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PDG2018：http://pdg.lbl.gov/

Classification of hadrons
Introduction: Hadron physics

All ~ 360 hadrons emerge from single QCD Lagrangian.
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Hadron structure, hadron interaction?
Introduction: Hadron physics

QCD Lagrangian (fundamental theory)

ℒQCD = −
1
4

Ga
μνG

μν
a + q̄α(iγμDαβ

μ − mδαβ)qβ

Hadrons are composite objects of quarks and gluons

Hadron-hadron interactions
- nonperturbative: we do not know how they behave.

Aim: explore hadron structure/interaction from observables

- nonperturbative elementary excitations
- We do not know how they are formed.

B
M

??



!5- Excited states are mostly unstable. —> resonances

Unstable states via strong interaction
Introduction: Hadron physics

- stable/unstable via strong interaction
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PDG2018：http://pdg.lbl.gov/Many hadron states

Λ(1405)

~ 150 baryons ~ 210 mesons
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Introduction: Resonances

Resonances in quantum mechanics
Resonance as an “eigenstate” of Hamiltonian
- complex eigenenergy

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), 

- treated in the same way with a bound state
- pole of the scattering amplitude
- diverging wave function (Im p < 0)

J.R. Taylor, Scattering theory (Wiley, New York, 1972)
Solution of Schrödinger eq. with outgoing b.c.
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- 1 channel (P)

r

V

P

P

Q
V

r

- coupled-channel (P+Q)
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Introduction: Resonances

Classification of resonances
1) Potential (shape) resonance

2) Feshbach resonance

- potential barrier : E>0
- unstable via tunneling

- bound state of Q: EQ<0, EP>0
- unstable via transition

tunneling

channel 
transition

- (composite of P-channel)

- (“elementary”: other than P)

N
K̅
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Feshbach resonance
1) Potential (shape) resonance

Introduction: Resonances

( ̂T + ̂V ) ψ = E ψ

(
̂TQ + Δ + ̂VQ

̂TP + ̂VP) (ψQ
ψP) = E (ψQ

ψP)
2) Feshbach resonance

- V : attraction + (centrifugal) barrier 

- Vt = 0 : HQ —> bound state, HP —> continuum

σ

E

- Vt ≠ 0 : resonance

resonance

E

σQ σP

EΔ

resonance

E

σ

̂Vt

̂Vt
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Λ(1405) and K̅N scattering
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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Construction of the realistic amplitude
Status of Λ(1405)

Chiral coupled-channel approach with systematic χ2 fitting

= +

TW model

Chiral perturbation theory

TWB model NLO model

T V TV

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

O(p2)O(p)

O(p)

2) Born terms1) TW term 3) NLO terms

7 LECs6 cutoffs
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Status of Λ(1405)

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

branching
ratios
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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
cr

os
s 

se
ct

io
ns
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Subthreshold extrapolation
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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5.3. Results 137
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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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Extrapolation to complex energy: two poles
Status of Λ(1405)

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);

Two poles: superposition of two eigenstates

- Higher energy pole at 1420 MeV, not at 1405 MeV
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- Attractions of TW in 1 and 8 channels

NLO analysis confirms the two-pole structure.
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Origin of two poles
Two-pole structure

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

© W.Weise 
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K̅NπΣ

- strong attraction in K̅N : bound state
- attraction in πΣ : resonance

(
̂TK̄N + Δ+ ̂VK̄N

̂TπΣ+ ̂VπΣ)
̂Vt

̂Vt

- channel coupling —> two poles
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Spectrum and pole: Feshbach resonance
Two-pole structure

Feshbach resonance

P
Q

Feshbach resonance: bound state embedded in continuum

E

σ

Im E

resonance

+ =

Re

(
̂TQ + Δ + ̂VQ

̂TP + ̂VP) (ψQ
ψP) = E (ψQ

ψP)

- Q channel: bound state
- P channel: continuum

̂Vt

̂Vt
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Spectrum and pole: Λ(1405) 
Two-pole structure

Two-pole structure of Λ(1405)

Λ(1405): Feshbach resonance in resonating continuum

K̅N
πΣ

Λ(1405)

+ =

Re E
Im E

σ

(
̂TK̄N + Δ+ ̂VK̄N

̂TπΣ+ ̂VπΣ) (ψK̄N
ψπΣ) = E (ψK̄N

ψπΣ)
̂Vt

̂Vt

- K̅N channel: bound state
- πΣ channel: resonance
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Third class of resonances?
Two-pole structure

πΣ resonance?
- s-wave scattering (no centrifugal barrier)
- chiral interaction ~ zero range
- no resonance from attractive zero-range interaction
T. Hyodo, D. Jido, A. Hosaka, Phys. Rev. D 75, 0343002 (2007)

K. Miyahara, T. Hyodo, in preparation

Resonance from energy dependent interaction

[ ̂T + ̂V(E)] ψ = E ψ

- elimination of hidden channel (c.f. Endo-san’s talk)
- πΣ case: consequence of chiral symmetry

Neither potential nor Feshbach. New class?
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We study the pole structure of Λ(1405) 

Summary
Summary

- Feshbach resonance 
  in resonating continuum

- Two poles (two eigenstates)

- K̅N bound state
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