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Introduction

Conventional hadrons : meson(m, p,w,...)s baryon(N,A,Q,...)

__meson |- | baryon |

g:quarks g:anti-quarks

Hadrons that cannot be explained within the conventional quark model are referred to as
exotic hadrons.
In recent years, many exotic hadrons containing charm quarks have been reported.

o Tt (ccud), P.(ceqqq), X (3872)(ccqq)

Roel Aaij et al. Nature Phys. 18.7 (2022) 751-754., Roel Aaij et al. PRL 122.22 (2019) 222001., S. K. Choi et al. PRL 91 (2003) 262001.
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Internal Structure of Exotic Hadrons

@ Possible internal structures of exotic

hadrons Compact [Hadronic molecules|
> Compact multiquark states q
> Hadronic molecules: bound states of q q -

hadrons q q y

q
q:quarks
@ Many recently reported exotic hadrons are considered candidates for hadronic molecules.
*.* found near the thresholds.

@ Understanding hadron—hadron interactions is essential for describing hadronic molecules.
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Studies of Hadron—Hadron Interactions

@ In recent years, lattice QCD 100 —3% ; Vac1s
simulations of hadron—hadron § ga=}g ——
. . a= —a—
interactions have made remarkable sop ¥ ]
progress. = ‘
. =
@ Numerical results for hadron—hadron =0
interactions are becoming increasingly >
available. 0f
1005 05 1 15 2 25 3

r[fm]

Interaction potential of the 2—Q system calculated by the HAL
QCD Collaboration. 1

1Shinya Gongyo et al. In: Phys. Rev. Lett. 120.21 (2018), p. 21. 2001.
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Studies of Hadron—Hadron Interactions

@ In recent years, lattice QCD 100 ; Vac1s
simulations of hadron—hadron ga:}g ——
. . a= —a—
interactions have made remarkable 50| ]
progress. =

. =

@ Numerical results for hadron—hadron =0
interactions are becoming increasingly >
available. 0f

@ However, lattice QCD simulations

alone do not reveal the underlying 0 0.5 1 r[1m?] 2 25 3
interaction mechanism.

— Theoretical analysis are essential for Interaction potential of the 2—2 system calculated by the HAL
understanding the mechanism. QCD Collaboration. !

1Shinya Gongyo et al. In: Phys. Rev. Lett. 120.21 (2018), p. 21. 2001.
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Had Hadron Interactions

@ The interaction between nucleons 300 S
is well understood. s, channel

N
=3
S

e r>2fm:
Described by a Yukawa-type
potential due to 7 exchange.
e Ifm<r <2fm: 0

Complex structure arising from © e Vr
-100 - AV18

the exchange of 27, p, w, and ¢ rifm)

L L L L

mesons. 0 05 1 1.5 2 25

°r< 1.fm ’ Nucleon—nucleon interaction potential
Dominated by quark degrees of N ishii, S. Aoki, and T. Hatsuda. In: Phys. Rev. Lett. 99 (2007),
freedom inside hadrons. p. 022001.

1 |
repulsive’ | 2n | %
[ core | pwo |

1 |
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Had Hadron Interactions

@ The interaction between nucleons 300 S

is well understood. 'S, channel
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potential due to 7 exchange.
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Had Hadron Interactions

@ The interaction between nucleons 300 S
is well understood. s, channel

N
=3
S

e r>2fm:
Described by a Yukawa-type
potential due to 7 exchange.
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-100 - AV18
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K Nucleon—nucleon interaction potential
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Short-range interactions between general hadrons, especially those containing ¢ or b quarks,
remain poorly understood.
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Had Hadron Interactions

@ The interaction between nucleons 300 S
is well understood. s, channel

N
=3
S

e r>2fm:
Described by a Yukawa-type
potential due to 7 exchange.
e Ifm<r <2fm: 0

Complex structure arising from © e Vr
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repulsive’ | 2n | %
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1 |

[ |
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Short-range interactions between general hadrons, especially those containing ¢ or b quarks,
remain poorly understood.
— Focus on the short-range region.
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Quark Cluster Model

@ Description of the short-range region of
hadron—hadron interactions

Schematic picture of quark exchange

Im. Oka, K. Shimizu and K. Yazaki, Prog. Theor. Phys. Suppl. 137, 1-20 (2000)
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Quark Cluster Model

@ Description of the short-range region of
hadron—hadron interactions

= Quark Cluster Model

> A model that explicitly incorporates quark
degrees of freedom

> Hadrons are described as clusters of quarks

> Effects of quark exchange are taken into
account

> Applicable to arbitrary hadron—hadron systems

Schematic picture of quark exchange

Im. Oka, K. Shimizu and K. Yazaki, Prog. Theor. Phys. Suppl. 137, 1-20 (2000)
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Quark Cluster Model

@ Description of the short-range region of
hadron—hadron interactions

= Quark Cluster Model

> A model that explicitly incorporates quark
degrees of freedom

> Hadrons are described as clusters of quarks

> Effects of quark exchange are taken into
account

> Applicable to arbitrary hadron—hadron systems

Previous studies' successfully described the
repulsive core in the nucleon—nucleon interaction.

Schematic picture of quark exchange
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Quark Cluster Model

@ Description of the short-range region of
hadron—hadron interactions

= Quark Cluster Model

> A model that explicitly incorporates quark
degrees of freedom

> Hadrons are described as clusters of quarks

> Effects of quark exchange are taken into
account

> Applicable to arbitrary hadron—hadron systems

Previous studies' successfully described the
repulsive core in the nucleon—nucleon interaction.
= Extension to systems containing c, b quarks

Schematic picture of quark exchange

Im. Oka, K. Shimizu and K. Yazaki, Prog. Theor. Phys. Suppl. 137, 1-20 (2000)
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@ Research objective:

Development of a framework to analyze hadron—hadron systems containing ¢ and b
quarks, which frequently appear in exotic hadrons.

AA AA

Potential

V(r)[MeV]

nalysis

-=- 00
K —-+ Qececheee

A QbbbQbbb

-100{ | I :
0.00 025 050 075 1.00 125 150
r[fm]

1T, Sekihara, T. Hashiguchi. Phys. Rev. C 108 (2023) 065202
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@ Research objective:
Development of a framework to analyze hadron—hadron systems containing ¢ and b
quarks, which frequently appear in exotic hadrons.

: 1
° PreV|01.Js study . . AA AA
Analysis of the Q2 interaction

Potential

V(r)[MeV]
S b
o v

nalysis™

-=- 00
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oo’ e QbbbQbbb
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1T, Sekihara, T. Hashiguchi. Phys. Rev. C 108 (2023) 065202
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@ Research objective:
Development of a framework to analyze hadron—hadron systems containing ¢ and b
quarks, which frequently appear in exotic hadrons.

@ Previous study!

Analysis of the Q2 interaction

| Extension

@ This work

Analysis of the interactions among
QQ, Qeeeece, and QpppQppp, Systems

1T, Sekihara, T. Hashiguchi. Phys. Rev. C 108 (2023) 065202
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Model construction

@ Baryon wave function

— 3-body Schrédinger equation in the quark model:

imfiy ! 62+V V- 1% (B) MpoB(p, A
M a0 oy one V(o) +Van(02) + Via(ps) | 67 (0, A) = Mgt (p, A)

K3
> quark-quark potgntizil T. Sekihara, T. Hashiguchi. Phys. Rev. C 108 (2023) 065202
N N |agi 3 Wvgs - G5 [ 0 \°
Vij(ry="2-2 -2 - "kr+D— J() ex (—a2r2)
i) =73 2{ 1 3 mm; \vr) OF

Coulomb term confinement term Spin-spin term

The parameters are determined to reproduce baryon masses.
Qij = 1 Wij = e K 184Mev

Olgs 0.785 k  0.755 GeV/fm
o 3.50 fm ™" D 381MeV
Mg 509 MeV

336 MeV

m, = Mgy
September 9, 2026

NSTAR2026
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Baryon wave function

@ Baryon wave function

— 3body Schrédinger equation in the quark model:

3 2 2
1 9 1 0 5 5
[ % M S et N Vaz(p1) + Var(p2) + V12(P3)-‘ ¢ (p,X) = Mpo!™ (p, A)

The baryon mass Mp and internal wave A L
function ¢(5)(p, X) are determined using AL ORI A2 ) 4 s )
the variational method.
(B)( A)=N p’ A2 —
trial function 19" (p,A\) = Nexp| — =5 — —5 Sarvon b [f
202 202 ryon b [fm]
Q 0.419
m m
by = \/>b» by =/ —b Quee  0.244
o Ha Qo 0.147
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2 baryon state

2-baryon system is described as a 6-quark system.

‘B Bb Z Z fllf:zli)z,us M4,,u5 Ma/dg\p Rtot 1/}( )(p(Ba)(Aa?pa)Qs(Bb)()\bapb)

Nl 12,143 4,145,146

X bLl(rl)bLQ(TQ)bLS(Ts)bL4(r4)bL5(r5)bL6(r6)|0>

IA)LZ(TZ) : Creation operator for the i-th quark
w; = (flavor, spin, color), r; : Coordinate of the i-th quark

{Bu(r) B} = 8u0(r = o). {bu(r),bu()} =0, {Bl(r).BL(r)} =0

Yoshikawa (Nagoya U) NSTAR2026
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2 baryon state

2-baryon system is described as a 6-quark system.

BBy =g > il el [ dEVRHEHT (0 p)6 ) (s, 1)

/1/1 SHU2,43 4,145,146
X bLl (r1)b},, (r2)bl,. (m3)b],, (14)bf,. (75)b], (76) |0)

@ U(Riot) : Center-of-mass wave
function of 2 baryons

e Y(r):
Relative wave function between 2
baryons, what we want

o ¢(B)(Aq, pa) and ¢P) (N, py):
internal wave functions of baryons B, Relative  coordinates  of ~ the  6-quark
and By, obtained by the three-body System:r, Pa, Aa, Po, Ap
Schrodinger equation (known)
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2 baryon state

2-baryon system is described as a 6-quark system.

BaB) =g 2wl el [ A€V BV A p)o ™ 0 1)

N/l SHU2,43 4,145,146
X bLl (r1)b},, (r2)bl,. (m3)b],, (14)bf,. (75)b], (76) |0)

@ U(Ryot) : Center-of-mass wave
function of 2 baryons

° Y(r) :
Relative wave function between 2
baryons, what we want

° QS(B")(Aa;pa) and ¢(Bb)(Ab7pb):
internal wave functions of baryons B, Relative  coordinates  of  the  6-quark
and By, obtained by the three-body system:7, pa, Aa; Po, Ab
Schrodinger equation (known)
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2 baryon state

2-baryon system is described as a 6-quark system.

BaB) =g >3 el el [ A€V B)v o s p)6 ™ 0 1)

M17H27,U«3 4,145,146
x bL1(T1)5L2(Tz)bLS(T3)5L4(T4)bL5(r5)bL6(T6)|0>

&?ﬂ27u3,wﬁﬁfﬁs us - (Color, flavor, spin) weights for each baryon

Example: B = Q(g,—3/2)

Wi . = (color) x (flavor-spin)

(color) : (R, G, B) = (G, B,R) = (B,R,G) = —(R,B,G) = —(G, R, B) = —(B,G, R) =

Sl

(flavor-spin) : (s4,s4,51) =1
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The two-baryon state is an eigenstate of the 6-quarks Hamiltonian with eigenvalue E:

Hg, |BuBy) = E |B.By)
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The two-baryon state is an eigenstate of the 6-quarks Hamiltonian with eigenvalue E:
Hg, |BuBy) = E |B.By)
Multiply from the left by (B.Bg4(7)|, compute matrix element.

(B.By(7)| Hsy |BaBy) = E (B.By(r)|BaBs)
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RGM equation

The two-baryon state is an eigenstate of the 6-quarks Hamiltonian with eigenvalue E:
Hg,|BuBy) = E |BuBy)
Multiply from the left by (B.Bg(r)|, compute matrix element.
(B.By(r)| Hsy |BaBy) = E (B.By(r)|BaBs)

%/////////////////// 00550050008 AR
7777777 77777777777777777777777707
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The two-baryon state is an eigenstate of the 6-quarks Hamiltonian with eigenvalue E:
Hg, |BaBy) = E |B.By)
Multiply from the left by (B.B4(7)|, compute matrix element.
(BeBa(r)| Heq | BaBy) = E (B.Ba(T)| BaBy)
= [ (K1) + Vil #') + (M, + M, — B) N(r,r")] 9(r') =0

K(r,7): kinetic term,  Viq(r,7’): intaraction term
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The two-baryon state is an eigenstate of the 6-quarks Hamiltonian with eigenvalue E:
Hg, |BaBy) = E |B.By)
Multiply from the left by (B.B4(7)|, compute matrix element.
(BeBa(r)| Heq | BaBy) = E (B.Ba(r)| BaBy)
= / &' [K (r, ") + Vi, 7) + (Mg, + Mg, — B) N(r, )] (') = 0

K(r,7): kinetic term,  Viq(r,7’): intaraction term

This equation is called the Resonating Group Method (RGM) equation.
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RGM kernel

RGM equation :
/dST/ [K(r,7") + Vine(r,7) + (M, + Mp, — E) N(r,7")] (r') = 0
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RGM kernel

RGM equation :
[ [ ")+ Vi #") 4+ (Mg, + Mg, — B) N )] (+) = 0
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RGM kernel

RGM equation :
/d3rl [K(T’ ’l"/) + ‘/Ent(rv TJ) + (MBa + MBb - E) N(Tv TJ)] w(’l“/) =0

Viee(r,7') : oo
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Derivation of the Baryon-Baryon Potential

RGM equation :
/d3r' (K (7, 7") + Vine (7, 7) = EN(r, 7)) 9(r") = 0
&=E - Mp, — Mp,

Solving the RGM equation gives (&, ¢(r)).
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Derivation of the Baryon-Baryon Potential

RGM equation :
/d3r' (K (7, 7") + Vine (7, 7) = EN(r, 7)) 9(r") = 0
&=E - Mp, — Mp,

Solving the RGM equation gives (&, ¢(r)).
— The local baryon—baryon potential is derived from (&, (r)).
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Derivation of the Baryon-Baryon Potential

RGM equation :

/d3r' [K(r,7") + Vie(r,v') = EN(r, 7)) (r') = 0
E=E - Mp, — Mp,

Solving the RGM equation gives (&, ¢(r)).
— The local baryon—baryon potential is derived from (&, (r)).

1 d?
Vi) =€+ g X =)
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Derivation of the Baryon-Baryon Potential

RGM equation :

/d3r' [K(r,7") + Vie(r,v') = EN(r, 7)) (r') = 0
E=E - Mp, — Mp,

Solving the RGM equation gives (&, ¢(r)).
— The local baryon—baryon potential is derived from (&, (r)).

1 d%y
Vi(r)=£€+ 2y dr?’ x(r) = ri(r)
In this talk, we show results without quark-quark interactions.(Vint(7, ') = 0)
Even without the interaction potential, the baryon—baryon potential is generated by quark
exchange effects originating from the kinetic term.
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@ Result for the QQ(S = 0) system with Vi (r,7') =0

I
S

20

o
w
e

O
e

———

Wave funvtion [GeV~™3/2]
7
Potential [MeV]
~

-100
.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5

r[fm] rifm]

o
=)

£ = —14.54 MeV
@ A baryon—baryon potential is generated at < 1.5 fm even without quark—quark
interactions — originated from quark exchange effects
o £ < 0 — bound state

".© Absence of Pauli-forbidden states — quark exchange induces an attractive interaction
Yoshikawa (Nagoya U) NSTAR2026
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Comparison with previous studies

Comparison with T. Sekihara and T. Hashiguchi, PRC108(2023)065202
kinetic term :
K(r,r') = K(r,r") + K (r,7")
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Comparison with previous studies

Comparison with T. Sekihara and T. Hashiguchi, PRC108(2023)065202
kinetic term :
K(r,7v") = K4r,v'") + K< (r, v

K(r, ") = K (r, o) = L
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Comparison with previous studies

Comparison with T. Sekihara and T. Hashiguchi, PRC108(2023)065202
kinetic term :
K(r,r') = K¢4r,v") + K< (r,v")

K(r, ') = Koo (1) = L

K (r,7") :  Kinetic term for coordinate 4

previous study : K“(r,r") = KS(r,7’) (Only the relative kinetic term between clusters)
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Comparison with previous studies

Comparison with T. Sekihara and T. Hashiguchi, PRC108(2023)065202
kinetic term :
K(r,7") = K4r,v'") + K< (r, v

Kd(r7r/) = Kex(r,'r') = 4+ ..

K{*(r,7"):  Kinetic term for coordinate ¢
Previous study: K**(r,7') = K&%(r,r') missing contributions
This work: K (7, ") = K;*(r,7') + K5 (r,r') + K& (r,7')

We improved the kinetic kernel.
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Comparison with previous studies

o Comparison with previous work: QQ(S = 0) system with only the kinetic term

~
o 101 —-- this work \\
< ; — 0 LIPS
> previous research = 1 %
QY )] :
9 = 50 \ /
C 0.6 - \ /
K A S P .© 4
= 2100 0
c %4 [}
e T~ S :
© 02 N, o -1509 - —-- this work
- <~ ; .
2 "S- S B EPEPE previous research
= | | | [Tr=—r=—- 200 ‘ ‘ | ‘ ‘
00 05 10 15 20 25 00 05 10 15 20 25
{fm] r[fm]
Previous study: & = 3.663 x 1071 MeV, : No bound state
This work: E = —14.54 MeV, : Bound state

o A significant difference is observed.

Yoshikawa (Nagoya U) NSTAR2026 September 9, 2026



Extension to ¢, b quarks:Q2Q — QeecQeee, Qoup e (S wave, S = 0)

without quark—quark interactions :
Vint(r,7") =0
@ No Pauli-forbidden states exist in the
six-quark system for S =0
— Attractive interaction at the
baryon level

@ Quark mass increases
— Interaction range decreases
— Binding energy increases

@ The values at » = 0 and the
minimum values of the potentials are
identical for all three systems
— Under investigation (future work)
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@ Summary
e Many exotic hadrons considered as hadronic molecules have been reported recently, and
understanding of baryon—baryon interactions is essential.
o Lattice QCD calculations have provided interaction data for various hadron systems.
e We have constructed a framework to analyze baryon—baryon potentials using the quark
cluster model.
o We investigated the effect of quark exchange without quark-quark interactions,
considering only the kinetic term.
e The baryon—baryon potentials of QQ, QecQece, and QpppQppy were analyzed, and their
quark-mass dependence was investigated.
@ Future prospects
e Solve the RGM equation including quark—quark interactions and analyze the resulting local
potentials.
e Apply the developed framework to various baryon—baryon systems.
o Compare with Lattice QCD results to clarify the mechanism of baryon—baryon interactions.
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