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Introduction ~exotic hadrons~

s Exotic hadrons

Hadrons which do not coincide with the predictions of the quark model.
More complicated internal structure can be expected.

 tetra quark, penta quark
* hadron molecule -

It is important to reveal the internal structure of exotics.
e.g.; N(1405)
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1. Comnarison of the nredicted and observed snectrum of negative-naritv barvons. The shaded reci

N. Isgur, and G. Karl, Phys. Rev. D18, 4187 (1978)



Compositeness

s Weak-binding relation
S. Weinberg, Phys. Rev. 137, B672 (1965) ‘ ™\
We consider the stable and s-wave bound state (deuteron) |d) ‘ q

in the n-p scattering.

<
-

X =1 < » X =0

7 = |(Bo|d)|? |Bo) : bare state .
B "> elgenstates
1 -7 = / (27:)93 [(pld)|*> (=X) Ip) :(n-p) scattering state of Hiree

Without assuming the specific nuclear force,
the following weak-binding relation is derived
for the scattering length ao, binding energy B, and compositeness X .

o Oy L
an = _— — .
0 1+ X Rm.- R 3B [ ; reduced mass

When the binding energy is so small that 1/(Rm,) can be neglected,
the compositeness X can be determined only from experimental observables (aq, B).
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Extension to the quasibound state

s Effective field theory

To discuss the near-threshold physics,
we use following non-relativistic EFT.

Figenstate of Hiee - |Interaction Hiy

|p> scattering channel : (/)> (/) (/)>

——— | By)

|By) discrete channel >.<
/

\p > decay channel

point interaction
: The interaction has a typical length scale Ftyp.

Eigenstate of full H H = Hpeo + Hin

Unstable quasibound state |QB) exists H‘QB> — EQB |QB>
near |P) threshold. EQB — —B — @I‘/Q : Complex

We consider the compositeness of |p)channel ; X. 6



Extension to the quasibound state

s Scattering amplitude for channel |p>

The T matrix T(E) in this theory is obtained
by solving Lippmann-Schwinger Eqg. for channel |p> :

T = v 4o GT = [1/0°" — G(E)]™!

effective interaction for channel |p>

v(E): T .
including the contribution of |p’> and |Bo>

G(E) : loop function regularized with sharp momentum cutoff A

1
21 1/v°f — G(E)




Extension to the quasibound state

s Definition of compositeness

Bound state Quasibound state

To normalize unstable state,

Bound state |B) is we introduce Gamow state |QB).

normalize(;l with (B|B) =1 Normalization condition becomes
X E/ TP _(Blp)(p|B) (@B|@B) ={QB"|QB) = 1.
(2m) T. Berggren, Nucl. Phys. A 109 (1968)
3
— / (;l 1;’3 [(p| B)|? The expectation value of any
T

operator becomes complex number.

Z = [(Bo| B)|?
k’ X+ Z=1 e
* )< X, Z <1 ( d3p L
X = [ 52 @Blp)wleB)
.y .y

The probabilistic interpretation The probabilistic interpretation
is guaranteed for X and Z. is not guaranteed! :




Extension to the quasibound state

* Definition of compositeness
= Compositeness X can be expressed

3
X = / (;l 1)73 (QB|p){p|QB) with the terms of scattering:
70
. Schrodinger Eq. for eigenstate Y — G'(EgB)
G'(Eqp) — [1/v*"(EgB)!
H|QB >= E,|QB > /

Assuming |Eqp|is small,
we expand 1/aowith respect to Egs.

o =~ [V (Bom) — GlEgn) — (1/0"" (Eqn))' — G (Fom) Fon +

higher ordér terms

9




Extension to the quasibound state

s Extended Weak binding relation

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

2X 3 :
_ | Riyp l B
o=r[ 2 vo(|5z]) +o (14F) e

If |Reyp/R| and [I/R[” are

sufficiently smaller than 1, ,
we can determine X from aoand Egp.

=

* Note
« ag,bgB, X are all complex numbers,

then above relation is established among them.
 The same argument is valid for the case with Re E; > 0.

10



Interpretation of X

Our proposal c.f. T. Berggren, Phys. Lett. B 33 (1979) 8

For probabilistic interpretation we define the following real quantities.
X ; probability of finding the scattering state in physical state

7 ; probability of finding the other states
7 ; degree of uncertainty of the interpretation

conditions : 5 1-1Z|+|X]
X +7=1 2

0<X < ~:1—|X2|+\Z|
* When there is no cancellation in X + Z, U=|Z|+|X| -1

X=X,Z=2ZU=0 .
* U becomes large
when the cancellation becomes large.

Solid interpretation is possible
- only when U is small.




Error estimation of compositeness

For the actual application to Hadrons,
the Higher-order terms are finite and give the correction.

0= {12+XX ’ ]

The magnitude of the higher-order terms cannot be
determined from the observables.
—> We give the uncertainty band X; < X < X, as follows.

(1) We vary & in the region : |&| < |Riyp/R| + |I/RI’ .
(2) calculate X at each &: with

a/R+& . 1+[X|-1-X| Xy Riyp
2—ap/R — & 2 | |

~

. X
(3) assign the maximum (minimum) value of X o

as Xu(X)) .

12
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CDD pole and weak-binding relation

s CDD (Castillejo Dalitz Dyson) pole( E.) and internal structure

CDD pole . f(EC) — 0 L. Castillejo, R. H. Dalitz, and F. J. Dyson, Phys. Rev. 101, 453 (1956).

G.F. Chew and S. C. Frautschi, Phys. Rev. 124,264 (1961).
- represents the contribution from outside the model space

V. Baru et al, Eur. Phys. J. A44, 93 (2010), 1001.0369.
T. Hyodo, Phys. Rev. Lett. 111 (2013) 132002.

Z.-H. Guo and J. A. Oller, Phys. Rev. D93, 054014 (2016), 1601.00862.

s Condition of the weak-binding relation

A
In the derivation of the relation B
we assume that the effective range expansion (ERE) ‘—
works well at the pole of the eigenstate. ¢ g
bound
—1
) — 1 Te o . \
fE) = . + o T (s-wave) convergence region of ERE

When the CDD pole lies near the threshold and ERE fails to describe the eigenstate, s ‘ b
the weak-binding relation is not applicable. X .
CDD

S. Weinberg, Phys. Rev. 137, B672 (1965)
To include the CDD pole contribution to the estimation of X,

the extension of the weak-binding relation is needed. 14




Derivation without convergence of ERE

For simplicity, we consider the stable bound state case. D / d3p ‘< ]B} ‘2
L : = p
s Another derivation of relation (2m)°
The expression of compositeness with the loop fcn. H|B) =Ep|B)(Ep < 0)
and the coupling constant is given as |B) : bound state

G(FE) : loop function

X = —¢°G'(Ep) g° coupling constant between|p)and |B).

(or residue of bound state pole)
T. Sekihara, T. Hyodo, and D. Jido, PTEP 2015, 063D04 (2015)

* Two factors are expressed with observables as follows
* G(E)

G'(Ep) =—o {1 @<R>} R=1/\/=2uEs

ArEg R R Ry : typical length scale of int. (~ 1/A)

* coupling constant g2
> 9 o . <— if the approximation of f(E) with physical
ey ?( ~ E)[(E) observables is given,
g2 can be expressed

15



Derivation without convergence of ERE

s Compositeness d®p ,
T. Sekihara, T. Hyodo, and D. Jido, PTEP 2015, 063D04 (2015), 1411.2308. X = / 3 ‘<p’B>‘
(27)
X = —¢°G'(Ep) H|B) =Eg|B)(Eg < 0)
If we approximate ¢*> with ERE B) - bgund state
B . o] 2_ _ 1im (p_
f(E) = [pcotd — ip) g =— Jlim p (E—E)f(E)
k» _i + T—;p2 + O(Rgﬁp4) Rerr: range scale characterizing ERE
ag
g2 =2 1 4= : : [HO(Rgp)]
U2 R—7.+ RO((Reg/R)3) -2 +0((5)°)

equivalent to the original Weinberg’s relation. \/

In this approximation, the CDD pole contribution drops out
from the weak-binding relation.

To include the CDD pole contribution,
— a better approximation for g° is needed .

16




Extended relation with the CDD pole contribution

s To take account of the contribution of CDD pole 5
2 1 coo LE
X =—-g°G'(Ep) e S
— bound

f(E) = [pcotd —ip]”

bo + b1p? :
k. O TP O(Rp,ep®)  Pade approximant

1 2
+cip Y. Kamiya and T. Hyodo, PTEP 023D02 (2017).

« CDD pole position : pcpp = i/+/c1
(In the limit of pcpp — o0, this reduces to ERE.)

 Relation to the threshold parameters : 4, = _bi re = 2(b1 — bycy)
0
4R(ag — R)? -
xR, (<_Rpﬁdé)5)] (140 (H))
agTe

Even when a CDD pole lies near the threshold,
we can estimate the compositeness using experimental observablesf.7
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Applications to hadrons

_ o
s A(1405) (I =0 KN scattering) R .
T K
P @ KN
2
X

KN molecule? other components?

X =1 or X =0 - A excited state (uds)

- penta-quark state

Rtyp is estimated from » Rup | - R= \/%
rho meson exchange int. ‘ R | ™ 0.1 1 e
(Reyp ~ 0.25 fm) '=
[ is estimated from I |i v 0.14
difference of the threshold energy k|
a0 = R LZ—XX +0 ( Sty ) +0 (%‘3)] X = 2Ra—0 — — X, U



Applications to hadrons

s A(1405)InT =0 KN scattering Mt
We use Egp and@oin the following papers. =5 RN
Set 1 :Y.Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 98 (2012)
Set 2 : M. Mai and U. G. Meissner, Nucl. Phys. A 900, 51 (2013) x

Set 3 : Z.H. Guo and J. A. Oller, Phys. Rev. C 87,035202 (2013)
Set 4 and 5 : M. Mai and U.-G. MeiBner, Eur. Phys. J. A 51, 30 (2015).

Los ao
(MeV) (fm)

1.39-10.85

-4-i8 1.81-10.92
-13-120 1.30-10.85
2-110 1.21-11.47

- 3-i12 1.52-11.85

1.3+10.1

0.6+i0.1 0.6
0.9-10.2 0.9
0.6+i0.0 0.6
1.0+10.5 0.8

« U is small enough. —> X can be considered as the probability.

e Xis close to 1.

0.0
0.1
0.0
0.3

A(1405)

. KN composite dominance | 20




Applications to hadrons

= A(1405)inI = 0 KN scattering

Uncertainty from the higher order terms is estimated.

ao/R + & T 14+ |X|— |1 - X|
2—ag/R—& B 2

Ryo/R| /R Xy

Setl 017 014 1.0799

Set2 0.10 003 0.6

Set3 0.16  0.11 0.9%¢! 5
Set4  0.10  0.03 0.6793 < 05
Set5 0.12  0.04 0.8+02

Set 1 :Y.Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 98 (2012)

Set 2 : M. Mai and U. G. Meissner, Nucl. Phys. A 900, 51 (2013) 0
Set 3 : Z. H. Guo and J. A. Oller, Phys. Rev. C 87,035202 (2013)

Set 4 and 5 : M. Mai and U.-G. MeiBner, Eur. Phys. J. A 51, 30 (2015).

&:| < |Ruyp/R| + |I/R

| | | | |

Set 1 Set 2 Set3 Set4d Setb

Conclusion of the composite dominance still holds. 21



CDD pole contribution

s The CDD pole contribution to A(1405)

We calculate the compositeness using extended relations with ao, 7e, Ej.
Y. Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 98 (2012)

original relation extended relation with CDD
— 0 4R(CLO — R)2 !
90 = 2R — ag APade = |1 == 5.7
XR,a0 XPadé
estimated . .
1.2+10.2 1.4+10.2
value of X

This small deviation means that the ERE converges well

and the CDD pole contribution in the KN channel can be neglected. 22




CDD pole contribution

s The CDD pole contribution to A(1405)

In the | = O scattering amplitude in the diagonal K N channel Fi ,
the CDD pole does not appear in the K N threshold energy region.
Y. Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 98 (2012)

3l | | _ \ | | | = k\\ |
1 \
£ £ 05 B
[, ~ oo NN
| Re ' —— hy o
" ImFo--- ] —05L Im F' - -- |
1300 1350 1400 1450 1500 1300 1350 1400 1450 1500

s1/2 [MeV] s1/2 [MeV]

In the 7). amplitude, the CDD pole appears at E = 1434 MeV.
The ERE description of the 7). amplitude around its threshold
will not reach the K N threshold.

c. f. Yuki Kamiya, Kenta Miyahara, Shota Ohnishi et al. Nucl. Phys. A954, 41 (2016)
23



Conclusions

s Conclusions Y. Kamiya and T. Hyodo, Phys. Rev. C. 93.035203

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

 We extend the weak-binding relation to quasi-bound states and we propose
an interpretation of complex X introducing real quantities X and U.

i = R{ ;25 + O (Ryp/R) + O (1URT")

* Using the Pade approximant, we take into account the contribution
of the near-threshold CDD pole and derive the extended weak-binding relation.

 We apply the method to hadrons and discuss the internal structures.

- A(1405) : K N composite dominance

« We show that the CDD pole contribution to the A(1405) in the KN channel is

small with the extended weak-binding relation.
24



