallctlor;, the mesor]hg strength in the antikaon spectral function due to hyperon-
exchange potential of the lith group[17]. In order to un- g6 eycitations appears at too low energies, a region very
derstand the influence of the in-medium antikaon pmpert'eﬁ‘nportant for the calculation we are conducting here. In ad-

o . o

on the K ./K ratio, two dlﬁerent prescriptions for .the ition, the role of theX* (1385 pole, which lies below the

single-particle energy of the antikaons have been considere N threshold. i tincluded in thé lith KN int fion. |
First, the so-called on-shell approximation to the antikao reshold, 1S not inciuded in the interaction. in

single-particle energy has been adopted. The antikaon parrder to overcome these problems, we have added tdour

tion function in this approach reads self-energy thep-wave contribution as calculated in Ref.
[68]. In this model, thep-wave self-energy comes from the
1 d3p e T coupling of theK meson to hyperon-holeY(N" 1) excita-
ZK‘:gK_VJ € tions, whereY stands forA, 3, and X*. In symmetric
(27) - .
nuclear matter at =0, this self-energy reads
Ex-= VM- +p?+ Ui(T,p,Ex-.p), (D) 1 g 2 .
— 252
Mep.0.p)= 5| S| PP, @.P)

whereUy(T,p,Ex-,p) is theK single-particle potential in

the Brueckner-Hartree-Fock approach given by 3{Onsk 292 ) -
+§< oM ) p“fsUs(p,»,p)
Ui(T,p.Ex-.p)
1 ONs* K 2->2 2 >
=Re | d%kn(k, T){KN|Gi_ k(2 =En+Ex, T)|KN), +§( oM | P st (po,p). (27)

(22 The quantitiesgyaic, gusic. and gus«i are the NAK,

_ K * ; ;
which is built from a self-consistent effectiveN interaction NZK, andNX*K coupling constants, whiley , fx , f5« are

) . . . the A, 3, 3* relativistic recoil vertex corrections arid, ,
in nuclear symmetric matter, averaging over the occupie . . - .
: ; S s, Usx the Lindhard functions at=0. For more details,
nucleonic states according to the Fermi distribution at a . .
iven temperaturay(k,T) see R(_af[68]. The relevancg of this Iow-engrgy region mgkes
9 N it advisable to extend thip-wave contribution to finite
The second approach incorporates the complete energYémperature
and-momentum dependeitself-energy The hyperon-hole Lindhard functions at finite temperature
7 are easily obtained from th&-hole one given in Eq(A16)
Ii(T.p,0,p)=2Vp "+ mMUi(T.p,0,p), (23  of Ref. [29], by ignoring, due to strangeness conservation,
. the crossed-term contribution. The spin-isospin degeneracy
via the correspondini spectral density factors and coupling constants need to be accommodated to
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250 and(18) allows one to understand why the ratio increases so
C treegs strongly with density in the free gas approximat_i(niot-
25 1 E onshdll 1 dashed lines The same is true when the particles are
~ onshell (1) dressed. In this case, however, ke feels an increasing
200 ¢ T :zg;" tjgﬂ attraction with density which tends to compensate the varia-

tion of ug and the curves bend down after the initial in-
crease. This effect is particularly notorious when the Kill
1 1 spectral density is used. The results are in qualitative agree-
ment with the broadband equilibration notion introduced by
+ 1 Brown et al. [62]. However, in this present model, the gain
in binding energy in the on-shell approximation f&r
7 (thick dotted line in Fig. 1when the density grows does not
7 ] completely compensate the increaseugf, as was the case
in Ref.[62]. To illustrate this fact, we note that the variation
of the K™ single-particle energy at zero momentum Tat
=70 MeV changes in our modg29] from 434 MeV to 375
MeV when the density grows from Jog to 2.1p,, while ug

175 |
150 [ |

25}

KK

100 | §

75 [

25 |

ﬁ changes from 873 MeV to 962 MeV. Therefore, the relevant
00 o, o1 o1 o oo or o1 02  quantity to understand the behavior of #ié/K ~ ratio with
p (fm’) p(m’) density in the on-shell approximation, i.e., the sunugfand

FIG. 1. K¥/K~ ratio as a function of the density fof Ex- (see Eq(6) of Ref, [62]), suffers in our model a varia-
C . . tion of about 30 MeV. On the other hand, the model of Ref.

=50 MeV (left pane) and T=80 MeV (right pane] calculated in [62] assumed a slower variation gf5, from 860 MeV to
different approaches: the free Fermi ddst-dashed ling on-shell 905 MeV. which was almost cancelgd by the changEof
self-energiegdotted ling, on-shell self-energies with from a free ' - )
(noninteracting Fermi gas(thin dotted ling, dressing the< ™~ with from .38.0 MeV 1o 332 MeV, giving therefore a pr_actlcally
its single-particle spectral function, with the=0 contribution d.englty mdependent ratio. We _no'[e that our chemical p(_)ten-
(long-dashed lineand taking into account the additiorla 1 par- f“al is derived from a nucleqnlc e”efgy spectrum obtained
tial wave (solid line). in a Waleckao-w model, using density dependent scalar
and vector coupling constants fitted to reproduce Dirac-
Brueckner-Hartree-Fock calculatioiisee Table 10.9 in
Ref. [71]).

The results obtained in the present microscopic calcula-
tion show that the broadband equilibration only shows up
clearly when the full spectral function is usésblid line in
Fig. 1). After an increase at low densities, tKe¢ /K~ ratio
remains constant at intermediate and high densities. The use
of the spectral density implicity amounts to an additional

the notation used in Eq27) and this amounts to replacing
(213)(fx/fyn) by 3/2. Finally, the widthl" in Eq. (A16) of
Ref. [29] is taken to zero, not only for the stable and X,
hyperons but also, for simplicity, for thR* hyperon, which
allows one to obtain the imaginary part of the Lindhard func-
tion analytically.

ll. RESULTS gain in binding energy for the antikaons and, as density in-
creases, it compensates rather well the variatiop ©f
In this section, we discuss the effects of dressingkhe To understand the origin of this additional effective attrac-

mesons in hot and dense nuclear matter onkthéK * ratio  tion when the full spectral density is used, we show in Fig. 2
around the value found in NiNi collisions at an energy of the two functions that contribute to the integral over the en-
1.93A GeV. A preliminary study was already reported in Ref.ergy in the definition of th& ™ partition function[Eqg. (26)],
[70]. As previously mentioned, we prefer to discuss the renamely, the Boltzmann factoe ¥ and theK~ spectral
sults for the inverted ratié /K . functions includingL=0 (long-dashed lineand L=0+1

The K*/K™ ratio is shown in Fig. 1 as a function of (solid line) components of th&N interaction, for a momen-
density at two given temperatureb=50 and 80 MeV, cal- tum g=500 MeV atp=0.17 fm 3 andT=80 MeV. As it is
culated for the three ways of dressing of e free (dot-  clearly seen in the figure, the overlap of the Boltzmann factor
dashed lines the on-shell or mean-field approximation of ith the quasiparticle peak of thé~ spectral function is
Eq. (21) (dotted lineg, and using the< spectral density in- small for this momentum. It is precisely the overlap with the
cluding s-wave (long-dashed lingsor both swave and strength in the low-energy region that acts as a source of
p-wave contributiongsolid lines. The two chosen tempera- attraction in the contribution to th&~ partition function.
tures roughly delimit the range of temperatures which haverhis effect is particularly pronounced when thavaves are
been claimed to reproduce, in the framework of the thermaincluded, due to the additional low-energy components in the
model, not only theK*/K~ ratio but also all the other spectral function coming from the coupling of tke meson
particle ratios involved in the NiNi collisions at SIS to hyperon-hole YN 1) excitations, wherer stands forA,
energieq58,59. 3, andX*. Assigning these low-energy components to real

Since the baryonic chemical potentiay grows with den-  antikaons in the medium is not clear, since one should inter-
sity, the factore#8’T in the partition functions of Eqg16)  pret them as representing the production of hyperons through
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FIG. 2. The Boltzmann factadotted ling and theK™ spectral FIG. 3. The integrand which defines te partition function

function, includings-wave (dashed ling or s- and p-wave (solid  [Eq. (26)] as a function of momentum, at saturation density &nd
line) components of th&N interaction, as functions of the energy, =80 MeV, for different approaches: on-shell prescriptigiotted
for a momentung =500 MeV at saturation density and temperature line), using theK ~ spectral function with thé =0 components of
T=80 MeV. the KN interaction(long-dashed lineand including also thé =1
partial wavegsolid line).

KN—Y conversion. While this is certainly true, it may also
happen that, once these additional hyperons are present j

the system, they can subsequently interact with fast nor{?}
strange particlefpions, nucleonsto create new antikaons. A only a small increase of the rat{solid line) due to its higher

clear inter_pretation on W_hat fraction of the_ '°W'er?er9y mass. We have checked that heavier strange baryonic or me-
;trength will emerge as a_nt||_<aons_at ff_eeze_“)“t is certainly onic resonances do not produce visible changes in our re-
interesting question and its investigation will be left here forsults. Notice also that, although the ratios obtained with both

fortohcom![rr:g \.N(t)rk' | th . ; d. the det Iprescriptions for the mean-field potential of tle meson
_once the integral over Iné energy IS performed, the detelyigra appreciably, the present uncertainties in the ratio
mination of theK™ partition function still requires an inte-

gral over the momentum. The integrand as a function of
momentum is plotted in Fig. 3 for the same density and *°
temperature than in the previous figure. As expected, the
integrand is larger when the full spectral density is consid-
ered. In this case, th€™ partition function is enhanced and
therefore theK */K ™ ratio is smaller than that in the on-shell
approximation and also in the case where only the0 20
contributions to the spectral density are used. Notice the be-
havior at largeg, which decays very quickly in the on-shell
approximation but has a long tail for the=0+1 spectral <
density originated from the coupling of teé™ meson to

tential Us = +30p/p, instead(dot-dashed ling Finally,
e additional contribution of th&* resonance produces

25 - 1

YN~ configurations. w0l
Another aspect that we want to consider is how the dress- L onlyA
ing of the, hyperon affects the value of the ratio. In Fig. 4, — == A+Zatractive
the value of theK /K~ ratio at T=50 MeV is shown as a 5 ~ T NMarepdsive ]

A+E repulsive+z'

function of density for different situations. In all calculations
displayed in the figure, the partition function associated with ‘ ‘ ‘
K~ has been obtained using the fllI" spectral density. The 0 005 01 015 02 025 03
dotted line corresponds to the case where onlyAheyper- p(fm)

ons, dressed with the attractive mean-field potential given in FjG. 4, The K*/K~ ratio as a function of density aT

the preceding section, are included to balance strangenessgo Mev. The dotted line shows the results when only the
When theX hyperon is incorporated with a moderately at- hyperons are considered in the determination of the ratio. The
tractive potential of the typeUs=—30p/py MeV, the  dashed(dot-dashel line includes also the contribution of tHe
K*/K™ ratio is enhanced substantialigashed ling This  hyperon dressed with an attractigepulsivé mean-field potential.
enhancement is more moderate when one uses the repulsiVbee solid line includes the effect of ti&" resonance.
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100 — b (long-dashed and solid lingsFrom the preceding discus-
! 7 sions, it is easy to understand that the low-energy behavior of
%0 £ / /// ] the spectral density enhances te contribution to the ra-
P tio, having a similar role as an attractive potential and, hence,
80 ¢ / // —-— freegas E the value ofug compatible with a ratio at a given tempera-
s on shell approach ture increases. Moreover, due to the bending ofKhigK ~
70 F i ——- L=0spectral density ] : : : : : :
_ e  L=0+1 spectral density ratio with density and its evolution with temperature ob-
g . 4 ] served in Fig. 1, it is clear that there will be a maximum
= / value of T compatible with a given value of the ratio. Below
50 b ] this maximum temperature, there will be two densities or,
J/ equivalently, two chemical potentials compatible with the ra-
40 E /] tio. For example, the rati¢& "/K~ =30 will in fact not be
S realized with the temperatures of=50 MeV and T

] =80 MeV displayed in Fig. 1, if the antikaon is dressed with
the spectral density containing=0 andL=1 components.
A T 0 e e w0 w0 9o As shown in F|g._5, on_Iy temperatures lower than 34 MeV
1, (Mev) are compatible with ratio values of 30.
We note that the flat regions depicted by the solid lines in
FIG. 5. Relation between the temperature and the baryochemic&tig. 5 could be considered to be in correspondence with the
potential of hadronic matter produced in heavy-ion collisions fornotion of broadband equilibration of Brovet al.[62], in the
fixed K*/K ™ ratio of 30, calculated within different approaches as sense that a narrow range of temperatures and a wide range

30 ¢

discussed in the text. of densities are compatible with a particular value of the
K*/K™ ratio. Nevertheless, the temperature range is too low
would not permit to discriminate between them. to be compatible with the measured slope parameter of the

In the framework of the statistical model, one obtains apion spectra. Explicitly, forK "/K~=30, we observe a
relation between the temperature and the chemical potentialearly constant ratio observed in the range of 30—34 MeV
of the hadronic matter produced in the heavy-ion collisionscovering a range of chemical potentials in between 680 and
by fixing the value of th&K /K™ ratio which was measured 815 MeV which translates into a density range=[1.5
for Ni+Ni collisions at GSI to be on the average /K" X 10" %py,0.02,]. Note that in this case, we can hardly
=0.031+0.005[44]. We compare our results with a corre- speak of a broadband equilibration in the sense of that intro-
sponding inverse ratio &£ */K ~ =230 in the following. The duced by Brown, Rho, and Song in RE82], where a ratio
temperatures and chemical potentials compatible with thak*/K~ =30 holds over a large range of densities in between
ratio are shown in Fig. 5 for different approaches. The dot+p, and 2o, for T=70 MeV. However, as we indicated at
dashed line stands for a free gas of hadrons, similar to ththe beginning of this section, this result was obtained in the
calculations reported in Reff58,59. The dotted line shows framework of a mean-field model and our equivalent on-
the T(u) curve obtained with the on-shell or mean-field ap-shell resultgdashed lines in Figs. 1 and,%ased on a stron-
proximation[see Eqs(21) and(22)], while the dashed and ger variation of theug with density and on a less attractive
solid lines correspond to the inclusion of the off-shell prop-Uy, seem to be very far from producing the broadband
erties of theK™ self-energy by using its spectral density equilibration behavior.

[Egs.(23), (24) and(26)], includingL=0 orL=0+1 com- As pointed out before, our nucleon chemical potential is
ponents, respectively. obtained in the framework of a relativistic model and varies

In the free gas limit, the temperatures compatible with awith density more strongly than that used in Hé2], which
ratio K*/K~ =30 imply a narrow range of values for the shows values close to those for a free Fermi gas. If we now
baryonic chemical potentials, namejyg [665,74Q MeV  calculate the< */K ™ ratio using aug(p,T) for a free(non-
for temperatures in the range of 20—100 MeV. These valuemteracting system in the on-shell approximation, we obtain
translate into density ranges pE[6x 10" "py,0.9]. the thin dotted line in Fig. 1. AT=80 MeV, we now ob-

As it can be seen from the dotted line in Fig. 5, the at-serve a tendency of a broadband equilibration but for ratios
tractive mean-field potential of the antikaons compen-higher than 30, of around 50. This is connected to the par-
sates the effect of increasing baryochemical poteptial As  ticular on-shell potential of the antikaon which, in our self-
a consequence, the density at which the freeze-out tempereensistent procedure, turns to be moderately attractive. Only
ture compatible with the measured ratio takes place alsd the attraction was larger would the broadband be realized
grows. But this attraction is not enough to get the samen this on-shell picture for smaller values of the ratio as
K*/K™ ratio for a substantially broader range of densityfound by Brownet al. [62].
compared to the free case. So we do not see a clear indica- Figure 6 shows th&*/K ™~ ratio for the full model calcu-
tion of broadband equilibration in our self-consistent mean4ation as a contour plot for different temperatures and bary-
field calculation in contrast to the results of Brown, Rho, andochemical potentials. We note that the ratio is substantially
Song[62]. lower at the temperature and density range of interest, being

The influence of the antikaon dressing on the ratio ismore likely around 15 or so for a moderately large region of
much more evident when the spectral density is employetharyochemical potential. Note that this reduced ratio trans-
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100 e When the free or on-shell properties of the antikaon are
P KK =5 considered, the ratio at a given temperature shows a strong
EUN Ll KK =10 ] dependence on the density. This is in contrast with the broad-
/ ——- K'/K =15 band equilibration advocated by Browet al. [62], which
80 s —-— KK =20 E was established, in the context of a mean-field picture,
/ T KIK=0 through a compensation between the increased attraction of
. 0 ! /// \\\\ the mean-fielK potential as density grows with the increase
g 0 E % N ] in the baryon chemical potential. Our mean-field properties
= e \ do not achieve such a compensation due to a stronger in-
50 E \ E crease of the nucleon chemical potenjigl with density.
N \\ When taking into account the full features of the spectral
40 & A function of theK™ via hyperon-hole excitations, we find that
: - the K /K™ ratio exhibits broadband equilibration. Neverthe-
30 NI less, the ratio is even in excess of the measured ratio at
: ‘\ ; temperatures which are deduced from the slope parameter for
o0 b NV i . e .
t50 600 650 700 750 800 850 900 950 pions. The mcompatlk?mty with the expe_rlmentally measured
1, (Mev) ratio can be resolved in several ways. First, the spectral func-

tion has too much strength below threshold and there is no
FIG. 6. TheK*/K™ ratio plotted for the full spectral density of broadband equilibration. Second, the simple statistical ansatz

theK™ as a contour plot for different temperatures and baryochemicannot be used for a medium modifi&d .
cal potentials. Admitting the plausibility of our approach, one would still

need, in order to see the particle ratios of the medium, to
lates into an overall enhanced productiorkof by a factor 2 assume an instantaneous substantial change of the spectral
compared to the experimentally measured value. At piofunction from the in-medium one to the free one at freeze-
freeze-out, the medium can hold twice as mady as out, i.e., it must be fast enough so that inelastic collisions are
needed to explain the measured enhanced producti#h of not possible anymore. If that process is too slow, particle
if one considers the full spectral features of the in the  ratios will be adjusted accordingly yielding a final ratio
medium. We stress again that this enhancement is not due ghich is compatible with that of a free gas of noninteracting
an increased attraction in the sense of a mean-field calculparticles. TheK ™ interacts quite strongly with the medium,
tion. It is a consequence of the additional strength of theransforming nucleons to hyperons and pions. If that inelastic
spectral function at low energies, which emerges when takprocess ceases later than the ones for pions, the correspond-
ing into accounp-wave hyperon-hole excitations. The Bolt- ing particle ratios will be fixed at a different value of tem-
zmann factor amplifies the contribution of the low-energyperature and baryochemical potential than that deduced from
region of the spectral function so that these excitations arehe slope of the transverse mass spectrum of the pions. In-
becoming the main reason for the overall enhanced producteed, different slope parameters #f andK~ have been

tion of theK™ in the medium. measured in heavy-ion experiments at GSI by the KaoS Col-
laboration[72] where the slope parameter for the antikaons
IV. CONCLUSIONS is significantly lower than that for kaons. In additidq, are

) o _ . emitted isotropically for central collisions, while there is a

We have studied, within the framework of a statistical strong forward/backward enhancement in the angular distri-
model, the influence of considering thel modlfleq propertiegy tion for producedk * [23]. From microscopical transport
in hot and dense matter of the hadrons involved in the detery,qdels. it is also well known that the antikaons freeze-out

B - — + . . . . 1
mination of theK™/K™ ratio produced in heavy-ion colli-  yych Jater than kaons due to their substantially shorter
sions at SIS/GSI. We have focused our attention on inCorpoyean-free patlisee, e.g., Ref.73]). These observations in-
rating the effects of the antikaon self-energy, which wasgicate that the statistical description of subthreshold antikaon
derived within the framework of a self-consistent COUP|Ed'production has to be taken with care. We note that the dif-
channel calculation taking, as bare interaction, the mesofgrent slope parameters for kaons and antikaons can indeed
exchange potential of the lith group for theswave and e attributed to medium effects, especially to a sizable
addlngztgip-wave components of th&h excitations, with  5ttraction in the medium felt by the antikaoisee, e.g., Refs.
Y=A% 2%, 74,75).

It is found that the determination of the temperature and[ The question how the antikaon gets on shell and what
chemical potential at freeze-out conditions compatible withtraction of the antikaon strength emerges as real antikaons
the ratioK™/K™ is very delicate and depends very strongly are interesting ones. This investigation is outside the scope of
on the approximation adopted for the antikaon self-energythe present study and is left to be addressed in forthcoming
The effect of dressing thi¢ ~ with a spectral function includ-  \ork. We note, however, that the first question is addressed
ing both s- and p-wave components of thEN interaction  recently in an off-shell transport model simulation and refer
lowers considerably the effective temperature while increasthe interested reader to Ré¥6] which uses essentially the
ing the chemical potentigkg up to 850 MeV, compared to same spectral function for antikaons as in the present work.
calculations for a noninteracting hadron gas. There it is shown that the antikaon spectral function reaches
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