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Hadrons(Lattice) QCD : theory for quarks and gluons

Hadron interactions in lattice QCD

Two methods

Finite volume method: successful for meson-meson interactions
J. Dudek: previous talk

Potential method: successful for baryon-baryon interactions



Plan of my talk

I. HAL QCD potential method 
II. Dibaryons 

1. at physical pion mass 
2. at heavier pion masses 

III. Summary



I. HAL QCD potential method

N. Ishii, S. Aoki, T. Hatsuda, Phys. Rev. Lett. 99 (2007) 022001, 
“The Nuclear Force from Lattice QCD”

S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys. 123 (2010) 89-128,
 “ Theoretical Foundation of  the Nuclear Force in QCD and its applications to Central and 
Tensor Forces in Quenched Lattice QCD Simulations “

HAL QCD Collaboration (S. Aoki et al. ,),  PTEP 2012 (2012) 01A105, 
“Lattice QCD approach to Nuclear Physics”



define (Equal-time) Nambu-Bethe-Salpeter (NBS) Wave function

�k(r) = �0|N(x + r, 0)N(x, 0)|NN, Wk�
QCD eigen-state
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N(x) = "abcq
a
(x)q

b
(x)q

c
(x): local operator

 Our strategy in lattice QCD

energy Wk = 2
�

k2 + m2
N < Wth = 2mN + m�

NN → NN only elastic scattering 

Step 1

'k(r) '
X

l,m

Cl
sin(kr � l⇡/2 + �l(k))

kr
Ylm(⌦r)

Asymptotic behavior in the center of mass (CM)

r = |r| ! 1

scattering phase shift (phase of the S-matrix by unitarity) in QCD.



ϵk =
k2

2µ
H0 =

−∇2

2µ

By construction

Step 2 define the energy-independent “potential”  with derivatives from 
these NBS wave functions as

V (x,∇) = V0(r) + Vσ(r)(σ1 · σ2) + VT (r)S12 + VLS(r)L · S + O(∇2)
LO LO LO NLO NNLO

tensor operator S12 =
3
r2

(σ1 · x)(σ2 · x) − (σ1 · σ2) spins

potential V (x,r) is faithful to QCD phase shift �l(k).

Remark

For NN

[✏k �H0]'k(x) = V (x,r)'k(x)

No non-relativistic approximation 
in CM

�⇤�m2 = (Wk/2)
2 +r2 �m2 = k2 +r2

for

8k with Wk  Wth



Step 3 Determination of local terms order by order

One 'k(x)

V LO
0 (r) := V0(r) + V�(r)(�1 · �2) + VT (r)S12

V LO
0 (r;'k) =

[✏k �H0]'k(x)

'k(x)
LO approximation

Another 'q(x) V LO
0 (r;'q) =

[✏q �H0]'q(x)

'q(x)

V LO
0 (r;'q) ' V LO

0 (r;'k)If LO approximation is good at |k|  |p|  |q|

If V LO
0 (r;'q) 6= V LO

0 (r;'k)

[✏k �H0)]'k =
⇥
V NLO
0 (r) + V NLO

1 (r)L · S
⇤
'k

[✏q �H0)]'q =
⇥
V NLO
0 (r) + V NLO

1 (r)L · S
⇤
'q

NLO term can be determined from

LO approximation

Leading Order potential



Demonstration

Separable potential U(~x, ~y) = wv(~x)v(~y) v(~x) = e

�µx

, x := |~x|

L=0 wave function

 

0
k

(x) =
e

i�(k)

kx


sin(kx+ �(k))� sin �(k)e�µx

✓
1 + x

µ

2 + k

2)

2µ

◆�

= C

e

i�(k)

kx

sin(kx+ �R(k))

x  R

x > R

R: IR cut-o↵

phase shift �R(k) is exactly calculable.

LO potential

NLO potential V NLO
0 (r) + V NLO

1 (r)r2

V LO
0 (r)

separable potential U(~x, ~y)

from k2 = 0 or k2 = µ2

highly non-local



LO at k2 = 0

NLO
exact

LO at k2 = µ2

NLO potential reproduces  
the exact phase shift 
rather well.

U(~x, ~y) = wv(~x)v(~y)

v(~x) = e

�µx

, x := |~x|



LO at k2 = 0

LO ERE ar k2 = 0

LO ERE ar k2 = µ2

LO at k2 = µ2

exact

NLO

NLO ERE

ERE =Effective Range 
Expansion

NLO potential is better 
than NLO ERE.

k cot(�0(k))



4-pt function

It is now clear that there is no unique definition for the NN potential. Ref. [18, 24, 25], however,
criticized that the NBS wave function is not ”the correct wave function for two nucleons” and that its
relation to the correct wave function is given by

ϕW (r) = ZNN(|r|)⟨0|T{N0(x + r, 0)N0(x, 0)}|2N, W, s1, s2⟩ + · · · (23)

where N0(x, t) is ”a free-field nucleon operator” and the ellipses denotes ”additional contributions from
the tower of states of the same global quantum numbers”. Thus ⟨0|T{N0(x+r, 0)N0(x, 0)}|2N,W, s1, s2⟩
is considered to be ”the correct wave function”. In this claim it is not clear what is ”a free-field nucleon
operator” in the interacting quantum field theory such as QCD. An asymptotic in or out field operator
may be a candidate. If the asymptotic field is used for N0, however, the potential defined from the
wave function identically vanishes for all r by construction. To be more fundamental, a concept of
”the correct wave function” is doubtful. If some wave function were ”correct”, the potential would be
uniquely defined from it. This clearly contradicts the fact discussed above that the potential is not an
observable and therefore is not unique. This argument shows that the criticism of Ref. [18, 24, 25] is
flawed.

3 Lattice formulation

In this section, we discuss the extraction of the NBS wave function from lattice QCD simulations. For
this purpose, we consider the correlation function on the lattice defined by

F (r, t − t0) = ⟨0|T{N(x + r, t)N(x, t)}J (t0)|0⟩ (24)

where J (t0) is the source operator which creates two nucleon state and its explicit form will be considered
later. By inserting the complete set and considering the baryon number conservation, we have

F (r, t − t0) = ⟨0|T{N(x + r, t)N(x, t)}
∑

n,s1,s2

|2N, Wn, s1, s2⟩⟨2N, Wn, s1, s2|J (t0)|0⟩

=
∑

n,s1,s2

An,s1,s2ϕ
Wn(r)e−Wn(t−t0), An,s1,s2 = ⟨2N,Wn, s1, s2|J (0)|0⟩. (25)

For a large time separation that (t − t0) → ∞, we have

lim
(t−t0)→∞

F (r, t − t0) = A0ϕ
W0(r)e−W0(t−t0) + O(e−Wn̸=0(t−t0)) (26)

where W0 is assumed to be the lowest energy of NN states. Since the source dependent term A0 is just
a multiplicative constant to the NBS wave function ϕW0(r), the potential defined from ϕW0(r) in our
procedure is manifestly source-independent. Therefore the statement that the potential in this scheme
is ”source-dependent” in Ref. [26] is clearly wrong.

In this extraction of the wave function, the ground state saturation for the correlation function F in
eq. (26) is important. In principle, one can achieve this by taking a large t − t0. In practice, however,
F becomes very noisy at large t − t0, so that the extraction of ϕW0 becomes difficult at large t − t0.
Therefore it is crucial to find the region of t where the ground state saturation is approximately satisfied
while the signal is still reasonably good. The choice of the source operator becomes important to have
such a good t-region.

before using the potential in nuclear physics.

9

NN creation op. 

+ · · ·

Improved extraction of potentials

Normalized 4-pt function
R(r, t) ⌘ F (r, t)/GN (t)2 =

X

n

An'
Wn(r)e��Wnt

Ishii et al. (HALQCD), PLB712(2012) 437Step 3’

�Wn = Wn � 2mN

⇢
�H0 �

@

@t
+

1

4m2
N

@2

@t2

�
R(r, t) = V (r,r)R(r, t) + · · · = V LO

0 (r)R(r, t) + · · ·
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II. Dibaryons



Introduction

!3

Baryon (B=1) Dibaryon (B=2)

Proton, Neutron,

Lambda, Omega,…

Deuteron

observed in 1930s

Dibaryon = two baryon bound state or resonance

+ d*(2380) resonance

Dibaryon = two baryon bound state or resonance



 SU(3) classification for Dibaryon candidates (B=2)
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10⌦ 10 = 28� 27� 35� 1̄0

10⌦ 8 = 35� 8� 10� 27

8⌦ 8 = 27� 8s � 1� 1̄0� 10� 8a
1) octet-octet system

2) decuplet-octet system

3) decuplet-decuplet system

H-dibaryon(J=0)
Jaffe (1977)

ΩΩ system (J=0) ΔΔ system (J=3)
Zhang et al(1997)

Deuteron(J=1)

Introduction: SU(3) classification for Dibaryon 
candidates (B=2)

NΩ system and NΔ system (J=2)

Dyson, Xuong (1964)

Kamae, Fujita(1977)

Oka, Yazaki(1980)

Goldman et al (1987)

Dyson, Xuong (1964)
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d⇤(2380) resonance



1. Physical pion mass

Lattice QCD at (almost) physical pion mass

2+1 flavor QCD, m� � 145 MeV, a � 0.085 fm, L � 8 fm

K-computer [10PFlops]�



S. Gongyo et al., Phys. Rev. Lett. 120 (2018) 212001.

(ssssss)
⌦�⌦�
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Strong attraction

phase shift
⌦⌦(

1
S0) potential

repulsive behavior

bound state

A similar structure to NN



A candidate for the second bound dibaryon.
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Binding energyΩΩ in J =0
Binding energy and the Coulomb effect

��

����

��

����

��

����

�

���

� � � � � �

��
��
�
��
��
�
��
��
��

��
��
�

���������������� �������� ����

�����������
���

“most strange dibaryon”

H = � r2

m⌦
+ V LQCD

⌦⌦ (r) +
↵

r

H = � r2

m⌦
+ V LQCD

⌦⌦ (r)

(B(QCD)

⌦⌦

, B(QCD+Coulomb)

⌦⌦

) = (1.6(6)MeV, 0.7(5)MeV)

!15

SG and K. Sasaki et.al.(HAL), PRL(2018)

Q=-1

H = �r2

m⌦
+ V LQCD

⌦⌦ (r) +
↵

r

The most strange (sss sss) dibaryon ?



T. Iritani et al., PLB 792 (2019) 284 (arXiv: 1810.03416)

N⌦�



N⌦ potential in

5
S2 channel
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* attractive potential without 
repulsive core

* long range attraction
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Etminan et al., NPA928(2014)89

S=3, J=3



Remark

2676 

m⇡ = 146 MeV m⇡ = 875 MeV

3911

3702

L = 1

3920

L = 1.9 fmL = 1

3708

3926

L = 8.1 fm

2495 

2577 2514

2595

* Single channel analysis only.  
* Assume small couplings to D-waves, supported by weak t-dep. 
*  Coupled channel analysis in the future

pmin = 645 MeVpmin = 153 MeV

N⌦(5S2)

⇤⌅(3,1D2)

⌃⌅(3,1D2)



Phase shift and binding energy
Scattering Phase Shift of NΩ(5S2)

new “dibaryon” state
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•n+p → deuteron
•Ω+Ω → di-Omega
•N+Ω → ???

Gongyo for HAL QCD Coll. PRL120,212001(2018) 

<latexit sha1_base64="kXLRxld7GSnv+caP5LJzKYeZdQg="></latexit>

using Gauss + Form Factor * Yukawa2 -type form
<latexit sha1_base64="bhXOgQwpcLhvz14XTk0aWZRr6Eo="></latexit>

<latexit sha1_base64="1CzkhNeEaipo6jxlzC3bh01H+Ck="></latexit>

Effective Range Expansion

<latexit sha1_base64="nT3vUEqUwNGMWclMuVo0semhbN8="></latexit>

QCD + Coulomb Potential

 21

+
pΩ: “attractive”

enhancement of B.E.
<latexit sha1_base64="1nX+3s61v+uY76zQ9gOIJJ4eJ/4=">AAACH3icbZDLSsNAFIYnXmu8RV26GVqEurAkIuiy6MZlBXuBJpTJdNIMnVyYORFLyN7X8AXc6hu4E7d9AZ/D6WVhW38Y+PnPOZwzn58KrsC2x8ba+sbm1nZpx9zd2z84tI6OWyrJJGVNmohEdnyimOAxawIHwTqpZCTyBWv7w7tJvf3EpOJJ/AijlHkRGcQ84JSAjnpW2RUsgCq+wG4gCc1dItKQFLkssCv5IIRzs2dV7Jo9FV41ztxU0FyNnvXj9hOaRSwGKohSXcdOwcuJBE4FK0w3UywldEgGrKttTCKmvHz6lwKf6aSPg0TqFwOepn8nchIpNYp83RkRCNVybRL+V+tmENx4OY/TDFhMZ4uCTGBI8AQM7nPJKIiRNoRKrm/FNCSaCWh8C1sU8OfCNCdgnGUMq6Z1WXPsmvNwVanfzhGV0Ckqoypy0DWqo3vUQE1E0Qt6Q+/ow3g1Po0v43vWumbMZ07QgozxL1g3oe8=</latexit>

Coulomb potential

ERE param.
<latexit sha1_base64="Eqqn0bH/oNezT1FO0ABfITHXZ8M=">AAACIHicbVBLTsMwFHTKr4RfgSUbiwqJVZVUSLCsYMOySPQjNaFyXKe16jjBfkFUUQ/ANbgAW7gBO8QSDsA5cNssaMtIlkYz8/zsCRLBNTjOl1VYWV1b3yhu2lvbO7t7pf2Dpo5TRVmDxiJW7YBoJrhkDeAgWDtRjESBYK1geDXxWw9MaR7LWxglzI9IX/KQUwJG6pbKnr5XkHmCyL5gWN1VsaemfIw9zSNMuo5JORVnCrxM3JyUUY56t/Tj9WKaRkwCFUTrjusk4GdEAafmYttLNUsIHZI+6xgqScS0n00/M8YnRunhMFbmSMBT9e9ERiKtR1FgkhGBgV70JuJ/XieF8MLPuExSYJLOFoWpwBDjSTO4xxWjIEaGEKq4eSumA6IIBdPf3BYN/HFs27Ypxl2sYZk0qxXXqbg3Z+XaZV5RER2hY3SKXHSOauga1VEDUfSEXtArerOerXfrw/qcRQtWPnOI5mB9/wK6VaKt</latexit>

New dibaryon resonance ?

p⌦

n⌦



Comparison
re↵
a0

vs re↵

experiment

experiment

lattice

universal ?

k cot �0(k) =
1

a0
+

re↵
2

k2 + · · ·

Unitary region



How can we confirm ?
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Measurement of two-baryon correlation at RHIC  & LHC

N

Ξ

N

π

K
π

π

π
K

Ω

π
Λ

π

Ω

p1

p2

two-baryon interaction ⇔ two-baryon correlation

STAR Coll., Phys. Lett. B790 (2019) 490   “NΩ correlation in Au+Au” 
ALICE Coll., arXiv:1905.07209                   “ΛΛ correlation in p+p, p+Pb” 
ALICE Coll., arXiv:1904.12198                   “NXi correlation in p+p, p+Pb”

K. Morita et al., PRC94(2016)031901 “NΩ correlation from HAL pot” 
K. Morita et al., NPA967(2017)856 “NXi correlation from HAL pot.” 
K. Morita et al., arXiv:1908.05414 “NΩ & ΩΩ correlations from HAL pot.”



NAB(Q) =

Z
d3pA
EA

d3pB
EB

NAB(pA,pB)�(Q�
p

�q2)

source 2-body wave function 
from  

the interaction potential

# of hadron pairs

If the source is approximately known,  
one can test hadron interactions using the above formula.

NAB(pA,pB) '
Z

d

4
xd

4
ySA(x,pA)SB(y,pB)| (x, y,pA,pB)|2



Proton-⌦ correlation in RHIC STAR Coll. ,Phys. Lett. B790(2019)4908

FIG. 4. The solid circle represents the ratio (R) of small system (40-80% collisions) to large system (0-40% collisions) for
proton-⌦ and antiproton-⌦̄ (P⌦+ P̄ ⌦̄). The error bars correspond to the statistical errors and caps correspond to systematic
errors. The open crosses represent the ratio for background candidates from the side-band of ⌦ invariant mass. Predictions
for the ratio of small system to large system [22, 42] for proton-⌦ interaction potentials VI , VII and VIII for static source with
di↵erent source sizes (S,L) = (2,3), (2,4), (2.5, 5) and (3,5) fm, where S and L corresponding to small and large systems, are
shown in (a), (b), (c) and (d) respectively. In addition, the prediction for the expanding source is shown in (e).
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ratio of small to large systems centrality

40-80% (small)
0-40% (large)

VII : EB = 6.3 MeV

VI : unbound

VIII : EB = 26.9 MeV

Morita et al., 
PRC94(2016)031901

Data at k⇤ < 40 MeV favor VIII .

potential at m⇡ = 875 MeV

Au + Au



Oton Vazquez Doce (ALICE), talk in Session 7 on Aug.18

One can also use p+p data (LHC).

Hadron-hadron strong interaction via Femtoscopy with ALICE     Otón Vázquez Doce (TUM)

30

“Coulomb only” scenario discarded by ALICE data (> 6 σ) showing 
the attractive character of the interaction

Precision of ALICE data exceeds the theoretical predictions

Results: p-Ω- correlation function in pp HM
rsource = 0.73 fm (+resonances)

*HAL QCD potential at 
physical pion seems 
consistent with data. 
*Need more accurate 
potential/data for a 
further confirmation.

⌦⌦ in near future ?

p⌦ correlations



2. Heavier pion masses



S. Gongyo et al., in preparation.

�� system with J = 3



p + n(d) → d + π0 + π0(+pspectator)

!7

d*(2380) resonance
WASA@COSY, PRL 106, 242302 (2011)

ΔΔ contributions

d* resonance
m~2.38 GeV

Γ~70 MeV

d* (2380) observed by WASA@COSY col.

 m~ 2.38 GeV, Γ ~ 70 MeV,  Jπ = 3+, I=0

d*(2380) resonance
WASA@COSY, PRL 106, 242302 (2011)



Nf = 2+1 full QCD with L = 1.93fm, SU(3) limit 
(CP-PACS Conf)

!10

[MeV]
mps
 1015
moct 2030

mdec 2220

p+ +  π+
3045MeV

Δ
2220MeV

ΔΔ
p+p+ π+ π+

ΔΔ
p+p+π+π+

CP-PACS phys. pt.

d*: resonance d*: bound state

Δ
p+ +  π+

phys. pt.

Δ: resonance Δ: bound state

CP-PACS

3-flavor full QCD in the SU(3) limit
L = 1.93 fmCP-PACS Conf.



10 plet in decuplet-decuplet system

ΔΔ in Jp(I) =3+(0)
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Nf = 2+1 full QCD with L = 1.93fm, mπ=1015MeV, SU(3) limit
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• In short range, there is no repulsive core 
• Deep bound state is found

SG and K. Sasaki

m� ' 2225MeV

!11

a≒1fm, r≒0.5fm

preliminary
preliminary
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We assume that 
decay to NN(3D3) is neglected

d* is supported from lattice QCD

10 potential in decuplet-decuplet system



H-dibaryon 



mu = md = ms

Baryon potential in the flavor SU(3) limit

BB interactions
in a SU(3) symmetric world x

Six independent potentials in flavor-basis 

1. First step to predict YN, YY interactions not accessible in exp. 
2. Origin of the repulsive core (universal or not) 

two octet baryons

6 independent potentials in flavor-basis

Anti-symmetricSymmetric

V (27)(r), V (8s)(r), V (1)(r)

V (10)(r), V (10)(r), V (8a)(r)

8⌦ 8 = 27� 8s � 1� 10� 10� 8a

BB interactions
in a SU(3) symmetric world x

Six independent potentials in flavor-basis 

1. First step to predict YN, YY interactions not accessible in exp. 
2. Origin of the repulsive core (universal or not) 



   0

 500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r)

 [M
eV

]

r [fm]

V(27)

-100

 -50

   0

  50

 100

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

VC

   0

 500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r)

 [M
eV

]

r [fm]

V(8s)

   0

1000

2000

3000

4000

5000

6000

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

VC

-2500

-2000

-1500

-1000

-500

   0

 500

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r) 

[M
eV

]

r [fm]

V(1) VC

-150

-100

 -50

   0

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

   0

 500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r)

 [M
eV

]

r [fm]

V(10*)

-100

 -50

   0

  50

 100

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

VC
VT

   0

 500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r)

 [M
eV

]

r [fm]

V(10)

-100

 -50

   0

  50

 100

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

VC
VT

   0

 500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V(
r)

 [M
eV

]

r [fm]

V(8a)

-100

 -50

   0

  50

 100

0.0 0.5 1.0 1.5 2.0 2.5

�u,d,s=0.13840

VC
VT

L ≃ 4 fm, mπ ≃ 470 MeV

same as NN 8s: strong repulsive core. repulsion only.
1: attractive instead of repulsive 
core ! attraction only . H-dibaryon.

same as NN 10: strong repulsive core. weak attraction. 8a: weak repulsive core.  
strong attraction.

Force for the singlet is attractive at all distances.  Bound state ?

Flavor dependences of BB interactions 



Attractive potential  
in the flavor singlet channel  

possibility of a bound state (H-dibaryon)

ΛΛ − NΞ − ΣΣ
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H-dibaryonMPS = 1171 [MeV]
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MPS = 469 [MeV]

Inoue et al. (HAL QCD Coll.), PRL106(2011)162002 

An H-dibaryon exists in the flavor SU(3) limit. 
Binding energy = 25-50 MeV at this range of quark mass. 
A mild quark mass dependence.

Real world ?

u d s

U d s



 H-dibaryon with the flavor SU(3) breaking
mu = md ̸= ms

SU(3) limit

ΛΛ − NΞ − ΣΣ

H
25-50 MeV

Real world

2386 MeV
ΣΣ

NΞ

ΛΛ

2257 MeV

2232 MeV

25 MeV

129 MeV

H ?

H ?
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  Coupled channel HAL QCD potential

Sasaki for HAL QCD Collaboration

2+1 flavor gauge configurations by PACS-CS collaboration.

RG improved gauge action & O(a) improved clover quark action

β = 1.90, a-1 = 2.176 [GeV], 323x64 lattice, L = 2.902 [fm].

κ
s
 = 0.13640 is fixed, κ

ud
 = 0.13700, 0.13727 and 0.13754 are chosen.

Flat wall source is considered to produce S-wave B-B state.

The KEK computer system A resources are used.  

u,d quark masses lighter

π 701±1 570±2 411±2

K 789±1 713±2 635±2

m
π
/m

Κ
0.89 0.80 0.65

N 1585±5 1411±12 1215±12

Λ 1644±5 1504±10 1351±  8

Σ 1660±4 1531±11 1400±10

Ξ 1710±5 1610±  9 1503±  7

Esb 1Esb 1 Esb 2Esb 2 Esb 3Esb 3

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration
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SU(3) breaking effects becomes larger

Gauge ensembles 

2+1 flavor gauge configurations by PACS-CS collaboration.

RG improved gauge action & O(a) improved clover quark action

β = 1.90, a-1 = 2.176 [GeV], 323x64 lattice, L = 2.902 [fm].

κ
s
 = 0.13640 is fixed, κ

ud
 = 0.13700, 0.13727 and 0.13754 are chosen.

Flat wall source is considered to produce S-wave B-B state.

The KEK computer system A resources are used.  

u,d quark masses lighter

π 701±1 570±2 411±2

K 789±1 713±2 635±2

m
π
/m

Κ
0.89 0.80 0.65

N 1585±5 1411±12 1215±12

Λ 1644±5 1504±10 1351±  8

Σ 1660±4 1531±11 1400±10

Ξ 1710±5 1610±  9 1503±  7

Esb 1Esb 1 Esb 2Esb 2 Esb 3Esb 3

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration
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of MeV
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SU(3) breaking effects becomes larger

thresholds



Bound H-dibaryon 
coupled to NΞ

H as ΛΛ resonance  
H as bound NΞ

H as ΛΛ resonance 
H as bound NΞ

This suggests that H-dibaryon becomes resonance at physical point.  
Below or above NΞ ? Need simulation at physical point. (work in progress)

  

ΛΛ ΛΛ and and ΝΞΝΞ phase shifts phase shiftsΛΛ ΛΛ and and ΝΞΝΞ phase shifts phase shifts

Esb1:
Bound H-dibaryon

Esb2:

H-dibaryon is near the ΛΛ threshold
Esb3:

The H-dibaryon resonance energy is close to ΝΞ threshold..

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration

 We can see the clear resonance shape in ΛΛ phase shifts for Esb2 and 3.

 The “binding energy” of H-dibaryon from ΝΞ threshold becomes smaller 
as decreasing of quark masses.

Esb3 : mπ= 411 MeVEsb3 : mπ= 411 MeVEsb1 : mπ= 701 MeV Esb1 : mπ= 701 MeV Esb2 : mπ= 570 MeVEsb2 : mπ= 570 MeV

Preliminary!

��

N�

Physically, it is essential that H-dibaryon is a bound state in the flavor SU(3) limit.

�� and N� phase shift



III. Summary



• The HAL QCD Potential is a very powerful tool to investigate baryon 
interactions. 

• Dibaryons. 

• Omega-Omega : shallow bound state at physical pion mass 

• N-Omega: dibaryon resonance at physical pion mass ? 

• confirmation by 2-particle correlations in future   

• bound ΔΔ at flavor SU(3) limit: support d*(2380) 

• bound H dibaryon at flavor SU(3) limit: physical pion mass ? 

• Other applications (rho & sigma resonances, heavy baryons, Tetra quark, 
Penta quark, 3 body forces)
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