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Kaon-antikaon nuclear optical potentials and the s« meson in the nuclear medium
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We study the properties of the meson in the nuclear medium, starting from a chiral unitary model of
Swave, | =1/2 K scattering, which describes the eladie- phase shifts and generates a pole in the ampli-
tude. Medium effects are considered by including pion and kaon self-energies. We explore the changes in the
« pole position and in th& scattering amplitude at finite density, with two different models for the kaon

self-energy.
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[. INTRODUCTION although some discussion on its nature still remains open. In

é)articular, unitarized models consistent with chiral con-
straints describe ther phase shifts and clearly predict a
pole at masses of around 470 Md¥9,2(0. Some works
using this kind of chiral models have also studied the isospin
h@l/Z channel and find a very wide meson at masses

Kaon and antikaon properties in the nuclear medium ar
quite different. Whereas the kaon’s self-energy is weak, re
pulsive, and can be well accounted for bytgapproxima-
tion, the situation is much more complicated for the antika-

ons, among other reasons because of the presence of t o ;
. — . around 800 MeV. A compilation of results both experimental
A(1405 resonance just below th€N threshold. The anti- and theoretical can be found in Refg1-23.

kaon self-energy is particularly interesting because if it is | the unitarized chiral models theand x mesons can be
sufficiently attractive it could lead to the existence oKa understood asr and 7K resonances and this has important
condensed phase in the neutron stars, as it was pointed outdansequences for their interaction with the nuclear medium,
Ref. [1], (for a recent discussion see R{)). as their self-energy will be directly related to that of the
There is already clear experimental evidence of strongind K mesons. Ther medium properties have been studied
medium effects that deviate from simple low density theorenmusing different approaches, finding always a strong reduction
predictions on the strong enhancement of Kheproduction  of its mass and a much narrower width at high baryonic
in heavy-ion collisions in the KaoS experiments at @3l  densities[24—-2§. There are some experimental signals that
Although this result could imply a very attractive potential, it strongly suggest that this is indeed the case. A quite strong
is difficult to extrapolate it to the high density and low tem- enhancement of thew invariant mass spectrum at the low
perature relevant for the neutron stars. masses predicted for the in-mediunhas been found in both
Also, strong medium effects have been found in kaoniq( 7, 77) [27-3Q and (y, 7m) reactions[31-33. In the uni-
atoms. However, there is strong controversy on the theoretiarized chiral models the mass reduction of #heand its
cal interpretation of these data, with widely different poten-narrowing in the nuclear medium are mainly produced by the
tials available in the literature which provide a reasonablayell known attractiveP-wave pion-nucleus optical potential.
agreement to the data. They could be classified in two basig similar, although richer in complexity, situation could oc-
kinds, some phenomenological potentials, usually deeply akur for thex meson. Given the clearly different interaction of
tractive [4-7], and other chirally motivated potentials the kaons and antikaons with the medium, one could expect
[8-16, which, after the need of a self-consistent treatment ofy splitting of the masses of and antix. The difference
the kaon and thé (1409 in the medium was showii1], are  would be sensitive to the different optical potential suffered
clearly less attractive. by kaons and antikaons. Furthermore, as fordhease, the
Some other observables that could be sensitive to the katrong attraction over the pion could lead to a common mass
onic nuclear potential have been suggested, like the study @&duction and a narrower width.
the ¢ mass in nuclear reactions. However, due to the cancel- Our purpose in this paper is to investigate this possibility.
lation between attraction and repulsion for the antikaon angyve start by presenting a simple model that predickspmle
kaon, respectively, little if some effect is expecfdd]. and is consistent with the meson-meson phenomenology at
On the other hand, some interesting developments havew and intermediate energies in the next section. Next, we
taken place in the study of the light scalar mesons, in parincorporate the nuclear medium effects using two different
ticular theo and thex. The o meson now appears to be quite potentials in order to study the sensitivity of the observables
well established both theoretically and experimentill§] to these potentials.

II. Kz SCATTERING IN A CHIRAL UNITARY APPROACH

*Electronic address: Daniel.Cabrera@ific.uv.es We briefly revise in this chapter the model K#r scatter-
"Electronic address: Manuel.J.Vicente@ific.uv.es ing, which is based on the chiral unitary approach to meson-
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' ' ' ' ' checked that accounting for it barely modifies the phase
3 shifts in the region beyond 1 GeV, and produces no visible
effect at lower energies. Since we are mainly interested in the
medium effects on th& s channel, we shall ignore th€»
contribution from now on.

D
(=}
T

lll. K& SCATTERING IN THE NUCLEAR MEDIUM

Phase shift
5

We consider medium corrections to tKer scattering am-
® Degeradl plitude by dressing the meson propagators with appropriate
— model ] self-energies regarding the interactions of the mesons with
the surrounding nucleons of the nuclear medium. These self-
. energies have been worked out elsewhere and we include
0.6 ' 0.8 ' 1.0 ' 12 here a brief description. Then we explain our method to
MI (GeV) search for thec pole at finite baryon density.

20

FIG. 1. (Color onling K7— K phase shifts in thé=1/2 chan-
nel. The solid line is the result of the model described in the text.
Data sets are taken from Ref§] (doty and[37] (triangles. The pion self-energy is driven by the excitation, in the
wave, ofph and Ah pairs. A derivation of theP-wave pion
self-energy from therN scattering amplitude can be found in
Ref. [38], Chap. 5. Additionally, a resummation of short
range correlation terms in terms of the Landau-Migdal pa-
rameterg’ is done. The final expression reads

A. Pion self-energy in the medium

meson scattering developed in Rg4]. In that work, a good
agreement with experimental phase shifts for Beave
meson-meson scattering in the0,1 channels was found.
We solve the Bethe-Salpet¢éBS) equation, namelyl=V

+VGT, in which the kerneV is taken as thé=1/2 K= tree D+F)\2
level amplitude from the lowest ordgPT Lagrangian. After <7> U(a®,qg;p)
projecting onto theS wave, this amplitude reads I1(aP,G; p) = FAGP) G 5 (3)
men D+F L
1| 5 3(mi - m2)? 1-( ) 9'U(a%d;p)
b —Es+me+mﬁ+§M . 1) 2f

where (D+F)/(2f) is the 7NN coupling from the lowest
In Eq. (1), sis the Mandelstam variabley, andmy are the  order chiral Lagrangiar)=Uy+U, is the Lindhard function
pion and kaon masses, respectively, &mglthe meson decay for the ph andAh excitations, and~(G?) is a monopolar form
constant, which we take to bé=(100 MeV)?=f_fy as in  factor. We follow the notation of Ref§17,39.
Ref.[19].

Despite the integral character of the BS equation, it was
found in Ref.[34] that theV amplitude factorizes on-shell
out of the integral in th&/GT term, and so doe$. ThusT We shall consider here two different potentials for the
can be algebraically solved in terms of theand theG kaons, in order to test the sensitivity of the results to the
functions, the latter contains the integral of the two mesorinodels and their ability to discriminate between them. The
propagators, first model is a chirally motivated potentifl3] which pro-

vides a weak attraction for the antikaons. We shall refer to it
G(\E) _ ifqmaxdq q w.(q) + wx(q) as “model A.” The second one is a phenomenological poten-
47 J o (o) s—[w(q) + wc(qP+ie' tial described in Ref[4], leading to a very strong attraction
for the antikaons. We shall call it “model B.”

B. Kaon and antikaon self-energies in the medium

2

2 The KN interaction is smooth at low energies, and both
with ww(q):\,qu,mi and wK(q)=\e'q2+mﬁ. In Eq. (2) we models use ap approximation. The kaon self-energy is
regularize theG function with a cutoff in the momentum of given by

the mesons in the _Ioop. A vz_alue 0f2=850 MeV is us_ed, (p) = Cmip/Po, (4)
what leads to a satisfactory fit to the 1/2 K7 phase shifts,

as shown in Fig. 1. The scattering amplitude in this channefvhere p is the nuclear densityp, stands for the normal
exhibits a pole in the second Riemann sh@eidRS of the  nuclear density, an@ takes the value 0.13 for model[AQ]
complex energy plane, which we identify with tkemeson. ~ and 0.114 for model B4].

The pole position that we get isM,+il,/2=825 The KN interaction, however, is much richer at low ener-
+460_ (M_eV). We havc_a not con_S|dered in thls_ calcu_lanon thegies. Model A starts from Ref41], where theS-wave KN
contribution of theK intermediate state. Its inclusion leads scattering was studied in a chiral unitary model in coupled
to a coupled channel calculation, as done in R&f] for 7w channels, leading to a successful description of many scatter-
and KK channels. However, it was found in R¢B5] that ing observables, namely, threshold ratioskop to several
this channel barely mixes with thér channel. We have also inelastic channels{"p andK™n scattering lengths, anid™p
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cross sections in the elastic and inelastic channelthe self-energies. After some basic manipulati@(s}g) can
(K°n, 7OA , 737, #%3.9). Medium effects were considered in be written as

Ref. [13] to obtain an effecti_ve}?N interaction in nuclear -1 (" 1 1

matter, from which th&waveK self-energy was obtained in  G(\S) = 2_f dW[r_—.FP(W) - F—FNP(VV):| :

a self-consistent way. Finally, tHe-wave contribution to the 7o VS=WHin Vs+W
Eself—energy, arising from the excitation ofh pairs[Y ()
=A,X,%*(1385] was also included. Full details can be gng F (W), Fys(W) (accompanying the “pole” and “non-
found in Refs.[13,17. Model B, based on a dispersive cal- pole” terms, respectivelyare real, positively defined func-

culation of the kaon potentials, which uses as inputkfiN . . ~ . .
. . . — . tions independent ofs. For K7 scattering they are given by
scattering amplitudes, finds a strogpotential that drops to

—200 MeV at normal nuclear density and zero momentum, dq (W W-u _ W+u _
and shows a quite strong momentum dependence. We use tHee(W) = 2m)3 dumS, e aip > AP s
parametrization given in Rg#], W
I1:(q,p) = —[0.233 + 0.563 exp- 1.242/my) Im2pl po. _ J &g fvv s (W_ u . ) <w+ u_ )
= u —.q; a.p ).
©) NP 2m3) .y, T T, a:p > a:p
These two potentials have been chosen as representative (8)

examples of the kaon-nucleus potentials currently discusselt_;lorKW scatteringSc in Eq. (8) has to be replaced 8, and

in the literature. Some “deep potentlladaround 200 Me,V vice versa. The cutoff in the meson momentum is included in
depth at zer&k momentum are found in phenomenological these functiongnot explicitly shown. As an example, in
analysis like Refg[5,6] and also in the dispersive calculation vacuumFp=Fyp= Fy, factorizes out of the brackets in Eq.
of model B [4] after some approximations. However, self- (7) and reads i

consistent derivations of th¢ optical potential starting from

a g(_)od description oKN scatteri.ng produce “shallow” po- Frn (W) = iM oW = (M, + my)), (9)
tentials(=40 to 60 MeV depthlike model A[13] and the 47 W

potential obtained in Ref11]. Both kinds of potentials pro- . N 1202 2 3, .
duce a good agreement with kaonic atom data, and the depW1Ith Q(V\_/)_)‘ (W_ ,me,mK)_/ZW and)\_the Kallen func_t|on.
of the optical potential cannot be resolved by analysing these 1he first term in Eq(7) is responsible for the cut in the
data as has been shown in REf6]. real axis. It is easily shown that tl@& function in the 2ndRS

Higher order effects in density in the kaon self-energy,can be written as

like those induced by the short range correlations in the pion _oq 1

self-energy, have been studied in Rg#2,43. The effects GRS g) = — J dW[r—FP(W)

have been found to be very small at the densities considered 2mJo Vs—=W+in

in this work, and we shall neglect any contribution from this 1 _

source. -—= FNP(W)} +iFp(Revs). (10
Vs+W

C. Search for the k pole

To look for thex pole in the medium we follow the pro-
cedure described in Re#4] for the o meson insrr scatter-
ing, conveniently adapted to the present problem. We need to
evaluate th& 7 scattering amplituder, in the 2ndRS of the

IV. RESULTS AND DISCUSSION

We have calculated thém andK scattering amplitudes

complex energy E) lane. The analvtical structure 3fis and found thex pole position for several nuclear densities
P S P ' y from p=0 to p=1.5p,. To discuss the results we shall dis-

driven by theG@"s) function, which hag ac‘!t on the positivg tinguish between the following three cas¢s$) free pion,
energy real axis. The rest of the functions in th_e BS equatioty,_medium kaons(2) in-medium pion, free kaons; an@®)
are analytical and single-valued. To calcul&s) at finite  ,_medium pions and kaons.
baryon density, we use the following spectiaehmann In Fig. 2 we show thex pole position in the complex
representations of the meson propagators: energy plane, using model A for the kaon self-energies. Ev-
o % S.(w,G;p) ery curve departs from a common point, which corresponds
D.(q ,Q;P):f do20—755 to the pole position in the vacuum case, and we increase
0 (@) nuclear density according to the following valuesfp,
R L =0,1/8,1/4,1/2,3/4,1,3/2yhich correspond to the suc-
D, (6.6 p) = fw dw( Sao(@,d;p) S<<K>(w,q;p)) cessive dots in each trajectory. The curves labeled 1 corre-
kiotd 9P 0 P-w+ipg QPreo-ip/’ spond to the case of in-medium kaons and free pions. The
©) first interesting fact is that the pole trajectory splits up into
two different branches correspondingKer andK 7 scatter-
whereS,; and S, are the spectral functions of the pion and ing. This was an expected result since the kaon self-energy is
the antikaon(kaon), respectively, that are directly related to asymmetric for the particle compared to the antiparticle. We

- wl+ie

065204-3



D. CABRERA AND M. J. VICENTE VACAS

0.50 T T T T T
S 0401 .
v
S
SN—
~
T
e—e Km: In-medium kaons, free pions
0.30 (2) w»—a Km: In-medium kaons, free pions
+— Free kaons, in-medium pions
4—a Kn: In-medium kaons & pions
v—v Kn: In-medium kaons & pions
L 1 1 1 L
0.60 0.70 0.80 0.90

Re(E) (GeV)

FIG. 2. (Color onling « pole trajectories at finite density. The
labels correspond to the three cases discussed in the text.

can see that, in th&s branch, thex mass from the pole,
MK=Re\s’spo|e, moves to higher energies. This responds to

the repulsion felt by the kaons in the medium. In tke
branch one finds that the pole mass decreases slowly with
the nuclear density. However, its decay width increases due
to the opening of additional decay channels in the medium,
as k—7MYh and k— 7Yh These channels are accounted
for in the K S and P-wave self-energies.

The next case that we consider corresponds to the curve
labeled as 2 in Fig. 2, i.e., free kaons and in-medium pions.
Since the pion self-energy is the same for the three isospin
componentgin symmetric nuclear mattgrwe find a single
trajectory for thex pole. When the nuclear density increases,
the pole position rapidly moves to lower energies. This is
consistent to what happens for thaneson and is due to the
strong attraction experienced by the pion in the nuclear me-
dium. From this we obtain tha#l, is strongly reduced, from
825 MeV in vacuum down to 650 MeV at=1.50,, getting
very close to theks threshold.I', also shows a noticeable
reduction of 300 MeV ap=1.50,. In fact, one may expect
even a stronger reduction in the decay width, given the

0.50 . T T T .
< 0401 e
V
S
S}
5
0.30 o—e Kn: model A . . .
== i ] FIG. 4. (Color onling Real part, imaginary part, and squared
+— Kx: model B modulus of the kaon-pion scattering amplitude at several densities.
Upper panels correspond ti7 channel, lower panels t&m
0.60 ' 070 ' 0.80 ' 090  Channel.
Re(E) (GeV) o
proximity of the pole to th& 7 threshold and the consequent
FIG. 3. (Color online « pole evolution with density. Compari- reduction of available phase space ke K7 decays. How-
son between two models of anti-kaon self-energy. ever, this reduction of phase space is partly compensated by
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1 1 1 T I T I T I T 1 T
WHIZ seels, o, 1 4or .
- — . model B, p=p,
i | | ] FIG. 5. (Color onling Squared
S S modulus of the kaon-pion scatter-
s o | g ing amplitude, in vacuum and at
=20 //:‘/, ---- =20 P ] normal density, for the two mod-
_ gt T _ /"’ els of kaon self-energy discussed
- ////-" 1 - / 1 in the text. Left: K& channel;
/./‘ right: Kz channel.
0 1 1 1 1 1 0 1 l 1 1 1
0.6 0.8 1.0 0.6 0.8 1.0
E (GeV) E (GeV)

the simultaneous opening of pion-related in-medium chanfing at lower energies, for instance meson hyperon - hole
nels, namelyx— K ph, K Ah. Such effect was also dis- excitations. However, for thKs case the strength of Ifis
cussed in Refg.25,44 for the o meson inwr scattering. strongly accumulated above the in-medium threshold, which
Eventually, the two curves labeled as 3 in Fig. 2 represenis basically determined by the repulsive potential affecting
the « pole evolution with density in the full model A. We the kaon. The little strength below the vacuum threshold cor-
find again separatié andK = branches, whose tendency to responds only to channels in which the pion is absorbed by a
lower energies is a clear signal of the strong influence of thearticle-hole excitation. We have also included in Fig. 4 the
attractive pion self_—_energy. Th€és branch shows a sudden squared modulus of the amplitude. In tKer channel the
curvature for densities of and beyopgl N main visible effect is a strong decrease of strength beyond
In Fig. 3 we compare th(_a Iresults on thgole position for 700 MeV, whereas in the region around and below threshold
models A and B and densities up g&=p,. We observe that little effect can be seen because of the lack of phase space,
the mass splitting between ther andK = branches is larger  though it was clearly visible in the imaginary part of the
in model B, amounting to about 50 MeV at normal nuclearampiitude. TheK channel clearly exhibits a prominent
density. The anti pole trajectories, sensitive to tiepoten-  structure close to threshold as commented above.
tial, show stronger differences, whereas théranches are The resulting scattering amplitudes for model B show a
quite similar since the kaon self-energy only differs at thesimilar trend as for model A but there are some differences.

level of 10% in the two models. Particularly, thé self-  In Fig. 5 we show the squared modulus of the amplitudes for
energy in model B does not include an imaginary part, leadmodel B, at normal nuclear density, together with model A
ing to a further decrease of thedecay width. and the free case for reference. The most visible effect, as

We have also calculated thér andK scattering ampli-  commented above, corresponds to e channel where
tudes for several nuclear densities in model A. These amp"t_)oth models are quite similar and there is little theoretical
tudes could be eventually tested experimentally in reaction§iScussion concerning thi potential in the medium. We
with pions and kaons in the final state. The results are showfind Very similar results for this channel in the two ap-

in Fig. 4. TheK= amplitude changes rather smoothly with Proaches. A stronger medium effect is observed inKhe

increasing density. The real part changes little at low ener@Mplitude for model B, as a consequence of the more attrac-

gies and flattens at higher energies. The imaginary part digive K potential in this model.

plays an increase of strength below 800 MeV as compared to In summary, we find a noticeable modification of the

the vacuum case, and the threshold is shifted to lower eneB-wave K7 interaction in thex channel at finite densities.

gies. Beyond 800 MeV, though, we find a progressive deTheK channel is sensitive to the differeidtpotentials used

crease of strength. . . _in this work. The most visible medium effect, though, ap-
The K channel shows a similar behavior fofs  pears in thes channel, where th& potential has little

=800 MeV as theKw channel. However, we observe a influence, and might be observed Knr invariant mass dis-

greater accumulation of strength below 800 MeV in thetributions around 650 MeV.

imaginary part, which peaks at about 700 MeVpat1.50,,.

The real part also reflects a rapidly changing structure in this

energy region. This effect was already observed in R2fs. V. CONCLUSIONS

for the 7 scattering amplitude in the channel, and it was

found in Ref.[44] that this was correlated to a migration of We have studied tha meson properties in the nuclear

the o pole to lower energies at finite densities. A similar medium. We follow a chiral unitary model ¢ scattering
behavior is found here for the meson. In th&« case some  that reproduces the elastic phase shifts inlth&/2 channel
Strength of Imr Spreads well below the vacuum threshold and dynamically generates tkemeson, which appears as a
mainly because of the attraction experienced by the antikaofyole in the scattering amplitude. The medium effects have
which moves theK7 threshold down, and the coupling to been considered by dressing the pion and kaon propagators
in-medium channels with the same quantum numbers occuwith self-energies that have been calculated elsewhere. When
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the density is increased, thepole moves to lower masses masses of th&#« system. We suggest that this effect could
and decay widths. However, it does not become as narrow d% experimentally observed.

to provide a clear signal to be observed experimentally. We
have also studied the scattering amplitude at finite densities

for the K7 andK channels. We have found that the ampli-  \we acknowledge fruitful discussions with E. Oset. D.C.
tude is strongly modified in the medium in both channels,acknowledges financial support from Ministerio de Ciencia y
and particularly it is sensitive to the differences betweenTecnologia. This work was partly supported by DGICYT
models of the antikaon potential. The most noticeable effecContract No. BFM2003-00856 and the E.U. EURIDICE net-
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