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We investigate kaonic atom optical potentials of He and “He phenomenologically based
on the latest high-precision data of the 2p states of the kaonic atoms in helium (J-PARC
E62). We consider a simple phenomenological form for the optical potential proportional
to the nuclear density distributions and clarify the meanings and implications of the data
by determining the potential parameters using the latest data. We find two sets of potential
parameters for each of K~ —*He and K~ —*He that reproduce the data. We then extract the
potential parameters consistent with the data of *He and “He atoms simultaneously. We
report the possible strong isospin dependence of the potential, and the different strength
of the data of K~ —3He and K~ —*He in the restrictions on the potential parameters. We
mention that the study of the 1s states of the kaonic helium atom is very interesting as a next
step. Observing these states could provide valuable information on potential parameters
and kaonic nuclear s states because of the mutual influence between the atomic and the
nuclear states of kaons with the same orbital angular momentum.

Subject Index D32, D33

1. Introduction

Meson-nucleus systems are interesting research targets to investigate the in-medium meson
properties and the aspect of the symmetry of the strong interaction at finite density [1-8]. Es-
pecially, the K-nucleus bound states, i.e. kaonic atoms and kaonic nuclei, are promising for
studies of kaon properties at finite nuclear density and the kaon—nucleon interaction in the nu-
clear medium. Since the kaon is the lightest meson with strangeness and is believed to be one
of the Nambu-Goldstone bosons of the SU(3) chiral symmetry breaking, the behavior of the
kaon at finite density is expected to provide quite relevant information for studies of the strong
interaction symmetry. In addition, the quantitative knowledge of kaon properties at finite
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density is considered to be crucial to study high-density nuclear matter and to clarify the role
of the kaon there, e.g. to show clearly the criteria for the occurrence of kaon condensation.

Recently, there have been important developments in experimental studies of the kaon-
nucleus bound states. The experimental evidence of the kaonic nuclear states could open a
new era of meson-nuclear physics [9], [10]. And we are also interested in the recent experimen-
tal achievement of the high-precision measurement of the kaonic *He and *He atoms (J-PARC
E62)[11]. The accuracy of the data of the kaonic-helium atoms is almost two orders of magni-
tude better than the previous data and clearly opens up the precision frontier of kaon physics.
The experimental results clearly denied the existence of the possible large shifts and widths of
the kaonic atoms suggested theoretically in connection with the studies of the kaonic nuclear
states in Ref. [12].

Theoretically, the kaon—nucleus interaction has been studied using the large set of data of
kaonic atoms by the x? fitting procedure [1,2,13]. The developments of the chiral unitary ap-
proach [14-16] enable us to deepen our understanding of the hadron resonances in the KN
channel [17] and kaon-nucleus bound systems [18]. Global analyses of kaonic atom spectra [19-
21] suggested that repulsive shifts of kaonic atomic states stem from large nuclear absorption
of kaons instead of the existence of nuclear bound states of the kaon. Recently, the theoretical
potentials have progressed to include higher-order terms of density based on models formu-
lated on the basis of chiral symmetry [19-23]. We also mention a recent work [24] in which
kaon—nucleus interaction was extracted as a set of optical potential parameters by investigat-
ing the observed '>C(K~, p) spectrum. Progress has been also made in studies of the kaonic
nuclear states by microscopic few-body calculations [25-34].

In this article, we rather focus on kaonic atoms of specific nuclei, *He and *He, by investigat-
ing phenomenologically the kaonic-nucleus optical potentials based on the latest high-precision
data of the 2p states of the K~ —3*He atoms [11]. The high-precision data by themselves enable
us to constrain the optical potentials of individual nuclei and it is a good occasion to clarify
the meanings and implications of the high-precision data. In Section 2, we explain our frame-
work used in the present analyses and introduce the optical potential in a phenomenological
form proportional to the nuclear density distributions. In Section 3, we determine the potential
parameters and summarize the features of the obtained potential. We mention the restrictions
on the potential parameters required by the data of K~—>He and K~ —*He systems, and the
possible strong isospin dependence of the optical potential. We also show the comparison of
the data with the results calculated by the theoretically proposed potentials [16,35]. We include
a few additional discussions on the determined potential parameters in Sections 3.4 and 3.5.
Section 4 is devoted to a summary and the conclusion of this article. In the Appendix, we show
the energy shifts and widths of various kaonic atoms with heavier nuclei as an application of
the potentials obtained in Section 3 and see the possibility that the potentials provide nuclear
states in the heavier nuclei with the same angular momentum as the atomic states.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nucleus bound systems, and we
solve the relativistic Klein—-Gordon (KG) equation with the Lorentz scalar type optical poten-
tial U(r) and the electromagnetic potential Ve, (), which is the time component of the Lorentz
vector potential, to obtain the theoretical binding energies and widths of the kaonic atom states.
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The KG equation is written as,

[=V2 + 12 + 20U M]$ (1) = [ = Vem(Pp (1), (1)
where u is the kaon-nucleus reduced mass, w the complex eigenenergy, and ¢(r) the kaon wave-
function. We write the complex energy with two real parameters as w = £ + u — iz, where
E is the binding energy and T is the width of the bound state. As the electromagnetic poten-
tial Ve (r), we consider the Coulomb potential between kaon and nucleus including the effects
of the vacuum polarization. The finite size charge distribution of the nucleus is also taken into
account and V., (r) is expressed as [36],

Vem(r) _ —Ol/ pch(r,)Q(lr_ r,|)dr', (2)

r—r

where « is the fine structure constant and p.,(r) the charge distribution of the nucleus. The
function Q is defined as,

200 [ 1
Q 1 d —2mru 1 , 3
") 3 /; e ( 2u? 3

where m indicates the electron mass. The second term on the right-hand side indicates the short-
range vacuum polarization effects. We confirm that the electromagnetic potential adopted here
is accurate enough to study the energy shifts due to the strong interaction reported in Ref. [11]
by comparing the calculated results with those in Ref. [37].

We consider a simple phenomenological optical potential U(r), which is assumed to be pro-
portional to the nuclear density distribution, defined as,

UG = (Vo + iWO)%), @)

u?

> (u2 _ 1)1/2

where pg is the normal nuclear density py = 0.17 fm . The parameters ¥, and W, show the
potential strength at the normal nuclear density, and are used as the parameters to study the
kaon-nucleus bound systems in this article. The nuclear density distribution p(r) used in the
optical potential is the distribution of the center of the nucleon. Systematic analyses of the
kaonic atoms using a similar potential have been reported in Ref. [38].

We use realistic nuclear density distributions for U(r) and realistic charge distributions for
Vem(r), which are obtained by a precise few-body calculation [39], [40] for *He and “He. The
nuclear density distributions p(r) are shown in Fig. 1. As can be seen in the figure, the central
densities of these nuclei are higher than the normal nuclear density py, especially for *He. They
are p(0) ~ 1.32p, for *He and p(0) &~ 2.02p, for *He. To use the realistic densities is important
for the theoretical analyses here since the calculated results of the binding energies and the
widths of the kaonic 2p atoms in He can be improved by a few eV from those obtained with
the single Gaussian densities.

The potential picture for the kaonic atoms explained above is considered to be standard for
studies of the atomic states; however, this picture would be modified for systems having so-
called mesonic nuclear states where the degrees of freedom of each nucleon are expected to be
more important and few-body calculations of the whole systems would be required.

3. Optical potential from K~ —3He and K~ —*He atomic 2p states

3.1.  Experimental data and results calculated with theoretical potentials

First, we briefly summarize the latest experimental data [11] and the results calculated using
the existing theoretical potentials [16,35] for K~ —3He and K~ —*He atoms.
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Fig. 1. The nuclear density distributions p(r) of 3He and “*He in Eq. (4) obtained by a microscopic cal-
culation [39].

Table 1. Experimental 3d — 2p transition energy shifts and 2p widths of the kaonic *He and “He
atoms [11] in units of eV. The errors shown in the parentheses, which are the square root of the quadratic
sum of the statistical and systematical errors in Ref. [11], are considered to represent the experimental
errors in this article. It should be noted that the shift of K~ —3He is repulsive, whereas that of K~ —*He
is attractive.

eV Shift Width

K~—3He —0.2 £ 0.4 (stat)£0.3 (syst) 2.5+ 1.0 (stat)£0.4 (syst)
(£0.5) (£1.1)

K~—*He 0.2 £ 0.3 (stat)£0.2 (syst) 1.0 £ 0.6 (stat)£0.3 (syst)
(£0.4) (£0.7)

The latest high-precision experimental data reported in Ref. [11], which we mainly study in
this article, are summarized in Table 1. We mention here that the data have two notable features.
As far as we can tell by looking at the central values of the data, we find (i) the shifts of K~ —3He
and K~ —*He are of opposite signs, and (ii) a larger width of K~—>He than K~ —*He. These
features could change in future because of improvements over the errors of the present data.
The square root of the quadratic sum of the statistical and systematical errors is also shown
in the parenthesis for each datum in Table 1, and is considered to represent the experimental
error of each datum in the following analyses of this article. The transition energy shift AE is
defined as AE = E;)P . — ESM _  calculated by the transition energies from 3d to 2p states

3d—2p 3d—2p°

observed in the experiment, E;Z,p_)Z » and the electromagnetic potential, E5' - The positive

shift AE > 0 means E;;izp > Eg’;,“_)zp and thus a larger experimental transition energy. Since

the observed energy E;;‘;zp is considered to correspond to the transition energy calculated with
the full potential, E;’(?:rze]rf, the positive shift AE > 0 indicates that the effects of the optical
potential make the 2p state deeper than the corresponding pure electromagnetic state and that
the shift of the 2p state is attractive.

In order to check how well the existing theoretical potentials work for the new experimen-
tal data, we compare the latest data [11] with the energies of the atomic 2p and 3d states for

K~—3He and K~ —*He atoms calculated by theoretical potentials. The potential obtained by a
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Fig. 2. The calculated energy shifts of the 3d — 2p transitions and the widths of the kaonic atom 2p
states in 3He (left) and “He (right) with the latest experimental data [11]. The theoretical results for the
potential obtained by a large-scale fit (x? fitting pot.) are taken from Ref. [35]. The theoretical potential
in Ref. [16] is used for the chiral unitary model.

large-scale fit potential (x? fitting pot.) is taken from Ref. [35]. Another potential in Ref. [16]
obtained by the chiral unitary model is also used for the theoretical calculation. This potential
shows the strength (—45, —61) MeV at py. The results are shown in Fig. 2 (left) for K~ —3He
and Fig. 2 (right) for K~ —*He with the experimental data [11]. We find that both the potentials
reproduce the data reasonably well. However, the calculated width of K~—3He by the chiral
unitary potential is found to show small discrepancies with the experimental results.

It would be also interesting to see how the optical potential obtained in Ref. [24] works for
the new data [11]. In Ref. [24], the parameters of the optical potential for ''B were extracted
so as to reproduce the observed '>C(K~, p) spectrum for a wide energy range (E — M) from
—300 MeV to +40 MeV and found to be (—80, —40) MeV at the nuclear center of !'B. These
correspond to (Vy, Wp) = (=74, —37) MeV for our formulation (4), which constitute the po-
tential strength at the normal nuclear density. This optical potential provides 0.46 eV for the
shift and 1.01 eV for the width for the 2p state of the K~ —*He atom, which are consistent with
the recent “He data reported in Ref. [11] within the margin of error.

3.2. Optical potential parameters of > He and * He fixed by the latest data

We extract here the kaon-nucleus optical potential parameters that are consistent with the latest
data of the transition energy shifts and the level widths of the kaonic helium atoms in Ref. [11].
We calculate the energy shift and width of kaonic *He with given V; and W, values. In Fig. 3, we
show contour plots of the energy shifts and the widths of kaonic *He in the Vo—W¥, plane of the
potential parameters defined in Eq. (4). In Fig. 3(a) and (b), the solid lines show the V and W
values that reproduce the central values of the experimental data, and the dashed and dotted
lines show the V) and W} values reproducing the upper and lower bounds of the experimental
data, respectively. We find that two sets of the potential parameters (Vy, W) = (—178, —274)
MeV (HE3-A) and (—300, —95) MeV (HE3-B) reproduce both the data of the shift and the
width of the kaonic *He atomic 2p state. These solutions are listed in Table 2 and shown by
the solid diamonds in Fig. 3. The obtained two parameter sets are summarized as a potential
with a shallower real part and stronger absorption and one with a deeper real part and weaker
absorption, respectively. We present in Fig. 3(c) an overlaid contour plot of the shift and the
width shown in Fig. 3(a) and (b). The hatched area indicates the potential parameters that are
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Fig. 3. Contour plots of the shift of the 3d — 2p transition energy (a) and the 2p level width of the kaonic
*He atom (b) in the plane of the potential parameters V and W, defined in Eq. (4). The ¥, and W, values
that reproduce the central values of the experimental data are shown by the solid lines. The V) and W
values reproducing the upper and lower bounds of the experimental data are shown by the dashed and
the dotted lines, respectively. The experimental shift and width of the K~—*He atom are reproduced
simultaneously by the potential parameters (V, W) = (—178, —274) MeV (HE3-A) and (—300, —95)
MeV (HE3-B) shown by the solid diamonds in the figures. (c) Overlaid contour plot of the transition
energy shift (a) and the width of the K~ —3He atom (b) in the same Vy—W, plane. The hatched region
indicates the potential parameters that are consistent with the experimental data of the shift and width
of 3He.

Table 2. The strengths of the optical potential defined in Eq. (4) that reproduce the 2p atomic data in
the K~ —3He system [11] listed in Table 1. The potential depths at normal nuclear density (¥, and W,
parameters) and those at the center of the 3He nucleus are shown for two sets of parameters HE3-A and
HE3-B. These potentials are shown as the solid diamonds in Figs. 3, 5, 6, and 8.

‘He HE3-A HE3-B

[MeV] Real Imag. Real Imag.
U at p = po (Vy and W) —178 —274 —300 —95
U(r=0) —235 —362 —396 —126

consistent with the experimental data of the shift and width of *He. A relatively wide region
of parameters is found to be acceptable for the kaonic *He atomic data.

In Fig. 4, we show the results for the K~ —*He 2p atomic state obtained by the optical poten-
tial as in Fig. 3. For the K~ —*He system, we again find that two sets of the potential parameters
Vo, Wo) = (—58, —56) MeV (HE4-A) and (—287, —43) MeV (HE4-B) reproduce the central
values of the experimental data both for the energy shift and for the width of the 2p state in
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Fig. 4. Same as Fig. 3 except for the kaonic *He atomic state. The experimental shift and width of the
K~ —*He atom are reproduced simultaneously by the potential parameters (Vo, W) = (=58, —56) MeV
(HE4-A) and (—287, —43) MeV (HE4-B), which are shown by the solid circles in the figures.

Table 3. Same as Table 2 except for the K~ —*He system. These potential parameters HE4-A and HE4-B
are shown as the solid circles in Figs. 4, 5, 7, and 8.

“He HE4-A HE4-B

[MeV] Real Imag. Real Imag.
U at p = po (Vp and W) —58 —56 —287 —43
U(r=0) —117 —113 —581 —87

K~—*He. These two sets of the potential parameters are listed in Table 3 and shown by the
solid circles in Fig. 4. In this K~ —*He case, both parameter sets indicate small values of the W,
parameter for the imaginary potential, while the corresponding real potential parameters Vj
take small and large values. It should be noted here that the central density p(0) of “*He is close
to 2 and 1.53 times larger than that of 3He. Figure 4(c) shows the overlaid contour plot of
the shift and width of the K~ —*He atom. We find that the hatched areas, where the potential
parameters are consistent with the data, exist in two regions in the Vo—W} plane separately. The
data of the K~ —*He atom provide stronger constraints on the potential parameters than those
of the K~ —3He atom.

3.3.  Combined study of kaonic *He and * He atoms

We consider combined analyses of data of both 3He and *He in this section. First, we assume
the isoscalar form (IS) for the optical potential, which does not distinguish between the proton
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Fig. 5. Overlaid contour plot of Figs. 3(c) and 4(c). The solid triangles show the two sets of potential pa-
rameters IS-A (Vy, Wy) = (=90, —120) MeV and IS-B (Vy, W) = (—280, —70) MeV that are consistent
with both the K~ —3He and K~ —*He atomic data in Ref. [11].

Table 4. The strengths of the IS kaon-nucleus optical potential IS-A and IS-B, which reproduce all data in
Ref. [11] compiled in Table 1 within the margins of error for both *He and “He, are summarized for the
phenomenological potential form defined in Eq. (4). The potential depths at normal nuclear density (V)
and W, parameters) and those at the center of the *He and *He nuclei are shown for the potentials. These
potentials correspond to the solid triangles in Figs. 5, 6, 7, and 8.

3He and *He IS-A IS-B
[MeV] Real Imag. Real Imag.
U at p = py (Vy and W) -90 —120 —280 —70
U(r=0) SHe —119 —159 —370 -93
“He —182 —243 —566 —142

and neutron densities, and extract the potential parameters consistent with the data of He
and “He atoms simultaneously. We show in Fig. 5 the overlaid contour plot of Figs. 3(c) and
4(c). The potential parameters indicated by the solid triangles reproduce atomic states consis-
tent with both K~—3He and K~ —*He atom data. These parameter sets can be categorized as
weak-attraction strong-absorption potential (V, W) = (—90, —120) MeV (IS-A) and strong-
attraction weak-absorption potential (Vp, W) = (—280, —70) MeV (IS-B). We summarize the
strengths of the potential IS-A and IS-B in Table 4. Note that because of the larger central
densities of *He and “He than the normal nuclear density py = 0.17 fm~—3, the depths of the
potentials at the nuclear centers are larger than the potential strengths at py expressed by the
Vo, Why) parameters. These potential parameters are considered to reflect average behavior of
the kaon interaction with He nuclei and can be compared with the potential parameters suited
for global description of kaonic atoms. These potential parameters are applied further for heav-
ier kaonic atoms in the Appendix.

We, then, consider the potential with the isospin dependence for the K~—He systems. Ac-
tually, the potential strengths V; and W, for the kaonic *He and “He atoms listed in Tables 2
and 3 may suggest different contributions from K~ p and K~ n interaction. The isospin depen-
dence of the KN interaction is also anticipated theoretically [41]. Though the accuracy of the
data seems insufficient to determine the isospin dependence, we consider, as an estimation, a

8/20

G20z Yyote|y 20 uo isenb Aq 2196926.2/20AEL0/1/SZ0Z/8101e/de)d/woo dno olwspeoe//:sdiy wol pepeojumoq



PTEP 2025, 013D02 J. Yamagata-Sekihara et al.

phenomenological potential form with the isospin dependence as,

o)y, w2, 5)
Lo L0

where p, and p, are the proton and neutron distributions. Assuming the same form for the

U(r) = [V, + iW,)]

2 1
proton and neutron distributions for each nucleus, we have p,(r) = 3 o(r) and p,(r) = 3 o(r)

1
for *He and p,(r) = p,(r) = 5 p(r) for “He and, thus, the potential takes forms as,

~ 2V, +Va 2W,+ W,
Oy = 2o Vap@) 2Wo £ W p@) ey, 6)
3 00 3 00
and
) V.4V, W, + W,
Oy = LoV o W p) - oy, )

2 £0 2 £0

If we adopt these potential forms for the parameter sets (V, Wy) = (—300, —95) MeV
for K~—3He and (—287, —43) MeV for K~ —*He in Tables 2 and 3, we have (V,, W,) =
(=326, —199) MeV and (V,,, W,) = (=248, 113) MeV. The values for proton and neutron terms
are substantially different and they could indicate the existence of a relatively large isospin de-
pendence in the kaon-nucleus optical potential. At the same time the sign of ¥}, is found to
be positive, which is unnatural. This might indicate that effects beyond linear density contribu-
tions, such as two nucleon absorptions of the kaon, could be significant in such higher densities
as reported in Refs. [19-23,42]. For further studies, we need more accurate data to determine
the isospin dependence.

3.4. Atomic 1s states in K~ —3He and K~ —*He

In order to study further implications, we investigate the atomic 1s states in 3He and “He. The
atomic ls states are more sensitive to the strong interaction than the 2p state, because the s
states are free from the centrifugal barrier. Thus, we expect to obtain further information on
the optical potentials of He by experimental studies of the atomic 1s states and explore the
validity of the potentials HE3-A, -B and HE4-A, -B. Here we show our theoretical predictions
of the binding energies and widths for the atomic 1s state in *He and “He calculated with the
potentials determined by the experimental data of the 2p states. With comparison of these
calculations with future experiments we will be able to distinguish better potentials.

We adopt the potential parameters HE3-A, -B, and HE4-A, -B determined in Section 3.2
for the theoretical study of the 1s states. Table 5 shows the calculated results. The difference
of the energy of the electromagnetic states in *He and “*He mainly stems from the difference
of the reduced mass of the systems. Since the width of the 1s state is much smaller than the
level spacing of the kaonic atom states, the 1s states will be able to be found experimentally
as a discrete state of deeply bound pionic atoms [4,6-8]. We also find clear differences in the
predictions of the 1s states for the two parameter sets both of *He and of *He, although these
parameters provide almost the same energies and widths as for the 2p states. In the K~ —3He
system, the calculation shows around 0.5 keV difference in the shift of the 2p — 1s transition
energy between the results by HE3-A and HE3-B. The difference of the widths of the 1s state is
so large that the width by HE3-B is more than twice that by HE3-A. In K~ —*He, the difference
of the energy shift is larger than 3 keV, while the difference in the 1s width is as small as around
0.6 keV. In this way, if one were to observe the energy shift of the 1s state, one could distinguish
the optical potentials providing an equivalent 2p state.
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Table 5. The calculated energies (E) and widths (I") of the kaonic 1s and 2p atomic states for He and
“He in units of keV. The energies calculated only with the electromagnetic potential are shown in the
EM column. The results obtained with the full potential for parameters HE3-A, -B and HE4-A, -B are
shown in the columns as indicated. The 2p — 1s transition energies (£, 1) and their shifts (AE) due
to the optical potential are also shown.

‘He [keV] EM HE3-A HE3-B

Atomic state E E r E r

s —44.7484 —38.1513 5.6302 —38.6419 11.5738
2p —11.1951 —11.1949 2.50 x 1073 —11.1949 2.49 x 1073
B>y iy 33.5533 26.9564 27.4470

AE —6.5969 —6.1063

“He [keV] EM HE4-A HE4-B

Atomic state E E r E r

s —46.5017 —40.1397 5.2594 —37.0823 4.6759
2p —11.6242 —11.6244 1.01 x 1073 —11.6244 9.99 x 10~4
B>y iy 34.8775 28.5153 25.4579

AE —6.0564 —9.4196

In the studies of the s states, the nonlinear terms of the nuclear density p(r) in the potential
could change the binding energies and widths of the 1s states and may provide nonnegligible
effects upon the kaon energies. Here, we estimate the effects of the p? term in the potential
upon the binding energy and width of the ls state using perturbation theory. We calculate
matrix elements of an optical potential with p> dependence in terms of the wavefunctions ¢
of the 1s kaonic atom state in He as

2
AE = /(l)TS(V’ + i) (@> ¢1sd3r,
P0o
where parameters V' and W’ express strengths of the p? term in the optical potential at p = py.
We evaluate the overlap integral defined by

2
15/% (%) b1 dr

and find 7 = 3.0 x 107 (HE3-A) and 2.2 x 10~* (HE3-B) for *He, and I = 3.5 x 10~* (HE4-
A) and 4.8 x 10~* (HE4-B) for “He, respectively, which are found to be about one order of
magnitude smaller than the corresponding overlap integral for the linear density. The calculated
results indicate that the p?(r) term in the optical potential with the strength of around several
tens MeV [42] at p = po can shift the energies of 1s kaonic states in helium by several keV
from the present results in Table 5. For the 1s state in *He with HE3-A, the wavefunction ¢y
does not have a clear node inside the nucleus and the value of the integral is smaller than
in other cases. For comparison, we perform a similar estimation for 2p states, which provide
I =12x10"% (HE3-A) and 6.8 x 10~® (HE3-B) for *He, and I = 9.2 x 10~% (HE4-A) and
1.2 x 1077 (HE4-B) for “*He. The obtained values of the overlap integral I are 3—4 orders of
magnitude smaller than those of 1s states. So, the effects of the p” term in the potential upon
2p kaonic states would be on the order of 1 eV, or smaller. This estimation is comparable to the
theoretical value 0.3 eV reported in Ref. [35].

10/20

G20z Yyote|y 20 uo isenb Aq 2196926.2/20AEL0/1/SZ0Z/8101e/de)d/woo dno olwspeoe//:sdiy wol pepeojumoq



PTEP 2025, 013D02 J. Yamagata-Sekihara et al.

)
(2]

W, =-50[MeV]

3 H e W, =-50[MeV]

I —
~

N
I

[=]
[=]

Shift [eV]
Width [eV]

r\J
g
I\)

-200 -1 -4 -200 -100

Vo [MaV] Shift [eV] o Vo [MeV] Width [eV]
0.8 4
S -100 0.4 S -100 3
© ©
= 0o = 2
o o
= 200 o4 = 200
1
-0.8
-300,8 -300 0

-300 -200 -1 -400
Vo [MeV] Vo [MeV]

Fig. 6. (Upper) The V' dependence of the shift of the 3d — 2p transition energy and the 2p level width of
the kaonic *He atom calculated with W, = —50 MeV. (Lower) Contour plots of the shift and the width
of the kaonic *He atom in the plane of the parameters V; and ;. The potential parameters in the region
to the left of the white line allow the existence of the kaonic nuclear p state(s). The solid diamonds in the
figures indicate the potential parameter sets of HE3-A and HE3-B in Table 2 by which we can reproduce
the experimental shift and width of the K~ —3He atom simultaneously. The solid triangles indicate the
parameter sets of IS-A and IS-B in Table 4.

As for possible experiments for 1s state observation, we could think of X-ray spectroscopy
as in Ref. [11] first as a realistic method. As another possible candidate for the experiments,
we could think of the (K, p) reaction with nuclear targets that was studied theoretically in
Ref. [43]. In this reaction one observes the energy of the emitted protons and obtains the en-
ergy spectrum of kaonic atoms by the missing mass technique. We hope that our research will
encourage others to conduct experiments in the near future.

3.5.  Possible effects from kaonic nuclei in >*He and structure of kaonic atoms
If the optical potential is attractively strong enough, kaonic nuclear states, which are com-
pact bound states induced by strong interaction, can be formed. If atomic states have the same
quantum numbers as such nuclear states, they may receive certain influence from the nuclear
states [44], such as level repulsion induced by state mixing. Here we consider the effects of possi-
ble nuclear states on the kaonic atom structure in *He and “He. In studies of the kaonic nuclear
structure, the hadronic degrees of freedom and the energy dependence of the interaction are
expected to be more important. Nevertheless, because we focus on the nature of the atomic
states, our study on kaonic nuclear states here should be considered to be rather qualitative.
The mutual influence between the atomic and nuclear states of kaons with the same angular
momentum is interesting to mention. Here we just use the same optical potential also for the
nuclear states.

We show in Fig. 6 (lower) the contour plots of the shift and width of the 2p atomic state of
the K~ —3He system in the Voy—W, plane, which are essentially the same plots as in Fig. 3 but
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Fig. 7. Same contour plots as Fig. 6 (lower) except for the kaonic *He atomic state. The solid circles
indicate the potential parameter sets of HE4-A and HE4-B in Table 3 by which we can reproduce the
experimental shift and width of the K~ —*He atom simultaneously.

contain more detailed information. In Fig. 6, we show the boundary of the potential parame-
ters which allow the existence of the kaonic nuclear p states by the white line and the nuclear
p state(s) exist(s) in the parameter region left of the white line. The shifts and widths obtained
with smaller 1 have strong V, dependence. In particular, close to the white line the shift sud-
denly changes its sign and the width has a maximum. This feature is clearly shown in the upper
panels of Fig. 6 where the shift and width are plotted as functions of V for a fixed W, = —50
MeV. These plots indicate typical influence of the existence of a nuclear state on the shift and
width of the atomic state with the same angular momentum. These features were studied in
Ref. [44] for bound states of negatively charged hadrons. Close to the white line which is the
boundary for the existence of the nuclear state, the binding energy of the nuclear state is so
small that substantial mixing of the atomic and nuclear states with the same quantum numbers
takes place. These characteristic behaviors of the shift and width stem from the occurrence of
the level crossing between the nuclear state and atomic states. In Fig. 7, we show the same con-
tour plots as Fig. 6 (lower) for the atomic 2p state in K~ —*He. The boundary of the existence
of the nuclear p state is again represented by the white line. As we can see from Figs. 6 and 7,
two kinds of the potential parameter sets in Tables 2, 3, and 4 determined by the data [11] are
distinguished by the boundaries of the existence of the kaonic nuclear p states.

We show in Fig. 8 the contour plots of the shifts of the 2p — s transition energies and the
widths of the Ls states of kaonic atoms in *He and *He. The parameter sets, IS-A and IS-B,
are also indicated in the panels. We can see similar behavior of the shift and width for the
smaller || region even with small |Vj| to those in the contour plots of Fig. 6 and 7. This
indicates the existence of the nuclear s states because this characteristic behavior of the shift
and width stems from the mixing of the atomic and nuclear states. We show the region of the
potential parameters where we can find the nuclear s state(s) numerically by the yellow line in
Fig. 8 for *He and “He. Considering also the results by E15 [9] and the tendency of the mass
number dependence of the binding energy of the kaonic nuclear s states found theoretically in
Refs. [25-34], we conclude that the existence of the nuclear s state(s) in *He and “He is highly
plausible. As for the potential parameter sets reported in this article, the nuclear s state(s) exists
for parameter sets IS-B for *He and “*He, HE3-B for *He, and HE4-B for “He as clearly seen
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Fig. 8. Contour plots of the shifts of the 2p — 1s transition energies (left) and the 1s level widths (right)
of kaonic *He (upper) and “He (lower) atoms. The solid triangles show the two sets of potential param-
eters IS-A and IS-B in Table 4. The solid diamonds and circles indicate the potential parameters listed
in Table 2 for *He (HE3-A and HE3-B) and Table 3 for *“He (HE4-A and HE4-B), respectively. The po-
tential parameters in the region to the left of the yellow line allow the existence of the kaonic nuclear s
state(s).

in Fig. 8. It is also clearly seen in the figure that the parameter set IS-A does not provide the
nuclear s state in *He. For other cases, the parameter sets are just on the yellow line in Fig. 8 and
the numerical calculations are a bit delicate, and it is difficult to make judgements regarding the
existence of the nuclear s state. In our numerical calculations, we conclude the kaonic nuclear
s state exists for IS-A in “He, and HE3-A in *He. On the other hand, the nuclear state cannot
be found numerically for HE4-A in “He. These results are rather qualitative, because for more
precise calculations of nuclear states one would need further theoretical considerations for the
optical potential such as energy dependence and few-body treatment. The nuclear s states can
strongly affect the atomic s states and substantially change the binding energy and the width of
the atomic s states. Thus, the origin of the discrepancies in the calculated results for the atomic
1s states by HE3-A, -B for *He and HE4-A, -B for “*He in Table 5 is naturally expected to be
related to the structure of the kaonic nuclear s states. Hence, the observation of the atomic 1s
state in 3*He is expected to provide information on the potential parameters and the kaonic
nuclear s states, too. At the same time, it will be interesting to fix the angular momentum of the
kaonic nuclear state(s) in *He and “He, and clarify the (non)existence of the kaonic nuclear p
state to develop a unified understanding of the structure of kaonic atoms and kaonic nuclei in
He.
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4. Summary

We study the features and the implications of the latest high-precision kaonic atom data in
Ref. [11] by considering the kaon-nucleus optical potential of *He and “He determined by the
high-precision data. We adopt the phenomenological form of the optical potential and find
the complex potential parameters by the experimental data in Ref. [11]. The energy shifts and
widths of the K~ —3He data and the K~ —*He data are reproduced by the potential parameters
shown in Table 2 (HE3-A and HE3-B) and Table 3 (HE4-A and HE4-B), respectively. The
parameters in Table 4 (IS-A and IS-B) provide the energy shifts and widths consistent with
both the data of K~—3He and K~ —*He. These potential parameters are consistent with the
previous global analyses. The optical potential obtained here may provide basic information
for microscopic study of kaon—He interactions. We also find that the obtained parameters in
Tables 2 and 3 may indicate a possible strong isospin dependence of the kaon-nucleus optical
potential, and we also find that the constraints to the potential parameters obtained by the data
of *He are weaker than those obtained by the data of “He. The comparison of the data with
the results obtained by the theoretical potentials [16,35] is also shown.

Based on the present study of the kaonic He atoms, we can obtain candidates for the optical
potential parameters for individual nuclei thanks to the high-precision experimental data. The
improvements of the data of the kaonic atom in *He are found to be most effective for the better
determination of the interaction as seen in Section 3. We think that further studies of the kaonic
atoms, especially 1s states in >*He, are interesting and important to determine the kaon—nucleus
interaction of helium isotopes decisively. We could even study the possible differences of the
K~ — nucleus interaction between the 1s and 2p atomic states since all nucleons in a helium
nucleus are in the s state in a good approximation and, thus, the angular momenta between
the K~ — nucleus and K~ — nucleon are expected to be the same. Hence, the atomic 1s state is
expected to be more sensitive to KN s wave amplitude than the atomic 2p state.
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Appendix. Implications of the optical potential from K~—3*He for heavier nuclei
In this appendix, we show our calculations of kaon bound states for heavier nuclei by using the
optical potentials given in Table 4.

We apply the IS form of the optical potentials with the parameter sets IS-A and IS-B in Ta-
ble 4 to heavier kaonic atoms. We compare our calculated energy shifts and widths with the
data in Refs. [45-55], which are summarized in Table Al, and we find out the candidate of the
potential parameters better suited for the kaonic atoms in other nuclei. The potential suited
for other nuclei is expected to describe well the average behavior of the kaon—nucleus interac-
tion. In the following calculations, we consider isotope nuclei having the largest natural abun-
dance for each atomic number. We use charge distributions of the modified harmonic oscillator
form for the nuclei with atomic number 3 < Z < 8 and the Woods—Saxon form for those with
larger Z. The parameters of the charge distributions are taken from Refs. [56, 57]. The nuclear
density distributions p(r) in Eq. (4) are deduced from the charge distributions as explained in
Ref. [58].
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Table Al. Observed data of the shift of the transition energies AE and the level widths I" for the heavier
kaonic atoms considered in this appendix. The data are taken from Refs. [45-55].

VA Nucleus Transition AE [keV] " [keV] Ref.
3 Li 3d — 2p 0.002 + 0.026 0.055 £ 0.029 [45]
4 Be 3d — 2p —0.079 £ 0.021 0.172 £0.58 [45]
5 B 3d — 2p —0.167 £0.035 0.700 = 0.080 (46,
47]

6 C 3d — 2p —0.590 £ 0.080 1.730 £ 0.150 (46,
47]

8 o 41 — 3d —0.025 £0.018 0.017 £0.014 [48]
12 Mg 41 — 3d —0.027 £0.015 0.214 +£0.015 [48]
13 Al 4f — 3d —0.130 £ 0.050 0.490 + 0.160 [49]
—0.076 £0.014 0.442 +£0.022 [48]

14 Si 4f — 3d —0.240 £0.015 0.810 £0.120 [49]
—0.130 £0.015 0.800 + 0.033 (48]

15 P 41 — 3d —0.330 £ 0.08 1.440 £ 0.120 [46]
16 S 4f — 3d —0.550 £ 0.06 2.330 +0.200 [46]
—0.43£0.12 2.310+£0.170 [50]

—0.462 £ 0.054 1.96 £0.17 [48]

17 Cl 41 — 3d —0.770 £ 0.40 3.80£ 1.0 [46]
—0.94 +£0.40 3.92 +£0.99 [51,

52]

—1.08 £0.22 2.79£0.25 [50]

27 Co Sg—4f —0.099 £0.106 0.64 £0.25 [48]
28 Ni S5¢— 4f —0.180 £ 0.070 0.59 +0.21 [49]
—0.246 £ 0.052 1.23+0.14 (48]

29 Cu S5¢g—4f —0.240 £ 0.220 1.650 £0.72 [49]
—0.377 £0.048 1.35+£0.17 (48]

47 Ag 6h — Sg —0.18 £0.12 1.54 £0.58 (48]
48 Cd 6h — S5g —0.40 £ 0.10 2.01 £0.44 [48]
49 In 6h — S5g —0.53 £0.15 2.38 £0.57 [48]
50 Sn 6h — 5g —0.41£0.18 3.18 £ 0.64 [48]
67 Ho 7i — 6h —0.30£0.13 2.14+0.31 [53]
70 Yb 7i — 6h —0.12£0.10 2.39+£0.30 [53]
73 Ta 7i — 6h —0.27£0.50 3.76 £ 1.15 [53]
82 Pb 8k — 7i — 0.37+£0.15 [54]
—0.020 £ 0.012 - [55]

92 U 8k — Ti —-0.26£0.4 1.50 £0.75 [54]

The calculated results are shown and compared with the experimental data in Figs. A1-A6.
As can be seen clearly in the figures, the parameter IS-A (15, W) = (=90, —120) MeV is sig-
nificantly better suited to describe the kaonic atom data over a wide range of the periodic
table than IS-B. The x? values calculated by the theoretical results of these potentials and
the experimental data in Table A1 are found to be x?(IS-A)/DoF=91.1/62 = 1.5 and yx?*(IS-
B)/DoF= 1014.7/62 = 16.4, respectively. The x? values for each datum are listed in Table A2.
For comparison, we mention that the smallest value of x2 obtained in Ref. [23], including non-
linear potential terms based on the K~ N scattering amplitude derived from SU(3) chiral cou-
pled channel models, is x2/DoF=22.76/18 = 1.3 for the 18 observed data of kaonic atoms
in nuclei from >C to 2Pb. The potential with the parameter IS-B has a large real part and
provides the nuclear state with the same angular momenta as the atomic state as explained be-
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Fig. Al. The results of the energy shifts of the 3d — 2p transition (left) and the 2p level widths of the
kaonic atoms (right) calculated with the experimental data compiled in Table A1 [45, 46, 48-51, 53-55].
The horizontal axis shows the atomic number Z of the nucleus. We consider the isotope nucleus with the
largest natural abundance for each Z for the theoretical calculations. For helium, we show the data of
“He given in Ref. [11]. The parameters of the optical potential (IS-A and IS-B) used for the calculations

are indicated in the figures.
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Fig. A2. Same as Fig. Al except for the 4 /' — 3d transitions and the 3d level widths of the kaonic atoms.
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Fig. A3. Same as Fig. A1l except for the 5g — 4 f transitions and the 4 f level widths of the kaonic atoms.

16/20

G20z Yyote|y 20 uo isenb Aq 2196926.2/20AEL0/1/SZ0Z/8101e/de)d/woo dno olwspeoe//:sdiy wol pepeojumoq



PTEP 2025, 013D02

J. Yamagata-Sekihara et al.

1.0

0.8 |

-Shift [keV]

0.2}

06}

0.4}

—o—~EXP DATA

— (Vo,Wo0)=(-90,-120)

== (Vo,Wo)=(-280,-70)

w7 w w0 50
Atomic Number (2)

Width [keV]

—O~EXP DATA .

== (Vo,Wo0)=(-280,-70) e
e

— (Vo,Wo0)=(-90,-120)

w7 w w 50
Atomic Number (2)

Fig. A4. Same as Fig. A1 except for the 6/ — S5g transitions and the 5g level widths of the kaonic atoms.

0.8

06}

0.4}

-Shift [keV]

-0.2

-0.4

02}

—o—= EXP DATA

— (Vo,Wo0)=(-90,-120)

: —
—

= = (Vo,Wo)=(-280,-70)

o7 — =
Atomic Number (Z)

Width [keV]

—o= EXP DATA

— (Vo,Wo)=(-90,-120) s

- = (Vo,W0)=(-280,-70) _
(Vo,Wo)=( ) _

o7 0 =
Atomic Number (2)

Fig. AS. Same as Fig. A1l except for the 7 — 6/ transitions and the 6/ level widths of the kaonic atoms.
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Fig. A6. Same as Fig. Al except for the 8k — 7i transitions and the 7/ level widths of the kaonic atoms.

low. Consequently, the level repulsion between atomic and nuclear states makes the shift of the
atomic states repulsive, while the potential with the parameter IS-A has a large imaginary part
which makes the shift repulsive. Thus, the results obtained in this article, that the parameter
IS-A is better suited for the global description of the kaonic atom data, agree with the results
in Refs. [1,2,13,38] and show the same features of the kaon-nucleus optical potential which can
reproduce the kaonic atom data over a wide range of the periodic table.
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Table A2. The calculated x 2 values for the experimental data listed in Table A1 and the theoretical results
obtained by the optical potential with the parameter sets IS-A and IS-B. The sums of the x? values for
the potential with the IS-A and IS-B parameter sets are also shown in the last row.

Z Nucleus Transition IS-A IS-B
AFE r AFE r
3 Li 3d — 2p 0.199 0.009 0.002 0.115
4 Be 3d — 2p 0.132 0.017 2.784 0.305
5 B 3d — 2p 0.231 3.248 20.206 24.275
6 C 3d — 2p 3.517 1.063 74.509 13.143
8 (0] 4f — 3d 0.042 4.779 50.105 2.185
12 Mg 41 — 3d 1.830 0.327 2.180 0.021
13 Al 41 — 3d 1.309 0.004 3.264 1.027
0.856 16.077 9.216 163.901
14 Si 41 — 3d 4.056 0.002 10.078 5.560
0.385 0.016 10.555 78.809
15 P 41 — 3d 0.299 0.318 5.884 21.091
16 N 4f — 3d 1.015 1.129 21.153 15.115
0.246 1.283 1.689 22.011
0.261 0.858 12.115 45.567
17 Cl 4f — 3d 0.201 0.127 0.074 2.149
0.001 0.232 0.487 1.849
0.353 6.827 3.630 98.093
27 Co 5¢— 4f 0.017 0.275 0.285 8.161
28 Ni S5¢— 4f 0.152 3.939 3.396 30.785
3.216 2.542 14.062 14.072
29 Cu Sg— 4f 0.006 0.077 0.001 1.426
6.184 0.349 9.026 46.537
47 Ag 6h — 5g 0.438 0.122 0.583 0.684
48 Cd 6h — 5g 0.125 0.422 0.097 1.433
49 In 6h — 5g 0.215 0.004 0.874 3.717
50 Sn 6h — 5g 0.726 0.113 0.058 4.371
67 Ho 7i — 6h 0.763 8.048 3.401 0.368
70 Yb 7i — 6h 6.707 0.208 0.002 30.539
73 Ta 7i — 6h 0.702 0.378 0.0001 8.320
82 Pb 8k — 7i - 0.984 - 0.020
0.022 — 9.988 —
92 U 8k — T7i 0.094 0.051 0.521 0.853
%2 total 91.082 1014.693

We also examine the possibility of the existence of kaonic nuclear states by using our IS opti-
cal potential parameters IS-A and IS-B given in Table 4 for heavier nuclei listed in Table A1, for
which the energy and width of the kaonic atomic states are observed. We study the kaonic nu-
clear states that have the same angular momentum ¢ as the atomic state for each nucleus shown
in Table A1, because these nuclear states can give influence to the atomic states observed in
experiments due to the state mixing as discussed in Ref. [44]. We find that the optical potential
IS-B, which has a larger attractive potential, provides kaonic nuclear states with the same angu-
lar momentum as the atomic state for all nuclei in Table A1, whereas the potential IS-A, which
has a shallower attractive potential, does not give the corresponding nuclear states for nuclei

18/20

G20z Yyote|y 20 uo isenb Aq 2196926.2/20AEL0/1/SZ0Z/8101e/de)d/woo dno olwspeoe//:sdiy wol pepeojumoq



PTEP 2025, 013D02 J. Yamagata-Sekihara et al.

with Z < 28 and provides bound states in Cu with ¢ = 3 and heavier nuclei. For the shallower
IS-A potential, kaonic nuclear p states exist for nuclei with Z > 29. These are much heavier
than C of the heaviest nucleus in which the kaonic 2p atomic state is observed.
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