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Meson in nuclei

• In nuclei, mesons are usually 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? 
no conclusive evidence so far despite the worldwide efforts for decades…

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



How to embed  : in-flight (K-, n)K̄

✓Effectively produce sub-threshold virtual  
✓Simplest target allows an exclusive analysis 
✓Large-acceptance detector to cover a wide range of kinematical region

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

θn = 0∘

J-PARC E15
Production reaction

K− n

K̄ Λ
3He N

p

N

K̄NN
p Iz = + 1/2
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small recoil 
~ 200 MeV/c

forward~1 GeV/c
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T1 target
KL

high-p

COMET

K1.8BR

K1.8

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

J-PARC HEF



neutron counter
charge veto counter

proton counter

beam dump

beam sweeping
magnet

Liq. H2/D2/3/4He
target system

CDS

beam line
spectrometer

K- beam

γ, n p

15m

J-PARC K1.8BR



Experiments with E15-CDS
• 2012: Completed the construction [PTEP 02B011(2012)] 
• 2013: E15 1st, “ ” search.     
         [PTEP 061D01(2015), PTEP, 051D01(2016)} 

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

• 2018: E31,  

         [PLB837,137637(2023)] 

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

• 2021: E73 1st,  production cross section 

• 2024~2025: E73 2nd,  lifetime, (“ ” study)

K−pp

K−pp

Λ(1405)

4
ΛH K−ppn

3
ΛH

3
ΛH K−pp
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K− + 3He → K−pp + n

K− + d → Λ(1405) + n

K− + 4He → 4
ΛH + π0

(K− + 4He → K−ppn + n)

K− + 3He → 3
ΛH + π0

(K− + 3He → K−pp + n)
just completed!



Our approach
33

+ +
reaction

K- 3He “K-pp” (n)

pΛ

+ +
reaction

K- 4He “K-ppn” (n)

dΛ

J-PARC E15

This talk

Use in-flight (K-,n) reaction, just as J-PARC E15

 Exclusive measurementΛpn
8

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.

K- beam

p

pπ−

Λ n

K. Agari et. al.,  
PTEP 2012, 02B011

missing neutron selection
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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.
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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.
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“K-pp” observation in J-PARC E15
9

PLB789(2019)620., PRC102(2020)044002.

Un-boundBound
Quasi-free 
K- scattering 
（+2NA absorption）

: (K-,n) momentum transfer, : Λp invariant mass𝒒  𝑴 

d2σ/(dM ⋅ dq)
[nb/MeV2/c3]

projection

Deep binding (B.E. ~ 40 MeV), Large decay width (Γ~ 100 MeV), Large momentum transfer



“K-pp”: Mesonic decay modes
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Study of Mesonic Decay Branches of K̄NN
Takumi Yamaga (KEK-IPNS) for the J-PARC E15/E80/P89 collaboration

The 4th J-PARC symposium2024, 14-18 October, 2024, Mito 

We studied mesonic decay branches of the  quasi-bound state to understand its large decay width , which is twice as large as 
. To understand the large , we measured differential cross sections of the , , and  reactions. 

We evaluated decay branches of the  from a spectral decomposition with a simple model. The result indicates that  is twice as unstable as 
 due to the mesonic -absorption in the  channel. [Published on PRC 110 014002]

K̄NN ΓK̄NN ∼ 100 MeV
ΓΛ(1405) ΓK̄NN K− + 3He → π±Σ∓p + n′ π+Λn + n′ π−Λp + p′ 

K̄NN K̄NN
Λ(1405) K̄ IK̄N = 1

— Abstract —

— Introduction —

— Results & Discussions —

takumi.yamaga@kek.jp

— Objective of the Study —

Open Question
Why is  ~ twice as unstable as ?K̄NN Λ(1405)

≡ K̄N

Non-mesonic decay

K̄

N

N

Y

N

2NA

—  -abs. —2N K̄

ΓYN ΓπΣN

Mesonic decay
K̄

N

N

Y
N

π
1NA

—  -abs. ( ) —1N K̄ IK̄N = 0

K̄

N

N

Y
N

π
1NA

—  -abs. ( ) —1N K̄ IK̄N = 1

Measureing decay branching ratios of  
to understand the large 

K̄NN
ΓK̄NN

Objective

, ΓπΣN ΓπΛN

— Measured Reactions —

Measured channels
• π−Λp + p′ 

“ ”K̄0nn

• π+Λn + n′ 

• π+Σ−p + n′ 

• π−Σ+p + n′ 

“ ”K−pp

“ ”K−pp “ ”K−pp

—  &  —IπY = 0 1 — —IπY = 1

K−

3He Y
N

N′ 

N
N
N

K̄

K̄NN
π

Detected!

Missing!

— Summary & Outlook —

— Experiment —

Summary We measured differential cross sections of four  reactions. The  distributions are quite similar to the 
 channel. The  distribution shows  system couples to the  &  resonances. The mesonic and non-mesonic distributions 

can be consistently explained by  production & QF processes. We evaluated branching ratios of  by integrating the model distribution. The 
result indicates that  is twice as unstable as  due to the mesonic -absorption in the  channel. 

Outlook We have planned new experiments at the J-PARC Hadron Experimental Facility. The J-PARC E80 aims to search for the next lightest kaonic 
nucleus . The J-PARC P89 aims to search for the “ ”, and to determine  of . A new cylindrical detector system is under construction.

K− +3 He → πYN + N′ (mπYN, qπYN)
Λp + n′ mπY πY Λ(1405) Σ(1385)

K̄NN K̄NN
K̄NN Λ(1405) K̄ IK̄N = 1

K̄NNN K̄0nn JP K̄NN

— The Lightest Kaonic Nucleus,  —K̄NN



 is not measured.

I (JP) = 1
2 (0−)

JP
N NK̄

• Containing a -mesonK̄

• Formed by -int. in K̄N IK̄N = 0
Stronger attractive than NN int.!

•Deeply bound, so perhaps dense

Not only baryons!

Beyond normal nuclei!

Properties

— Event Selection —
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— Obtained Distributions —
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— Spectral Decomposition —
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Distributions can be explained in common.

— Branching Ratios of —K̄NN
suming isospin symmetry.

⇡tot
K̄NN Br (µb)

Decay channel All regions Below the K̄
binding threshold

K̄NNI3=+1/2

⇤p 9.3± 0.8+1.4
�1.0 [2] 5.5± 0.5+0.8

�0.6

⌃0p 5.3± 0.4+0.8
�0.6 [2] 3.1± 0.2+0.5

�0.4

⌃+n(⇤)

(= ⌃0p⇥ 2)
10.6± 0.8+1.6

�1.2 6.2± 0.4+1.0
�0.8

total non-mesonic 25.2± 2.0+3.8
�2.8 14.8± 1.1+2.3

�1.8

�0⇤p(⇤)

(= �+⇤n⇥ 1/2)
31± 5.5± 4.5 7.8± 1.4± 1.1

�0⌃0p NA NA

��⌃+p 110± 8± 8 9.4± 0.4± 0.7

�+⌃�p 38± 3± 3 3.2± 0.2± 0.2

�+⇤n 62± 11± 9 15.5± 2.7± 2.1

�+⌃0n NA NA

�0⌃+n NA NA

total mesonic > 241± 20± 17 > 37.9± 4.1± 3.3

K̄NNI3=�1/2

��⇤p 29± 3± 3 7.2± 0.6± 0.7

Assuming IsospinSymmetry

Assuming IsospinSymmetry

•  
— Mesonic branches are dominant. 

•  
—Both  &  are significant.

ΓπYN ∼ 10 × ΓYN

ΓπΣN ∼ ΓπΛN
IK̄N = 0 1

As expected

 contributions is larger than expected.IK̄N = 1

The large  would caused by .ΓK̄NN ΓπΛN

— Detector Systems —

Beam Spectrometer Cylindrical Detector System

 K−

 p

 π−
 π+

 Σ+

 n

 n′ 
Decay

Reaction

Tracker

Tracker

TOF counter

TOF counter

Tracker

Helium-3 target

 N′ 
 -beamK−

Reaction

Detected!

Detected!

Missing!

Measured particles Detected!

     π±Σ∓p + n′ → [π± (π∓n) p] + n′ 

     π+Λn + n′ → [π+ (π−p) n] + n′ 

     π−Λp + p′ → [π− (π−p) p] + p′ 

Missing!

Measurement
Momentum by Curvature

PID by TOF

Momentum by TOF 
Charge-veto by Tracker

•Charged:

•Neutrons:

Mesonic Non-mesonic 
Related papers

PRC 110 014002 PRC 102 044002

π−Λp(p) π+Λn(n) π−Σ+p(n) π+Σ−p(n)

T. Yamaga et al., 
PRC 110, 014002 (2024)

Can be explained in common with  events.   .   . Λp(n) ΓπYN ∼ 10 × ΓYN ΓπΣN ∼ ΓπΛN



(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

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

K̄N

PLB837,137637(2023)
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with high certainty

I(Jp) = 0(1/2−)

“K-ppn”

dΛ

“K-p”, Λ(1405) 

πΣ

4He



Achievement so far:  
Established the production method of  nuclei 

• In-flight (K-, n) is effective in exciting the sub-threshold  amplitude 

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

K̄

K̄
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What is Next?: systematic study 

• Further investigation of the  system J-PARC E89 

• Search for the isospin partner “ ” via  decay 

• Spin-parity of “ ”→spin-spin correlation measurement of  & p 

• Confirmation of “ ” →  J-PARC E80 

• mass-number dependence 

• Spatial size, heavier system, double  nuclei…

K̄NN

K̄0nn K̄0nn → Λ + n

K−pp Λ

K−ppn Λ + d, Λ + p + n

K̄
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New CDS 14

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

E15-CDS

E80-CDS



Construction status
15

Solenoid york
Superconducting solenoid

CDC: Commissioning started

CNC: readout test with beam

We would like to start beam commissioning by the end of JFY2026

completed in JFY2022 completed in JFY2024 
(copy of COMET-DS)



K-K-pp

・・・

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

• We established the production of kaonic nuclei via . 
“K-p” as ,  “K-pp”, “K-ppn” 

• We are developing a new solenoid spectrometer, 
aiming to elucidate the properties of kaonic nuclear systems.

(K−, n)
Λ(1405)
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J-PARC E80/E89 Collaboration
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