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Kaonic hydrogen atom  (pre-history)

Dalitz and Yazaki’s naive question: 

“Why you cannot resolve kaonic hydrogen puzzle?”

K βK γK

Energy (keV)

C
ou

nt
s 

/ 6
2.

5 
eV

2 4 6 8 10 12

C
ou

nt
s 

/ 6
4.

9 
eV Izycki   (1980)

Bird   (1983)et al.  
C

ou
nt

s 
/ 1

00
 e

V

0
20
40
60
80

100
0

50

100

150
0

100

200

300

400

Inefficiency due to �
     Be window

hift 
(EM only) α δK

AttractiveRepulsive

K energy

et al.  

α

Kα βK γK

Kα

Davies   (1979)et al.  



nuclear physics  (pre-history)

How to approach kaonic hydrogen puzzle?

・Gas Target ・Si(Li) in Hydrogen Gas Stark Free



nuclear physics  (pre-history)

How to approach kaonic hydrogen puzzle?
・Background Free 

gaseous target / final state tagging  /  stop K selection / fiducial cut



nuclear physics  (pre-history)

How to approach kaonic hydrogen puzzle?
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EM value

K-p Kα

Kaonic hydrogen

Kα Kβ

higher

Residuals of K-p x-ray spectrum 
after subtraction of fitted background

SIDDHARTA



ε1S= −283 ± 36(stat) ± 6(syst) eV 
Γ1S= 541 ± 89(stat) ± 22(syst) eV

KAONIC HYDROGEN results
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Dose KN interaction repulsive? 
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Dose KN interaction repulsive? 

Very strongly attractive so as 
to form bound state!

K̄N ≡ Λ(1405)
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Dose KN interaction repulsive? 
R. Seki, Phys. Rev. C5 (1972) 1196

S. Baird et al., Nucl. Phys. A392 (1983) 297

C.J. Batty, Nucl. Phys. A508 (1990) 89c

Very strongly attractive so as 
to form bound state!

K̄N ≡ Λ(1405)

atom

nuclear

K

K

Coulomb

+ Strong

atom

repulsive shift!

atom

Repulsive shift means possible  bound stateK̄N



As a candidate of  bound state, Λ(1405) is the most naturalK−p

- Is it quark excited state of Λ baryon (qqq)?

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



From Λ(1405) to kaonic nuclei
Is Λ(1115) an excited state of uds?

ΔEx ~ 290 MeV



with qq (χ-condensate) in vacuum−
From Λ(1405) to kaonic nuclei



two color-singlet objects bound by meson exchange : p = K-

From Λ(1405) to kaonic nuclei

BK ~ 25 MeV

 is the most natural candidate as for the  bound state due to 
the strong interaction, which locates far below the Coulomb bound state 
(atomic states).

Λ(1405) K−p
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Is Λ(1405) be a qqq or meson-baryon composite?

Λ(1405) is on-site of “hadronization”, where the 
system captures qq from vacuum-
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Search for  nuclear bound state as a 
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quark flavorq = u or d

Basic understanding of nuclei

nucleons (N ):     qqq
- Nuclei consist of nucleons bound by nuclear force

Yukawa Theorem tells：

π0latttice QCD

ϕ ∝
1
r

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

19

meson:   qq—
Boson:

particles can share a quantum state

Fermion:

Pauli exclusion
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— 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

… finally resolved as …
—

Yukawa Theorem tells：

π0latttice QCD

ϕ ∝
1
r

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

totally new probe (impurity) 
to study inside nuclei  

s
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J-PARC E15: “K−pp” Exploration Research 
K−  + 3He (ppn)

substitute n in 3He by K− 
(K− + pp)  + n

knockingout n from 3He   
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Experimental Setup for E15
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3He(K-, nNC)X  — semi-inclusive 

K− + 3He → (K̄ + NN) + n′￼

M(K−pp) ∼ 2.37 GeV/c2
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A nucleon knockout reaction  is the  dominant  reaction processK−N → K̄n′￼



3He(K-, nNC)X  — semi-inclusive 

K− + 3He → (K̄ + NN) + n′￼

M(K−pp) ∼ 2.37 GeV/c2

excess!

How to study excess:

 happens 

only when all the 
particles are in the 

strong interaction range, 
because of energy-
momentum mismatch

K̄ + NN → Λp

A nucleon knockout reaction  is the  dominant  reaction processK−N → K̄n′￼
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Sekihara Oset Ramos

Theory helps a lot to understand Λp invariant mass 
spectrum, but still not compatible in large-q distribution

QFKA
-

Kpp

Λp + nmis. vs. theory



Λp +nmiss
Phenomenological model fitting function 
in (m, q)-plane
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PWIA based interpretation

σ (M, q) ∝
Lorentz invariant 

phase space (Λpn)
Differential 

cross section

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

0
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 interaction study via kaonic atom

Search for  nuclear bound state as a 
natural extension of 

Recent results on  bound state

Future direction for  ( ) bound state study
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The 2NA (two-nucleon absorption) reaction induced by K 
mesons is of interest regarding short-range pn-pair 

correlation in nuclei.

31

Hint of  (isospin partner of ) is givenK̄0nn K−pp
statistically insufficient to conclude, though

Comments on π 
-Λpp reaction

strong  is seen, but not in 
  nor in , which may suggest much 

weaker short-range pp-pair correlation in  nuclei

mπ−Λp ≈ sK−d ∼ 2.83 GeV
mπ+Λn ≈ sK−pp mπ±Σ∓n

3He



Signal of K̄NNN

32

(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



• Two disributions are quite similar 
• structure below the threshold, QF-K, and broad background

Preliminary Λd result 33

622 S. Ajimura et al. / Physics Letters B 789 (2019) 620–625

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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Summary of present status

34

 -  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)

… T. Yamaga’s talk

 -  identified in  analysisK̄NNN, I = 0 K̄NNN → Λd

 -  nuclear bound state becomes more solidK̄
… T. Hashimoto’s talk

 -  hint in  spectrumK̄NN, I3 = −
1
2

K̄NN → π−Λp
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Recent results on  bound state
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Toward systematic study and JP (spin-parity) study 
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the nature of
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Toward systematic study and JP (spin-parity) study 
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KNN : JP =  1-,  I = 1/2:  INN = 0, SNN = 1, LK = 0

KNN : JP =  0-,  I = 1/2:  INN = 1, SNN = 0, LK = 0
nucleon isospin symmetric (INN = 1) and spin anti-symmetric (SNN = 0)

nucleon isospin anti-symmetric (INN = 0) and spin symmetric (SNN = 1)

Possible I(JP) ?

`` ’’  requires 
, presence of 

kaon requires negative 
parity, and the  

dacay must be in P-wave 
due to the negative 

parity

K−pp → Λp
I = 1/2

Λp
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— spin asymmetry measurement using                        & p-C(H) scattering—

 : scaling factorr

p-C(H) scattering sensitive only on φ asymmetry

How to measure spin-spin correlation

r = AΛ ⋅ ApC ⋅ ⃗S⋅ ⃗S∥ ⋅ cconv

⃗So(Λ→pπ−)
Λ ≈ ⃗v (Λ→pπ−)

p (in Λ−CM)

 :  asymmetry parameter 
 : proton spin-analyzing-power 

 : spin sensitivity 

 : convolution coefficient          

AΛ Λ

ApC

⃗S⋅ ⃗S∥ ( ≡ ⃗Sp⋅ ⃗S ∥
p )

cconv

N(ϕ) dϕ ∝ (1 + r ⋅ αΛp cos ϕ) dϕ

on carbon (and on p)

referring to motional axis

between two asymmetries



q

K-pp

Λ decay

pC scattering

knockout n

K-



Λp spin-spin asymmetry



Toward JP (spin・parity) study of K-pp with 3He target
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arXiv:2212.12690

The possibility of the existence of a 
 bound state ( ) as a novel 

molecular hadron cluster has been 
pointed out by T. Hatsuda et al.  This is 
consistent with  dominance near the 

production threshold of the  
reaction channel.

ϕN J = 1/2

ϕϕ
p̄p

Another extension: 

 bound state ?ϕN

 signal might be found in  decay? ϕN J/Ψ



If exist, nuclear φ bound states search is of interest

44… H. Onishi



Even if the  bound state does not exist, strong attraction between  
suggests the possible existence of multi-nucleon bound states like , , 
… 

ϕN ϕN
ϕNN ϕNNN

Summary
At present, it is crucial to systematically investigate the properties of various 
molecule-like hadron clusters (such as quantum energy and spin-parity) to 
better understand the hadron cluster — , , , … and possibly  as 
well to understand the hadronization in detail.  (cf. quark-hadron cross over)

K̄N K̄NN K̄NNN ϕ

Using a new spectrometer system, we aim to investigate the properties of these 
molecule-like hadronic clusters with multiple nucleons ( ) in the future.A ≥ 2

Theoretical progress is another key to fully understand the molecule-like 
hadronic clusters


