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Observed hadrons (2018)
Introduction

JP

JP

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

≥

−

−

−

−

−

−

′

′

−

−

cc

−

−

∗

−

′ −

∗ −

−

•

• π± − −

• π − −

• η −

•

• ρ −−

• ω − −−

• η′ −

•

• −

• φ − −−

• − −

• −

• −

•

•

• η −

• π − −

• −

•
− −

• π − −

• η −

•

• ω − −−

• −

• ρ −−

• η −

•

• ′

ρ −−

− −

• π − −

−

• η −

• ω − −−

• ω − −−

• π − −

• φ − −−

• ρ −−

• ρ −−

−

•

η −

• π − −

−

• φ − −−

η −

• π − −

ρ −−

•

ρ −−

•

• −

•

π − −

ρ −−

• φ − −−

η −

ρ −−

•

•

ρ −−

−

±

• ± −

• −

• −

• −

∗

• ∗ −

•

•

• ∗ −

• ∗

• ∗

−

−

• ∗ −

• −

• ∗ −

• −

−

∗

∗

• ∗

−

∗ −

−

±

• ± −

• −

• ∗ −

• ∗ ± −

• ∗

∗ ±

•
±

• ∗

• ∗ ±

−

∗ ±

±

• ± −

• ∗±

• ∗ ±

• ±

• ±

•

• ∗ ± −

∗
sJ

±

sJ
±

±

• ± −

• −

• ±

• ±

cb ub

• ∗ −

•

•
∗

• ∗

• ∗

•

•

± ∓

• −

• ∗ −

•

• ∗

∗
sJ

±

• −

±

• η −

• /ψ − −−

• χ

• χ

• −

• χ
• η −

• ψ − −−

• ψ − −−

−

•

• ±

• χ

• χ

±

• ψ − −−

±

• ψ − −−

−−

± −

±

• −−

• −−

• ψ − −−

• ±

• −−

η −

• − −−

• χ

• χ

• −

• χ

η −

• − −−

• − −−

• χ

• χ
−

• χ

• − −−

• χ

• − −−

±

±

• − −−

• − −−

http://pdg.lbl.gov/PDG 2018 edition

155 baryons 206 mesons

All ~ 370 hadrons emerge from single QCD Lagrangian.
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Observed hadrons (2020)
Introduction
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209 mesons162 baryons

All ~ 380 hadrons emerge from single QCD Lagrangian.

7 more baryons and 3 more mesons!

Only color singlet states are observed.
—> Color confinement problem

Flavor quantum numbers are described by .qqq/qq̄
Why no  states (exotic hadrons)?qqq̄q̄, qqqqq̄, …
—> Exotic hadron problem, as nontrivial as confinement!

http://pdg.lbl.gov/
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Unstable states via strong interaction
Introduction

Stable/unstable hadrons

Most of hadrons are unstable (above two-hadron threshold)
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Introduction

Nature of resonances

Resonance as an “eigenstate” of Hamiltonian
- complex energy

G. Gamow, Z. Phys. 51, 204 (1928)
204 

Zur Quantentheor i e  des  A t o m k e r n e s .  
Von G. G a m o w ~  z. Zt. in GSttingen. 

Mit 5 Abbildungen. (Eingegangen am 2. August 1928.) 

Es wird der Versuch gemacht, die Prozesse der a-Ausstrahlung auf Grund der 
Wellenmeehanik n~her zu untersuchen und den experimentell festgestel]ten Zu- 
sammenhang zwisehen Zerfallskonstante und Energie der a-Partikel theoretisch zu 

erhalCen. 

w 1. Es ist schon ~tters* die Vermutung ausgesproehen worden, 
dal] im Atomkern die nichtcoulombschen Anzlehungskr~fte eine sehr 
wiehtige Rolle spielen, lJber die Natur dieser KrKfte kSnnen wir viele 
ttypothesen macken. 

Es kSnnen die Anziehungen zwisehen den magnetischen Momenten 
der einzelnen Kernbauelemente oder die yon elektriseher und magne- 

U 

E! 

\ 

Fig. 1. 

fischer Polarisation herriihren- 
den Krafte sein. 

Jedenfalls nehmen diese 
Krgfte mit waehsender Ent- 
fernung yore Kern sehr schnell 
ab, und nur in unmittelbarer 
Nahe des Kernes fiberwiegen 
sie den Einflul] der Cou lomb-  
schen Kraft. 

Aus Experimenten fiber 
Zerstreuung der ~-Strahlen 
k~nnen wir schliel]en, dal], far 
sehwere Elemente, die An- 

ziehungskr~fte bis zu einer Entfernung ~ 10 -12 em noch nicht merklich 
sin& So kSnnen wir das auf Fig. 1 gezeichnete Bild far den Verlauf 
der potentiellen Energie annehmen. 

Hier bedeutet ~'" die Entfernung, bis zu weleher experimentell nach- 
gewiesen ist, daft Coulombsche Anziehung allein existiert. Von ~" be- 
ginnen die Abweiehungen ( r '  ist unbekannt und viel]eicht viel klelner 
als r " )  und b e i r  o hat die U-Kurve ein Maximum. Far ~, ~ r o herrschen 
schon die Anziehungskrafte ,:or, in diesem Geblet w~irde das Teilchen 
den Kernrest wie ein Satellit umkreisen. 

* J. Frenkel,  ZS. f. Phys. 87, 243, 1926; E. Rutherford, Phil. Mag. 
4, 580, 1927; D. Enskog, ZS. f. Phys. 45, 852, 1927. 

208 O. Gamow, 

So sehen wir, dab die Amplitude der durchgegangenen Welle um so 
kleiner ist, ie klelner die Gesamtenergie ~ ist, und zwar spielt der 
Faktor : 

~ .  ~ 1/Voo _ E. ~ e - l k t  ~ e h 

in dieser Abhangigkeit die wichtigste Rolle. 
w 3. Jetzt k(innen wit das Problem fiir zwei symmetrische Potential- 

schwellen (Fig. 3) 15sen. Wir werden zwei Liisungen suchen. 
Eine L~sung sell ~ r  positive q gelten und fiir q ~ qo ~- I die 

Welle : 
2t e* 

geben. Die andere L~sung gilt ~iir negative q und gibt lfir q ~ - -  (qo + / )  
die Welle 

21. : ( ~ t  + q" ' -~  

Dann kSnnen wir die beiden L~sungen an der Grenze q - -  0 niehf 
stetig aneinanderfiigen, denn wlr haben bier zwei Grenzbedingungen zu 

~ s  

q( 

// 

~r 

e 

Fig. 3. 

effiillen und nur eine Konstante a zur Ver~gung. Die physikalisehe 
Ursaehe dieser UnmSglichkeit ist, dal~ die aus diesen zwei Liisungen 
konstruierte W-Funktlon dem Erhaltungssatz 

+ (qo +/) 
O---/Oj" _._ _--h 

- -  (qo + l)  
nicht genfigt. 

Um diese Schwierigkeit zu ilberwinden, miissen wir annehmen, dal] 
die Schwingungen ged~mpft sin(t, und E komplex setzen: 

hZ 

we E o die gewShnliche Energie ist und 9[ das D~mpfungsdekrement 
(Zer~allskonstante). ])ann sehen wir aber aus den Relationen (2 a) und (2 b), 

- complex expectation value (norm, )⟨r2⟩

Theoretical treatment for unstable hadrons

- diverging wave function

3.0
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0.0
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R

e 
s

 [b
-1

/2
]

86420
x [b]- interpretation problem

- resonances in hadron-hadron scattering

- analytic continuation: unique

- pole of the scattering amplitude <—> “eigenstate”
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]
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 and  scatteringΛ(1405) K̄N
Accurate  scattering amplitudeK̄N

 does not fit in standard picture —> exotic candidateΛ(1405)

: experiment

Λ(1405)

: theory

N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

Resonance in coupled-channel scattering

Detailed analysis of -  scattering is necessary.K̄N πΣ

 thresholdK̄N

en
er

gy Λ(1405)

 thresholdπΣ

N
K̄

- coupling to MB states

Σ
π

u d
s
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Strategy for  interactionK̄N

Above the  threshold : direct constraintsK̄N

-  total cross sections (old data)K−p

Below the  threshold: indirect constraintsK̄N

-  mass spectra (new data : LEPS, CLAS, HADES, …)πΣ

-  threshold branching ratios (old data)K̄N
-  scattering length (new data : SIDDHARTA)K−p

K̄N

πΣ
energy

Λ(1405)

Accurate  scattering amplitudeK̄N

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881 98 (2012)

 correlation fn:
Talk by Y. Kamiya
K−p
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Comparison with SIDDHARTA

TW and TWB are reasonable, while best-fit requires NLO.

800
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W
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-500 -400 -300 -200 -100 0

Shift 6E [eV]

SIDDHARTA

KEK-PS DEAR

TW TWB NLO

χ2/d.o.f. 1.12 1.15 0.957

Accurate  scattering amplitudeK̄N
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Extrapolation to complex energy: two poles
Accurate  scattering amplitudeK̄N

J.A. Oller, U.G. Meißner, PLB 500, 263 (2001);
D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meißner, NPA 723, 205 (2003);
U.G. Meißner, Symmetry 12, 981 (2020); M. Mai, arXiv: 2010.00056 [nucl-th]; 
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]

Two poles : superposition of two eigenstates
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T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012) 

NLO analysis confirms the two-pole structure.
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PDG has changed
Accurate  scattering amplitudeK̄N

2020 update of PDG

-  is no longer at 1405 MeV but ~ 1420 MeVΛ(1405)

P.A. Zyla, et al., PTEP 2020, 083C01 (2020); http://pdg.lbl.gov/

- Lower pole:  two-star resonance Λ(1380)

T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1405) 1/2− I (JP ) = 0(12
−) Status: ∗∗∗∗

In the 1998 Note on the Λ(1405) in PDG 98, R.H. Dalitz discussed
the S-shaped cusp behavior of the intensity at the N-K threshold ob-
served in THOMAS 73 and HEMINGWAY 85. He commented that
this behavior ”is characteristic of S-wave coupling; the other below
threshold hyperon, the Σ (1385), has no such threshold distortion
because its N-K coupling is P-wave. For Λ(1405) this asymmetry is

the sole direct evidence that JP = 1/2−.”

A recent measurement by the CLAS collaboration, MORIYA 14,

definitively established the long-assumed JP = 1/2− spin-parity
assignment of the Λ(1405). The experiment produced the
Λ(1405) spin-polarized in the photoproduction process γ p →

K+Λ(1405) and measured the decay of the Λ(1405)(polarized) →

Σ+ (polarized)π−. The observed isotropic decay of Λ(1405) is
consistent with spin J = 1/2. The polarization transfer to the

Σ+(polarized) direction revealed negative parity, and thus estab-

lished JP = 1/2−.

See the related review(s):
Pole Structure of the Λ(1405) Region

Λ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1429+ 8
− 7

1 MAI 15 DPWA

1434± 2 2 MAI 15 DPWA

1421+ 3
− 2 GUO 13 DPWA

1424+ 7
−23 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

24+ 4
− 6

1 MAI 15 DPWA

20+ 4
− 2

2 MAI 15 DPWA

38+16
−10 GUO 13 DPWA

52+ 6
−28 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:30

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1380) 1/2− JP = 1
2
− Status: ∗∗

OMITTED FROM SUMMARY TABLE
See the related review on ”Pole Structure of the Λ(1405) Region.”

Λ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1325±15 1 MAI 15 DPWA

1330+ 4
− 5

2 MAI 15 DPWA

1388± 9 GUO 13 DPWA

1381+18
− 6 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

180+24
−36

1 MAI 15 DPWA

112+34
−22

2 MAI 15 DPWA

228+48
−50 GUO 13 DPWA

162+38
−16 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

Λ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCES

MAI 15 EPJ A51 30 M. Mai, U.-G. Meissner (BONN, JULI)
GUO 13 PR C87 035202 Z.-H. Guo, J. Oller
IKEDA 12 NP A881 98 Y. Ikeda, T. Hyodo, W. Weise (MUNT, RIKEN, TINT)

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:31

new!

- Particle Listing section:
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Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)
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N
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or
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Compositeness  of s-wave weakly bound state X (R ≫ Rtyp)
S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013)

Weak-binding relation for stable states

Problem: applicable only for stable states

Compositeness

|d⟩ = X |NN⟩ + 1 − X |others⟩

a0 = R { 2X
1 + X

+ 𝒪 ( Rtyp

R )}, R =
1
2μB

radius of statescattering length

range of interaction

- Deuteron is  composite : NN a0 ∼ R ⇒ X ∼ 1

- Internal structure from observable (a0, B)

 
continuum
NN

deuteron
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Low-energy scattering with near-threshold bound state

Effective field theory

D.B. Kaplan, Nucl. Phys. B494, 471 (1997)
E. Braaten, M. Kusunoki, D. Zhang, Annals Phys. 323, 1770 (2008)

- Nonrelativistic EFT with contact interaction

B0

 

�

g0 + B0

 

�

g0 +

 

�

 

�

v0

 �

B0

Compositeness

Hfree = ∫ dr [ 1
2M

∇ψ† ⋅ ∇ψ +
1

2m
∇ϕ† ⋅ ∇ϕ +

1
2M0

∇B†
0 ⋅ ∇B0 + ω0B†

0 B0]
Hint = ∫ dr [g0 (B†

0 ϕψ + ψ†ϕ†B0) + v0ψ†ϕ†ϕψ]

- cutoff：  (interaction range of microscopic theory)Λ ∼ 1/Rtyp

- At low momentum , interaction ~ contactp ≪ Λ
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Eigenstates

: real and nonnegative —> interpreted as probabilityZ, X

“elementarity” compositeness

Compositeness and “elementariness”
Compositeness

free (discrete + continuum)
full (bound state)

Hfree |B0⟩ = ω0 |B0⟩, Hfree |p⟩ =
p2

2μ
|p⟩

(Hfree + Hint) |B⟩ = − B |B⟩

- normalization of  + completeness relation|B⟩

⟨B |B⟩ = 1, 1 = |B0⟩⟨B0 | + ∫
dp

(2π)3
|p⟩⟨p |

- projections onto free eigenstates
1 = Z + X, Z ≡ |⟨B0 |B⟩ |2 , X ≡ ∫

dp
(2π)3

|⟨p |B⟩ |2
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 scattering amplitude (exact result)ψϕ

Weak binding relation

 

�

 

�

= v0 +
⌫0

g0g0 + v0 +
⌫0

g0 g0

If , correction terms neglected: R ≫ Rtyp X ← (a0, B)

renormalization independent

Compositeness

renormalization dependent

f (E ) = −
μ
2π

1
[v(E )]−1 − G(E )

v(E ) = v0 +
g2

0

E − ω0
, G(E ) =

1
2π2 ∫

Λ

0
dp

p2

E − p2 /(2μ) + i0+

Compositeness X ← v(E), G(E)

X =
G′ (−B)

G′ (−B) − [1/v(−B)]′ 

 expansion of scattering length 1/R = 2μB a0

a0 = − f (E = 0) = R { 2X
1 + X

+ 𝒪 ( Rtyp

R )}
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Introduce decay channel

Introduction of decay channel

vψ + vϕ = v
μ

μ′ 

 �

B0

 0�0

Compositeness

If , correction terms neglected: |R | ≫ (Rtyp, ℓ) X ← (a0, EQB)

a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEQB

, ℓ ≡
1
2μν

Generalized relation : correction from threshold difference

Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)
c.f. V. Baru, et al., Phys. Lett. B586, 53 (2004), …

H′ free = ∫ dr [ 1
2M′ 

∇ψ′ † ⋅ ∇ψ′ − νψ ψ′ †ψ′ +
1

2m′ 
∇ϕ′ † ⋅ ∇ϕ′ − νϕϕ′ †ϕ′ ]

H′ int = ∫ dr [g′ 0 (B†
0 ϕ′ ψ′ + ψ′ †ϕ′ †B0) + v′ 0ψ′ †ϕ′ †ϕ′ ψ′ + vt

0(ψ
†ϕ†ϕ′ ψ′ + ψ′ †ϕ′ †ϕψ)]

Quasi-bound state : complex eigenvalue

H |QB⟩ = EQB |QB⟩, EQB ∈ ℂ

H = Hfree + H′ free + Hint + H′ int
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Evaluation of compositeness
Compositeness

:  composite dominance <— observablesΛ(1405) K̄N

Generalized weak-binding relation

 determinations by several groups(a0, EQB)

PTEP 2017, 023D02 Y. Kamiya and T. Hyodo

Table 2. Properties and results for the higher-energy pole of !(1405) quoted from Ref. [7]: shown are the
eigenenergy Eh, the K̄N (I = 0) scattering length a0, the K̄N compositeness XK̄N and X̃K̄N , and the uncertainty
of the interpretation U .

Eh [MeV] a0 [fm] XK̄N X̃K̄N U/2

Set 1 [35] −10 − i26 1.39 − i0.85 1.2 + i0.1 1.0 0.3
Set 2 [36] − 4 − i 8 1.81 − i0.92 0.6 + i0.1 0.6 0.0
Set 3 [37] −13 − i20 1.30 − i0.85 0.9 − i0.2 0.9 0.1
Set 4 [38] 2 − i10 1.21 − i1.47 0.6 + i0.0 0.6 0.0
Set 5 [38] − 3 − i12 1.52 − i1.85 1.0 + i0.5 0.8 0.3

the K̄N threshold energy, we can study the K̄N compositeness of !(1405) with the generalized
weak-binding relation for quasibound states. To evaluate the compositeness using the weak-binding
relation, we need the I = 0 scattering length of the K̄N channel and the eigenenergy of !(1405).
These quantities can be obtained by detailed fitting analysis of the experimental data in the K̄N
threshold energy region. The most systematic analysis in the previous studies is performed by chiral
SU(3) dynamics [34–38]. In these studies, !(1405) is described by two resonance poles of the
scattering amplitude in the complex energy plane. We consider the K̄N compositeness of the state
represented by the pole at higher energy because this can be regarded as the weakly bound state.7

In Table 2, we show the sets of the scattering length a0 and the eigenenergy of the higher pole state
Eh, based on Refs. [34–38].8 Because of the isospin symmetry breaking, the threshold energies and
the reduced masses of the K̄0n channel and the K−p channel are slightly different. We define the
scattering length for the isospin I = 0 channel as a0 = (f0,K−p(E = 0) + f0,K̄0n(E = 0))/2, where
f0,K−p and f0,K̄0n are the scattering amplitudes of K−p → K−p and K̄0n → K̄0n, respectively,
and the threshold energy E = 0 is specified below for each set. The scattering length of set 1 is
calculated from the NLO amplitude of Refs. [34,35] by using the isospin-averaged hadron masses
at the isospin-averaged K̄N threshold energy. Therefore we use the isospin-averaged mass of K̄ and
N to determine the threshold energy and the reduced mass. Set 3 is based on Fit II of Ref. [37] with
the same isospin-averaging procedure. In the other analyses, the scattering length is calculated at the
K−p threshold energy, so we use the threshold energy and reduced mass of the K−p channel. Sets 2,
4, and 5 are based on Ref. [36], solution #2 of Ref. [38], and solution #4 of Ref. [38], respectively. In
Table 2, the scattering length a0 and the eigenenergy Eh do not converge quantitatively even though
the available data is reproduced at the level of χ2/d.o.f ∼ 1 in all the analyses. We therefore employ
the results of all the analyses to estimate the systematic error.

We first estimate the magnitude of the higher-order terms in the weak-binding relation. Using the
eigenenergies in Table 2, we find that the value of R satisfies |R| ! 1.5 fm. The typical range scale
of the hadron interaction can be estimated from the meson exchange mechanism. The longest range
hadronic interaction is mediated by the lightest meson π , which cannot be exchanged between K̄ and
N because the three-point vertex of the pseudoscalar mesons is prohibited by parity conservation.
We therefore estimate the typical range scale of the K̄N interaction from the ρ meson exchange
interaction to obtain Rtyp = 1/mρ ∼ 0.25 fm.9 To estimate the length scale l = 1/

√
2µω, we use

7 We do not consider the compositeness of the state associated with the lower-energy pole, because the
weak-binding relation is derived for the closest pole to the threshold.

8 We thank Jose Antonio Oller and Maxim Mai for correspondences.
9 We do not use the σ exchange to estimate the interaction range because the σ meson has the broad width [1].
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- neglecting correction terms:

- In all cases,  with small  (complex nature)X ∼ 1 U/2

a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEQB

, ℓ ≡
1
2μν
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Uncertainty estimation
Compositeness

 composite dominance holds even with correction terms.K̄N

Estimation of correction terms: |R | ∼ 2 fm

-  meson exchange picture:  ρ Rtyp ∼ 0.25 fm
- energy difference from :  πΣ ℓ ∼ 1.08 fmPTEP 2017, 023D02 Y. Kamiya and T. Hyodo

Fig. 9. The results of error evaluation of the compositeness X̃K̄N of !(1405). The lines denote the central
values and the shaded areas indicate the uncertainty bands.

Fig. 10. I = 0 scattering amplitudes in the K̄N → K̄N (right panel) and π# → π# (left panel) channels
based on Ref. [35] with the isospin-averaged hadron masses. The solid line denotes the real part and the dashed
line denotes the imaginary part.

the π# amplitude has a CDD pole at this energy.10 Thus the ERE description of the π# amplitude
around its threshold will not reach the K̄N threshold because of the CDD pole. The existence of
the CDD pole near the resonance pole in the π# amplitude may be an indication of the non-π#
dominance of !(1405).

In Refs. [20,21,39,40], the compositeness of !(1405) is also calculated in various models by
evaluating the expression in Eq. (89) at the pole position. The results are summarized in Table 4.
In Refs. [39] and [20], the scattering amplitude is calculated from the chiral unitary approach of
Refs. [3] and [35], respectively. In the analysis of Ref. [40], the SU(6) model in Ref. [41] is used.
In Ref. [21], the scattering amplitude based on the unitary chiral perturbation theory in Ref. [37] is
used. We summarize the results in Table 4, specifying the prescription to interpret the compositeness.
We see that these studies give a consistent result for K̄N dominance over the other components. This
is also in good agreement with our model-independent results by the weak-binding relation.

In these studies, Refs. [20] and [21] use the scattering amplitude in Refs. [35] and [37], respectively.
Although Ref. [21] uses a different prescription |X | to determine the compositeness, small U = 0.1 in
set 3 indicates the difference between the prescriptions should be small, as we discussed in Sect. 3.5.

10 In the coupled-channel scattering, each component can have a CDD pole individually. This is in contrast to
the pole of the amplitude representing the eigenstate, which is determined by det F−1 = 0 and the divergence
appears in all the components of Fij.
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a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEQB

, ℓ ≡
1
2μν
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Correction term and zero range limit
Compositeness

- Limit  can be taken in renormalizable EFTΛ → ∞

What happens if  ?Rtyp → 0

- EFT with only  fields should have ψ, ϕ X = 1

T. Kinugawa, T. Hyodo, in preparation

a0 = R
2X

1 + X

 should be either  or length scale in the amplitudeRtyp Rint

- relevant to system with large |re |

a0 = R { 2X
1 + X

+ 𝒪 ( Rtyp

R )}, Rtyp = max(Rint, |re | , ⋯)

- “effective range model” gives  : contradiction?a0 ≠ R
E. Braaten, M. Kusunoki, D. Zhang, Annals Phys. 323, 1770 (2008)

⇒ a0 = R
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Structure of unstable resonance is nontrivial.

Pole structure of the  region is now well 
constrained by the experimental data.        
“ ” —>  and 

Generalized weak-binding relation shows that 
(higher-energy)  is dominated by 
molecular  component.

Λ(1405)

Λ(1405) Λ(1405) Λ(1380)

Λ(1405)
K̄N

Summary

Summary

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012);
P.A. Zyla, et al. (Particle Data Group), PTEP 2020, 083C01 (2020)
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]

Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)
T. Hyodo, JPS journal Vol. 75 No. 8, 478 (2020)
T. Kinugawa, T. Hyodo, in preparation


