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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 ~ 380 hadrons emerge from single QCD Lagrangian.



roductio
n

St U
abl hst
e/ abl
e
sta
ha tes vi
drons via stro
ng.
Int
er
act.
http ion
. /)
pd
g.lb
1
.gov/

p
n
1
N(1 Jot
441 1 *k
N(1 0) Jot **
5 1/ *k A
N(1 0) /2t *k (12
53 3 *x A 32
Ni 5 /2 *k 1 )
= o v
N 75 1/2- s AL 0) oy *
N8630; 5/2- - AL;EO) ;/27 i:** §+
70! 5 *k A 0) /2 *k 0
N(1 0) Jot % (19 . 1
71 3/0— % A 00) 1/2+ KKk ST= OAF
N(1 0) /2 ** (19 i 1 *k
7 * 05 1/9— 5T Jat+ o
xilség; i///i *::* 28910; 5;; K 28225) ;/2+ :*** E
e O e |4 o 12+ s | 3 0) /2+ =
Piﬁfﬁuwéﬁaﬁfwuﬁw
1895 1 ** A Ly 5/2 B ) 2 =(16 * =
Zglgooi 0 i A;;ZSO; e e uz* : e e
199 3 B 00 7/2+ . | ) 2= * =(18 o
Zﬁ%ﬁi £ o Ag;o% [ e o i o S N
20. ; 0! 10— *x 5 0 2 * =(2 - (59 1
N(ZO‘G‘O) 2/2+ - 2(23033 7;; . 251880; e s 552(1)30) \ - AD(SQ;?U 1§2+ -
N(zlog) 5?2+ . A(2350) LR s X(igoo) ot * _:(2220) >3? *** ﬁ”(6146)0 3/; o
x%zhoi 1/;1 ek AE?QO) 5/27 - X(lgio) ;;27 :* 5(235(;; *** ;(6152§z 3/t i
219 3 % A 400 7/2% * z 5 2= . = : 9 o U
N 0) /2 * (24) (194 5 . 500 *x = /2t T
N(2220) 72~ N 20) o/2~ 3 [(2010) 3/2+ « [ ) o S 1ot Hok pes . O
NEZQ5O) o2+ rer A(2;50) 112+ * 2(2030) 3§2+ . . [ . nge(,g?)‘ 3ot - o ) NFLAVORED
230 9 ok 50 13/ [ i px 0) 2- (20 25(609 *hk o 10 -0
N2 0) /2~ *k ) /2 * (2070 7/ * Q 12) 3/2t =0 _7), . = )
570 1 *x A 15/2+ * (2 ) 2t (225 — = :b-:_ . _'71(50 o+ -
x(%Oo; 5;?: **** A /2 XEQ(1J80) 5/2* :*** 9(2332) - *::* ;;’(5925 1/2% *rE ./'(7700)) g:(o \; -J;i(lﬁm) 16(JPC) S
(2700) 11/2 - A(140 i/H o5 [(2122) j?? * 9(2470;: K ;b55945)); /2% e ’;’((7922) “8‘ 2] "'x(lf:g) RS ‘ P+
13/A*** AL 5) /2 % (2 ) — *x - 595 3/2° *ix o 1o 8) 0 (1 ) o p(17 0) (1—,) 7 C-B=
/2t * 520 A= *% P 230 1/2 At =( 5)" 2+ . 980) ot RIRE: 00) 1\(7) KE ) 5
¥ (16! ) e (22 ) * € | 6227 3/2t ek a(98 (C ) ,2(170 o= o KO [3; AR
00 3/2~ s ||2 50 3/2% A o(6227) ol 0) 0‘(0“) (1 0) 7(1:) . ) MED
A(16 ) 2 * (24 ) . (259 12+ b e (1020 - " 710 1 Ko 2 pras T
70 1/ e = 55 A 5)+ 2 ol ) 0" ) '/(17) @t )|kt (0 . STRA
A ) 2+ * 2 ) (26! 1 *k 1 o 5 (117 0 e 60) ot “ K 1/2 BIE L NGE
W#fﬁ Nﬁﬁﬁwwi iﬁdmﬁﬁﬂwﬁfm
/l0 2—*[ (2 (43 '560 1X)(o)" 27.5 Conti
Aiii%i s |7 . ;c<2228;‘ - ;zcmiﬁi' . e ;ﬁni s ! Ly ) Red v ) Wi
_ u o 5 ; *m 0 3 (1 21— o 20 r oty )
/l(1810) 1/2 * . (2941 ! 5// . (4457 * .'/(1295) 0‘(2 ‘) .»(1870 0 ) K 400) q 1) D, 60)* 00" . (3823 0
20 1/ Hxx T 0)* i ) * (1 ) I ) "2(18> 0<3 P /21 * Da(2s36)* 1 ) Us(3 ) 0
/1(18) 2t (245 By - < (1300 ot Dl ol 50) o e 10) 15 ) 2 6) 1+ = ]
30 5/ ok x 5) /2 . (13 7(07) 1900 - | ,0(143 1(14 = 573 0() .\(0(3) 0(2
/l(18) /2 25(2520 1/2 *xx o (1 20) 1(0,‘) fz(lg) (zf) Kg(uOJ /2(1,) 51(27()) 01‘) Ye 860) @ )
A2 90) 5/2- Krkk :5(280) 3/‘:’ . .71(1370) @ " .30(19150) é:(l,l) K(14630) 12(0‘) 2%1(2860)+ 0(21) ’25}53872) gw(o‘ )
/l(2800) 32+ Hhhk & 0) 2 o el 5 ) e iy o ?(15;3) 1/2(29) Daa(zgﬁggi 08) e R g
5 1/ b =l ol ) —(1- ) (L 0 (1 2(0— (3! ) ® Xc2 Q=
A(20 0) /2 % c 1 . 1 (141 o | 970 ot | K630) 1(0) o o3 (393 o
70 3/9— * = o+ an( 5) - ) p3(19 ) tet ‘) 1 (16 /202~ ) ) X(39 0) (0,2‘)
A(20 ) /2 ¢ 1 Hokk 'fh’zﬁ o fl g 90) S )'K 50) 1/2 ) B o’ o Xi 40) o ( f
80 3/ * =0 /2+ (14 ) ,(1\,) o 5(200 1t g (168 (77 oTT y | (402 27 2+ 4
(20 ) ot : 1 . o 20) 11 ) 52 5) (3:) Ka(t 0) 1/2 ) |e (8= oM (A 0) @ )
85 5r7* = /2t ** (1420 o - ,010) 1 oK 770 1(1<) BE =4 040 "
A1 ) 2 (26 1 *% (1 ) @t ) (20! 7 2 ‘) 3(17) /201~ o B0 1) X(“O) 7(?77
. * e J2+ * e i e o il o 1 ) ) e
A21 ) 25 (27 ) * a0(14) @ ) fa(2050 o ; 5 (182 (2~ ot 1 (405 T,
- g 90 3/2% i *p 50) ot ) m( ) O )| e 0) 1 )| /B A X( B @’ )
/l(2310) 7/2 & .(28 ) * .(1450 172 : f2100 o ol s 830 1(3 B*/ AD 1/2 N i 1 g
2! 5/ *x 15 1/2~ *x n(L ) (0 ) (21 ) et ) 21 ) /2(27) AD/BO, MIXT (07) Xe1 ) @
A(23 5) /2t *k (29 ) . o 475) 1+ " o 00) 1 (27\) o 950 ) ) VMIX/BO/,I} UR . (4140 1 77)
5 it o 30 3/0— o (151 (1—,) (2150 o | 3(19 ) 200~ X TUR ba E (416 )0\("7
A(25 0) /2 : (29 ) * i 00) 0+(0~ ) P21 ) (0 )| o 30) 1/2( ) Vey and 1, rbaryon X 0) (1‘)
85) 9/t i ( 70) *ok .f/lslo) ot } o 50) ot ) Ka(z% ) ot) o B* lem /i CK 7 160) o 7\)
30 *% 5(L (0 ) 2170 1 i 5(22! ) 22 o8B ents MM (421 2 a--
o ) e i) ot N f“(QQ) (17) ) et (57 .| ) 2 )
. ,5(3080 ek ,2(1565) 0‘(2“) 0(200) 07(177) K3~(2320) 12(4‘) '81(5721)' 1/2(1~ RQ}O) e )
5(31) - (1570 o % 220) M ) 5(238 (2 B 21)° 1/2 ) e o
Fol) 23 £ h ) @+ ) 0 o+ K 0) 1/2 )| (573 (t (@2 0) (1 Rl
n - i ez o Ko o) sl b R o
'16””ﬁl %ﬁlﬁiﬁﬁzm) J7%>$w14>Wygw
i A = o) . AR 2 O i) H
- _11(164) (1t D ;2300) ot ) T (c= ED .B 5840)° 1 (2 4360) ot s
. _”‘(16505) ‘) .,D(Q330) ow(j‘ ) D0 +1) -51(5970)_ 12(’7) .l(4390) 0 (?"))
e 4 L2 o+ hloo 1 (5970)° 12e) OfEIE s
S I 720 B ) 2(2? Z ) a )
| S48 a ) ot :> _D‘(zg‘”)ﬂ 1/253,) OTTOM 1227) \55?430) 0 (177)
120y )| 10)* - A )| 450 v
) 3(23 201~ B0 +1 TRA (46 0) (1<7)
0 Dd(zoo)O 12(1) s STRANCE X 50) ot )
- oD, 300)* s ) oB: 1) (4700 a1 7‘)
(242 (0t X o0 ) o n==
I s Dl<242°)° I/Q(OJ RN 0(01 g G+
-D1(2430)7 I/Q(U) -Bf1(5330 717—] .p°55ib\yb5 )
D,,(240)° 1/2(77) (584 )° A (1S non-qq
«D; 60)° 1/2“) B} 0)° o(1? o 7( ) g sta
Dz(zz.ﬁo)+ 1’(1<) (5850) 0(2‘) . 15) 0‘(07155)
D§2550)D l/iw) BOTTOM 7(??)) ’\ZO“P) 07(17‘)
D{(Z(,OO 1(24) S (B,'CH .hl(lp) o+ -)
(2 ) 27! B c- ARM (1P, ot + 4
0(27240)L 12(;7) o ARMED "vz(1,)3 07(1< D
D§(270)D 12(%7) c(25)* 00 ."”(25)) 0\(1‘—)
m 0(30050) 12(&7) ’ 0(0_) _77:(25) 0‘(2\ R
0)° 12(3) possib = ) | 5(1D - o ‘)
12(77) o (1. ly non— o\bO(QP) (1 )
| 0 » .J‘(S) qq state \bl(ZP) ot )
n :\(0(11;) gl(o—f) .('”(ZP)) 0\8“ \))
S ot i) e o
| .’r(lp 0‘(0\‘ o% S) ot )
\Q() @+ )| e (3P P t
o A5 e " \Dv(3) 0(1*7)
',((25) 0‘(2‘ )'T(ASP) (1t )
(25) ot ( k) ‘Zu(1) ot )
07(0—‘) o Zy( 0610) (1 "
== 1065 1t
) T(10 0) (1t )
o7 753) 1t )
. (108¢ o
7(11060) 0(1 )
20) 07(1 )
( )
)

Mo
st o
fh
adr
ons
are

(a
bove tw
o-h
adr
on

thr
O|d)
5



Introduction

Nature of resonances

Theoretical treatment for unstable hadrons

- resonances in hadron-hadron scattering

- pole of the scattering amplitude <—> “eigenstate”
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]

- analytic continuation: unique
Resonance as an “eigenstate” of Hamiltonian

Um diese Schwierigkeit zu iiberwinden, miissen wir annehmen, daf

- complex energy

die Schwingungen gedimpft sind, und ¥ komplex setzen:

Chi
G. Gamow, Z. Phys. 51, 204 (1928) E— 5, + i,
Zur Quantentheorie des Atomkernes. wo E, die gewéhnliche Energie ist und 4 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 B M B
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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)
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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)

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881 98 (2012)
Below the KN threshold: indirect constraints

- 72 mass spectra (new data : LEPS, CLAS, HADES, ...)

K~p correlation fn:
Talk by Y. Kamiya

A(1405)

energy
>

T2




Accurate KN scattering amplitude

Comparison with SIDDHARTA

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

ve/d.of. |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

Extrapolation to complex energy: two poles

Two poles : superposition of two eigenstates

J.A. Oller, U.G. MeiBiner, PLB 500, 263 (2001);

D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. MeiBlner, NPA 723, 205 (2003);
U.G. MeiBner, Symmetry 12, 981 (2020); M. Mai, arXiv: 2010.00056 [nucl-th];

T. Hvodo. M. Niivama, arXiv: 2010.07592 [hep-ph
O IH I [ [ [ [ T [
A(1405)
a0 TW *
i : a
- 0.8
" «- TWB :
ITI [1/MeV] 04 > 60| NLO -
03] | 2 |
i +
04 - 100 i s
. X
021
-120 - _|
- Im[z] [MeV] _ ! ! ! ! | I
1460 4440 1420 /20 1050 1340 1360 1380 1400 1420 1440
Re[z] [MeV] 1400

Re z [MeV]

T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012
NLO analysis confirms the two-pole structure.
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Accurate KN scattering amplitude

PDG has changed

2020 update of PDG
P.A. Zyla, et al., PTEP 2020, 083C01 (2020); http://pdg.1bl.gov/

- Particle Listing section: it T
P Y
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
40 - A
— IJP) = 0(27) Status: kokk*k
A(1405) 1/2 : = ol |
=
N o H H
= o f T -
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) T
a0l | 1=
— P_ 1- .
A(1380) 1/2 new" -2 Status: Kk 1205 e
-140 | 1 | L | I |
1320 1360 1400 1440
Re z [MeV]

T. Hvodo, M. Niivama, arXiv: 2010.07592 [hep-ph

- Lower pole: two-star resonance A(1380)
- A(1405) is no longer at 1405 MeV but ~ 1420 MeV
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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
continuum
|d) = \/)_(|NN) + 4/ 1 — X | others)
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 y



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)

(Hyee + Hin) | B) = = B| B) full (bound state)

- normalization of |B) + completeness relation

(B|B) =1, 1=|By){B] +‘A 9P

2y [pXP

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

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

“elementarity”  compositeness ()

O O

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

16



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

<R> }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?

17



Compositeness

Introduction of decay channel

Introduce decay channel

1 1
/ _ "+ / G ¥ / T o
Hfree_[drIZM,vV/ - Vy' — wWW*‘ﬁV(ﬁ V' — vy '

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 ®

Vy, +Vy =V

H|QB) = Eyz| QB), Egz€C | — @
U

Generalized relation : correction from threshold difference
y 1

2X Ryp - 1
a,=R —+@( = )+@< ) , R= :
{ 1+X \/TEQB \/2uv
Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)
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

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.




Compositeness
Correction term and zero range limit

-0 ?

What happens if R

2X
I+X

typ

CZO:R

- Limit A - ~ can be taken in renormalizable EFT
- EFT with only v, ¢ fields should have x =1
= ay,=R
- “effective range model” gives q, # R : contradiction?
E. Braaten, M. Kusunoki, D. Zhang, Annals Phys. 323, 1770 (2008)

R.. should be either R

typ int

2X Rtyp
aO=R 1-|——X+@ T , Rtyp=maX(Rim,|re|,---)

- relevant to system with large |, |
T. Kinugawa, T. Hyodo, in preparation

or length scale in the amplitude
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Summary

Structure of unstable resonance is nontrivial.

(Te T

Pole structure of the A(1405) region is now well

constrained by the experimental data.
“A(1405)” —> A(1405) and A(1380)

Y. Ikeda, T. Hyodo, W. Weise, PLLB 706, 63 (2011); NPA 881, 98 (2012);
P.A. Zvla, et al. (Particle Data Group), PTEP 2020, 083C01 (2020

T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph]
Generalized weak-binding relation shows that
(higher-energy) A(1405) is dominated by

molecular KN component.

Y. Kamiya, T. Hvodo, PRC93. 035203 (2016); PTEP2017, 023D02 (2017)
T. Hyodo, .JPS journal Vol. 75 No. 8, 478 (2020)
T. Kinugawa, T. Hyodo, in preparation
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