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• E-indep potentail from NBS w.f. 
– Faithful to Phase Shifts by construction 

• Time-dependent HAL method 
– G.S. saturation NOT required   Fake plateaux in the Direct method 

• Coupled Channel formalism 
– Above inelastic threshold  Essential for YN/YY-forces  
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 NBS wave func. Lat Baryon Force 

(non-locality: derivative expansion) 

HAL QCD method 

 Iritani’s talk 

Aoki-Hatsuda-Ishii PTP123(2010)89 

N.Ishii et al. (HAL Coll.) PLB712(2012)437 

S. Aoki et al. (HAL Coll.) Proc.Jpn.Acad.B87(2011)509 
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Ishii-Aoki-Hatsuda (2007) 

[Theory] = HAL QCD method 

• Exponentially better S/N Ishii et al. (2012) 

• Coupled channel systems Aoki et al. (2011,13) 

• Baryon Forces from LQCD  

= Unified Contraction Algorithm  
[Software] 

・Exponential speedup Doi-Endres (2013) 

[Hardware] 
= K-computer [10PFlops] 
     + FX100      [1PFlops] @ RIKEN 
     + HA-PACS [1PFlops] @ Tsukuba 

・ HPCI Field 5  “Origin of Matter and Universe”  

Baryon Interactions 
at Physical Point 



Lattice QCD Setup 
• Nf = 2 + 1 gauge configs 

– clover fermion + Iwasaki gauge w/ stout smearing 
– V=(8.1fm)4, a=0.085fm (1/a = 2.3 GeV) 

– m(pi) ~= 146 MeV, m(K) ~= 525 MeV 
– #traj ~= 2000 generated 
 

• Measurement 
– All of NN/YN/YY for central/tensor forces in P=(+) (S, D-waves) 

 

PACS Coll., PoS LAT2015, 075 

Predictions for Hyperon forces 



Potential 

ΩΩ system (1S0) 
The “most strange” 

dibaryon system 

Phase Shifts 

S. Gongyo et al. (HAL Coll.), PRL120(2018)212001 

m(eff) for single Ω 

t = 18 : ~0.2-0.3% sys error 

Strong Attraction 
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ΩΩ system (1S0) 
The “most strange” 

dibaryon system 

  Vicinity of bound/unbound 
                     [~ Unitary limit] 

S. Gongyo et al. (HAL Coll.), PRL120(2018)212001 

ΩΩ correlation in HIC exp. 



Potential 

ΞΞ system (1S0) 

Strong Attraction 
             yet Unbound 

 ΞΞ correlation in HIC 

(2-gauss + 2-OBEP) 

Phase Shifts 

Flavor SU(3)-partner of dineutron 

• “Doorway” to NN-forces 
• Bound by SU(3) breaking ? 

a0
-1 = 1.03(32)(42) [fm-1] 

reff  = 3.64(2.32)(0.44) [fm] 



S = -2 channel (Coupled Channel) 
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H-dibaryon (1S0, ΛΛ−NΞ−ΣΣ) 

NAGARA-event (2001) 

B.E. = 4.38(25) MeV                       
      (or 1.11(25) MeV) 

KISO-event (2014) 

Ξ−hypernuclei 

R. Jaffe (1977), “Perhaps a Stable Dibaryon”  



[K. Sasaki]  

ΛΛ, ΝΞ, (ΣΣ) coupled channel H-dibaryon channel 

2x2 Potentials 



[K. Sasaki]  

ΛΛ, ΝΞ (effective) 2x2 coupled channel analysis 

H-resonance (?) 

“Perhaps a Resonant Dibaryon”  



HAL 

ΛΛ : LQCD prediction meets HIC exp 

ALICE Coll., arXiv:1805.12455  
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S= ─1 systems 

Hyperon should (?) appear in the core of Neutron Star 

 strangeness nuclear physics  (Λ-hypernuclei @ J-PARC) 

 Huge impact on EoS of high dense matter 

• ΛΝ−ΣΝ  (I=1/2)  : coupled channel 

•  1S0       〜  27-plet & 8s-plet 

• 3S1-3D1   〜10*-plet & 8a-plet 
 
• ΣΝ (I=3/2)  

•  1S0       〜  27-plet 
          ⇔ NN(1S0) + SU(3) breaking 

• 3S1-3D1   〜10-plet 
⇔  Σ- in Netron Star 



ΣΝ (Ι=3/2)  potential in 1S0,  3S1─3D1 [H. Nemura]  

(400conf x 4rot x 96src) 



ΣΝ (Ι=3/2)  phase shifts in 1S0,  3S1─3D1 [H. Nemura]  

(400conf x 4rot x 96src) 



NN system (S = 0) 
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• 1S0 channel 
– Central Force 

• 3S1-3D1 channel 
– Central Force 
– Tensor Force 

 



NN-Potentials 3S1-3D1 

• Vc:  repulsive core                                                   
              + long-range attraction  
• Vt:   strong tensor force ! 

1S0 

Tensor 
C

entral 

(400conf x 4rot x 96src) 

Preliminary 



Impact on dense matter 
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LQCD YN/YY-forces + Phen NN-forces (AV18)  
used in Brueckner-Hartree-Fock (BHF)  

 

 Single-particle energy of Hyperon in nuclear matter 

(Only diagonal YN/YY forces in SU(3) irrep used) 
(400conf x 4rot x 96src) 



S=-2 interactions suitable to grasp       
whole NN/YN/YY interactions 
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Central Force in Irrep-base (diagonal)  

(off-diagonal component is small) [ K. Sasaki ] 



S=-2 interactions suitable to grasp       
whole NN/YN/YY interactions 

Tensor Force in Irrep-base (diagonal)  

(off-diagonal component neglected) 

We fit by (central) 

(tensor) 

We calculate single-particle energy of hyperon 
in nuclear matter w/ LQCD baryon forces 



21 [ T. Inoue ] 

T. Inoue (HAL Coll.)  
PoS INPC2016, 277 

 



22 [ T. Inoue ] 



3N-forces (3NF) 
Nf=2+1, mπ=0.51 GeV  Nf=2, mπ=0.76-1.1 GeV  

Kernel: ~50% efficiency achieved ! 

Triton channel 

Magnitude of 3NF is similar for all masses 
Range of 3NF tend to get longer (?) for m(pi)=0.5GeV 
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• The 1st LQCD for Baryon Interactions at ~ phys. point  
– m(pi) ~= 146 MeV, L ~= 8fm, 1/a ~= 2.3GeV 
– Central/Tensor forces for NN/YN/YY in P=(+) channel 
– HAL QCD method is crucial 

• Predictions for YN/YY forces  Experiments/Observations 
– Exotic di-baryon states, Hypernuclei 
– Baryon-baryon correlation in HIC 
– Properties of dense matter 

• Prospects 
– Exascale computing Era ~ 2020s  
– LS-forces, P=(-) channel, 3-baryon forces, etc., & EoS 

 

Summary 

© Leinweber 

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/Focus1.jpg
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