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T. Hyodo, D. Jido, and A. Hosaka, Phys. Rev. C 85, 015201 (2012); 3

CO m pos ite NS S| F Acetiand E. Oset, Phys. Rev. D 86,014012 (2012).

@ definition @

q
hadron wavefunction e ®o
|¥) = /X | hadronic molecule) +4/1 — X | others)

T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013).

*x0<X<1]l - X>0.5< composite dominant
X < 0.5 & elementary dominant

- quantitative analysis of internal structure
deuteron is not an elementary particle weinberg.s. phys. Rev. 137, 672-678 (1965).
Y. Kamiya and T. Hyodo, PTEP 2017, Phys. Rev. C 93, 035203 (2016);
f6(980), a0(980) T. Sekihara, S. Kumano, Phys. Rev. D 92,034010 (2015) etc.

A( 1 405) T. Sekihara, T. Hyodo, Phys. Rev. C 87, 045202 (2013) ;
Z.H. Guo, J.A. Oller, Phys. Rev. D 93,096001 (2016) etc.

nuclei & atomic Systems T.Kinugawa, T. Hyodo, Phys. Rev. C 106, 015205 (2022) ete.



Near-threshold states
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Near-threshold states O
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- compositeness X = 1 in B — 0 limit (universality)

T. Hyodo, Phys. Rev. C 90, 055208 (2014) .

near threshold states (B # 0) is composite dominant ?

- However, elementary dominant states is realized

. . . T. Hyodo, Phys. Rev. C 90, 055208 (2014) ;
Wlth fl ne tu ni ng C. Hanhart, J. R. Pelaez, and G. Rios, Phys. Lett. B 739, 375 (2014).

- How finely tuning parameter?



M Od e I E. Braaten, M. Kusunoki, and D. Zhang, Annals Phys. 323, 1770 (2008).

@ single-channel resonance model

1 1 1
H free = %V%T -V, + %V%T -V, + %VCH -V + Voqﬁéb,
1 2 ¢

, Y1
I in = 80( Wiy, + 1/1171//; P). e ‘/45 n
. . \K 80 W
1. single-channel scattering — , —
2. coupling with compact state ¢ ‘qqo

@ scattering amplitude

g0 H - A
V= . G= ——[A+ zkarctan( , )] .\ : cutoff
E — Ly 7[2 —ik
k2
— — V —_
| o 0 H - AN
. k) = — [ + [A+ karctan( )” :

T =
V-1-G



Model scales and parameters

- typical energy scale : E., = A*/(2u)

typ
- three model parameters g, 1y, /A

1. calculation with given B
2

-1
coupling const. 8o - gg(B, vy, \) = ﬂ—(B + 1) [A — K arctan (A/K)]
U

. bound state condition f~! =0 Kk =1/2uB.
2. use dimensionless quantities with A
- results do not depend on cutoff A
3. energy of bare quark state v,
varied in the region —B/Ey, < vy/Epy, < 1
. to have go > (0 & applicable limit of EFT



Calculation
@ compositeness X
scattering amplitude : T = Vo LKambaad T Hyodo.
ey X G5 (E) = daldE
G'(-B) - [V-I(-B)]
K A/k —17-1
= [1+ > 2<ar(:tan(/\/l<)— 2) ] :
SoH 1 + (A/K)
-yg region : —B/E < yy/Ep,, < 1
X > 0.5

@ X<0.5
q
compositeness X as a function of 1, ‘ or “e

-y [Nt@rnal structure of bound state?



@ X as a function of v/ E,y,, of bound state B = E 9

typ
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- typical energy scale : B = L, = A/ 2u)
- X > 0.5 only for 25 % of v, °." bare state origin ®e



@ X as a function of v/ E,y,, of bound state B = 0.01E 10

typ

I
@ X > 0.5 :e
C
O Vbr 1
2 X<05: @q
© o4
£ 7|
O,
< V.2

0% 0.2 0.4 06 0.8 :
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- weakly-bound state : B = 0.01E,y,
- X > 0.5 for 88 % of v, =¥ realization of universality !



Application to 7. and X(3872) 11

@ exotic hadron +——decay and coupled channel

X(3872)

Ey _pp+ /[ large
['and Aw/
Aw = 8.23 MeV
TCC
EA D*OD-F
Aa) = 141 MeV 01 *0
04 EDOD*+ 04 e DD
B =0.36 MeV B = 0.04 MeV
I' =0.048 MeV ['=1.19 MeV

LHCDb Collaboration, Nat. Commun 13 3351 (2022). PDG



Effect of decay & coupled channel 12

P) = \/_|threshold ch) +4/X,|coupled ch) +4/1 - (X; + X,) | others)
- threshold energy difference Aw

- ch. 1 couples to ch. 2 through ¢ with same coupling const.

b )
A 1
E AA ¢
0), 80 80
0+ - I—“* threshold ch. ) 2
n B
-decay width E = — B —1il'/2
- effectively introduced : coupling const. gy € C
@ Compositeness T. Sekihara, T. Arai, J. Yamagata-Sekihara and S. Yasui, PRC 93, 035204 (2016).
N | X; | X, : threshold ch. compositeness

X = , (=12
XX +1Z] X, : coupled ch. compositeness



App"catlon to T A = 140 MeV (z meson) 13
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- Xz IS not negligible
", coupled ch. contribution (small Aw)

- difference of Xl + Xz(F = () and Xl + X2 Is too small
— We can neglect decay contribution 1<« B



Appllcatlon to X(3872)

X(3872)

X [dimensionless]

mm—
——
— =

14

A = 140 MeV (x meson)

[ |
0 2

"." large decay width contribution

4

6 8

Uy [MeV]
- difference of Xl + Xz(r = ()) and Xl + Xz is large

- X5 is much smaller than X

~—3¥ coupled ch. effect is small

8.23 MeV
DD
X(3872)



15

S u m ma ry T. Kinugawa and T. Hyodo, arXiv:2303.07038 [hep-ph]

- internal structure of exotic hadrons ¢—— EFT & compositeness

- shallow bound state

—— composite dominant even from bare state
fine tuning is necessary to realize elementary dominant state

- decay and coupled channel effects are introduced
——¥ poth decay and coupled ch. effects suppress compositeness

- T.. and X(38'72) with decay and coupled ch. effects

I"... - important coupled ch. effect with negligible decay effect

X(3872) : important decay effect with negligible coupled ch. effect



Compositeness of 7. by other work| 16

paper by L. R. Dai, J. Son and E. Oset

L.R.Dai,J. Son and E. Oset, arXiv: 2306.01607 [hep-ph].

- relativistic model

D> 5 <D
D* D

FIG. 1: DD™ amplitude based on the genuine resonance R.

- Both molecular and non-molecular states are realized by
tuning of parameters

- However, case with small compositeness is excluded by
experimental data (a, and r,)



History of compositeness

- Weinberg’s wWork (1960S) weinberg. s. Phys. Rev. 137, 672-678 (1965) etc.
deuteron is not an elementary particle ¢— weak-binding relation

- application to exotic hadrons (2000s-)

“compositeness”

generalization to unstable states

wit
wit

wit

. V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova, A .E.
L SpeCtral fu nCtlon Kudryavtsev, Phys. Lett. B 586, 53—-61 (2004) etc.

n effective field theory v.kamiyaand T. Hyodo, PTEP 2017,023D02 (2017) ete.

application to ...
Y. Kamiya and T. Hyodo, PTEP 2017, Phys. Rev. C 93,035203 (2016);
%(980), a0(980) T. Sekihara, S. Kumano, Phys. Rev. D 92, 034010 (2015) etc.

A( 1405 ) T. Sekihara, T. Hyodo, Phys. Rev. C 87, 045202 (2013) ;

Z.H. Guo, J.A. Oller, Phys. Rev. D 93,096001 (2016) etc.

nuclei & atomic Systems T Kinugawa, T. Hyodo, Phys. Rev. C 106, 015205 (2022) etc.

N effective range expansion T.Hyodo, Phys. Rev. Lett. 111, 132002 (2013) etc.

17



Compositeness 18

mOdel CaICu Iatlon T. Hyodo, D. Jido, and A. Hosaka, Phys. Rev. C 85, 015201 (2012);

F. Aceti and E. Oset, Phys. Rev. D 86,014012 (2012).

T — 1 V : effective interaction
V-i-G G : loop function

residue of scattering amplitude g

X=-g"G®E| a(E) = daldE

- G'(E)
~ G(E) - [V-I(E)]

E=—B v Kamiya and T. Hyodo, PTEP 2017, 023D02 (2017).

g2 : model independent +— T__(—B) (observable)
G(E) : model dependent 4— cutoff dependent



Weak-binding relation S. Weinberg, Phys. Rev. 137, 672-678 (1965). -I 9
a, : scattering length
4 Riyp
= +0 Ry,
2R — dp R
R = 1/1/2uB

- for weakly bound states, & > R, ,

X : typical length scale in system

compositeness 4—— observables (a, B)

Y. Li, F-K. Guo, J.-Y. Pang, and J.-J. Wu, Phys. Rev. D 105, L071502 (2022);
J. Song, L. R. Dai, and E. Oset, Eur. Phys. J. A 58, 133 (2022);

. M. Albaladejo, J. Nieves, Eur. Phys. J. C 82, 724 (2022);
@ range correction T.xinugawa, T. Hyodo, Phys. Rev. C 106, 015205 (2022). X form

weak-binding relation

compositeness of deuteron X ~ 1.7 > 1 x; | ouruncerainty

: estimation
1

—¥ important to consider effective range

- our work : range correction 4— uncertainty estimation

compositeness of deuteron : 0.74 < X <1



Low-energy universality 20

scattering length a,( — o)
>> typical length scale of system Rtyp

E. Braaten and H.-W. Hammer, Phys. Rept. 428, 259 (2006) ;

low-energy universality -k p nuidon ana s. Endo. Rept. Prog. Phys. 80, 056001 2017).
—— length scales are written only by |, |

- for bound states ?
R=1/4/2uB :ay=R = co —% B — (
- universality holds for weakly-bound states!

- ComPOSiteneSS X =1inB — 0O limit T. Hyodo, Phys. Rev. C 90, 055208 (2014) .

- near threshold states (B ~ 0) = composite dominant ?

€.9. SBe. 12C Hoyle state — « cluster?

H. Horiuchi, K. Ikeda, and Y. Suzuki, Prog. Theor. Phys. Suppl. 52, 89 (1972) .



universality 21

T'..and X(3872) are shallow-bound states
- |OW-energy universality is important!

1. naive expectation : near-threshold states @
are composite dominant Q

2. However, elementary dominant states is realized @ @
Wlth flne tunlng T. Hyodo, Phys. Rev. C 90, 055208 (2014) ;

C. Hanhart, J. R. Pelaez, and G. Rios, Phys. Lett. B 739, 375 (2014).

|

How finely tuning parameter?

n this work, we study fine tuning quantitatively!



Effect of decay 22

@ introducing decay effect

- formally : introducing decay channel in lower energy region than
binding energy
- eigenenergy becomes complex

- effectively : coupling const. gy € C i; 4— this work
 ing = 52@?%% + Cbﬁl//; ¢) .
E=—B—»% E:—B_M

compositeness
XeR—+» XeC

| X

X 1 X T. Sekihara, T. Arai, J. Yamagata-Sekihara and S. Yasui,
| | + | _ | PRC 93, 035204 (2016).

X =




Effect of decay 23

E=—001E,, - i0.1E,, E=—001E,, — iE,,
1 T T T T T 1 T
‘0 0.8} I" = O _____________ )
7)) ; - 7))
Q j ,4' Q
S 0.6] ,? 15
N __— A | B . N
é o small I’ | é
S | S,
1>< 0.2 ‘I B IN . « |
! (@ E=—0.01E,, —i0.1E, ! (b) E=—0.01E, — ik,
0% 02 04 06 08 1 0% 02 04 06 08 1
Vy/ Eyyp, [dimensionless] Vy/ Eyy,, [dimensionless]

- Xis suppressed by decay effect

" threshold ch. component (X) decreases with inclusion of
decay ch. component (1 — X)



Effect of decay

~

E = Z001E,, - 0.1E,,
‘w 0.8 ['=0 __—-----""7"
3 | e
Q04 — |
£ % I O.lEtyp
g 0.2r7

( (@) E = — 0.01E,, — i0.1
0% 0.2 0.4 0.6 0.8

Vy/ Eyyy, [dimensionless]

1

~

X [dimensionless]

© E =

— E, — i0.1E

0.5 0 05
UO/Etyp [dimensionless]

compositeness is more suppressed when B is small

- suppression of X is determined by ratio of Bto I”

1



Effect of decay 25

@
U) .
% - X #0OwithI'#0
@ v go#FOatyy=—1B
O
=
S, cf.gp=0atyy=—1B
: @ E = —001E,, - 0.1E,, Wil =0
0 02 04 06 08 1

Lo/ Eyp, [dimensionless]

~1
) T (T A
gl —wtizyA)=—|—-i— A —xarctan | — #+0
2 U 2 K

K A/x —17-1
X = [1 +—— (arctan(A/K) — 2) ]
8o 1+ (A/x)




E 4 . coupledch2@

Effect of coupled channel

TAa)
0+ -~ threshold ch.
!B

@ introducing coupled channel W, 'V,

| P) = \/Y|threshold ch) +\/Y|00upled ch) +4/1 — (X; + X,) | others)
H e = (Kinetic terms of y, ,, ¥ 5, @) + ©,'¥; ‘P + a)Z‘Pz‘I”L + 1y P,

K i = 8ol s + 1//171//245 + ", + lPlhlﬁéb)
- threshold energy difference Aw = w0, + 0,

- ch. 1 couples to ch. 2 through ¢ with same coupling const.

\Pl ¢ Y

\Ijz 80 80 W,
- low-energy universality with coupled-channel effect

X, ~ 1 (threshold channel)
X, ~ 0 and Z ~ O (other channel)



Compositeness for two-channel case 2rf

2
v(k) v(k)> w(k) = 80

=

2 ik
0 Gyk
2( ) G,(k') = — Ll DN + ik’ arctan <—A,> .

ik

Gl(k) 0 G, (k) = — Ll A + ik arctan <—£> ,
G(k) = ( )

2

k=+\/ZIE, Kk =+/Zi(E - o) = \/ %1& A .
1

Gi
Xl = / / —117°
| (G +Gy) = [v™]
, 1} Gl
X, >

T Gi+Gy -1



Effect of coupled channel

X [dimensionless]

- X, is suppressed by channel coupling

(B, Aw) = (0.01E,,,0.01E,,)

1n ‘ :
== § 0.8}
1 O 0.6
-,,‘T,i 8
| ©
X,| E
Il =
. >< 0.2
¥ @ B.80) = 001E, 0015,
0 0.2 0.4 0.6 0.8 1

Vy/ Eyyy, [dimensionless]

1

(B, Aw) = (0.01E,

28

yp’ ,§£XP)

o
N

-_— ="
-

() (B, Aw) = (001, Ey,)]

0

0.0 0.4 0.6 0.8 1
Vy/ Eyy,, [dimensionless]

"." threshold ch. component (X,) decreases with
inclusion of coupled ch. component (X,)

-Z=1-(X; +X,) is stable



Effect of coupled channel

1

‘»n 0.8}
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m .

£

© L E S L X

< /_—’_____-———"" Xl
; ) (B, Aa)) = (Etyp,O OlEtyp)
-1 205 0 05 1

Vy/ Eyy,, [dimensionless]

this calculation corresponds to Aw — 0O case

back up??

29



Application to /__ (single ch. model)

@ single-channel
1

o
o)
T

o
o))
T

o

~
-

I

X [dimensionless]

o
\V)
T

(@) T.. (B =0.36 [MeV])
0 2 4 6 8 10
vy [MeV]

- X > 0.5 for 78 % of 1y = composite dominant

- fine tuning is necessary to realize X < 0.5

30

DD+



Application to 7.. and X(3872) 31
- A = 140 MeV (z meson)

1 — | | | 9. L A V.4 A VA2 n R N
; ~ ~ ; A1 T A U0 =U)
T.] X, +X, X(3872)] 1 TS o
@ 0.8 <€ 8/ B X5
% ;
S 0.6/
7p)
C
GEJ 0.4
S,
b 021 /7 102
" (@ T, (E=-0.36-0.024; [I\/IeV])v, l! (b) X(3872) (E = — 0.04 — 0.595i [Me Vi
075 5 4 6 8 10 %0 5 4 6 8 10

vy [MeV] o [MeV]

-T..: X, > 0.5 for 45 % of v, region

- X(3872) : X, > 0.5 for 59 % of 1, region

- coupled ch. effect is more important for 7. than X(3872)
- decay effect is more important for X(3872) than T,



Application to 7.. and X(3872) 32

- A =770 MeV (p meson)

_ X X, (T =0
1 X+ X, =0 1 X, +X,T'=0
)
n
<@
C
o
‘»
C
[}
£
O,
<
(@T,, (E = — 0 36 — 00241 [MeV], A= 770 [MeV]* X(3872) E =—0.04 —0.595i [MeV] A= 770 [Mevﬁ
0O 50 100 150 200 250 300 o0 50 100 150 200 250 300
vy [MeV] vy [MeV]

-T..: X, > 0.5 for 85 % of 1, region
- X(3872) : X, > 0.5 for 87 % of v, region

- typical energy scale Etyp IS larger

- states becomes close to universality limit X — 1
decay effect : suppressed coupled ch. effect : enhanced



validity of weak-biding relation

single-channel scattering mode

8 ‘ 1
7(a)B=Etyp
2 &
R L’
c 5t 1 ’
'8 T
5 4
£ 3 g
S, o} L7
' 4
< bt
' 4 ;
O"’, ! \ !
-1 -0.5 0 0.5

O/Etyp [dimensionless]

X [dimensionless]

O
(V)

o
T

i —
o o = N

o
~

33

() B=001E,, B
/

/

0 0.2 0.4 0.6 0.8

Vo/ Eiyp, [dimensionless]

comparison of central value of weak-binding relation with model

(a) typical scale binding energy : weak-binding relation x

(b) weak-binding energy : weak-binding relation O
even for elementary dominant state with small

1



