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Abstract. The K~ N potentials derived from SU(3) chiral coupled-channel
meson-baryon interaction models fail to describe kaonic atom data. It was
shown that K~ single-nucleon potentials have to be supplemented by a phe-
nomenological K~ multi-nucleon optical potential in order to achieve good de-
scription of the data. Moreover, only the Prague, Kyoto-Munich and Barcelona
models are able to account for the experimental data on K~ atoms and K~ single-
nucleon absorption ratios from bubble chamber experiments. A considerable
imaginary part coming from the multi-nucleon absorption ruled out existence
of narrow K~ -nuclear quasibound states in nuclei with A > 6.

We have developed a microscopic model for the K" NN absorption in nuclear
matter. The absorption was described as a meson-exchange process and the
primary K~N interaction strength was derived from the state-of-the-art chiral
models. The medium modifications of the K~ N scattering amplitudes due to
the Pauli exclusion principle were taken into account. The model was applied
in calculations of kaonic atoms for the first time. The description of the data
improved significantly when the two nucleon absorption was considered.

1 K N interaction models

The description of low-energy meson-baryon interactions is currently provided by SU(3)
chiral coupled-channel meson-baryon interaction models which represent a synergy between
the chiral perturbation theory and the coupled channel T-matrix resummation techniques.
The chiral models were successfully applied to the description of the K~ N interaction near
threshold. The parameters of the models are fitted to K~ p scattering data [1-3], threshold
branching ratios [4, 5] and strong-interaction energy shifts and widths in kaonic hydrogen
[6]. In Figure 1, there is a comparison of real and imaginary parts of the s-wave free-space
K~ p (top panel) and K~n (bottom panel) scattering amplitudes in the state-of-the-art chiral
models. There is a good agreement of the Prague (P) [7], Kyoto-Munich (KM) [8], Murcia
(M1 and M2) [9], and Barcelona (BCN) [11] models on the K~ p amplitude at and above
threshold since their parameters are fitted to the experimental data in this region. The Bonn
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Figure 1. Real (left) and imaginary (right) parts of the s-wave free-space K~ p (top panel) and K™ n
(bottom panel) amplitude in the state-of-the-art chiral models.

models (B2 and B4) [10] do not agree with the rest of the models above threshold since higher
partial waves were included in the fit. Below threshold the models differ significantly from
each other. In the case of the K~ n amplitude, the models do not match each other even at and
above threshold due to the lack of sufficiently accurate data. As a consequence, various chiral
models yield considerably different K~ optical potentials below threshold.

2 Kaonic atoms and multi-nucleon absorption

A valuable source of information about the K™ -nuclear interaction below threshold are kaonic
atoms. Their study gives us unique information about the K~ -nuclear potential. A sensitive
test of any K~ N interaction model is its ability to fit the kaonic atoms data. In Table 1, there
are values of y*(65) stemming from the comparison of the results for K~ potentials with the
data for all considered chiral models [12]. The values of y*(65) are exceedingly large, im-
plying that K~ optical potentials based on K~ single-nucleon chiral amplitudes are generally
unable to fit the kaonic atoms data. The reason for this discrepancy lies in the fact that the
considered chiral models do not address the K~ interactions with two and more nucleons.
The K~ multi-nucleon absorption represents about 20% of all K~ absorptions in the surface
region of atomic nuclei and its role increases with density; its consideration is thus crucial for
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Table 1. Values of y(65) resulting from confrontation of selected chiral K~ optical potentials with
kaonic atoms data.

model B2 B4 M1 M2 P KM
XX(65) 1174 2358 2544 3548 2300 1806

arealistic description of the K~ -nucleus interaction. Friedman and Gal [12] supplemented the
optical potential constructed from chiral K~ N amplitudes by a phenomenological potential
describing the K~ multi-nucleon processes:

hen P \a
2:uK’ Vlri‘inultiN = _47TB(,0_0) P (1)

where ug- is the K™ -nucleus reduced mass, p is the nuclear density distribution, pg is the
saturation density, and complex amplitude B together with parameter « are fitted to the data.
The K~ single-nucleon potentials supplemented by a phenomenological density dependent
multi-nucleon term provided considerably better description of kaonic atoms. Equally good
fits were achieved for all considered chiral models, with values of x2(65) for all models in the
range from 105 to 125 [12].

The analysis of Ref. [12] revealed in addition that only three models supplemented by the
phenomenological K~ multi-nucleon potential were able to reproduce simultaneously kaonic
atoms data and K~ single-nucleon absorption fraction from old bubble chamber experiments,
BRg-y = 0.75 + 0.05 [13-15]. Figure 2 shows the calculated values of K~ single-nucleon
absorption fraction for lower (solid lines) and upper (dashed lines) atomic states as a function
of the proton number Z for considered chiral models. The gray band denotes the experimental
value including the error bar. Only the P, KM, and BCN models are compatible with the data.
The compatibility of the three models with the data was confirmed later by the measurement
of the K"n — mA amplitude by the AMADEUS collaboration [16].

1.0 —r—

Figure 2. K~ single-nucleon absorption fraction, BRk-y, calculated for lower (solid lines) and upper
(dashed lines) atomic levels using the state-of-the-art chiral models as a function of the proton number
Z. The gray band denotes the experimental value including the error bar deduced from bubble chamber
experiments [13-15].
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3 K™ quasibound states in many-body systems

The attractive nature of K~ N interaction led to conjectures about the existence of K~ bound
states in atomic nuclei (see, e.g., [17]). We explored nuclear K~ quasibound states in many-
body systems and calculated their binding energies and widths employing the chiral K~
single-nucleon + phen. multi-nucleon optical potential [18, 19]. The K~ single-nucleon
potential was derived from the P and KM model amplitudes. In-medium modifications of the
amplitudes due to the Pauli correlations were taken into account with the help of the multiple
scattering approach by Wass, Rho, and Weise (WRW) [20].

The K~ in a nuclear bound state probes the K~ optical potential around the saturation
density po, whereas experiments with kaonic atoms constrain reliably the K~ potential up to
~ 50% of pp [12]. Beyond that limit the shape of the phenomenological multi-nucleon K~
potential in Eq. (1) results from extrapolation of the empirical formula to higher densities.
Therefore, we considered two limiting options in our calculations. First, we took the full
form of the phenomenological potential as is in Eq. (1) - full density option (FD). Then, we
fixed the potential Vi‘fﬁuhm at constant value Vgiem“umN(O.Spo) for p(r) > 0.5pp - half density
limit (HD). In Table 2, we present 1s K~ binding energies Bx- and corresponding widths I'-,
calculated in the KM and P models for the two versions of the K~ multi-nucleon potential. For
comparison, there are also binding energies and widths calculated only with the underlying
K~ single-nucleon potential. When the K~ multi-nucleon processes are included the widths
increase considerably while the binding energies change only slightly. For the FD option, the
antikaon is not even bound in most of the nuclei due to very strong multi-nucleon absorption.

Table 2. 1s K~ binding energies Bg- and corresponding widths 'y~ (in MeV) in various nuclei
calculated using the single nucleon K~ N amplitudes (denoted KN); plus K~ multi-nucleon amplitude
B(p/po)*, where @ = 1 and 2, for the HD and FD options (see text for details).

KM model a=1 a=2
KN | HD FD HD FD
160 Bg- | 45 34 not 48 not
I'k- | 40 | 109 bound | 121  bound
MCa Bg-| 59 | 50  not 64  not
I'tk- | 37 | 113 bound | 126 bound
208py  Bx- | 78 64 33 80 53
I'k- | 38 | 108 273 122 429

P model a=1 a=2
0 By | 64 | 49 not 63  not
I'k- | 25 94  bound | 117 bound
0Ca  Bg- | 81 67 not 82 not
I'k- | 14 | 95 Dbound | 120 bound
8P Bg- | 99 82 36 96 47
I'k-| 14 | 92 302 117 412

4 Microscopic K- NN absorption model and its application in kaonic
atoms calculations

The absorption of K~ on two or more nucleons was found to be essential for a proper de-
scription of kaonic atoms data. So far, it was described mainly by a phenomenological op-
tical potential which had to be extrapolated to the saturation density. Sekihara et al. [21]
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Figure 3. The ratio R as a function of relative density, calculated using the free-space and Pauli blocked
amplitudes for Bg- = 0 MeV and Bg- = 50 MeV. Color bands denote the uncertainty due to different
cut-off values A, = 800 — 1200 MeV. Figure adapted from Ref. [23].

connected the two-nucleon antikaon absorption to chiral meson-baryon interaction models
and developed the first microscopic model for K™ NN absorption in nuclear matter. Inspired
by the evaluation of an 7’-nucleus optical potential including 7"-2N absorption [22], we have
developed a microscopic model for K~ NN processes in symmetric nuclear matter [23]. The
description of K~ two-nucleon absorption was based on the meson-exchange picture. In the
model, the scattering amplitudes derived from the Prague and Barcelona models were em-
ployed. We took into account the medium modifications of the free-space amplitudes due to
the Pauli exclusion principle. We derived the real part of the K~ NN potential as well. More-
over, we derived the K~ N potential within the same approach. We built the total K~ N and
K~ NN optical potentials as a sum of potentials coming from all possible absorption channels.
For more details regarding the model see Ref. [23].
In order to test the validity of the K~ NN model, we calculated the ratio

_ BR(K"pp — Ap)
~ BR(K~pp — 'p)

= 0.7 + 0.2(stat.) )3 (syst.) , 2)

measured recently by the AMADEUS collaboration in reactions of low-energy K~ with car-
bon [24]. Figure 3 shows the ratio R as a function of relative density, calculated using free-
space (black) and Pauli blocked (red) amplitudes derived from the BCN (left) and P (right)
models. We performed calculations for two values of the kaon binding energy, Bx- = 0 MeV
(solid lines) and Bg- = 50 MeV (dashed line). The AMADEUS experimental value including
the error bar is denoted by the gray box and spans over the density area relevant for kaonic
carbon. First, we evaluated the ratio using the free-space BCN and P model amplitudes. It
lies above 1 and out of the gray box in the relevant density region. When the Pauli blocked
amplitudes are taken into account, the value of the ratio drops down within the error bar of the
experimental value. This result clearly illustrates the importance of in-medium modifications
of the free-space amplitudes. More results of the K~ NN model can be found in Ref. [23].
As the next step, we applied the microscopic K~ NN model in kaonic atoms calculations
to test further its validity [25]. We calculated the microscopic K~ N + K~ NN potentials for 23
nuclear targets and confronted them with kaonic atom data. Next, we added a phenomeno-
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Table 3. Values of y%(65) resulting from the comparison of the calculations of kaonic atoms using
K™ N,K"N + K"NN, and K~N + K~ NN+phen. multi-nucleon potentials based on the Pauli blocked
and WRW modified BCN amplitudes with the experimental data. Values of complex amplitude B and
parameter « are presented as well.

KN K N+K NN +phen. ReB(fm) ImB(fm) «a
Pauli 825 565 105 -1.97(13) -0.93(11) 1.4
WRW 2378 1123 116 -0.90(9)  0.72(10) 0.6

logical term ~ B(pﬁo)”p to the K™ N + K~ NN potentials to quantify the effect of K~-3N(4N)
processes which are missing in the microscopic model. In the calculations, we employed
the BCN and P model amplitudes and considered their in-medium modification due to the
Pauli exclusion principle within two approaches: 1) the Pauli blocked amplitudes were evalu-
ated directly in the chiral model (denoted by ’Pauli’) 2) we employed the multiple scattering
approach WRW [20].

In Table 3, the values of x?(65) resulting from the comparison of predictions of K™N,
K™N + K°NN, and K”N + K~ NN+phen. potentials with kaonic atoms data are presented.
The description of the data improves significantly when the K~ NN absorption is taken
into account, the value of y*(65) decreases to about one half, however, it is still consid-
erable. When the additional phenomenological term is added to the KN + K~ NN poten-
tials, values of y?(65) further decrease to ~ 100 and become comparable with the best fit
K~ N+phenomenological potential, ReB = -1.3 fm, ImB = 1.9 fm, o = 1, x*(65) = 112.3.
The values of the complex amplitude B and the parameter « fitted to the data are presented as
well. For the Pauli blocked amplitudes, the value of ImB of the additional phenomenological
term is negative. The K™ N + K~ NN potentials thus seem to be too absorptive with no space
for additional absorption from 3N(4N) processes. The potentials based on the WRW ampli-
tudes yield positive ImB = 0.72 fm, being about half of the value of the amplitude obtained
with the best fit K~ N+ phen. multi-nucleon potential, which seems reasonable. The param-
eter a controls the density dependence of the additional phenomenological term. For the
description of 3N(4N) processes, it is expected a > 2. The fit yields values of @ lower than 2
in both cases. The above results indicate some deficiencies in the microscopic K~ potentials
which need to be resolved. A possible solution could be a proper inclusion of the hadron
self-energies, which are part of the medium modifications, in the K~ NN model as well as in
the K~ N chiral amplitudes. They were not considered in the present calculations, however,
an extension of the model to involve the hadron self-energies is currently under investigation.

5 Summary

In this contribution, we reviewed the current status of the K~ N and K™ -nuclear interactions
derived from the SU(3) chiral meson-baryon interaction models. The K~ single-nucleon po-
tentials based on chiral K~ N scattering amplitudes are unable to describe kaonic atoms data
on their own. It turned out that an indispensable ingredient of the K~ -nuclear interaction is
the K~ absorption on two and more nucleons. After supplementing the K~ N chiral potentials
by a phenomenological density-dependent multi-nucleon term, the description of the data
significantly improves, yielding the value y?/d.p.< 2 for all state-of-the-art chiral models.
Moreover, only the P, KM, and BCN models were found compatible with kaonic atoms data
and the value of the K~ single-nucleon absorption fraction deduced from bubble chamber
experiments. The K~ N chiral + phen. multi-nucleon potentials based on the P and KM mod-
els were applied in the calculations of K~ -nuclear quasibound states in many-body systems
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(A > 6). The strong multi-nucleon absorption caused the K~ widths to be up to order of
magnitude larger than the corresponding binding energies. In some nuclei, depending on the
form of the phenomenological multi-nucleon potential applied at saturation density, the K~
was found even unbound.

Next, we developed a microscopic model for the K~ NN absorption in nuclear matter.
The model was applied in the kaonic atoms calculations for the first time. The description
of the data significantly improved when the microscopic K~ NN potential was added to the
K~ single-nucleon potential derived from the BCN chiral amplitudes. However, the values of
x2(65) were still sizeable suggesting that some processes of K~-3N(4N) absorption are miss-
ing. Therefore, we added a phenomenological term to the K~ N + K~ NN microscopic poten-
tials to quantify the 3N(4N) processes. The unexpected density dependence of the additional
phenomenological term revealed some deficiencies in the microscopic potentials. Further
improvements, i.e. proper inclusion of hadron self-energies in the K~ N chiral amplitudes, of
the microscopic K~ N + K~ NN potentials are thus desirable.
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