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The kaonic helium-4 3d → 2p X-ray transition was measured in a gaseous target, where Compton
scattering in helium is negligible. The X-rays were detected with large-area Silicon Drift Detectors
(SDDs) using the timing information of the K+K− pairs produced by φ decays at the DA"NE e+e−

collider. A new value of the strong interaction shift of the kaonic 4He 2p state was determined to be
0± 6 (stat)± 2 (syst) eV, which confirms the recently obtained result by the KEK-PS E570 group.

 2009 Elsevier B.V. All rights reserved.

1. Introduction

Studies of kaonic atoms have provided important information
on the K−-nucleus strong interaction in the low energy regime.
Low-lying energy levels of kaonic atoms are shifted and broadened
due to the strong interaction between the kaon and nucleus. The
shifts and widths of kaonic atom X-rays have been measured us-
ing targets with atomic numbers from Z = 1 to Z = 92, and they

* Corresponding author.
E-mail address: tomoichi.ishiwatari@oeaw.ac.at (T. Ishiwatari).

are systematically well understood with optical models for Z ! 3.
These results have been used for calculations of the K̄ N interaction
[1–4].

However, until recently, there has been a discrepancy in the
energy shift of kaonic helium. Three measurements of the en-
ergy shift of the kaonic 4He 2p state made in the 70’s and 80’s
[5–7] gave consistent results with an average value of the shift1

1 In this article, the shift #E is defined as #E = Eexp − Ee.m. , where Eexp is an
X-ray energy determined by experiment, and Ee.m. is a calculated energy with the
QED effect only.

0370-2693/$ – see front matter  2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2009.10.052
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Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
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(47±3) MeV [ 9] in this approach. (Treating the ∆ isobar as an explicit degree of freedom
rather than absorbing it in low-energy constants, there is a tendency for slightly larger
values of σN ).

Figure 1. Pion cloud contributions to
the nucleon mass generated by the chi-
ral effective Lagrangian (3).
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Figure 2. Best fit (solid curve) interpolating be-
tween lattice results [ 10, 11, 12] and the phys-
ical nucleon mass, using NNLO chiral pertur-
bation theory [ 9]. The dashed and dash-dotted
curves show consecutive steps in the expansion [
8].

2.2. Scalar form factor of the nucleon
The prominent role played by the pion as a Goldstone boson of spontaneously broken

chiral symmetry has its strong impact on the low-energy structure and dynamics of nu-
cleons. When probing the individual nucleon with long-wavelength fields, a substantial
part of the response comes from the pion cloud, the ”soft” surface of the nucleon. While
these features are well known and established for the electromagnetic form factors of the
nucleon, its scalar-isoscalar meson cloud is less familiar and frequently obscured by the
notion of an ”effective sigma meson”. On the other hand, the scalar field of the nucleon is
at the origin of the intermediate range nucleon-nucleon force, the source of attraction that
binds nuclei. Let us therefore have a closer look, guided by chiral effective field theory.

Consider the nucleon form factor related to the scalar-isoscalar quark density, GS(q2) =
〈N(p′)|ūu + d̄d|N(p)〉, at squared momentum transfer q2 = (p − p′)2. In fact, a better
quantity to work with is the form factor σN(q2) = mqGS(q2) associated with the scale
invariant object mq(ūu+ d̄d). Assume that this form factor can be written as a subtracted
dispersion relation:

σN(q2 = −Q2) = σN −
Q2

π

∫ ∞

4m2
π

dt
ηS(t)

t(t + Q2)
, (9)

where the sigma term σN introduced previously enters as a subtraction constant. We are
interested in spacelike momentum transfers with Q2 = −q2 ≥ 0. The dispersion integral
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FIG. 1: Real (solid) and the imaginary part (dashed) of the
strong K−p → K−p amplitude, fstr

K−p→K−p, as defined in
the text. The data points represent the real and imaginary
parts of the K−p scattering length, derived from the DEAR
experiment [1] with inclusion of isospin breaking corrections
according to ref. [16].
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FIG. 2: The πΣ mass spectrum in the isospin I = 0 chan-
nel. The solid curve is obtained from the overall χ2 fit to all
available data. The dashed curve is found with the additional
constraint of remaining within the error margins of the DEAR
data. The experimental histograms are taken from [17]. The
statistical errors have been supplemented following [18].

Additional tight constraints are provided by the well-
measured threshold ratios of the K−p system for which
we find:

γ =
Γ(K−p → π+Σ−)

Γ(K−p → π−Σ+)
= 2.35 ,

Rc =
Γ(K−p → π+Σ−, π−Σ+)

Γ(K−p → all inelastic channels)
= 0.653 ,

Rn =
Γ(K−p → π0Λ)

Γ(K−p → neutral states)
= 0.194 . (13)

The experimental values γ = 2.36 ± 0.04, Rc = 0.664 ±
0.011, Rn = 0.189 ± 0.015 [23, 24] are perfectly well re-
produced by our approach. (We mention in passing that
this fit does not support a pronounced two-pole structure
in the region of the Λ(1405) as advocated in ref. [8].)

It turns out, however, that these results cannot be
brought to simultaneous satisfactory agreement with the
elastic K−p total cross section, and with the strong in-
teraction shift and width in kaonic hydrogen measured at
DEAR [1]. We find ∆E = 236 eV and Γ = 580 eV (with
inclusion of isospin breaking corrections following [16]),
see Fig. 4. In comparison with previous coupled-channels
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FIG. 3: Cross sections of K−p scattering into various chan-
nels obtained from the overall χ2 fit to all available data
(solid curve) and with the additional constraint of remaining
within the DEAR data (dashed). The data are taken from
[13] (empty squares), [14] (empty triangles), [19] (full circles),
[20] (full squares), [21] (full triangles), [22] (stars).

calculations, the situation is ameliorated by including
electromagnetic corrections to K−p scattering which are
important close to threshold. Nevertheless, inclusion of
the Coulomb interaction cannot account for the appar-
ent gap between the DEAR result and the bulk of the
existing elastic K−p scattering data (the latter are, ad-
mittedly, of low precision). While there is consistency
with the new value for the energy shift in kaonic hydro-
gen, it is now difficult to accomodate the scattering data
with the much improved accuracy of the measured width
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electromagnetic corrections to K−p scattering which are
important close to threshold. Nevertheless, inclusion of
the Coulomb interaction cannot account for the appar-
ent gap between the DEAR result and the bulk of the
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Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
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(47±3) MeV [ 9] in this approach. (Treating the ∆ isobar as an explicit degree of freedom
rather than absorbing it in low-energy constants, there is a tendency for slightly larger
values of σN ).
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curves show consecutive steps in the expansion [
8].

2.2. Scalar form factor of the nucleon
The prominent role played by the pion as a Goldstone boson of spontaneously broken

chiral symmetry has its strong impact on the low-energy structure and dynamics of nu-
cleons. When probing the individual nucleon with long-wavelength fields, a substantial
part of the response comes from the pion cloud, the ”soft” surface of the nucleon. While
these features are well known and established for the electromagnetic form factors of the
nucleon, its scalar-isoscalar meson cloud is less familiar and frequently obscured by the
notion of an ”effective sigma meson”. On the other hand, the scalar field of the nucleon is
at the origin of the intermediate range nucleon-nucleon force, the source of attraction that
binds nuclei. Let us therefore have a closer look, guided by chiral effective field theory.

Consider the nucleon form factor related to the scalar-isoscalar quark density, GS(q2) =
〈N(p′)|ūu + d̄d|N(p)〉, at squared momentum transfer q2 = (p − p′)2. In fact, a better
quantity to work with is the form factor σN(q2) = mqGS(q2) associated with the scale
invariant object mq(ūu+ d̄d). Assume that this form factor can be written as a subtracted
dispersion relation:

σN(q2 = −Q2) = σN −
Q2

π

∫ ∞
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ηS(t)

t(t + Q2)
, (9)

where the sigma term σN introduced previously enters as a subtraction constant. We are
interested in spacelike momentum transfers with Q2 = −q2 ≥ 0. The dispersion integral
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Additional tight constraints are provided by the well-
measured threshold ratios of the K−p system for which
we find:

γ =
Γ(K−p → π+Σ−)

Γ(K−p → π−Σ+)
= 2.35 ,

Rc =
Γ(K−p → π+Σ−, π−Σ+)

Γ(K−p → all inelastic channels)
= 0.653 ,

Rn =
Γ(K−p → π0Λ)

Γ(K−p → neutral states)
= 0.194 . (13)

The experimental values γ = 2.36 ± 0.04, Rc = 0.664 ±
0.011, Rn = 0.189 ± 0.015 [23, 24] are perfectly well re-
produced by our approach. (We mention in passing that
this fit does not support a pronounced two-pole structure
in the region of the Λ(1405) as advocated in ref. [8].)

It turns out, however, that these results cannot be
brought to simultaneous satisfactory agreement with the
elastic K−p total cross section, and with the strong in-
teraction shift and width in kaonic hydrogen measured at
DEAR [1]. We find ∆E = 236 eV and Γ = 580 eV (with
inclusion of isospin breaking corrections following [16]),
see Fig. 4. In comparison with previous coupled-channels

50 100 150 200 250

50

100

150

σ
[K

−
p
→

K
−

p
]
(m

b
)

100 150 200 2500

20

40

60

σ
[K

−
p
→

K̄
0
n
]
(m

b
)

50 100 150 200 250

50

100

150

200

σ
[K

−
p
→

π
+
Σ

−
]
(m

b
)

50 100 150 200 250

20

40

60

80

σ
[K

−
p
→

π
−

Σ
+
]
(m

b
)

incident K− lab. momentum (MeV/c)

FIG. 3: Cross sections of K−p scattering into various chan-
nels obtained from the overall χ2 fit to all available data
(solid curve) and with the additional constraint of remaining
within the DEAR data (dashed). The data are taken from
[13] (empty squares), [14] (empty triangles), [19] (full circles),
[20] (full squares), [21] (full triangles), [22] (stars).

calculations, the situation is ameliorated by including
electromagnetic corrections to K−p scattering which are
important close to threshold. Nevertheless, inclusion of
the Coulomb interaction cannot account for the appar-
ent gap between the DEAR result and the bulk of the
existing elastic K−p scattering data (the latter are, ad-
mittedly, of low precision). While there is consistency
with the new value for the energy shift in kaonic hydro-
gen, it is now difficult to accomodate the scattering data
with the much improved accuracy of the measured width
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produced by our approach. (We mention in passing that
this fit does not support a pronounced two-pole structure
in the region of the Λ(1405) as advocated in ref. [8].)

It turns out, however, that these results cannot be
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Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
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(47±3) MeV [ 9] in this approach. (Treating the ∆ isobar as an explicit degree of freedom
rather than absorbing it in low-energy constants, there is a tendency for slightly larger
values of σN ).

Figure 1. Pion cloud contributions to
the nucleon mass generated by the chi-
ral effective Lagrangian (3).
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Figure 2. Best fit (solid curve) interpolating be-
tween lattice results [ 10, 11, 12] and the phys-
ical nucleon mass, using NNLO chiral pertur-
bation theory [ 9]. The dashed and dash-dotted
curves show consecutive steps in the expansion [
8].

2.2. Scalar form factor of the nucleon
The prominent role played by the pion as a Goldstone boson of spontaneously broken

chiral symmetry has its strong impact on the low-energy structure and dynamics of nu-
cleons. When probing the individual nucleon with long-wavelength fields, a substantial
part of the response comes from the pion cloud, the ”soft” surface of the nucleon. While
these features are well known and established for the electromagnetic form factors of the
nucleon, its scalar-isoscalar meson cloud is less familiar and frequently obscured by the
notion of an ”effective sigma meson”. On the other hand, the scalar field of the nucleon is
at the origin of the intermediate range nucleon-nucleon force, the source of attraction that
binds nuclei. Let us therefore have a closer look, guided by chiral effective field theory.

Consider the nucleon form factor related to the scalar-isoscalar quark density, GS(q2) =
〈N(p′)|ūu + d̄d|N(p)〉, at squared momentum transfer q2 = (p − p′)2. In fact, a better
quantity to work with is the form factor σN(q2) = mqGS(q2) associated with the scale
invariant object mq(ūu+ d̄d). Assume that this form factor can be written as a subtracted
dispersion relation:

σN(q2 = −Q2) = σN −
Q2

π

∫ ∞

4m2
π

dt
ηS(t)

t(t + Q2)
, (9)

where the sigma term σN introduced previously enters as a subtraction constant. We are
interested in spacelike momentum transfers with Q2 = −q2 ≥ 0. The dispersion integral
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statistical errors have been supplemented following [18].

Additional tight constraints are provided by the well-
measured threshold ratios of the K−p system for which
we find:

γ =
Γ(K−p → π+Σ−)

Γ(K−p → π−Σ+)
= 2.35 ,

Rc =
Γ(K−p → π+Σ−, π−Σ+)

Γ(K−p → all inelastic channels)
= 0.653 ,

Rn =
Γ(K−p → π0Λ)

Γ(K−p → neutral states)
= 0.194 . (13)

The experimental values γ = 2.36 ± 0.04, Rc = 0.664 ±
0.011, Rn = 0.189 ± 0.015 [23, 24] are perfectly well re-
produced by our approach. (We mention in passing that
this fit does not support a pronounced two-pole structure
in the region of the Λ(1405) as advocated in ref. [8].)

It turns out, however, that these results cannot be
brought to simultaneous satisfactory agreement with the
elastic K−p total cross section, and with the strong in-
teraction shift and width in kaonic hydrogen measured at
DEAR [1]. We find ∆E = 236 eV and Γ = 580 eV (with
inclusion of isospin breaking corrections following [16]),
see Fig. 4. In comparison with previous coupled-channels
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nels obtained from the overall χ2 fit to all available data
(solid curve) and with the additional constraint of remaining
within the DEAR data (dashed). The data are taken from
[13] (empty squares), [14] (empty triangles), [19] (full circles),
[20] (full squares), [21] (full triangles), [22] (stars).

calculations, the situation is ameliorated by including
electromagnetic corrections to K−p scattering which are
important close to threshold. Nevertheless, inclusion of
the Coulomb interaction cannot account for the appar-
ent gap between the DEAR result and the bulk of the
existing elastic K−p scattering data (the latter are, ad-
mittedly, of low precision). While there is consistency
with the new value for the energy shift in kaonic hydro-
gen, it is now difficult to accomodate the scattering data
with the much improved accuracy of the measured width
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Additional tight constraints are provided by the well-
measured threshold ratios of the K−p system for which
we find:

γ =
Γ(K−p → π+Σ−)

Γ(K−p → π−Σ+)
= 2.35 ,

Rc =
Γ(K−p → π+Σ−, π−Σ+)

Γ(K−p → all inelastic channels)
= 0.653 ,

Rn =
Γ(K−p → π0Λ)

Γ(K−p → neutral states)
= 0.194 . (13)

The experimental values γ = 2.36 ± 0.04, Rc = 0.664 ±
0.011, Rn = 0.189 ± 0.015 [23, 24] are perfectly well re-
produced by our approach. (We mention in passing that
this fit does not support a pronounced two-pole structure
in the region of the Λ(1405) as advocated in ref. [8].)

It turns out, however, that these results cannot be
brought to simultaneous satisfactory agreement with the
elastic K−p total cross section, and with the strong in-
teraction shift and width in kaonic hydrogen measured at
DEAR [1]. We find ∆E = 236 eV and Γ = 580 eV (with
inclusion of isospin breaking corrections following [16]),
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calculations, the situation is ameliorated by including
electromagnetic corrections to K−p scattering which are
important close to threshold. Nevertheless, inclusion of
the Coulomb interaction cannot account for the appar-
ent gap between the DEAR result and the bulk of the
existing elastic K−p scattering data (the latter are, ad-
mittedly, of low precision). While there is consistency
with the new value for the energy shift in kaonic hydro-
gen, it is now difficult to accomodate the scattering data
with the much improved accuracy of the measured width
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Fig. 3. Observables of strong interaction: shift and width, determined from the measurement of the transition X-ray energy Kα in comparison to

the pure electromagnetic value — stronger bound system means an attractive strong interaction as seen for the πp system, while a looser bound

system is due to a repulsive action of strong interaction as seen for the K − p system.

By assuming an optimized pion production and pion to muon conversion scheme the cost to produce one negative

muon is in the order of 5 GeV. This means, for a scientific break-even point about 300 fusion cycles are necessary and

for economical applications about 900 fusions have to be produced by a single muon. An economical break-even point

seems not to be achievable, but on the other hand, muon catalyzed fusion can contribute to fusion energy development

by supplying an excellent tool to produce a high intense 14 MeV neutron source, which is essential for material studies

for fusion reactors.

3. Physics case — from exotic atoms to exotic nuclei

In light exotic hadronic atoms the Bohr radius is still much larger than the typical range of strong interaction

formulated in QCD, and the average momentum of the bound hadron is very small. Chiral perturbation theory

(ChPT) [20–22], with symmetries and symmetry breaking patterns of QCD included, is an appropriate framework

to analyse the dynamics of hadrons at low energy, and to describe the observable effects in the spectrum of exotic

hadronic atoms. For light atoms, especially for hydrogen atoms, a detectable energy shift of the ground state is

expected (with respect to the pure QED value) as well as an observable broadened ground state level, caused by

nuclear absorption (Fig. 3). By measuring these observables, the s-wave hadron–hadron scattering lengths at zero

energy could be extracted, which are sensitive measures of the chiral and isospin symmetry breaking pattern in QCD.

Therefore, the measurements of the strong interaction induced shift and width will help in the further understanding

of one of the outstanding fundamental problems in hadron physics today, namely the origin of the large hadron

masses made up of light quarks. The current mass of the up (u) and down (d) quarks (mu,d ≈ 5 MeV) is two

orders of magnitude smaller than a typical hadron mass of about 1 GeV. At low energies confinement requires QCD

eigenstates, which are not elementary quarks and gluons, but hadrons made of colour singlet quarks and gluons. This

extraordinary phenomenon is proposed to originate from spontaneous breaking of chiral symmetry of massless quarks

in strong interaction physics [23]. It results in a ground state – the vacuum state – which hosts a strong condensate of

quark–antiquark pairs, the chiral quark condensate [24]. The hadrons are considered to be quasi particle excitations

of this chiral condensate with a antiquark–quark pair vacuum expectation value �q̄q� ∼= −1.5 fm
−3

. The lowest

excitation modes of the condensate, so called Nambu–Goldstone bosons [23], are identified as pions containing light

quarks. The pion mass vanishes in the exact chiral limit where u- and d-quark are massless. The small physical pion

mass (mπ
∼= 140 MeV) is an indication of the spontaneously broken chiral symmetry and reflects therefore that u-

and d-quarks have non-zero masses mu,d ∼= 5 MeV.

The low energy theorem of Tomozawa [25] and Weinberg [26] gives for the pion–nucleon s-wave scattering the

following relations for the isoscalar (isospin-even) T +
and isovector (isospin-odd) T −

matrices:

T + = 1

2
· (Tπ− p + Tπ−n) ≡ 4 · π · ε1 · a+ = 0 (11)

T − = 1

2
· (Tπ− p − Tπ−n) ≡ −4 · π · ε1 · a− = ω

2 · F2
π

(12)

with ε1 = 1 + mπ/M = 1.149, and the isoscalar and isovector scattering lengths a+, a−
, respectively. The isoscalar

T +
matrix vanishes in leading order and therefore the isoscalar scattering lengths a+ = 0. This means that the

pion–proton interaction has the same value as the pion–neutron interaction but opposite sign. The isovector part of the

pion–nucleon interaction T −
(and also a−

) is determined by the pion decay constant Fπ with the T matrix evaluated

transition energy

Kaonic hydrogen 2p→1s ~6.5 keV

kaonic helium 3d→2p ~6.4 keV (K- 4He)
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A schematic side view of the SIDDHARTA setup installed at the interaction point of DAΦNE.

%. Resulting low energy K−’s (∼ 16 MeV of kinetic en-
ergy)with small energy spread are well-suited to be stopped
at a low density gaseous target efficiently for producing
K−p and K−d atoms. This is a major advantage to perform
the K−p and K−d x-ray measurements at DAΦNE. It is es-
sential to employ a low density gaseous target for the mea-
surements, since the yields strongly depend on the target
density due to their Stark effects.

Figure 2 illustrates a schematic view of the SIDDHARTA
setup. A coincidence of a back-to-back K+K− pair sig-
nal detected by two plastic scintillation counters installed
above and below the positron-electron collision point was
employed as a kaon trigger. The incident K−’s were de-
graded in an optimized (with respect to the φ boost) mylar

degrader, and were stopped inside the target. X-rays emit-
ted from the kaonic atoms were detected by x-ray detectors
which viewed the target through the 125 µm-thick Kapton
window of the target cell.

As x-ray detectors, we employed 144 silicon drift de-
tectors (SDDs) developed especially for this experiment,
each having an effective area of 1 cm2. The energy reso-
lution of the SDD is about twice as good as the Si(Li) de-
tectors used in the past experiment (KpX) [6], and the time
resolution of sub-micro seconds whereas CCD detectors
employed by the previous experiment (DEAR) [7] were
not appropriate for triggered setup due to the long readout
time.
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gion. A resonant state �(1405) couples to the K̄N system

just below the K̄N threshold in the I�0 channel. The

�(1405) is one of the most poorly understood objects among
low-mass baryons. The dispute about its structure, whether it

is a K̄N bound state �2–4� or a three-quark state �5,6�, is still
unresolved. Since the �(1405) resonance dominates the I
�0 K̄N amplitude near threshold, it is expected that the

structure of the �(1405) can be investigated through study
of the low-energy K̄N interaction, in particular, through mea-

surement of kaonic hydrogen atom x rays. More importantly,

systematic studies of the low-energy KN and K̄N interac-

tions will allow a more reliable determination of the KN �
term (�KN), which is related to the strangeness content of

the proton �7�.
At present experimental data are available for �a� K�p

elastic and inelastic cross sections, �b� branching ratios for
the K� absorption at rest in hydrogen, �c� �� invariant mass

distribution below the K̄N threshold �showing the �(1405)
resonance bump�, and �d� three measurements of kaonic hy-
drogen x rays �8–10�. The results of the previous studies of
the low-energy K̄N interaction are quite puzzling. Conven-

tional analyses of data for �a�–�c� find that ReaK�p�0. For
example, Martin �11� obtained a0��1.70�i0.68 fm and

a1�0.37�i0.60 fm. From Eq. �1�, if ReaK�p�0, the
strong-interaction shift of the kaonic hydrogen atom 1s state

should be repulsive. The three previous measurements, how-

ever, all reported an attractive shift. This discrepancy has

been found to be impossible to reconcile in the conventional

theoretical framework and has been called ‘‘the kaonic hy-

drogen puzzle.’’ The quality of the previous x-ray measure-

ments, however, was also called into question. The x-ray

spectra suffered from a large background and low statistics,

and hence x-ray signals were very difficult to identify. There-

fore, a definitive experiment has been long awaited.

We have performed a new experiment at KEK to measure

kaonic hydrogen x rays, using novel experimental tech-

niques, and have succeeded in observing distinct K-series

kaonic hydrogen x rays with good signal-to-noise ratio in the

energy spectrum. A preliminary result has been reported

�12�. In this paper, we present a full account of our experi-
ment, including the details of the analysis that have not been

previously reported.

II. EXPERIMENTAL METHOD AND APPARATUS

A kaonic hydrogen atom is formed when a negative kaon

is stopped in hydrogen. A typical experimental procedure for

the kaonic hydrogen x-ray measurement consists of exposing

a hydrogen target to a low-energy kaon beam and detecting

emitted x rays coincident with the incoming kaons by detec-

tors placed in or around the target. In this experiment, in

addition to these, tagging on two charged pions from the

K�p absorption was used in order to select appropriate

events. The use of a gaseous target is another new feature of

this experiment. A detailed description of the principles of

the experiment and the experimental apparatus is given in a

separate paper �13�. Here we give a short account relevant to
the later description of the data analysis procedure.

The experiment was performed at the K3 low-energy

separated beam line at the KEK Proton Synchrotron. A

cross-sectional side view of the experimental apparatus is

shown in Fig. 1. For later use, a Cartesian coordinate system

(x ,y ,z) is defined with the z axis along the beam direction

�the beam travels in the positive z direction�, the x axis hori-
zontal, and the y axis vertical. Also a cylindrical coordinate

FIG. 1. Experimental apparatus �cross section�. Negative kaons of 600 MeV/c were slowed down in the carbon degrader and brought to
rest in the hydrogen gas target, forming kaonic hydrogen atoms. The timing of the incoming beam was determined by the B2 counter. Three

Lucite Čerenkov counters served for K/� separation. X rays from kaonic hydrogen atoms were detected with the Si�Li� x-ray detectors
placed in the hydrogen volume. The two layers of scintillation counter arrays �T1 and T2�, the two cylindrical MWPCs �C1 and C2�, and the
water Čerenkov counter array surrounding the target served to detect two charged pions from K�p absorption to select appropriate events.
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M.Iwasaki et al &
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4. Cascade-constrained iterative fit

The fit to the 3–10 keV region performed as the last step

of the iterative fitting procedure in the previous section gave

rather unrealistic intensity ratios for the K-series lines in

Kcomplex , although our criterion for the iterative procedure

was that as long as the shape of the left side of the Kcomplex
peak is reproduced �without regard to the intensity ratios for
the lines in the Kcomplex), the correct values for the shift and

width can be obtained.

In order to check the validity of the iterative procedure, it

is appropriate to check whether the same result can be ob-

tained when more realistic intensity ratios for the lines in the

Kcomplex are used. An iterative fitting procedure was therefore

examined with the intensity ratios of the lines in Kcomplex
constrained by the cascade code of Borie and Leon �21�.

�1� The region RK� was fitted as in the cascade-

unconstrained fit described in the preceding section. The free

parameters were the shift, the width, and the amplitude of the

K� peak.

�2� The 3–10 keV region was fitted to the full function

keeping the shift and width fixed and varying the amplitude

of each line. Here the intensity ratios among the Kcomplex
were constrained by the cascade code whose parameters kstk
and T were fixed at 1.8 and 1.0 eV and only �2p was allowed
to vary.

�3� Again the region RK� was fitted, as in the cascade-

unconstrained fit described in the preceding section, this time

using the full function treating the tail of Kcomplex and the

titanium peak as part of the background. The shift, width,

and amplitude of the K� peak were free parameters.

�4� The last two steps were repeated until the values of the
shift and width converged.

RK� was varied as in the preceding section and the fitted

results were evaluated in the same way. The shift and width

obtained were

�E1s��323�61�5 eV

and

�1s�406�206�65 eV,

where again the first error is statistical and the second is the

systematic error associated with this procedure. These results

are fully consistent with those obtained with the cascade-

unconstrained iterative fit. The value obtained for �2p from
the fit was �0.3 meV, which was within the range of com-
monly accepted values. Also, the resultant intensity of K� ,
which was not cascade constrained, agreed with the value

predicted by the cascade code within 10%.

5. Systematic errors associated with the background estimation

and the energy calibration

The systematic error associated with the background esti-

mation was evaluated by varying each coefficient of the qua-

dratic function by one standard deviation, fitting the spec-

trum by the iterative method with the new background, and

observing the change in the fitted results. The background

function was expanded around the K� electromagnetic en-

ergy so that the changes in the fitted results by the variation

of different coefficients are uncorrelated, that is,

IBG�E ��c0�c1�E�E2p→1s
E.M. ��c2�E�E2p→1s

E.M. �2. �6�

FIG. 20. The shift and width versus the RK� width for the

cascade-unconstrained iterative fit.

FIG. 21. X-ray spectrum with the fitted curve. This is the result

of the last step of the cascade-unconstrained fit for RK�

�1.7 keV. The bar chart indicates the energy and the relative in-
tensity of each line.

TABLE III. Results of the cascade-unconstrained iterative fit.

The values of the fitting parameters were obtained from the last

iteration for RK��1.7 keV. The error values for the intensities of
K� and higher lines for the 3–10 keV fit are not shown because

they are strongly correlated.

K� region fit 3–10 keV fit

DOF a 31 132

�P
2 24.446 154.9

�P
2/DOF 0.789 1.17

�E1s �eV� �326�62 �326 �fixed�
�1s �eV� 397�200 397 �fixed�

K� x ray �counts� 113.9�24.7 115.9�17.8

K� x ray �counts� 55.2 �fixed� 55.1�28.8

K� x ray �counts� 37.8 �fixed� 37.3

K� x ray �counts� 80.4 �fixed� 81.5

K� x ray �counts� 0.0 �fixed� 0.0

K� x ray �counts� 0.0 �fixed� 0.0

K� x ray �counts� 142.2 �fixed� 141.8

aDegree of freedom.
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DEAR @ DAΦNE

J. Marton STORI '05, Bonn 9

CCD-Detector Array

Array of 16 CCD55-30 
-1242 x 1152 pixels / chip

- pixel size 22.5 x 22.5 m

- total area per chip 7.24 cm2

- depletion depth ~30 m

- read-out time per CCD 2 min.

- energy resolution ~150 eV @ 6keV

- temperature stabilized at 165 K

Array of 16 CCD55-30 
-1242 x 1152 pixels / chip

- pixel size 22.5 x 22.5 m

- total area per chip 7.24 cm2

- depletion depth ~30 m

- read-out time per CCD 2 min.

- energy resolution ~150 eV @ 6keV

- temperature stabilized at 165 K

CCD, good energy 
resolution (150 eV @ 6 keV)

but no time resolution
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J. Zmeskal / Progress in Particle and Nuclear Physics 61 (2008) 512–550 527

Fig. 10. Top: Kaonic hydrogen X-ray spectrum for an integrated luminosity of 60 pb−1 using only single and double pixel events, showing the
large bremsstrahlung background coming from the Touschek effect and beam gas interaction. The Kα and Kβ line together with the K complex
region are visible. Bottom: Continuous background and fluorescence X-ray line subtracted kaonic hydrogen spectrum.

target cell. By fixing the energy position of the Ti and Zr lines, the position of the Ca line could be determined with
accuracy of better than 1eV. In addition, the resolution of the Ti Kα line width for the sum of all CCDs was better than
150 eV for the whole beam time.

Although all material used for the target cell and the mounting device for the CCDs was carefully checked using
various analysis methods (done by external companies and research institutes), it was not possible to completely
avoid iron impurities in the construction material. The iron fluorescence line overlaps partly with the kaonic hydrogen
Kα line and has to be disentangled and subtracted. Based on two background measurements — the first with kaons
stopped in nitrogen as target gas, the second with hydrogen, but separated beams (meaning no collisions and therefore
no kaons produced) — it was possible to subtract the iron fluorescence line from the kaonic Kα line.

After subtraction of the continuous background and the iron fluorescence line (Fig. 10, bottom) the data were fitted
with the position and width of the Kα line as a free parameter with the constraint that Kβ and Kγ have the same line
width and fixed energy relative to the Kα line, as given by QED calculations.

The result of the DEAR experiment for the 1s strong interaction shift and absorption width of kaonic hydrogen
is [42]:

ε1s = (−193 ± 37stat ± 6sys) eV (44)

Γ1s = (249 ± 111stat ± 30sys) eV. (45)

The shift is determined by subtracting the calculated pure electromagnetic transition energy εel. = 6480±1 eV [52]
from the measured X-ray transition energy. The negative sign of the shift means a repulsive strong interaction, the

 G. Beer, et al., Phys. Rev. Lett. 94 (2005) 212302.
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Fig. 10. Top: Kaonic hydrogen X-ray spectrum for an integrated luminosity of 60 pb−1 using only single and double pixel events, showing the
large bremsstrahlung background coming from the Touschek effect and beam gas interaction. The Kα and Kβ line together with the K complex
region are visible. Bottom: Continuous background and fluorescence X-ray line subtracted kaonic hydrogen spectrum.

target cell. By fixing the energy position of the Ti and Zr lines, the position of the Ca line could be determined with
accuracy of better than 1eV. In addition, the resolution of the Ti Kα line width for the sum of all CCDs was better than
150 eV for the whole beam time.

Although all material used for the target cell and the mounting device for the CCDs was carefully checked using
various analysis methods (done by external companies and research institutes), it was not possible to completely
avoid iron impurities in the construction material. The iron fluorescence line overlaps partly with the kaonic hydrogen
Kα line and has to be disentangled and subtracted. Based on two background measurements — the first with kaons
stopped in nitrogen as target gas, the second with hydrogen, but separated beams (meaning no collisions and therefore
no kaons produced) — it was possible to subtract the iron fluorescence line from the kaonic Kα line.

After subtraction of the continuous background and the iron fluorescence line (Fig. 10, bottom) the data were fitted
with the position and width of the Kα line as a free parameter with the constraint that Kβ and Kγ have the same line
width and fixed energy relative to the Kα line, as given by QED calculations.

The result of the DEAR experiment for the 1s strong interaction shift and absorption width of kaonic hydrogen
is [42]:

ε1s = (−193 ± 37stat ± 6sys) eV (44)

Γ1s = (249 ± 111stat ± 30sys) eV. (45)

The shift is determined by subtracting the calculated pure electromagnetic transition energy εel. = 6480±1 eV [52]
from the measured X-ray transition energy. The negative sign of the shift means a repulsive strong interaction, the

DEAR spectrum
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4. Cascade-constrained iterative fit

The fit to the 3–10 keV region performed as the last step

of the iterative fitting procedure in the previous section gave

rather unrealistic intensity ratios for the K-series lines in

Kcomplex , although our criterion for the iterative procedure

was that as long as the shape of the left side of the Kcomplex
peak is reproduced �without regard to the intensity ratios for
the lines in the Kcomplex), the correct values for the shift and

width can be obtained.

In order to check the validity of the iterative procedure, it

is appropriate to check whether the same result can be ob-

tained when more realistic intensity ratios for the lines in the

Kcomplex are used. An iterative fitting procedure was therefore

examined with the intensity ratios of the lines in Kcomplex
constrained by the cascade code of Borie and Leon �21�.

�1� The region RK� was fitted as in the cascade-

unconstrained fit described in the preceding section. The free

parameters were the shift, the width, and the amplitude of the

K� peak.

�2� The 3–10 keV region was fitted to the full function

keeping the shift and width fixed and varying the amplitude

of each line. Here the intensity ratios among the Kcomplex
were constrained by the cascade code whose parameters kstk
and T were fixed at 1.8 and 1.0 eV and only �2p was allowed
to vary.

�3� Again the region RK� was fitted, as in the cascade-
unconstrained fit described in the preceding section, this time

using the full function treating the tail of Kcomplex and the

titanium peak as part of the background. The shift, width,

and amplitude of the K� peak were free parameters.

�4� The last two steps were repeated until the values of the
shift and width converged.

RK� was varied as in the preceding section and the fitted
results were evaluated in the same way. The shift and width

obtained were

�E1s��323�61�5 eV

and

�1s�406�206�65 eV,

where again the first error is statistical and the second is the

systematic error associated with this procedure. These results

are fully consistent with those obtained with the cascade-

unconstrained iterative fit. The value obtained for �2p from
the fit was �0.3 meV, which was within the range of com-
monly accepted values. Also, the resultant intensity of K� ,
which was not cascade constrained, agreed with the value

predicted by the cascade code within 10%.

5. Systematic errors associated with the background estimation

and the energy calibration

The systematic error associated with the background esti-

mation was evaluated by varying each coefficient of the qua-

dratic function by one standard deviation, fitting the spec-

trum by the iterative method with the new background, and

observing the change in the fitted results. The background

function was expanded around the K� electromagnetic en-

ergy so that the changes in the fitted results by the variation

of different coefficients are uncorrelated, that is,

IBG�E ��c0�c1�E�E2p→1s
E.M. ��c2�E�E2p→1s

E.M. �2. �6�

FIG. 20. The shift and width versus the RK� width for the

cascade-unconstrained iterative fit.

FIG. 21. X-ray spectrum with the fitted curve. This is the result

of the last step of the cascade-unconstrained fit for RK�
�1.7 keV. The bar chart indicates the energy and the relative in-
tensity of each line.

TABLE III. Results of the cascade-unconstrained iterative fit.

The values of the fitting parameters were obtained from the last

iteration for RK��1.7 keV. The error values for the intensities of
K� and higher lines for the 3–10 keV fit are not shown because

they are strongly correlated.

K� region fit 3–10 keV fit

DOF a 31 132

�P
2 24.446 154.9

�P
2/DOF 0.789 1.17

�E1s �eV� �326�62 �326 �fixed�
�1s �eV� 397�200 397 �fixed�

K� x ray �counts� 113.9�24.7 115.9�17.8

K� x ray �counts� 55.2 �fixed� 55.1�28.8

K� x ray �counts� 37.8 �fixed� 37.3

K� x ray �counts� 80.4 �fixed� 81.5

K� x ray �counts� 0.0 �fixed� 0.0

K� x ray �counts� 0.0 �fixed� 0.0

K� x ray �counts� 142.2 �fixed� 141.8

aDegree of freedom.
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A schematic side view of the SIDDHARTA setup installed at the interaction point of DAΦNE.

%. Resulting low energy K−’s (∼ 16 MeV of kinetic en-
ergy)with small energy spread are well-suited to be stopped
at a low density gaseous target efficiently for producing
K−p and K−d atoms. This is a major advantage to perform
the K−p and K−d x-ray measurements at DAΦNE. It is es-
sential to employ a low density gaseous target for the mea-
surements, since the yields strongly depend on the target
density due to their Stark effects.

Figure 2 illustrates a schematic view of the SIDDHARTA
setup. A coincidence of a back-to-back K+K− pair sig-
nal detected by two plastic scintillation counters installed
above and below the positron-electron collision point was
employed as a kaon trigger. The incident K−’s were de-
graded in an optimized (with respect to the φ boost) mylar

degrader, and were stopped inside the target. X-rays emit-
ted from the kaonic atoms were detected by x-ray detectors
which viewed the target through the 125 µm-thick Kapton
window of the target cell.

As x-ray detectors, we employed 144 silicon drift de-
tectors (SDDs) developed especially for this experiment,
each having an effective area of 1 cm2. The energy reso-
lution of the SDD is about twice as good as the Si(Li) de-
tectors used in the past experiment (KpX) [6], and the time
resolution of sub-micro seconds whereas CCD detectors
employed by the previous experiment (DEAR) [7] were
not appropriate for triggered setup due to the long readout
time.

03023-p.2

U.-G. Meißner, U. Raha and A. Rusetsky, Eur. Phys. J. C35 (2004) 349
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‣ necessity for improved measurements

‣ K-p and K-d

‣ CCD is not an ideal detector

‣ X-ray detector(s) with good energy & time 
resolution necessary

‣ Silicon Drift Detector

post DEAR
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Silicon Drift Detector (SDD)

resolution ΔE/E!  detector capacitance!
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A schematic side view of the SIDDHARTA setup installed at the interaction point of DAΦNE.

%. Resulting low energy K−’s (∼ 16 MeV of kinetic en-
ergy)with small energy spread are well-suited to be stopped
at a low density gaseous target efficiently for producing
K−p and K−d atoms. This is a major advantage to perform
the K−p and K−d x-ray measurements at DAΦNE. It is es-
sential to employ a low density gaseous target for the mea-
surements, since the yields strongly depend on the target
density due to their Stark effects.

Figure 2 illustrates a schematic view of the SIDDHARTA
setup. A coincidence of a back-to-back K+K− pair sig-
nal detected by two plastic scintillation counters installed
above and below the positron-electron collision point was
employed as a kaon trigger. The incident K−’s were de-
graded in an optimized (with respect to the φ boost) mylar

degrader, and were stopped inside the target. X-rays emit-
ted from the kaonic atoms were detected by x-ray detectors
which viewed the target through the 125 µm-thick Kapton
window of the target cell.

As x-ray detectors, we employed 144 silicon drift de-
tectors (SDDs) developed especially for this experiment,
each having an effective area of 1 cm2. The energy reso-
lution of the SDD is about twice as good as the Si(Li) de-
tectors used in the past experiment (KpX) [6], and the time
resolution of sub-micro seconds whereas CCD detectors
employed by the previous experiment (DEAR) [7] were
not appropriate for triggered setup due to the long readout
time.

03023-p.2



Ryu Hayano, MENU2010

Region of
kaonic hydrogen
lines

KC (5-4)

KC
 (6-

5)

Ti K
α

Pb 
L β

KN
 (5-

4)

KO
 (6-

5)

KC
 (7-

5)

Pb 
L α

KC
 (6-

4)

KA
l (6

-4)

4. Cascade-constrained iterative fit

The fit to the 3–10 keV region performed as the last step

of the iterative fitting procedure in the previous section gave

rather unrealistic intensity ratios for the K-series lines in

Kcomplex , although our criterion for the iterative procedure

was that as long as the shape of the left side of the Kcomplex
peak is reproduced �without regard to the intensity ratios for
the lines in the Kcomplex), the correct values for the shift and

width can be obtained.

In order to check the validity of the iterative procedure, it

is appropriate to check whether the same result can be ob-

tained when more realistic intensity ratios for the lines in the

Kcomplex are used. An iterative fitting procedure was therefore

examined with the intensity ratios of the lines in Kcomplex
constrained by the cascade code of Borie and Leon �21�.

�1� The region RK� was fitted as in the cascade-

unconstrained fit described in the preceding section. The free

parameters were the shift, the width, and the amplitude of the

K� peak.

�2� The 3–10 keV region was fitted to the full function

keeping the shift and width fixed and varying the amplitude

of each line. Here the intensity ratios among the Kcomplex
were constrained by the cascade code whose parameters kstk
and T were fixed at 1.8 and 1.0 eV and only �2p was allowed
to vary.

�3� Again the region RK� was fitted, as in the cascade-
unconstrained fit described in the preceding section, this time

using the full function treating the tail of Kcomplex and the

titanium peak as part of the background. The shift, width,

and amplitude of the K� peak were free parameters.

�4� The last two steps were repeated until the values of the
shift and width converged.

RK� was varied as in the preceding section and the fitted
results were evaluated in the same way. The shift and width

obtained were

�E1s��323�61�5 eV

and

�1s�406�206�65 eV,

where again the first error is statistical and the second is the

systematic error associated with this procedure. These results

are fully consistent with those obtained with the cascade-

unconstrained iterative fit. The value obtained for �2p from
the fit was �0.3 meV, which was within the range of com-
monly accepted values. Also, the resultant intensity of K� ,
which was not cascade constrained, agreed with the value

predicted by the cascade code within 10%.

5. Systematic errors associated with the background estimation

and the energy calibration

The systematic error associated with the background esti-

mation was evaluated by varying each coefficient of the qua-

dratic function by one standard deviation, fitting the spec-

trum by the iterative method with the new background, and

observing the change in the fitted results. The background

function was expanded around the K� electromagnetic en-

ergy so that the changes in the fitted results by the variation

of different coefficients are uncorrelated, that is,

IBG�E ��c0�c1�E�E2p→1s
E.M. ��c2�E�E2p→1s

E.M. �2. �6�

FIG. 20. The shift and width versus the RK� width for the

cascade-unconstrained iterative fit.

FIG. 21. X-ray spectrum with the fitted curve. This is the result

of the last step of the cascade-unconstrained fit for RK�
�1.7 keV. The bar chart indicates the energy and the relative in-
tensity of each line.

TABLE III. Results of the cascade-unconstrained iterative fit.

The values of the fitting parameters were obtained from the last

iteration for RK��1.7 keV. The error values for the intensities of
K� and higher lines for the 3–10 keV fit are not shown because

they are strongly correlated.

K� region fit 3–10 keV fit

DOF a 31 132

�P
2 24.446 154.9

�P
2/DOF 0.789 1.17

�E1s �eV� �326�62 �326 �fixed�
�1s �eV� 397�200 397 �fixed�
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K� x ray �counts� 37.8 �fixed� 37.3

K� x ray �counts� 80.4 �fixed� 81.5
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4. Cascade-constrained iterative fit

The fit to the 3–10 keV region performed as the last step

of the iterative fitting procedure in the previous section gave

rather unrealistic intensity ratios for the K-series lines in

Kcomplex , although our criterion for the iterative procedure

was that as long as the shape of the left side of the Kcomplex
peak is reproduced �without regard to the intensity ratios for
the lines in the Kcomplex), the correct values for the shift and

width can be obtained.

In order to check the validity of the iterative procedure, it

is appropriate to check whether the same result can be ob-

tained when more realistic intensity ratios for the lines in the

Kcomplex are used. An iterative fitting procedure was therefore

examined with the intensity ratios of the lines in Kcomplex
constrained by the cascade code of Borie and Leon �21�.

�1� The region RK� was fitted as in the cascade-

unconstrained fit described in the preceding section. The free
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keeping the shift and width fixed and varying the amplitude

of each line. Here the intensity ratios among the Kcomplex
were constrained by the cascade code whose parameters kstk
and T were fixed at 1.8 and 1.0 eV and only �2p was allowed
to vary.

�3� Again the region RK� was fitted, as in the cascade-
unconstrained fit described in the preceding section, this time

using the full function treating the tail of Kcomplex and the
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and amplitude of the K� peak were free parameters.

�4� The last two steps were repeated until the values of the
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RK� was varied as in the preceding section and the fitted
results were evaluated in the same way. The shift and width

obtained were
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and

�1s�406�206�65 eV,

where again the first error is statistical and the second is the

systematic error associated with this procedure. These results

are fully consistent with those obtained with the cascade-

unconstrained iterative fit. The value obtained for �2p from
the fit was �0.3 meV, which was within the range of com-
monly accepted values. Also, the resultant intensity of K� ,
which was not cascade constrained, agreed with the value

predicted by the cascade code within 10%.

5. Systematic errors associated with the background estimation
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The systematic error associated with the background esti-

mation was evaluated by varying each coefficient of the qua-

dratic function by one standard deviation, fitting the spec-

trum by the iterative method with the new background, and

observing the change in the fitted results. The background

function was expanded around the K� electromagnetic en-

ergy so that the changes in the fitted results by the variation

of different coefficients are uncorrelated, that is,
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FIG. 21. X-ray spectrum with the fitted curve. This is the result

of the last step of the cascade-unconstrained fit for RK�
�1.7 keV. The bar chart indicates the energy and the relative in-
tensity of each line.

TABLE III. Results of the cascade-unconstrained iterative fit.

The values of the fitting parameters were obtained from the last

iteration for RK��1.7 keV. The error values for the intensities of
K� and higher lines for the 3–10 keV fit are not shown because

they are strongly correlated.
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%. Resulting low energy K−’s (∼ 16 MeV of kinetic en-
ergy)with small energy spread are well-suited to be stopped
at a low density gaseous target efficiently for producing
K−p and K−d atoms. This is a major advantage to perform
the K−p and K−d x-ray measurements at DAΦNE. It is es-
sential to employ a low density gaseous target for the mea-
surements, since the yields strongly depend on the target
density due to their Stark effects.

Figure 2 illustrates a schematic view of the SIDDHARTA
setup. A coincidence of a back-to-back K+K− pair sig-
nal detected by two plastic scintillation counters installed
above and below the positron-electron collision point was
employed as a kaon trigger. The incident K−’s were de-
graded in an optimized (with respect to the φ boost) mylar

degrader, and were stopped inside the target. X-rays emit-
ted from the kaonic atoms were detected by x-ray detectors
which viewed the target through the 125 µm-thick Kapton
window of the target cell.

As x-ray detectors, we employed 144 silicon drift de-
tectors (SDDs) developed especially for this experiment,
each having an effective area of 1 cm2. The energy reso-
lution of the SDD is about twice as good as the Si(Li) de-
tectors used in the past experiment (KpX) [6], and the time
resolution of sub-micro seconds whereas CCD detectors
employed by the previous experiment (DEAR) [7] were
not appropriate for triggered setup due to the long readout
time.

03023-p.2

U.-G. Meißner, U. Raha and A. Rusetsky, Eur. Phys. J. C35 (2004) 349
B. Borasoy, R. Nißler and W. Weise, Eur. Phys. J. A25 (2005) 79
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Ryu Hayano, MENU2010

Batty (1990), 
Hirenzaki et al (2000), 
Friedman (2007)

(chiral unitary+ optical model):

~0.2eV

Very small shift @ Z=2

5 10 15 20 25 30 35 40
Atomic number Z

16O

2p
 s

hi
ft

 (
ke

V
)

Z=2

4He



Ryu Hayano, MENU2010

Exp:-43 ± 8 eV

ΔE
2p

 (
eV

)

Theory ~ 0 eV

Puzzle: 5σ discrepancy 



Ryu Hayano, MENU2010

Author's personal copy

Physics Letters B 653 (2007) 387–391
www.elsevier.com/locate/physletb

Precision measurement of the 3d → 2p x-ray energy in kaonic 4He

S. Okada a,∗, G. Beer b, H. Bhang c, M. Cargnelli d, J. Chiba e, Seonho Choi c, C. Curceanu f,
Y. Fukuda g, T. Hanaki e, R.S. Hayano h, M. Iio a, T. Ishikawa h, S. Ishimoto i, T. Ishiwatari d,

K. Itahashi a, M. Iwai i, M. Iwasaki a,g, B. Juhász d, P. Kienle d,j, J. Marton d, Y. Matsuda a,
H. Ohnishi a, H. Outa a, M. Sato g,1, P. Schmid d, S. Suzuki i, T. Suzuki a, H. Tatsuno h, D. Tomono a,

E. Widmann d, T. Yamazaki a,h, H. Yim c, J. Zmeskal d

a RIKEN Nishina Center, RIKEN, Saitama 351-0198, Japan
b Department of Physics and Astronomy, University of Victoria, British Columbia V8W 3P6, Canada

c Department of Physics, Seoul National University, Seoul 151-742, South Korea
d Stefan Meyer Institut für subatomare Physik, Austrian Academy of Sciences, A-1090 Vienna, Austria

e Department of Physics, Tokyo University of Science, Chiba 278-8510, Japan
f Laboratori Nazionali di Frascati, INFN, I-00044 Frascati, Italy

g Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan
h Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan

i High Energy Accelerator Research Organization (KEK), Ibaraki 305-0801, Japan
j Physik Department, Technische Universität München, D-85748 Garching, Germany

Received 30 June 2007; accepted 13 August 2007

Available online 17 August 2007

Editor: V. Metag

Abstract

We have measured the Balmer-series x-rays of kaonic 4He atoms using novel large-area silicon drift x-ray detectors in order to study the
low-energy K̄-nucleus strong interaction. The energy of the 3d → 2p transition was determined to be 6467 ± 3(stat) ± 2(syst) eV. The resulting
strong-interaction energy-level shift is in agreement with theoretical calculations, thus eliminating a long-standing discrepancy between theory
and experiment.
 2007 Elsevier B.V. All rights reserved.

PACS: 13.75.Jz; 25.80.Nv; 36.10.Gv

Keywords: Kaonic atom; X-ray spectroscopy; Silicon drift detector

1. Introduction

The measurement of the strong-interaction energy-level shift
and width of kaonic atom x-rays offers a unique possibility to
precisely determine the K̄-nucleus strong interaction in the low
energy limit. Therefore many experiments have been performed
to collect data on a variety of targets from hydrogen to uranium.

* Corresponding author.
E-mail address: sokada@riken.jp (S. Okada).

1 Present address: RIKEN Nishina Center, RIKEN, Saitama 351-0198, Japan.

It has been known that most of the available kaonic-atom data
can be fitted fairly well for Z � 2 by optical-potential models
[1] with the exception of kaonic helium and oxygen.

The strong-interaction shift of the 2p level !E2p for kaonic
4He has been previously measured in three experiments. Note
that !E2p is defined as !E2p ≡ −(E(2,p) − EEM

(2,p)), where
E(n,l) is the energy of the level with principal quantum number
n and the orbital angular momentum l, and EEM

(n,l) is the energy
calculated using only the electromagnetic interaction (EM). The
average of the three previous results gives !E2p = −43 ± 8 eV
[2–4], while most of the theoretical calculations give !E2p ∼
0 eV [5–7] (e.g. !E2p = −0.13 ± 0.02 eV [5]). They disagree

0370-2693/$ – see front matter  2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2007.08.032

solved the long-sta
nding kaonic helium puzzle
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Produced by KETEK GmbH

SDD (silicon drift detector)

electrons drift to a small 
anode (small capacitance)

high resolution 
(185 eV FWHM @ 6.4 keV), 
despite large area (100 mm2)

8 such SDDs used in E570
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FIG. 1: The partially cutaway drawing of the E570 experimental setup. LC: Lucite Čerenkov counter, T0 and T1: timing
counters, TC: trigger counters.

B. Trigger and signal readout

We made two types of triggers, one was the kaon trig-
ger for tagging the stopped-K− events, and the other
was the SDD self trigger which was used for calibrating
individual SDDs. The kaon trigger required that the in-
coming charged particle to be a kaon and that at least
one secondary-charged particle hit the TC or both the
Pstart and the Pstop.

Typical trigger rate was 500 Hz (450 kaon triggers and
50 SDD-self triggers), and about 76% of triggers were
accepted by the data acquisition system.

The charge-pulse signal from an SDD was taken out
through a hermetic port and was integrated by a charge-
sensitive preamplifier. A transistor reset method was
used to eliminate a feedback resistance, resulting in sup-
pressing the contribution of thermal noise. On the other
hand, a reset pulse invoked an overshoot peak just after
the reset timing, which was rejected at the hardware level
(450 µs-width veto). Signal crosstalk of a neighboring de-
tector which shared a hermetic port was also rejected (16
µs-width veto) not to trigger. In addition, we rejected the
overshoot events due to huge energy deposits of charged
particles penetrated the SDDs (1 µs-width veto).

The output signal of the preamplifier was fed to a

CAEN 16-channel spectroscopy amplifier model N568B
(3 µs shaping time). The pulse height of each SDD was
recorded by a peak-sensing analog-to-digital converter
(ADC) with a 7-µs gate width and also by a flash ADC.
The timing information was recorded by a 5-µs range
time-to-digital converter (TDC). The data were taken in
two periods – 520 hours in October 2005 (cycle 1) and
260 hours in December 2005 (cycle 2). In the cycle 1,
only 3 out of 8 SDDs yielded useful data; the faulty de-
tectors were then replaced, and 7 SDDs were functional
in the cycle 2.

III. ANALYSIS

A. Event selection

1. Fiducial volume

Fig. 3 shows a density plot of x-y vertices reconstructed
as described in the previous section, and Fig. 4 shows
a correlation plot between the z coordinate of the ver-
tex and the light output of kaons on the T0. The light
output was calibrated in MeVee unit by using incident
minimum-ionizing particles in the beam (mostly π−),

"-, etc.

K-

650 MeV/c
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FIG. 2: (a) The schematic drawing of side view of the E570 setup around the cylindrical target with the x-ray detection
system. (b) The front view of the silicon drift detector (SDD) assembly. Eight x-ray detectors are mounted on holders tilted at
a 45 degree angle to the beam center in an annular-shaped pattern. Fan-shaped high-purity titanium and nickel foils are put
alternately on a cone-shaped support located on the beam axis.
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FIG. 3: A typical density plot between the x- and y-
coordinate of the reaction vertex. We adopted

√
x2 + y2 <

10.0 cm as an x-y vertex cut.

with considering the saturation of the photomultipliers
and the Birks effect [15] of the plastic scintillators. Here,
we applied fiducial volume cuts of

√
x2 + y2 < 10.0 cm

on the radius from the target center, and of −6.5 < z <
8.5 cm on the z coordinate.
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FIG. 4: A typical density plot between the z-coordinate of
the reaction vertex and the light output on the T0. For this
plot, x-y vertex cut of

√
x2 + y2 < 10.0 cm had already been

applied.

2. Rejecting in-flight decays and reactions

The in-flight decayed or reacted kaons were contami-
nating the selected vertices even after applying the fidu-
cial volume cuts. To reject them, we used a relation
between the energy deposits of kaons on the T0 and the
reconstructed vertices in the target as shown in Fig. 4.
The in-flight contamination located in the region of lower
light output than that of correlation.
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system. (b) The front view of the silicon drift detector (SDD) assembly. Eight x-ray detectors are mounted on holders tilted at
a 45 degree angle to the beam center in an annular-shaped pattern. Fan-shaped high-purity titanium and nickel foils are put
alternately on a cone-shaped support located on the beam axis.
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with considering the saturation of the photomultipliers
and the Birks effect [15] of the plastic scintillators. Here,
we applied fiducial volume cuts of

√
x2 + y2 < 10.0 cm

on the radius from the target center, and of −6.5 < z <
8.5 cm on the z coordinate.
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2. Rejecting in-flight decays and reactions

The in-flight decayed or reacted kaons were contami-
nating the selected vertices even after applying the fidu-
cial volume cuts. To reject them, we used a relation
between the energy deposits of kaons on the T0 and the
reconstructed vertices in the target as shown in Fig. 4.
The in-flight contamination located in the region of lower
light output than that of correlation.
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reconstructed vertex and the IDstopK defined in Eq. (1). The
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cial volume cuts. We defined here the “stopped kaons” as
IDstopK > −1.0, and the selected histogram of the z vertex is
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We defined an index to cut the in-flight events,

IDstopK = L − Lsim(z), (1)

where L is the measured light output on the T0 and
Lsim(z) is the Birks-corrected simulated value. Fig. 5
shows a density plot between the IDstopK and z-vertex
position. The projected histogram of IDstopK with the
fiducial volume cuts is shown in the right figure. We
adopted here the “stopped kaons” as IDstopK > −1.0,
and the selected histogram of the z vertex is shown in
the bottom figure.

3. Timing selection

The timing of stopped kaons was selected by the TDC
data of SDDs to reduce the accidental background. Fig. 6
(a) shows the typical correlation plot between the SDD
timing (the time difference between kaons arriving and x-
rays detection) and the SDD pulse height, which exhibits
a vertical band due to x rays induced by kaons. The
events of kaonic-helium 3d → 2p x rays are pointed by
an arrow. The accidental hits of titanium and nickel
characteristic x rays were observed, which were shown as
thin horizontal lines.

Figure 6 (b) shows the timing spectrum. The time
walk due to leading-edge-type discriminators was already
corrected. Time resolution of the SDD was ∼ 130 ns (σ)
at ∼83 K, which reflected the drift-time distribution of
the electrons in the SDD. We selected the data within
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FIG. 6: (a) A typical density plot of the kaon-SDD time differ-
ence vs SDD pulse height. (b) A typical time-walk-corrected
SDD timing spectrum. The flat background is accidental co-
incidence with other charged particles.

±2σ from the peak center.

B. Energy calibration

The parameters of energy calibration for individual x-
ray detectors were determined using the characteristic x
rays of titanium and nickel, which were recorded in the
self-tigger data. Single run lasted about 2 hours. The
yield of titanium Kα x ray is 5 × 102 events per hour
per SDD. To obtain accurate calibration parameters and
to trace the gain drifts of x-ray detectors, we needed at
least 104 events (20-hour data), thus about ten 2-hour
runs were grouped into a “meta-run.”

Figure 7 shows a typical ADC spectrum of the SDD.
Titanium and nickel Kα lines were clearly observed. A
calibration line converting ADC channel into energy was
determined from the positions of these Kα lines with the
well-known energies [16] and intensity ratios [17] of Kα1

and Kα2. The information of x rays used for calibration
is listed in Table I.

Timing selection
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existed in the incident beam) on high-purity titanium and nickel
foils placed just behind the target cell. The energy of the kaonic-
helium 3d → 2p x-ray, ∼6.4 keV, lies between the character-
istic x-ray energies, 4.5 keV(Ti) and 7.5 keV(Ni). To obtain
high-statistics energy calibration spectra, we accumulated SDD
self-triggered events together with the stopped-K− triggered
events, which provide high-accuracy in-situ calibration spectra.

To avoid detecting the background characteristic x-rays from
other than the titanium and nickel, high-purity aluminum foils
were placed on all objects in the view of the SDDs.

3. Analysis

Fig. 2 shows the correlation between the z-coordinate of
the reaction vertex and the light output of T0. Each compo-
nent of the target assembly (a carbon degrader, a target cell and
SDDs/foils) is clearly seen. We applied a fiducial volume cut of
−7.0 < z < 9.0 cm on the z coordinate as shown in Fig. 2, and
of

√
x2 + y2 < 11.0 cm on the radius from the target center.

Slower incident kaons, which give larger light output on T0,
stop upstream in the target, while faster kaons (hence smaller
pulse height) stop downstream. Events which follow this trend
were selected as stopped-K− events when lying within the
solid-lined box in Fig. 2.

Stopped-K−-timing events were selected using SDD timing
information to reduce the accidental background. Time resolu-
tion of the SDD after time-walk correction was ∼160 ns (σ ) at
∼83 K, which reflected the drift-time distribution of the elec-
trons in the SDD. Data within ± 2 standard deviations from the
average SDD hit timing were selected.

Fig. 3(a) shows a typical x-ray spectrum for SDD self-
triggered events, which is used for the energy calibration. Char-
acteristic x-ray peaks of titanium and nickel were obtained with
high statistics. Typical yields of titanium Kα peaks are 5 × 102

events per hour for each SDD. Time-dependent gain drift was
corrected about every 20 hours. The energy scale was calibrated
by Kα lines of titanium and nickel with the well-known ener-
gies [10] and intensity ratios [11] of Kα1 and Kα2.

Fig. 2. A typical density plot between the z-coordinate of the reaction vertex
and the light output on T0, used to reject in-flight kaon decay/reaction events.

After applying the event selections described above and cal-
ibrating the energy scale, we obtained x-ray energy spectra for
stopped-K− triggered events shown in Fig. 3. Kaonic-helium
3d → 2p, 4d → 2p and 5d → 2p transitions are clearly ob-
served, while the Ti and Ni x-ray peaks are greatly suppressed.
Fig. 3(b) and (c) respectively show the x-ray spectra taken in
the runs in October 2005 (cycle 1) and December 2005 (cy-

Fig. 3. (a) A typical x-ray spectrum for self-triggered events which provides
high-statistics energy-calibration information. (b), (c) Measured x-ray spectra
for stopped-K− events obtained from the runs in October 2005 (cycle 1) and
December 2005 (cycle 2) respectively. A fit line is also shown for each spec-
trum, along with individual functions of the fit. The fit residuals are shown
under each spectrum, with thin lines denoting the ±2σ values of the data, where
σ is the standard deviation due to the counting statistics.
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existed in the incident beam) on high-purity titanium and nickel
foils placed just behind the target cell. The energy of the kaonic-
helium 3d → 2p x-ray, ∼6.4 keV, lies between the character-
istic x-ray energies, 4.5 keV(Ti) and 7.5 keV(Ni). To obtain
high-statistics energy calibration spectra, we accumulated SDD
self-triggered events together with the stopped-K− triggered
events, which provide high-accuracy in-situ calibration spectra.

To avoid detecting the background characteristic x-rays from
other than the titanium and nickel, high-purity aluminum foils
were placed on all objects in the view of the SDDs.

3. Analysis

Fig. 2 shows the correlation between the z-coordinate of
the reaction vertex and the light output of T0. Each compo-
nent of the target assembly (a carbon degrader, a target cell and
SDDs/foils) is clearly seen. We applied a fiducial volume cut of
−7.0 < z < 9.0 cm on the z coordinate as shown in Fig. 2, and
of

√
x2 + y2 < 11.0 cm on the radius from the target center.

Slower incident kaons, which give larger light output on T0,
stop upstream in the target, while faster kaons (hence smaller
pulse height) stop downstream. Events which follow this trend
were selected as stopped-K− events when lying within the
solid-lined box in Fig. 2.

Stopped-K−-timing events were selected using SDD timing
information to reduce the accidental background. Time resolu-
tion of the SDD after time-walk correction was ∼160 ns (σ ) at
∼83 K, which reflected the drift-time distribution of the elec-
trons in the SDD. Data within ± 2 standard deviations from the
average SDD hit timing were selected.

Fig. 3(a) shows a typical x-ray spectrum for SDD self-
triggered events, which is used for the energy calibration. Char-
acteristic x-ray peaks of titanium and nickel were obtained with
high statistics. Typical yields of titanium Kα peaks are 5 × 102

events per hour for each SDD. Time-dependent gain drift was
corrected about every 20 hours. The energy scale was calibrated
by Kα lines of titanium and nickel with the well-known ener-
gies [10] and intensity ratios [11] of Kα1 and Kα2.

Fig. 2. A typical density plot between the z-coordinate of the reaction vertex
and the light output on T0, used to reject in-flight kaon decay/reaction events.

After applying the event selections described above and cal-
ibrating the energy scale, we obtained x-ray energy spectra for
stopped-K− triggered events shown in Fig. 3. Kaonic-helium
3d → 2p, 4d → 2p and 5d → 2p transitions are clearly ob-
served, while the Ti and Ni x-ray peaks are greatly suppressed.
Fig. 3(b) and (c) respectively show the x-ray spectra taken in
the runs in October 2005 (cycle 1) and December 2005 (cy-

Fig. 3. (a) A typical x-ray spectrum for self-triggered events which provides
high-statistics energy-calibration information. (b), (c) Measured x-ray spectra
for stopped-K− events obtained from the runs in October 2005 (cycle 1) and
December 2005 (cycle 2) respectively. A fit line is also shown for each spec-
trum, along with individual functions of the fit. The fit residuals are shown
under each spectrum, with thin lines denoting the ±2σ values of the data, where
σ is the standard deviation due to the counting statistics.
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existed in the incident beam) on high-purity titanium and nickel
foils placed just behind the target cell. The energy of the kaonic-
helium 3d → 2p x-ray, ∼6.4 keV, lies between the character-
istic x-ray energies, 4.5 keV(Ti) and 7.5 keV(Ni). To obtain
high-statistics energy calibration spectra, we accumulated SDD
self-triggered events together with the stopped-K− triggered
events, which provide high-accuracy in-situ calibration spectra.

To avoid detecting the background characteristic x-rays from
other than the titanium and nickel, high-purity aluminum foils
were placed on all objects in the view of the SDDs.

3. Analysis

Fig. 2 shows the correlation between the z-coordinate of
the reaction vertex and the light output of T0. Each compo-
nent of the target assembly (a carbon degrader, a target cell and
SDDs/foils) is clearly seen. We applied a fiducial volume cut of
−7.0 < z < 9.0 cm on the z coordinate as shown in Fig. 2, and
of

√
x2 + y2 < 11.0 cm on the radius from the target center.

Slower incident kaons, which give larger light output on T0,
stop upstream in the target, while faster kaons (hence smaller
pulse height) stop downstream. Events which follow this trend
were selected as stopped-K− events when lying within the
solid-lined box in Fig. 2.

Stopped-K−-timing events were selected using SDD timing
information to reduce the accidental background. Time resolu-
tion of the SDD after time-walk correction was ∼160 ns (σ ) at
∼83 K, which reflected the drift-time distribution of the elec-
trons in the SDD. Data within ± 2 standard deviations from the
average SDD hit timing were selected.

Fig. 3(a) shows a typical x-ray spectrum for SDD self-
triggered events, which is used for the energy calibration. Char-
acteristic x-ray peaks of titanium and nickel were obtained with
high statistics. Typical yields of titanium Kα peaks are 5 × 102

events per hour for each SDD. Time-dependent gain drift was
corrected about every 20 hours. The energy scale was calibrated
by Kα lines of titanium and nickel with the well-known ener-
gies [10] and intensity ratios [11] of Kα1 and Kα2.

Fig. 2. A typical density plot between the z-coordinate of the reaction vertex
and the light output on T0, used to reject in-flight kaon decay/reaction events.

After applying the event selections described above and cal-
ibrating the energy scale, we obtained x-ray energy spectra for
stopped-K− triggered events shown in Fig. 3. Kaonic-helium
3d → 2p, 4d → 2p and 5d → 2p transitions are clearly ob-
served, while the Ti and Ni x-ray peaks are greatly suppressed.
Fig. 3(b) and (c) respectively show the x-ray spectra taken in
the runs in October 2005 (cycle 1) and December 2005 (cy-

Fig. 3. (a) A typical x-ray spectrum for self-triggered events which provides
high-statistics energy-calibration information. (b), (c) Measured x-ray spectra
for stopped-K− events obtained from the runs in October 2005 (cycle 1) and
December 2005 (cycle 2) respectively. A fit line is also shown for each spec-
trum, along with individual functions of the fit. The fit residuals are shown
under each spectrum, with thin lines denoting the ±2σ values of the data, where
σ is the standard deviation due to the counting statistics.
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FIG. 12: The results of independent-energies fit. The fit lines
are shown for each spectrum along with individual functions
of the fit. The residuals of fit are also shown under each
spectrum with solid lines denoting the ±2σ values of the data,
where σ is the standard deviation due to statistics.

Moreover, present results of shift and width are consis-
tent with the following optical-model calculations. The
calculations of the shift are very close to zero (∼ −0.1) eV
by an analysis with global fits to existing kaonic-atom x-
ray data on various nuclei using an optical potential [1, 6],
and also by a calculation using an SU(3) chiral unitary
model [2]. Friedman has recently calculated a value of
−0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [28]. As for the
width, an optical-model calculation by Batty is 2 eV [6],
and a calculation by Friedman is 2.2 eV [7].
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FIG. 13: The contour plot between the shift ∆E2p and the
width Γ2p. The 1σ, 2σ and 3σ lines are shown. The Γ2p was
constrained to be non-negative. No correlation was observed
between these two parameters.
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These precise results provide a constraint for the depth
of K̄-4He potential relevant to deeply-bound K̄-nuclear
states. Akaishi searched the real part of the K̄-4He po-
tential U0 for a given coupled potential Ucoupl so as to
obtain a maximum shift of |∆E2p| [9]. His calculation was
based on the coupled-channel approach between the K̄N
channel and the Σπ decay channel. Although Akaishi
predicted that the 2p-level shift crossed zero near the
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FIG. 12: The results of independent-energies fit. The fit lines
are shown for each spectrum along with individual functions
of the fit. The residuals of fit are also shown under each
spectrum with solid lines denoting the ±2σ values of the data,
where σ is the standard deviation due to statistics.

Moreover, present results of shift and width are consis-
tent with the following optical-model calculations. The
calculations of the shift are very close to zero (∼ −0.1) eV
by an analysis with global fits to existing kaonic-atom x-
ray data on various nuclei using an optical potential [1, 6],
and also by a calculation using an SU(3) chiral unitary
model [2]. Friedman has recently calculated a value of
−0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [28]. As for the
width, an optical-model calculation by Batty is 2 eV [6],
and a calculation by Friedman is 2.2 eV [7].
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EEM(eV) 6463.46 ± 0.15 (Koike)

corresponds to ±1 eV in X-ray energy 

due to the K mass error
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where E(n,d) − E(2,p) and EEM
(n,d) − EEM

(2,p) correspond to the
measured and calculated EM x-ray energies, respectively. To
combine all statistics of the observed Balmer-series lines, we
calculated !E2p for each line using Eq. (2) and took their sta-
tistical averages; the 2p-level shift was then derived as

(3)!E2p = 2 ± 2(stat) ± 2(syst) eV,

where EM values listed in Table 1 [15] were adopted, and the
systematic error was estimated in the way mentioned above.
Note that the EM energy and thus the energy shift are sensitive
to the value of the kaon mass, for which two slightly disagreeing
measurements exist [16] leading to a large error in the PDG
value. If the kaon mass changes by one standard deviation from
the current value of 493.677(16) MeV/c2 [16], !E2p changes
by about 0.2 eV [15].

5. Conclusion

In conclusion, we have measured the Balmer-series x-rays
of kaonic 4He atoms using silicon drift detectors which lead
to a much improved energy resolution and signal-to-noise ratio
compared to the Si(Li) x-ray detectors used in the past experi-
ments. The kaonic 4He x-ray energy of the 3d → 2p transition
was determined to be 6467 ± 3(stat) ± 2(syst) eV.

Using three observed transition lines (3d → 2p, 4d → 2p

and 5d → 2p) with the corresponding EM values [15], the 2p-
level shift was deduced as !E2p = 2 ± 2(stat) ± 2(syst) eV.
Fig. 4 shows a comparison of the 2p-level shifts between this
work and the previous experiments [2–4]. Our result excludes
the earlier claim of a large shift of about −40 eV.

The theoretical calculations of the shift are very close to
zero (∼ −0.1) eV by an analysis with global fits to existing
kaonic-atom x-ray data on various nuclei using an optical po-
tential [1,5], and also by a calculation using an SU(3) chiral
unitary model [6]. A recent calculation by Friedman gives a
value of −0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [18]. On the other hand,
Akaishi calculated the shift as a function of the real part (U0)

Fig. 4. The 2p-level shift of kaonic 4He, !E2p , obtained from this work and
the past three experiments (WG71 [2], BT79 [3], BR83 [4]). Error bars show
quadratically added statistical and systematic errors. The average of these past
experiments is indicated by the horizontal gray band.

of the K̄N potential depth at a certain coupled potential depth
(Ucoupl = 120 MeV) [19]. The calculation was based on the
coupled-channel approach between the K̄N channel and the
Σπ decay channel. A large shift (|!E2p| ∼ 10 eV) is pre-
dicted near the resonance between atomic and nuclear poles,
when the potential depth is at around ∼200 MeV. The presently
observed small shift disfavors the values of (U0,Ucoupl) =
(∼200 MeV,120 MeV) within his framework.

Our careful and precise determination of the 2p-level shift
resolved the long-standing kaonic helium puzzle. The present
data alone are not sufficient to deduce the K̄-nucleus potential
strength at the center of the nucleus. A unified study with the
2p width to be determined in further analysis and with data to
be collected in kaonic 3He x-ray spectroscopy [20] will indu-
bitably yield invaluable constraints for the theories.
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where E(n,d) − E(2,p) and EEM
(n,d) − EEM

(2,p) correspond to the
measured and calculated EM x-ray energies, respectively. To
combine all statistics of the observed Balmer-series lines, we
calculated !E2p for each line using Eq. (2) and took their sta-
tistical averages; the 2p-level shift was then derived as

(3)!E2p = 2 ± 2(stat) ± 2(syst) eV,

where EM values listed in Table 1 [15] were adopted, and the
systematic error was estimated in the way mentioned above.
Note that the EM energy and thus the energy shift are sensitive
to the value of the kaon mass, for which two slightly disagreeing
measurements exist [16] leading to a large error in the PDG
value. If the kaon mass changes by one standard deviation from
the current value of 493.677(16) MeV/c2 [16], !E2p changes
by about 0.2 eV [15].

5. Conclusion

In conclusion, we have measured the Balmer-series x-rays
of kaonic 4He atoms using silicon drift detectors which lead
to a much improved energy resolution and signal-to-noise ratio
compared to the Si(Li) x-ray detectors used in the past experi-
ments. The kaonic 4He x-ray energy of the 3d → 2p transition
was determined to be 6467 ± 3(stat) ± 2(syst) eV.

Using three observed transition lines (3d → 2p, 4d → 2p

and 5d → 2p) with the corresponding EM values [15], the 2p-
level shift was deduced as !E2p = 2 ± 2(stat) ± 2(syst) eV.
Fig. 4 shows a comparison of the 2p-level shifts between this
work and the previous experiments [2–4]. Our result excludes
the earlier claim of a large shift of about −40 eV.

The theoretical calculations of the shift are very close to
zero (∼ −0.1) eV by an analysis with global fits to existing
kaonic-atom x-ray data on various nuclei using an optical po-
tential [1,5], and also by a calculation using an SU(3) chiral
unitary model [6]. A recent calculation by Friedman gives a
value of −0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [18]. On the other hand,
Akaishi calculated the shift as a function of the real part (U0)

Fig. 4. The 2p-level shift of kaonic 4He, !E2p , obtained from this work and
the past three experiments (WG71 [2], BT79 [3], BR83 [4]). Error bars show
quadratically added statistical and systematic errors. The average of these past
experiments is indicated by the horizontal gray band.

of the K̄N potential depth at a certain coupled potential depth
(Ucoupl = 120 MeV) [19]. The calculation was based on the
coupled-channel approach between the K̄N channel and the
Σπ decay channel. A large shift (|!E2p| ∼ 10 eV) is pre-
dicted near the resonance between atomic and nuclear poles,
when the potential depth is at around ∼200 MeV. The presently
observed small shift disfavors the values of (U0,Ucoupl) =
(∼200 MeV,120 MeV) within his framework.

Our careful and precise determination of the 2p-level shift
resolved the long-standing kaonic helium puzzle. The present
data alone are not sufficient to deduce the K̄-nucleus potential
strength at the center of the nucleus. A unified study with the
2p width to be determined in further analysis and with data to
be collected in kaonic 3He x-ray spectroscopy [20] will indu-
bitably yield invaluable constraints for the theories.
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Fig. 5. Energy spectrum of the kaonic 4He X-rays in coincidence with the K+K−

events. Together with the accidental coincidence events of the Ti and Mn X-rays,
the kaonic 4He Lα line is seen at 6.4 keV.

Fig. 5 shows the X-ray energy spectrum selected by the triple
coincidence timing events. The Ti and Mn X-ray peaks are still
seen, due to accidental coincidences. A large enhancement at ener-
gies above the Mn Kβ peak (about 6.4 keV) is due to the existence
of the kaonic helium Lα line. The ratio of the Mn and Ti X-ray
lines is different from that in the non-coincidence data due to ad-
ditional Ti X-ray production by particles hitting the Ti foils within
the triple coincidence timing.

The X-ray peaks in the energy spectrum were fitted with the
functions determined from the non-coincidence data. The relative
ratio of the Mn Kα and Mn Kβ lines was fixed, as obtained from
the calibration spectrum. The kaonic helium line was fitted with an
additional Voigt function, where energy resolution evaluated from
the calibration data was 151 ± 2 eV (FWHM). The X-ray energy of
the kaonic helium Lα line was determined to be

Eexp = 6463.6± 5.8 eV, (1)

where the second term is the statistical error. The natural width
was found to be below the measurement limit within our statistics.

The contribution of systematic errors to the kaonic helium
X-ray energy was studied. Energy linearity, gain drifts and rate de-
pendence were found to be ±0.5 eV each. A peak shift caused by
contamination of the Mn Kβ line was found to be negligible. The
total systematic error is estimated to be ±2 eV, which includes
other effects (e.g. uncertainty of the parameter determination in
the fit functions, and possible satellite lines).

4. Discussion and conclusions

Because the strong interaction shift of the 3d state in kaonic
helium is negligibly small, we use the value of 3d → 2p energy
calculated by QED only (Ee.m. = 6463.5 ± 0.2 eV) [10] to obtain
the strong interaction shift of the kaonic helium 2p state as:

#E = Eexp − Ee.m.

= 0± 6 (stat)± 2 (syst) eV, (2)

where the second term denoted as (stat) is the statistical error and
the third term denoted as (syst) is the systematic error.

Table 1
Energy shift of the kaonic helium 2p state.

#E (eV) Ref.

−41±33 Wiegand et al. [5]
−35±12 Batty et al. [6]
−50±12 Baird et al. [7]

−43±8 Average of above [1,7]

+2±2 (stat) ±2 (syst) Okada et al. [10]

0±6 (stat) ±2 (syst) This work

When compared to previous values [5–7,10] summarized in Ta-
ble 1, our result is consistent with the results obtained by the E570
group [10], while it is inconsistent with the average of the other
results [1,7].

In previous experiments, liquid helium was used as a target,
where Compton scattering in helium is significant. About 10% of
the 6-keV X-rays (corresponding to about the energy of the kaonic
He line) can undergo Compton scattering. The experiment by the
E570 group determined the contribution of a Compton tail with
Monte Carlo simulations using the measured kaon stopping distri-
bution in the target cell.

In the present experiment, the kaonic helium X-rays were mea-
sured in a gas target for the first time, where the Compton scatter-
ing was negligible, providing the kaonic atom X-ray peak without
a Compton tail.

Both in our experiment and E570, the energy resolution was
improved by a factor 2 compared to the previous three experi-
ments. A precise determination of energy calibration and detector
response was performed using high statistics X-ray data. These
were essential to obtain the kaonic atom X-ray energy precisely.

In conclusion, the energy shift of the kaonic helium 3d → 2p
line was measured using the gaseous target in the SIDDHARTA ex-
periment. The resultant shift of 0 eV confirms the result by the
E570 group. Prior to the experiment by the E570 group, the aver-
age of the three previous results was #E = −43 ± 8 eV (Table 1),
while most of the theoretical calculations give #E ∼ 0 eV [1,4,8].
This five-sigma discrepancy between theory and experiment was
known as the “kaonic helium puzzle”. A resolution of this long-
standing puzzle provided by the E570 group is now firmly estab-
lished by the present work.
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K- 3He
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✓ Kaonic X-rays: scattering lengths at threshold

✓ K-p : KpX - DEAR - SIDDHARTA

✓ K-4He : KEK E570 (no more Kaonic Helium 
puzzle); confirmed by SIDDHARTA

✓ K-3He : J-PARC E17 (& SIDDHARTA)


