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1. weak-binding relation (model-independent)

)¢ Ry, a : scattering length
do = R + O _y _ —1/2 T
1+ X R R = (2uB)~"'7, B : binding energy
Ry, = max{Ri,, ¥, =} (R, : interaction range, r,, : effective range)

2. model calculation? 4—— this work
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@ single-channel resonance model
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2. coupling with compact four-quark state y (ccita?) ‘,;0

@ scattering amplitude
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Model parameters and scales
- cutoff A : e.g. 140 MeV = m_ (& exchange)

2

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

" bound state condition f~! =0 k =+/2uB.

- energy of bare 4-quark state v,
varied in the region —B <y, < A?/ 2u)

. to have go > 0 & applicable limit of EFT

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

-———— We calculate with fixed B and dimensionless quantities

with A and Eyy,



Calculation

@ compositeness X

SCatterlng amplltUde T — V—l — G ngé;nzlgyla;,u(l)c;;FDglzyc()ggiﬂ
— X ) (E) = da/dE
G'(-B) - [V-I(-B)
2K Ak —17-1
= [1 + > 2<arctan(/\/1<)— 2) ] :

8oH 1 + (A/k)

-y region : —B/E < v/ By, <1
X>0.5

X<0.5

compositeness X as a function of 1, or ©e

-y iNternal structure of bound state?



@ X as a function of 1/0/Etyp of bound state B = Etyp /
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Vy/ Eyyy, [dimensionless]
- typical energy scale : B = E,, = A/ (2u)

- X > 0.5 only for 25 % of v, = elementary dominant ¢
"." bare state origin



@ X as a function of 1/ Eyy,, of bound state B = 0.01E 3
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- weakly-bound state : B = 0.01E,y,

o
- X > 0.5 for 88 % of 1, = composite dominant
"." low-energy universality !



Effect of decay S

@ introducing decay effect

- formally : introducing decay channel in lower energy region than
threshold ch.

——% eigenenergy becomes complex
- effectively : coupling const. g € C ff 4— this work
E=-B—E=-B-il/2
compositeness
XeR— XeC
| X|

|X| + | 1 — Xl T. Sekihara, et. al., PRC 93, 035204 (2016).

X =

- low-energy universality with decay effect
X ~ 1 (threshold channel)



Effect of dec~ay

@ compositeness X
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UO/Etyp [dimensionless]

- X is suppressed by I" # 0
"." threshold ch. component (X) decreases with
inclusion of decay ch. component (1 — X)

- finite I " induces deviation from expectation of low-energy
universality (X ~ 1)
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Effect of coupled channel 1]

@ introducing coupled channel ¥, %Y,
|¥) = /X, |threshold ch) + /X, |coupled ch) ++/1 — (X, + X,) | others)

X +¥ X for single ch. case (threshold ch component)
X, 4 1 — X for single ch. case (other ch component)

E 4 4~ coupled ch.
Aw

R - threshold ch.
l B

- low-energy universality for multichannel case

X, ~ 1 (threshold channel)
X, ~ O (other channel)

- threshold energy difference Aw 0




Effect of coupled channel

@ compositeness X, and X,
1; ‘ ‘
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- X, is suppressed by Aw
"." threshold ch. component (X,) decreases with
inclusion of coupled ch. component (X,)

- finite Aw induces deviation from expectation low-energy
universality (X; ~ 1)
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Application to 7'.. and X(3872) 13

@ exotic hadron4——decay and coupled channel

TCC
Et DD
11.41 MeV
A oot DO+
0 DD
TCC
B = 0.36 MeV
[" = 0.048 MeV

LHCb Collaboration, Nat. Commun 13 3351 (2022).
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@ compositeness Sekihara, er. al., PRC 93, 035204 (2016).
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Appllcatlon to 7. and X(3872)

X [dimensionless]
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(E = —0.36 — 0.024i [MeV]),
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- Xz IS not negligible
. coupled ch. effect contribution (small Aw)

- difference of X(single) and Xl + Xz Is too small
~— We can neglect decay contribution

Ik B
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X(3872) X single _____
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X [dimensionless]
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- difference of X(single) and Xl + XQ is large

"." large decay width contribution

- Xz IS much smaller than Xl
~—% coupled ch. effect is negligible

Appllcatlon to 7. and X(3872)

15

-D"~D*
8.23 MeV
DD
X(3872)



Application to 7. and X(33872) 16
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- coupled ch. effect is more important for 7'.. than X(3872)

- decay effect is more important for X(3872) than T,



Summary s

- internal structure of exotic hadrons4————EFT & compositeness

- model with bare 4-quark state coupled to the scattering state

- shallow bound state is composite dominant
even from bare state

"." low-energy universality
- decay and coupled channel effects are introduced

—p DOth decay and coupled ch. effects contribute to deviation
from low-energy universality

- X of T.. and X(3872) are calculated 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
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Effect of decay 19
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Compos
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Calculation| X & low-energy universality
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- natural energy scale Yy [MeV] - weak
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nat ~ 10 |\§|e/</) Bcr ~ 25 MeV v

X > 0.5for 25

= elementary dominant ¢

‘" bare state origin

y-bound state
b — 01 I\/IeV

X > 0.5 for 88 % of v,

2 - o= 1:1
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Applicationto /.

@ single-channel
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- X > 0.5 for 78 % of v, = composite dominant

- fine tuning is necessary to realize X < 0.5
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