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A(1405) from lattice QCD

« A(1405): not a simple A baryon (exotic hadron)

A(1405)

e ONe pole? two poles? ey,

0.8 1

0.6
04 -

e chiral unitary model .

40 1m[z] [MeV]
(20

[Oller and Meissner, 2001 ] —
[Jido, Oller, Oset, Ramos, Meissner, 2003] Re[2] [Mewmo 1420 1400

» lattice QCD using finite-volume method [Hyodo and Jido 20121
My + My, Mg + My

at m, ~ 200 MeV [Bulava et al. (Basc Collab.), 2024]

g« 0.0 - e
SE
— virtual state below zX + resonance below kN £ -0 | - | |
0.0 0.2 0.4 0.6 0.8
Re (Egn — My — my)/m,
» our work: A(1405) from HAL QCD approach [Bulava et al. (BaSc Collab.), 2024]



HAL QCD method

[Ishii, Aoki, Hatsuda 2007]

fIshii et al. 2011]
e R-correlator:

(O1(r,1)02(0,1)J(
(01()01(0))(02(t)O

e time-dependent HAL QCD method
vZ

N

R(r,t) =

0

E CJ \IJW —(Wn—m1+m2)t
(4
Nambu Bethe -Salpeter (NBS)

wave function
(+: reduced mass)
1 O?

3,./ / / N
/drr U/{r,r)R(r ) ~ (Z,u
~V(r)o® (r — ')

(local (leading-order) approximation)

\VEER, 1 O?

2 Ot 8u Ot?

S

| )R(r, t)

Ot 8u Ot?

¢ Talks of HAL QCD studies

. Do, Jul 29)
o A-N (L. Zhang, Jul 31)
) R(I', t) o J/y-N, n.-N (Y. Lyu, Jul 31)

* Left-hand cut (5. Aoki, Aug 1)
* Neural network (L. Wang, Aug 2)




Setups

Izhysical point SU(3) limit
o Study A(1405) in flavor SU(3) limit KN = (almost) single-channel

A(1405)

analysis

echannels: 8§ 8 =270 10 10" B8, B &, P 1

meson baryon

e chiral unitary model: one pole in singlet channel

& the other in octet channel Jido, Oller, Oset, Ramos, Meissner, 2003]

Guo, Kamiya, Mai, Meissner, 2023]

* neglect coupling between 3s and 8.
INn this work

(VSSSS (1) Vg.8,(7)
Vg,s.(r) Vs,s,(

ct. chiral perturbation theory with
> N (VSSSS (1) 0 ) Weinberg-Tomozawa term:
* no coupling between 3s and 8.

e same interactions for 3s and 8«



Lattice setups

e a ~ 0.12 fm, 32% lattices, My = 459.4(1.7)stas MeV
mp — 1166°1(4°1)Sta1} MeV

e R-correlators (rep =1, 85, 8,)
(M(x +r,t)B(x,t)AX)(0))
(M (t)M(0))(B (t)B (0))

A(X) Zuz t)d

e calculation technique: same as In
[KM, Aoki, PoS LATTICE2023, 063 (2024)]

R(rep) (r,t) =

e (at least) one bound state in each channel
from (A®(H)A®(0)) ang (A (1)AM(0))

(z,1t): 3-quark type

(X

— & for rep = 887 Sa

X = 1for rep = 1)



L ocal potentials (v 0, 1%

Vir) = RO \2u ot 3 8t2)R(r’t)

o . . . V
local potential in singlet channel 1(”{\ e R-correlators R(r, )
20000 (NBS wave functions)

le—13
20000} go———
< 10000 b 2
nh| -
v Q
=3 O
= 0 ©
$ -
= —10000} ¢ A |
= b 8
o _
—20000} > k8
—6! i . , . | , @ 1 |
. . | | , , , 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
—300005°5—95 10 15 2.0 25 30 35 F Ifm]

« singular behavior in all channels because of R-correlators crossing zero

™~ no problematic in principle,
but difficult to obtain reliable results

(= +1)
. alternative approach: separable potential U (r,r') ~ nov(r)v(r’)

8



Separable potentials in the HAL QCD method

* time-dependent equation

/\

-~

t
(R“"t) = (01(0)01(0)){0s

2 2
/dgr’ U(r, v )R(r',t) ~ (ZM st I 82 §t2>R(r,t)
~ (), (p=+1)
\(separable potential approximation)/
Ve o 1 0°
2 Ot 81 Ot2

— 7(r) / B’ vt R(r', 1) ~ (

\

constant (indep. of r)

== NO Singular behavior for v(r)

M checked validity of separable potential approx. in KN system

9

) et



How to extract separable potentials

» time-dependent (TD) equation for separable potential: (n = +1)

v 0 1 0°
3 / / / _ |
m;(r)/d ru(r)R(r',t) = <2M ot " 8y 0t2> R(r, 1)
/ = A|R, v|: constant (indep. ofw
X /dgr R(r,t)
n(A[R,v])* = /dgr R(r,t)DR(r,t)
¥~ real

\ 4

n = sgn[n(A[R,v])?] = sgn / d°r R(r,t)DR(r,t)_

AlR,v| = \/\U(A[R, v])?| = \/ /d?’T R(r,t)DR(r,t)

10




Setups for separable potentials

 neglect coupling between 3s and 8a
U1 (I’, I'/) ~ T)1V1 (I’)Ul (I‘l)

(U8383 (r,r') Us.s, (I'ar')) ~ (77887183 (r)vs, (r') 0 >
U8a,88 (r7r/) U8 801,(

f /

84 (T, 1) 0 18, Vs, (T)vs, (')

. fitting for PR(r,?) using multi-Gaussians DR(r,1) in singlet channel
vV o0 10 g
D t) = | R(r,t E
( R, 1) (Z,u ot  8u 8152) (r )> =

?.;::—6_ Bl fit results

_g| | | f 1

11 r [fm]



Results of separable potentials

e Results of U(P), 7]

1500

1250

]

m ey
|

[MeVz fm

— 500

V(

1000

7501

2501

BN S, t=7

vg, () vs, (r) m

0.0 05 1.0 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0
r [fm] r [fm]

8s channel |8a channel| 1 channel

o 1= —1 for all three channels = attractive interactions

. 1, t=7
U1 (I‘)
1.0 1.5 2.0 25 3.0
r [fm]

. magnitude of v(r) in short distance is larger for singlet channel

12



Binding energies

e solve Schrodinger equation in the Gaussian expansion method

. . ivama. Kino. Kamimura, 2003
with separable potentials [Hiyama, Kino, Kamimura, 2003]

e systematic error includes

e timeslice dependence

e our results (preliminary) » finite-volume effects

Ss channel 84 channel 1 channel

Ebind [MGV] 59°9(5-3)Stat(t?g)syst 52°6(3-8)8tat(j§:411)8yst 69-1(6-2)8tat(tzé7.4)syst

e C.f. estimates from <A(X)(t)f_\(x)(0)> (X =1,8). 85(8a) channel 1 channel

Ebind [MGV] 23-1(28-O)sta‘5 78-0(12-3)Stat

. consistent with the results from (A" (1) A)(0)) within (large) errors

ESs  ESa o~ gl . L . .
e “bind’» Hbind bind IS Satisfied <= same as chiral unitary model
13



Future work

e more precise consistency check by reducing errors of
the estimates from (A ()AL (0)) (x =1,8)

. variational method using ((MB)(t)A(0)) and (M B)(t)(M B)(0)) additionally

« coupled-channel analysis for 3s and 84 channel with separable
potentials

e studies with more realistic setups

o (2+1)-flavor simulation <= coupled-channel analysis is required
« more complicated separable form in the HAL QCD potential

. a sum of separable terms U(r,r’) Zn(” D (£)0® ()

14



Contents

o Justification of our strategy to calculate compositeness
ongoing work with D. Jido, M. Oka, and Z. Yin
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(conventional) Compositeness

AN ‘2 O _
« Compositeness: an attempt to understand the structure J 0O
of excited hadrons in model-independent way

e theory picture: [Weinberg, 1963, 1965]

Free Theory Full Theory (Nature)
“(Jo @ = 1y + 1
Compositeness:

free ‘q0> ‘q>

scattering states X = /dq |<¢|C] >‘2
— 0 0

F — 771 - 77} ===mmcemcccmcccmccceccceeNeaadecacccaccannc--

T ‘ ¢O> Elementariness:

\J |?7b> . 2
QQQ elementary bound state /= |<¢0‘¢>‘
@C)/ states (model) (observed)

(X +Z = (¢[) =1)

16



Approach to Compositeness

e IN Nature, o) cannot be observed directly

e [Sekihara, Hyodo, Jido, 2015]:

e contribution from WO> (elementariness) can be detected as an energy
dependence of interactions between hadrons

e in this case, compositeness can be derived from the residue of bound-state
pole and energy dependence of the green function (kinematics)

o but, deuteron gives X > 1 (Z < 0) (vin, Jido, arXiv:2312.13582]

=P Other contributions appear in the energy dependnece
\

“Interactioness”
e identifying interactioness requires interaction models (not model independent)

e Other approach?

= cmploy “Weinberg’s equivalence theorem”
17

[Weinberg, 1963]



Welnberg's equivalence theorem (1/2)

[Weinberg, 1963]

Original theory Alternative theory
e free: ﬁo o full: H = ﬁo T % e free: ﬁglt o full: H = ﬁglt + patt
U0) —AE
a
q0) |70 ]q) q) q“)
)

e« how does the Alternative theory imitate the Original theory?

18



Welnberg's equivalence theorem (2/2)

[Weinberg, 1963]

« Theorem: if Alternative theory has two linear combinations of |q8>, T') and ‘F>

such that
(Qo| V' |ap) = (a§| V™ |q
A —F
Original = ___— (Wo| V' |ao) = NO
Theory X _
A —FEy = ~p
(Po| V |1bo) = ~ (C|VET

= gt Lo — 00, Alternative and Original theories share
the same phase shifts .
3(q) = 6**(q)

19



Interpretation of Weinberg's equivalence theorem

e Original theory: bound state, elementary state, our real world

e Alternative theory: no bound state or elementary state,
imitating Original theory

. \F>, |F>: source of elementary state in Alternative theory

e Alternative and Original theories have the same phase shifts

much below £0
Original theory Alternative theory

m_—

Fi

\4

20



Application to calculation of compositeness

. set cutoff A < Eg

=P (UNnder assumption of existence of ') and ‘f>) we can estimate X from
Alternative theory up to the cutoff A

A 43 A g3
xh= [ P = [ ol P <
N (27)% " ——— (27)° ————

Alternative theory Original theory

 \: energy scale under which the elementary state does not contribute

N | =p- cOmpositeness
e natural that X* — 1if A — oo

21



How to determine A

 Note: A is not determined uniquely

. what we know: 9(4) in the Original theory

» assume A to be defined such that there exists a potential which have the

same °(¢) as that for Original theory but does not generate any bound
states

22



New definition of compositeness

e define new compositeness in Original theory

e free: [:IO e |solated: I:]O + VQOQO e TUull: [:]0 + VQOC]O + quﬂo
o) —‘E o) —AE
Qo) ' 0 qr) ' 0 ‘Q>

Q _
X @ e:

Yoo = [ LU Zoow =2 = ol

23



Connection to the Alternative theory

e IsOlated potential in the Original theory = potential without ‘D ‘F> N
Alternative theory

(@l V™ lagh) = (aol V ]ag) = (a0l Vaege + Vaowo 190) = (Qo| Vioqo 190

- |41) is derived by solving Schrodinger equation for ﬁg’lt + VF In the

Alternative theory
(In the demonstration using lattice data, we assume

a1) is the eigenstate of Ho© + V™

A A d3 A dS
Xnew _/ (2 ) ‘ﬁll‘w>| / (2 ) |<;ll‘w>‘ Xnew

eigenstates of Ho' + V" eigenstates of Ho + Vyoaa

24



Example: HAL QCD potentials for bound A (1/2)

o input: fit data for P-wave Nz potential at mr ~ 410 MeV

mn 1217 MoV Ef 4 ~ 106 MeV

e fit function: V*9(r) = )  ase e (r/bi)"
1=1,2.,3

e potential w/ fit parameters to minimize

2
1WEeue)  (0v,,(q) — Overr(q)) v
_ d 449 qq | F.Vaa
X O
Vett\q some large positive humber
| systematic and statistical error
e potentials e phase shifts
40000 Nt 200[ | i | A =~ 1000 MeV
——— new —— NhNew

30000} —— original — original
> 20000} = 180 _
= g . Alternative theory
S 10000 -g-
> o +00! —— : Original theory

—10000
0 1 2 3 140=2 > 1 6
r [fm] (P/my)? [MeV]



Example: HAL QCD potentials for bound A (2/2)

. [4") (solid lines) and 19) (dashed lines)

N

\[ . (PImy)?
--= (P/Img)? =0.06 (real) (orig)

=(0.06 (real)

(P/m;)? =1.10 (real)
(PIm,)? =1.10 (real) (orig)
(PIm,)? = 3.43 (real)

1. (p/m )? =3.43 (real) (orig)

U\/b

r [fm]
bound state |
— Nn
wNW (I‘)
6 8 10

26

(a7 v)

B cenergy range
Nt (new)
0 2000 4000 6000 8000
P [MeV]
> XY ~051
new *




What to do next

e examine the extreme situations

e almost "composite”: energy-independent potential in mom. space

e almost "elementary”. s-channel-diagram potential in mom. space

27



