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 -  identified in  analysisK̄NN, I3 = +
1
2

K̄NN → Λp

 - Brief introduction

 -  decay dominance K̄NN → πYN BrπYp > 10 × BrΛp
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preliminary analysis

 -  identified in  analysisK̄NNN, I = 0 K̄NNN → Λd
preliminary analysis

… T. Yamaga

… T. Hashimoto
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nucleons (N ):     qqq
- Nuclei consist of nucleons bound by nuclear force

Can meson be a constituent particle forming nuclei?
— Can meson form a quantum state as a particle ? —

- in vacuum, mesons are real particles having own intrinsic masses 
Long standing question：

 (qs) forms a bound state 
with two nulceons

K̄

( K- : us, K0 : ds )— — — mesonK̄

… what we learned …
—

Yukawa Theorem tells：

π0latttice QCD

ϕ ∝
1
r

exp (−mr)- in nuclei, mesons are virtual particle and form nuclear potential

totally new pobe (impurity) 
to study inside nuclei  

s
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meson:   qq—
Boson:

particles can share a quantum state

Fermion:

Pauli exclusion



What is Λ(1405)?
- Is it quark excited state of Λ baryon (uds)?

R.H. Dalitz and S.F. Tuan, Ann. Phys., 3, 307 (1960)

penta-quark

meson-baryon molecule

J.M.M. Hall et al., Phys. Rev. Lett. 114(2015)132002.

Λ(1405) =  … a “molecule-like hadron composite”K̄N

◆ supported	by	Lattice	QCD

why not  ?K̄NN

◆ supported	by	kaonic	hydrogen	data
Phys. Rev. Lett., 78, 3067 (1997)

forming a nuclear 
bound state
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 -  identified in  analysisK̄NN, I3 = +
1
2

K̄NN → Λp

Phys. Lett. B789, 620-625 (2019)
Phys. Rev. C102, 044002 (2020)

what we have done …
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If “K−pp” exits, a peak will be formed in invariant 
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6

n K-

by K-

p
p

select K− + 3He → (Λ+p)+n events,
analyze  invariant mass M  of (K− + pp)-system 

and  momentum transfer q   to the system

final state particles

K− + 3He → (K− + pp)   +  n

strong KN attraction?

 “K− 

    ”bound state? / compact system?

—

dd

“K−     ”dd

: formation

: decay (M, q)
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M & q defines kinematics
 K− + 3He → “K−pp” + n

(or M & θn)

<latexit sha1_base64="Z5J2tKb7IvXKPq4PAzKOtZZE2so="></latexit>

cosθn in Fig. is in CM (K- + 3He)

<latexit sha1_base64="sxHqfbFo4wf4WTBRLMncnY81X/M="></latexit>
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QFKA:
     K       +  Ns  + Ns      →      F        (→ Λ + p)

K− + N → K + n

<latexit sha1_base64="SnATUo7a3hJSHHWvU74oWqPxJJ4="></latexit>

on
-sh

ell
 K

 2N
A

back-scattered K ~ 200MeV/c

<latexit sha1_base64="bIzhWouFdxEEfkpws3wMafFmrwY="></latexit>

F

<latexit sha1_base64="yNOsTxjSLAxBaSY/6EE7YWrbfsY="></latexit>

at-rest~2Non-shell K MF = 4m2
N + m2

K + 4mN m2
K + q2

kinematics of Kaon 2N-absorption after K−N → K̄N′ 

smeared by 
Fermi-motion



Λp +nmiss model fitting function in (m, q)-plane
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ρ : Lorentz-invariant phase-space



PWIA based interpretation

σ (M, q) ∝
Lorentz invariant 

phase space (Λpn)
Differential 

cross section

(plane wave impulse approximation)
B.W. / Lorentzian

0

form factor /  structure factor
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Invariant Mass Spectrum
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Momentum Transfer Spectrum



Mesonic decay of K̄NN
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K̄NN → πYN

… T. Yamaga

what we are working on … I



BE = 42 ± 3 (stat.) +3
−4 (syst.) MeV

Γ = 100 ± 7 (stat.) +19
−9 (syst.) MeV

Theoretical calculations: Γ ∼ 50 MeV
mesonic decay channel only

Why  is so large?Γ
13

observation in non-mesonic channel:

≈ ΓΛ(1405)?Γ theor.
mesonic ≈ 50 MeV

σ ⋅ BrΛp = 9.3 ± 0.8+1.4
−1.0 μb
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+
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Study on mesonic decay of “  ”K̄NN
14

Λp nmiss+
I3 = + 1/2

Study on non-mesonic decay mode:

I3 = + 1/2

π−Σ+p nmiss+

π+Σ−p nmiss+

π+Λn nmiss+

π−Λp pmiss+
I3 = − 1/2

Excluded from this talk
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Similar to Λp +nmiss, but

QF-  absorptionK̄ , not significant forclear for  productionK̄NN
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Why  signalK̄NN is not THAT clear?

Due to  phase volume reduction  below  toward MK̄NN MπΣN
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MBW

final state density

fK̄NN(m, q) × ρ{πΣpn}(m, q) fQF-K̄(m, q) × ρ{πΣpn}(m, q)

{πΣpn}{Λpn}

fK̄NN(m, q) × ρ{Λpn}(m, q) fQF-K̄(m, q) × ρ{Λpn}(m, q)
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Fit result assuming  and  are commonfK̄NN fQF−K̄

18

π−Σ+p +nmiss
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All distributions are well fitted 
 with K̄NN QF BG, , and
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with what observed in Λp



An example of the fit
19

π+Λ n +nmiss

2.2 2.4 2.6 2.8
)2c (GeV/pΛ−πm

0

1
)c

 (G
eV

/
N

Λπq
2.2 2.4 2.6 2.8)2c (GeV/m

0

0.2

0.4

0.6

0.8
1/5×

2.2 2.4 2.6 2.8
)2c (GeV/nΛ+πm

)c
 (G

eV
/

N
Λπq

0

0.5

1

1.5

2

))3 c/2
 (n

b/
(M

eV
dm

dq
/

σ2 d

2.2 2.4 2.6 2.8)2c (GeV/m

2.2 2.4 2.6 2.8
)2c (GeV/p+Σ−πm

0

1

)c
 (G

eV
/

p
Σπq

2.2 2.4 2.6 2.8)2c (GeV/m
0

0.2

0.4

0.6

0.8

1

2.2 2.4 2.6 2.8
)2c (GeV/p−Σ+πm

)c
 (G

eV
/

p
Σπq

0

0.5

1

1.5

2

))3 c/2
 (n

b/
(M

eV
dm

dq
/

σ2 d

2.2 2.4 2.6 2.8)2c (GeV/m
0 0

))2 c
b/

(M
eV

/
µ (

dm/
σd

))2 c
b/

(M
eV

/
µ (

dm/
σd

) final stateppΛ−π(a)  ( ) final statennΛ+π(b)  ( ) final statepn+Σ−π(c)  ( ) final statepn−Σ+π(d)  (

2.2 2.4 2.6 2.8
)2c (GeV/pΛ−πm

0

1

)c
 (G

eV
/

N
Λπq

2.2 2.4 2.6 2.8)2c (GeV/m
0

0.2

0.4

0.6

0.8
1/5×

2.2 2.4 2.6 2.8
)2c (GeV/nΛ+πm

)c
 (G

eV
/

N
Λπq

0

0.5

1

1.5

2

))3 c/2
 (n

b/
(M

eV
dm

dq
/

σ2 d

2.2 2.4 2.6 2.8)2c (GeV/m

2.2 2.4 2.6 2.8
)2c (GeV/p+Σ−πm

0

1

)c
 (G

eV
/

p
Σπq

2.2 2.4 2.6 2.8)2c (GeV/m
0

0.2

0.4

0.6

0.8

1

2.2 2.4 2.6 2.8
)2c (GeV/p−Σ+πm

)c
 (G

eV
/

p
Σπq

0

0.5

1

1.5

2

))3 c/2
 (n

b/
(M

eV
dm

dq
/

σ2 d

2.2 2.4 2.6 2.8)2c (GeV/m
0 0

))2 c
b/

(M
eV

/
µ (

dm/
σd

))2 c
b/

(M
eV

/
µ (

dm/
σd

) final stateppΛ−π(a)  ( ) final statennΛ+π(b)  ( ) final statepn+Σ−π(c)  ( ) final statepn−Σ+π(d)  (

MK̄NN

K̄NN

K̄NN



Cross section x BrπYN from the fit

20

π−Σ+p +nmiss

π+Σ−p +nmiss

π+Λ n +nmiss
83.6 ± 12.0 μb

85.4 ± 21.2 μb

43.8 ± 9.6 μb

Preliminary

Preliminary

Preliminary

Λp +nmiss 9.3 ± 0.8+1.4
−1.0 μbc.f.

Γmesonic ≫ Γnon−mesonic
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 is more than 
 larger  

compared to 

Γmesonic
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Γnon−mesonic

mesonic decay channel 
is more difficult to 

identify  signal in 
invariant mass due to 

K̄NN

ρ{πYpn}(m, q)



Signal of K̄NNN

21

(K− + pp) → Λ+p  
K− + 3He → (K− + pp)  + n

(K− + ppn) → Λ+d  
K− + 4He → (K− + ppn)  + n

… T. Hashimoto

what we are working on … II
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Fig. 1. a) 2D event distribution plot on the M (= IM!p ) and the momentum transfer q (q!p ) for the !pn final state. The M F (q) given in Eq. (2), the mass threshold M(Kpp), 
and the kinematical boundary for !pn final state, are plotted in the figure. The lower q boundary corresponds to θn = 0 (forward n), and the upper boundary corresponds to 
θn = π (backward n). The histograms of projection onto the M axis b), and onto q axis c) are also given together with the decompositions of the fit result.

tation. On the other hand, the distribution centroid of M above 
M(Kpp) depends on q, and the yield vanishes rapidly as a function 
of q. The centroid shifts to the heavier M side for the larger q, sug-
gesting its non-resonant feature, i.e. the propagator’s kinetic energy 
is converted to the relative kinetic energy between ! and p, near 
the lower q boundary. Thus, the most natural interpretation would 
be non-resonant absorption of quasi-free ‘K ’ by the ‘N N ’ spectator 
(QFKA) due to the final state interaction (FSI). This process can be 
understood as a part of the quasi-free K reaction, in which most 
K s escape from the nucleus, as we published in [21]. Note that 
there is another change in event distributions at M(Kpp), i.e., the 
event density is low close to the θn = 0 line below M(Kpp), while 
it is high above M(Kpp) (this point will be separately discussed in 
the last section).

This spectral substructure is in relatively good agreement with 
that of Sekihara–Oset–Ramos’s spectroscopic function [23] to ac-
count for the observed structure in [22]. Actually, their spectrum 
has two structures, namely A) a “K −pp” pole below the mass 
threshold M(Kpp) (meson bound state), and B) a QFKA process 
above the M(Kpp). Thus, the interpretation of the internal sub-
structures near M(Kpp) is consistent with their theoretical picture.

3. Fitting procedure

We first describe what we can expect if point-like reactions 
happen between an incoming K − and 3He, which goes to a !pn
final state. The events must distribute simply according to the !pn
Lorentz-invariant phase space ρ3(M, q), as shown in Fig. 2a. We 
fully simulated these events based on our experimental setup and 
analyzed the simulated events by the common analyzer applied 
to the experimental data. The result is shown in Fig. 2b, which 
is simply E(M, q) × ρ3(M, q), where E(M, q) is the experimen-
tal efficiency. One can evaluate E(M, q) by dividing Fig. 2b by 
Fig. 2a bin-by-bin, which is given in Fig. 2c. As shown in Fig. 2c, 
we have sufficient and smooth experimental efficiency at the re-
gion of interest, M ≈ M(Kpp) at lower q, based on the careful 
design of the experimental setup. On the other hand, the efficiency 

is rather low at the dark blue region and even less toward the 
kinematical boundary, as shown in Fig. 2c. If we simply apply the 
acceptance correction, the statistical errors of those bins become 
huge and very asymmetric. This fact makes the acceptance correc-
tion of the entire (M, q) region unrealistic. Therefore, we applied 
a reverse procedure, i.e., we prepared smooth functions f{ j}(M, q)

(to account for the j-th physical process) and multiplied that with 
E(M, q) × ρ3(M, q) (= Fig. 2b) bin-by-bin. In this manner, one 
can reliably estimate how the physics process should be observed 
in our experimental setup, and this permitted us to calculate the 
mean-event-number expected in each 2D bin. The three introduced 
model functions (at the best fit parameter set) are shown in Fig. 3.

A very important and striking structure exists below M(Kpp), 
which could be assigned as the “K − pp” signal. To make the fitting 
function as simple as possible, let us examine the event distri-
bution by using the same function as was applied in [22], i.e., a 
product of B.W. depending only on M , and an S-wave harmonic-
oscillator form-factor depending only on q as:

f{Kpp} = CKpp
(
%Kpp/2

)2

(
M − MKpp

)2 +
(
%Kpp/2

)2 exp

(

−
(

q
Q Kpp

)2
)

, (1)

where MKpp and %Kpp are the B.W. pole position and the width, 
Q Kpp is the reaction form-factor parameter, and CKpp is the nor-
malization constant, as shown in Fig. 3a.

A model-function of the QFKA channel, f{Q F KA} (M, q), is intro-
duced as follows. As described, we assume that a ‘K ’ propagates 
between the two successive reactions. It consists of 1) K −N →
‘K ’N and 2) non-resonant ‘K ’ + ‘N N ’ → ! + p in the FSI. When the 
‘K ’ propagates at momentum q as an on-shell particle in the spec-
tator’s rest frame (≡ laboratory-frame), then the resulting invariant 
mass M (≡ I M!p(‘K + N N ’)) can be given as:

M F (q) =
√

4m2
N + m2

K + 4mN

√
m2

K + q2, (2)
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Fig. 1. a) 2D event distribution plot on the M (= IM!p ) and the momentum transfer q (q!p ) for the !pn final state. The M F (q) given in Eq. (2), the mass threshold M(Kpp), 
and the kinematical boundary for !pn final state, are plotted in the figure. The lower q boundary corresponds to θn = 0 (forward n), and the upper boundary corresponds to 
θn = π (backward n). The histograms of projection onto the M axis b), and onto q axis c) are also given together with the decompositions of the fit result.

tation. On the other hand, the distribution centroid of M above 
M(Kpp) depends on q, and the yield vanishes rapidly as a function 
of q. The centroid shifts to the heavier M side for the larger q, sug-
gesting its non-resonant feature, i.e. the propagator’s kinetic energy 
is converted to the relative kinetic energy between ! and p, near 
the lower q boundary. Thus, the most natural interpretation would 
be non-resonant absorption of quasi-free ‘K ’ by the ‘N N ’ spectator 
(QFKA) due to the final state interaction (FSI). This process can be 
understood as a part of the quasi-free K reaction, in which most 
K s escape from the nucleus, as we published in [21]. Note that 
there is another change in event distributions at M(Kpp), i.e., the 
event density is low close to the θn = 0 line below M(Kpp), while 
it is high above M(Kpp) (this point will be separately discussed in 
the last section).

This spectral substructure is in relatively good agreement with 
that of Sekihara–Oset–Ramos’s spectroscopic function [23] to ac-
count for the observed structure in [22]. Actually, their spectrum 
has two structures, namely A) a “K −pp” pole below the mass 
threshold M(Kpp) (meson bound state), and B) a QFKA process 
above the M(Kpp). Thus, the interpretation of the internal sub-
structures near M(Kpp) is consistent with their theoretical picture.

3. Fitting procedure

We first describe what we can expect if point-like reactions 
happen between an incoming K − and 3He, which goes to a !pn
final state. The events must distribute simply according to the !pn
Lorentz-invariant phase space ρ3(M, q), as shown in Fig. 2a. We 
fully simulated these events based on our experimental setup and 
analyzed the simulated events by the common analyzer applied 
to the experimental data. The result is shown in Fig. 2b, which 
is simply E(M, q) × ρ3(M, q), where E(M, q) is the experimen-
tal efficiency. One can evaluate E(M, q) by dividing Fig. 2b by 
Fig. 2a bin-by-bin, which is given in Fig. 2c. As shown in Fig. 2c, 
we have sufficient and smooth experimental efficiency at the re-
gion of interest, M ≈ M(Kpp) at lower q, based on the careful 
design of the experimental setup. On the other hand, the efficiency 

is rather low at the dark blue region and even less toward the 
kinematical boundary, as shown in Fig. 2c. If we simply apply the 
acceptance correction, the statistical errors of those bins become 
huge and very asymmetric. This fact makes the acceptance correc-
tion of the entire (M, q) region unrealistic. Therefore, we applied 
a reverse procedure, i.e., we prepared smooth functions f{ j}(M, q)

(to account for the j-th physical process) and multiplied that with 
E(M, q) × ρ3(M, q) (= Fig. 2b) bin-by-bin. In this manner, one 
can reliably estimate how the physics process should be observed 
in our experimental setup, and this permitted us to calculate the 
mean-event-number expected in each 2D bin. The three introduced 
model functions (at the best fit parameter set) are shown in Fig. 3.

A very important and striking structure exists below M(Kpp), 
which could be assigned as the “K − pp” signal. To make the fitting 
function as simple as possible, let us examine the event distri-
bution by using the same function as was applied in [22], i.e., a 
product of B.W. depending only on M , and an S-wave harmonic-
oscillator form-factor depending only on q as:

f{Kpp} = CKpp
(
%Kpp/2

)2

(
M − MKpp

)2 +
(
%Kpp/2

)2 exp

(

−
(

q
Q Kpp

)2
)

, (1)

where MKpp and %Kpp are the B.W. pole position and the width, 
Q Kpp is the reaction form-factor parameter, and CKpp is the nor-
malization constant, as shown in Fig. 3a.

A model-function of the QFKA channel, f{Q F KA} (M, q), is intro-
duced as follows. As described, we assume that a ‘K ’ propagates 
between the two successive reactions. It consists of 1) K −N →
‘K ’N and 2) non-resonant ‘K ’ + ‘N N ’ → ! + p in the FSI. When the 
‘K ’ propagates at momentum q as an on-shell particle in the spec-
tator’s rest frame (≡ laboratory-frame), then the resulting invariant 
mass M (≡ I M!p(‘K + N N ’)) can be given as:

M F (q) =
√

4m2
N + m2

K + 4mN

√
m2

K + q2, (2)
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Fig. 1. a) 2D event distribution plot on the M (= IM!p ) and the momentum transfer q (q!p ) for the !pn final state. The M F (q) given in Eq. (2), the mass threshold M(Kpp), 
and the kinematical boundary for !pn final state, are plotted in the figure. The lower q boundary corresponds to θn = 0 (forward n), and the upper boundary corresponds to 
θn = π (backward n). The histograms of projection onto the M axis b), and onto q axis c) are also given together with the decompositions of the fit result.

tation. On the other hand, the distribution centroid of M above 
M(Kpp) depends on q, and the yield vanishes rapidly as a function 
of q. The centroid shifts to the heavier M side for the larger q, sug-
gesting its non-resonant feature, i.e. the propagator’s kinetic energy 
is converted to the relative kinetic energy between ! and p, near 
the lower q boundary. Thus, the most natural interpretation would 
be non-resonant absorption of quasi-free ‘K ’ by the ‘N N ’ spectator 
(QFKA) due to the final state interaction (FSI). This process can be 
understood as a part of the quasi-free K reaction, in which most 
K s escape from the nucleus, as we published in [21]. Note that 
there is another change in event distributions at M(Kpp), i.e., the 
event density is low close to the θn = 0 line below M(Kpp), while 
it is high above M(Kpp) (this point will be separately discussed in 
the last section).

This spectral substructure is in relatively good agreement with 
that of Sekihara–Oset–Ramos’s spectroscopic function [23] to ac-
count for the observed structure in [22]. Actually, their spectrum 
has two structures, namely A) a “K −pp” pole below the mass 
threshold M(Kpp) (meson bound state), and B) a QFKA process 
above the M(Kpp). Thus, the interpretation of the internal sub-
structures near M(Kpp) is consistent with their theoretical picture.

3. Fitting procedure

We first describe what we can expect if point-like reactions 
happen between an incoming K − and 3He, which goes to a !pn
final state. The events must distribute simply according to the !pn
Lorentz-invariant phase space ρ3(M, q), as shown in Fig. 2a. We 
fully simulated these events based on our experimental setup and 
analyzed the simulated events by the common analyzer applied 
to the experimental data. The result is shown in Fig. 2b, which 
is simply E(M, q) × ρ3(M, q), where E(M, q) is the experimen-
tal efficiency. One can evaluate E(M, q) by dividing Fig. 2b by 
Fig. 2a bin-by-bin, which is given in Fig. 2c. As shown in Fig. 2c, 
we have sufficient and smooth experimental efficiency at the re-
gion of interest, M ≈ M(Kpp) at lower q, based on the careful 
design of the experimental setup. On the other hand, the efficiency 

is rather low at the dark blue region and even less toward the 
kinematical boundary, as shown in Fig. 2c. If we simply apply the 
acceptance correction, the statistical errors of those bins become 
huge and very asymmetric. This fact makes the acceptance correc-
tion of the entire (M, q) region unrealistic. Therefore, we applied 
a reverse procedure, i.e., we prepared smooth functions f{ j}(M, q)

(to account for the j-th physical process) and multiplied that with 
E(M, q) × ρ3(M, q) (= Fig. 2b) bin-by-bin. In this manner, one 
can reliably estimate how the physics process should be observed 
in our experimental setup, and this permitted us to calculate the 
mean-event-number expected in each 2D bin. The three introduced 
model functions (at the best fit parameter set) are shown in Fig. 3.

A very important and striking structure exists below M(Kpp), 
which could be assigned as the “K − pp” signal. To make the fitting 
function as simple as possible, let us examine the event distri-
bution by using the same function as was applied in [22], i.e., a 
product of B.W. depending only on M , and an S-wave harmonic-
oscillator form-factor depending only on q as:

f{Kpp} = CKpp
(
%Kpp/2

)2

(
M − MKpp

)2 +
(
%Kpp/2

)2 exp

(

−
(

q
Q Kpp

)2
)

, (1)

where MKpp and %Kpp are the B.W. pole position and the width, 
Q Kpp is the reaction form-factor parameter, and CKpp is the nor-
malization constant, as shown in Fig. 3a.

A model-function of the QFKA channel, f{Q F KA} (M, q), is intro-
duced as follows. As described, we assume that a ‘K ’ propagates 
between the two successive reactions. It consists of 1) K −N →
‘K ’N and 2) non-resonant ‘K ’ + ‘N N ’ → ! + p in the FSI. When the 
‘K ’ propagates at momentum q as an on-shell particle in the spec-
tator’s rest frame (≡ laboratory-frame), then the resulting invariant 
mass M (≡ I M!p(‘K + N N ’)) can be given as:

M F (q) =
√

4m2
N + m2

K + 4mN

√
m2

K + q2, (2)
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Fig. 1. a) 2D event distribution plot on the M (= IM!p ) and the momentum transfer q (q!p ) for the !pn final state. The M F (q) given in Eq. (2), the mass threshold M(Kpp), 
and the kinematical boundary for !pn final state, are plotted in the figure. The lower q boundary corresponds to θn = 0 (forward n), and the upper boundary corresponds to 
θn = π (backward n). The histograms of projection onto the M axis b), and onto q axis c) are also given together with the decompositions of the fit result.

tation. On the other hand, the distribution centroid of M above 
M(Kpp) depends on q, and the yield vanishes rapidly as a function 
of q. The centroid shifts to the heavier M side for the larger q, sug-
gesting its non-resonant feature, i.e. the propagator’s kinetic energy 
is converted to the relative kinetic energy between ! and p, near 
the lower q boundary. Thus, the most natural interpretation would 
be non-resonant absorption of quasi-free ‘K ’ by the ‘N N ’ spectator 
(QFKA) due to the final state interaction (FSI). This process can be 
understood as a part of the quasi-free K reaction, in which most 
K s escape from the nucleus, as we published in [21]. Note that 
there is another change in event distributions at M(Kpp), i.e., the 
event density is low close to the θn = 0 line below M(Kpp), while 
it is high above M(Kpp) (this point will be separately discussed in 
the last section).

This spectral substructure is in relatively good agreement with 
that of Sekihara–Oset–Ramos’s spectroscopic function [23] to ac-
count for the observed structure in [22]. Actually, their spectrum 
has two structures, namely A) a “K −pp” pole below the mass 
threshold M(Kpp) (meson bound state), and B) a QFKA process 
above the M(Kpp). Thus, the interpretation of the internal sub-
structures near M(Kpp) is consistent with their theoretical picture.

3. Fitting procedure

We first describe what we can expect if point-like reactions 
happen between an incoming K − and 3He, which goes to a !pn
final state. The events must distribute simply according to the !pn
Lorentz-invariant phase space ρ3(M, q), as shown in Fig. 2a. We 
fully simulated these events based on our experimental setup and 
analyzed the simulated events by the common analyzer applied 
to the experimental data. The result is shown in Fig. 2b, which 
is simply E(M, q) × ρ3(M, q), where E(M, q) is the experimen-
tal efficiency. One can evaluate E(M, q) by dividing Fig. 2b by 
Fig. 2a bin-by-bin, which is given in Fig. 2c. As shown in Fig. 2c, 
we have sufficient and smooth experimental efficiency at the re-
gion of interest, M ≈ M(Kpp) at lower q, based on the careful 
design of the experimental setup. On the other hand, the efficiency 

is rather low at the dark blue region and even less toward the 
kinematical boundary, as shown in Fig. 2c. If we simply apply the 
acceptance correction, the statistical errors of those bins become 
huge and very asymmetric. This fact makes the acceptance correc-
tion of the entire (M, q) region unrealistic. Therefore, we applied 
a reverse procedure, i.e., we prepared smooth functions f{ j}(M, q)

(to account for the j-th physical process) and multiplied that with 
E(M, q) × ρ3(M, q) (= Fig. 2b) bin-by-bin. In this manner, one 
can reliably estimate how the physics process should be observed 
in our experimental setup, and this permitted us to calculate the 
mean-event-number expected in each 2D bin. The three introduced 
model functions (at the best fit parameter set) are shown in Fig. 3.

A very important and striking structure exists below M(Kpp), 
which could be assigned as the “K − pp” signal. To make the fitting 
function as simple as possible, let us examine the event distri-
bution by using the same function as was applied in [22], i.e., a 
product of B.W. depending only on M , and an S-wave harmonic-
oscillator form-factor depending only on q as:

f{Kpp} = CKpp
(
%Kpp/2

)2

(
M − MKpp

)2 +
(
%Kpp/2

)2 exp

(

−
(

q
Q Kpp

)2
)

, (1)

where MKpp and %Kpp are the B.W. pole position and the width, 
Q Kpp is the reaction form-factor parameter, and CKpp is the nor-
malization constant, as shown in Fig. 3a.

A model-function of the QFKA channel, f{Q F KA} (M, q), is intro-
duced as follows. As described, we assume that a ‘K ’ propagates 
between the two successive reactions. It consists of 1) K −N →
‘K ’N and 2) non-resonant ‘K ’ + ‘N N ’ → ! + p in the FSI. When the 
‘K ’ propagates at momentum q as an on-shell particle in the spec-
tator’s rest frame (≡ laboratory-frame), then the resulting invariant 
mass M (≡ I M!p(‘K + N N ’)) can be given as:

M F (q) =
√

4m2
N + m2

K + 4mN
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 -  identified in  analysisK̄NN, I3 = +
1
2

K̄NN → Λp

 -  decay dominance K̄NN → πYp BrπYp > 10 × BrΛp59. Phys.Lett.B789,620-625(2019)  

Phys. Lett. B789, 620-625 (2019)
Phys. Rev. C102, 044002 (2020)

preliminary analysis

 -  identified in  analysisK̄NNN, I = 0 K̄NNN → Λd
preliminary analysis

 nuclear bound state becomes more solidK̄

K absorption in  as wellIK̄N = 1

Three nucleon bound state!



Toward JP (spin・parity) study
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we welcome you if you can join !!!



Thank you for your attention!
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What we measured/observed in E15
27

Production reaction

K− n

K̄ Λ
3He N

p

N

K̄NN
p

Iz = + 1/2

Theoretical calculations: Γ ≈ 50 MeV

Excluding non-mesonic decay

≈ ΓΛ(1405)
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Theoretical calculations: Γ ≈ 50 MeV

Excluding non-mesonic decay

≈ ΓΛ(1405)



What we measured/observed in E15
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Production reaction
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BE = 42 ± 3 (stat.) +3

−4 (syst.) MeV

Γ = 100 ± 7 (stat.) +19
−9 (syst.) MeV

Theoretical calculations: Γ ≈ 50 MeV

Excluding non-mesonic decay

≈ ΓΛ(1405)
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• Λdn final states are identified with a good purity 
by considering kinematical & topological consistensies 
• ~20% contamination from Σ0dn/Σ-dp

Λd+n event selection 
29
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2核子系 - 反K中間子原子核の JP の決定

スピンスピン相関により JP 直接確定が可能

シミュレーション シミュレーション

シミュレーション(疑似データ)により
「実測すれば十分な精度で物理量を決定できる」

ことを事前確認

偏向角 φ の定義の説明図

JP の違いで φ 依存性は大きく異る

30

“K− pp” → Λ + p



荷電対称状態 “K0nn” の同定
+ JP 決定の補助データ: JP の違いで “K0nn” の収量は大きく異る—

—

荷電鏡像状態 “K0nn” の同定が可能—

31荷電対称性の検証も可能十分な統計量で

シミュレーション シミュレーション

シグナル

シグナル

荷電対称状態の同定


⬇


普遍性の確定


荷電対称性の破れの検証



color super-conductor

quark-gluon
plasma

hadronic phase

真空の自発的対称性の破れ: <qq> 凝縮？

chiral order parameter
“QCD higgs”

物質密度エネルギ
ー密度

matter density
energy density

QCD真空相図と<qq>凝縮の鳥瞰図-

hadronic phase

自発的カイラル対称性の破れ

mq ~ 0?
W.Weise NPA553,59 (1993)

通常核物質密度

mq ~ 300MeV/c2?

mq ~ 0?

(イメージ)

32

ハドロン
構成子クォーク質量は

<qq>凝縮に依存し
温度・密度の関数

-

ハドロン質量の起源 -



2核子系 - 反K中間子原子核の JP と内部構造

“K0nn” の収量は JP に大きく依存—

通常核では有り得ない “荷電対称なNN” に  
反Kが結合した系

通常核 “重水素 d” に  
K0 が結合した系

33

JP = 0- の方が 強く KN I = 0 と結合—

可能なアイソスピン・スピン対称性

KN I = 0 が強い引力—

—

p波励起 JP = 0+, 1+ の可能性は除外

荷電(アイソスピン)鏡像状態

すべてs波のときは JP = 0-, 1- だけ



別実験 (テストデータ) が示した“K-ppn” 取鲏扱鱉注意

34

K− + 4He → (K− + ppn)  + n
(K− + ppn) → Λ+d  

K− + 3He → (K− + pp) + n
(K− + pp) → Λ+p  

束縛領域 束縛領域

束縛状態シグナルは閾値 M(K- pp) 以下。　束縛状態なら分布中心は q に依存しない



Kaonic nuclei
35

A. Doté et al. / Physics Letters B 590 (2004) 51–56 53

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-

1.Y. Akaishi and T. Yamazaki. Phys. Rev. C 65, 044005 (2002).
2.T. Yamazaki and Y. Akaishi. Physics Letters B 535, 70–76 (2002).

Phys. Lett. B 590 (2004) 51

dense nuclei are predicted

Kaon mass changes  
in nuclear medium?

ppn ppnK
predicted from 
attractive KbarN interaction in I=0

Anti-Kaon could be a unique probe for hadron/nuclear physics



: Theoretical situaionK̄NNN
36

Binding 
Energy

Width 
(mesonic-only)

AY: PRC65(2002)044005, PLB535(2002)70. 
WG: PRC79(2009)014001. 
BGL: PLB712(2012)132. 
OHHMH: PRC95(2017)065202.

Larger binding than  and similar width are predicted.K̄NN

I(Jp) = 0(
1
2

−
)
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35

Acceptance for K-4He reaction

Ld in CDS Lpn in CDS

M
(K
pp

n)

M
(K
pp

n)


