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1. Issues of Hadron Physics
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Matter Evolution in the Universe 

• Hadrons: complex system of quarks (and gluons)

• How are hadrons formed from quarks?

– yet unanswered question

–behavior of the Strong Interaction (QCD)
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Nucleus

proton

hadron

中性子星

Quark (Gluon) Neutron Star
10-15 m 10-14 m 10+4 m

neutron

2x10+8 t/cc ~20x10+8 t/cc

Hyperon Matter?

Quark Matter?



High E

Issue: How does QCD build baryons?
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• Non-trivial vacuum 

• Spontaneous Breaking 
of Chiral Symmetry

• Confinement

“Constituent”

Quark

Meson Cloud

Low E

𝛼𝑠 = ∞
at LQCD

perturbative non-perturbative

Eff. DoF emerge:

Dynamical mass gene.

NG bosons (pion, …)

Instanton (LQCD demo.
by D. Leinweber)

Q-Diquark Pot. 

in LQCD cal.
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What are good building blocks of Hadrons?

Constituent Quark
q

q
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hadron (colorless cluster)
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2. What is the matter of L (1405)
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L(1405) since 1961

• Well-known lightest Hyperon Resonance w/ a 
negative parity
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PRL 6, 698(1961)

𝐾−𝑝 → Σ+ + 2𝜋− + 𝜋+

𝐾−𝑝 → Σ− + 2𝜋+ + 𝜋−

Predicted by Dalitz and Tuan, Ann. Phys. 8(1959)100; ibid:, 3(1960)307(1959)  



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) : 1405.1+1.3
-0.9 MeV (PDG in 2022)

JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

J. Esmaili et al: pS IM Spec. of 
Stopped K- on 4He 

R.H. Dalitz et al: pS IM Spec. 
in K-p→ππΣ w/ M-matrix

M. Hassanvand et al: pS IM 
Spec. of pp→K+pS 9



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 10
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Pole Structure of the Lambda(1405) Region
PDG Reviews:  Ulf-G. Meissner and T. Hyodo (since Nov. 2015)

Λ(1405) : 1405.1+1.3
-1.0 MeV (Part. Listing in ‘22)

JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

J. Esmaili et al: pS IM Spec. of 
Stopped K- on 4He 

R.H. Dalitz et al: pS IM Spec. 
in K-p→ππΣ w/ M-matrix

M. Hassanvand et al: pS IM 
Spec. of pp→K+pS



Constraint by K-atom/K-p scat.
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Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012) 

Hyodo’s slide in HYP2022
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Pole Structure of the Lambda(1405) Region
PDG Reviews:  Ulf-G. Meissner and T. Hyodo (Nov. 2015)

Λ(1405) : 1405.1+1.3
-1.0 MeV (Part. Listing in ‘19)

JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

J. Esmaili et al: pS IM Spec. of 
Stopped K- on 4He 

R.H. Dalitz et al: pS IM Spec. 
in K-p→ππΣ w/ M-matrix

M. Hassanvand et al: pS IM 
Spec. of pp→K+pS

O. Morimatsu and K. Yamada, RPC100, 025201(2019)



LQCD Evidence that L(1405) 
is a KbarN molecule

• Study of KbarN scattering below the KbarN thres. 
are important.
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PRL114, 132002(2015)

Magnetic Moment of s quark is vanished



• λ and ρ motions split (Isotope Shift)

• HQ spin multiplet （ റ𝑠𝐻𝑄 ± റ𝑗𝐵𝑟𝑜𝑤𝑛 𝑀𝑢𝑐𝑘）

Schematic Level Structure of Heavy Baryons
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λ mode

ρ mode

G.S.

P-wave

Q

l

[qq]

Q

r(qq)

mQ = mq mQ > mq

q

q

q
റ𝑠𝐻𝑄 ± റ𝑗𝐵𝑀

...
...

Spin-dep. Int.

ℏ𝜔𝜌

ℏ𝜔𝜆
=

3𝑚𝑄

2𝑚𝑞 +𝑚𝑄
→ 3 (𝑚𝑄 → ∞)
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s c

non-rel. QM:H=H0 +Vconf +VSS+VLS+VT

r-l mixing  (cal. By T. Yoshida)

Sc(1/2+) 

Sc
*(3/2+) 
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Sb(1/2+) 
Sb
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Lb(5920, 3/2-)
Lb(5912, 1/2-)
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Q

qq

l

r

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)

Lb(6146, 3/2+)
Lb(6152, 5/2+)

?



VK~mK?

r
L(1405)?

If L(1405) is deeply
bound KbarN state…
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500 MeV！

EF～40 MeV

BN～8 MeV

Nuclear Potential

50 MeV

KbarN molecule?
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Y. Akaishi & T. Yamazaki, Phys. Rev. C65 (2002) 044005.

Deeply Bound K--Nucleus System ?

Y. Akaishi & T. Yamazaki, Phys. Lett. B535 (2002) 70.

Dote et al.

Kp散乱長を再現



p p

K
 –

クォークと反クォークが共存する奇妙な原子核の発見

J-PARC K1.8BR ビームライン

J-PARC E15
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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) : Controversial Experimental Data?
JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

CLAS collaboration: PRC87, 035206 HADES collaboration: PRC87, 025201 

𝛾𝑝 → 𝐾+𝜋−Σ+, 𝐾+𝜋0Σ0, 𝐾+ 𝜋+Σ−

𝑝𝑝 → 𝐾+𝑝𝜋−Σ+, 𝐾+ 𝑝𝜋+Σ−
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Eg=

1.5-2.4 GeV

CLAS:

K. Moriya et al., NPA835, 325(2010)

LEPS:

M. Niiyama et al., PRC78, 035202(2008)

pK=673~834 MeV/c

1420 MeV/c2

O. Braun et al., NPB129, 1(1977)

K-d -> p+S-n(Bubble C.)

I. Zychor et al. PLB660, 167(2008)

COSY-ANKE: pp→pK+L*(→p0S0)



Recent two results on gamma-
induced  𝜋0Σ0 spectra

24

N. Wickramaarachchi for GlueX
presented in HYP2022

G. Scheluchin et al. [BGOOD collab.]
arXiv:2108.12235 (2021) 

Eg=1.55~2.3 GeV
Eg=6.5~11.6 GeV



Recent analysis of K-p correlation 
in HI collision

25
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, PRL124, 132501(2020)



L(1405) since 1961

• KbarN int. and its pole position are still unclear.

– Basic information on Kaonic Nuclei

• Not yet demonstrated if it is a molecular state.

– To establish it as an exotic state

• Hadron Picture in excited states

• New question related to classification in CQM

– Formation probability in hadronization

• ExHIC (Phys.Rev. C84 (2011) 064910)
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Important to study Low Energy KbarN scattering 

PRL 6, 698(1961)
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ExHIC (Phys.Rev. C84 (2011) 064910)



3. Experiment (J-PARC E31)
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 measuring an S-wave ഥ𝐾𝑁 → πΣ scattering below the ഥ𝐾𝑁
threshold in the d(K-,n)pS reactions at a forward angle of n.

KbarN scattering below the KbarN thres. (J-PARC E31)

 ID’s all the final states to decompose the I=0 and 1 ampl’s.

K-

d

n

ഥ𝑲 𝝅∓,𝟎

𝜮±,𝟎𝑵

𝑵

𝝅±𝚺∓ I=0, 1 L(1405) (I=0, S wave), non-resonant[I=0/1]
(S(1385) (I=1, P wave) to be suppressed)

𝝅−𝚺𝟎

[𝝅−𝚲]
I=1 non-resonant (S(1385) to be suppressed)

d(K-,p)p-S0 [p-L]

𝝅𝟎𝜮𝟎 I=0 L(1405) (I=0, S wave), non-resonant
29



Ushiwaka

CDS

D5

NC
PC

K-
n

d L(1405)

n

1 GeV/c ~1.25 GeV/c

~0.25 GeV/c

Cylindrical Detector System
(Solenoid Field 0.7T)     

K- Beam Spectrometer
(K1.8BR-D5)

Beam Sweeper
(Ushiwaka)

Neutron

Counter (NC)

TOF~15m

Proton
Counter (PC)
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Experimental Setup for E31

S
p

p

CDC
T0

BHD
BLC2

BLC1

BPD
BPC

CDH
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Schematic Drawings of Detectors

• Event topology of 𝑑 𝐾−, 𝑛 𝑋𝜋±Σ∓
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𝚺−(𝚺+)

NC

CDS𝝅−(𝝅+)

𝐧
𝐊−

~15 m

CDC

CDC

n

BPD

T0

Solenoid mag.

𝝅+(𝝅−)



𝑑 𝐾−, 𝑛𝜋+𝜋− 𝑛𝑚𝑖𝑠𝑠𝑖𝑛𝑔
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Gated
“𝑛” 𝑛𝜋0

Missing Mass of 𝒅 𝑲−, 𝒏𝝅+𝝅− [𝐆𝐞𝐕/𝒄𝟐]

p +

nS +

K -

p -

“n”
NC

CDS

p -

nS -

K -

p +

“n”
NC

CDS
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𝑑 𝐾−, 𝑛𝜋+𝜋− "𝑛“ samples contain…

S +
S -

K 0
p +

n

S +K -

p -

p -

n

S -K -

p +

p +

nK 0
K -

p -

S - S +K 0

p +

nS +

K -

p -

“n”

Background Events

Signal Events

𝑑 𝐾−, 𝑛 𝑋𝜋±Σ∓

p -

nS -

K -

p +

“n”



𝜋+Σ−/𝜋−Σ+ Mode separation
(template fitting, Run78)
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𝑑 𝐾−, 𝑝 𝑋𝜋−Σ0 Mode (𝐼 = 1)
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p -

pS 0
K -

p -

From 𝑑 𝐾−, 𝑝𝜋−𝜋− "𝑝𝛾" sample

𝑑 𝐾−, 𝑝 𝑋𝜋−𝜦

𝑑 𝐾−, 𝑝𝜋−𝜋− "𝒑"



Event topology of 𝑑 𝐾−, 𝑛 𝑋𝜋0Σ0
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𝚺𝟎

NC

CDS𝝅−

𝐧
𝐊−

~15 m

CDC

CDC
𝜋0

γBPD

Solenoid mag.

pT0 L

BG Process: 𝑑 𝐾−, 𝑛 𝑋𝜋0Λ, 𝑑 𝐾−, 𝑛 𝑋𝜋0𝜋0Λ, 
𝑑 𝐾−, 𝑛 𝑋𝝅−𝚺+, 𝑑 𝐾−, Σ−𝑝 𝑋



𝑑 𝐾−, 𝑛 𝜋0Σ0 vs 𝑑 𝐾−, 𝑛 𝜋−Σ+

d(K-,npπ-)’X’ [GeV/c2]       

π0
π0γ

d(K-,npπ-)’X’ [GeV/c2]       

π0

𝜮+

𝚲

π0γ𝚲 π−pπ0

38※BG:(stopped K-, K-d→p(Yπ)-, …)

※BG
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𝜋0Σ0(𝐼 = 0)𝜋+Σ−/𝜋−Σ+

(𝐼 = 0, 1)

𝑑𝜎

𝑑Ω
𝜋0Σ0 ∝

1

3
𝑓𝐼=0

2𝑑𝜎

𝑑Ω
𝜋−Σ+/𝜋+Σ−

∝
1

3
𝑓𝐼=0

2 +
1

2
𝑓𝐼=1

2 ±
6

3
𝑅𝑒(𝑓𝐼=0𝑓𝐼=1

∗ )

𝜋−Σ+

𝜋+Σ−

𝐾
−
𝑝

𝜋−Σ0(𝐼 = 1)
𝐾
−
𝑝𝜋0Σ0

𝜋−Σ0

𝑑𝜎

𝑑Ω
𝜋−Σ0 ∝ 𝑓𝐼=1

2
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𝑑𝜎

𝑑Ω
𝜋0Σ0 ∝

1

3
𝑓𝐼=0

2

[𝜋±Σ∓ − 𝜋−Σ0]/2

𝐾
−
𝑝𝜋0Σ0

𝑑𝜎

𝑑Ω
[𝜋±Σ∓ − 𝜋−Σ0]/2 ∝

1

3
𝑓𝐼=0

2

[𝜋±Σ∓ − 𝜋−Σ0]/2 vs 𝜋0Σ0(𝐼 = 0)

≈

Isospin relation seems to be satisfied.
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𝑑𝜎

𝑑Ω
𝜋0Λ ∝

1

2
𝑓𝐼=1
𝜋Λ 2

𝐾
−
𝑝

𝜋−Λ

𝑑𝜎

𝑑Ω
𝜋−Λ ∝ 𝑓𝐼=1

𝜋Λ 2

𝜋−Λ vs 𝜋0Λ (𝐼 = 1)

≈ 2 ×

Isospin relation seems to be satisfied.

𝜋0Λ



Comparison w/ theory
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P
D

G
 valu

e

𝐾
−
𝑝

P
D

G
 valu

e

𝐾
−
𝑝

Kamano and Lee
PRC94, 065205(2016)

Two step reaction process

Resonance Poles

MODEL B
Res. Convoluted

ー 𝜋−Σ+

ー 𝜋+Σ−

MODEL A
Res. Convoluted

ー 𝜋−Σ+

ー 𝜋+Σ−

c.f. PTEP043D02(‘12)
Yamagata-Sekihara, Sekihara, Jido
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Theoretical Calculation
K. Miyagawa, J. Haidenbauer, H. Kamada

PRC97, 055209(2018)

Dots: preliminary data of E31

2-step, higher PW in T1, based on Faddeev eq. for ഥ𝐾𝑁𝑁 − 𝜋Σ𝑛



Remarks
• We first measured a complete set of ഥ𝐾𝑁 → 𝜋Σ data below and above the 

ഥ𝐾𝑁 threshold.
– I=0 and 1 scattering amplitudes to be decomposed.

• Structures below and above the ഥ𝐾𝑁 threshold are observed in 
𝑑 𝐾−, 𝑛 𝑋𝜋±Σ∓
– Interference btw I=0 and 1.

– I=0 amp. seems dominant in 𝜋±Σ∓ modes.
• From measured pure I=1 channel, 𝑑 𝐾−, 𝑝 𝑋𝜋−Σ0.

• No structure below the ഥ𝐾𝑁 threshold are observed in 𝑑 𝐾−, 𝑝 𝑋𝜋−Σ0
– No Σ∗− peak: S-wave ഥ𝐾𝑁 → 𝜋Σ dominant (Less P-wave contribution)

• Similar spectra btw 
𝑑𝜎

𝑑Ω
[𝜋±Σ∓ − 𝜋−Σ0]/2 and  

𝑑𝜎

𝑑Ω
𝜋0Σ0

– An isospin relation in 𝑑 𝐾−, 𝑁 𝜋Σ

– Another isospin relation btw 
𝑑𝜎

𝑑Ω
𝜋−Λ =2 ×

𝑑𝜎

𝑑Ω
(𝜋0Λ)
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4. Discussion

to extract ഥ𝐾𝑁 scattering amplitude below the 
ഥ𝐾𝑁 mass threshold…

45



46

Decompose the Spectra…

• 2-step process

𝑑𝜎

𝑑𝑀𝜋Σ
ቚ
𝜃𝑛=0

~| 𝑛𝜋Σ 𝑇2
𝐼 ഥ𝐾𝑁, 𝜋Σ 𝐺0𝑇1(𝐾

−𝑁, ഥ𝐾𝑁) 𝐾−Φ𝑑 |2

~ 𝑇2
𝐼 2
𝑓𝑄𝐹(𝑀𝜋Σ)

K-

d

n

ഥ𝑲 𝝅∓,𝟎

𝜮±,𝟎𝑵𝟐

𝑵𝟏

𝑇1

𝑇2
𝐼

Factorization!

𝑇2
𝐼 2
~
1

3
𝑓𝐼=0

2 +
1

2
𝑓𝐼=1

2 ±
6

3
𝑅𝑒(𝑓𝐼=0𝑓𝐼=1

∗ )

𝑓𝑄𝐹 𝑀𝜋Σ ~ න
0

∞

𝑑𝑞𝑁2
3 𝑇1

1

𝐸ഥ𝐾 − 𝐸ഥ𝐾 𝑞ഥ𝐾 + 𝑖𝜖
Φ𝑑(𝑞𝑁2)

2

, 𝑞ഥ𝐾 + 𝑞𝑁2 = 𝑞𝜋Σ



E31: Response Function, 𝐹𝑄𝐹 𝑀𝜋Σ

• 𝐹𝑄𝐹 𝑀𝜋Σ = 𝐺0׬ 𝑞2, 𝑞1 𝑇1Φ𝑑(𝑞2) 𝑑
3𝑞2

2

– 𝐺0 𝑞2, 𝑞1 =
1

𝑞0
2−𝑞′2+𝑖𝜀

𝑓 𝑞0, 𝑞
′

𝑃𝜋Σ
2 +𝑀𝜋Σ

2 + 𝑃𝜋Σ
2 +𝑊 𝑞′ 2

𝑀𝜋Σ+𝑊 𝑞′
, 

𝑓 𝑞0, 𝑞
′ −1 = [𝐸1 𝑞0 + 𝐸1(𝑞

′)]−1 + [𝐸2 𝑞0 + 𝐸2(𝑞
′)]−1

Miyagawa and Haidenbauer, PRC85, 065201(2012)

– 𝑇1: 𝐾
−𝑛 → 𝐾−𝑛 𝐼 = 1 , 𝐾−𝑝 → ഥ𝐾0𝑛 𝐼 = 0,1 amplitude,

Gopal et al., NPB119, 362(1977)
• 𝑇 𝐾−𝑛 → 𝐾−𝑛 = 𝑓 𝐼 = 1

• 𝑇 𝐾−𝑝 → ഥ𝐾0𝑛 = [𝑓 𝐼 = 1 − 𝑓(𝐼 = 0)]/2

– Φ𝑑(𝑞2): deuteron wave function, PRC63, 024001(2001)
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S-wave contributions in the threshold region

K- p MB total cross sections

Red: Model A

Blue: Model B

HK, Nakamura, Lee, Sato, PRC90(2014)065204

Full

S wave only

Full

S wave only

48



49

Elementary Cross Section for T1
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50

𝐹res 𝑀𝜋Σ ~𝑝𝜋
𝑐𝑚𝑝𝑛

2/| 𝐸𝐾− +𝑚𝑑 𝛽𝑛 − 𝑝𝐾− cos 𝜃 | ×

𝑑Ω𝜋׬
𝑐𝑚𝐸𝜋𝐸Σ 𝑞2𝑇1׬ 𝑝𝐾− , 𝑞𝑁, 𝑝𝑛, 𝑞ഥ𝐾 , cos 𝜃𝑛ഥ𝐾 ;𝑀𝜋Σ 𝐺0 𝑞2, 𝑞1 Φ𝑑(𝑞2) 𝑑

3𝑞2
2
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𝐹res 𝑀𝜋Σ

E31: Response Function, 𝐹res 𝑀𝜋Σ

𝐾−𝑁 → ഥ𝐾𝑛
𝑓𝐼=1 + 0.5(𝑓𝐼=1 − 𝑓𝐼=0)



0
50

100
150
200
250
300
350
400
450
500

1400 1450 1500 1550

51

Demonstration for fitting data with the 1-step 
𝐾−𝑑 → 𝑛𝐾0"𝑛" reaction calculation

𝒅
𝟐
𝝈

𝒅
𝛀
𝒅
𝑴

𝝅
𝚺
[𝝁
𝒃
/𝒔
𝒓
]

𝑴𝐊𝟎"𝐧" [𝐌𝐞𝐕/𝒄
𝟐]

Exp. Resolution
was convoluted

• Data: 𝑑 𝐾−, 𝑛 ഥ𝐾0𝑛 Ks/KL, BR(Ks->pi+-) corrected (K. Inoue)



ഥ𝐾𝑁 Scattering Amplitude

• 𝑇2
𝐼(ഥ𝐾𝑁 → ഥ𝐾𝑁) =

𝐴

1−𝑖𝐴𝑘2+
1

2
𝐴𝑅𝑘2

2

• 𝑇2
𝐼(ഥ𝐾𝑁 → 𝜋Σ) =

1

𝑘1
𝑒𝑖𝛿0

𝐼𝑚𝐴−
1

2
𝐴 2𝐼𝑚𝑅𝑘2

2

1−𝑖𝐴𝑘2+
1

2
𝐴𝑅𝑘2

2

• 𝑇2
𝐼(𝜋Σ → 𝜋Σ)

=
𝑒𝑖𝛿0

𝑘1

sin 𝛿0+𝑖𝐼𝑚 𝑒
−𝑖𝛿0𝐴 𝑘2−

1

2
𝐼𝑚 𝑒−𝑖𝛿0𝐴𝑅 𝑘2

2

1−𝑖𝐴𝑘2+
1

2
𝐴𝑅𝑘2

2

• 5 real number parameters (effective range expansion)
– A: scattering length, R: effective range, δ0: phase

L. Lensniak, arXiv:0804.3479v1(2008)
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To deduce ഥ𝐾𝑁 scattering amplitude
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𝑑𝜎

𝑑𝑀𝜋Σ
ቚ
𝜃𝑛=0
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2
𝐹res(𝑀𝜋Σ)
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To deduce ഥ𝐾𝑁 scattering amplitude
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𝑑𝜎

𝑑𝑀𝜋Σ
ቚ
𝜃𝑛=0

~ 𝑇2
𝐼(ഥ𝐾𝑁 → 𝜋Σ)

2
𝐹res(𝑀𝜋Σ)

𝑻𝟐
𝑰=𝟎(ഥ𝐾𝑁 → 𝜋Σ)

𝟐

Scattering Length A(I=0) = -0.99(0.12) +i0.92(0.18) fm
Effective Range R(I=0) = -0.27(0.46) –i0.56(0.17) fm



To deduce ഥ𝐾𝑁 scattering amplitude
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A pole at (1416−8
+6 − 𝑖28−8

+5 ) MeV/c2

𝑇2
𝐼=0 ഥ𝐾𝑁 → ഥ𝐾𝑁

2
/ 𝑇2

𝐼=0 ഥ𝐾𝑁 → 𝜋Σ
2
~1.9

-2

-1

0

1

2

1350 1400 1450 1500

𝑻𝟐
𝟎(ഥ𝑲𝑁 → ഥ𝑲𝑁)

𝜋Σ mass [MeV/c2]

𝑇 2
0
(
ഥ 𝐾
𝑁
→

ഥ 𝐾
𝑁
)[

fm
]

Im

Re



5. Conclusion
• We measured the 𝜋Σ mass spectra in the 𝐾−𝑑 → 𝑁𝜋Σ

reactions, knocked-out 𝑁 measured at ∼ 0 degree. 
– well described with the two-step reaction process, 
𝐾−𝑁1 → 𝑁ഥ𝐾,  ഥ𝐾𝑁2 → 𝜋Σ

– Isospin relations in the cross sections:
𝑑𝜎

𝑑Ω
[𝜋±Σ∓ − 𝜋−Σ0]/2 =

𝑑𝜎

𝑑Ω
(𝜋0Σ0)

𝑑𝜎

𝑑Ω
𝜋−Λ =2 ×

𝑑𝜎

𝑑Ω
(𝜋0Λ)

– S-wave ഥ𝐾𝑁2 → 𝜋Σ scattering is dominant.

• Pole position of L(1405) at 1416 − 28𝑖 [MeV] seems 
consistent to those of the so-called higher pole 
suggested by the ChUM based calculations.

• The pole is likely to couple to the KbarN state.
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Thank you for your attention
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