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Introduction: Hadron structure, exotics, and clusterinc

Classification of hadrons
Observed hadrons PDG2015 : http://pdg.1bl.gov/
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All ~ 350 hadrons emerge from single QCD Lagrangian.
All quantum numbers are described by qga/qa.



Introduction: Hadron structure, exotics, and clusterinc

States with more than ggg/g0

100 LI L L N L L L L L I L L L

Tetraquark candidate (Belle)
. Zn(10610), Zb(10650)

Y(5S) —> 1t + Zp
L Y(nS)(bb) + n=(ud/da)

(Events/5 MeV/c?)

A. Bondar, et al., Phys. Rev. Lett. 108, 122001 (2012) MIY(28)nl .., (GeV/c?)

Pentaquark candidate (LHCDb)
: Pc(4450), Pc(4380)

/\b — K- + PC
o J/P(cc) + p(uud)

R. Aaij, et al., Phys. Rev. Lett. 115, 072001 (2015)

Only a few are observed. Why only a few? .



Introduction: Hadron structure, exotics, and clusterino

Various hadronic excitations
Description of excited baryons

Conventional structure Exotic structures
| €2
| & @ &
o T internal multiquark hadronic
0 excitation — : molecule
@ qq pair creation (clustering)

In QCD, non-gqgqg structures naturally arise.

- Baryons: superposition of qgg + exotic structures
—> How can we disentangle different components?
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Introduction: Resonances in hadron physics
Difficulty of resonances

Resonance as an “eigenstate” of Hamiltonian

Um diese Schwierigkeit zu iiberwinden, miissen wir annehmen, daf

o Comp|eX energy die Schwingungen geddampft sind, und ¥ komplex setzen:
G. Gamow, Z. Phys. 51,204 (1928) E = £, +
i 4
Zur Quantentheorie des Atomkernes. wo K, die gewohnliche Energie ist und A4 das Dumpfungsdekrement
Von G. Gamow, z. Zt. in Gottingen. (Zerfallskonstante). Dann sehen wir aber aus den Relationen (2a) und (2b),

Mit 5 Abbildungen. (Eingegangen am 2. August 1928.)
- Wave function is not normalized (Im k < 0).

R = /dr\wR(r)P N/ T R
0

Bi-orthogonal basis (Gamow vectors): normalizable!

N. Hokkyo, Prog. Theor. Phys. 33, 1116 (1965)
T. Berggren, Nucl. Phys. A 109, 265 (1968)

By =|R"), r<R|R>\=\/dr[wR<r>P

<08

- Complex expectation value (e.g. <r2>) —> interpretation? ,



Introduction: Resonances in hadron physics

Resonances in quantum mechanics

1) Potential (shape) resonance V
- single channel (P)

tunneling

- potential barrier : E>0
- unstable via tunneling
- (composite of P-channel)

2) Feshbach resonance % %
- coupled channel (P+Q) —-—

- bound state of Q: Eq<0, Ep>0

- unstable via transition
- (“elementary”: other than P)

channel
transition



Compositeness of near-threshold resonances

Compositeness of hadrons

< Internal structure of excited hadrons

&« Weak binding relation for stable bound states
S. Weinberg, Phys. Rev. 137, B672 (1965)

4 5 ) ( ] S
Compositeness X “Elementariness” /
threshold channel or other contributions

\_ = AT T & J

observables

&« Study compositeness of hadron resonances by
generalizing weak binding relation to unstable
states with effective field theory.




Compositeness: Weak binding relation from EFT

Weak binding relation for stable states

Compositeness of s-wave weakly bound state (R » Ryp)

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

CL():R{12_I_—XX+(’)<RWP)}, TGIR{%th)(Rgp)}

do: scattering length, r.: effective range

R = (2uB)-'2: radius of wave function

Riyp: length scale of interaction

X: probability of finding composite component

- deuteron is NN composite (ao ~ R » re) —> X ~ 1
- internal structure from observable
- no nuclear force potential / wavefunction of deuteron

Problem: applicable only for stable states .



Compositeness: Weak binding relation from EFT
Effective field theory

Low-energy scattering with near-threshold bound state

- Nonrelativistic EFT with contact interaction

D.B. Kaplan, Nucl. Phys. B494, 471 (1997)
Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016

1 1 1
Heoo = /dr [mvw V) + %w’f .V + mwg{g . VBy + z/oBESBo] :

Hu = | dr [g0 (Bl + 0161 Bo) +vou 6w

6 ¢ ¢ ¢
ONC

— BO}% + %BO—F %
(VR Y (i

- cutoff : A ~ 1/Ryp (interaction range of microscopic theory)

- At low momentum p « /A, interaction ~ contact H



Compositeness: Weak binding relation from EFT

Compositeness and “elementariness”

Eigenstates

2

p . :
Hpree| Bo) = v0| Bo), Hiree|P) = @!m free (discrete + continuum)

(Hree + Hing)| B) = —B| B) full (bound state)

- normalization of |B> + completeness relation

(BIB) =1, 1=|Bo}(Bol+ [ islp)(l

- projections onto bare states

7 e 2.

“elementariness” composneness O

O O

Z, X: real and nonnegative —> interpreted as probability
12



Compositeness: Weak binding relation from EFT

Weak binding relation

WO scattering amplitude (exact result)

9 1 p?
) — () —
e ) 27r2/0 PE_p2/(2u) + 0+

Compositeness X <— V(E), G(E)
T. Sekihara, T. Hyodo, D. Jido, PTEP2015, 063D04 (2015

X ={1+G*(~BW(-B)[G'(-B)] }*

1/R=(2uB)'2 expansion: leading term <— X

apg — —f(E — T T R

0 { 2X | ( R_>} renormalization dependent
1+ X

renormalization independent

If R » R, correction terms neglected: X <— (B, ao)

¢ ¢
Al e . N i el
% %

13



Compositeness: Generalization to resonances

Introduction of decay channel

Introduce decay channel

A dr_QM,WT Vi — vyt 4 o VeV - u¢¢’*¢’],

Hiy = / dr g5 (Be'w' + 19" Bo) + viu¢te'v’ + obwiele'y + w’w%w],
Quasi-bound state: complex eigenvalue @
H = Hfree + Hf/ree + Hint + Hllnt T @ —

V
HIOB) - EaplQB). EqpeC B O O
| - ©

Generalized relation: correction term <— threshold difference

aoR{liXXJrO( >+0(\1§|3>}’ R:\/_QL—EQBEC’ ZE\/Ql,LL—V

Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016)
cf. V. Baru, et al., Phys. Lett. B586, 53 (2004),...
If |R| » (Riyp, |) correction terms neglected: X <— (Eag, ao)

Rtyp

14



Compositeness: Generalization to resonances

Recent developments

@omplex X: interpretation?

L= X 12| X_1—|Z|+|X\
2 ’ % %

compositeness when U = [Z|+|X|-1 is small
Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016)

i o e R

CDD pole contribution (Pade approximant for inverse amp.)

=1

4R(an — R)?
XPade — ( 02 )
aire
Y. Kamiya, T. Hyodo, arXiv:1607.01899[hep-ph] Talk by Y. Kamiya

VAN

.
1=ormulation with finite volume effect
- difficulty of resonance <—> continuum (c.f. plane wave)

- Finite volume: only discrete eigenstates

Xrv(L) €10,1], Jm Xrpy(L)?

. i
Y. Tsuchida, T. Hyodo, in preparation Talk by Y. Tsuchida




Compositeness: Application: A(1405
Application

Generalized weak binding relation X <— (Eqg, ao)

o=l 2 so(|5]) +o ()| R- o, 1=

- \(1405) (higher) pole position and KN scattering length
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881 98 (2012), ...

- Eas =-10 -26i MeV —> |R| ~ 2 fm —> small correction term

il 1 L energy difference from 112
R ~ ) R ~

vector meson exchange

Ref. Fgop (MeV) ao (fm) XignN (X;—{N\ U |re/ao|

[43] —10 —426 1.39 —i0.85 1.2440.1| 1.0 [0.5 0.2 T

[44] — 4—-4¢8 1.81—-140.92 0.6+¢0.1| 0.6 |0.0 0.7

[45] —13 —420 1.30 —140.85 0.9 —40.2| 0.9 | 0.1 0.2 Systematic error
[46]  2—1i10 1.21 —i1.47 0.6+0.0| 0.6 [0.0 0.7

[46] — 3 —412  1.52-41.85 1.0+i0.5{ 0.8 J 0.6 0.4 l

A(1405) is KN composite <— observables



Compositeness of near-threshold resonances

&« Compositeness of near-threshold bound state

can be determined only by observables.
S. Weinberg, Phys. Rev. 137, B672 (1965)

« Weak binding relation can be generalized to
unstable states with effective field theory.

aO—R{ 2 +(’)<

Rtyp

R

;

PG

J+o(i4l)} R= ol 1=

&« Precise determination of the pole position and

scattering length shows that /\(1405) is
dominated by KN composite component.

Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016)., arXiv:1607.01899[hep-ph]
Y. Tsuchida, T. Hyodo, in preparation
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