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1. Introduction

++ Hadron-hadron interactions ++

B Understanding the hadron-hadron interactions has been an interesting topic
In hadron physics.

- -
“ ..

HIGGSTAN.

Proton ha };\
B
They provide important clues to the quark dynamics inside hadrons. \
: . Hadronic
Bound states may exist as hadronic molecules. molecules

— Originates from QCD (qguantum chromodynamics).
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1. Introduction

++ Hadron-hadron interactions ++
300 ————

B Various hadron-hadron systems.
Nuclear force for NN.

| | DL L L AL L LA L L L

; :
S0 channel -

200 - .

Baryon-baryon interactions.

I |
repulsive I | ]
100 |- cCore | 0.w,d | -

i | |
I |

Meson-baryon interactions.

Meson-meson interactions.

: CD Bonn

Ishii et al., Phys. Rev. Lett. Reido3

-100 AV18
: 2 22001. -
B Various approaches. 99 (2007) 02200 il

0 0.5 11111”1.511112 2d.5
Experiments: Traditional scattering, femtoscopy, :--.

Phenomenological models: Constituent quark model, meson-exchange model, ---.

QCD and effective theory: Lattice QCD, chiral perturbation theory, ---.
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1. Introduction

++ Hadron-hadron interactions ++
B Baryon-baryon interactions in the constituent quark model.

Total spin J = 3 Y=B+S T. S. and T. Hashiguchi, Phys. Rev. C108 (2023) 065202.
CJ B, B,
AA | Be=13.1MeV r ,
—~ AAA AAA
i 40 I I I I I I I I I
AE*C ClQ.()‘MeV q@b AA(3,0) ——
B ™ 20 : L
{ 4 \ AY¥(3,1/2)
ATHE_YH Y 11.7 MeV B, By 0 F
(\’\ \’\ N > I3
- —C\ —C\ — 20 ¢
AQ. TS 11.1 MeV = 0 L
Cx’\ C\’\ C\’\ C\’\ =~ 60 L
—&0 L
— The flavor anti-decuplet ( 10* ) states with —100 |
- - - - —120 | | | | | | | | |
total spin J = 3 have attractive potentials T EE IV IRV IE T
sufficient to generate dibaryon bound states. r [fm]
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1. Introduction

++ Hadron-hadron interactions ++
B Meson-baryon interactions in a #N-n N- o0 N- o0 N coupled-channels model.

— The Roper resonance is dominated by

the mN and o N molecular components ( X )
as “thick meson clouds”, while

the bare-state contribution ( Z ) is small.

N(144O)1 N(144O)2 T. S. , Phys. Rev. C104 (2021) 035202.
Eoole [MeV] 1362 — 1063 1361 — 1144 Y A i BN /"
Sheet (21112) (21111) N S
X~ 0.47 + 0.35i 0.55 + 0.28i
X, N —0.00 —0.013  —0.00 — 0.014
XN 0.40 + 0.153 0.46 + 0.031 —
X,N —0.00 —0.03;  —0.01 —0.03: E
X A 0.03 — 0.24 0.02 — 0.061 -
7 0.11 —0.23i  —0.01 — 0.223 ;:5
N
=
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1. Introduction

++ The KN interaction ++

B We focus on the anti-kaon-nucleon (KN) interaction.
K (K-, K9) is light as Nambu-Goldstone bosons.

K contains a strange quark.

—> Heavier among the Nambu-Goldstone octets.

K~
KN

=0 =-
§ A 1318 MeV
e 1193 MeV
P11 71116 MeV
939 MeV
548 MeV
7t+, Tt—, 20 496 MeV
138 MeV Mesons Baryons
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1. Introduction

++ The KN interaction ++

B The KN interaction has been studied before the establishment of QCD !
ANNALS OF PHYSICS: 3, 307-351 (1960) Dalitz and Tuan, Ann. Phys. 10 (1960) 307.

~

* Note added in proof: Dr. J. Sakurai has emphasized to us that, if there is a =-» p-wave
resonance, the major effect of the KK== interaction would probably arise from the energy

The Phenomenological Representation of K-Nucleon region corresponding to exchange of a pair of resonating pions between the X meson and

0 - - * = W - - ST . PRSRIPES K o AT srers S
Sccmerlng and Reaction Am plltudes T the nucleon. This would mean that the major contributions arise in the AN channel for
g * 2 2 2 a2 7
R. H. Darirz Anp S. F. TuanN < P
— Prediction of the A(1405) resonance
Enrico Fermi Institute for Nuclear Studies and the Department of Physics, Ve T I3 1UUV)
University of Chicago, Chicago, Illinois dsS a KN bound State' /
An explicit parametrization of the K-N scattering and reaction amplitudes,
satisfying the unitarity conditions and including the implications of time- | | ===s===ss=c===-=-.
reversal invariance, is given in terms of the elements of a suitably-defined re- r—— A( 14()5 )
antinn (Ar K\ matmv Plancihla annravimatinneg than laad +a tha farymulas ~fF
.............. ™

— The A(1405) resonance was discovered in 1961

iIn the K-p —> w m w X reaction at 1.15 GeV/c. _
Alston et al., Phys. Rev. Lett. 6 (1961) 698. . A(1T15)
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1. Introduction .

++ The chiral dynamics ++ (L,

B Today, the strongly attractive KN interaction has been supported by

chiral perturbation theory. Kaiser, Siegel and Weise, Nucl. Phys. A594 (1995) 325;
Oset and Ramos, Nucl. Phys. A635 (1998) 99; ---.

DEyeican Chiral perturbation theory:

FLSEVIER Nuclear Physics A 594 (1995) 325-343 —_— An effective theory of low-energy QCD
based on spontaneous / explicit
breaking of chiral symmetry.

Chiral dynamics and the low-energy kaon-nucleon

. . * —
Interaction (1 :
LY =tr (‘I’B("Y,uD“ ““MO)‘PB) + Ftr (EB')’#')’S[A#,‘I’B])
N. Kaiser, P.B. Siegel', W. Weise
Physik Department, Technische Universitat Mﬁnzh:rr:'.ulz:;timl fiir Theoretische Physik, D-85747 Garching, + D tr @B 'y M 75 { All- ’ ‘I’ B }) ’

Received 6 May 1995; revised 3 August 1995

Abstract
We examine the meson-baryon interaction in the strangeness S = —1 sector using an effective 5
chiral Lagrangian. Potentials are derived from this Lagrangian and used in a coupled-channel C ij M F M j ai2 o i
calculation of the low-energy observables. The potentials are constructed such that in the Bomn V, j(kia k j) == 5 ) 3
imatinn _the ttaring lenoth is the came ae that aiven hy the effectiue chire 4472f2 sw,«wja‘.—{-ki aj+k;
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1. Introduction

++ Kyoto potential ++
B Constructing a KN local potential with chiral dynamics.

PHYSICAL REVIEW C 77, 035204 (2008)

K
N N
—

Hyodo and Weise, Phys. Rev. C77 (2008) 035204;

Effective K N interaction based on chiral SU(3) dynamics /
Miyahara and Hyodo, Phys. Rev. C93 (2016) 015201.

Tetsuo Hyodo™
Physik-Depariment, Technische Universiidt Miinchen, D-85747 Garching, Germany and .
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan —> T h eo retl C a I Stu d y Of
Wolfram Weise - -
Physik-Department, Technische Universitat Miinchen, D-85747 Garching, Germany t h e St r u Ct u re Of k a O n I C n u C I e I 3
(Received 10 December 2007; published 27 March 2008)
N I \ T I AL
— | Or~o b - K'pp @ -
PHYSICAL REVIEW C 93, 015201 (2016) N ‘ —
20 N0 N §H -
Structure of A(1405) and construction of K N local potential based on chiral SU(3) dynamics %' -40 - \‘.‘\ "N 6H e(g ) eene =
K
= -60 | o\, B _— -
Kenta Miyahara” E 60 et xHe(1)
Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan -80 h', B -
- -. e — - e s
v, * — . R
Tetsuo Hyodo -0p el T _—
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan ‘_,_‘_H_|_‘ —— e t——+H e+ it
(Received 19 June 2015; revised manuscript received 24 November 2015; published 4 January 2016) Nk~ - N =
10 100 1000 10000
Number of basis

Ohnishi et al., Phys. Rev. C95 (2017) 065202.
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1. Introduction
++ HAL QCD potential ++

B In this talk, | would like to consider another approach to hadron-hadron
interactions, the HAL QCD method, based on the lattice QCD simulation.

Nuclear force and various hadron-hadron potentials.

coo & '10'0'_.'.'.&1 RERERERE. ls '''''''''''''' .
5 BS -
= 500 § . . 1
50 |
%) 400 . I % I | |
- [ e 1 1 Coulomb + p-¢2~ HAL QCD elastic N
E 300 e oOr % '@ s oo el c: ‘ ; _ - Coulomb + p-£2~ HAL QCD elastic + inelastic Pt
g 200 F L e U —40 y
(D:>U A% Y J P N R A B E 1.2 4]
100 4 0.0 0.5 1.0 1.5 2.0 - § —60 _ Q#-thi&rgn F [_@J e
0 %mﬁnooeoaeeoo{ 2“51.0— W C_FJ :1#3[:3_]'_
0.0 0.5 1.0 1.5 2.0 80 t_$1 . L//f
r [fm] | 100 200
: .4 42 \ ,
Aoki, Hatsuda, and Ishii, —100! k* (MeV/e)
Prog. Theor. Phys. 123 (2010) 89.
d ] i I |
The HAL QCD method has been established : o a0
by the consistency with the Exp. data. ALICE, Nature 588 (2020) 232.
Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 12




1. Introduction

++ HAL QCD KN potential ++

B We want to understand the KN potential directly from QCD !
However, the HAL QCD method brings singular potentials :--.

300001 % T 1(t=7) 20000} | P B (t=7) . :
1 [ Murakami and Aoki, PoS LATTICE2023, 063.
10000}
g o . MM my s My 8 m B
S s N N N R R 671.2(1.5) | 1488.8(3.9) | 2013.2(11.2) | 1923.4(9.1)
" ~10000 [8,15] [8,13] [6,11] [5,11]
—70000»TE | 4 ;
0.0 05 1.0 1.'5_[1= ]2f0 25 3.0 35 00 05 1.0 1.’5[f ]2.'0 25 30 35 32 lattlce
2800 | Eoe(t-7) lattice spacing a = 0.121(2) fm
OF—— -
= 5000 = ¥ |
s —s000 :
$ oo . What is the origin of
o such a singular behavior ?
—1500065 %5 1.0 15 20 25 3.0 3.5
r[fm]
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1. Introduction

++ Our motivation ++

B Extract the physics from the HAL QCD potential, especially from the KN potential.
What is the origin of the singular behavior ?

What physical quantities/states/situations does the HAL QCD method prove ?

Keywords:
30000 | | bo1(t=7)
- R-correlator. [
_ 20000 |
- Local HAL QCD potential. . f
2 10000+
s =
= |
o =
X —-10000+7 =
—~20000}
—~30000 %
00 05 10 15 20 25 30 35
Murakami and Aoki, PoS LATTICE2023, 063. r[fm]
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2. Formulation:
R-correlator and local potential
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2. Formulation

++ R-correlator and potential ++

B In the HAL QCD method, the key quantity is the R-correlator.

Murakami and Aoki, PoS LATTICEZ2023, 063;
Talk at J-PARC hadron physics 2024.

(M(r+X,t+1t9)Bo(X,t+19)J(ty))
Cm (1)Cp(2) ’

R,(r,t) =

— A linear combination of Nambu-Bethe-Salpeter (NBS) wave functions.

B The R-correlator satisfies a Schrodinger-like equation with potential U(r,r).

: reduced mass
v2 1+382 92 p.re
/ d’r’ Uap(r,r')Rp(r',t) = o " 62 + ; 0 ;2) R,(r,1) +0(AW3), 5 = v~ Mg

U(r,r’) ~ VEO ()63 (r - 1)

LO/.\
v = 2u Ot 8u Ot?

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)

1 V_2 2+1+35202 Ro(r.)
R,(r,1) G




Interactions.

Ao

-

’
¥

oM

/7
/7
7/

>

B

Vi (p) = gexp (

p°bi

4

)

2. Formulation

++ Effective model for the R-correlator ++
B We can calculate the R-correlator by using an effective model of hadron-hadron

o M(z+r)

a4

/7

Ao (o) m@—»—c B(x)

T. S. and K. Fujiwara.

Bare Ao, meson M, and baryon B states.

We introduce two types of the interaction:

Em(p) = \/m?v.r + p?

(Local Gaussian potential)

Vot Beo) s Bwr) = Covr[Ent (D) + Ene (0)] exp (

p — p'|?b3
A

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21,

— Parameters: Bare mass Mo, Coupling const. g, Cwr, and interaction ranges bi, b.
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2. Formulation

++ Effective model for the R-correlator ++

B We can calculate the R-correlator by using an effective model of hadron-hadron

Interactions. T. S. and K. Fujiwara.
Scattering amplitude (s-wave):

, \‘\\ /’4, \\\ /4, \\*\ ,’>~\\ // \\\ /’-1,
TWop,p) [ i @i snie s o S O i e G e S
4// ,#/ ’).~\ 4//
F(W,p) = @ > B - " > T -_— @ >
‘\\ A\ \:\\ ")-~ \\
S — AN + AN ,’ » + AN
W: CM energy > = > > %> = > =
p : momentum
>
— O )— ~ —— )~

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 18



2. Formulation

++ Effective model for the R-correlator ++

B We can calculate the R-correlator by using an effective model of hadron-hadron

Interactions. T. S. and K. Fujiwara.
Scattering amplitude (s-wave):

k*  mymp  Vioy(p,k)T(W,k,p")  V)(p)T'(W,p')
om2 Enr(k)Ep(K) W — Warg(k) +i0 W — M,

T(W,p,p") = Vigy(p,p’) + / dk
0

I'(W,p) =V(1)(P)

/oo Ik k> mympg V(l)(k‘)T(W,k,p)
0 272 gM(k)gB(k)W—WMB(k)-FiO
(1) o 2m2Ep(k)ER(K)W — Wunp(k)+i0 W — M,

0 2 Vi (k)T'(W, k
A(W):/ I k“ mymp 1) (k)T(W, ) |
0 272 gM(k)gB(k) W — WMB(k) ~+ 20

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)




++ Effective model for the R-correlator ++

2. Formulation

B We can calculate the R-correlator by using an effective model of hadron-hadron
T. S. and K. Fujiwara.

Interactions.

Correlation function (s-wave):

U(W,r) =

- W — M,
1

T W — M,

d*p  mpymp e’ TT (W, p)

/

2m)* Ev(p)€B(P) [P — Em(p) + 90][W — p° — Ep(p)

i0]

d°p  mpymp e’P"T(W, p)

/

2m)3 Epm(p)EB(p) W — Wy s(p) + 40

R-correlator:

. M(x+r)

AO(ZBO) «——=

>—e B(x)

1

T

R(t,r) = /dWe_(W_mM —mp)t ImY(W, )

= e Wnmma=me) (M B(r) [ Wyp ™) (T35 | Ao)

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)
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2. Formulation

++ Lattice time-space ++

B We can easily turn to the case of the lattice time-space.

Lattice spacing a = 0.121 fm and size N = 32 according to the lattice simulation.
Murakami and Aoki, PoS LATTICEZ2023, 063.

Relative coordinate and momentum o

of two-particle system: |" = " P = T

Derivatives —> differences / d>p 1
and integrals — summations: |/ (27)°  L?

s-wave projection becomes A" projection:

df)
[ GRI®) > 533 fomys fn, = F270y/ )

geG

——> Then, we can calculate all the quantities in the same manner.
ﬁ ; Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 21




2. Formulation

++ Our strategy ++
B We calculate the R-correlator and local potential within an effective model.

1. Fix the parameters. 2 M(z+7)
7
(Mo, g, Cwr, b1, b2) Ao(z) == > B(z)
2. Calculate the s-wave scattering amplitude 30000 4 ‘ —— & 1e=7
and the R-correlator. ; St = I N N
1 % 10000+ El
(W, p) R(t,r) = /dWe_(W_mM_mB)t ImW (W, r) S
A9 X —10000F -
3. Calculate the local potential and compare it Booon | I I I O R
with the HAL QCD simulation result. 00 05 L0 Lf{fm]zio 25 3.0 35
1 1 5 9, 1 4+ 382 H? Murakami and Aoki,
ViaAL(T) = R{t.7) (@V 5 | 3 8t2) R(t,r) PoS LATTICE2023, 063.
| I mm m;:,B Mg g m, g
— Hadron masses and binding energy are taken | 671.2(1.5)  1488.8(3.9) | 2013.2(11.2) | 1923.4(9.1)
from the HAL QCD simulation. [3,15] [8,13] [6,11] [5,11]

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 22



3. Numerical results:
Continuum time-space
and Lattice time-space

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)
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3. Numerical results

++ General properties ++
B We firstly fix the model parameters to generate a bound state of same mass Ms.

1000 5
Set 1 Set 2
b1 [fm 0.20 0.20 = 100 |
b2 [fm 0.20 0.20 i :
Cwt [GeV™°] —18.70 0 5 |
g [GeV—1/2] 0.7143 0.7143 = 10|
My [MeV] 3000.0 1933.4 ! :
My [MeV] 1923.4 1923.4 =
X 0.993 0.014
0.1
M - M B
i P
NS e

— Set 1 generates hadronic molecule-like,

Set 2 generates elementary-like.
Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 24




3. Numerical results

++ General properties ++
B R-correlator in the continuum / lattice time-space.

(W, p = 0)| [GeV~1/2

1000 ¢

100 |

10 |

Parameter Set 1 and 2 provide
similar R-correlators.

Discretization effect is negligible.

0
—0.01
—0.02
—0.03
—0.04
o Set 1 —_—
005 Set 2 --
e Set 1 (lattice) )
Set 2 (lattice) e
—0.06 | | | | |
0.2 0.4 0.0 0.8 1 1.2
r [fm]
25
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3. Numerical results
++ General properties ++

B The local potential as in the HAL QCD method.

500 I I I I I
0
—500
: —1000
Set 1 —_— ';‘
ggzi(lattice) —TZI—. | % — 1500
| | | Set 2 (Ilattice) o l_,ql
—000 02 04 06 08 1 12 = —2000
r [fm) .~
- . —2500
Similar local potentials.
—?)OOO — Set2 e .
Discretization effect is observed . | Set 1 (lattice) )
around the origin. 000 Set 2 (lattice) o
- | | | | |
The potential range slightly ! 02 04 O[f] 0.8 1 1.2
- T 111
iIncreases from b = 0.20 fm.

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026) 26



3. Numerical results

++ Decompose the R-correlator ++
B To understand the mechanism, we decompose the R-correlator / local potential.

0.01 | | | | | 6000 | | | | |
0 )] O O 0000 ooy v -
1] 4000 | O -
& 0.01 b
% - 2000 F -
O _0.02 | E
B2 — V¢ e D G
S —0.03 | = o~
. m e = o000 ¢ ©® _
= —0.04 o Set 1 (bound) B - . Set 1 (bound) N
He Set 2 (bound) o 4000 " - oot Set 2 (bound) o
—0.05 L @ Set 1 (scattering) o A B m Set 1 (scattering) o
T Set 2 (scattering) o - Set 2 (scattermg) o
—0.06 | | | | | —6000 | | |
0 0.2 0.4 0.0 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
r |fm] r |fm]
The bound state (Mz = 1923.4 MeV) dominates the R-correlators.

When the scattering state (W > 2160 MeV) has a nhode in the R-correlator,

It brings a singular behavior. — The non-locality and the lattice time-space.
Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)




3. Numerical results
++ Parameter search ++

B We tried to find parameter set which reproduce the HAL QCD result.
—> Failled ! We cannot find such a parameter set !

that node from the scattering state is invisible.

VEO(r) [MeV]

30000

20000

10000

—10000¢

—20000[

—30000—

The bound state (Mz = 1923.4 MeV) contribution in the R-correlator is so strong

Scatt. state

KN

Bound state

% b 1(t=7)
N
0 p)
| qw
_ 2160 MeV
2 923 MeV
0.0 05 1.0 1.5 2.0 25 3.0 3.5 | Murakami and Aoki,

rfm] PoS LATTICE2023, 063.

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)
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3. Numerical results

++ Parameter search ++
B How to generate a node in the full R-correlator ?

the bound-state dominance will result in an R-correlator that is also node-free.

On the other hand:

 If the bound state (Mz = 1923.4 MeV) is not the true ground state, its wave func.

If the bound state is indeed the ground state and its wave function has no node,

may have a node in the KN wave function to satisfy
the orthogonality with the true ground state.

Mass

- |In addition, if the true ground state does not
contribute to the R-correlator, this would result In
a hode In the R-correlator from the bound state.

* |Is this possible ?

2160 MeV

Scatt. state

KN

- Bound state

1923 MeV

?7?7?

True ground

~ state ?2?2?

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)
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(previous sets)

3. Numerical results

++ Unphysical parameter set ++
B We allow an unphysical parameter set.

Set 1 Set 2
by [fm] 020  0.20
by [fm] 0.20  0.20
Cwt [GeV‘3] —18&8.70 0
g [GeV—1/2] 0.7143 0.7143
My [MeV] 3000.0 1933.4
Mg [MeV] 1923.4 1923.4
X 0.993 0.014

Unphys. Set
by [fm 0.371
Cwt [GeV—3] —215.04
g [GeV—1/2] 6.9548
My [MeV] 1968.2
Mg [MeV] 1923.2
X 0.633
Munphys [MeV] —142.4
Xunphys =

40000 , , , | |
30000 i w/o unphysical _
20000 L ground state.

Q

% 10000 | i

= i

5 U b gﬁo o0 ©Esa® 8 G sehed GO 2

2 s oo g

~F 10000 ¢ jo _

—20000 i
—30000 | %) Model (singlet) m  _
Simulation —o
—40000 | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
r |fm]

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)

Deep attraction generates another (unphysical) ground state.

If we neglect the contribution from the unphysical ground state ---.
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4. Summary
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4. Summary

B We want to understand the KN potential directly from (lattice) QCD.
However, we observe singular behavior in the HAL QCD KN potential.

One way to avoid the singular behavior is to employ the separable form
[Murakami-san’s talk].

B To understand the structure of the KN interaction from HAL QCD method,
we built an effective model to calculate the R-correlator and potential.

Once the R-correlator has a node, the non-locality and discretization of
the time-space generates singular behavior in the local potential.

We must understand the mechanism for the node of the R-correlator.

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)

We cannot find model parameters which reproduce the singular KN potential.
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Thank you very much
for your kind attention !
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Appendix

Workshop on Heavy-Quark Exotics (Toba, Feb. 19 - 21, 2026)

34



Appendix

++ Observation time dependence ++
B The time dependence of the local potential.

VH AL [Me\/]

500
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Negligible time dependence.
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