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My research subjects and Motivation
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• Meson-Nucleus bound system: 
Mesonic atoms and Mesonic Nuclei

• Hadron physics: Exotic Hadron 

• Pion production in the heavy-ion collision 
with the transport model (AMD+JAM)

- Related to the symmetry energy (EOS)

I would like to understand the various properties of the strong interaction, hadron, 
and in-medium meson by comparing the experimental data and theory.

N. Ikeno, A. Ono, Y. Nara, A. Ohnishi, PRC93 (2016) 044612; 
PRC97(2018) 069902(E); PRC101 (2020) 03407
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【０】 Introduction: Meson in nuclear medium 
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massless

Jido et al., PRC85(12)032201(R)
Nagahiro et al., PRC (2013) 
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finite density

(3) Exotic systems 



ET
A0

7 
in

 P
en

is
co

la
, 1

1 
M

ay
 2

00
7Kaonic atom in 3, 4He

Mystery in last century 
the kaonic atom data are also reproduced well by the chiral
unitary model, as we will see later on, it seems that the
strong shifts and widths of the kaonic atoms are mainly de-
termined by the optical potential strength at a certain nuclear
density, !"!0/4. This was the case of pionic atoms #15$
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 fit of #16$.
One of their results can be written as

ae f f%!&!%"0.15#0.62i &#%1.66"0.04i &#!/!0$0.24 #fm$ .
%4&

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 Re ae f f(!0)
!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.

III. KAONIC ATOM STRUCTURE

We study the properties of kaonic bound states by solving
the Klein-Gordon equation

#"'! 2#(2#2(Vopt%r &$)%r! &!#E"VCoul%r &$2)%r! &.
%5&

Here, ( is the kaon-nucleus reduced mass and VCoul(r) is
the Coulomb potential with a finite nuclear size:

VCoul%r &!"e2! !p%r!&

"r!"r!!"
d3r!, %6&

where !p(r) is the proton density distribution. We take the
Woods-Saxon form for the density and keep the shapes of
neutron and proton density distributions the same:

!%r &!!n%r &#!p%r &!
!0

1#exp#%r"R &/a$
, %7&

where we use R!1.18A1/3"0.48 #fm$ and a!0.5 #fm$ with
A the nuclear mass number.
The kaon-nucleus optical potential is related to the kaon

self-energy in nuclear matter as *K!2(Vopt . We use the
optical potential in a finite nucleus. In coordinate space this
is accomplished by means of the local density approximation
%LDA&, where ! of nuclear matter is substituted by !(r) of
the nucleus. This procedure is exact for the lowest order term
in the density of the S-wave self-energy and arguments were
given in #17$ for the accuracy of the LDA in higher orders.
At the same time the translation code from nuclear matter to
finite nuclei for P waves was also given. Thus, we have

2(Vopt%r &!"4+,ae f f%!&!%r &, %8&

with the effective scattering length ae f f and , defined in
Sec. II.

We solve the Klein-Gordon equation numerically follow-
ing the method of Oset and Salcedo #18$. The applications of
the method to the pionic atom studies were reported in detail
in Ref. #19$.

IV. NUMERICAL RESULTS

We show here the numerical results on kaonic atoms with
the optical potential obtained from the local density approxi-
mation using the chiral unitary selfenergy at various nuclear
matter densities. We show in Fig. 3 the energy shifts and
widths for several kaonic atoms in comparison with data.
The calculated results agree with the experimental data well.
The quality of the agreement is as good as the phenomeno-
logical potentials. We note, here, that the theoretical model
does not contain any free parameter to reproduce the data.
The energy levels for atomic kaonic states in O and Ca

are shown in Fig. 4, where the results of the chiral model and
those of the phenomenological model #Eq. %4&$ are com-
pared. We can see that the results obtained with both poten-
tials are very similar. We find that the deep atomic states
such as 1s in 40Ca, still unobserved, appear with narrower
widths than the separation between levels and are predicted
to be quasistable states. Similar results to those of the phe-
nomenological potential shown in Fig. 4 were reported by
Friedman and Gal #21$.
In Fig. 5, we show the energy levels including the shallow

atomic and the deep nuclear kaonic states of Ca using the
chiral unitary model potential. The shallow atomic states are
shown by dashed bars. The deep nuclear ones are shown by

FIG. 3. The calculated energy shifts and widths are shown as
functions of the nucleus atomic number for 2p , 3d , and 4 f kaonic
atom states. Experimental data are also shown #20$.

CHIRAL UNITARY MODEL FOR THE KAONIC ATOM PHYSICAL REVIEW C 61 055205

055205-3

Hirenzaki, Okumura, Toki, Oset, Ramos
PRC61(2000)055205

anomalous 
Shift ??  
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Mystery in last century 
and this century 

Y. Akaishi, Proc. of EXA2005 (2006) 45-53

Kaonic helium atoms
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Figure 3: Real-part potentials of K−-3He and K−-4He strong interaction. The solid and
dotted lines are the cases of shrunk and unchanged nucleon cores, respectively.
Nuclear s-wave bound states are shown. Atomic level shifts provide information
about the potential strength from the unchanged cores as indicated by the
arrows.
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Figure 4: 2p level shifts of the K−-4He and K−-3He atoms calculated by the use of the
coupled-channel model with Ucoupl = 120 MeV.

EXA05, Vienna 51

the kaonic atom data are also reproduced well by the chiral
unitary model, as we will see later on, it seems that the
strong shifts and widths of the kaonic atoms are mainly de-
termined by the optical potential strength at a certain nuclear
density, !"!0/4. This was the case of pionic atoms #15$
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 fit of #16$.
One of their results can be written as

ae f f%!&!%"0.15#0.62i &#%1.66"0.04i &#!/!0$0.24 #fm$ .
%4&

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 Re ae f f(!0)
!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.

III. KAONIC ATOM STRUCTURE

We study the properties of kaonic bound states by solving
the Klein-Gordon equation

#"'! 2#(2#2(Vopt%r &$)%r! &!#E"VCoul%r &$2)%r! &.
%5&

Here, ( is the kaon-nucleus reduced mass and VCoul(r) is
the Coulomb potential with a finite nuclear size:

VCoul%r &!"e2! !p%r!&

"r!"r!!"
d3r!, %6&

where !p(r) is the proton density distribution. We take the
Woods-Saxon form for the density and keep the shapes of
neutron and proton density distributions the same:

!%r &!!n%r &#!p%r &!
!0

1#exp#%r"R &/a$
, %7&

where we use R!1.18A1/3"0.48 #fm$ and a!0.5 #fm$ with
A the nuclear mass number.
The kaon-nucleus optical potential is related to the kaon

self-energy in nuclear matter as *K!2(Vopt . We use the
optical potential in a finite nucleus. In coordinate space this
is accomplished by means of the local density approximation
%LDA&, where ! of nuclear matter is substituted by !(r) of
the nucleus. This procedure is exact for the lowest order term
in the density of the S-wave self-energy and arguments were
given in #17$ for the accuracy of the LDA in higher orders.
At the same time the translation code from nuclear matter to
finite nuclei for P waves was also given. Thus, we have

2(Vopt%r &!"4+,ae f f%!&!%r &, %8&

with the effective scattering length ae f f and , defined in
Sec. II.

We solve the Klein-Gordon equation numerically follow-
ing the method of Oset and Salcedo #18$. The applications of
the method to the pionic atom studies were reported in detail
in Ref. #19$.

IV. NUMERICAL RESULTS

We show here the numerical results on kaonic atoms with
the optical potential obtained from the local density approxi-
mation using the chiral unitary selfenergy at various nuclear
matter densities. We show in Fig. 3 the energy shifts and
widths for several kaonic atoms in comparison with data.
The calculated results agree with the experimental data well.
The quality of the agreement is as good as the phenomeno-
logical potentials. We note, here, that the theoretical model
does not contain any free parameter to reproduce the data.
The energy levels for atomic kaonic states in O and Ca

are shown in Fig. 4, where the results of the chiral model and
those of the phenomenological model #Eq. %4&$ are com-
pared. We can see that the results obtained with both poten-
tials are very similar. We find that the deep atomic states
such as 1s in 40Ca, still unobserved, appear with narrower
widths than the separation between levels and are predicted
to be quasistable states. Similar results to those of the phe-
nomenological potential shown in Fig. 4 were reported by
Friedman and Gal #21$.
In Fig. 5, we show the energy levels including the shallow

atomic and the deep nuclear kaonic states of Ca using the
chiral unitary model potential. The shallow atomic states are
shown by dashed bars. The deep nuclear ones are shown by

FIG. 3. The calculated energy shifts and widths are shown as
functions of the nucleus atomic number for 2p , 3d , and 4 f kaonic
atom states. Experimental data are also shown #20$.
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DOI:42

43 The interaction and properties of mesons in nuclear
44 matter are fundamental to hadron physics. Antikaons (K̄)
45 have been of great interest because their interaction with a
46 nucleon (N) is known to be strongly attractive. The possible
47 existence of kaonic nuclear bound states [1] and the role of
48 K̄ particles in high-density nuclear matter, such as neutron
49 stars [2], have been widely discussed for decades.

50Experimental study of these phenomena requires the K̄N
51interaction with low kinetic energy.
52Two main experimental techniques have been used to
53study the K̄N interaction at low energies: K̄N free particle
54scattering and x-ray spectroscopy of kaonic atoms. For
55short-lived particles like kaons, x-ray spectroscopy pro-
56vides a crucial anchor point near zero kinetic energy, while
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X-ray, 3d2p process,   3He and 4He 
shift + width error ~ 1eV 
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1. Introduction 2. Calculation for He 3. Compare with Exp. data 4. Summary

/16

High-precision measurement of kaonic 
 and .3He 4He

J-PARC E62

3

T. Hashimoto et al., Phys. Rev. Lett. 128, 112503 (2022)

We theoretically investigate the 
information regarding the kaon-nucleus 
potential deduced from J-PARC E62.
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1. Introduction 2. Formulation 3. Compare with Exp. data 4. Summary
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2. Calculation for He
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width = �2p

T. Hashimoto et al., [J-PARC E62], Phys. Rev. Lett. 128 , 112503(2022)
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2�(r)
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Chiral unitary pot.
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Chiral unitary pot.

Exp. data vs. theor. results

“Shift” positive means “attraction”.
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2. Comparison of Exp. data and theoretical results
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Results of Theoretical potentials

Chiral unitary pot. 

Χ2 fitting pot.

to clarify the role of kaon in it, for example, to show the clear constraints on the kaon

condensation occurrence.

Recently, there are 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 the meson-nuclear physics [4]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [5].

The accuracy of the data of the kaonic-Helium atoms are two orders of magnitude better

than the previous data and clearly open up the precission frontier of the kaon physics. The

experimental results clearly denied the existence of the possible large shifts and widths of

the kaonic atoms predicted theoretically in connection with the studies of the kaonic nuclear

states in Ref. [6].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 10]. The development on the chiral unitary approach [9]

enable us to deepen our understandings of the hadron resonances in the K̄N channel [11] and

kaon-nucleus bound systems [12]. Recently, the progress has been also made in calculating

the kaonic nuclear states by the microscopic few body theory.

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the latest data to understand the meanings and impacts of the data

to the physics of the kaon-nucleus systems.

2. Theoretical model

In this article, we adopted the standard optical potential description of the kaon-nuclear

bound systems, though this picture would be modified for the systems having so-called

mesonic nuclei where the nucleon degrees of freedom are expected to be important and the

few-body calculation is required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the Coulomb potential as the time component of the Lorentz vector potential to

obtain the theoretical binding energies and widths of the kaonic atom states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for the electromagnetic interaction Vem(r), we consider the Coulomb potential between

kaon and helium nucleus including the effects of the vacuum polarization and the finite size

charge distribution of the nucleus as described in Ref. [7].

We consider the different types of the kaon-nucleus optical potential U(r) in the present

analyses. The first type of the potential is the phenomenological optical potential UPH(r)

which is defined to be proportional to the nuclear density distribution and has the form as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the

experimental data.

The second type of the potential is parametrized based on the theoretical optical potentials

UTH(r) written as,

UTH(r) = −4π

2µ

(
1 +

mK

MN

)
a(ρ)ρ(r) , (3)
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2. Calculation for He

4He and 3He nuclear density  
        (calculated by Prof. Hiyama) 

 Kaon-nucleus potential : Phenomenological Type 

 

 Using this simple  potential, we try to reproduce the J-PARC E62 data.Tρ
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[Hiyama, Pro. Theor. Exp. Phys. 12(12)01A204] 
[Hiyama and Kamimura, Front. Phys. (Beijing) 13(18) 132106]

<latexit sha1_base64="uKBBoO9LJyF7vU48oaSzNvFjxQM="></latexit>

UPH(r)
<latexit sha1_base64="kGYaxhlc/I9MZPY5gaYnBx5IoX8="></latexit>

UPH(r) = (V0 + iW0)
⇢(r)

⇢0

<latexit sha1_base64="4PBXpBq6/ipNModipWktQHZBmiY="></latexit>

⇢0 = 0.17 fm�3 : parameter

<latexit sha1_base64="2T+sQT4DJFfT7nDm0q4uG9iKjlc="></latexit>

[�r2 + µ2 + 2µUPH(r)]�(r) = [E � Vem(r)]
2�(r)

We postulate that the kaon-nucleus interaction  
                is dominated by the isoscalar potential. 
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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Fig. 3 (Upper) The contour plots of the shift of the 3d → 2p transition energies (Left)

and the 2p level widths (Right) of the kaonic 3He atom in the plane of the parameters

V0 and W0 defined in Eq. (2) in the text. (Middle) The experimental results are shown in

the same contour plots as the upper figures. The experimental values of the shift and width

together with the region of their errors are shown by the solid, dashed and short dashed lines.

The solid diamonds in the figures indicate the potential parameters (V0,W0) = (−301,−98)

and (−180,−268) MeV by which we can reproduce the experimental shift and width of the

K−−3He atom simultaneously. (Lower) The overlaid contour plot of the shift and width of

the K−−3He atom shown in the middle figures. The hatched region indicates the potential

parameters consistent with the experimental data of the shift and width within the errors.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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Fig. 4 Same as Fig. 3 except for the kaonic 4He atomic state and except for the solid circles

indicating the potential parameters (V0,W0) = (−56,−58) and (−286,−43) MeV by which

we can reproduce the experimental shift and width of the K−−4He atomic simultaneously.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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indicating the potential parameters (V0,W0) = (−56,−58) and (−286,−43) MeV by which

we can reproduce the experimental shift and width of the K−−4He atomic simultaneously.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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Fig. 6 We show the calculated results of the energy shifts of the X-ray emitted from the
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with the experimental data [26, 27]. The horizontal axis shows the atomic number Z of the

nucleus. Here, we consider an isotope nucleus with the largest natural abundance for each

Z for the theoretical calculations. The parameters of the optical potential (Set 1 and Set 2)

used for the calculations are indicated in the figures. The data are summarized in Table ??.
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Table 3 Observed data of the transition energy shift ∆E and the level width Γ of the

heavier kaonic atoms considered in this article are summarized. The data are taken from

Refs. [26–31] .

Z Atom Transition ∆E [keV] Γ [keV] Ref.

3 Li 3d → 2p 0.002± 0.026 0.055± 0.029 [26]

4 Be 3d → 2p −0.079± 0.021 0.172± 0.58 [26]

5 B 3d → 2p −0.167± 0.035 0.700± 0.080 [27]

6 C 3d → 2p −0.590± 0.080 1.730± 0.150 [27]

8 O 4f → 3d −0.025± 0.018 0.017± 0.014 [28]

12 Mg 4f → 3d −0.027± 0.015 0.214± 0.015 [28]

13 Al 4f → 3d −0.130± 0.050 0.490± 0.160 [29]

−0.076± 0.014 0.442± 0.022 [28]

14 Si 4f → 3d −0.240± 0.015 0.810± 0.120 [29]

−0.130± 0.015 0.800± 0.033 [28]

15 P 4f → 3d −0.330± 0.08 1.440± 0.120 [27]

16 S 4f → 3d −0.550± 0.06 2.330± 0.200 [27]

−0.43± 0.12 2.310± 0.170 [30]

−0.462± 0.054 1.96± 0.17 [28]

17 Cl 4f → 3d −0.770± 0.40 3.80± 1.0 [27]

0.94± 0.40 3.92± 0.99 [31]

−1.08± 0.22 2.79± 0.25 [30]

27 Co 5g → 4f −0.099± 0.106 0.64± 0.25 [28]

28 Ni 5g → 4f −0.180± 0.070 0.59± 0.21 [29]

−0.246± 0.052 1.23± 0.14 [28]

29 Cu 5g → 4f −0.240± 0.220 1.650± 0.72 [29]

−0.377± 0.048 1.35± 0.17 [28]

47 Ag 6h → 5g −0.18± 0.12 1.54± 0.58 [28]

48 Cd 6h → 5g −0.40± 0.10 2.01± 0.44 [28]

49 In 6h → 5g −0.53± 0.15 2.38± 0.57 [28]

50 Sn 6h → 5g −0.41± 0.18 3.18± 0.64 [28]

Finally, we study the existence of the kaonic nuclear states in the same nuclei considered

in this article using the same optical potential considered in the studies of the atomic states.

In the studies of the nuclear states here, we should be careful that we do not take into

account the energy dependence of the potential. We show in Fig. 10 the boundaries of the

existence of the kaonic nuclear states in 3He and 4He in the same contour plots of the Fig. 3

and Fig. 4 for the energy shifts of the kaonic 2p atoms. We find that there exist the kaonic

nuclear s and p states in 3He and 4He for the Set 2 (V0,W0) = (−280,−70) MeV potential

parameters. On the other hand, for the Set 1 potential (V0,W0) = (−90,−120) MeV, which

is consistent with the high precision data [7] within the errors and better suited for global

description of kaonic atoms, we do not have the kaonic nuclear p state in 3He neither in
4He. The existence of the kaonic nuclear s state is near the limit for the Set 1 potential.

We find that there exists the nuclear s state only in 4He for the Set 1 potential. Since the
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states [7]. The solid triangles show the two sets of potential parameters Set 1 (V0,W0) =

(−90,−120) MeV and Set 2 = (−280,−70) MeV which are consistent with both K−−3He

and K−−4He atomic data within the experimental errors.
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Fig. 6 We show the calculated results of the energy shifts of the X-ray emitted from the

3d → 2p transition of the kaonic atoms (left) and the widths of the kaonic 2p atoms (right)

with the experimental data [26, 27]. The horizontal axis shows the atomic number Z of the

nucleus. Here, we consider an isotope nucleus with the largest natural abundance for each

Z for the theoretical calculations. The parameters of the optical potential (Set 1 and Set 2)

used for the calculations are indicated in the figures. The data are summarized in Table ??.
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Fig. 7 Same as Fig. 6 except for the 4f → 3d transitions and the widths of the kaonic 3d

atoms.
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atoms.

13/15

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 8  10  12  14  16  18

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 1

 2

 3

 4

 5

 6

 8  10  12  14  16  18

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

Fig. 7 Same as Fig. 6 except for the 4f → 3d transitions and the widths of the kaonic 3d

atoms.

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

   27   28   29   

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 0.5

 1

 1.5

 2

 2.5

 3

   27   28   29   

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)
(V0,W0)=(-90,-120)
EXP DATA

Fig. 8 Same as Fig. 6 except for the 5g → 4f transitions and the widths of the kaonic 4f

atoms.

13/15

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 8  10  12  14  16  18
-S

hi
ft 

[k
eV

]
Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 1

 2

 3

 4

 5

 6

 8  10  12  14  16  18

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

Fig. 7 Same as Fig. 6 except for the 4f → 3d transitions and the widths of the kaonic 3d

atoms.

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

   27   28   29   

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 0.5

 1

 1.5

 2

 2.5

 3

   27   28   29   

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)
(V0,W0)=(-90,-120)
EXP DATA

Fig. 8 Same as Fig. 6 except for the 5g → 4f transitions and the widths of the kaonic 4f

atoms.

13/15

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 8  10  12  14  16  18

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 1

 2

 3

 4

 5

 6

 8  10  12  14  16  18

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

Fig. 7 Same as Fig. 6 except for the 4f → 3d transitions and the widths of the kaonic 3d

atoms.

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

   27   28   29   

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 0.5

 1

 1.5

 2

 2.5

 3

   27   28   29   

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)
(V0,W0)=(-90,-120)
EXP DATA

Fig. 8 Same as Fig. 6 except for the 5g → 4f transitions and the widths of the kaonic 4f

atoms.

13/15

 0

 0.2

 0.4

 0.6

 0.8

 1.0

  47  48  49  50  

-S
hi

ft 
[k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

 0

 

 1

 

 2

 

 3

 

 4

 

 5

  47  48  49  50  

W
id

th
 [k

eV
]

Atomic Number (Z)

(V0,W0)=(-280,-70)

(V0,W0)=(-90,-120)

EXP DATA

Fig. 9 Same as Fig. 6 except for the 6h → 5g transitions and the widths of the kaonic 5g

atoms.

Fig. 10 The contour plots of the shift of the 2p → 1s transition energies (Left) and the 1s

level width (Right) of kaonic 3He (Upper) and 4He (Lower) atoms. The potential parameters

in the region to the left of the white and yellow lines in left figures allow the existence of the

kaonic nuclear p and s state, respectively. The solid triangles show the two sets of potential

parameters Set 1 (V0,W0) = (−90,−120) MeV and Set 2 (V0,W0) = (−280,−70) MeV which

are consistent with both K−−3He and K−−4He atomic data [7] within the experimental

errors.

5. Summary and Conclusion

We discuss the constraints on the Kaon-Nucleus optical potential deduced from the

discussions on the contour plots in Sec. 3.
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V0 and W0. In the lower figure in Fig. 4, the overlaid contour plot of the shift and width of

the K−−4He atom are shown. We find the hatched areas, where the potential parameters

are consistent with the data within the errors, exist in two regions in the V0 −W0 plane

separately. The data of the K−−4He atom show the stronger constraints to the potential

parameters than those of the K−−3He atom to the phenomenological potential in the form

of Eq. (2).

We show in Fig. 5 the overlaid contour plot of Fig. 3 (Lower) and Fig. 4 (Lower) to show the

parameters consistent with both data of K−−3He and K−−4He within the errors. We find

the two relatively small region of the parameters around the points (V0,W0) = (−90,−120)

and (−280,−70) MeV shown as the solid triangles in the V0 −W0 plane in Fig. 5. The

sets of the parameters are the combination of the strong attraction and weak absorption

(−90,−120) MeV and the weak attraction and strong absorption (−280,−70) MeV. We

summarize the potential strength of these potentials (V0,W0) = (−90,−120) MeV as Set

1 and (−280,−70) MeV as Set 2 in Table 2. Because of the larger central densities of 3He

and 4He than the normal nuclear density ρ0 = 0.17 fm−3, the depth of the potential at the

nuclear centers are quite larger than the potential strengths at ρ0, which are the same as

the parameters V0 and W0.

Table 2 The strengths of the kaon-nucleus optical potentials obtained by fitting the data

in Ref. [7] are summarized for the phenomenological potential UPH defined in Eq. (2). The

potential depths at normal nuclear density, which are actually same as the values of the V0

and W0 parameters in Eq. (2), and those at the center of the nuclei 3He and 4He are shown

for two potentials (Set 1 and Set 2). These potentials are corresponding to the solid triangles

in Fig. 5.

Set 1 Set 2

MeV Real Imaginary Real Imaginary

UPH at ρ = ρ0 −90 −120 −280 −70

UPH(r = 0)
3He −119 −159 −357 −93
4He −182 −243 −566 −142

We, then, apply the same parameter sets (Set 1 and Set 2) of the optical potential to

the heavier kaonic atom data taken from Refs. [26–31] which are summarized in Table 3 to

find out the potential parameters suited for the global description of the kaonic atoms in the

periodic table. We consider here an isotope nucleus having the largest natural abundance for

each atomic number. We use the charge distributions of the modified harmonic oscillator form

for the nuclei with the atomic number 2 < Z ≤ 8 and the Woods-Saxon form for those with

larger Z in the following calculations. The density parameters are taken from Ref. [32, 33].

The nuclear density distributions ρ(r) in Eq. (2) are deduced from the charge distributions as

explained in Ref. [23]. The calculated results are shown and compared with the experimental

data in Figs. 6-9.

We clearly find that the parameter Set 1 (V0,W0) = (−90,−120) MeV is significantly

better suited to describe the kaonic atom data in the wide range of the periodic table for the

optical potential defined in Eq. (2). As described above, the parameter Set 1 is consistent

to the latest kaonic helium data within the errors.
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of kaon at finite density is expected to provide quite relevant information on the studies of

the strong interaction symmetry at finite density. In addition, the quantitative knowledge

of kaon properties at finite density is considered to be crucial for the studies of the high

density nuclear matter to clarify the role of kaon in the matter, for example, to show the

clear constraints on the kaon condensation occurrence.

Recently, there are 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 the meson-nuclear physics [6]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [7].

The accuracy of the data of the kaonic-Helium atoms are almost two orders of magnitude

better than the previous data and clearly open up the precission frontier of the kaon physics.

The experimental results clearly denied the existence of the possible large shifts and widths

of the kaonic atoms predicted theoretically in connection with the studies of the kaonic

nuclear states in Ref. [8].

Theoretically, the kaon-nucleus interaction has been studied using the data of kaonic atoms

by the χ2 fitting procedure [1, 2, 9]. The developments of the chiral unitary approach [10–

12] enable us to deepen our understandings of the hadron resonances in the K̄N channel

[13] and kaon-nucleus bound systems [14]. Recently, the progress has been also made in the

studies of the kaonic nuclear states by the microscopic few body calculations[15–21].

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the data of the kaonic atoms including the latest high precision data

[7] to understand the meanings and impacts of the experimental results. We also mention

the existence of the kaonic nuclear states for the optical potential deduced from the atomic

data.

2. Theoretical model

We adopt the standard optical potential description of the kaon-nuclear bound systems,

though this picture would be modified for the systems having so-called mesonic nuclear

states where the degrees of freedom of each nucleon are expected to be important and the

few-body calculations would be required.

We solve the relativistic Klein-Gordon equation with the Lorentz scalar type optical poten-

tial and the electromagnetic potential Vem(r), which is the time component of the Lorentz

vector potential, to obtain the theoretical binding energies and widths of the kaonic atom

states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for Vem(r), we consider the Coulomb potential between kaon and nucleus including the

effects of the vacuum polarization and the finite size charge distribution of the nucleus as

described in Ref. [22].

We consider the phenomenological optical potential UPH(r), which has the isoscalar form

and is assumed to be proportional to the nuclear density distribution, defined as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the
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We, then, apply the same parameter sets (Set 1 and Set 2) of the optical potential to

the heavier kaonic atom data taken from Refs. [26–31] which are summarized in Table 3 to

find out the potential parameters suited for the global description of the kaonic atoms in the

periodic table. We consider here an isotope nucleus having the largest natural abundance for

each atomic number. We use the charge distributions of the modified harmonic oscillator form

for the nuclei with the atomic number 2 < Z ≤ 8 and the Woods-Saxon form for those with

larger Z in the following calculations. The density parameters are taken from Ref. [32, 33].

The nuclear density distributions ρ(r) in Eq. (2) are deduced from the charge distributions as

explained in Ref. [23]. The calculated results are shown and compared with the experimental

data in Figs. 6-9.

We clearly find that the parameter Set 1 (V0,W0) = (−90,−120) MeV is significantly

better suited to describe the kaonic atom data in the wide range of the periodic table for the

optical potential defined in Eq. (2). As described above, the parameter Set 1 is consistent

to the latest kaonic helium data within the errors.
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experimental data. The nuclear density distribution ρ(r) used in the optical potential is the

distribution of the center of the nucleon which is related to the charge distribution used in

Vem as explained in Section 3. The similar analyses have been reported in Ref. [24].

3. Numerical results

The latest high precision experimental data obtained in Ref. [7], which here we study first, are

summarized in Table 1. We mention here that the data have two remarkable features which

are (i) the opposite sign of the shifts of K−−3He and K−−4He, and (ii) the significantly

larger width of K−−3He than 4He, though these features could be lost in future because of

the errors of the present data. The square root of the quadratic sum of the statistical error

and the systematical error is shown in the parenthesis for each datum in Table 1, which

is treated as the experimental error of each datum in the following analysis in this article.

The calculated energy shifts ∆E, which are compared with the data below, are defined as

∆E = Eopt+em
3d→2p − Eem

3d→2p by the transition energies from 3d to 2p states calculated with the

full potential Eopt+em
3d→2p and only with the electromagnetic potential Eem

3d→2p. The positive shift

∆E > 0 means Eopt+em
3d→2p > Eem

3d→2p indicating the larger transition energy and the deeper 2p

state due to the effects of the optical potential, and, thus, the positive shift ∆E > 0 means

the attractive shift of the 2p level.

Table 1 Experimental shifts and widths [7] of the kaonic 3He and 4He atomic 2p states

are compiled in this table in unit of eV. The errors shown in the parentheses are the square

root of the quadratic sum of the statistical and systematical errors in Ref. [7]. Please note

that the signs of the shifts are opposite for 3He and 4He as indicated in the table.

eV Shift Width

K−−3He (Repulsive shift)

−0.2± 0.4 (stat)±0.3 (syst) 2.5± 1.0 (stat)±0.4 (syst)

(±0.5) (±1.1)

K−−4He (Attractive shift)

0.2± 0.3 (stat)±0.2 (syst) 1.0± 0.6 (stat)±0.3 (syst)

(±0.4) (±0.7)
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V0 and W0. In the lower figure in Fig. 4, the overlaid contour plot of the shift and width of

the K−−4He atom are shown. We find the hatched areas, where the potential parameters

are consistent with the data within the errors, exist in two regions in the V0 −W0 plane

separately. The data of the K−−4He atom show the stronger constraints to the potential

parameters than those of the K−−3He atom to the phenomenological potential in the form

of Eq. (2).

We show in Fig. 5 the overlaid contour plot of Fig. 3 (Lower) and Fig. 4 (Lower) to show the

parameters consistent with both data of K−−3He and K−−4He within the errors. We find

the two relatively small region of the parameters around the points (V0,W0) = (−90,−120)

and (−280,−70) MeV shown as the solid triangles in the V0 −W0 plane in Fig. 5. The

sets of the parameters are the combination of the strong attraction and weak absorption

(−90,−120) MeV and the weak attraction and strong absorption (−280,−70) MeV. We

summarize the potential strength of these potentials (V0,W0) = (−90,−120) MeV as Set

1 and (−280,−70) MeV as Set 2 in Table 2. Because of the larger central densities of 3He

and 4He than the normal nuclear density ρ0 = 0.17 fm−3, the depth of the potential at the

nuclear centers are quite larger than the potential strengths at ρ0, which are the same as

the parameters V0 and W0.

Table 2 The strengths of the kaon-nucleus optical potentials obtained by fitting the data

in Ref. [7] are summarized for the phenomenological potential UPH defined in Eq. (2). The

potential depths at normal nuclear density, which are actually same as the values of the V0

and W0 parameters in Eq. (2), and those at the center of the nuclei 3He and 4He are shown

for two potentials (Set 1 and Set 2). These potentials are corresponding to the solid triangles

in Fig. 5.

Set 1 Set 2

MeV Real Imaginary Real Imaginary

UPH at ρ = ρ0 −90 −120 −280 −70

UPH(r = 0)
3He −119 −159 −357 −93
4He −182 −243 −566 −142

We, then, apply the same parameter sets (Set 1 and Set 2) of the optical potential to

the heavier kaonic atom data taken from Refs. [26–31] which are summarized in Table 3 to

find out the potential parameters suited for the global description of the kaonic atoms in the

periodic table. We consider here an isotope nucleus having the largest natural abundance for

each atomic number. We use the charge distributions of the modified harmonic oscillator form

for the nuclei with the atomic number 2 < Z ≤ 8 and the Woods-Saxon form for those with

larger Z in the following calculations. The density parameters are taken from Ref. [32, 33].

The nuclear density distributions ρ(r) in Eq. (2) are deduced from the charge distributions as

explained in Ref. [23]. The calculated results are shown and compared with the experimental

data in Figs. 6-9.

We clearly find that the parameter Set 1 (V0,W0) = (−90,−120) MeV is significantly

better suited to describe the kaonic atom data in the wide range of the periodic table for the

optical potential defined in Eq. (2). As described above, the parameter Set 1 is consistent

to the latest kaonic helium data within the errors.
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Fig. 9 Same as Fig. 6 except for the 6h → 5g transitions and the widths of the kaonic 5g

atoms.

Fig. 10 The contour plots of the shift of the 2p → 1s transition energies (Left) and the 1s

level width (Right) of kaonic 3He (Upper) and 4He (Lower) atoms. The potential parameters

in the region to the left of the white and yellow lines in left figures allow the existence of the

kaonic nuclear p and s state, respectively. The solid triangles show the two sets of potential

parameters Set 1 (V0,W0) = (−90,−120) MeV and Set 2 (V0,W0) = (−280,−70) MeV which

are consistent with both K−−3He and K−−4He atomic data [7] within the experimental

errors.

5. Summary and Conclusion

We discuss the constraints on the Kaon-Nucleus optical potential deduced from the

discussions on the contour plots in Sec. 3.
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4. Summary and Discussion

We investigate the latest high precision data of K−−He atoms. We find two sets of potential

parameters. One of them is suited for global fit.

We investigate relation between atomic state and nuclear state with same !.

We investigate nuclear state in He and atomic 1s states.

We mention here that a set of the potential parameter is determined in Ref. [34] by inves-

tigating the 12C(K−, p) spectrum. The best potential strength to reproduce the spectrum

in the wide energy range for the K− binding energy −300 ∼ +40 MeV was concluded to be

(−80,−40) MeV at the nuclear center of 11B [34]. Since the nuclear density at the center of
11B in Ref. [34] is slightly different from the normal nuclear density 0.17 fm−3, the potential

strength in Ref. [34] is corresponding to the value of (V0,W0) = (−74,−37) MeV in this

article. This value is different from the Set 1 and Set 2, however (almost) consistent to the

latest 4He data [7] as shown in Fig. 4 (Lower). One of the reasons of the discrepancy of the

potential value is considered to be the possible energy dependence of the potential strength.

We will consider the chiral unitary and the χ2 fitting pot and their medium effects in

future.
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to clarify the role of kaon in it, for example, to show the clear constraints on the kaon

condensation occurrence.

Recently, there are 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 the meson-nuclear physics [4]. And we are also interested in the recent experimental

achievement of the ultra high precision measurement of the kaonic 3He and 4He atoms [5].

The accuracy of the data of the kaonic-Helium atoms are two orders of magnitude better

than the previous data and clearly open up the precission frontier of the kaon physics. The

experimental results clearly denied the existence of the possible large shifts and widths of

the kaonic atoms predicted theoretically in connection with the studies of the kaonic nuclear

states in Ref. [6].

Theoretically, the development on the chiral unitary approach enable us to deepen our

understandings of the hadron resonances in the K̄N channel and kaon-nucleus bound

systems.

In this article, we theoretically investigate the constraints on the kaonic atom optical

potential deduced from the latest data to understand the meanings and impacts of the data

to the physics of the kaon-nucleus systems.

2. Theoretical model

We solve the Klein-Gordon equation to obtain the theoretical binding energies and widths

of the kaonic atom states.

[−∇2 + µ2 + 2µU(r)]φ(r) = [E − Vem(r)]
2φ(r) (1)

As for the electromagnetic interaction Vem(r), we consider the Coulomb potential between

kaon and helium nucleus including the effects of the vacuum polarization and the finite size

charge distribution of the nucleus as described in Ref. [7].

We use the realistic nuclear density distributions of 3He and 4He obtained by the precise

few-body calculation [8].

We consider the different types of the kaon-nucleus optical potential U(r) in the present

analyses. The first type of the potential is the phenomenological optical potential UPH(r)

which is defined to be proportional to the nuclear density distribution and has the form as,

UPH(r) = (V0 + iW0)
ρ(r)

ρ0
, (2)

where ρ0 is the normal nuclear density ρ0 = 0.17fm−3. The parameters V0 and W0 show the

potential depth at the normal nuclear density, and are used as the parameters to fit the

experimental data.

The second type of the potential is parametrized based on the theoretical optical potentials

UTH(r) written as,

UTH(r) = −4π

2µ

(
1 +

mK

MN

)
a(ρ)ρ(r) , (3)

where mK is the kaon mass and MN the nucleon mass. The density dependent effective scat-

tering length a(ρ) describes the medium effects and show how the kaon-nucleon interaction

changes at finite density ρ. We divide a(ρ) into two pieces as a(ρ) = (a(ρ)− a(0)) + a(0)

using the vacuum value a(0) and introduce the scale factors to the in-medium modification

2/16

part (a(ρ)− a(0)) of the effective scattering length to define the scaled potential USC used

in the present analyses. The potential USC is written as,

USC(r) = −4π

2µ

(
1 +

mK

MN

)
{f1 Re(a(ρ)− a(0)) + f2 Im(a(ρ)− a(0))} ρ(r)

− 4π

2µ

(
1 +

mK

MN

)
a(0)ρ(r) , (4)

where the scale parameters f1 and f2 are introduced for the real part and the imaginary part

of the theoretical potential, respectively. In this form, we can scale the medium modifications

of the theoretical potentials by the parameters f1 and f2 with satisfying the low density limit

of the effective scattering length. The value of the effective scattering length at ρ = 0 is, in

principle, determined to be the experimental scattering length of K̄N in vacuum. The scaled

potential USC is just same as the original theoretical potential for f1 = f2 = 1, while USC

includes no in-medium effects to the scattering length a for f1 = f2 = 0 case and is the

same as the so-called tρ potential with the scattering length in vacuum. In our analyses, the

parameters f1 and f2 are used to fit the experimental data.

We adopted two potentials obtained by the chiral unitary model [9] and by the analyses

of the χ2 fitting to the previous kaonic atom data [10] as the theoretical potentials, and we

used them to provide the scaled potential defined in Eq. (4) which are written as UChiral
SC

and Uχ2fitting
SC , respectively. These theoretical potentials have the repulsive real part at the

nuclear surface and change their sign to attractive inside the nucleus.

3. Numerical results

The experimental data obtained in Ref. [5] are summarized in Table 1. We mention here

that the data have two features which are (i) the opposite sign of the shifts of K−−3He and

K−−4He, and (ii) the large width of K−−3He, though the features could be lost because of

the errors. The square root of the quadratic sum of the statistical error and the systematical

error is shown in the parenthesis for each datum in Table 1, which is treated as the experimen-

tal error of each datum in the following analysis in this article. The calculated energy shifts

∆E, which are compared with the data, are defined as ∆E = Eopt+em
3d→2p − Eem

3d→2p by the tran-

sition energies from 3d to 2p states calculated with the full potential Eopt+em
3d→2p and only with

the electromagnetic potential Eem
3d→2p. The positive shift ∆E > 0 means Eopt+em

3d→2p > Eem
3d→2p

indicating the larger transition energy and the deeper 2p state due to the effects of the

optical potential, and, thus, means the attractive shift of the 2p state.
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Fig. 7 Same as Fig. 6 except for the kaonic 4He atomic 2p state.
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