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Introduction

Classification of hadrons
Observed hadrons PDG2018 : http://pdg.1bl.gov/
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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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All ~ 360 hadrons emerge from single QCD Lagrangian.



Introduction

- Unstable states via strong interaction
apie
hadrons PDG2018 : http://pdg.1lbl.gov/
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Introduction

Relation to unstable nuclei
nuclei (~2000)

Stable nuclei (~300),
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tructure of unstable nuclei
- clustering, halo nuclei, Efimov effect, ...



Introduction

Nature of resonances

Theoretical treatment for unstable hadrons

- resonances in hadron-hadron scattering
- pole of the scattering amplitude <—> “eigenstate”
- analytic continuation: unique

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]

1.0

- complex expectation value (norm, (+2)) - I

0.0

- interpretation problem [ T —



Accurate KN scattering amplitude
A(1405) and KN scattering

A(1405) does not fit in standard picture —> exotic candidate
N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

£ ! ‘,
7///1 % ===
1600 //A

2
7 . 7.
— ==
“r \™/ A(1405)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
N*1/2 - A*1/2- A*112-L*1/2-Z *112- Q*1/2-N*3/2- 8*312- A*312- £*312-Z*312- Q* 312-N"5/2- A*5/2-E%5/2- =5/

T T T T T I T T I T T T T T T

o,
zzd 777 wemm

2-

== : theory

: experiment

DI

Resonance in coupled-channel scattering

- coupling to MB states

energy

A

—— KN threshold
W A1405)

7~ threshold

Detailed analysis of KkN-zx scattering Is necessary.



Accurate KN scattering amplitude

Strategy for K~ interaction

Above the KN threshold: direct constraints
- K~p total cross sections (old data)

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

Below the KN threshold: indirect constraints
- 7. mass spectra (new data: LEPS, CLAS, HADES,...)

T2

A(1405)

energy
>




Accurate KN scattering amplitude

Construction of the realistic amplitude

Chiral SU(3) coupled-channels (XN, X, zA, nA, 3z, KE) approach
Y. Ikeda, T. Hyodo, W. Weise, PLLB 706, 63 (2011); NPA 881 98 (2012)

Chiral perturbation theory

1) TW term 2) Born terms 3) NLO terms

N N\

N // \ ,/ \\ ,’
\\\ // \\\ e \\\ ad
> —p — o b &« p - ' -

O(p) o)

6 cutoffs e e 7 LECs

O(p)

TW model TWB model NLO model




Accurate KN scattering amplitude

Best-fit results

TW TWB NLO Experiment
"‘7', AE [eV] 373 377 306 283+36+6 [10] SI DDHARTA
@D I [eV] 495 514 591 5414894+ 22 [10]
e
- 2.36 2.36 2.37 2.36+0.04 [11]
®© =z, 0.20 0.19 0.19 0.189 +0.015 [11] Branch|ng ratios
g, 0.66 0.66 0.66 0.664 & 0.011 [11]
x2/d.o.f 1.12 1.15 0.96
3‘ 60 =
0 - 7w &
: |Q' ’E 40 - -EJ
o ;T a0} «
N —_— Q L 20 l.
L ol | | |
O = X o) J
0 ® 0 - - - ° 0 °
m 50 100 150 200 250 50
m Plab [MeV/c] Plab [MeV/c]
8 =
£ a )
) B E
e £ g
O i o 5
7 y 5
S S S
|Q” ! 1 1
M = & &
S X <
b b b
50 1 60 1 ‘50 260 250 50 1 60 1 50 260 250 0 50 160 1 50 260 250
Plab [MeV/c] Plab [MeV/c] Plab [MeV/c]

Accurate description of all existing data (,°/d.o.f ~ 1) 0



Accurate KN scattering amplitude

Comparison with SIDDHARTA

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

x2/d.o.f. | 1.12 1.15 0.957
800
6001 . ||SIDDHARTA |
5 RS ;
- i ;
s A0r A g ]
= i 5 :
= : |
2001} 5 |
KEK-PS  ii DEAR:
O | | | |
5500 400 300 200 -100 0

Shift AE [eV]
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Accurate KN scattering amplitude
Subthreshold extrapolation

Uncertainty of kv — KN( = 0) amplitude below threshold

4 | 5 .

; SIDDHARTA _
£ ?/\ / E 3 ~ g
L L
i E

| VAS

1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440
W [MeV] W [MeV]

Y. Kamiya, K. Miyahara, S. Ohnishi, Y. Ikeda, T. Hyodo, E. Oset, W. Weise,
NPA 954, 41 (2016)

- c.f. without SIDDHARTA
R. Nissler, Doctoral Thesis (2007)

ALbowsow
TTITrT T T TTT

SN B~ N 0 O

SIDDHARTA is essential for subthreshold extrapolation.
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Accurate KN scattering amplitude

Extrapolation to complex energy: two poles

Two poles: superposition of two eigenstates

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);

A(1405)

ITI [1/MeV]
0.8 1

0.6
04
0.2 1

1460

1440 1420 1300
Re[z] [MeV]

- 0.8
- 0.6
- 04

- 0.2

Im z [MeV]

0 T /\(1405) 1/2— 1(JP) = 0(47) Status: * k%%
B In the 1998 Note on the /\(1405) PDG 98 R.H. Dalitz discussed
. the S-shaped cu pbh of the hNKh hldb
20 8 rved in THOMAS 73 a d HEMINGWAY 85 He ted that
i : this behavior |scharact fSwave oupling; h h b |
i : threshold hyp the 2(1385) has uch threshold disf
i : becau NK pl ng is P-wave F A( 405) this asymmetry is
40 I the sole direct evidence that JF = 1/27 "
- B :: : A recent measurel t by the CLAS collaboration, MORIYA 14,
definitively established the long-assumed JP = 1/2~ spin-parity
i assignment of the A(1405). The experiment produced the
H H A(1405) sp\'n—polarized in the photoproduc(io pocess yp —
60 i H K+ /\(1405) measured the decay of the /\(1405)( zed) —
i : >+ (polar d) . The obse d d y f/l(l 05) is
i : consistent with spin J = 1/2 The pl transfer to the
[HE =+ (polarized) direction revealed negative parity, and thus estab-
80 i lished JP = 1/2~
See the lat d review(s):
B Pole St cture of the /A(1405) Region
100 B /(1405) REGION POLE POSITIONS
i i REAL PART
i H VALUE (MeV) DOCL TECN
We ata fo imits, et
120 1420F 8 1Al DPWA
2MAl DPWA
14347 3 3 MAl DPWA
140 1330F ¢ 4MAl DPWA
- 1320 1340 121t 3 5Guo DPWA
1388+ 9 6Guo DPWA
L7 ,
444444444444 DPWA
wBat® 8iKepa DPWA

NLO analysis confirms the two-pole structure.

The results are adopted in PDG.

M. Tanabashi, ef al.. PRD 98, 030001 (2018). http://pdg.1bl.gov/
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Compositeness

Compositeness of hadrons

& Structure of a given resonance (pole)?

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

R\ - \
Compositeness x “Elementariness” z
threshold channel or other contributions

\_ : \ J T & O J

observables (a,, B)

& Effective field theory —> description of low-
energy scattering amplitude, generalization to
unstable resonances

14



Compositeness

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
ntinuum
|d)=\/)_(|NN)+ 1 — X | others) €0 o
range of interaction deuteron
2X Ry, 1
ao =R + @ ——- ) R =
T 1+X 2 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 s



Compositeness

Effective field theory

Low-energy scattering with near-threshold bound state

- Nonrelativistic EFT with contact interaction

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

1 1 1
H. =l|ldr|—Vy'-Vy+—Vep'- Vo +—VB'-VB,+ w,B'B
free [ [2M 14 4 m ¢ ¢ 2M0 0 0 0~0™0

H;, = Jdr [80 <BJ Py + WTWB()) + VOWT¢T¢1//]

/ \ \ /
‘D / \
‘@ /7 \ \ /
B

® NS AN

- cutoff : A~ 1/R

yp (Interaction range of microscopic theory)

- At low momentum p <« A, interaction ~ contact y



Compositeness

Compositeness and “elementariness”

Eigenstates

2

P . .
HfreelBO> — 0)0|B0>, Hfree|p> — le) free (dlscrete + Contlnuum)

(Hfree +Hint) |B> == BlB) fU" (bOU“d State)

- normalization of |B) + completeness relation

(BIB) = 1. 1=|Bo><Bo|+[ 9P| o)pl

(27)?
- projections onto free eigenstates
[(p|B)|*

1=Z+X, Z=|(By|B)|>, X= J(z s

“elementariness” compositeness ()

O O

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

17



Compositeness

Weak binding relation

w¢ scattering amplitude (exact result)

u 1 o o L _

E — — AN e S e \\ o /, \\\ < -7 \\ == -
JE) 27 [W(E)]-! — G(E) D - K = AP =AY

(U (U
2 A 2
1
V(E) = v+ £0 : G(E)=—J dp - :
E — wy 272 ), =~ E—p?*/(2u)+i0+

Compositeness X «— v(E), G(E)

v G'(=B)
~ G'(-B) = [1/v(-=B)Y

1/R = 1/2uB expansion of scattering length ¢,

R

<Rtyp‘> }renormalization dependent

f(E=0)=R X +0
adn = — = = s
0 il 48 7%

renormalization independent

If R > R, correction terms neglected: X < (4., B)

typ?
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Compositeness

Introduction of decay channel

Introduce decay channel

1 1
/ _ "+ / G T r_ T o
Hioo = [dl' [2M’VW VY v,y +%V¢ N

H;y = Jd r [gé (BJ v + l//Tqb"LBo) +vgw Ty + e Ty + I//Tqb'Tdn/f)]

Quasi-bound state: complex eigenvalue @
17

i vw+v¢=I @

H|QB) = - Epp|OB), EgppcC l — /@
U

Generalized relation: correction term <— threshold difference
{ > ( ¥ ) (
ag=R{——+0 + 0
1+ X

R
cf. V. Baru, et al., Phys. Lett. B586, 53 (2004)....
If |R|> (R,,. ), correction terms neglected: X — (4, E,p)

H=H.+ H;

free

+H

nt

&
R

typ’



Compositeness

Complex compositeness

Unstable states —> complex Z and X
=1

Z,XeC

E
- Probabilistic interpretation?

X v Z
New definition :
‘U2 U/2
221—1X2|+12|, le—\22|+yX| . -

Z " Re
- interpreted as probabilities Zz+X=1, Z Xx<|0,1]

- reduces to Z and x in the bound state limit

U/2: uncertainty of interpretation
U=|Z|+|X|-1

cf.T. Berggren, Phys. Lett. 33B, 547 (1970)

- Sensible interpretation only for small v/2 case

20



Compositeness

Evaluation of compositeness

Generalized weak-binding relation

2X 1 1
ap=R{ —— , R= , =
I+X /_QMEQB \/2uv

(ap, Epp) determinations by several groups

- neglecting correction terms:

E, [MeV] ao [fm] Xen Xen U)/2
Set 1 [35] —10 — 26 1.39 — i0.85 1.2 +i0.1 1.0 0.3
Set 2 [36] — 4— 8 1.81 —i0.92 0.6 +i0.1 0.6 0.0
Set 3 [37] —13 — 20 1.30 —i0.85 0.9 —i0.2 0.9 0.1
Set 4 [38] 2 —il0 121 —i147  0.6+i0.0 0.6 0.0
Set 5 [38] — 3—il2 1.52 — i1.85 1.0 +i0.5 0.8 0.3

- In all cases, x ~ 1 with small v/2 (complex nature)

A(1405): KN composite dominance <— observables



Compositeness

Uncertainty estimation

Estimation of correction terms: |R| ~2 fm

v
R

ay=R 2—X+@< >+@< 3) , R= ! , £ = !
1+X \/TEQB N
- p meson exchange picture: R, ~ 0.25 fm
- energy difference from z: 7 ~ 1.08 fm

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

KN composite dominance holds even with correction terms. ,,



Summary

Structure of unstable resonance is nontrivial.

RE(

*(

Pole structure of the A(1405) region is now well
constrained by the experimental data. Nominal
A(1405) can be a superposition of two states.

Y. Ikeda, T. Hyodo, W. Weise, PLLB 706. 63 (2011); NPA 881, 98 (2012);
M. Tanabashi, et al. (Particle Data Group), PRD 98. 030001 (2018)

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

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