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Motivation:
Nuclear Physics and Astrophysics from Lat QCD
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| Lattice QCD predictions
a g « play a crucial role
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Three-nucleon forces (3NF)

What is 3NF ? 3NF: Forces which

cannot be explained

by pair-wise 2NF
2NF
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T.Otsuka et al., PRL105(2010)032501
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Precise ab initio calculations
show 3NF is indispensable



New Horizons w/ Three-Nucleon Forces (3NF)
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Nuclear Forces from Lattice QCD
[HAL QCD method]

e Potential is constructed so as to reproduce
the NN phase shifts (or, S-matrix)

« Nambu-Bethe-Salpeter (NBS) wave function

() = (O|N(Z + 7 t) N(Z; t)|2N)

)Sil’l(k?’r‘—l’fl'/Q—l—(S(ki)) (’I">R)
kr

M.Luscher (1991), C.-J.Lin eta I. (2001), CP-PACS Coll. (2005), Ishizuka (2009)

y(r) ~ ek

— Multi-particle systems S.Aoki et al. (HAL Coll.), PRD88(2013)014036
Y(T1, %2, -, Tn) = (O|N(Z1)N(Z2) - -- N(Zn)|n N)

eid[;\;](QA)Sin(QAR — AL+ 0n(Qa))
(QaR)(P~1)/2

U[TN][K] (QA)

(non-rela limit)

Do) ] (R Qa) =~ Y Upryivg (Q4)
[V]

c.f. Finite V spectrum: Talks by Briceno, Sharpe



3NF from NBS wave function
[HAL QCD method]

 Nambu-Bethe-Salpeter (NBS) wave function

v(7. 7 = (O[NG@+7NEINGE + 772 + 5)3N)

O

3
e
e Obtain 3NF through

(E—HE—HE(7, 7) = [Sic; Vi (Fig) B )

i by 2N calc

 NBS is obtained by 6pt. correlator

G(7, p,t —tg) = Xg(O|N(Z+7, ) N(Z, ) N(Z+7/2+p,t )NNN(tp)[0)

P In practical calculation,
(—Ho - 5%-) R(r,t) =V(r)R(r.t) we employ time-dependent HAL QCD method
N.Ishii et al. (HAL QCD Coll.) PLB712(2012)437
6

= Ground state saturation is NOT necessary !




3NF calculation in Lat QCD

= We fix the geometry of 3N (€ this is not an approximation)

= We study linear setup We consider
' Triton channel

W 7=0
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(ra =7/2)

= Linear setup with various distance “r.,”

short “r,” setup long “r,” setup
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Challenge in multi-baryons on the lattice

 Enormous computational cost for correlators

— # of Wick contraction (permutations) ~ [(%A)!]2

— # of color/spinor contractions ~~ g4 .44 or 64 .24

e Total cost;

—2H O x 144 =1x10°3
—3H 360 x 1728 =6x10°
— 4He ; 32400 x 20736 =7 x 108

t=t(sink) t=t(src)

Improvement:
T.Yamazaki et al.,
PRD81(2010)111504

e [Unified contraction algorithm (UCA)] 1o, MEndres, cPc184(2013)117
— Treat Wick/color/spinor contractions in a unified index space

* =>» huge redundancies can be eliminated systematically

« Significant improvement

x 192 for *H/°He, x20736 for *He, x 10! for 3Be

(x add’l. speedup)

See also subsequent works: Detmold et al., PRD87(2013)114512
Gunther et al., PRD87(2013)094513

Nemura @ Lat2013
w/ other tunings etc. = — x1000 speedup for 3NF ! 8




i Lattice simulation setup

Nf=2 dynamical clover fermion + RG improved gauge action
= al=1.269GeV, a=0.1555fm (beta=1.95)

CP-PACS Coll. S. Aoki et al.,

= 163 X 32 lattice, L=2.5fm Phys. Rev. D65 (2002) 054505
Masses: (r, N, A) = (1.13, 2.15, 2.31) GeV
€ T.D. et al. (HAL Coll.
= Kappa(ud)=0.13750 PTePla27((2012)7023),
= 599 configs x 32 measurements, t+1=[5,12] PoS LATT2012,009

Masses: (rr, N, A) = (0.925, 1.85, 2.02) GeV
= Kappa(ud)=0.13900
= 686 configs x 32 measurements, t+1=[5,12]

Masses: (r, N, A) = (0.757, 1.61, 1.81) GeV
= Kappa(ud)=0.14000
= 686 configs x 32 measurements, t+1=[5,12]

Calc @ two lighter masses

Wall source w/ Coulomb gauge
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Quark mass dependence on 2NF
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Vang (o) [MeV]

3N-forces (3NF) on the lattice

T.D. et al. (HAL QCD Coll.) PTP127(2012)723

mr=1.1GeV + t-dep method updates etc.
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Vang (o) [MeV]

3N-forces (3NF) on the lattice
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3N-forces (3NF) on the lattice
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Vang (Fp) [MeV]

3N-forces (3NF) on the lattice

Quark mass depe

ndence
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Nf=2 clover (CP-PACS), 1/a=1.27GeV,

L=2.5fm, mn=0.76-1.1GeV, m=1.6-2.1GeV

How about other geometries ?
How about YNN, YYN, YYY ?
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‘ Summary and Prospects ‘

AR

e \We have studied Three-nucleon forces on the lattice

— NBS wave func. carries proper phase shifts
— Compt. cost drastically reduced [unified contraction algorithm]

« Nf=2 dynamical clover fermion
e Three quark masses: mn=0.76, 0.93, 1.1GeV
— Repulsive 3NF at short distance observed
— Quark mass dependence is weak so far

e Outlook
= Lighter quark masses

= Study systematics, e.g., cutoff dependence
= Other geometries, Three-baryon forces (YNN, YYN, YYY)
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