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Quark masses: mq
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(from lattice QCD)

[MeV]
(MS-bar @ 2GeV) 

mu 2.16 (9)(7)

md 4.68 (14)(7)

ms 93.8 (1.5)(1.9)

Quantum Chromodynamics (QCD)

Gauge coupling: αs=g2/4π 

PDG (2014)
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Lattice QCD (LQCD)

L

a

4-dim. 
Euclidean 
Lattice

quarks q
on the sites 

gluons Uμ
on the links

（a à 0 ＆ L à ∞）

Continuum ＆Thermodynamic Limits

Importance Sampling
Hybrid MC = MD + Metropolis

Huge integration variables
~ 109-10 for 964 lattice 



taken from Fodor and Hoelbling, Rev. Mod. Phys. 84 (2012) 449

Hadron masses from LQCD

amin = 0.065 fm

Lmax = 4.1 fm

mπ,min =190 MeV



BMW Coll.,  Science 347 (2015) 1452

proton-neutron mass difference from LQCD

amin = 0.054 fm

Lmax = 8 fm

mπ,min =190 MeV

(Mn-Mp)lat = 1.51(16)(23) MeV

(Mn-Mp)exp = 1.29 MeV

=Mn(udd)-Mp(uud)



Chang et al.,  Nature 558 (2018) 91 

amin = 0.09 fm

Lmax = 4.8 fm

mπ,min =131 MeV

Nucleon axial charge gA from LQCD

(gA)lat = 1.2711(13) 

(gA)exp = 1.2723(23) 
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Scattering amplitude in LQCD

Imaginary time

space

x

y

J †

J †

Luscher (1991)

Finite volume Method

En (L) 
à phase shift, binding energy 

BB

BB+π

Exponentially small 
S/N for two baryons

Ishii, Aoki & Hatsuda, PRL 99 (2007) 022001
Ishii et al. [HAL QCD Coll.], PLB 712 (2012) 437 

φ(r,t) à 2PI kernel (T=U+GUT)
à phase shift, binding energy

HAL QCD Method

BB

BB+π
Obtained 
all at once 



Flavor SU(3) Classification of BB system 

x 8 x 8 = 27 + 8s + 1 + 10* + 10 + 8a

Dpn (J=1)



Nuclear Force:  VC(r) and VT(r)

T. Inoue et al. 
[HAL QCD Coll.]  

a = 0.085 fm

L = 8.1 fm

mπ = 146 MeV

MK = 525 MeVCentral 
force

Tensor force



Flavor SU(3) Classification of BB system 

x 8 x 8 = 27 + 8s + 1 + 10* + 10 + 8a

Dpn (J=1)ΗΛΛ−ΝΞ−ΛΣ (J=0)
Jaffe (1977)

c.f. Dyson & Xoung, 
PRL 14 (1965)



K. Sasaki et al. [HAL QCD Coll.]  

S=-2 BB interactions : VC(r)

preliminary

a = 0.085 fm

L = 8.1 fm

mπ = 146 MeV

MK = 525 MeV
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Flavor SU(3) Classification of BB system 

x 8 x 10 = 35 + 8 + 10 + 27

x 10 x 10 = 28 + 27 + 35 + 10*

x 8 x 8 = 27 + 8s + 1 + 10* + 10 + 8a

Dpn (J=1)ΗΛΛ−ΝΞ−ΛΣ (J=0)
Jaffe (1977)

NΩ (J=2) Goldman et al (1987)

ΩΩ(J=0) Zhang et al (1997)

c.f. Dyson & Xoung, 
PRL 14 (1965)



Gongyo et	al.	[HAL	QCD	Coll.],	
Phys.	Rev.	 Lett.	120 (2018)	212001

S=-6 BB interaction  VC(r)
a = 0.085 fm

L = 8.1 fm

mπ = 146 MeV

MK = 525 MeV

ΩΩ (1S0) 

ΩΩ (1S0) 



New “stable” dibaryon?

Deuteron (1931, Urey)
Di-Omega ΩΩ ?

Gongyo et	al.	[HAL	QCD	Coll.],	
Phys.	Rev.	 Lett.	120 (2018)	212001

ΩΩ (1S0) 
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Summary

BB interactions from LQCD
Prediction by HAL QCD Coll. (L=8.1fm, mπ=146 MeV, mK= 525 MeV)



Summary

FSI in
Future HIC

Hypernuclear levels

FSI at RHIC, LHC

BB interactions from LQCD
Prediction by HAL QCD Coll. (L=8.1fm, mπ=146 MeV, mK= 525 MeV)
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