Compositeness of exotic
hadrons with decay and
coupled-channel effects

Tomona Kinugawa Tetsuo Hyodo

Department of Physics, Tokyo Metropolitan University
March. 16th, 3rd J-PARC HEF-ex WS



Near-threshold exotic hadrons| 2

X(3872) - xtn Jly T..— DDz (cciid)

i Io) Idaltc L . LHCb gg 3
i ] 60 - i 9t % 30k
> S0 B : | I
@ L . 50 - ﬁ» | g 20 + !
0] [ i : | SsSB4 3
o i 7 % 4oi % £ 12: 4 # H 3
S 200 7 s o O e
% % i3 i El%;i%groun’é Mppps, (GeV )
5 - S
R ; -] LIRS AREIS ﬂ Mm +
L M s s N i #
O I 1 1 1 1 I 1 C o L l ) l ) ) )
0.40 0.80 1.20 o7 " oo C_‘“;')g
Mz 'T) - M(I'T) (GeV) LHCb Collaboration, Nature Phys. 18 (2022) no.7, 751-754;

S. K. Choi et al. (Belle), Phys. Rev. Lett. 91, 262001 (2003).  LHCb Collaboration, Nat. Commun. 13 3351 (2022).

q

internal structure?
®e @

eXOtIC hadron | multiquarks mu|ti;1uarks e
;é qqq Or qq o ’ hadronlc mOIGCUIeS hadronic molecules




Compositeness 3

@ definition Q

q
hadron wavefunction e o
|¥) = /X | hadronic molecule) +4/1 — X | others)
ositeness 6|ementarlty

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

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

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

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

compositeness X +—— residue of scattering amplitude



Low-energy universality 4

- scattering length ay > typical length scale of system Rtyp

Iow_energy un ive rsal ity E. Braaten and H.-W. Hammer, Phys. Rept. 428, 259 (2006) ;

F. P. Naidon and S. Endo, Rept. Prog. Phys. 80, 056001 (2017).
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— length scales are written only by | a;

for bound states ?
ao=R R=1/{/2uB G > 00—+ B - (
-3 universality holds for weakly-bound states!!
- compositeness X = 1in B — O limit ;o0 prye. kev. ¢ 90.055208 2014

- near threshold poles = composite dominant ?

g 8Be 12C m’“‘} a CIUSter’? H. Horiuchi, K. Ikeda, and Y. Suzuki,

Prog. Theor. Phys. Suppl. 52, 89 (1972) .



Decay & coupled ch. effects

However...
actual exotic hadrons —¥ decay and coupled channel
T. X(3872)
E 4 E : -
T1.41 MeV 8.23 MeV
04 ——3——D"D"* 0+ fsssmm= D0

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

other ch. than threshold ch. make deviation from X = 1

Y. Kamiya and T. Hyodo, PTEP 2017, 023D02 (2017).

This work...
study those deviations quantitatively!



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 - Vy, + %V%T - Vy, + %VW Vo + V0¢T¢,
1 2 &

, L4
+ €b1Tl//2:f b) . //
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1. single-channel scattering — f —

2. coupling with compact state ¢ ‘qqo
@ scattering amplitude

g0 H - A
V= , G= ——[A+ zkarctan< . )] . /\ : cutoff
E—I/O 71-2 —ik
k2
— _y —
K[ 2u 0 u : _A 1
4 k) = — [ + [A+ karctan( )” :
¥ f(k) o e g l o
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V-1-G



Model scales and parameters

- typical energy scale : £, = A/ 2u)

- three model parameters g, Ly, /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 k=+/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/E, < 1y/Eyy, < 1
. to have go > (0 & applicable limit of EFT



Calculation

@ compositeness X

SCatterlng amplltUde T — V—l — G ETIé;nzlgyla;,u(l)g;FDIaIzy(()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

Q X<0.5
q
compositeness X as a function of v, ‘ or @e

-y iNternal structure of bound state?



® X as a function of 1/ £y, of bound state B = Eiy, 9
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Vy/ Eyyy, [dimensionless]
- typical energy scale : B = E,, = A/ (2u)

- X > 0.5 only for 25 % of 1, = elementary dominant ®e
"." bare state origin



@ X as a function of 1/ Eyy,, of bound state B = 0.01E 10

typ
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- weakly-bound state : B = 0.01E,y,
- X > 0.5 for 88 % of vy = composite dominant

"." low-energy universality !




Effect of decay 1]

@ introducing decay effect

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

- effectively : coupling const. g € C “5 4— this work
E=—-B—»E=—-—B—-il/2

compositeness
XeER—p» Xel

| X|

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

X =




Effect of dec:cly

@ compositeness X
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et 027 1

' (@) E = — 0.01E,, — i0.1E,,,

0% 0.2 04 0.6 0.8 1

UO/Etyp [dimensionless]

- X is suppressed by I" # 0
" threshold ch. component (X) decreases with
inclusion of decay ch. component (1 — X)
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Effect of coupled channel 13

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

X : threshold ch. compositeness
X, : coupled ch. compositeness

E 4 4~ coupled ch.
Aw

R - threshold ch.
l B

- low-energy universality with coupled-channel effect

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

- threshold energy difference Aw 0




Effect of coupled channel

@ compositeness X, and X,

X [dimensionless]

: ’
! 4
: ¢
02; ’ _
. : V4 |
N

/(@ (B.Aw) = (001, 0.01Eyp) |
0 0.2 0.4 0.6 0.8 7
Vy/ Eyp, [dimensionless]

- X is suppressed by Aw
"." threshold ch. component (X,) decreases with
inclusion of coupled ch. component (X,)
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Application to 7'.. and X(3872) 15

@ exotic hadron 4——decay and coupled channel

X(3872)
EA - D:::_D+
/“small \ /" large
| Aw = 8.23 MeV
["and Aw \l'and Aw)/
mcemmeamrr T ' .
E ¢ D*()D-i-
J Im: 1.41 MeV -
) iR ol DD
B =0.36 MeV B = 0.04 MeV
I' = 0.048 MeV I'=1.19 MeV
LHCDb Collaboration, Nat. Commun 13 3351 (2022). PDG
O COMPOSItENESS T. sekinara, er. al., PRC 93, 035204 (2016).
| X; | X : threshold ch. compositeness

(=12

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



Application to 7'.. and X(3872) 16

_ e X, +X,
=
ke’
(7p)
-
)
=
2,
S ‘
"~ (@ T, (E=—0.36-0.024i [MeV])§,
070 2 4 5 51

Uy [MeV]
- Xz IS not negligible
" coupled ch. contribution (small Aw)

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



Appllcatlon to 7. and X(3872) 17

KGs72)] X+ X%, _ _ _ - -
D 0.8 -~ T = X
S 06!
go o
S
oz, X(3872)
| (0)X(3872) (E = — 0.04 - 0.595i [MeV]l
05 5 4 6 8 10

Uy [MeV]
- difference of Xl + XZ(F = () and Xl + Xz Is large
"." large decay width contribution

- Xz IS much smaller than Xl
~—¥ coupled ch. effect is small



Application to 7'.. and X(3872) 18

X(3872)
‘0 0.8 8
U) :
Q |
S 06
(7))
o |
g 04
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-T..: X; > 0.5 for 55 % of 1, region

- X(3872) : X; > 0.5 for 41 % of 1, region

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



Summary| arXiv:2303.07038 [hep-ph] |9

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

- model with bare 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

—3 both decay and coupled ch. effect suppress compositeness

- 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 22

§ X £ 0with[ # 0
z v g #0aty,=—B
5
% : cf.gg=0atyy=—-1B
- X @ E = —001E,, - 0.1E,, Whl'=0

% 0.2 04 06 08 1
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T ([ T A
gg <_I/() + ZE;VOa A) = 7 (—la) |:A — K arctan <?>:| ;é 0

71'2](' A/x —17-1
X = [1 +—— (arctan(A/K) — 2) ]
50H 1 + (A/K)
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hel case
iteness for two-chan

Compos

g
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Calculation| X & low-energy universality
1 1
D 0.8 BWb,/’//
S 06| /
7p) S N AT
S, Bnat R
> 0.2 BCI‘.'I |
910 50 5 1
- natural energy scale Yy [MeV] - weak
B = A%/(2 B
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
% of v, ' * = composite dominant

4

"." low-energy
universality !




Applicationto /.

@ single-channel

1
@ 0.8
Qo
S 06
(7p)
2 | B
g 04+ 0+
O,
St 0.2 |
N - (@7, (B=0.36[MeV])
0 2 4 6 8 10
vy [MeV]

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

- fine tuning is necessary to realize X < 0.5

25
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