
HYP2022 (2022.6.27 — 7.1)

Experimental study of  
and future experiments for kaonic nuclei

K̄NN

Takumi Yamaga (RIKEN) 
for the J-PARC E15 collaboration



 interactionK̄N
2

1
2

(K−p + K̄0n)

1
2

(−K−p + K̄0n)

K̄0p

K−n

IK̄N = 0

IK̄N = 1

Strong  
attractive

attractive

Λ(1405) -nucleiK̄

Possible to make quasi-bound state with IK̄N = 0



The lightest -nucleusK̄

K̄NN
3

Ground state

No theoretical study doubts the existence of ,K̄NN

 = 9 — 95 MeVBE  = 16 — 110 MeVΓ
but predicted  &  highly depend on model.BE Γ

(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

(K̄[NN]I=1)I=3/2

Jπ = 0−

[K̄N]I=1N

Prog.Part.Nucl.Phys. 112 (2020) 103770



Studies for  so farK̄NN
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202020102000

First calculation for K−pp
PLB 535 (2002) 70

Many theoretical calculations
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 production by  reactionK̄NN 3He(K−, N)
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 elementary cross sections @ (K−, N) θN = 0∘

VOLUME 83, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 6 DECEMBER 1999

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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 is chosen to maximize CS of pK− = 1 GeV/c (K−, N)
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Beam spectrometer

3He n
K−

Forward spectrometer

Cylindrical detector system

Detector system

exclusive Invariant-mass spectroscopy

To select  final state 
To measure  invariant-mass & momentum transfer

Λpn
Λp

Production reaction

K− n
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3He N

p

N

K̄NN
p Iz = + 1/2



Event selection for  final stateΛpn
8

0.6 0.8 1 1.2 1.4
)2c (GeV/0R

m

0

500

1000

C
o
u
n
ts

(a) 0pp)R-
π, 

-
He(K3 of 0R

m

1 1.2 1.4 1.6

)2c (GeV/-
Rm

(b) -
, pp)R

-
He(K3 of -

Rm

0 10 20 30

)x(l

 data

 fit total

pnΛ 

pn0
Σ 

pp
-

Σ 

π YNN+

(c) )xl(
Mesonic final states; 
 , Λp + πN Σ0p + πN

Signal; 
 Λpn → ppπ− + n

BG; Σ−pp → ppπ− + n
BG; Σ0pn → ppπ− + nγ

Missing mass of 3He(K−, Λp)X

; Λpn ∼ 80 %

; Σ0pn → γΛpn ∼ 12 %

; Σ−pp → π−ppn ∼ 7 %

signal

background



Obtained spectrum
9

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

)2c (GeV/Xm

0

0.2

0.4

0.6

0.8

1

1.2

)c
 (

G
eV

/
X

q

0

0.2

0.4
)

X
 d

q
X

/(
d

m
σ2

d

))3 c/
2

(n
b

/(
M

eV

MF(qX) = 4m2
N + m2

K̄ + 4mN m2
K̄ + q2

X

bound region



Model functions
10

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

0.5

1

)c
 (G

eV
/

Xq

(a)
bound state

z-scales are logarithmic

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(b)
quasi-free

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(c)
broad

K− n

K̄ Λ

p
3He N

p
K̄NN

N

 productionK̄NN

fK̄NN(mX, qX) = Γ2/4
(mX − MX)2 + Γ2/4 × gK−pp(qX)

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

0.5

1

)c
 (G

eV
/

Xq

(a)
bound state

z-scales are logarithmic

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(b)
quasi-free

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(c)
broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

0.5

1

)c
 (G

eV
/

Xq

(a)
bound state

z-scales are logarithmic

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(b)
quasi-free

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(c)
broad

K− n

K̄ Λ

p
3He N

p

N

Quasi-free process

fQF(mX, qX) = exp (− (mX − MF(qX))2

σ2(qX) ) × gQF(qX)

with (K−, n)

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

0.5

1

)c
 (G

eV
/

Xq

(a)
bound state

z-scales are logarithmic

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(b)
quasi-free

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(c)
broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

0.5

1

)c
 (G

eV
/

Xq

(a)
bound state

z-scales are logarithmic

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(b)
quasi-free

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

(c)
broad

widely distributing

K− p

K− Λ

n3He
p
n

p

Quasi-free process
with (K−, p)



Fit result
11

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

(a)  0.3 GeV/c≤ 
X

q

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

(b)  0.6 GeV/c≤ 
X

 q<0.3 

 data

 fit total

pΛ→ KNN

p0
Σ→ KNN

 quasi-free

 broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

20

40

60

80

100

))
2 c

 (
n
b
/(

M
eV

/
X

d
m

/
σ

d
  
 

2

(c)  0.9 GeV/c≤ 
X

 q<0.6 

2 2.2 2.4 2.6 2.8

)2c (GeV/Xm

0

20

40

60

80

100

(d)  0.9 GeV/c> 
X

q
0 0.5 1

0

10

20

30

40

))c
 (

n
b
/(

M
eV

/
X

d
q

/
σ

d
  
 

(a) 2 2.27 GeV/c≤ Xm

0 0.5 1
0

10

20

30

40

(b) 2 2.37 GeV/c≤ X m<2.27 

 data

 fit total

pΛ→ KNN

p0
Σ→ KNN

 quasi-free

 broad

0 0.5 1
)c (GeV/

X
q

0

10

20

30

40

))c
 (

n
b

/(
M

eV
/

X
d

q
/

σ
d

  
 

0

0

(c) 2 2.6 GeV/c≤ X m<2.37 

0 0.5 1
)c (GeV/

X
q

0

10

20

30

40

(d) 2 2.6 GeV/c> Xm

 invariant-massΛp Momentum transfer to Λp

Whole distributions are well reproduced.



Discussion
12

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

(a)  0.3 GeV/c≤ 
X

q

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

(b)  0.6 GeV/c≤ 
X

 q<0.3 

 data

 fit total

pΛ→ KNN

p0
Σ→ KNN

 quasi-free

 broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

2

(c)  0.9 GeV/c≤ 
X

 q<0.6 

2 2.2 2.4 2.6 2.8

)2c (GeV/Xm

0

20

40

60

80

100

(d)  0.9 GeV/c> 
X

q
2 2.2 2.4 2.6 2.8

0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

(a)  0.3 GeV/c≤ 
X

q

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

(b)  0.6 GeV/c≤ 
X

 q<0.3 

 data

 fit total

pΛ→ KNN

p0
Σ→ KNN

 quasi-free

 broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

2

(c)  0.9 GeV/c≤ 
X

 q<0.6 

2 2.2 2.4 2.6 2.8

)2c (GeV/Xm

0

20

40

60

80

100

(d)  0.9 GeV/c> 
X

q

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

(a)  0.3 GeV/c≤ 
X

q

2 2.2 2.4 2.6 2.8
0

20

40

60

80

100

(b)  0.6 GeV/c≤ 
X

 q<0.3 

 data

 fit total

pΛ→ KNN

p0
Σ→ KNN

 quasi-free

 broad

2 2.2 2.4 2.6 2.8
)2c (GeV/Xm

0

20

40

60

80

100

))
2 c

 (
n

b
/(

M
eV

/
X

d
m

/
σ

d
  

 

2

(c)  0.9 GeV/c≤ 
X

 q<0.6 

2 2.2 2.4 2.6 2.8

)2c (GeV/Xm

0

20

40

60

80

100

(d)  0.9 GeV/c> 
X

q

K̄NN → Λp

K̄NN → Σ0p  + QFΛp QFΣ0p

 +  + QFΛn QFΣ0n QFΣ−p

mK̄ + 2mN

We observed clear peak below  threshold 
of which peak position does not depends on .

mK̄NN
qX

Signal of resonance

Quasi-free  absorption process is clearly seen.K̄
Clear evidence of the existence of 
Intermediate-  during the reactionK̄

BE = 42 ± 3 (stat.) +3
−4 (syst.) MeV

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

We interpreted that it is signal of .K̄NN → Λp
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Fig. 3. Comparison between theoretical and
experimental results of the Λp invariant mass
spectrum dσ/dMΛp for the K−3He → Λpn
reaction in the momentum transfer window
350 MeV/c < qΛp < 650 MeV/c. For the ex-
perimental data we subtract the background con-
tribution in the experimental analysis [9].

spectrum strongly suggests that the K̄NN bound state was indeed generated in the J-PARC E15
experiment.

4. Summary

In this manuscript we have investigated the origin of the peak structure of the Λp invariant mass
spectrum near the K−pp threshold in the K−3He→ Λpn reaction, which was recently observed in the
J-PARC E15 experiment. For this purpose, we have calculated the cross section of the K−3He→ Λpn
reaction and Λp invariant mass spectrum based on the scenario that a K̄NN bound state is generated
and it eventually decays into Λp. As a result, we have found that the behavior of the calculated dif-
ferential cross section d2σ/dMΛpdqΛp is entirely consistent with the experimental data. In particular,
the peak for the quasi-elastic scattering of the K̄ at the first collision in the Λp invariant mass spec-
trum, which exists above the K−pp threshold, is highly suppressed when we restrict the momentum
transfer to the region 350 MeV < qΛp < 650 MeV, as done in the experimental analysis [9]; with
this cut only the peak for the K̄NN bound state below the K−pp threshold survives. Furthermore,
throughout a wide range of the Λp invariant mass, our calculation reproduces almost quantitatively
the experimental mass spectrum with the momentum transfer cut. These findings strongly suggest
that the K̄NN bound state was indeed generated in the J-PARC E15 experiment.
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E15 data

Calculated spectra

Theoretically calculated spectral shape based on Chi-SU(3) well reproduce data.



Does  really keep it particle identity?K̄

Is the observed resonance really what we expected?

Other possibilities such as ?Σ*N

(K̄NN)Iz=−1/2Jπ &

Key issues for K̄NN

Questions
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Expected spectra of (K̄NN)1/2,−1/2
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 selected0.3 < qΛn ≤ 0.6 GeV/c

K̄NN → Λn

By  decayΛn By  decayΣ−p

K̄NN → Σ−p

We expect to observe distinct peak of (K̄NN)Iz=−1/2



Let’s consider  decayK̄NN → Λp
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Jπ = (SΛp ⊗ LΛp)−1(LΛp)

⊗

(K̄[NN]I=1)I=1/2

Jπ = 0−

[LΛp = 1]

[SΛp = 1]
⊗

αΛp = + 1

(K̄[NN]I=0)I=1/2

Jπ = 1−

[LΛp = 1]

2
3 [SΛp = 1] + 1

3 [SΛp = 0]
⊗

αΛp = + 1/3

(Σ*N)Iz=1/2

Jπ = 2+

[LΛp = 2]

1
2 [SΛp = 1] + 1

2 [SΛp = 0]

αΛp = ± 0

Three different internal configurations can be distinguished with .αΛp



— Spin alignment measurement by  & -  scattering —Λ → pπ− p C

How to measure spin-spin correlation
19

-spin estimation 
by  asym.
Λ

Λ → pπ−

-spin estimation 
by -  scat. asym.
p

p C

ϕΛpϕΛp Spin-spin correlation on -asymmetryϕ

N(ϕΛp) = N0 ⋅ (1 + r(JP) ⋅ αΛp cos ϕΛp)

 : asymmetry reduction factor defined by;r(JP)

 :  asym. parameterα− Λ
 : Analyzing powerApC
 : Spin distributionf ⃗S Λ

 : Magnetic fieldB
 : Binding energyBK̄

 : Momentum transferq
K̄NN



— To measure -asymmetry for  determination —ϕΛp Jπ

Expected  distributionsϕΛp
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(a)  caseJP = 0− (b)  caseJP = 1− : (K̄[NN]I=0)I=1/2 Jπ = 1− : (K̄[NN]I=1)I=1/2 Jπ = 0−

Simulation Simulation

Additionally, we can use production cross section ratio between  statesIz = ± 1/2



New programs for kaonic nuclei
21

Heavier system

 (I=0)K−ppn − K̄0pnn

 systemK̄NNN

 reaction 4He(K−, N)
Door to heavier system

-K− α

 systemK̄NNNN

 reaction 6Li(K−, d)
-K̄0 α

Expected large B.E. & high density

 systemK̄NN

Measuring  & dσ/dq αΛp

 determinationJP

To confirm the existence 
more robustly

 decayK̄NN → Λn

Search for (K̄NN)1/2,−1/2

Isospin partner of observed K̄NN

Non-mesonic 
, , Λp Σ0p Σ+n

Decay branch
Mesonic 

, πΛN πΣN

Lighter system

Λ(1405)

 reaction 
  decay  

& 
  decay as well

d(K−, n)
π±Σ∓

π0Σ0

with wider q-region T. Hashimoto’s talk (Mon-IV)



Summary
22

We observed the first clear 
signal of  in J-PARC E15K̄NN

We would like to robustly confirm 
the existence of -nuclei 

& 
clarify their internal structure

K̄

New experiments will 
(hopefully) start from 2026



Are you interested in? Join us!



Thank you for your attention!
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