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Introduction

Current status of Λ(1405) 

Two-pole structure

Summary
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- Interpretation
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- Clustering in hadron physics / resonances

- Analysis of K̅N scattering

!"##!"$#!""#!"%#
&$#
&"#
&%#
&'##($

#("

#(%

#('
#($

#("

#(%

#('

�!"#$%&

!"#$%&#'"(%

)*#$%&#'"(%

+,+&#-.'"(%



!3

Excitation mechanisms

Standard (quark model) Exotic excitation

en
er

gy internal

B
M

qq̄ pair
multiquark hadronic

molecule

Excitation of hadrons
Introduction

- Are they stable particles?

Exotic structure : excitation inherent in QCD (qq̄ pair 
creation), different from standard (shell-like) excitation

- Verification? —> compositeness (poster by Kamiya)
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Unstable states via strong interaction
Introduction

- stable/unstable via strong interaction

JP
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~ 150 baryons ~ 210 mesons
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Λ(1405) and K̅N scattering
Current status of Λ(1405)

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

: experiment

Λ(1405)

: theory

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

Resonance in coupled-channel scattering

Detailed analysis of K̅N-πΣ scattering is necessary.

K̅N threshold

en
er

gy Λ(1405)

πΣ threshohld
N

K̅

- coupling to MB states

Σ
π

u d
s
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Current status of Λ(1405)

Accurate description of all existing data (χ2/d.o.f. ~ 1)

branching
ratios

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

TW TWB NLO Experiment

�E [eV] 373 377 306 283± 36± 6 [10]

� [eV] 495 514 591 541± 89± 22 [10]

� 2.36 2.36 2.37 2.36± 0.04 [11]

Rn 0.20 0.19 0.19 0.189± 0.015 [11]

Rc 0.66 0.66 0.66 0.664± 0.011 [11]

�2/d.o.f 1.12 1.15 0.96

pole positions 1422� 16i 1421� 17i 1424� 26i

[MeV] 1384� 90i 1385� 105i 1381� 81i

Table 1
Results of the systematic �2 analysis using leading order (TW) plus Born terms (TWB) and full NLO
schemes. Shown are the energy shift and width of the 1s state of the kaonic hydrogen (�E and �),
threshold branching ratios (�, Rn and Rc), �2/d.o.f of the fit, and the pole positions of the isospin I = 0
amplitude in the K̄N -⇡⌃ region.

the subtraction constants ai in Eq. (7), especially those in the ⇡⇤ and ⌘⌃ channels,
exceed their expected “natural” values ⇠ 10�2 by more than an order of magnitude [14].
This clearly indicates the necessity of including higher order terms in the interaction
kernel Vij . It also emphasizes the important role of the accurate kaonic hydrogen data in
providing sensitive constraints.

The additional inclusion of direct and crossed meson-baryon Born terms does not
change �E and �2/d.o.f. in any significant way. It nonetheless improves the situation
considerably since the subtraction constants ai now come down to their expected “nat-
ural” sizes.

The best fit (with �2/d.o.f. = 0.96) is achieved when incorporating NLO terms in the
calculations. The inputs used are: the decay constants f⇡ = 92.4 MeV, fK = 110.0 MeV,
f⌘ = 118.8 MeV, and axial vector couplings D = 0.80, F = 0.46 (i.e. gA = D+F = 1.26);
subtraction constants at a renormalization scale µ = 1 GeV (all in units of 10�3): a1 =
a2 = �2.38, a3 = �16.57, a4 = a5 = a6 = 4.35, a7 = �0.01, a8 = 1.90, a9 = a10 =
15.83; and NLO parameters (in units of 10�1 GeV�1): b̄0 = �0.48, b̄D = 0.05, b̄F =
0.40, d1 = 0.86, d2 = �1.06, d3 = 0.92, d4 = 0.64. Within the set of altogether
“natural”-sized constants ai the relative importance of the K⌅ channels involving double-
strangeness exchange is worth mentioning.

As seen in Table 1, the results are in excellent agreement with threshold data. The
same input reproduces the whole set of K�p cross section measurements as shown in
Fig. 2 (Coulomb interaction e↵ects are included in the diagonal K�p ! K�p channel
as in Ref. [6]). A systematic uncertainty analysis has been performed by varying the
parameters obtained from �2 fits within the range permitted by the uncertainty measures
of the kaonic hydrogen experimental data. Since the shift and width of kaonic hydrogen
are rather insensitive to the I = 1 scattering amplitudes, the total cross section of
K�p ! ⇡0⇤ reaction is also used for the uncertainty analysis. We find that all cross
sections are well reproduced with the constraint from the kaonic hydrogen measurement
as shown by the shaded areas in Fig. 2. A detailed description of this analysis will be
given in a longer forthcoming paper [15].

Equipped with the best fit to the observables at K�p threshold and above, an opti-

5

K̅N scattering by NLO chiral SU(3) dynamics
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Subthreshold extrapolation
Current status of Λ(1405)

SIDDHARTA is essential for subthreshold extrapolation.

Uncertainty of K̅N —> K̅N (I=0) amplitude below threshold

Y. Kamiya, K. Miyahara, S. Ohnishi, Y. Ikeda, T. Hyodo, E. Oset, W. Weise, 
NPA 954, 41 (2016)
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Figure 5.13: Real (left panel) and imaginary part (right panel) of the I = 0 K̄N and
πΣ amplitudes in the full approach. The best fit is represented by the solid lines while
the bands comprise all fits in the 1σ region. The πΣ and K̄N thresholds are indicated
by the dotted vertical lines.

R. Nissler, Doctoral Thesis (2007)

SIDDHARTA Λ(1405)
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Update in PDG
Current status of Λ(1405)

Λ(1405) in Particle Data Group (PDG)
M. Tanabashi, et al., PRD 98, 030001 (2018), http://pdg.lbl.gov/

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

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

The nature of the Λ(1405) has been a puzzle for decades: three-
quark state or hybrid; two poles or one. We cannot here sur-
vey the rather extensive literature. See, for example, CIEPLY 10,
KISSLINGER 11, SEKIHARA 11, and SHEVCHENKO 12A for dis-
cussions and earlier references.

It seems to be the universal opinion of the chiral-unitary community
that there are two poles in the 1400-MeV region. ZYCHOR 08
presents experimental evidence against the two-pole model, but this
is disputed by GENG 07A. See also REVAI 09, which finds little basis
for choosing between one- and two-pole models; and IKEDA 12,
which favors the two-pole model.

A single, ordinary three-quark Λ(1405) fits nicely into a J
P =

1/2− SU(4) 4 multiplet, whose other members are the Λc (2595)+,

Ξc (2790)+, and Ξc (2790)0; see Fig. 1 of our note on “Charmed
Baryons.”

Λ(1405) MASSΛ(1405) MASSΛ(1405) MASSΛ(1405) MASS

PRODUCTION EXPERIMENTSPRODUCTION EXPERIMENTSPRODUCTION EXPERIMENTSPRODUCTION EXPERIMENTS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1405.1+ 1.3
− 1.0 OUR AVERAGE1405.1+ 1.3
− 1.0 OUR AVERAGE1405.1+ 1.3
− 1.0 OUR AVERAGE1405.1+ 1.3
− 1.0 OUR AVERAGE

1405 +11
− 9 HASSANVAND 13 SPEC pp → pΛ(1405)K+

1405 + 1.4
− 1.0 ESMAILI 10 RVUE 4He K− → Σ±π∓X at rest

1406.5± 4.0 1 DALITZ 91 M-matrix fit

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

1391 ± 1 700 1 HEMINGWAY 85 HBC K− p 4.2 GeV/c

∼ 1405 400 2 THOMAS 73 HBC π− p 1.69 GeV/c

1405 120 BARBARO-... 68B DBC K− d 2.1–2.7 GeV/c

1400 ± 5 67 BIRMINGHAM 66 HBC K− p 3.5 GeV/c

1382 ± 8 ENGLER 65 HDBC π− p, π+ d 1.68 GeV/c

1400 ±24 MUSGRAVE 65 HBC pp 3–4 GeV/c

1410 ALEXANDER 62 HBC π− p 2.1 GeV/c

1405 ALSTON 62 HBC K− p 1.2–0.5 GeV/c

1405 ALSTON 61B HBC K− p 1.15 GeV/c

EXTRAPOLATIONS BELOW N K THRESHOLDEXTRAPOLATIONS BELOW N K THRESHOLDEXTRAPOLATIONS BELOW N K THRESHOLDEXTRAPOLATIONS BELOW N K THRESHOLD
VALUE (MeV) DOCUMENT ID TECN COMMENT

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

1407.56 or 1407.50 3 KIMURA 00 potential model
1411 4 MARTIN 81 K-matrix fit
1406 5 CHAO 73 DPWA 0–range fit (sol. B)
1421 MARTIN 70 RVUE Constant K-matrix

HTTP://PDG.LBL.GOV Page 1 Created: 8/21/2014 12:54

2014

- Two-pole structure is confirmed.

105. Pole structure of the Λ(1405) region 1

105. Pole Structure of the Λ(1405) Region

Written November 2015 by Ulf-G. Meißner (Bonn Univ. / FZ Jülich)
and Tetsuo Hyodo (YITP, Kyoto Univ.).

The Λ(1405) resonance emerges in the meson-baryon scattering amplitude with the
strangeness S = −1 and isospin I = 0. It is the archetype of what is called a dynamically
generated resonance, as pioneered by Dalitz and Tuan [1]. The most powerful and
systematic approach for the low-energy regime of the strong interactions is chiral
perturbation theory (ChPT), see e.g. Ref. 2. A perturbative calculation is, however, not
applicable to this sector because of the existence of the Λ(1405) just below the K̄N
threshold. In this case, ChPT has to be combined with a non-perturbative resummation
technique, just as in the case of the nuclear forces. By solving the Lippmann-Schwinger
equation with the interaction kernel determined by ChPT and using a particular
regularization, in Ref. 3 a successful description of the low-energy K−p scattering data as
well as the mass distribution of the Λ(1405) was achieved (for further developments, see
Ref. 4 and references therein).

The study of the pole structure was initiated by Ref. 5, which finds two poles of the
scattering amplitude in the complex energy plane between the K̄N and πΣ thresholds.
The spectrum in experiments exhibits one effective resonance shape, while the existence
of two poles results in the reaction-dependent lineshape [6]. The origin of this two-pole
structure is attributed to the two attractive channels of the leading order interaction in
the SU(3) basis (singlet and octet) [6] and in the isospin basis (K̄N and πΣ) [7]. It is
remarkable that the sign and the strength of the leading order interaction is determined
by a low-energy theorem of chiral symmetry, i.e. the so-called Weinberg-Tomozawa term.
The two-pole nature of the Λ(1405) is qualitatively different from the case of the N(1440)
resonance. Two poles of the N(1440) appear on different Riemann sheets of the complex
energy plane separated by the π∆ branch point. These poles reflect a single state, with a
nearby pole and a more distant shadow pole. In contrast, the two poles in the Λ(1405)
region on the same Riemann sheet (where πΣ channels are unphysical and all other
channels physical, correspondingly to the one, connected to the real axis beween the πΣ
and K̄N thresholds) are generated from two attractive forces mentioned above [6,7].

Recently, various new experimental results on the Λ(1405) have become available [4].
Among these, the most striking measurement is the precise determination of the energy
shift and width of kaonic hydrogen by the SIDDHARTA collaboration [8], [9], which
provides a quantitative and stringent constraint on the K−p amplitude at threshold
through the improved Deser formula [10]. Systematic studies with error analyses based
on the next-to-leading order ChPT interaction including the SIDDHARTA constraint
have been performed by various groups [11–15]. All these studies confirm that the new
kaonic hydrogen data are compatible with the scattering data above threshold.

The results of the pole positions of Λ(1405) in the various approaches are summarized
in Table 105.1. We may regard the difference among the calculations as a systematic
error, which stems from the various approximations of the Bethe-Salpeter equation, the
fitting procedure, and also the inclusion of SU(3) breaking effects such as the choice of the
various meson decay constants, and so on. The main component for the Λ(1405) is the
pole 1, whose position converges within a relatively small region near the K̄N threshold.
On the other hand, the position of the pole 2 shows a sizeable scatter. Detailed studies

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
December 1, 2017 09:37

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Λ(1405) 1/2− I (JP ) = 0(1
2
−) 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 γp →

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) REGION POLE POSITIONSΛ(1405) REGION POLE POSITIONSΛ(1405) REGION POLE POSITIONSΛ(1405) REGION POLE POSITIONS

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

1325+15
−15

2 MAI 15 DPWA

1434+ 2
− 2

3 MAI 15 DPWA

1330+ 4
− 5

4 MAI 15 DPWA

1421+ 3
− 2

5 GUO 13 DPWA

1388± 9 6 GUO 13 DPWA

1424+ 7
−23

7 IKEDA 12 DPWA

1381+18
− 6

8 IKEDA 12 DPWA

1High-mass pole, solution number 4.
2 Low-mass pole, solution number 4.
3High-mass pole, solution number 2.
4 Low-mass pole, solution number 2.
5High-mass pole, fit II
6 Low-mass pole, fit II.
7High-mass pole
8 Low-mass pole

HTTP://PDG.LBL.GOV Page 1 Created: 6/5/2018 18:59

2018
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Two-pole structure
Two-pole structure

Origin in SU(3) basis and implication in spectrum
D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meissner, NPA 723, 205 (2003)

- attraction in 1 and 8 channels of SU(3) basis
- different channel coupling —> different πΣ spectum

D. Jido et al. / Nuclear Physics A 725 (2003) 181–200 187

lowest order SU(3) breaking corrections occur when V is evaluated at next-to-leading order
from the O(p2) meson–baryon Lagrangian, with some of these terms already included in
Ref. [19]. Other SU(3) breaking effects as, e.g., those arising from the difference between
the weak decay constants of the pseudoscalars appear at O(p3) in V . The systematic
inclusion of such higher order corrections is beyond the present study but should be
considered in the future.
By following the approach of Ref. [10] and using the physical masses of the baryons

and the mesons, the position of the poles change and the two octets split apart in four
branches, two for I = 0 and two for I = 1, as one can see in Fig. 1. In the figure we show
the trajectories of the poles as a function of a parameter x that breaks gradually the SU(3)
symmetry up to the physical values. The dependence of masses and subtraction constants
on the parameter x is given by

Mi(x) = M0 + x(Mi − M0),

m2
i (x) = m2

0 + x
(
m2

i − m2
0
)
,

ai(x) = a0 + x(ai − a0), (16)

where 0 ! x ! 1. For the baryon masses, Mi(x), the breaking of the SU(3) symmetry
follows linearly, while for the meson masses, mi(x), the law is quadratic in the masses,
since in the QCD Lagrangian the flavor SU(3) breaking appears in the quark mass terms
and the squares of the mesonmasses depend on the quark masses linearly. In the calculation
of Fig. 1, the valuesM0 = 1151 MeV, m0 = 368 MeV and a0 = −2.148 are used.

Fig. 1. Trajectories of the poles in the scattering amplitudes obtained by changing the SU(3) breaking parameter
x gradually. At the SU(3) symmetric limit (x = 0), only two poles appear, one is for the singlet and the other for
the octets. The symbols correspond to the step size δx = 0.1.

D. Jido et al. / Nuclear Physics A 725 (2003) 181–200 195

Fig. 4. The πΣ mass distributions with I = 0 constructed from the !KN → πΣ and πΣ → πΣ amplitudes. The
solid and dashed lines denote |T!KN→πΣ |2qπ and |TπΣ→πΣ |2qπ , respectively. Units are arbitrary.

Fig. 5. Modulus squared of the loop function Gl times the amplitudes, simulating a reaction with the resonance
initiated by the πΣ (dashed line) or the !KN (solid lines) channels.

We can see that the results of the full calculation are very similar to those obtained
with the qualitative model which allowed us to see that, in spite of starting from two quite
different resonance poles, the result in an experiment would be to see a single resonant
form. Yet, the shape and width could be different in different processes, depending on the
weight that is given to the physical channels that initiate the resonance.
It is clear that, should there be a reaction which forces the initial channels to be

!KN , then this would give more weight to the second resonance, R2, and hence produce
a distribution with a shape corresponding to an effective resonance narrower than the
nominal one and at higher energy. Such a case indeed occurs in the reaction K−p →
Λ(1405)γ studied theoretically in Ref. [25]. It was shown there that since theK−p system
has a larger energy than the resonance, one has to lose energy emitting a photon prior to
the creation of the resonance and this is effectively done by the Bremsstrahlung from the
original K−or the proton. Hence the resonance is initiated from the K−p channel.

Pole position = complex eigenvalue of Hamiltonian

- two poles —> Λ(1405) is a superposition of two states

J.R. Taylor, Scattering theory (Wiley, New York, 1972);
T. Hyodo, Intensive lecture at Tohoku Univ. (2018)
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Origin in physical basis
Two-pole structure

Attraction exists both in K̅N and πΣ channels
T. Hyodo, W. Weise, Phys. Rev. C 77, 035204 (2008)

© W.Weise 

-120

-100

-80

-60

-40

-20

0

Im
 z

 [M
eV

]

1440140013601320
Re z [MeV]

πΣ resonance

z2(full)

z1(full)

KN bound state

K̅NπΣ

- strong attraction in K̅N : bound state
- attraction in πΣ : resonance
T. Hyodo, Intensive lecture at SNP school (2017)

low-energy theorem
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Spectrum and pole
Two-pole structure

(standard) Feshbach resonance

continuumbound
state

—> Feshbach resonance in resonating continuum

Two-pole structure of Λ(1405)

resonance

+ =

E

σ

Λ(1405)

K̅N
πΣ

+ =

Re E
Im E

σ

Im E
Re
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Corresponding cold atom system?
Two-pole structure

6Li atom : large background scattering length

one-or two-particle correlations. Cold gases provide a
concrete example for the latter statement: the standard
time-of-flight technique of measuring the absorption im-
age after a given free-expansion time t provides the one-
particle density matrix in Fourier space, while the two-
particle density matrix is revealed in the noise
correlations of absorption images !see Sec. III".

C. Feshbach resonances

The most direct way of reaching the strong-interaction
regime in dilute, ultracold gases is via Feshbach reso-
nances, which allow the scattering length to be increased
to values beyond the average interparticle spacing. In
practice, this method works best for fermions because
for them the lifetime due to three-body collisions be-
comes very large near a Feshbach resonance, in stark
contrast to bosons, where it goes to zero. The concept
was first introduced in the context of reactions forming a
compound nucleus !Feshbach, 1958" and, independently,
for a description of configuration interactions in multi-
electron atoms !Fano, 1961". Quite generally, a Feshbach
resonance in a two-particle collision appears whenever a
bound state in a closed channel is coupled resonantly
with the scattering continuum of an open channel. The
two channels may correspond, for example, to different
spin configurations for atoms. The scattered particles are
then temporarily captured in the quasibound state, and
the associated long time delay gives rise to a Breit-
Wigner-type resonance in the scattering cross section.
What makes Feshbach resonances in the scattering of
cold atoms particularly useful is the ability to tune the
scattering length simply by changing the magnetic field
!Tiesinga et al., 1993". This tunability relies on the differ-
ence in the magnetic moments of the closed and open
channels, which allows the position of closed-channel
bound states relative to the open-channel threshold to
be changed by varying the external, uniform magnetic
field. Note that Feshbach resonances can alternatively
be induced optically via one- or two-photon transitions
!Fedichev, Kagan, Shlyapnikov, et al., 1996; Bohn and
Julienne, 1999" as realized by Theis et al. !2004". The
control parameter is then the detuning of the light from
atomic resonance. Although more flexible in principle,
this method suffers, however, from heating problems for
typical atomic transitions, associated with the
spontaneous-emission processes created by the light ir-
radiation.

On a phenomenological level, Feshbach resonances
are described by an effective pseudopotential between
atoms in the open channel with scattering length

a!B " = abg#1 − !B /!B − B 0"$ . !16"

Here abg is the off-resonant background scattering
length in the absence of the coupling to the closed chan-
nel, while !B and B 0 describe the width and position of
the resonance expressed in magnetic field units !see Fig.
2". In this section, we outline the basic physics of mag-
netically tunable Feshbach resonances, providing a con-
nection of the parameters in Eq. !16" with the inter-

atomic potentials. Of course, our discussion covers only
the basic background for understanding the origin of
large and tunable scattering lengths. A more detailed
presentation of Feshbach resonances can be found in the
reviews by Timmermans et al. !2001"; Duine and Stoof
!2004"; and Köhler et al. !2006".

Open and closed channels. We start with the specific
example of fermionic 6Li atoms, which have electronic
spin S=1/2 and nuclear spin I=1. In the presence of a
magnetic field B along the z direction, the hyperfine
coupling and Zeeman energy lead for each atom to the
Hamiltonian

Ĥ! = ahfŜ · Î + !2"B Ŝz − "nÎz"B . !17"

Here "B # 0 is the standard Bohr magneton and "n
!$ "B " is the magnetic moment of the nucleus. This hy-
perfine Zeeman Hamiltonian actually holds for any
alkali-metal atom, with a single valence electron with
zero orbital angular momentum. If B →0, the eigen-
states of this Hamiltonian are labeled by the quantum
numbers f and mf, giving the total spin angular momen-
tum and its projection along the z axis, respectively. In
the opposite Paschen-Back regime of large magnetic
fields !B % ahf /"B %30 G in lithium", the eigenstates are
labeled by the quantum numbers ms and mI, giving the
projection on the z axis of the electron and nuclear
spins, respectively. The projection mf=ms+mI of the to-
tal spin along the z axis remains a good quantum num-
ber for any value of the magnetic field.

Consider a collision between two lithium atoms, pre-
pared in the two lowest eigenstates &a' and &b' of the
Hamiltonian !17" in a large magnetic field. The lowest
state &a' !with mfa=1/2" is (&ms=−1/2 ,mI=1' with a
small admixture of &ms=1/2 ,mI=0', whereas &b' !with
mfb=−1/2" is (&ms=−1/2 ,mI=0' with a small admixture
of &ms=1/2 ,mI=−1'. Two atoms in these two lowest

FIG. 2. Magnetic field dependence of the scattering length be-
tween the two lowest magnetic substates of 6Li with a Fesh-
bach resonance at B 0=834 G and a zero crossing at B 0+!B
=534 G. The background scattering length abg=−1405aB is ex-
ceptionally large in this case !aB the Bohr radius".
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Fig. 5. Real part (left) and imaginary part (right) of the K−n → K−n forward scattering amplitude extrapolated to the
subthreshold region.

Fig. 6. Imaginary part of the I = 0 K̄N (left) and πΣ (right) amplitudes together with error bands permitted by SID-
DHARTA experiments. The histogram (arbitrary unit) in the right panel denotes the experimental data of the π−Σ+
spectrum in the decay of Σ+(1660) → π+(π−Σ+) [25].

imaginary part of the K̄N amplitude has its maximum close to 1420 MeV, whereas the position
of the peak in the πΣ spectrum is shifted downward from the K̄N → K̄N amplitude to about
1380–1400 MeV. This is a consequence of the strong K̄N ↔ πΣ coupled-channels dynamics
dictated by chiral SU(3) symmetry. The different shapes and positions of the spectral distribu-
tions in Fig. 6 represent the coupled modes associated with the two poles z1,2 discussed earlier.
While the subthreshold K̄N spectrum has its maximum closer to the location of the “upper” pole
z1, the πΣ spectrum receives a stronger weight from the second, “lower” pole z2.

The right panel of Fig. 6 includes for reference and orientation the experimental spectrum of
the π−Σ+ channel in the decay Σ+(1660) → π+(π−Σ+) [25]. It should however be noted
that a direct comparison of this histogram with the imaginary part of the calculated I = 0 πΣ

amplitude is not meaningful. The measured spectrum is not pure I = 0 and the relative weights of
the initial states (πΣ , K̄N , . . .) are not known. In addition, because the energy of the three-body
π+(π−Σ+) system is restricted to form the Σ(1660), the higher tail of the π−Σ+ spectrum is
suppressed because of the small available phase space [10]. It is therefore necessary to construct

CDD zero near pole —> non-composite nature
Y. Kamiya, T. Hyodo, Phys. Rev. D97, 054019 (2018)
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On clustering in hadrons

Two-pole structure of Λ(1405)

Summary
Summary

- verified by recent analysis
- Feshbach resonance in resonating continuum

- exotic (q̅q) excitation: QCD inherent
- hadrons are mostly unstable
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