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Meson in nuclei

• In nuclei, mesons are viatual particles 
and form nuclear potential (Yukawa theorem) 

• In vacuum, mesons are real particles 
having own intrinsic masses (cf. meson beam)
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Can meson be a constituent particle forming nuclei? 
If yes, how do meson and core nucleus change?

meson: quark-antiquark ( ) pair q̄q

meson



KbarN interaction

• Strong attraction in I=0 from scattering and X-ray experiements. 

•  molucle picture is now widely accepted Λ(1405) = K̄N
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K-N scattering 
NPB179(1981)33.

K-p atom 
 PLB704(2011)113. 

KbarN molecule from Lattice QCD 
PRL114(2015)132002.

N
K̄

Why not kaonic nucleus with additional nucleons?

L(1116), 1/2+

L(1405), 1/2-

L(1520), 3/2-

S*(1385), 3/2+

S(1192), 1/2+

KN(1432)

-27 MeV

Λ(1405) : Double pole?
JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

ＫＮ
pS

Chiral Unitary Model: 
D. Jido et al., NPA725(03)181

Λ(1405) in  
chiral unitary model 

T. Hyodo

ūs

N
N K̄



Kaon in nuclei
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Kaon mass changes?

W.Weise NPA553,59 (1993) 
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A. Dote, H. Horiuchi, Y. Akaishi and T. Yamazaki, Phys. Lett. B 590 (2004) 51

Compact system? 
→nucleon overlaps? dense matter? 

 attraction &  replusion 
→molecule-like structure?
K̄N NN

1

Summary using J-PARC PAC 
presentation by Y. Yamaga

1

Summary using J-PARC PAC 
presentation by Y. Yamaga

Anti-kaon could be a new & unique probe for low-energy QCD



Two approaches for kaonic nuclear system
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complementary

Precision X-ray measurement

Direct reaction formation

◯ Basis of the  interaction 
◯ Experimentally solid 
× Sensitive  
   only to the nuclear surface 

K̄N

◯ Direct information in nuclei 
× No conclusive observation 
× Large widths are expected

A series of experiments probing different energy, density, and isospin
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T1 target
KL

high-p

COMET

56 m

K1.8BR

K1.8

K1.8BR suitable for low-energy K- beam below 1 GeV/c

K1.8BR in HEF



Experiments at K1.8BR
• 2013: E15 1st, “K-pp” search  [PTEP 061D01 (2015), PTEP, 051D01 (2016)} 

• 2015: E15 2nd, “K-pp” search [PLB789, 620 (2019), PRC102, 044002 (2020), PRC10, 014002 (2024)] 

• 2018: E31, Lambda(1405) [PLB837,137637(2023)] 

• 2018: E62, Kaonic helium-3/4 with TES [PRL128, 112503 (2022)] 

• 2019: E57 pilot run, Kaonic hydrogen with SDD 

• 2020: T77,  lifetime, “K-ppn” search [PLB485, 138128 (2023)] 

• 2022/2024: E73,  production cross-section 

• 2025?: E72, Λ(1670) 

• 2026~?: E80, P89, Kaonic nuclei with a new solenoid spectrometer
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Kaonic nuclei 
Kaonic atom



X-ray spectroscopy 
of kaonic atoms

K-H

K-d

K-3He

K-4He

K-



Kaonic atom X-rays
10

3d

2p Strong 
interaction

Nuclear absorption

Width : Γ2p

Shift : ΔE2p

(Coulomb only)

X-ray

kaonic helium case

degrader 
(C/Cu)

Target 
Liq. 3/4He

Alternative to a low-E scattering experiment

K- @ 0.7~0.9 GeV/c

SDDs 
Moderate resolution 
Large solid angle 
K-p,/K-d 1s (E57)

Microcalorimeter 
Excellent resolution 
Limited effective area 

K-He 2p (E62)



TES (Transition Edge Sensor) microcalorimeters
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093113-2 Bennett et al. Rev. Sci. Instrum. 83, 093113 (2012)
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FIG. 1. A measured spectrum of roughly 0.4 g of Pu ( 85% 239Pu and 14%
240Pu) comparing results with an array of microcalorimeters (blue) and a
high-purity germanium detector (red). The inset shows the same spectrum
over the energy range 40 keV to 220 keV.

system count rates of at least a kilohertz are required. For faint
sources, large collecting areas are also important.

Much of the literature about microcalorimeters for
gamma-ray spectroscopy has focused on the detectors them-
selves or analysis of spectra as opposed to the design and op-
eration of an entire instrument. This paper will address the
NIST-LANL gamma-ray spectrometer at an instrument level
including details of the experimental setup, fabrication of the
detectors, readout, operation of the instrument, and data pro-
cessing. We will also describe the characterization and perfor-
mance of the instrument.

II. TES MICROCALORIMETER THEORY

Transition-edge sensors have been used to detect pho-
tons and particles over a wide energy range that spans sub-
millimeter photons and MeV alpha particles. Although TES
microcalorimeters can be used over the whole range of
x-ray and gamma-ray energies, the best performance is ob-
tained when the device parameters are optimized for the indi-
vidual application. In this section, we describe the optimiza-
tion of our TES microcalorimeter spectrometer. We briefly
discuss the important considerations in instrument design, in-
cluding tradeoffs in energy resolution, dynamic range, speed,
and efficiency.

Figure 2(a) shows a schematic representation of the cou-
pled electrical and thermal circuits of a TES microcalorimeter
with a thermally linked bulk absorber. The TES is separated
from the thermal bath by a weak thermal conductance (G1).
When current is flowing through the resistance (R0) of the
TES, its heat capacity (C1) is heated to a temperature (T1)
above the bath temperature (Tb) by the electrical bias. The
sensor is voltage biased by placing its resistance (R0) in par-
allel with the smaller shunt resistance (Rsh). The equilibrium
current in the TES (I0) can then be chosen so that the equi-
librium temperature (T0) is in the superconducting transition
yielding a value of R0 that is in-between the normal resistance

hh11
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FIG. 2. (a) Schematic representation of the coupled electrical and thermal
circuits of a two-body TES. The thermal conductances are shown as resistors.
(b) A typical superconducting transition for a Mo-Cu TES at zero dc current
with a small ac current used to perform the measurement.

(Rn) and zero resistance, see Fig. 2(b). In the small-signal
limit, the transition is parameterized by use of the logarith-
mic temperature sensitivity at constant current

αI = δlogR

δlogT

∣∣∣∣
I0

= T0

R0

δR

δT

∣∣∣∣
I0

, (1)

and the logarithmic current sensitivity at constant temperature

βI = δlogR

δlogI

∣∣∣∣
T0

= I0

R0

δR

δI

∣∣∣∣
T0

, (2)

so that the TES resistance as a function of changes in tem-
perature and current is Taylor expanded with only first order
terms retained

RT ES(δT , δI ) ≈ R0 + αI

R0

T0
δT + βI

R0

I0
δI. (3)

For simplicity, we start by assuming the thermal conduc-
tance between the absorber and TES (G2) is large, so that heat
capacity of the absorber (C2) and C1 act as a single heat ca-
pacity given by C = C1 + C2. When a photon strikes C, the
temperature of the TES and the absorber rises momentarily,
but then returns to equilibrium as the additional energy flows
through G1 into the bath. If we decouple the electrical and
thermal portions of the circuit, an instantaneous increase in
resistance would cause an exponential drop in current with a
time constant τ el = L/(Rsh + R0). The inductance (L) has the
effect of slowing down the current change. Then the temper-
ature of the TES returns to equilibrium exponentially with a
time constant τ = C/G1. The current through the TES is the
sum of the exponential decrease in current limited by τ el (rise
time of pulse) and an exponential return to equilibrium (fall
time of pulse) given by τ .

When the electrical and thermal circuits of the TES are
coupled, the decay time back to thermal equilibrium is re-
duced by negative electro-thermal feedback (ETF).3 When the
temperature of the film is increased by a photon or thermal
fluctuations, the resistance goes up, then the current drops,
causing the Joule heating to go down, driving the tempera-
ture back to the equilibrium value. As with most feedback
mechanisms, the ETF can cause the TES to become unsta-
ble when the feedback overcompensates. Care must be taken
in choosing the TES parameters to ensure stable detectors.

Downloaded 05 Oct 2012 to 132.163.130.89. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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✓ 240 pixels 
✓ 23 mm2 eff. area

photo credit:
D.R. Schmidt

Φ ~1 cm

✓Electro-thermal feedback (ETF) → stable operation 
✓SQUID multiplexing → reasonable effective areaΔE ∝

kBT2C
α

, α ≡
d ln R
d ln T



E62 setup
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A4

Joint chamber for LHe 
and TES systems

LHe_w_TES.idw

X-ray generator

TES 
Cryostat

K-  beam

K-He X-rays

He target 
Cryostat

SDD (100K)

TES 
70mK

Liq. He 
target cell(1.4K)

calib. X-rays

First challenge to use TES 
in a charged-particle-rich environment
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.
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PRL128, 112503 (2022)



Comparison with past experiments
14

x10 precision for shift&width 
Exclude large shifts&widths 
Strong constraint on the potential

Error bar: quadratic sum of stat. & sys.

attractiverepulsive
�E = Eexp. � EEM

Yamagata-Sekihara et. al., [arXiv: 2407.20012]

kaonic atom states. The KG equation is written as,

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

where µ is the kaon-nucleus reduced mass, ω the complex eigen energy, and φ(r) the kaon

wave function. We write the complex energy with two real parameters as ω = E + µ− i
Γ

2
,

where E is the binding energy and Γ is the width of the bound state. As the electromagnetic

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

the effects of the vacuum polarization. The finite size charge distribution of the nucleus is

also taken into account and Vem(r) is expressed as [29],

Vem(r) = −α

∫

ρch(r′)Q(|r − r′|)

|r − r′|
dr′ , (2)

where α is the fine structure constant and ρch(r) the charge distribution of the nucleus. The

function Q is defined as,

Q(r) = 1 +
2α

3π

∫

∞

1

du e−2mru

(

1 +
1

2u2

)

(u2 − 1)1/2

u2
, (3)

where m indicates the electron mass. The second term on the right-hand side indicates

the short range vacuum polarization effects. We confirm that the electromagnetic potential

adopted here is accurate enough to study the energy shifts due to the strong interaction

reported in Ref. [10] by comparing the calculated results with those in Ref. [30].

We consider a phenomenological optical potential U(r), which is assumed to be propor-

tional to the nuclear density distribution, defined as,

U(r) = (V0 + iW0)
ρ(r)

ρ0
, (4)

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

potential strength at the normal nuclear density, and are used as the parameters to study

the kaon-nucleus bound systems in this article. The nuclear density distribution ρ(r) used in

the optical potential is the distribution of the center of the nucleon. The systematic analyses

of the kaonic atoms using the similar potential have been reported in Ref. [18].

We use realistic nuclear density distributions for U(r) and realistic charge distributions

for Vem(r), which are obtained by a precise few-body calculation [31] for 3He and 4He. The

nuclear density distributions ρ(r) are shown in Fig. 1. As can be seen in the figure, the

central densities of these nuclei are higher than the normal nuclear density ρ0, especially for
4He. They are ρ(0) ≈ 1.32ρ0 for 3He and ρ(0) ≈ 2.02ρ0 for 4He. To use the realistic densities

is important for the theoretical analyses here since the calculated results of the binding

energies and the widths of the kaonic 2p atoms in He can be improved by a few eV from

those obtained with the single Gaussian densities.

The potential picture for the kaonic atoms explained above is considered to be standard

for the studies of the atomic states, however this picture would be modified for the systems

having so-called mesonic nuclear states where the degrees of freedom of each nucleon are

expected to be more important and the few-body calculations of the whole systems would

be required.

3/20

●4He ◆3He

article. These potential parameters are further investigated by heavier kaonic atoms in Sect.

4.2.
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Fig. 5 The overlaid plot of the figures Fig. 3 (c) and Fig. 4 (c) is shown. The solid

triangles show the two sets of potential parameters IS-A (V0,W0) = (−90,−120) MeV and

IS-B (V0,W0) = (−280,−70) MeV that are consistent with both K−−3He and K−−4He

atomic data in Ref. [10].

Table 4 The strengths of the isoscalar (IS) kaon-nucleus optical potential IS-A and IS-

B, that reproduce all data in Ref. [10] compiled in Table 1 within the errors for both 3He

and 4He, are summarized for the phenomenological potential form defined in Eq. (4). The

potential depths at normal nuclear density (V0 and W0 parameters) and those at the center

of the 3He and 4He nuclei are shown for the potentials. These potentials are corresponding

to the solid triangles in Figs. 5, 10, 11, 12.
3He and 4He IS-A IS-B

[MeV] Real Imag Real Imag

U at ρ = ρ0 −90 −120 −280 −70
(V0 and W0)

U(r = 0)

3He −119 −159 −370 −93

4He −182 −243 −566 −142

We, then, consider the potential with the isospin dependence for the K−−He systems.

Actually, the potential strengths V0 and W0 for the kaonic 3He and 4He atoms listed in

Table 2 and 3 may suggest the different contributions from K−p and K−n interaction. The

isospin dependence of the K̄N interaction is also anticipated theoretically [32]. Though the

accuracy of the data seems not enough to determine the isospin dependence, we consider,

9/20
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Our approach: in-flight (K-, n)

✓Effectively produce sub-threshold virtual  
✓Most of the background processes can be kinematically separated. 
✓Simplest target allows an exclusive analysis 
✓Large-acceptance detector to cover a wide range of kinematical region

K̄

16

J-PARC E15
Production reaction

K− n

K̄ Λ
3He N

p

N

K̄NN
p Iz = + 1/2

4

T. Kishimoto 
Phys. Rev. Lett. 83, 4701 (1999).

small recoil 
~ 200 MeV/c

forward

Figure 8: Typical event of 3He(K−, n)K−pp in simulation
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Figure 10: Missing mass resolution as a
function of beam momentum

allowed us to achieve total missing mass resolution of 20 MeV/c2 (FWHM). Missing
mass resolution is slightly depending on momentum of incident kaon. Figure 9 shows
momentum transfer of 3He(K−, n)ppK− which indicates how much neutron gain mo-
mentum from the reaction. Figure 10 shows missing mass resolution as a function of
momentum of incident kaon, where we assume ToF resolution of the system as 120 ps.
Flight length of 15 m satisfy our goal of missing mass resolution with any momentum
of kaon. It is interesting to note that, if we shorten flight path length to 10 m, then
missing mass resolution is changed to be 64 MeV/c2. For the detector itself, we are
planning to use neutron counter used by KEK-PS E549 experiment with configuration
optimized for the proposed experiment. Neutron counter consist of array of scintillator
counters. Each scintillator counter has dimension of 20cm x 5cm x 150 cm with two
Photo Multipliers (PMT) attached on both long side of scintillator. Figure 11 shows

10

θn = 0∘

Momentum transfer K-N elementaly cross-sections

Production of -nucleiK̄
 elementary cross sections @ (K−, N) θN = 0∘
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It is given by the two body laboratory cross section multi-
plied by the so-called effective nucleon number (Neff).

We first use the plane wave approximation to evaluate
N

pw
eff . At 0±, where only non-spin-flip amplitude is rele-

vant, N
pw
eff is given by

N
pw
eff ! !2J 1 1" !2jN 1 1" !2!K 1 1"

3

√

!K jN J
0 2

1
2

1
2

!2

F!q" . (2)

In this equation we assumed that a nucleon in a jN orbit
is knocked out and a kaon enters in an !K orbit making a
transition from a 01 closed shell target to a spin J state.
Here the form factor F!q" is given by the initial nucleon
and final kaon wave functions as

F!q" !

√
Z

r2 dr RK !r"RN !r"jL!qr"

!2

, (3)

where L ! J 6 1
2 is the transferred angular momentum.

For an oscillator potential of radius parameter b, the
radial wave function is

R!!r" ! c!!r#b"!e2r2#2b2
(4)

for nodeless states, where c! ! $2l12#b3pp !2l 1
1"!!%1#2. In the present case it is enough to consider
natural parity stretched states with L ! !N 1 !K since
the transferred momentum q is larger than the Fermi
momentum. The form factor [Eq. (4)] is well known for
the harmonic oscillator wave function [13] as

F!q" !
!2Z"Le2Z

$!2L 1 1"!!%2

$G!L 1 3#2"%2

G!!K 1 3#2"G!!N 1 3#2"
(5)

with Z ! !bq"2#2, where the radius parameter b ! mv
h̄

has to be replaced by
2
b2 !

1
b2

N
1

1
b2

K
(6)

to account for the different radius parameters for the
nucleon (bN ) and the kaon (bK ) where 1#b2

K !
p

8#b2
N .

N
pw
eff is further reduced by the distortion of incoming and

outgoing waves as

Neff ! N
pw
eff Deik . (7)

The distortion Deik is estimated by the eikonal absorption
where the imaginary parts of the K2 and proton optical
potentials are given by their total cross sections with
nucleons. At PK ! 1 GeV#c, total cross sections of the
K2 nucleon and the p nucleon are almost the same, and
we take both to be 40 mb. The small radius parameter b
indicates larger cross sections through the high momentum
component; we thus evaluated Neff for bK ! bN also as
the smallest value.

The cross section of the elementary reaction was given
by the phase shift analysis of available data [15]. Here we
need to consider only the non-spin-flip amplitude ! f" as

explained above. Since the kaon and nucleon are isospin 1
2

particles there are I ! 0 ! f0" and I ! 1 ! f1" amplitudes.
The amplitudes for elastic and charge exchange scattering
are represented by appropriate linear combinations of the
isospin amplitudes as

fK2n!K2n ! f1, (8)

fK2p!K2p !
1
2

! f1 1 f0" , (9)

fK2p!K̄0n !
1
2

! f1 2 f0" . (10)

The c.m. (center-of-mass) differential cross section of the
three reactions at 180± are shown in Fig. 3 as a function of
incident kaon momentum. The cross sections depend on
the incident momentum. For instance, the K2p ! K2p
reaction has a peak at around 1 GeV#c. We thus take
1 GeV#c for the incident kaon momentum. Since the tar-
get nucleon is moving in a nucleus, Fermi averaging has
to be made for the two body cross section which smears
the fine momentum dependence. The c.m. cross section
is reduced by 20% to 30% depending on models for this
averaging. We take &1.3 mb#sr as the c.m. cross section
at 1 GeV#c.

Here we consider I ! 0 symmetric nuclei as targets.
The (K2, p) reaction produces only an I ! 1 state; on the
other hand, the (K2, n) reaction can produce both I ! 0
and 1 states. The K̄N system is strongly attractive in the
I ! 0 channel though not so much in the I ! 1 channel.
The kaon-nucleus potential is an average of both channels
and thus depends little on the total isospin of kaonic nuclei.
Consequently, we expect that the I ! 0 state produced by
the (K2, n) reaction appears at nearly the same excitation
energy. The elementary cross section for the (K2, n)
reaction in Eq. (1) becomes the sum of the K2n ! K2n
and K2p ! K̄0n cross sections. The incoherent sum
of the two cross sections may not be inappropriate for
the evaluation since the K2 and K̄0 mass difference is
considered to be large on a nuclear physics scale.
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FIG. 3. The c.m. differential cross sections of the three reac-
tions are shown as a function of incident kaon lab momentum.
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Our approach
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 Exclusive measurementΛpn
18

68 Data analysis and calibration

by fitting mass distributions sliced with each momenta of Fig.3.29 by using Gaussian distri-
bution, and ±2.5s region is identified as each particles. In this analysis, overlap regions of
two PID functions are removed to reduce the background from wrong identification.

2)2 (GeV/c2Mass

0 1 2 3 4 5

M
o

m
en

tu
m

 (
G

eV
/c

)

-1.0

-0.5

0.0

0.5

1.0

π K p d

Fig. 3.29 Momentum and mass-square distribution measured by the CDS. The pion, kaon,
proton and deuteron are clearly separated in this plot. Each lines show the boundary of the
particle identification. The overlap region of two different particle is ignored in this analysis
to remove the background comes from wrong-identification.

3.3.4 Absolute value of the solenoid magnetic field

Because of the momentum of the detected particle in the CDS is calculated by using magnetic
field strength of the solenoid magnet, the absolute value of the magnetic field strength must
be calibrated. For calibration of the magnetic field strength, the mass of the K

0
s

and L are
checked by changing the magnetic field strength. The mass of the K

0
s

and L are reconstructed
by the p�p+ and p�

p -pairs, respectively. Fig.3.30 shows the results of the study for the
magnetic field strength. In this figure, difference between PDG value and reconstructed
masses of the K

0
s

and the L plotted as a function of the magnetic filed strength. In this
analysis, the absolute value of the magnetic filed is setted to 0.715 T, where the differences
of the K

0
s

and the L masses are the same value of about 0.5 MeV/c2.

particle identification

missing neutron selection

Section 9: Chapter X — Kaonic Nuclei from the Experimental Viewpoint — 29

Fig. 18 A schematic figure of the E15 CDS for the charged particle analysis. The CDS covers ≈
50 % of the target solid angle. The particle identification is made by the time-of-flight measurement
in the CDS. Figure is taken from Ref. [55].

kinematics of

K−+3 He → (K̄NN)+n → (Λ p)+n (6)

can be considered as a two body reaction. Thus, the kinematics can be specified
by only two parameters. Therefore, events are plotted in the two dimensional plane
consisting of the Λ p invariant mass and the neutron emission angle in the center-of-
mass (CM) of the Λ pn system.

Although the statistics are limited, the Λ p invariant mass spectrum drastically
changed from the 3He(K−, n) missing mass spectrum. As shown in the figure (top),
a very interesting event concentration was observed around the binding threshold
in the Λ p invariant mass spectrum. More interestingly, about half of the events are
located below the binding threshold, so that it cannot be explained by quasi-free
kaon production. On the other hand, it is clear that the quasi-free kaon formation
yield above the binding threshold is substantially suppressed. Apart from the event
concentration, there exists broad event distribution over the entire kinematically al-
lowed region, whose spectrum is similar to the phase space of Λ pn (denoted as
3NA: three-nucleon absorption).

As shown in the figure (right), the event concentration is formed at forward neu-
tron emission angle (θCM

n ∼ 0◦). This indicates that the doorway reaction chan-
nel, that originates the event concentration, is the neutron knock out reaction,
K−N → K̄n as is expected for “K−pp” formation. It is also quite interesting, that the
neutron emission angle seems to be not very forward peaked for the event concentra-
tion (left-bottom), which indicates that the missing mass spectroscopy at θCM

n ∼ 0◦
is not adequate to study the full reaction dynamics. In fact, the event concentration
extendsup to cosθCM

n ≈ 0.8, which is ≈ 40◦ degree in the CM.
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Obtained spectrum in J-PARC E15
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Obtained spectrum
9
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E15 results 20

0.3 < qx <0.6 GeV/c: 
Signals are well separated 
from other process
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(K-, n) reaction on other targets
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(K-, n) reaction on other targets

 
 

BK̄NNN ∼ 60 ± 11(stat) MeV
ΓK̄NNN ∼ 100 MeV
σK̄NNN→Λd ∼ 4 μb
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Fig. 5. (a) Experimental resolution as a function of the π" mass. (b) Calculated 
π" spectrum to fit the measured spectra in the I = 0 channel. The solid thick and 
thin lines are the spectrum with and without the resolution function convoluted, 
respectively. The response function Fres is shown as a dashed line in arbitrary units. 
(c) Deduced scattering amplitude of K̄ N → K̄ N in the I = 0 channel. The real and 
imaginary parts are shown as solid and dashed lines, respectively. The vertical thin 
lines show the K − p and K 0n mass thresholds.

is described in Ref. [47], where G0 is expressed as a function of 
the momentum (q′) in the center of mass frame in the K −N1(K̄n) 
system and the relation of the laboratory momentum qN2 to q′

is given. Using the K −N → K̄ N scattering amplitudes based on a 
partial wave analysis [50] and the deuteron wave function #d [51], 
we evaluate Fres as a function of the π" mass Mπ" , as shown by 
the dashed line in Fig. 5(b). Here, we took 3 degrees as a typi-
cal scattering angle of the knocked-out nucleon in the laboratory 
frame. The line shapes of the π" mass spectra above the K̄ N mass 
threshold are characterized by Fres, the distribution of which re-
flects the Fermi motion of a nucleon in the deuteron. For S-wave 
T I ′

2 , we consider the K̄ N-π" coupled channel T matrix. The diago-
nal and off-diagonal matrix elements can be parametrized similarly 
to the case in Ref. [52] as

T I ′
2 (K̄ N, K̄ N) = AI ′

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (12)

T I ′
2 (K̄ N,π") = eiδ I′

√
k1

√
ImAI ′ − 1

2 |AI ′ |2ImR I ′k2
2

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (13)

where AI ′ , R I ′ , and δ I ′ are the complex scattering length, complex 
effective range, and real phase, respectively. k1 and k2 are respec-
tively the momenta of π and K̄ in the center of mass frame. Here, 
k2 becomes a pure imaginary number below the K̄ N mass thresh-
old, to satisfy analytic continuity. The parametrization in Eq. (12)
is the so-called effective range expansion of the K̄ N → K̄ N scat-
tering amplitude, where the cotangent of the phase shift is ex-
panded to O (k2

2). Then, T I ′
2 (K̄ N, π") is deduced from the relation 

of the 2 × 2 T -matrix, |T11|2 + |T12|2 = ImT11, that is obtained 
from the unitarity relationship of the S-matrix (S = I + 2iT ). Here, 
T11 = k1T I ′

2 (K̄ N, K̄ N) and T12 = √
k1

√
k2T I ′

2 (K̄ N, π").
We demonstrate the fitting result for the π" (I = 0) channel, as 

shown in Fig. 5(b). A0 and R0 are determined to fit the measured 
π0"0 and (π+"− + π−"+ − π−"0)/2 spectra, simultaneously. 
We took the K̄ N mass threshold at the average of K − p and 
K 0n since the differential cross sections of K −n → K −n [53] and 
K − p → K 0n [54] are almost equal at a neutron forward angle at 
an incident kaon momentum of ∼1 GeV/c. However, we took into 

account the differences from the fitting results for the cases of the 
K − p and K 0n mass thresholds as systematic errors. In the present 
fitting, δ I ′ could not be determined since it deos not appear explic-
itly in the fitting function that depends on |T I ′

2 (K̄ N, π")|2. In the 
fitting, the experimental resolution function [Fig. 5(a)] was convo-
luted with the calculated spectrum and the vertical scale is arbi-
trarily adjusted. We obtained A0 = [−1.12 ± 0.11(fit)+0.10

−0.07(syst.)] + 
[0.84 ±0.12(fit)+0.08

−0.07(syst.)]i fm, R0 = [−0.18 ±0.31(fit)+0.08
−0.06(syst.)]

+ [−0.40 ± 0.13(fit) ± 0.09(syst.)]i fm, where the fitting errors 
are indicated as “(fit)”. As mentioned above, the differences of 
the different K̄ N mass threshold were taken into account as sys-
tematic errors indicated as “(syst.)”. The reduced chi-square was 
1.76 with 24 degrees of freedom. The present scattering length is 
smaller than a recent theoretical calculation, −1.77 + 1.08i, which 
is based on the lattice QCD [55]. The thick and thin solid lines 
in Fig. 5(b) show the resolution-convoluted and no-resolution-
convoluted spectra, respectively, calculated with the best fit val-
ues. The energy dependence of the deduced T 0

2 (K̄ N, K̄ N) is 
shown in Fig. 5(c). We find a zero-crossing in the real part 
and a bump in the imaginary part at the same place. This is 
a typical structure of a resonance. We find a resonance pole at 
1417.7+6.0

−7.4(fit)+1.1
−1.0(syst.) + [−26.1+6.0

−7.9(fit)+1.7
−2.0(syst.)]i MeV/c2 in 

the I = 0 channel of the K̄ N → K̄ N scattering. The errors are 
estimated by fluctuations of the pole position due to the errors 
for the best fit values of A0 and R0. The real part of the de-
duced pole is closer to the K − p mass threshold than the so-called 
PDG value of 1405.1 MeV/c2. It is worthy of evaluating the fol-
lowing quantity, |T 0

2 (K̄ N, K̄ N)|2/|T 0
2 (K̄ N, π")|2 ∼ 2.2+1.0

−0.6(fit)±0.3
(syst.) at the pole energy, which corresponds to the ratio of the 
two partial widths in the Flatté formula [56,57]. This suggests that 
the coupling of %(1405) to K̄ N is predominant, which does not 
contradict a picture of %(1405) as a K̄ N-bound state. Meißner 
and Hyodo have reviewed [58] and discussed the pole struc-
ture of the %(1405) region based on chiral unitary approaches 
[31,32,34,35] with a constraint on the scattering length obtained 
from kaonic hydrogen atom X-ray data by the SIDDHARTA col-
laboration [59,60]. They collected four sets of two poles deduced 
by several authors in the relevant region. Poles 1 and 2 are the 
so-called higher and lower poles, respectively, which are thought 
to be coupled to K̄ N and π", respectively. The suggested higher 
poles are located at the region of 1421–1434 MeV on the real 
axis and 10–26 MeV on the imaginary axis in the complex energy 
plane. Recently, a theoretical analysis based on next-to-next-to-
leading order chiral unitary approach has been reported and gives 
a higher pole at 1425 ± 1 − i(13 ± 4) MeV/c2 [61]. The pole po-
sition determined by the present experiment is consistent to the 
higher poles though it is located at slightly smaller and larger val-
ues for the real and imaginary parts, respectively. A lattice QCD 
calculation has reported two poles and the so-called higher pole is 
located at 1430 − 22i MeV/c2 [62]. Our result is smaller and sim-
ilar in real and imaginary part, respectively. Recently, Anisovich et 
al. reported one single pole of %(1405) contribution to fit the data 
of γ and K − induced reactions on proton and the kaonic hydro-
gen atom, as 1421 ± 3 − (23 ± 3)i MeV/c2 [63]. The present result 
is consistent with the reported pole position.

5. Conclusion

We measured π±"∓ , π0"0, and π−"0 mass spectra below 
and above the K̄ N mass threshold in d(K −, N)π" reactions at a 
forward angle, of N knocked out by an incident kaon momentum 
of 1 GeV/c. We obtained decomposed π" spectra in terms of I
= 0 and 1, and confirmed a relation between the four reactions 
with respect to the isospin states. We find that the I = 0 ampli-
tude is dominant. We demonstrated that the π" spectral shape 

6

With two-step reaction processes 
S-wave  amplitude (I=0) was deduced 
pole:  1417.7 - 26.1𝑖 [MeV]

K̄N

PLB837,137637(2023)
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with high certainty

I(Jp) = 0(1/2−)



Short summary: Achievement so far
• TES microcalorimeter has been successfully applied to kaonic-atom X rays 

• Constraint on the -nucleus potential parameters 

• Highly sensitive detectors can be operated in a charged-particle-rich environment 
→ Extended application to muonic atoms 

• We have established the production method of kaonic nuclei 

• kaonic nuclei seem to exist more or less universally “K-pp”, “K-ppn”, … 

• (K-, n) reaction is effective in exciting sub-threshold  amplitude 

• Exclusive analysis is necessary to identify the broad structure.

K̄

K̄

23

Plenary talk on 17 (Thu) by T. Azuma



What is next?
• Confirmation of “ ” →  

• Further investigation of the  system 

• Search for the isospin partner “ ” via  decay 

• Determine the spin-parity of “ ” 
→spin-spin correlation measurement of  & p with polarimeters   

• The spatial size of kaonic nuclei is of great interest 

• Decay branches to 1NKA, 2NKA, 3NKA … 

• Fermi momentum of the spectator nucleon in the decay 

• Heavier systems,  nuclei, …

K−ppn Λ + d, Λ + p + n

K̄NN

K̄0nn K̄0nn → Λ + n

K−pp

Λ

K̄K̄

24

neutron counter 
forward TOF

Large-acceptance 
neutron counter



Size of kaonic nuclei via data
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K- + 4He → “K-ppn” + nforward 

                 ([K-n]psps) → (π-+Λ) + psps 

                 ([K-pp]ns) → (Λ+p) + ns 
                 ([K-pn]ps) → (Λ+n) + ps 

                 (K-ppn) → Λ+d 

K- + 3He → “K-pp” + nforward 

                 ([K-p]ps) → (π+Σ) + ps 

                 (K-pp) → Λ+p 

One nucleon 
 absorption ( )K̄ 1NK̄A

Two nucleon 
 absorption ( )K̄ 2NK̄A

Three nucleon 
 absorption ( )K̄ 3NK̄A

The ratio should be sensitive to the core size 

         ? 

Fermi motion of the spectator nucleon

1NK̄A : 2NK̄A : 3NK̄A ∼ ρN : ρ2
N : ρ3

N

forward TOF

P-269 by T. Yamaga



New CDS
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✓Solid angle: x1.6 (59%→93%) 
✓Neutron eff. x4 (3%→12%) 
✓forward TOF counters 
✓(proton polarimeter in future)

E15-CDS

E80-CDS



2,600mm

Construction status
27

Solenoid york: completed Superconducting coil
CDC: Commissioning started

CNC: prototype test

to be completed by the end of JFY2026

We would like to start data-taking by the end of JFY2026

Details in P-273 by Y. Kimura



Summary
• Kaonic nuclei would open a new field of nuclear physics 
with anti-kaon as a new probe. 

• Fruitful results in these 10 years. 
Observation of “K-pp” and “K-ppn”, TES application to kaonic atoms 

• With a new solenoid spectrometer, we would like to further extend 
the systematic study of kaonic nuclear systems. 
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We have measured the 3d → 2p transition x rays of kaonic 3He and 4He atoms using superconducting
transition-edge-sensor microcalorimeters with an energy resolution better than 6 eV (FWHM). We
determined the energies to be 6224.5! 0.4ðstatÞ ! 0.2ðsystÞ eV and 6463.7! 0.3ðstatÞ ! 0.1ðsystÞ eV,
and widths to be 2.5! 1.0ðstatÞ ! 0.4ðsystÞ eV and 1.0! 0.6ðstatÞ ! 0.3ðstatÞ eV, for kaonic 3He and
4He, respectively. These values are nearly 10 times more precise than in previous measurements. Our results
exclude the large strong-interaction shifts and widths that are suggested by a coupled-channel approach and
agree with calculations based on optical-potential models.

DOI: 10.1103/PhysRevLett.128.112503

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

Experimental study of these phenomena requires the K̄N
interaction with low kinetic energy.
Two main experimental techniques have been used to

study the K̄N interaction at low energies: K̄N free particle
scattering and x-ray spectroscopy of kaonic atoms. For
short-lived particles like kaons, x-ray spectroscopy pro-
vides a crucial anchor point near zero kinetic energy, while
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We have performed an exclusive measurement of the K− + 3He → !pn reaction at an incident kaon momen-
tum of 1 GeV/c. In the !p invariant mass spectrum, a clear peak was observed below the mass threshold
of K̄+N +N , as a signal of the kaonic nuclear bound state, K̄NN . The binding energy, decay width, and
S-wave Gaussian reaction form factor of this state were observed to be BK = 42 ± 3(stat.)+3

−4(syst.) MeV,
"K = 100 ± 7(stat.)+19

−9 (syst.) MeV, and QK = 383 ± 11(stat.)+4
−1(syst.) MeV/c, respectively. The total produc-

tion cross section of K̄NN , determined by its !p decay mode, was σ tot
K BR!p = 9.3 ± 0.8(stat.)+1.4

−1.0(syst.) µb.
We estimated the branching ratio of the K̄NN state to the !p and $0 p decay modes as BR!p/BR$0 p ∼
1.7, by assuming that the physical processes leading to the $NN final states are analogous to those
of !pn.
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Thank you for your attention !New collaborators are welcome! 
Post-doc position is now open at RIKEN


