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Chiral unitary model for the kaonic atom
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We study kaonic atoms over the periodic table using a kaon self-energy in the nuclear medium derived from
the SU3) chiral unitary model. This model is quite successful in reproducing the scattering amplitude of
meson meson and the strangen®ss—1 meson baryon reactions. In particular the properties of\t{i405)
resonance are well reproduced. In the nuclear medium the properties of this resonance are appreciably modi-
fied, and consequently the kaon nucleon scattering amplitudes, leading to an attractive kaon nucleus self-
energy for densities higher than/25. With this interaction we are able to reproduce shifts and widths of
kaonic atoms over the periodic table. We also investigate the region of deeply bound kaonic nuclear states
which appear with very large widths in medium and heavy nuclei. Some of the deep atomic states, still
unobserved, appear with narrower widths than the separation between levels, which makes them eligible for
experimental observation. To this end, we make some estimates of the rates of formation K the (
reaction.

PACS numbds): 13.75.Jz, 36.10:k, 25.80.Nv

[. INTRODUCTION case of kaonic atoms. First of all, we demonstrate the ability
of reproducing the existing kaonic atom data as the optical
Kaonic atoms carry important information of the potential of Batty[4]. We then calculate the deeply bound
K ~-nucleon interaction in a nuclear medium. This informa-kaonic atoms for*®0 and **Ca, which are found to have
tion is very important for the constraints of kaon condensanarrow widths and are expected to be observed by proper
tion in high density matter. The properties of kaons in nucleinethods. We also get very deep kaonic nuclear states, which
are largely influenced by the change of th¢1405) in the have large decay widths of the order of several tens of MeV.

nuclear medium, sincA (1405) is a resonance state just be-. $ince the standard methOd of measuring the kaonic atoms
low the kaon nul:leon threshold is limited to those atomic states with small widths, less than

In fact, there were studies of kaonic atoms by modifyingrgl keV, other methods would have to be explored. Re-

. ; X cently, we have witnessed the usefulness of the direct reac-
the properties ofA(1405) in the p_uclear medlurﬁl—s’]. tions for the formation of the deeply bound pionic atoms by
These works demonstrated the ability of reproducing the kaasing the €,3He) reactions[10—12. However, in the

onic atom properties, which come out to be as good as thfresent case one would have to produ¢e‘ain addition and
phenomenological study of Bat{y]. there would be a large momentum mismatch. For this reason
Recentlly,.there have been very important developments ighe (K™, ) reaction would be more suitable and we have
the description of hadron properties in terms of the(3U cajculated the rates for the formation of kaonic atoms and
chiral Lagrangian. The unitarization of the chiral Lagrangiandeeply bound kaonic nuclear states #ica using the for-
provides theA(1405) resonance state as a baryon-mesomulation developed for the formation of deeply bound pionic
coupled syster5,6]. It is particularly interesting to mention atoms with the & ,7y) reaction in[13].
that the use of the complete set of meson-baryon states that This paper is arranged as follows. In Sec. Il we sketch the
can be built from the states of the &) flavor octets of chiral unitary model for the calculation of the kaon-nucleon
baryons and mesons, together with a suitable cutoff in thecattering amplitude in the medium. This amplitude provides
loops, is able to provide thd (1405) resonance with only the kaon-nucleus optical potential for kaonic atoms, which is
the lowest order chiral coupling terni]. discussed in Sec. lll. In Sec. IV we present the numerical
It is then very natural to study the properties/of1405) re_sults for kaonic atoms. The results are compared w.ith those
in the nuclear medium using the 8 chiral unitary model. With phenomenological potentials and with experimental
This work has been performed by Wagtsal. [7], Lutz [8], dataA:OWe study also the deeply bound kaonic nuclear states
and Ramos and Osg®]. All of them have considered the for “Ca. We calculate theK(",y) cross sections for the
Pauli effect on the intermediate nucleons. In additiofigh formation of kaonic atoms and deeply bound kaonic nuclear

the self-energy of the kaon in the intermediate states is corptates in Sec. V. Finally, Sec. VI is devoted to a summary of

sidered and ifi9] the self-energy of the pions and baryons is tNiS Paper.
also taken into account. These approaches lead to a kaon
self-energy in the nuclear medium which can be tested with
K™ atoms.

In this work, we take the scattering amplitude in the We start with the construction of the kaon-nucleon scat-
nuclear medium calculated by Ramos and Q&gtfor the  tering amplitude in the nuclear medium. The microscopic

Il. CHIRAL UNITARY MODEL FOR THE KAONIC
ATOM POTENTIAL
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FIG. 1. Diagrammatic representation of the Bethe-Salpeter 0.5 e
equation inKN scattering.

Real part

ag(p) [fm]

evaluation of the kaonic atom optical potential is based on
the chiral unitary model of Ref[6]. This work follows
closely the steps of Ref5], where the usefulness of com-
bining unitarity with the chiral Lagrangian was made mani- Effective Scattering length
fest. With respect to Ref5], the work of[6] introduces the 05
complete set of states of the pseudoscalar octet of mesons 0.0 0.5 1.0 1.5

and the octet of stable baryons, while only the channels open P/P,

at low energies were included jB]. The inclusion of all the ) . i
chamelsalows one 10 obian good soluionby means | 1% T1E et seaterlenoty oo 40
of only the lowest order chiral Lagrangian and a suitable Cuthe normal density. The thick solid lingeal parf and the thick

off to regularize the loop integrals, while in R45] the dashed line(imaginary part are the results of the chiral unitary

eﬁe?t of the unopen C.hannels yvas replacgd by the InCIUSIOHmdel. The thin lines are those of the phenomenological fit to ka-
of higher order terms in the chiral Lagrangian. onic atom datda4].

The K™ N t matrix is obtained if6] through the iteration
of the lowest order Lagrangian in a coupled channel Betheyards lower energies. This means that a self-consistent

Salpeter equation evaluation becomes necessary here and this was first proved
=V Ve Gty (1) in [8], where it was found that the consideration of the
IR N self-energy together with Pauli blocking on the nucleons led
whereV andt appear to be factorized with their on-shell ©© modifications of theA(1405), mostly on the imaginary
values in theV Gt combination, ands is the loop integral of ~Part(the resonance becomes wigewhile the position was
meson and baryon propagators. Diagrammatically the serid@ely changed. In Ref9] the K™ self-energy is also con-

0.0

implicit in Eq. (1) is shown in Fig. 1. sidered and a self-consistent evaluation is also done.
The K~ self-energy is evaluated in detail in R¢®] for (3) In addition to the former ingredients new effects are
nuclear matter by means of the integral considered ir{9]; i.e., the pion self-energy in theX, 7A

channels is also taken into account, allowing the pions to
. R excite ph, Ah, and 22h components. The difference of
3n(p,p)t(Knl)N(k,p,p), (2 binding between the nucleons addor A is also incorpo-
rated.
. _ The results obtained are qualitatively similar to those
)
e oot dovagtn 10U nIE]except iat the magharypat of th p a:
gn ) - Y plitude becomes even wider and essentially flattens at full
Eq. (2), n(p,p) denotes the occupation probability of mo- nycleon density~ pq.
mentum states in the Fermi sea in the nuclear medium at Tnhek ~ self-energy obtained if9] from the interaction of
finite densityp. Only the swave amplitude is considered, {he K~ with protons and neutrons in symmetric nuclear mat-

which is the one of relevance fé  atoms. ter atk ~ threshold k®>=my , k=0) is parametrized here in

Thet. . m.atnx IS evaluat_ed with the same equatidn terms of a density dependent complex effecti{/e scatter-
but modifications are done in the meson and baryon prope}—ng length, such that

gators of the loops to incorporate the medium effects. The

d3
HK(k’p)zz% f(zwr;

states allowed in the loops akeN, 72, 7wA, 72, nA, and Mk (k,p)=—4mnassp)p, (3)
KE.
The modifications are the following. with 7=1+my /My and p(pg) = (2/372)|pg|3, in order to

(1) Pauli blocking in the nucleon propagators. This effectfacilitate a comparison with the effective scattering length
was proved to be very important {7,14]. Since now one derived from fits to the&K ~ atom data. The results are shown
needs to place the intermediate nucleon states on top ofia Fig. 2.

Fermi sea, this costs more energy and the net effect is a shift One can see in Fig. 2 that Re;; passes from negative to
to higher energies of both the real and imaginary parts of th@ositive (repulsive to attractivefrom p=0 to p=p,/25.
A(1405) dominatedK ~p amplitude. The shift of the real Thus, the chiral unitary model provides the attractive kaon-
part automatically produces an attractikeé self-energy al- nucleus optical potential naturally while keeping the repul-
ready at very small densities. sive sign for the kaon-nucleon scattering length in the free

(2) However, if theK™ self-energy acquires a negative space. In Fig. 2, we also show the phenomenological scatter-
value, then it costs less energy to produceAt{@405) reso- ing length obtained by Battj#] from fits to the kaonic atom
nance and this produces a shift of tKe p amplitude to- data. We find that both results are similarpat py/4. Since
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the kaonic atom data are also reproduced well by the chiral 10
unitary model, as we will see later on, it seems that the
strong shifts and widths of the kaonic atoms are mainly de- 1t 2p 3d 4f
termined by the optical potential strength at a certain nuclear
density, p~po/4. This was the case of pionic atorh$5]
although the effective densities felt by the pions were differ-
ent.

We would like to mention other density dependent scat-
tering lengths obtained by the phenomenological fif 1.
One of their results can be written as

-Shift [keV]
o

o
o
ur
T
—t——
—

0.001 ¢

aesi(p)=(—0.15+0.62)+(1.66—0.04)[ p/po]®2* [fm]. 10
4

2p .
The real part of this effective scattering length also changes
its sign and provides an attractive interaction in the nuclear
medium. However, the real part depends on the density much
more strongly than our results and gives &e¢(po)

=1.51[fm]. On the other hand, the density dependence of
the imaginary part is rather flat and the strength is similar to
our results. 0.001}

0.1}

Width [keV]

0.01}

Ill. KAONIC ATOM STRUCTURE 0-00010 5 10 15 20 25 30 a5 40
We study the properties of kaonic bound states by solving Z (nucleus atomic number)
the Klein-Gordon equation
FIG. 3. The calculated energy shifts and widths are shown as
[— V24 12421V o111 =[E—Veou(r)126(r). functions of the nucleus atomic number fop,23d, and 4 kaonic
atom states. Experimental data are also shi2@h

Here, u is the kaon-nucleus reduced mass afg,(r) is We solve the Klein-Gordon equation numerically follow-
the Coulomb potential with a finite nuclear size: ing the method of Oset and Salceld®]. The applications of
the method to the pionic atom studies were reported in detail
pp(r’) o, in Ref.[19].
VcOu|(r):—92f |F')——F’|d3r : (6)

IV. NUMERICAL RESULTS
wherep,(r) is the proton density distribution. We take the ) ) ]
Woods-Saxon form for the density and keep the shapes of We show here the numerical results on kaonic atoms with

neutron and proton density distributions the same: the optical potential obtained from the local density approxi-
mation using the chiral unitary selfenergy at various nuclear

Po matter densities. We show in Fig. 3 the energy shifts and

p(r)=pn(r)+pp(r)= 1+exd(r—R)/a]’ (7)  widths for several kaonic atoms in comparison with data.

The calculated results agree with the experimental data well.
where we us&k=1.18AY3—0.48[fm] anda=0.5[fm] with ~ The quality of the agreement is as good as the phenomeno-

A the nuclear mass number. logical potentials. We note, here, that the theoretical model
The kaon-nucleus optical potential is related to the kaorfloes not contain any free parameter to reproduce the data.
self-energy in nuclear matter d$,=2uV,,,. We use the The energy levels for atomic kaonic states in O and Ca

optical potential in a finite nucleus. In coordinate space thigareé shown in Fig. 4, where the results of the chiral model and
is accomplished by means of the local density approximatiofhose of the phenomenological modég. (4)] are com-
(LDA), wherep of nuclear matter is substituted pr) of ~ Pared. We can see that the results obtained with both poten-
the nucleus. This procedure is exact for the lowest order terrals are very similar. We find that the deep atomic states
in the density of the&swave self-energy and arguments wereSuch as &in “°Ca, still unobserved, appear with narrower
given in[17] for the accuracy of the LDA in higher orders. widths than the separation between levels and are predicted
At the same time the translation code from nuclear matter td0 be quasistable states. Similar results to those of the phe-

finite nuclei forP waves was also given. Thus, we have ~ nomenological potential shown in Fig. 4 were reported by
Friedman and Gdl21].

2uVopdr) = —4mnaci(p)p(r), (8) In Fig. 5, we show the energy levels including the shallow
atomic and the deep nuclear kaonic states of Ca using the

with the effective scattering lengthes; and » defined in  chiral unitary model potential. The shallow atomic states are
Sec. Il shown by dashed bars. The deep nuclear ones are shown by
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FIG. 4. Calculated energy levels for kaonic atoms'%® and
40Ca. The hatched area indicates the widths of the states. Result?_'
with the chiral unitary modefleft) and those with the phenomeno-

L (angular momentum)

logical potential, defined in Ed4) (right), are compared.

solid bars with the numbers, which indicate the widths in
units of MeV. These nuclear states have extremely large —
widths and will not be observed as peak structures in experi-

ments.

Wave functions of &, 2p, and X kaonic atom states in
Ca are shown in Fig. 6 for the cases with and without the
strong interaction of the chiral unitary model. The finite-size

B.E.[MeV]

FIG. 5. The energy levels of the nuclear kaonic state§°6h

0] v —
atomic state
5 L
87.9
10+ e
151 /
20 nuclear state
i 40
/ Ca
251 Chiral Unitary
a0l 100.5
0 1 2 3

L (angular momentum)

PHYSICAL REVIEW C61 055205

Chiral Unitary + F.S.Coulomb
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FIG. 6. Wave functions of 4, 2p, and X kaonic atom states in
40Ca are shown. The dashed curves are the wave functions calcu-
lated with the finite-size Coulomb potential. The solid lines are
those with the strong interaction of the chiral unitary model and the
finite-size Coulomb potential.

Coulomb potential provides the wave functions depicted by
dashed curves, which are pushed outwards by the strong in-
teraction.

The wave functions of the deep nuclear kaonic states are
depicted in Fig. 7 for thes and p states in Ca. The wave
functions stay almost inside of the nuclear radius, which is
about 3.5 fm for Ca. Hence, the widths become extremely
large, of the order of 100 MeV.

V. KAONIC ATOM FORMATION

Usually the information on the kaonic atoms are obtained
by the kaonic x rays after trapping slow negative kaons. In
this case, deeper kaonic states below certain levels are not

are shown for thé =0 (s) andL=1 (p) states. As a reference, the Populated due to the kaonic absorption by the nucleus.
yrast levels of the atomic kaonic states are shown by dashed linddence, we have to find another method to excite the kaonic

up toL=3. The atomic levels above the yrast levels are shown irStates. The natural reaction to start with is the radiative ka-
Fig. 4. The numbers above the solid lines indicate the full widths inonic capture reactionK(™,y). This type of reaction was

MeV.

studied in the context of the deeply bound pionic atom for-
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FIG. 7. The wave functions of the interior kaonic nuclear states E’
are shown for thes andp states in*°Ca. o %\ 1 |
Sl
mation in Ref.[13]. We use the same theoretical model to “05 |
calculate the formation cross section, which is expressed as '
0 L L L L L L L L
d2o 1 kK S 0O 20 40 60 80 100 120 140 160 180
—e?|q|%sinf® 6[degree]

dQdk (27)3%q
FIG. 8. The double differential cross section at the peak of the
Iy photon energy distribution is plotted as a function of the emitted
X[w(q)+ Ma—k— E(AK’)]2+(F /2)2 photon angle in the laboratory frame for th&Ca(K ~, y) reaction
A nl leading to kaonic atoms &t =20 MeV.

1
Xizw E |TI%, ©) whereq andk are the incoming kaon and the emitted photon
K m

momenta,e?/47=1/137, ® the angle betweenﬁ and K,
(q) the incoming kaon energwy the bound kaon energy,
_ 3 R UvaF X I',,; the width of the kaonic state, addl,,, its wave function.
= f ™ exili(g=k) - x]Paim(X), (10 M , is the mass of the initial nucleus aBqAK ™) the energy
of final nucleus with the bound kaon. We neglect the recoil
TABLE I. Formation cross sections of kaonic atoms’8® and  energy of the nucleus and approximate the incident kaon
4Cain (K™, ) reactions aff =20 MeV. Each cross section has a

peak at the emitted photon ener@y,=T,+B, whereB is the 3 ; . . ; :
binding energy of each state shown in the table in parentheses in 4p 3p 2p ©Ca(K )
units of MeV. 25} v
= Tx = 20MeV
[K™-*0] 3 2f 6=60°
d2o/dkdQ [ wb/(sr MeV)] =
[ded] 1s (0.41) 2p (0.20 25 (0.14) < sl
20 0.113 0.216 0.113 bsé? ]
40 0.323 0.674 0.326 S }
60 0.425 1.026 0.429 = 05
80 0.383 1.078 0.388 “F
K-l °
d?o/dkdQ [ bl (srMeV)] E,[MeV]
[ded] 1s (1.53 2p (1.08 2s (0.63
FIG. 9. The double differential cross sections leading to kaonic
20 0.112 0.471 0.115 atoms for*°Ca are plotted as function of the energy of the emitted
40 0.294 1.431 0.307 photon afT =20 MeV andé,,,=60°. Each contribution of atomic
60 0.352 2.061 0.371 state is shown by a dotted or dashed line. The contributions from
80 0.292 2.019 0.309 nuclear kaonic states, which are almost constant in this energy

range, are also included in the sum of all contributitdid line).
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VI. CONCLUSION

Ca(K,y) . We have studied the kaonic atoms using the optical po-
Ty = 10MeV | tential obtained by the chiral unitary model. The chiral uni-
0=80° tary model is able to provide th&(1405) resonance state in

1 free space as the coupled channel state of flavor octet baryon
and meson states. The chiral unitary model has been used
then to calculate th& ™ p scattering amplitudes as a function

of density in the nuclear medium by taking into account the

medium effects on the baryons and the mesons. Hence, the

scattering amplitudes thus obtained do not contain any free
parameter. We have constructed the kaon-nucleus optical po-
tential from theK™ self-energy in nuclear matter by using
the local density approximation.
We have calculated first the shallow kaonic atom states in
FIG. 10. Same as Fig. 9 except fai=10 MeV and 6, & wide mass range and compared with the experimental data
=80°. and also with the calculated results of Batty and co-workers
[4,20]. The agreement is very satisfactory.

wave by a plane wave. This latter approximation is supposed We have then calculated all the kaonic states including

to overstimate the rate of formation but the order of magnithe deeply bound kaonic nuclear states for Ca. We see that

1s

[ub/(sr MeV)]

do
&k, 453,

E,[MeV]

tude obtained should still be fine. these deeply bound kaonic nuclear states have very large
We show the calculated angular distributions Bf (, y) widths.
reaction leading to kaonic atoms fdi =20 MeV and for We have made some estimates for the formation cross

E,=Tk+B with B the binding energy of the atoms in Table sections of kaonic atoms with th&(, y) reaction. We hope
| and Fig. 8. The peaks appear around 60° for both the 1this reaction can be used for the study of kaonic atoms and
and 2p excitation cross sections. deeply bound kaonic nuclear states.

The double differential cross sections leading to kaonic
atoms atTy=20 MeV for Ca are shown in Fig. 9 fo#
=60°. In this case all the states are excited very clearly ACKNOWLEDGMENTS
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