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CHIRAL UNITARY APPROACH TO THE �KNUCLEUS INTERACTION AND KAONIC ATOMS�E. Oseta, S. Hirenzakib, Y. Okumurab, A. Ramos
, H. Tokidand M.J. Vi
ente Va
asaaDepartamento de Físi
a Teóri
a and IFICCentro Mixto Universidad de Valen
ia-CSIC, Valen
ia, SpainbPhysi
s Department, Nara Women University, Nara, Japan
Departament d'Estru
tura i Constituents de la MateriaUniversitat de Bar
elona, SpaindRCNP, Osaka University, Osaka, Japan(Re
eived June 2, 2000)We review re
ent work on various topi
s related to the modi�
ation ofkaon properties in nu
lei. After a brief exposition of the �KN and �K nu
leusintera
tion, results from the appli
ation to K� atoms, renormalization ofthe f0 and a0 s
alar resonan
es in nu
lei and � de
ay in the nu
leus areshown.PACS numbers: 14.40.Aq, 14.40.Cs, 13.75.Lb1. Introdu
tionIn this talk I shall be reporting on the properties of antikaons in matterwith appli
ations to kaoni
 atoms, the renormalization of the f0(980) anda0(980) s
alar meson resonan
es in nu
lei and the � de
ay in nu
lei. Thestarting point is the �KN intera
tion whi
h we study using a 
oupled 
hannelunitary method by means of 
hiral Lagrangians. The medium modi�
ationsare in
luded in the �KN amplitude and an integration is done over the Fermisea of o

upied nu
leons. This selfenergy is then used in the Klein Gordonequation to �nd out bound states of the kaons in nu
lei, whi
h appear intwo families, the atomi
 states and deeply bound nu
lear states. The sameselfenergy is used in the 
hiral unitary 
oupled 
hannel approa
h whi
h leadsto the f0(980) and a0(980) resonan
es in order to investigate the modi�
ationof these resonan
es in nu
lei. Finally, the de
ay modes of the � in nu
leiand its total width are studied.� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2285)



2286 E. Oset et al.2. The properties of the �K in the nu
lear mediumIn this se
tion we address the properties of the �K in the nu
lear mediumwhi
h have been studied in [1℄. The work is based on the elementary �KN in-tera
tion whi
h was obtained in [2℄ using a 
oupled 
hannel unitary approa
hwith 
hiral Lagrangians.The lowest order 
hiral Lagrangian, 
oupling the o
tet of pseudos
alarmesons to the o
tet of 1=2+ baryons, isL(B)1 = h �Bi
�r�Bi �MBh �BBi+12Dh �B
�
5 fu�; Bgi+ 12F h �B
�
5[u�; B℄i ; (1)where the symbol h i denotes the tra
e of SU(3) matri
es. Expressions forthe di�erent magnitudes 
an be found in [2℄.The 
oupled 
hannel formalism requires to evaluate the transition am-plitudes between the di�erent 
hannels that 
an be built from the mesonand baryon o
tets. For K�p s
attering there are 10 su
h 
hannels, namelyK�p, �K0n, �0�, �0�0, �+��, ���+, ��, ��0, K+�� and K0�0. In the
ase of K�n s
attering the 
oupled 
hannels are: K�n, �0��, ���0, ���,��� and K0��.At low energies the transition amplitudes 
an be written asVij = �Cij 14f2 (k0j + k0i ) ; (2)where k0i;j are the energies of the mesons and the expli
it values of the 
o-e�
ients Cij 
an be found in Ref. [2℄. The 
oupled-
hannel Bethe�Salpeterequation with the kernel (potential) Vij was used in [2℄ in order to obtain theelasti
 and transition matrix elements in the K�N rea
tions. The diagram-mati
 expression of this series 
an be seen in Fig. 1. The Bethe�Salpeter
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 representation of the Bethe�Salpeter equationequations in the 
enter of mass frame readTij = Vij + Vil Gl Tlj ; (3)where the indi
es i; l; j run over all possible 
hannels and Gl stands for theloop fun
tion of a meson and a baryon propagators. Although in the former



Chiral Unitary Approa
h to the �K Nu
leus Intera
tion : : : 2287equation the last term on the right hand side involves in prin
iple the o�shell dependen
e of the amplitudes, it was shown in [2℄ that the amplitudesfa
torize on shell in the integral, the o� shell part being absorbed into arenormalization of the 
oupling 
onstant f�.As shown in [2℄ the results obtained lead to quite good agreement withexperimental data for 
ross se
tions of the di�erent rea
tions and the massdistribution of the �(1405) resonan
e whi
h is seen in the invariant massdistribution of �� produ
ed in some rea
tions.One may wonder why the lowest order Lagrangian gives already goodresults while in prin
iple there should be important 
ontributions from thenext to leading order Lagrangians. This was also the 
ase for the mesonmeson intera
tion in the s-wave, as shown in [3℄. The reason 
an be seen in [4℄where a more general treatment of the problem was done in all 
hannels ofthe meson meson intera
tion. This method is the inverse amplitude method(IAM) in 
oupled 
hannels whi
h uses the L2 and L4 
hiral Lagrangians,imposes unitarity exa
tly and makes a 
hiral expansion of the real part ofthe inverse of the T -matrix. The order O(p4) 
ontribution to the T -matrixT4 
ontains the loop fun
tion with two matri
es at order O(p2), T2, and theloop fun
tion of two mesons, plus the polynomial 
ontribution TP4 whi
h
omes from the L4 
hiral Lagrangian. The loop fun
tion is divergent andmust be regularized, with either dimensional regularization, 
ut o�, et
. Thetotal T4 
ontribution sums these two pie
es and is independent of the 
uto�. This means that we 
an make a trade o� with the 
ut o� and the TP4
ontribution su
h as to minimize the 
ontribution of the latter. If then this
ontribution 
an be negle
ted, the IAM method leads to the Bethe�Salpeterequation with T2 playing the role of the potential. This is possible for the s-wave, both in meson�meson and in the �KN intera
tion, but 
an not be usedfor p-waves where expli
it resonan
es [5℄, or alternatively the L4 Lagrangiansmust be 
onsidered [4℄.In order to evaluate the �K selfenergy, one needs �rst to in
lude themedium modi�
ations in the �KN amplitude, T�e� (� = �Kp; �Kn), and thenperform the integral over the nu
leons in the Fermi sea:�s�K(q0; ~q; �) = 2Z d3p(2�)3n(~p) hT �Kpe� (P 0; ~P ; �) + T �Kne� (P 0; ~P ; �)i : (4)The values (q0; ~q ) stand now for the energy and momentum of the �Kin the lab frame, P 0 = q0 + "N (~p ), ~P = ~q + ~p and � is the nu
lear matterdensity.We also in
lude a p-wave 
ontribution to the �K self-energy 
oming fromthe 
oupling of the �K meson to hyperon�nu
leon hole (Y N�1) ex
itations,with Y = �;�;��(1385). The verti
esMBB0 are easily derived from the D



2288 E. Oset et al.and F terms of Eq. (1). The expli
it expressions 
an be seen in [1℄. At thispoint it is interesting to re
all three di�erent approa
hes to the question ofthe �K selfenergy in the nu
lear medium. The �rst interesting realization wasthe one in [6�8℄, where the Pauli blo
king in the intermediate nu
leon statesin Fig. 1 indu
ed as a results a shift of the �(1405) resonan
e to higher en-ergies and a subsequent attra
tive �K selfenergy. The work of [9℄ introdu
eda novel an interesting aspe
t, the self
onsisten
y. Pauli blo
king required ahigher energy to produ
e the resonan
e, but having a smaller kaon mass ledto an opposite e�e
t, and as a 
onsequen
e the position of the resonan
e wasbrought ba
k to the free position. Yet, a moderate attra
tion on the kaonsstill resulted, but weaker than anti
ipated from the former work. The workof [1℄ introdu
es some novelties. It in
orporates the self
onsistent treatmentof the kaons done in [9℄ and in addition it also in
ludes the selfenergy ofthe pions, whi
h are let to ex
ite ph and �h 
omponents. It also in
ludesthe mean �eld potentials of the baryons. The obvious 
onsequen
e of the
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tral fun
tion at several densities
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h to the �K Nu
leus Intera
tion : : : 2289work of [1℄ is that the spe
tral fun
tion of the kaons gets mu
h wider thanin the two former approa
hes be
ause one is in
luding new de
ay 
hannelsfor the �K in nu
lei. This 
an be seen in Fig. 2. The work of [1℄ leads toan attra
tive potential around nu
lear matter density and for kaons 
lose tothreshold of about 40 MeV and a width of about 100 MeV.3. Kaoni
 atomsIn the work of [10℄ the kaon selfenergy dis
ussed above has been usedfor the 
ase of kaoni
 atoms, where there are abundant data to test thetheoreti
al predi
tions. One uses the Klein Gordon equation and obtainstwo families of states. One family 
orresponds to the atomi
 states, some ofwhi
h are those already measured, and whi
h have energies around or below1 MeV and widths of about a few hundred KeV or smaller. The other family
orresponds to states whi
h are nu
lear deeply bound states, with energies of10 or more MeV and widths around 100 MeV. In Fig. 3 we 
an see the resultsobtained for shifts and widths for a large set of nu
lei around the periodi


Fig. 3. Shifts and widths of kaoni
 atoms



2290 E. Oset et al.table. The agreement with data is su�
iently good to endorse the fairness ofthe theoreti
al potential. A best �t with a strength of the potential slightlymodi�ed around the theoreti
al values 
an lead to even better agreement asshown in [11℄ and serves to quantify the level of a

ura
y of the theoreti
alpotential, whi
h is set there at the level of 20�30 per 
ent as an average. The
urious thing is that there are good �ts to the data using potentials with astrength at � = �0 of the order of 200 MeV [12℄. As shown in [10℄, the resultsobtained there and those obtained using the potential of [12℄ are in ex
ellentagreement for the atomi
 states. The di�eren
es in the two potentials appearin the deeply bound nu
lear states. The deep potential provides extra statesbound by about 200 MeV, while the potential of [1℄ binds states at most by40 MeV. This remarkable �nding 
an be interpreted as saying that the extrabound states, for
ing the atomi
 states to be orthogonal to them, introdu
esextra nodes in the wave fun
tion and pushes the atomi
 states more to thesurfa
e of the nu
leus, a
ting e�e
tively as a repulsion whi
h 
ounterbalan
esthe extra attra
tion of the potential. This observation also tells that pure�ts to the K� atoms are not su�
ient to determine the strength of the K�nu
leus potential. Other solutions with even more attra
tion at � = �0 arein prin
iple possible, provided they introdu
e new states of the deeply boundnu
lear family. On the other hand, the work of [11℄ also tells us that at leastan attra
tion as the one provided by the theoreti
al potential is needed.4. S
alar mesonsHaving the selfenergy of the kaons under 
ontrol one 
an ta
kle new prob-lems where the kaon intera
tion with the medium is a ne
essary ingredient.One of su
h 
ases is the modi�
ation of the f0(980) and a0(980) resonan
esin the nu
lear medium. As shown in [3℄ and [4℄ one 
an obtain a gooddes
ription of the s
alar resonan
es within the 
ontext of the 
hiral unitaryapproa
h. In parti
ular, in [3℄ it is possible to generate them using the lowestorder Lagrangian and the Bethe�Salpeter equation, as also done for the �KNintera
tion in se
tion 2. Here the 
oupled 
hannels are K �K and �� for theI = 0 
hannel, where the f0 resonan
e appears, and K �K and �� in the I = 1
hannel where the a0 resonan
e appears. In this 
ase we must introdu
e inthe Bethe�Salpeter equation the proper selfenergies of pions, kaons and eta,and in addition one has to in
lude also vertex 
orre
tions whi
h 
an
el theo� shell part of the verti
es [13,14℄. The expli
it 
al
ulations are done in [15℄and we show the results in Figs. 4 and 5 for di�erent densities. For the 
aseof I = 1 we have shown the modulus squared of the �� amplitude, sin
ethis is what would appear in the rea
tion where one looks at the invariantmass of the �� system in the �nal state. What we observe in the �gures isthat for the 
ase of the a0 resonan
e the shape be
omes gradually wider as
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Fig. 5. Imaginary and real part of the �K s
attering amplitude. Lines have thesame meaning as in the previous �gure.the density in
reases and at densities of around �0 the resonan
e is alreadywashed away in the medium. The 
ase of the f0 resonan
e, whi
h is alreadynarrower to begin with, is more hopeful, sin
e even at �0 one still 
an seethe resonan
e shape, however, the width passes from a free value around40 MeV to about more than 150 MeV. How to observe these 
hanges mightnot be so easy. In the talk of [16℄ it was shown that using pions or protons as



2292 E. Oset et al.probes it was rather di�
ult. Using photoprodu
tion of two pions, and ��photoprodu
tion, might give better 
han
es [17℄. Other possibilities would
ome from radiative de
ay of the � in nu
lei where re
ent experiments showa 
lean f0 and a0 peak [18,19℄, whi
h in
identally 
an be very well des
ribedwithin the approa
h followed here to generate the resonan
es [20℄ and a sim-ilar one where a separable meson�meson potential is used rather than theamplitudes provided by the 
hiral Lagrangians [21℄.5. � de
ay in nu
leiFinally let us say a few words about the � de
ay in nu
lei. The workreported here [22℄ follows 
losely the lines of [23, 24℄, however, it uses theupdated �K selfenergies of [1℄. In the present 
ase the � de
ays primarilyin K �K, but these kaons 
an now intera
t with the medium as dis
ussedpreviously. For the selfenergy of the K, sin
e the KN intera
tion is not toostrong and there are no resonan
es, the t� approximation is su�
ient. In
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Fig. 6. � width at � = �0Fig. 6 we show the results for the � width at � = �0 as a fun
tion of the massof the �, separating the 
ontribution from the di�erent 
hannels. What weobserve is that the 
onsideration of the s-wave �K-selfenergy is responsiblefor a sizeable in
rease of the width in the medium, but the p-wave is alsorelevant, parti
ularly the �h ex
itation and the ��h ex
itation. It is alsointeresting to note that the vertex 
orre
tions [25℄ (Y h loops atta
hed to the� de
ay vertex) are now present and do not 
an
el o� shell 
ontributions like
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leus Intera
tion : : : 2293in the 
ase of the s
alar mesons. Their 
ontribution is also shown in the �gureand has about the same strength as the other p-wave 
ontributions. Thetotal width of the � that we obtain is about 22 MeV at � = �0, about a fa
tortwo smaller than the one obtained in [23, 24℄, yet, the important messageis the nearly one order of magnitude in
rease of the width with respe
t tothe free one. We are hopeful that in the near future one 
an measure thewidth of the � in the medium, from heavy ion rea
tions or parti
le nu
leusintera
tions, although it will require 
areful analyses as shown in [26℄ for the
ase of K �K produ
tion in heavy ion 
ollisions, where 
onsideration of thepossibility that the observed kaons 
ome from � de
ay outside the nu
leusleads to nu
lear � widths 
onsiderably larger than the dire
tly observed ones.6. SummaryIn summary we have reported here on re
ent work whi
h involves thepropagation of kaons in the nu
lear medium. All them together provide atest of 
onsisten
y of the theoreti
al ideas and results previously developedand reported here. If we gain 
on�den
e in those theoreti
al methods one
an pro
eed to higher densities and investigate the possibility of kaon 
on-densates in neutron stars [27℄. The weak strength of our �K potential wouldmake however the phenomenon highly unlikely.On the other hand, we 
an also extra
t some 
on
lusions 
on
erning thegeneral 
hiral framework:1. The 
hiral Lagrangians have mu
h information in store.2. Chiral perturbation theory allows one to extra
t some of this informa-tion.3. The 
hiral unitary approa
h allows one to extra
t mu
h more informa-tion.4. These unitary methods 
ombined with the use of standard many bodyte
hniques are opening the door to the investigation of new nu
learproblems in a more a

urate and systemati
 way, giving rise to a new�eld whi
h 
ould be rightly 
alled �Chiral Nu
lear Physi
s�.As 
hiral theory be
omes gradually a more a

epted tool to deal with strongintera
tions at intermediate energies, 
hiral nu
lear physi
s is bound to fol-low analogously in the interpretation of old and new phenomena in nu
lei.This work is partially supported by DGICYT 
ontra
t numbers PB98-1247 and PB96-0753, and by the EEC-TMR Program under 
ontra
t No.CT98-0169.
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