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Introduction: structure of unstable hadrons

Exotic hadrons

Observation of tetraquark 7.

LHCDb collaboration, Nature Phys. 18,7, 751 (2022); Nature Commun. 13, 1, 3351 (2022)

nature

physics

LETTERS
s://doi.org/10.1038/541567-022-01614-y

Observation of an exotic narrow doubly charmed
tetraquark

LHCb Collaboration*
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Decay into D°D’z*: structure of unstable states
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Compositeness and elementarity
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- Eigenstates of Hamiltonian 1 =H, + Vv v@
2
HylBy) = vo|By).  Holp) =2—Ip). H|B)=-BI|B) P
f — ®

- Normalization of |B) + completeness of free eigenstates

_ _ dp _
(BIB) =1, 1= 1B)(Eo] + | 52 P}l = 0+ P

- Definition
dp

o [{p|B)I* = (B| P|B)

1=Z+X, Z=|(B,|B)|*, XEJ'

O “elementarity” compositeness @

- 7, X: real and nonnegative —> interpreted as probability
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range of interaction

Y +@<ﬁ> R=—
aTO_ I+ X L ’ T_ﬂ/zﬂB

scattering length radius of bound state

- Shallow bound state (r > R, ): X — observables (a,, B)

typ
- X =1 for B =0 <— low-energy universality ¢, = R
T. Hyodo, PRC90, 055208 (2014)

- X < 1 gives violation of universality by coupling to |6g)
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Compositeness of near-threshold bound states

Near-threshold bound states

Application to physical systems
T. Kinugawa, T. Hyodo, PRC 106, 015205 (2022)

- X of hadrons, nuclei, and atoms

- Uncertainty from 6(r, /R) term

typ
- X > 0.5 in all cases studied

Analysis with effective field theory
T. Kinugawa, T. Hyodo, PRC 109, 045205 (2024)

- Shallow bound state with x ~ 0
<— Only with fine tuning = unlikely

Bound state

Compositeness X

X (3872)

D3, (2317)
Dy, (2460)
N2 dibaryon
Q€2 dibaryon
SH

“He dimer

074<X <1
053<X <1
081 <X <1
055<X <1
080 <X <1
0.79<X <1
074<X < 1

093 <X <1

X [dimensionless]

o
el

o
o)

o

o
~

0.2¢

0

L L L .:\ , L L L L
-1 -08-06-04-02 0 02 04 06 08 1

vy/ Eiy,, [dimensionless]

Near-threshold bound states are mostly composite



https://inspirehep.net/literature/2083152
https://inspirehep.net/literature/2641489
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Near-threshold resonances

Resonances in effective range expansion

Effective range expansion (ERE): valid for small
~1
Fk) = [_aio F LK - ik] bound state

v k_
(a) A |ﬁ
- Pole positions i* <—> (q,1,)
T. Hyodo, PRL111, 132002 (2013);
T. Kinugawa, T. Hyodo, arXiv:2403.1263S [hep-ph i R
e l " 1 2r, 1 40t Aq-nnnn- 3 - - - -§ '\xx > A
o oo l/re] resgonance
2/7“6T
v k+
Resonance solution (r, < 0) virtual state

1 21’6 1 r,
—\[mmlzes 3> 2L > gl <7l

- Resonance with [k~ | - 0 : notonly |q,| - o but also |r,| - «

T
- Energy E; = My — i-& <—> (ay,1,) .


https://inspirehep.net/literature/1232512
https://inspirehep.net/literature/2769909

Near-threshold resonances

Compositeness of resonances

Compositeness: pure imaginary <— weak-binding relation

1 : _ — i
X = — =—itan(f,), k =k | e (a) 1 k-

\i-E

Resonance state: complex eigenenergy

r
H|R) = Ex|R), ER=MR—i7R eC

- Normalization by Gamow vector

(RIH = (R|E}, (R|H=(R|Eg
(R|R) = o0, (R|R) =1
- Complex Xx: probability?

dp

PR (RIp)XpIR) € C

XE(R|P|R)=J
12



Near-threshold resonances
Uncertain nature of resonance

Resonance contribution in a prepared state 1 = (y|y)
T. Berggren, PLB33, 547 (1970)

- Completeness relation with contour deformation
T. Berggren, NPA109, 547 (1968)
dp

1 = |RWR| + L o |p full)(p full|

1=Zp+X,, Zy=(w|R)}R|y)eC

Introduce three probabilities
- certainly find |R) : a
- certainly find not |R) : b

- uncertain: ¢

a+b+c=1, a+c=|Zy|, b+c=|1-2]|
13



Near-threshold resonances

New interpretation scheme

Decomposition of resonance wave function (R|R) = 1
T. Kinugawa, T. Hyodo, arXiv:2403.12635 [hep-ph]

dp
1 =[By)(By| + J 207

dp
(27)?

V2594

=7 e X=[ (R|p){p|R) € C

Introduce three probabilities
- certainly find composite :
- certainly find elementary :
- uncertain: 7

T+Y+ZF=1, T+aoa¥=|X|, F+aoa¥ =|1-X|=|Z|

- a: parameter to control degree of uncertainty

14


https://inspirehep.net/literature/2769909

Near-threshold resonances

Compositeness of resonances

Z,%,Z as functions of argument of eigenenergy

Ep = |ER|€i9E

X, Y, Z [dimensionless]

—h
- N
T

‘narrow Pt
‘resonance (T >ReE) ..
,,,,,,, -1 non-interpretable | Z
\ \ \ \g‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4

- Large elementarity: Z > 0.8

— 0y, [dimensionless]

<— Narrow s-wave state is Feshbach resonance

Near-threshold resonances are not composite dominant

15



Summary

*(

" (

*(

P

Compositeness X: probability of finding

Bound state exactly at threshold

T. Hyodo, PRC90, 055208 (2014);
- completely composite X =1

Near threshold bound states

T. Kinugawa, T. Hyodo, PRC 109, 045205 (2024)
- in general, composite X ~ 1

Near-threshold resonances
T. Kinugawa, T. Hyodo, arXiv:2403.12635 [hep-ph]
- non-composite, 2 <0.2

E4 resonance O

bound state

threshold
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