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• Physics Motivation 

• Previous K̄NN Searches 

• LEPS2 Measurement & Analysis 

• Results & Interpretation 

• Toward New Kaonic System
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Can meson become a constituent of a nucleus?
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A. Doté et al. Physics Letters B 590 (2004) 51–56

how does an embedded meson change the surrounding nuclear system ?

A laboratory for studying how an anti-kaon modifies nuclear structure
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One interesting example: Kaonic nuclei
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K̄N interaction is known to be strongly attractive (I=0 channel)
from K-p atomic X-ray shift and low energy K- p scattering data

SIDDHARTA SIDDHARTA

Y. Ikeda, T. Hyodo, W. Weise, Nucl. Phys. A 881, 98 (2012)
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Strong K̄N Attraction
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The simplest Kaonic nucleus ： K̄NN
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a K̄NN quasi bound state is predicted.

Chiral SU(3)-based, energy-dependent interactions　→ shallow binding 

Phenomenological interactions　→ deeper binding

| K̄[NN ]I=0⟩I=1/2 = −
1
2

| [K̄N ]I=0N⟩I=1/2 +
3

2
| [K̄N ]I=1N⟩I=1/2

| K̄[NN ]I=1⟩I=1/2 =
3

2
| [K̄N ]I=0N⟩I=1/2 +

1
2

| [K̄N ]I=1N⟩I=1/2

| K̄[NN ]I=1⟩I=3/2 = | [K̄N ]I=1N⟩I=3/2

Iz = + 1/2

Iz = − 1/2

K−pp − K̄0pn

K−pn − K̄0nn

ground state
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Some experiments reported peak structures below the K-pp threshold.

FINUDA

DISTO

E27

E15

Theoretical 
predictions

Experimental Status of K̄NN Searches

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

today's talk

Interpretation as deeply bound state　→　still under debate
J-PARC E15 experiment (In flight Kaon) identified a clear signal component
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Why Photoproduction?

- K̄NN is formed through an entrance channel completely different from kaon-induced reactions

- A simple initial state (Photon beam + deuteron target)

- Elementary background processes are constrained by existing measurements

LEPS2@SPring-8

Eγ = 1.3 − 2.4 GeV

γd → K0Λp
Exclusive measurement

SummaryNew idea ResultLEPS2Previous studiesIntroduction.
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@Hyogo, JAPAN

  Storage ring

e-
8 GeVSPring-8 LEPS2 Beamline

LEPS2 Solenoid Experiment at SPring-8

Photon Beam

• Energy    

• ΔE　　    

• Intensity   

1.3 − 2.4 GeV

12 MeV

∼ 1 × 106 cps

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

Detection of scattered electrons

8 GeV e-
e-

laser
Photon beam
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LEPS2 Solenoid Detectors
SC   : Start Counter
TPC : Time Projection Chamber
RPC : Resistive Plate Chamber
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TPC & BRPC Acceptance
     40° – 110°  (Charged particles)
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γd → π−ppX

IMπp (GeV/c2)

Λ K0

MΛ

(2 ) in sideway region(  )p, π− θLab > 40∘

Back Ground reaction 
γd → π0π−pp
γd → 2ππ−pp . . .

e.g.,

π

p
p

IMπp (GeV/c2)

M
M

πp
p

(G
eV

/c
2 )

ΛpK0

ΛpX(Σ0pK0, additional pion)

π−ppπ0

Exclusive K⁰Λp Event Selection
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π−

p

Barrel Gamma
To eliminate Background events

K0Λ
target

p

Forward SC

• Vertex information(  flight length > 18 [mm]) 
• Barrel Gamma veto 
• Forward SC veto

Λ
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Exclusive K⁰Λp Event Selection

mailto:kobaryo@rcnp.osaka-u.ac.jp


12
R.Kobayakawa(RCNP) 
kobaryo@rcnp.osaka-u.ac.jp

23Fundamental Problems in Subatomic Physics 2026
2026/09/23-272026/09/23

1.08 1.1 1.12 1.14 1.16
)2c)  (GeV/-π(pM

0

20

40

60

80

100

120

)2
C

ou
nt

s /
 0

.0
01

 (G
eV

/c

0 0.2 0.4 0.6 0.8 1
)2pp)  (GeV/c-πMM(

0

20

40

60)2
C

ou
nt

s /
 0

.0
1 

(G
eV

/c

 signal windowΛ

 sidebandsΛ

γd → π−ppX
Λ K0

Exclusive measurement

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

Exclusive K⁰Λp Event Selection
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q ≡ | ⃗pγ − ⃗pK0 | = | ⃗pΛp |

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
)2c)  (GeV/ pΛ(M

0

20

40

60

80

2 c
C

ou
nt

s /
 3

0 
M

eV
/ mK− + 2mp

MΛp (GeV/c2)

The key observable is not the 1D mass spectrum alone.
We analyse the event distribution in the (MΛp ,q) plane.

After Kinematical Fit
(Mass Resolution : 11 MeV/c2 )

From MΛp to the 2D (MΛp ,q) Analysis

SummaryNew idea ResultLEPS2Previous studiesIntroduction.
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- Phase Space (PS)
  Non-resonant 

- Non-Strangeness (NS)
  Based on PS, constrained directly  from Λ sideband

- Quasi-Free (QF)
 , proton spectator,
 (constrained by CLAS data )
N. Compton et al., PRC 96, 065201 (2017) 

- Two-Step (TS)
  ,
(constrained by SAPHIR Data )
R. Lawall et al., EPJA 24, 275 (2005) 

γd → K0Λp

γn → K0Λ

γp → K0Σ+, Σ+n → Λp

Background Components in the 2D Fit

SummaryNew idea ResultLEPS2Previous studiesIntroduction.
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- Angular and W dependence from CLAS data
- Fermi momentum from Argonne V18 model

Quasi-Free (QF)
, proton spectatorγn → K0Λ

Main BackGround Reaction
N. Compton et al., PRC 96, 065201 (2017)

Eγ=2.15 Eγ=2.25 Eγ=2.35Eγ=2.05

Eγ=1.65 Eγ=1.75 Eγ=1.85 Eγ=1.95

Eγ=1.25 Eγ=1.35 Eγ=1.45 Eγ=1.55
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mailto:kobaryo@rcnp.osaka-u.ac.jp


20

40

60

80

)2
C

ou
nt

s /
 (0

.0
3 

G
eV

/c pp thr.-K

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
)2c (GeV/ pΛM

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

)c
 (G

eV
/

q

10−
0
10

Data - Background

20 40 60 80 100 120 140
Counts / (0.1 GeV/c)

Background Only
Data
Background
QuasiFree
TwoStep
NonStrangeness
PhaseSpace
Residual

Residual Histogram

16
R.Kobayakawa(RCNP) 
kobaryo@rcnp.osaka-u.ac.jp

23Fundamental Problems in Subatomic Physics 2026
2026/09/23-272026/09/23

A Localized Low-q Component Is Required

Background-only hypothesis

SummaryNew idea ResultLEPS2Previous studiesIntroduction.
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Signal Model on the (MΛp, q) plane

Template Histograms

Mass shape  

Breit–Wigner ⊗ detector resolution

Momentum-transfer dependence

phenomenological form factor favoring low-q

(σM = 11 MeV/c2)

Resonance line shape Form factorphase space
acceptance

Tsig(MΛp, q) = Csig ⋅ V(MΛp; M, Γ, σM) exp( − (q2/Q2))TPS ⋅
Fit parameters

SummaryNew idea ResultLEPS2Previous studiesIntroduction.
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significance ~ 7.3σ 

Signal Yield : 104 events ( ~ 5 nb)

Signal + Background Fit

2(NLLbg+sig − NLLbg) = 64.9

Fit Parameters

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

mailto:kobaryo@rcnp.osaka-u.ac.jp


19
R.Kobayakawa(RCNP) 
kobaryo@rcnp.osaka-u.ac.jp

23Fundamental Problems in Subatomic Physics 2026
2026/09/23-272026/09/23

q dependence is consistent with E15 

Comparison with Previous K̄NN Measurements

this work

Extracted signal component

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

q = |pBeam − pRecoil | < 1 GeV/c
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Kaonic Baryonium
• Low q condition seems to be important for formation.
→ Based on this idea, I consider a different few-body system.

N
N̄

K

N
K̄ N

KNN̄ systemK̄NN system

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

New Idea

Kaonic BaryoniumKaonic nuclei
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Kaonic Baryonium
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N N̄
K

Role of the K meson in the nuclear system

N N̄
K

enhance pp̄ overlap reduced pp̄ overlap

Two Scenarios
a compact structurePairwise 

interaction KNN̄ system 

Attractive pair I

Weak Repulsive 
pair

Attractive pair II

KN̄ → Λ̄(1405)

KN

NN̄ → Baryonium?

Probe how a kaon behaves in a nucleon system and modifies its surroundings

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

a molecular-like structure
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A Reaction for K+pp̄ Formation
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p p̄K+ Σ−
p

np̄

p̄d → Σ−(K+pp̄)B.S.

Antiproton beam with 4-10 GeV/c 

will be available @ J-PARC K10
Formation-favorable region: q < 1.0 GeV/c

SummaryNew idea ResultLEPS2Previous studiesIntroduction.

Mx = 2.35 GeV/c2

q = 0.61 GeV/c
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SummaryNew idea ResultLEPS2Previous studiesIntroduction.

K̄NN study 

• 　Strong attractive K̄N interaction motivates the search for the K̄NN quasi-bound state

• 　At LEPS2, the γd → K⁰Λp reaction was measured exclusively and analyzed in the (MΛp, q) 

• 　A localized low-q, subthreshold component is favored beyond the constrained　 

　backgrounds.

• The observed component is consistent with a K̄NN quasi-bound-state candidate.

Future Experiment (Kaonic Baryonium)

• Extension to a new few-body system, kaonic baryonium,  

which could be explored through p̄d → Σ⁻X⁺ at J-PARC K10 beamline.

• This study connects the physics of kaonic nuclei, NN̄ baryonium, and few-body dynamics.

mailto:kobaryo@rcnp.osaka-u.ac.jp
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BackUp
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LEPS2 Solenoid Magnet　

Z (mm)

(@x=0,y=0 4014 A)

TPC region

○　The value of calculation
●　The measured value

Bz (G)

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Solenoid current during data taking: 3600 A　

mailto:kobaryo@rcnp.osaka-u.ac.jp


26
R.Kobayakawa(RCNP) 
kobaryo@rcnp.osaka-u.ac.jp

20
Fundamental Problems in Subatomic Physics 20262026/09/23-27

Time Projection Chamber

~9000 readout channels

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Max drift length ~70 cm

Position resolution ~ 0.5 mm(x), 1 mm(z) 

P10 (Ar : CH4=9:1)

mailto:kobaryo@rcnp.osaka-u.ac.jp
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LEPS2 Solenoid Detectors

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

NIM, A925 (2019) 188–192.

σt ∼ 70 [ps]

2 m

Time resolution 

Barrel Resistive Plate Chamber

mailto:kobaryo@rcnp.osaka-u.ac.jp
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Cover Angle region

25°

40°110°

7°TPC DCs

BRPCs

Barrel Gamma

EEveto Beam line

DC TPC

~ 4 %

K+ 1 GeV/c (Geant4)
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MCの生成　PhaseSpace等方のバックグラウンド

PhaseSpace等方3体崩壊
Toy MC

Eγ = 2.4 GeV/c

mailto:kobaryo@rcnp.osaka-u.ac.jp
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MCの生成　PhaseSpace等方のバックグラウンド

M
om

en
tu

m
 T

ra
ns

fe
r 

q
[G

eV
/c

]

逆コンプトン散乱 
（ ）Eγ = 1.3 − 2.4 GeV/c

Eγ = 2.4 GeV/cEγ = 1.3 GeV/c
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LEPS2 Data Analysis

- Angular and W dependence from ELSA data
- Fermi momentum from Argonne V18 model
-  is isotropic decayΣ+n → Λp

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Two-Step (TS)
γp → K0Σ+, Σ+n → Λp

SAPHIR Data
Background Components in the 2D Fit

R. Lawall et al., EPJA 24, 275 (2005)
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質量分解能
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LH2 Data Analysis for verifying momentum 

γp → K+ X
Detected by TPC & BRPC

Λ Σ0

MM [GeV/c2]

Preliminary

PK+ < 0.4 GeV/c
Eγ < 1.5 GeV

Momentum [GeV/c]

β
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    Particle Identification 
TPC dE/dx

Momentum [GeV/c]

dE
/d

x
[a

.u
.]

path length(TPC), ToF(BRPC)

d
p

K
π
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SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Data Analysis Strategy for K̄NN study
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LEPS2 Data Analysisπ−

p

Barrel GammaTo eliminate Background events

K0Λ
target

p

Forward SC

• Vertex information(  flight length > 18 [mm]) 
• Barrel Gamma veto 
• Forward SC veto

Λ

 > 18 (mm)

γd → π−ppX
Λ K0

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Exclusive K⁰Λp Event Selection

no hit (accepted)
hit (rejected)

mailto:kobaryo@rcnp.osaka-u.ac.jp
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Main contribution

Higher proton-momentum cut suppresses the QF structure,
but not the 2.35 GeV/c2 component.

Proton detection limit: ~ 0.27 GeV/c

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Test of the Quasi-Free Spectator Hypothesis
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Signal Stability  
under a Raised Proton-Momentum Cut

mailto:kobaryo@rcnp.osaka-u.ac.jp


40
R.Kobayakawa(RCNP) 
kobaryo@rcnp.osaka-u.ac.jp

20
Fundamental Problems in Subatomic Physics 20262026/09/23-27

The signal-region events show a strong forward K0 tendency.

This is consistent with a production mechanism favoring small momentum transfer.

K＊exchange is one possible mechanism.
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Forward K⁰ Production in the Signal Region
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SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Interpretation of the Component

Γ
(M

eV
/c

2 )

M (MeV/c2)
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SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Tagged Photon Reconstruction

Eγ = (Eγf(xf) + Eγb
(xb))/2

Select events with exactly one reconstructed track.
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LEPS → LEPS2

LEPS2@SPring-8

Eγ = 1.3 − 2.4 GeV

γd → K0Λp
Exclusive measurement

• Use the simplest possible few-body system

• Understand and constrain background processes

• Constrain the final state through exclusive measurements

• Use momentum transfer for kinematic separation

Lessons from previous searches 

SummaryDiscussionLEPS2 ExperimentPrevious studiesIntroduction.
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A Localized Low-q Component Is Required

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

Background-only hypothesis
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LEPS         @SPring-8

FINUDA     @DAΦNE

E15            @J-PARC

Kaon

AMADEUS @DAΦNE

Pion

Photon

Many backgrounds from multi-NA

Neutron knockout reaction,
Good S/N by selecting q value. 

Improve S/N by tagged side-way protons.

Many backgrounds from hyperon production

Many backgrounds from 
hyperon production

stopped

In-flight

E27            @J-PARC

Summary of Previous K̄NN Searches

SummaryDiscussionResultsAnalysisLEPS2Previous Exp.Introduction.

HADES      @GSI
DISTO        @SATURNE

Proton
Exclusive   
Need to consider 

pp → K+Λp
N* → K+Λ
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LEPS2 Data Analysis

Obtain reconstruct momentum (Δp/p ~ 3-5%) 

SummaryDiscussionLEPS2 ExperimentPrevious studiesIntroduction.
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pp̄ system (Baryonium)

• Strong pp̄ attraction
◦ Strong attraction in the I = 0, S = 0 channel.

       （OPE : Three times stronger than the deuteron channel.

→ possible pp̄ baryonium.

• Annihilation problem
◦ Dominant final states : 4-7 mesons

→ Difficult spectroscopy

B.S. Zou and H.C. Chiang, Phys. Rev. D 69, 034004 (2004)

M.-L. Yan, arXiv:hep-ph/0605303 (2006)

M. Ablikim et al. (BESIII), Phys. Rev. Lett. 132, 151901 (2024)

BESIII Collaboration

SummaryReactionKaonic baryonium Kaonic nucleiIntroduction.
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Advantages of introducing a K meson
• A possible pp ̄bound state mainly decays via multi-meson annihilation
• Adding a K meson open baryonic decay channels such as ȲN.

N
N̄

N
N̄

K
multi meson decay non-mesonic decay

π
π

π

π

π

π

Why add a "Kaon" to pp̄ system?

Ȳ

N

SummaryReactionKaonic baryonium Kaonic nucleiIntroduction.
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https://doi.org/10.1016/0550-3213(83)90564-3
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K−p → Λp̄p

Previous Experimental Result



The K*(2250,2320) States
DOI: 10.1016/0550-3213(83)90564-3

50

K−p → Λp̄p

2-

3+



• Kinematic selection to enhance bound-state formation 

• Determination of spin-parity (separate from the K*(2-,3+))

Discrimination from the K*(2250,2320) States

51

signal region
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KNK̄  vs KNN̄ 

Pairwise interaction KK̄N　system KNN̄ system 

Attractive pair I

Repulsive pair

Attractive pair II

K̄N → Λ(1405) KN̄ → Λ̄(1405)

KN KN

KK̄ → a0(980) NN̄ → Baryonium?

Similar few body system

mailto:kobaryo@rcnp.osaka-u.ac.jp
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Kinematic Separation of Signal and Background
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M = 2.35 GeV/c2

W = 0.05 GeV/c2

Q = 0.35 GeV/c

signal parameters same as  K̄NN

Tsig = V(MΛp; M, Γ)exp(−
q2

Q2
)TPS

p̄n(pspec.) → Σ−Λ̄(pspec.)

Signal 

Quasi-Free 

Phase Space Toy MC 

p̄d → Σ−X+, X+ → pΛ̄

@Pp̄ = 6.0 GeV/c

SummaryReactionKaonic baryonium Kaonic nucleiIntroduction.

p̄d → Σ−pΛ̄

Fermi momentum (AV 18)
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(QF : PS : Signal = 1000 : 100 :1)

p̄d → Σ−pΛ̄ @Pp̄ = 6.0 GeV/c
Low-q region + side pΛ̄ detected (25-120°)

Toy MC 

SummaryReactionKaonic baryonium Kaonic nucleiIntroduction.

Kinematic Separation of Signal and Background
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J/ψ Decay reaction
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Λ1520 and 1690 , N*

J/ψ → pK−Λ̄
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The Kinematics of Reactions 
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p p̄ Λ
p

np̄ K0
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LEPS2 Data Analysis

TPC Energy Loss BRPC Timing

LTPC(Hi) = 𝒩(ΔdEdxi(p); 0,σdEdx(p)) LBRPC = 𝒩(ΔToFi; 0,σToF)

Pp =
L(Hp)

Σi=π,K,p,dL(Hi)
> 0.1

SummaryDiscussionLEPS2 ExperimentPrevious studiesIntroduction.
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