Lambda(1405) in the flavor SU(3) limit using
a separable potential in the HAL QCD method

Kotaro Murakami
Tokyo Institute of Technology/RIKEN ITHEMS
(HAL QCD Collaboration)

In collaboration with
S. Aokl (for HAL QCD Collaboration)

The 41th International Symposium on Lattice Field Theory (Lattice 2024)
@University of Liverpool, UK, August 2nd, 2024



A(1405) from lattice QCD

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

A(1405)

e ONe pole? two poles? ey,
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» lattice QCD using finite-volume method [Hyodo and Jido 20121
My + My, Mg + My

at m, ~ 200 MeV [Bulava et al. (Basc Collab.), 2024]
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» 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:
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e time-dependent HAL QCD method
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* Left-hand cut (5. Aoki, Aug 1)
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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 (AP (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)
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« 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’)
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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
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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)

8




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




Results of separable potentials

e Results of U(P), 7]
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. magnitude of v(r) in short distance is larger for singlet channel
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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
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Summary

« We study A(1405) in flavor SU(3) limit from the meson-baryon
scatterings in lattice QCD using the HAL QCD method

e R-correlator has a zero point, which leads to singular behavior of the
potential

« t0 avoid such behavior, we employ a separable potential instead of the
usual local approximation for the HAL QCD method

e OUr results of the potentials show attractive interactions and produce
consistent binding energies within (large) errors

e first time application of the HAL QCD method with separable potentials
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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® ()
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Backups
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Setups in detail (A(1405) in SU(3) [Imit)

e Use 3-quark source operator in the R-correlator

(cf. my, = 368 MeV, my = 1151 MeV In chiral unitary model)
<(M(I’, t)B(O’ t))(rep)A(O)>N Z a(z)j(z)g(z) . 3-quark type
(MOMTO)(BHBI(0)) -
(rep = (1,84, 85))

R(rep) (r,t) =

s=—1,1=0 _ V10

_ v 10  — _ vV 15 _
MBQ Eoz =0 KN(X =0 Zoz =0 8A8
Se—10=0 V2, . 1o, V2 - -
(M B,)g, = 7( CH R : (KN,)"=°
g 1 a1 - o, V6 o V2
S=—1,I= — = —0 _
(MBoz)l B = 5( :a)l ) — §(KNoz)I ’ A (Wza)l ’ A 778Ai



Quark contractions
(1)

(X—I—I’,t—|—t0)
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Detalls of calculation

e R-correlators (rep = 1, 8;,8,)

(M(x +r,t)B(x,1) A<X)
(M (t)M(0))(B(t)

R(rep) (r,t) =

move x to Increase all-to-all-propagator

statistics (CAA + TSM) calculation using

[Bali, Collins, Schafer 2010)] _
Blum, lzubuchi, Shintani 2013] Stochastic method
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Local potentials in all channels

30000
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e singular behavior because of the R-correlators crossing zero
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Phase shifts

e solve Lippmann-Schwinger equation with the sapearable potentials

. results of k cot d(k)

3s channel 8. channel 1 channel
o, HEE 8, t=7 0| W 8, t=7 | | 0, M 1 t=7
Y —k2 . _\/_kz . _k2
0.0 0.0 0.0
= = =
£ £ £
'e)] 'e)] 'e)]
5 0.2 g —0.2 g —02
O O O
X X X
—0.4 —0.4 —0.4
—0.9 790 ~50 0 50 100 %800 ~50 0 50 100 %890 ~50 0 50 100
W —mpy — mg [MeV] W —mpy — mg [MeV] W —mpy — mg [MeV]

e typical behavior when systems have attractive interactions

e ONE bound state appears
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Sepa ra ble pOte ntlal |n each Case * “periodic™: using periodic funtion as a fit function

lot of for) = f(r)+ ) f(r+Ln), ne{(0,0,+1),(0,+1,0),(£1,0,0)}
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* "periodic”: using periodic funtion as a fit function

-1,0,0)}
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Observables in each case
for) = f(r)+ ) f(r+Ln), ne{(0,0,+1),(0,£1,0),(
o kcoto(k) 8, channel 84 channel 1 channel
0.27 : :z:zz periodic 0.2 : :::2 periodic 0.2¢ = i:zg periodic
0.0l = :ztt:; periodic 0.0l = ::Zz; periodic 0.0l : 1:;; periodic
EE 8, t =8, periodic EE 85, t =8, periodic § 1't.= 8, periodic
% ~0.2 -k % ~0.2 -k % ~0.2
—0.4 —0.4 —0.4
0-900 ~50 50 100 %800 ~50 0 50 100 O;Glo ~50 0 50 100
W —mpy — mg [MeV] W —mpy — mg [MeV] W —mpy — mg [MeV]
e binding energies (MeV) (preliminary)
8 s 8 a T periodic 3 s 8 a ]
t=6 61.4(53) | 54.7(15) | 76.8(3.4) t=6 09.9(6.3) | 234(l.7) | 75.7(3.3)
t=7 54.4(9.7) | 537(36) | 583(4.1) t=7 02.2(9.9) | 226(3.8) | 96.7(4.9)
t=8 65.5(12.5) | 52.4(5.6) 69.9(6.7) t=8 62.2(9.5) 47.2(6.2) 69.1(6.2)
singlet octet octet
from 2pt| 78.0(12.3) 23.1(28.0) 23.1(28.0)



DISCUSSIONS

e singular behavior:

. it appears due to the zeros of £(r,?) (wave functions)

e such behavior does not happen in the usual QM

=P singular behavior: effects beyond QM (effects from QFT)
—

« HAL QCD method with separable potentials allow us to avoid
singular behavior

non-locality of the
HAL QCD potential

e systematic error of binding energy (BE):

« mainly comes from timeslice dependence of the potentials in
short distance (" < 0.15 fm)

=P BE |s sensitive to short distance behavior
of separable potentials
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Reliability check of separable potential

e compare phase shifts calculated using local and separable potentials

. systems: I =1land / =0 KN in SU(3) limit at m,, ~ 672 MeV, m, ~ 1490 MeV

e kCOto
5
0.00 B 10KN (t=7)
BEl /OKN (local)(t=7)
—0.25} al L |
| — =V =k?
—0.50} | | | |
3- ! ]
= ~0.75} | | | | : I — O K N
) i | | (2 7_p|et) | S f | |
g oo s 1 (10%plet)
kv, Ry, p
~1.25 | 1t |
~1.50}
0.. !
—-1.75+ /
—2.00,55 —100 0 100 200 300 ~500 —100 0 100 200 300
E—mpy—mg[MeV] E—mpy—mg[MeV]

e same phase shifts up to ~100 MeV for I =1 KN while ~10 MeV for Il =0 KN



