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•ultimate goal: understand the exotic hadrons from lattice QCD 

•key: hadron scatterings (interactions)
Introduction

Pc [LHCb, 2019][Belle, 2003]X(3872)

Λ(1405) [Isgur, Karl, 1978]

•Finite-volume method

•HAL QCD method{ [Lüscher, 1991]

[Ishii, Aoki, Hatsuda 2007]

Lattice QCD hadron scatterings exotic hadrons

(c.f., talks by M. Nagatsuka, J. R. Green, M. Tomii)

(c.f., talks by T. Doi, Y. Lyu, W. Yamada)
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•lattice QCD: QCD in discrete Euclidean spacetime

Lattice QCD

<latexit sha1_base64="oHTU1mWxPATw1BSAEdZZgt5FHRc="></latexit>

= lim
N!1

1

N

X

n

Õ[D�1[Un], Un]

⋯

<latexit sha1_base64="tz8MCZSirJsX7snfVpYCunf8ln0="></latexit>

e�SG[U ] det(D[U ])

<latexit sha1_base64="bOxOrdzUX1I8KS1SX/cEPo6hDNc="></latexit>

U1
<latexit sha1_base64="3JcW4sHR87iiTqedIClDAmj9Z7Y="></latexit>

U2
<latexit sha1_base64="aIqr/XAqUJeHKVryCkAul+lJX1w="></latexit>

U3
<latexit sha1_base64="9PHBBQEqQb3Gysx3DRzqDhHRJww="></latexit>

U

gluon field 
(link variable)

quark 
field

⋯⋯
<latexit sha1_base64="EWRZy3HzNixR9eT79AOUSBPra5k="></latexit>

 (x)
<latexit sha1_base64="3/2pt0nLKXFC7sfrDvLGwCiHQ3c="></latexit>

Uµ(x)

<latexit sha1_base64="IjxlY4nZadXdoUaSiSPRKJ75jfQ="></latexit>a

⋯ ⋯
⋯⋯

Monte Carlo 
method

•example: hadron masses from 
2pt correlation functions

meson:              , baryon:                  
<latexit sha1_base64="EaOOhzhVA1t9sVHFtbIxX/ut8Y4="></latexit>

 ̄(t)� (t)
<latexit sha1_base64="mLpoiij6hWTe+UycV03K2YYSkb4="></latexit>

 (t) (t) (t)
<latexit sha1_base64="3S4ZrFD92L+6lTsTT1LbzaI4xVs="></latexit>

CO(⌧) = hO(⌧)O†(0)i
<latexit sha1_base64="VgV5d9H1MLtFg/aL2GGtwxsi3tY="></latexit>

!
t!1

(const.)⇥ e�mO⌧

<latexit sha1_base64="Ukyp3N/rXvcY09IfnwmYb7KcdQ0="></latexit>

hOi = 1

Z

Z
D[U ]e�SG[U ] det(D[U ]) Õ[D�1[U ], U ]

[HAL QCD Collab., 2024]

hadron masses at  MeVmπ ≈ 137



phase shift

<latexit sha1_base64="ynvw1kqvAXF6MR1SqDT7TSy3Gl0="></latexit>
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hadron operators

2-body hadron state 
with energy <latexit sha1_base64="++0Q284OAeP2fKwxFHG1ZlKY9OA="></latexit>

W

•key quantity: Equal-time Nambu-Bethe-Salpeter (NBS) wave function 

•Finite-volume method

•HAL QCD method

<latexit sha1_base64="P80fUu14bHWfGgcfsLYQw1U7JVQ="></latexit>

 W (r) = h0|O1(r, 0)O2(0, 0)|1, 2;W i
<latexit sha1_base64="TVCCnuP019R1mp4wJX4GtOJ+bhQ="></latexit>

(W =
q

k2 +m2
1 +

q
k2 +m2

2)

⋅
<latexit sha1_base64="qUg3y2K9Q3blJ3ywj559euiOrQs="></latexit>r

: asymptotic
<latexit sha1_base64="Tq3XKkNheP4wSGqqlSkV3im5Se4="></latexit>

 W (r)

<latexit sha1_base64="BX8qb6p6Yj5H9pyLhj0QSo0itME="></latexit>

O

: not asymptotic

<latexit sha1_base64="+jZc6twizugyghvW0BJX8n1KnGk="></latexit>

 W (r)

•methods based on NBS wave function:

[Lin, Martinelli, Sachrajda, 
Testa, 2001]

{

Hadron scatterings in lattice QCD

[Lüscher, 1991]

[Ishii, Aoki, Hatsuda 2007]
NBS wave function  interaction potential  phase shift

finite-volume energy  quantization condition  phase shift
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•time-dependent HAL QCD method

•R-correlator:
HAL QCD method [Ishii, Aoki, Hatsuda 2007]

[Ishii et al. 2011]

(local (leading-order) approximation)

<latexit sha1_base64="U1KdfbLGQMyB9s0cjWSCENGjyts="></latexit>

⇡ V (r)�(3)(r� r0)

( : reduced mass)<latexit sha1_base64="2lG30X62DKuLFEymw/5VGJNUbkc="></latexit>µ

NBS wave function

<latexit sha1_base64="+0ORgFX9hgt12KVJymL/aGM0ngM="></latexit>Z
d3r0 U(r, r0)R(r0, t) '

⇣r2

2µ
� @

@t
+

1

8µ

@2

@t2

⌘
R(r, t)

<latexit sha1_base64="H8HvpFLzb8aM1wAD3Neqxk/cDOc="></latexit>

V (r) ' 1

R(r, t)

⇣r2

2µ
� @

@t
+

1

8µ

@2

@t2

⌘
R(r, t)

<latexit sha1_base64="EhNNk5CJEQrUpj2ja4J2QrJrzmk="></latexit>

R(r, t) =
hO1(r, t)O2(0, t)J̄(0)i

hO1(t)Ō1(0)ihO2(t)Ō2(0)i
<latexit sha1_base64="1rV2rnPV+56umuMXyKmyA+2jfSM="></latexit>

⇡
X

n

CJ̄,n 
Wn(r)e�(Wn�m1+m2)t

[Ishii et al. 2011]

e.g. NN potential
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•situation of HAL QCD studies much depends on  
whether the system has quark pair annihilations

Exotic hadrons and quark pair annihilations

•system w/o quark pair annihilations: 
, , , 

<latexit sha1_base64="HA/tF4mLI9+zxlPUkdZkpsFyrNU="></latexit>

QQq̄q̄
<latexit sha1_base64="4pGT8i9feS9HUid6n/6cMmVMW9Y="></latexit>

QQ̄qq̄0
<latexit sha1_base64="R6TsREww+ZhGFWb1UYRknTSWIhA="></latexit>

QQ̄qqq
<latexit sha1_base64="JqVZcPQuOfqvfrSiigJLsGCumKM="></latexit>

qq̄0qqq

Z Pc

(neglect  annihilation)QQ̄

•system w/ quark pair annihilations:  
resonances, , , 

<latexit sha1_base64="WeQHS1PA/651x0Pq707CKkCOUcU="></latexit>

QQ̄qq̄
<latexit sha1_base64="4n6fEdA3GWXULhKARGDEpWDGBK0="></latexit>

qq̄qq̄
<latexit sha1_base64="OVAfSf+2/Q4IdVwpfibMKFIwPXo="></latexit>

qq̄qqq

Θ+

time time

<latexit sha1_base64="ttu++XJ3mJ/3IAWSg/Lf7NEcwNM="></latexit>

Tcc

<latexit sha1_base64="0kgLpeto6Bfboq5nRmEdJ9x5/lc="></latexit>

⇤(1405)
<latexit sha1_base64="R57+HCHD00whb/Yifey5mLk7hQo="></latexit>

X
<latexit sha1_base64="UfJgkgwN5UEwV5s55g5upC4I1Ws="></latexit>

f0/�
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Exotic hadrons w/o quark pair annihilations

mπ

138 MeV

146 MeV

 400 MeV≳

•  dibaryon 

•  dibaryon  

•H-dibaryon

ΩΩ

NΩ

•  

•  pentaquark

Zc(3900)

Pc

configuration generated 
using Supercomputer Fugaku (Japan)

hadron interactions ongoing

≈
[Lyu et al., 2021]

[Lyu et al., 2022] 
[Chizzali et al., 2022]

[Lyu et al., 2023]

[Sugiura et al., 2018]

[KM, Akahoshi, Aoki, 2020][Ikeda, 2011(PoS)][Ikeda et al., 2016]

[Iritani et al., 2019]near-physical 
point

physical point
[HAL QCD Collab., 2024]

[Gongyo et al., 2018]

[T. Aoki, S. Aoki, Inoue, 2023]

•HAL QCD studies have been done in almost realistic setups

[Sasaki et al., 2020]

•  dibaryon 

•  tetraquark 

•  + femtoscopy

ΩcccΩccc

T+
cc

Nϕ

•  

•  tetraquark

Θ+(1540)

Tbb

, …H, KN, D̄N, ΩcccN, ΛcN, J/ψN
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HAL QCD method in quark pair annihilations

[Akahoshi, Aoki, Doi, 2021]
•New calculation technique to suppress the cost in HAL QCD 

•hadron resonances/some exotic hadrons:  
quark-pair annihilation diagrams appear

 computational cost is very high  larger× O(L4)

•    (resonance)ππ ρ
[Akahoshi, Aoki, Doi, 2021]

•  ( )   ( ) (stable)Nπ ΞK̄ Δ Ω
[KM, Akahoshi, Aoki, Doi, Sasaki, 2023]

•next step:  
exotic hadrons  
(  etc.)Λ(1405)

[M. Foster,  
C. Michael, 1999] [Blum, Izubuchi, Shintani 2013]

[Bali, Collins, Schäfer 2010]
one-end trick + All-mode averaging (AMA) noise + AMA (w/o low lode)
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•  baryon known from 1950s
<latexit sha1_base64="xvYYOXnYuQJyU/AtO7XX4ZFCQgg="></latexit>

I = 0, JP = 1/2�

12

Λ(1405)

[Oller and Meissner, 2001]

[Hyodo and Jido 2012]

[Jido, Oller, Oset, Ramos, Meissner, 2003]

•two pole structure?

Λ(1405)

quark model

experiment

[Isgur and Karl, 1978]
E

K̄N

πΣ

Λ(1405)•both  and  scatterings have 
been experimentally measured 

K̄N πΣ

[Dalitz, Tuan, 1959]

[J-PARC E31,2023]

•(mainly) couple to  and K̄N πΣ

•not a simple  baryonΛ

•suggested by chiral unitary model

first-principle calculation is needed
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 from lattice QCDΛ(1405)

•our goal: study from HAL QCD approach

resonance

[Bulava et al. (BaSc Collab.), 2024]

<latexit sha1_base64="fUzuzHS1FgvnmPasXJVWCIKo7mQ="></latexit>

m⇡ +m⌃
<latexit sha1_base64="O4ybBZ3PgEIdGEW/yhw6RnvQrhY="></latexit>

mK̄ +mN

•couple-channel scattering amplitude can be determined uniquely 

•how does the interaction behave to generate the  pole(s)?Λ(1405)

virtual

•early studies of  spectrum from two-point functions 
and EM form factor

Λ(1405)
[Melnitchouk et al., 2003; Nemoto et al., 2003; BGR Collab., 2006; 
Ishii et al., 2007; Takahashi, Oka, 2010; Menadue et al., 2012; 
Engel et al., 2013; Gubler et al., 2016]

•study from  scatterings in 
finite-volume method at  MeV 

K̄N − πΣ

mπ ≈ 200

[Hall et al., 2014]
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•studies in chiral unitary model

 in flavor SU(3) limitΛ(1405)

[Jido, Oller, Oset, Ramos, Meissner, 2003; Bruns, Cieplý, 2022; 
Guo, Kamiya, Mai, Meißner, 2023]

•physical point

•channels: 
baryonmeson

<latexit sha1_base64="vEcQXriD2uEwo9u6SLmzSl/DE10="></latexit>

8⌦ 8 = 27� 10� 10⇤ � 8s � 8a � 1

one pole  
in  channel

<latexit sha1_base64="26Ns+LbQEjrx9YEdfvqE+e8ihfI="></latexit>

1
two poles 

in  channel
<latexit sha1_base64="LQxZNmPipm7XV01H6zBO0hJtmOA="></latexit>

8s � 8a

•SU(3) limit

two poles of 
Λ(1405)

one pole of 
Λ(1680)

•we study   
in flavor SU(3) limit 

Λ(1405)
<latexit sha1_base64="TjnZ1iHLsNsEGiHjTW1/2oYYdhY="></latexit>mu = md = ms

<latexit sha1_base64="4FcPB7X9Ak0dIUqFUX6PgINkYn4="></latexit>

m1 < m8,m80

E

K̄N

πΣ

Λ(1405)

Physical point 

 ?Λ(1405)

SU(3) limit

B8M8



<latexit sha1_base64="4HtEYIe7RFmR4tprOU3+X3PZlT0="></latexit>

R(rep)(r, t) =
h(M(r, t)B(0, t))(rep)⇤̄(0)i
hM(t)M̄(0)ihB(t)B̄(0)i

•bound state in each channel from  
 and : 

<latexit sha1_base64="TZtTKBwGIgq73eF3P5aALnoZcrA="></latexit>

h⇤(8)(t)⇤̄(8)(0)i
<latexit sha1_base64="cxgMSmD/mFPVSMml/DcPkKPLNdc="></latexit>

h⇤(1)(t)⇤̄(1)(0)i

15

Setups
•SU(3) conf. w/  fm,  latticesa ≈ 0.12 324

<latexit sha1_base64="U1Bc6DLFeDsQus7TF//cnvOtdpc="></latexit>

⇠
X

z

ū(z)d̄(z)s̄(z)

•R-correlators <latexit sha1_base64="/Pu6Ak65LCCmnd4Mhrr1DDUvShg="></latexit>

(rep = 1, 8s, 8a)
<latexit sha1_base64="eY8KvYKRNeLTJIxpRBG6UnQwcws="></latexit>

⇤̄(0)

<latexit sha1_base64="RneCdRB4LnQoyiOFfv3SfwbS4Mw="></latexit>

B(0, t)

<latexit sha1_base64="8kjOfyWuZhntoCgrFWRBqkLZlzM="></latexit>

M(r, t)

•neglect coupling between  and  in this work
<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a

<latexit sha1_base64="fpjCDiaUhyZAyVK4LEaNg5WoKXI="></latexit>✓
V8s8s(r) V8s8a(r)
V8a8s(r) V8a8a(r)

◆
⇡

✓
V8s8s(r) 0

0 V8a8a(r)

◆

•no coupling between  and  
•interactions for  and  are the same

<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a
<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a

cf. chiral perturbation theory with 
Weinberg-Tomozawa term:

(Inoue (HAL QCD), PoS CD15 (2016), 020)
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Local potentials
• R-correlators  
(NBS wave functions)

<latexit sha1_base64="xxilXVMyNY3y989iX4vn+byo6jU="></latexit>

R(r, t)

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

<latexit sha1_base64="H8HvpFLzb8aM1wAD3Neqxk/cDOc="></latexit>

V (r) ' 1

R(r, t)

⇣r2

2µ
� @

@t
+

1

8µ

@2

@t2

⌘
R(r, t)

•local potential in singlet channel <latexit sha1_base64="4EHnYqnwVfW7TtKuY6fvrx6g/Lc="></latexit>

V1(r)

no problematic in principle,  
but difficult to obtain reliable results• take alternative approach

• mixed operator (only in octet channel) 

• separable potential
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, : different potentials,  
but produce the same scattering 
amplitude

<latexit sha1_base64="yqGBnNwda10RBSRtjPDWslYD1F4="></latexit>

R(8s)(r, t)
<latexit sha1_base64="vKDARyw7GMsNDWXdpsxNjaLxbNE="></latexit>

R(8a)(r, t)

20

Utilizing the two octet R-correlators

same situation for  at any  
<latexit sha1_base64="K1Kv+pzv9oNrRrTRAe4OJliZLjw="></latexit>

R(8mix)(r, t) = R(8s)(r, t)� cR(8a)(r, t) <latexit sha1_base64="8QmwUysTtriOq9h94yx1OshBPIs="></latexit>c

•assume  and  are degenerated 
in this work

<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a

•  is set such that  does not cross zero<latexit sha1_base64="8QmwUysTtriOq9h94yx1OshBPIs="></latexit>c
<latexit sha1_base64="Rn1cGgX1MxM/3PNB6hwIZIY42AA="></latexit>

R(8mix)(r, t)

<latexit sha1_base64="yqGBnNwda10RBSRtjPDWslYD1F4="></latexit>

R(8s)(r, t)
<latexit sha1_base64="vKDARyw7GMsNDWXdpsxNjaLxbNE="></latexit>

R(8a)(r, t)

<latexit sha1_base64="sOJShH3FxeCZOSNz5CJUxKVv/L0="></latexit>

V (r)
<latexit sha1_base64="Xqwc1M1AHf93opA0zM0bpqVE7zw="></latexit>

V 0(r)
<latexit sha1_base64="UxMXioh/mEL4DZX5zcsO8x6pwD8="></latexit>

M(s)
different

<latexit sha1_base64="HjoUOULQ0F9GnkzxdfgZAomEPZw="></latexit>

V (c)(r)
<latexit sha1_base64="3t+73EZNaCLHsCJgrwpk5HXkgcA="></latexit>

R(8mix)(r, t) ⌘ R(8s)(r, t)� cR(8a)(r, t)

•no coupling between  and  

•interactions for  and   
are the same

<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a
<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a

cf. chiral perturbation theory 
w/ WT interaction:
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•attractive for all   
•the shape drastically changes for different 

c

c
physical observables?

LO potentials from mixed R-correlators

•the zero points disappear 
in 0.2 ≲ c ≲ 0.8

LO potentials
<latexit sha1_base64="K1Kv+pzv9oNrRrTRAe4OJliZLjw="></latexit>

R(8mix)(r, t) = R(8s)(r, t)� cR(8a)(r, t)

( , )
<latexit sha1_base64="mC44wmXM3ozAaCmIRYxrK32nPaI="></latexit>

mM ⇡ 670 MeV
<latexit sha1_base64="9Ndz22FuP0pYd0BDWfwoivrvDY4="></latexit>

mB ⇡ 1489 MeV
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Binding energy in octet channel
•solve Schrödinger equation 

 binding energy for each <latexit sha1_base64="8QmwUysTtriOq9h94yx1OshBPIs="></latexit>c

•difference between ,   

•effect of the -  coupling 

•non-locality effect

<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a
<latexit sha1_base64="67bKgzkseVKMXXyjZ0eVIN7Uji8="></latexit>

8s
<latexit sha1_base64="qI8HnUB4PCh67Bm17B2eTQlQQrE="></latexit>

8a

0.2 0.25 0.3 0.4 0.6 0.8
179(4) 177(5) 177(5) 163(7) 132(13) 99(15)

<latexit sha1_base64="8QmwUysTtriOq9h94yx1OshBPIs="></latexit>c
<latexit sha1_base64="Rh6iC4i+kURQxxvTbysJBT3dzTY="></latexit>

E(octet)
bind [MeV]

•consistent with the value from  (  ) 
 our analysis (and assumption) is more or less reliable

<latexit sha1_base64="322krj0QQEE8PmRasuFxQYax8AQ="></latexit>

h⇤octet(t)⇤̄octet(0)i
<latexit sha1_base64="YAaLyudrAbM7Wwy2dPiByNNYrWM="></latexit>

156(8)stat MeV

•systematic error possibly comes from:{

<latexit sha1_base64="OcsekejqV6xaU3Uja3ZQNwCDRI8="></latexit>

E(octet)
bind = 163(7)stat

✓
+16
�64

◆

sys

MeV

( , 
)

<latexit sha1_base64="mC44wmXM3ozAaCmIRYxrK32nPaI="></latexit>

mM ⇡ 670 MeV
<latexit sha1_base64="9Ndz22FuP0pYd0BDWfwoivrvDY4="></latexit>

mB ⇡ 1489 MeV
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•time-dependent equation

Separable potentials in the HAL QCD method

<latexit sha1_base64="+0ORgFX9hgt12KVJymL/aGM0ngM="></latexit>Z
d3r0 U(r, r0)R(r0, t) '

⇣r2

2µ
� @

@t
+

1

8µ

@2

@t2

⌘
R(r, t)

(separable potential approximation)

<latexit sha1_base64="iLjlwpUEBPeCSDaNrLu0Xwv3krQ="></latexit>

⇡ ⌘v(r)v(r0), (⌘ = ±1)

<latexit sha1_base64="OP67HRbBhR1MppdIXwRh0ZtHJmk="></latexit>✓
R(r, t) =

hO1(r, t)O2(0, t)J̄(0)i
hO1(t)Ō1(0)ihO2(t)Ō2(0)i

◆

<latexit sha1_base64="P4CCKUfiIIUPoLyYX7x0elwJ5o0="></latexit>

⌘v(r)

Z
d3r0 v(r0)R(r0, t) ⇡

✓
r2

2µ
� @

@t
+

1

8µ

@2

@t2

◆
R(r, t)

constant (indep. of )<latexit sha1_base64="++SfDTQp2H+WE6ZcaG2tiyMchEM="></latexit>r

no singular behavior for 
<latexit sha1_base64="K8Y9llqhPcXomMQqNQxxlV0uGZ4="></latexit>

v(r)
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How to extract separable potentials
•time-dependent (TD) equation for separable potential:

: constant (indep. of )<latexit sha1_base64="++SfDTQp2H+WE6ZcaG2tiyMchEM="></latexit>r

<latexit sha1_base64="wPn/cQb4tbvOrWc4b+OoQUrUwbk="></latexit>

(⌘ = ±1)

<latexit sha1_base64="NYPNdRZcsioJG3019JFVQc0cZsM="></latexit>

= A[R, v]
<latexit sha1_base64="JFv8UVdcfBz+CiS6YEbe38aMJ4o="></latexit>

= DR(r, t)

<latexit sha1_base64="B7BYf+UbNSfSa1TKNwOLOzkRtoY="></latexit>

⌘v(r)

Z
d3r0 v(r0)R(r0, t) =

✓
r2

2µ
� @

@t
+

1

8µ

@2

@t2

◆
R(r, t)

<latexit sha1_base64="e8khyC6jUCYm2WzKILNVD02M6MI="></latexit>

⌘(A[R, v])2 =

Z
d3r R(r, t)DR(r, t)

real

<latexit sha1_base64="1THTsN8flEvaTfmQmykFd0jBe/8="></latexit>

⇥
Z

d3r R(r, t)

<latexit sha1_base64="njZnDLKIsEKZDnt3I11ef4maigQ="></latexit>

⌘ = sgn[⌘(A[R, v])2] = sgn

Z
d3r R(r, t)DR(r, t)

�

<latexit sha1_base64="fUZxtVMYfQvN9Kd6YmTHJKxqh3Q="></latexit>

A[R, v] =
p
|⌘(A[R, v])2| =

s����
Z

d3r R(r, t)DR(r, t)

����

<latexit sha1_base64="zFzV7ZhC41X79xWeXdVmSO77e+M="></latexit>

v(r) =
DR(r, t)

⌘A[R, v]
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Setups for separable potentials
•neglect coupling between  and 

<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a

<latexit sha1_base64="Wioowyl3J87DmA5xg6ET2mZ75ro="></latexit>✓
U8s8s(r, r

0) U8s8a(r, r
0)

U8a8s(r, r
0) U8a8a(r, r

0)

◆
⇡

✓
⌘8sv8s(r)v8s(r

0) 0
0 ⌘8av8a(r)v8a(r

0)

◆

<latexit sha1_base64="/7Yf1lHPqYoDd2N66bWIV8dtzFI="></latexit>

U1(r, r
0) ⇡ ⌘1v1(r)v1(r

0)

•fitting for  using multi-Gaussians 
to obtain potentials in continuum

<latexit sha1_base64="OYWO9MQ/u5FnFO1lw0xGEdBgWSk="></latexit>

DR(r, t)

<latexit sha1_base64="ABJRTOrxYQU59kHRIOwzRKAXz9o="></latexit>✓
DR(r, t) =

✓
r2

2µ
� @

@t
+

1

8µ

@2

@t2

◆
R(r, t)

◆

 in singlet channel
<latexit sha1_base64="OYWO9MQ/u5FnFO1lw0xGEdBgWSk="></latexit>

DR(r, t)

preliminary
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Results of separable potentials

•  for all three channels  attractive interactions 

•magnitude of  in short distance is larger for singlet channel

<latexit sha1_base64="k+zjVYX0v6ZkKbSOXqBK9Ucnnvw="></latexit>

⌘ = �1
<latexit sha1_base64="VvgAnH6HzixjnXX2UANf8rTVE5w="></latexit>

v(r)

•Results of , 
<latexit sha1_base64="VvgAnH6HzixjnXX2UANf8rTVE5w="></latexit>

v(r)
<latexit sha1_base64="IJJ3XW3xvOEsadEAwr7+SJb59KE="></latexit>⌘

 
<latexit sha1_base64="liubc8KdgQdxSXhosqbApqbgdx0="></latexit>

v8s(r)  
<latexit sha1_base64="dj8+22Yb7lwRgosGCF4qv2FDpF0="></latexit>

v8a(r)  
<latexit sha1_base64="6gTRtP4C9khFT9//2aWb7WfQ+hM="></latexit>

v1(r)

 channel
<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s  channel
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a  channel
<latexit sha1_base64="SuPOXy07e8/xFS83TjBWMuZ7vj4="></latexit>

1
<latexit sha1_base64="IJJ3XW3xvOEsadEAwr7+SJb59KE="></latexit>⌘ <latexit sha1_base64="o/ndQZp2Uhe0pKXl30kSkP4M318="></latexit>�1

<latexit sha1_base64="o/ndQZp2Uhe0pKXl30kSkP4M318="></latexit>�1
<latexit sha1_base64="o/ndQZp2Uhe0pKXl30kSkP4M318="></latexit>�1

( , )
<latexit sha1_base64="v+y7HNsI6G7zPhXYkfPVjmY3XGc="></latexit>

mM ⇡ 460 MeV
<latexit sha1_base64="dRmjyVzkG1vMTyUFCfqOUny56oI="></latexit>

mB ⇡ 1166 MeV

preliminary preliminary preliminary
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Binding energies
•solve Schrödinger equation in the Gaussian expansion method 
with separable potentials

•our results (preliminary)

<latexit sha1_base64="qgG9kxHKJAbf98VsqYbGOQ0X+S0="></latexit>

Ebind [MeV]

 channel
<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s  channel
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a  channel
<latexit sha1_base64="SuPOXy07e8/xFS83TjBWMuZ7vj4="></latexit>

1
<latexit sha1_base64="vcLyP4JPGIWIBt7MpCsvtJzEEvQ="></latexit>

57.9(5.5)stat(
+5.0
�2.9)syst

•c.f.  estimates from  :
<latexit sha1_base64="ryhkEg1HJyUH+3EwOy+aN9N11/M="></latexit>

h⇤(X)(t)⇤̄(X)(0)i <latexit sha1_base64="eQJy5HsrM8ZtTmsItiY7otiJX5Q="></latexit>

(X = 1, 8)

•systematic error includes
•timeslice dependence 
•finite-volume effects

•( ) consistent with the results from  within (large) errors 

•   same as chiral unitary model (  )

2σ
<latexit sha1_base64="ryhkEg1HJyUH+3EwOy+aN9N11/M="></latexit>

h⇤(X)(t)⇤̄(X)(0)i
<latexit sha1_base64="XMa3GClvzrbjvD/lGM5ryWI8x1I="></latexit>

E1
bind > E8s

bind, E
8a
bind

<latexit sha1_base64="4FcPB7X9Ak0dIUqFUX6PgINkYn4="></latexit>

m1 < m8,m80

<latexit sha1_base64="qgG9kxHKJAbf98VsqYbGOQ0X+S0="></latexit>

Ebind [MeV]

( ) channel
<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a  channel
<latexit sha1_base64="SuPOXy07e8/xFS83TjBWMuZ7vj4="></latexit>

1
<latexit sha1_base64="AOaMFauakMmgQP5+/jf3kZMOzRo="></latexit>

87.6(7.0)stat
<latexit sha1_base64="8+Q7aoFZFIz/WuXrDsnSs7hYJmo="></latexit>

24.5(17.3)stat

[Hiyama, Kino, Kamimura, 2003]

( , )
<latexit sha1_base64="v+y7HNsI6G7zPhXYkfPVjmY3XGc="></latexit>

mM ⇡ 460 MeV
<latexit sha1_base64="dRmjyVzkG1vMTyUFCfqOUny56oI="></latexit>

mB ⇡ 1166 MeV

<latexit sha1_base64="98ahcGkHD+DCUG9EbjCDthLB9Fg="></latexit>

55.9(3.5)stat(
+5.0
�7.4)syst

<latexit sha1_base64="Hih506MrhAFTTm89w1lWbB9wHOo="></latexit>

72.4(6.2)stat(
+11.4
�2.4 )syst
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• it appears due to the zeros of  (wave functions) 

• such behavior does not happen in the usual QM  
 singular behavior: effects beyond QM (effects from QFT) 

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

<latexit sha1_base64="NhiCGGSW/Bfl6JAxlxm+QGb89+c="></latexit>

R(r, t)

Discussions

nonlocality of the 
HAL QCD potential

• singular behavior:

• systematic error of binding energy:

• mainly comes from timeslice dependence of the potentials in 
short distance ( )

<latexit sha1_base64="3jb5vng6bH1p9gtY8Icn5Eddx9Y="></latexit>

r . 0.15 fm

 binding energy is sensitive to short-distance 
behavior of separable potentials
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•we study  in flavor SU(3) limit from the meson-baryon 
scatterings in lattice QCD using the HAL QCD method 

•R-correlator has a zero point, which leads to singular behavior for the 
local potential 

•we utilize the mixed R-correlator in the octet channel, from which the 
potential gives similar binding energies regardless of the mixture 

•we employ a separable potential and the results show attractive 
interactions and produce consistent binding energies within (large) 
errors

Λ(1405)

Summary
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• include coupling between  and  

• beyond SU(3) limit, simulation w/ lighter pion mass 

• more complicated separable form of potentials  
(application of [Ernst, Shakin, Thaler, 1973]?)

<latexit sha1_base64="kBDPIRm2SDMWg1DHnSmWOHQu3Mg="></latexit>

8s
<latexit sha1_base64="RyLYuabr+rN1MPfhJcBEg+xtdx8="></latexit>

8a

Future work

 coupled-channel analysis & 4pt correlation function are required

• more realistic and precise setups

•this work: first time application of the HAL QCD method 
with separable potentials

• other application (  resonance?) 

• useful to check systematics from non-locality effect

κ

[Meng, Epelbaum, in preparation]


