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

• In vacuum, mesons are real particles 
having own intrinsic masses (cf. meson beam)

Meson in nuclei
3

qq̄

meson

Can meson be a constituent particle forming nuclei? 

If yes, how do meson and core nucleus change?



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

•  molucle picture is now widely accepted Λ(1405) = K̄N

KbarN interaction
4

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. Hyodoūs



Kaon in nuclei
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Kaon mass changes?
W.Weise NPA553,59 (1993) 
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Table 1
Summary of the present calculations. B.E.: total binding energy. ρ(0): nucleon density at the center of the system. Rrms: root-mean-square
radius of the nucleon system. ν: width parameter of a Gaussian wave packet used in the calculation. β: deformation parameter for the nucleon
system. ppnK−† and 8BeK−†: AY’s results

B.E. [MeV] ΓK [MeV] ρ(0) [fm−3] Rrms [fm] ν [fm−2] β

3He 7.65 – 0.15 1.54 0.22 0.02
ppnK− 113 24 1.39 0.72 1.12 0.19
ppnK−† 116 20 1.10 0.97

8Be 46.7 – 0.13 2.38 0.21 0.60
8BeK− 159 43 0.76 1.42 0.52 0.55
8BeK−† 168 38 ∼ 0.85

Fig. 1. Calculated density contours of ppnK−. Comparison between (a) usual 3He and (b) 3HeK− is shown in the size of 5 by 5 fm. Individual
contributions of (c) proton, (d) neutron and (e) K− are given in the size of 3 by 3 fm.

24 MeV. The present result is very similar to the AY
prediction: BK = 108 MeV and ΓK = 20 MeV. We
have not considered the decay width from the non-
mesonic decay (K̄NN → ΛN/ΣN ), but according
to AY it is estimated to be about 12 MeV [1]. The
width of ppnK− remains still narrower than that of
Λ(1405), even when the non-mesonic decay is taken
into account.
Surprisingly, the central density (“uncorrelated den-

sity”) of the system amounts to 8.2-times the normal
density due to the shrinkage effect. Fig. 1(a) and (b)
shows a comparison between 3He and 3HeK−. In or-

der to see how the bound K̄ changes the nucleus in
more detail we show the calculated density distribu-
tions of the constituents in Fig. 1(c)–(e). Apparently,
the proton distribution is more compact than the neu-
tron distribution. This phenomenon is attributed to
the property of the K̄N interaction. Table 2 shows
how protons and a neutron in ppnK− contribute to
the kinetic energy and the expectation value of the
K̄N interaction, and also to each root-mean-square
radius. This table together with Fig. 1 can be inter-
preted as follows. Since the K−p interaction is much
stronger than theK−n one, the protons distribute com-

ppn Kppn

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



Two approaches for kaonic systems
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K-3He

K-4He

K-

complementary

Precision X-ray measurement

Reaction formation 
A series of experiments at J-PARC K1.8BR 
Probe different energy, density, and isospin



• Theoretical calculations agree on the existence of , 
although B.E. and  depend on the  interaction models. 

• Heaviear systems,  should also exist 

• However, no conclusive experimental evidence before us.

K̄NN
Γ K̄N

K̄NNN, K̄NNNN, . . .

The simplest kaonic nucleus 7

theoretical studies [PPNP 112 (2020) 103770]

Experiments 
- FINUDA:  

- DISTO:  
- J-PARC E27:  

Null results 
- LEPS:  
- HADES:  
- AMADEUS: C

(K−
stopped, Λp)

pp → ΛpK+

d(π+, K+)X

p(γ, π−K+)X

pp → ΛpK+

(K−
stopped, Λp)

K̄NN(I = 1/2, JP = 0−)



✓Effectively produce sub-threshold virtual  beam  
✓Most of background processes can be kinematically separated. 
✓Simplest target allow exclusive analysis. 
✓Cover a wide range of kinematical region

K̄

Our approach: in-flight (K-, n)
8

+ +
reaction

K- 3He “K-pp” n

pΛ

small recoil 
~ 200 MeV/c

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).
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9K1.8BR experimental areaJ-PARC K1.8BR as of 2012

neutron counter
charge veto counter

proton counter

beam dump

beam sweeping
magnet

liquid 3He
target system

CDS

beam line
spectrometer

K- beam

γ, n p

15m



• Deep-boud region 
•
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Hyperon decay
K- + 3He → Y + π(π)(π) + 2Ns

Y → n + π 

Quasi-elastic
K- + 3He → K0 + ds + n
K- + 3He → K- + 2ps + n

FINUDA
DISTO/E27

DATA

MC

Resolution σ ~ 10 MeV/c2 @ threshold

Deep-bound region
→ No significant peak
     set upper limit: 
         a few hundreds μb/sr
      = a few % of quasi-elastic K

Just below the threshold
→Significant yield ~ 1 mb/sr

should include quasi-free Λ(1405)

PTEP 2015, 061D01 (2015)



Exclusive analysis: 3He(K−, Λp)n
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+ +
reaction

K- 3He “K-pp” (n)

pΛ

detect with CDS

indetified by 
missing mass 

not limited to 
very forward angles

small recoil 
~ 200 MeV/c

PHYSICAL REVIEW C 102, 044002 (2020)
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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.

DOI: 10.1103/PhysRevC.102.044002

*takumi.yamaga@riken.jp
†masa@riken.jp
‡Deceased.

2469-9985/2020/102(4)/044002(14) 044002-1 ©2020 American Physical Society



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.

•  events are selected with 
~80% purity. 

• ~20%  contamination

Λpn

Σ0pn /Σ−pp

 event selectionΛpn
12

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.

Event selection for  final stateΛpn
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K. Agari et. al., PTEP 2012, 02B011
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Obtained spectrum in J-PARC E15
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Obtained spectrum
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2D Fit for the “ ” stateK̄NN
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0.3 < qx <0.6 GeV/c: Signals are well separated from other process

 MeV/c2σmΛp
∼ 10

Breit Wigner form factorphase 
space



(K-, n) reaction on other targets
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+ +
reaction

K- 3He “K-pp” (n)

pΛ

+ +
K- d Λ(1405) n

πΣ1 GeV/c

reaction

+ +
reaction

K- 4He “K-ppn” (n)

dΛ

J-PARC E15

J-PARC T77

J-PARC E31



(K-, n) reaction on other targets
16

3 3.2 3.4 3.6 3.8
(GeV/c2)mΛd

0

5

10

15

20

25

30

35

40

45

C
ou
nt
s
/3
0
M
eV
/c
2

0.3 <qx < 0.6

preliminary m
K-
pp

n

“K-ppn”

 
 

BK̄NNN ∼ 60 ± 11(stat) MeV
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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 
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With two-step reaction processes 
S-wave  amplitude (I=0) was deduced 
pole:  1417.7 - 26.1𝑖 [MeV]

K̄N

PLB837,137637(2023)



• Isospin partner should exist 

•  analysis 

• need neutron detection 
• Spin-parity measurement:  
• spin-spin correlation between Λ and p 
• need polarimeter for proton

Λn, Σ−p

Is the observed state really  ?K̄NN
17

p
K-pp

p

Figure 3: The experimental principle to measure the spin-spin correlation of ⇤p. The

most probable spin direction of ⇤ (~So (⇤!p⇡�
)

⇤
) will be measured by weak-decay asym-

metry of ⇤. The most probable transverse spin direction of proton (~So ?
p ) will be

measured by proton scattering asymmetry in a plastic scintillator.

function of azimuthal angle (�⇤p). The �⇤p-distribution can be expressed as

N(�⇤p) = N0

⇣
1 + rJ

P · ↵⇤p cos�⇤p

⌘
, (2)

where N0 is mean number of events a bin of N(�⇤p) spectrum, and rJ
P
is an asymmetry

reduction factor from ↵⇤p (the factor rJ
P
is described in Sec. 5 and Appendix A, in

detail).

3 Experimental setup

3.1 The K1.8BR beam-line

A schematic drawing of the K1.8BR beam-line is shown in Fig. 4. Note that the figure
shows a shortened beam-line configuration, which we have proposed in the E80 [29].
With this configuration, K�-beam intensity increases about 1.5 times larger than that
with the current K1.8BR configuration. The K�-beam is provided by the K1.8BR
beam-line, and hardware-level kaon identification is realized by an aerogel Čherenkov
counter (AC) located downstream of the last beam-line magnet Q8. More precise kaon
identification will be performed using a time-of-flight information obtained from two

11

0 10 20 30 40
 (deg.)θ

4−10

3−10

2−10

1−10

re
la

tiv
e 

yi
el

d

w/o resolution

w/ resolution (1mm)

Selection window

 (deg)�p

re
la

tiv
e 

yi
el

d
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window as indicated by the led lines.
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Internal structure & spin-parity
20
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There are two possible  as for the  ground state.JP K̄NN

* Positive parity state should be higher excited state if exist. 
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The lightest -nucleusK̄

K̄NN

(K̄[NN]I=0)I=1/2

Jπ = 1−

− 1
4 [K̄N]I=0N + 3

4 [K̄N]I=1N

(K̄[NN]I=1)I=1/2

Jπ = 0−

3
4 [K̄N]I=0N + 1

4 [K̄N]I=1N

ground state

 - K−pp K̄0pnIz = + 1/2

 - K−pn K̄0nnIz = − 1/2

We observed signal 
 in J-PARC E15

2

shallow bound?
N. Shevchenko, Few-Body syst. 61 (2020) 27

K̄NN(I = 1/2)



• Momentum-transfer distribution 
• large S-wave gauss. form factor 
• Q ~ 400 MeV/c 

• Decay branching ratio 

•  vs.  

•  vs.  

• forward nucleon detection would 
be useful:  

• Momentum of the “spectator” 
nucleon

K̄NN → ΛN K̄NN → πYNs

K̄NNN → Λd K̄NNN → ΛNNs

K− +3 He → K̄NN + N

How compact is the system?
18

— Momentum transfer dependence & spacial size of the  —K̄NN

Size of K̄NN
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K−pp → Λp

Phys. Rev. C102(2020)044002

We need more precise measurement & analysis  
to conclude the spacial size of the K̄NN

 -dependence based on PWIAqX

dσ
dqX

∝ exp (− q2

Q2 )
 : S-wave Gaussian form factorQ ∼ 400 MeV/c

The result suggests that 
 the spacial size would be surprisingly small ( ).r ∼ 0.6 fm

T. Sekihara et al., Phys. Rev. C 86 (2012) 065205

Mesonic

Nonmesonic

neutron detection

forward TOF



•  

•  

•

K− + 4He → K̄NNN + n

K− + 6Li → K̄NNNN + d

K− + 7Li → K̄NNNNNN + n /p

How general are the Kbar-nuclei?
19

— Binding energies —

Kaonic nuclei with N ≤ 6
68

BE
(M

eV
)

50

0

100

1 2 3 4 5 6

A

Model dependence
-dep. of  int.E K̄N

 in systemEK̄N

Phenomenological

Chiral SU(3) based

Calc. by S.Ohnishi et al. in PRC 95 (2017) 065202 

Exclusive analysis becomes difficult.→ Inclusive + tag.

forward TOF
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x1.5 larger solid angle 
x5 higher neutron detection eff. 
(proton polarimeter, forward TOF detectors)



• JFY2024: complete solenoid 
• JFY2025: start installation 
• JFY2026: first beam?

Construction status
21

 
1. 6 ブロックコイル外観① 

 
 
2. 6 ブロックコイル外観② 

 

Solenoid york

Superconducting coil

Cylindrical Drift Chamber

Cylindrical Neutron Counter



• Anti-kaon could be a unique probe for hadron physics. 
We are performing systematic experiments at J-PARC. 

•  signals are observed in 3He(K-,Λp)n channel. 

•  hint in 4He(K-,Λd)n events in a test experiment. 

• New-generation experiment starts from JFY2026 with a new 
solenoid spectrometer 

• Looking for more collaborators including theorists!

K̄NN

K̄NNN

Summary
22


