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

Flavor quantum numbers are described by gqg/qq.

Why no gqqq, qqqqq, ...states (exotic hadrons)?
—> Exotic hadron problem, as nontrivial as confinement!
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Various hadronic excitations
Description of excited baryons

Conventional structure Exotic structures
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In QCD, non-ggq structures naturally arise.

Energy

- Baryons: superposition of ggqg + exotic structures
—> How can we disentangle different components?
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Resonance as an “eigenstate” of Hamiltonian

Um diese Schwierigkeit zu iliberwinden, miissen wir annehmen, daf

- complex energy

die Schwingungen gedimpft sind, und ¥ komplex setzen:

G.Gamow, Z. Phys. 51,204 (1928) 5 = 5, + [
T
Zur Quantentheorie des Atomkernes. wo FE, die gewdhnliche Energie ist und A4 das Dampfungsdekrement
Von 6. Gamow, z. Zt. in Gottingen. (Zerfallskonstante). Dann sehen wir aber aus den Relationen (2a) und (2b),

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



Introduction

Nature of resonances

Theoretical treatment for unstable hadrons

- resonances in hadron scattering
- Above threshold, quark model does not work.

- Solve scattering equation (dynamical calculation)

Resonance as an “eigenstate” of Hamiltonian

Um diese Schwierigkeit zu iliberwinden, miissen wir annehmen, daf

- complex energy

die Schwingungen gedimpft sind, und ¥ komplex setzen:

G.Gamow, Z. Phys. 51,204 (1928) 5 = 5, + [
T
Zur Quantentheorie des Atomkernes. wo FE, die gewdhnliche Energie ist und A4 das Dampfungsdekrement
Von 6. Gamow, z. Zt. in Gottingen. (Zerfallskonstante). Dann sehen wir aber aus den Relationen (2a) und (2b),

Mit 5 Abbildungen. (Eingegangen am 2. August 1928.) 30

251
20+

- diverging wave function

1.5+

Rep [b 1/2]

I

-0.5
0




Introduction

Nature of resonances

Theoretical treatment for unstable hadrons

- resonances in hadron scattering
- Above threshold, quark model does not work.

- Solve scattering equation (dynamical calculation)

Resonance as an “eigenstate” of Hamiltonian

Um diese Schwierigkeit zu iliberwinden, miissen wir annehmen, daf

- complex energy

die Schwingungen gedimpft sind, und ¥ komplex setzen:
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Mit 5 Abbildungen. (Eingegangen am 2. August 1928.) 30
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- diverging wave function
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- complex expectation value (norm, (+2)) - I

0.0

- Interpretation is difficult. D R T —
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Dynamically generated states

Dynamical calculation of two-hadron scattering

two-body
——model space
3 P : . h SA continuum
- Eigenstates of 4, (and v O
o e o | | OO
_ - Bare fields (and interaction) | 5

nonperturbative (Schrodinger/LS) equation

two-body
continuum

discrete state

—— physical states ~ A
- Eigenstates of 1, + V

Energy

% Spectral function )

Strong attraction can give additional states (e.g. vV and d)

Additional discrete state is “dynamically generated.”
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Dynamically generated states?
Q: Which hadron is dynamically generated?

— model A —

v dynamically  _physical states ~
A generated
. J I
— model B N \_ )
not dynamically (gxperiments/QCD)
Vs | generated?
. J

- Model B equivalent to model A can always be constructed.
S. Weinberg, Phys. Rev. 130, 776 (1963)

Comparison with data alone is not conclusive.
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Introduction to compositeness

One way to quantify it: compositeness x

- weak-binding relation
S. Weinberg, Phys. Rev. 137, B672 (1965) d

- integration of spectral density
V. Baru, et al., Phys. Lett. B586, 53 (2004) £,(980), a,(980)

- evaluation of compositeness at pole (complex number)
T. Hyodo, D. Jido, A. Hosaka Phys. Rev. C 85, 015201 (2012
F. Aceti, E. Oset, Phys. Rev. D 86, 014012 (2012) p

T. Sekihara, T. Hyodo, Phys. Rev. C 87, 045202 (2013) A(1405), o, £;(980), a,(980)
C. W. Xiao, F. Aceti, M. Bayar, Eur. Phys. J.A 49,22 (2013) K*

T. Hyodo, Phys. Rev. Lett. 111, 2132002 (2013) A _(2595)

F. Aceti, L. Dai, L. Geng, E. Oset, Y. Zhang, Eur. Phys. J. A 50,57 (2014) A, 6 >* =* Q
+ many others

Relation to observable (on-shell quantity)?



Which hadron is dynamically generated?

Compositeness of hadrons

; Structure of unstable state is nontrivial.
= Compositeness 0 <x<1

- weight of dynamically generated component

| state) = \/)_( | dynamically generated) +4/1 — X | others)

- fully dynamically generated: x =1

- weak-binding relation: X — observables
S. Weinberg, Phys. Rev. 137, B672 (1965)

N - u
s generalization to unstable resonances

Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016);
Y. Kamiya, T. Hyodo, PTEP2017, 023D02 (2017)

10
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Weak-binding relation for stable states

Compositeness x of s-wave weakly bound state (R > R )
S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013) NN
continuum
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typ)

T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013) NN
continuum
|d) = \/)_(|NN) + 4/ 1 — X | others)
range of interaction deuteron

2X Ry, 1
dg = R + O T . R =
T 1 +X T \/2uB

scattering length radius of state
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Which hadron is dynamically generated?

Weak-binding relation for stable states

Compositeness x of s-wave weakly bound state (R > R
S. Weinberg, Phys. Rev. 137, B672 (1965);

typ)

T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013) NN
continuum
|d) = \/)_(|NN) + 4/ 1 — X | others)
range of interaction deuteron
2X Ry, 1

ao — R + @ pa— ’ R —

T 1+X 3 T \/2uB

scattering length radius of state

- Deuteron is NN composite: ¢y~ R=> X ~ 1
- Internal structure from observable (. B)

Problem: applicable only for stable states .



Which hadron is dynamically generated?

Generalization to unstable hadron resonance

Generalized weak-binding relation channel 1
Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016); continuum
Y. Kamiya, T. Hyodo, PTEP2017, 023D02 (2017)
| h) = \/)_(lchannel 1) +4/1 — X | others) quasi-bound
state
range of interaction —
9 | channel 2
2X Riyp 4 ) 1
a, =R +0| |—| |+0O| |= , R=
T 1+ X R R T \/—2uE,

scattering length (complex) radius of state (complex)
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1 state
range of interaction ——
9 | channel 2
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Which hadron is dynamically generated?

Generalization to unstable hadron resonance

Generalized weak-binding relation channel 1
Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016); continuum
Y. Kamiya, T. Hyodo, PTEP2017, 023D02 (2017)
| h) = \/)_(lchannel 1) +4/1 — X | others) T quasi-bound
1 state
range of interaction —
9 | channel 2
r1Z Lo |52 )+0 < 4 3) R :
an = e — . =
TO 1+ X 3 R T \/=2uE,

scattering length (complex) radius of state (complex)

- new correction term: scale of threshold difference
1

2uv

£ =

Compositeness X < observables (4, £,) when |R| > (R,,.0) |
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Evaluation of compositeness

Application: KN component In A(1405)
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Which hadron is dynamically generated?
Evaluation of compositeness

Application: KN component In A(1405)

2X 1 1
ay=R{ 2 . R= £ =
1 + X A/ —2/,£Eh \/2//”/

(ay, E,) : determinations by several groups adopted in PDG

- neglecting correction terms:

E, [MeV] ao [fm] Xen Xew U2
Set 1[35] —10—i26 139-4085 12+i01 10 03
Set2[36] — 4—i8 1.81-i092 06+i0.1 06 00
Set3[37] —13—-i20 130—i0.85 09—i02 09 0.1
Set 4 [38] 2—il0  121—il47  06+i00 06 00
Set5[38] — 3—il2  152-i18 1.0+i05 08 0.3
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Which hadron is dynamically generated?
Evaluation of compositeness

Application: KN component In A(1405)

2X 1 1
a,=R{ -2 , R= ,
1 + X A/ —2/,£Eh \/2//”/

(ay, E,) : determinations by several groups adopted in PDG

- neglecting correction terms:

Ejy [MeV] ao [fm] Xgn Xew  UJ2

[35] —10—i26  139—-i0.85  1.2+i0.1 1.0 03
36] —4—i8 181-i092 06+i0.1 06 0.0
Set3[37] —13—-i20  130-i085 09-i02 09 0.1
[38]
[38]

2—1i10 1.21 —il1.47 0.6 +i0.0 0.6 0.0
— 3—-1il2 1.52 —i1.85 1.0 +1:0.5 0.8 0.3

- In all cases, X ~ 1

A(1405) : dominated by dynamically generated <~ "



Which hadron is dynamically generated?

Uncertainty estimation
Estimation of correction terms: |R| ~2 fm

- p meson exchange picture: R, ~ 0.25 fm
- energy difference from zX: 7 ~ 1.08 fm
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Which hadron is dynamically generated?

Uncertainty estimation
Estimation of correction terms: |R| ~2 fm

- p meson exchange picture: R, ~ 0.25 fm
- energy difference from zX: 7 ~ 1.08 fm

0 l l l l l
Set 1 Set2 Set3 Set4d Setbh

KN composite dominance holds even with correction terms.

14



Summary

-
b g

M

RE(

Nonperturbtative calculation can dynamically
generate hadrons In addition to those in the
model space.

Compositeness: quantitative measure of

“dynamically generated” nature

S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hvodo, Int. J. Mod. Phys. A 28, 1330045 (2013)

Generalized weak-binding relation shows that
high-mass pole of A(1405) is dominated by

dynamically generated KN component. @

Y. Kamiya, T. Hyodo, Phys. Rev. C93. 035203 (2016):
Y. Kamiya, T. Hyodo, PTEP2017, 023D02 (2017)

15



