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Determination of the baryon-baryon interactions

using lattice QCD at the physical point
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Lattice QCD calculation



Formulation

Lattice QCD simulation
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Formulation «
Lattice QCD simulation




HAL formulation e
S|ogan: -

Make better use of the lattice
output ! (wave function)
interacting region
—-> potential
Ishii, Aoki, Hatsuda,

PRLI9, 022001 (2007);
ibid,, arXiv:0805.2462[hep—ph].

NOTE:
> Potential is not a direct experimental observable.

> Potential is a useful tool to give (and to reproduce)
the physical quantities. (e.g., phase shift)




HAL formulation o

Make better use of the Iatt|@@ i

output ! (wave function)
interacting region

—> potential

Ishii, Aoki, Hatsuda,
PRL9I9, 022001 (2007);
ibid., arXiv:0805.2462[hep—ph].

> Phase shift
> Nuclear many—-body problems



RS5O t—t0) = 3 (0| Bra(X +7,0) Boa(X,0) 7557 (10) | 0) / exp{—(m, +m,)(t—ta)},
X
P = Eabe (ua(—-jﬁff}db) Ue, n = —E&ahe (ua(—-jﬁff}db) dca (2)
E-l_ — —Eabe (Ha(-_"’-}'ﬁ'sbj U, YT = —Eabe (daCF}FESb) de; (‘—j’)
1 1
Y= (Xy—Xa), A=—(Xu+Xy—2X)), 4
E{} = Eabe (HQCFJ"IES{?) Sey = = —Eabe (dacﬁ}:fr'sb) Se, (5)

where

Ay = Egbe (da(-_"’-}'ﬁ-sb) Ue, Xd = €abe (SQCTSUb) dc; Xs = Eabe (Ha(—?’-}'ﬁdb) Se,
(6)
A simplified (historical) version of the potential
2 .
(Z i) R(Ft) = /dar’lf(ﬁf')ﬁ(ﬂt) 1L O(KY) = Vip(P)R(F,t) + -(8)
See Ishii’ s talk for more precise (modern) formulation
of the potential



Effective block algorithm
for various baryon-baryon
calculations

Consider the proton-Lambda system as a specific example.



pa(X + 7 0A(X, 0T, 0, (tﬂ)‘ 0>

- 12(1,4,2)2(5,6,3)(1, 4, 2)e(5, 6, 3')(Cys ) (1, 4)8(a, 2)(Crys ) (1, 4)8(e, 2)
(C5)(5,6)3(8,3) + (C5)(6,3)3(3, 5) — 2(C5)(3,5)0(3, 6)} (12)
(Cs)(5,6)5(8,3") + (Cys)(6',3)8(F, 5') — 2(Cs)(3,5)0(7', 6') }
(u(1)d(4)u(2)d(5)s(6)u(3)a(3")5(6)d(5 )a(2)d(4)a(1).

E.g., 3981312 B
for Lambda—Nucleon = (N _/ NO() XN N I'N_!
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pa(X + 7 0A(X, 0T, 0, (tﬂ)‘ 0)
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E.g., 3981312

28
for Lambda—Nucleon = (N _/ NO() XN N I'N_!
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T'his fact significantly slashes in the computational ¢ggt: 'I'he reduction factor
at the first diagram is (NN, )? x 2B-Na=Nxo /7 @
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are crossed as [pfé,] .a,nd [ﬂﬁ,] Performed these manipulations, the number

of explicit summations of indices reduces to only two colors which makes the
reduction factor (IN,!N,)? x 28-Na=Nxo /(N2)
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The number of explicit summations of indices reduces to two colors and twg
spinors which makes the reduction factor (N, N, )2 x2B-Na=Nso /(N2 N2
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dices reduces to two colors and one spinor which makes the reduction factor
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Performed these manipulations based on the diagrammatic classification,
most of the summations can be carried out prior to evaluating the FF'l' so
that the pappber of jterations significantly reduces; lhe numbers of iteration

m @1 the baryon blocks {([pa | x [ ]) 1=1,---,6}.
Therefore onfg 370 Jerations should be explicitly performed to Dbtalﬂ the
four-point correlation function of the pA system when we take the operator
X, in Eﬁ: in the source. For the sake of completeness, the total number
of iterations does not change when we take the Opera X _in ﬂg: in the

source whereas the numbers of iteration €
consider the contribution from the DpEI‘&tDI‘ Xd m NAg 1n
slightly differ from the former cases and the total number of iterations



General ization to the various baryon—-baryon channels

strangeness S=0 to —4 systems

{(pAX ' n),
, {ZtnX+n},
Y, (Z0pEtn),

(PAZOp),
(EtnXOp),
(X0px0p),

(AALFE-),
(pE—LtT-Y,
Yy, (nEVZIEY,
 {ZTI-ZHE),
(ZOE0T+E-),
-::EDhEJr—E—} :

{AAXZOEO).
(pE—X0%0).
(n=0T0x0),
(TTE-XOx0Y,
(Z0xx0x0y,

{pE_E”A},
{z+z Zﬂﬁ}

(ZOATOAY,

Make better use of the computing resources!

(4.1)

(4.2)

(4.3)

(4.4)

(4.3)



General ization to the various baryon—baryon channels
strangeness S=0 and -1 systems

channel # of diagrams {(# of iterations)®&n} # of total iterations

(pnpm) 9 (17,367,144 ,367,367,144~,1447,97,367 } 586
(pApAx ) 6 (17,9~ 144~ 144" 361,36~} 370
(pApAx,) 6 {17,36—,36—, 1441, 144,36~} 397
(pAXFn) 6 {1447 ,367,367, 144,97 ,367} 405
(pPAXS p) 6 {1447,367,97,36T, 1447 17} 370
(PAXS p) 6 {144—,36%,36%,144—,36—,1} 397
(S+tnpAx.) 3 {144~ ,144%F,367} 324
(XtnpAx,) 3 {144—,36%,97} 189
(StnpAx) 3 {367, 1441367} 216
(LtnX+n) 3 (11,36, 1441} 181
(EtnX% p) 3 (144,367,144} 324
(E+nX% p) 3 {36F,9~,1447F} 189
{Z"'pp’l)k”_ﬁ} 6 [36F,1447,144F,36—,97,17} 370
(X ppA x,) 6 (36T, 144~ 36T, 144, 367,17} 397
(L9pX+n) 6 {367,1447,367,97,367, 1447} 405
(2°px% p) 6 {17,367,97,1447,367, 1447} 370
(X°pX%,p) 6 (17,144,367 ,36%,36—, 14471} 307

T

Each number of iterations is less than 600



General ization to the various baryon—baryon channels
strangeness S=—2 systems

channel # of diagrams {(# of iterations)*e" } # of togaldlegrations
(AMAx,Ax ) (g=q) 8 1F,97,1447,144F 144, 144F 97 17} 596
(MAx,Ax ) (¢ # ¢) 8 {17,367,1447,367,367,1447,367,17} 431
(AAp=—) 8 1367,1447,97,367,367,97,1447,367} 450
(AARZE") 8 {367,367,97,1447, 1447, 97,367,367 } 450
(AALTYE) R 136—,1447,367,97,97, 36,1447, 36T} 450
(AN X% ) (=14') 8 1+,97,1447,144F, 144, 1441, 9,17}
(AAXZS XS ) (g # ¢) 8 {17,361,144%,367,36%,1447,36—,11} 434
(pE~Ax,Ax,) (g =1u,s) 2 {367,367} 72

(p._. JJ'LX "i)m }

((q.q")= [fi ’U} (u,d),(s,d).(d,s)) 2 {36+, 144—} 180
{p._. illLX "11 }

(0,41 = (5,)(1,9)) 2 (9%, 1447} 153
(pE=~Ax,Ax,) 2 {1447F,1447} 288
(p=~p=E—) 2 {11, 1447} 145
(p=—n=0) 2 {361,144} 180
(p=~L+¥-) 2 {144,367} 180
(PE=X% X% ) 2 {361,367} 72
(PE~X% EE;{ ) (a#4d) 2 {367,1447F} 180
(PE~ 2%, 2%, ) 2 (1447 1447} 288
(p=~%% Ax, 1X B 2 iﬁ*‘ 36}

p=5% Ax,) Each number of i erahons is less than @

((q,q")=(d,u),(u,d),(d,s)) 2 {36_ J_—l—l+} 120
(P2~ 3% Ax,) 2 {1447, 1447} 288

(PE-3%,Ax.) 2 {144+,97} 153



General ization to the various baryon—-baryon channels
strangeness S=—2 systems (cont’ d)

{p-:. L” LL{L )
@"Eaiﬂcﬂ(Q%QU
(P=7E%,2%,)
{p"E':' ,'LX }
(p_—Z':' "1\; )
((g.q")= [d~ﬂ)~[ﬂ1d)~( 25))
(pE_Z[‘J[ *",'LXJ

_ - E [
(PE~X% Ax,)
{ﬂ-EDﬁL X, .-"'LXH }
{ﬂ-EDﬁL X f'k _\;q, }
((g,q")=(du),(u,d),(s,u),(u,s))
{ﬂ-EDﬂ_\;qﬁL_\;q} (q = d_, S}
{ﬂ-EDﬂ X, A _\;q, )
((g,9")=(5,d),(d,s))
(n=pE-)
(n=%n=0)
(n=o%+%-)
(n=°%% %)
n="%%,2%,,) (¢ # )
(n="E% %)
{ﬂ-EDZJD;{ f‘x]{ﬁ)
(ﬂ-EDED "1){ }
((q,q")= [-rfmlmd)i :5))
(ﬂ-EDEJD;{ ﬁ_\;‘_J
{ﬂ-ED by E(d A X )

2 {90,350 ¢ 2
2 {36—,L44+} 180
2 [1447F,1447} 288
2 {361,367} 72
2 {367, 1447} 180
2 {1447 1447} 288
2 {144F,97) 153
2 {1447F,1447} 288

{144% 367} 180

{361,367} 72
2 {9t,1447} 153
2 {36,144~} 180
2 {1t,1447)} 145
2 {144—, 361} 180
2 {1447 1447} 288
2 {144,367} 180
2 {361,367} 72
2 £L44+ 144~} 288

Each number of iterations is less than @

2 {144—,36%} 180
2 18 {36—,36%} 72
2 {144~ , 9%} 153




General ization to the various baryon—-baryon channels
strangeness S=—2 systems (cont’ d)

channel

# of diagrams

{(# of iterations)'&"}

# of total iterations

{E-'_E_.",'L){U.'ﬁi_"{q} (q = U, d)

{E-'_E_ ;"'i.xq ;"'i._"{q_, }
((q,q")=(du),(u,d))

(ETY- ’U ’11 ,)

((q.q")=(s ’ul (s,d),(u,5),(d,s))
{E+E_ *1)( ﬂ.){’:)
(ETEpE-)

Yy p=o

( n=)
(ETE-X+YE-)
(SR (9= w,d)
(SRS %) (£ )
{E*‘E_Eg{‘ !‘a};q) (g = u,d)
{E+E_EE{”J&X“,}

((q,q")=(d,u),(u,d))
(E‘I_E_Eg{:aiﬂxp:) (q = u,d}
(E"°Ax,Ax,) (g=1¢)
(X"8°Ax, Ax,) (g #4')
(X2 pE-)

(20%9R=0)

(LIRIY+Y)
(L8N X% ) (@ =)
(E°8°8%, 2% ,) (0 #q)
{ED}i_pE__}

(E9AnZEY)

2

[

[ U R O

[ R ]

o]

{36—,36%} 72
{97,144F} 153
136—, 1441} 180
{1447, 1447} 288
{1447, 36T} 180
(36,1447} 180
{11,144} 145
{36—,36T} 79
(97,1447} 153
{36—,36T} 72
Each number of iterations is less than @
{91,144} 153
{144,367} 180

[

o0 00 0o 00 00 00 00 00 0o

{17,97,1447,1447T,
(17,367,144, 36,
[367,1447,97,367,
(367,367,97,144T,

{36—,144%F 36%, 9~

1447,1447, 97 17}
36—, 1441,367,17}
367,97,144%, 367}
1447,97,36%,36}

91,367, 144,361}
{1F,97,144~, 144,
{17,367, 144" 367,
{36F,1447,97, 361,
[367F,36,97,144F,

144—,144%F, 9% 17}
361, 144,367,171}
36—,9%, 1441, 367}
144 9+ 36+ 36 }

450
450
450
596
434
450
450



Generalization to the various baryon—baryon channels

(EtE"Ax,Ax,)
q,9 )=Is ﬂ] [5 w,s),(d,s

((g.9")= d),(u,s),(d,s))
{E+E_ 1).; ﬂxﬁ)
(ZTLpE-)
(Nty- n:':')
(L+tE-2+E-)
(T+E-%% X% 3% ) (g =u,d)
(EYET% 5% ) (4 # ¢)
(ETETE%,Ax,) (9= 1u,d)
{EJFE_EE{‘H’&X‘H}

((g,q")=(d,u),(u,d))
(B2 3R Ax) (9= ,d)
(Z°XAx, Ax,) (4=0)
{EDEDE&X:} *'in_r) (q ?é q;)
{EDEDT_)
(2O0%0R=0)
(LOXRON+E-)
(XEE TR ) (g =)
(E°28%, 2% ) (e #4)
(ED}ipE_}
»OARED
{
(LOAXTE)
(EPAX% Ax, ) (@ =¢)
(R°AX% Ax, ) (a#4)

(S S S I i

(ST

o]

Each number of iterations is less than

-2

b2

OO 00 00 0o 00 0o D0 00 00 00 00 00

o4

4 a4

(36—, 144%}

{144~
{144~

144+}

.36}

{367,144}
{11,144~}

(36~

361}

(97,1447}

(36—

.36}

{0+, 144~}

{144~

{17,97,1447,1447T,
(11,367,144, 36T,
[367,1447,97,36T,
[367,367,97,144T,
{36—,144%,36%,9-,
{1F,97,1447,144F,
{17,36T,1447F 36,
{36F,1447,97,361,
{36F,36—,9,144F,
{367,1447,36F,9,
{1F,97,144~, 144,

{17,36%,144% 36,

,36T}

1447,1447, 97 17}
36,1441, 361,17}
367,97,1441,367}
1447,97,36%,367}
9+,367,1447,367}
144~,144%,9F 17}
361,1447,367,17}
36—,9%, 1441, 367}
144~,97, 361,367}
9%,367,1447,367}
144—,144%F, 9% 17}
L3671, 144,367,171}

180
288
180
180
145
72
153
72
153 @
II
434
450
450
450
596
434

450
450

434




General ization to the various baryon—-baryon channels
strangeness S=—-3 and -4 systems

channel # of diagrams {(# of iterations)®e"} # of total iterations
(E-AZ—Ax, ) 6 {11,367,1447,1447,367,97 } 370
(Z27A="Ax,) 6 {1F,367,1447,367,1447, 36~} 397
(ETAY—EY) 6 {367,977, 1441447, 367,367} 405
(EAXS =) 6 {367,97,1447,367,1447,17} 370
\E_;"'LEE{“_E_:: 6 {144—,36%,367,361,144— 11} 397
(X-E9E-Ax, ) 3 {367,144%,367} 216
(Y= Ax,) 3 {97,36T,1447} 189
(L-EE"Ax) 3 136—,144%, 1447} 324
(X~ E%N-=0) 3 (17,1447, 36"} 181
(B E7) 3 {367,361, 144"} 216
(L-E0XS E-) 3 {1447,97,36T} 189
(E9=2—E-Ax, ) 6 {9F,367,144T, 144~ , 367,17} 370
(XOE"E-Ax,) 6 {36F,1447,36T,1447, 367,17} 397
(LO=-X-E0) 6 (367,367,144, 144% 97 36T} 405
{EE':_ESLHE—} 6 {1F,1447,367,1447,97,367 } 370
{Z'_':_ZEE—: 6 {17,1447,367,367,367, 144} 397
(E-=V=—-50) 6 {11,367,9T, 1447 36—, 1441} 370

Each number of iterations is less than bOOi
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Effective block algorithm to calculate the
52 channels of 4pt correlator

(pnpmy. (4.1
(PAPA), (pADTn), {pAIfp),
(EtnpAl, (EtRI+a), {Ttaklp), i(+.2)

(EppA}, E"pErn), {I°pENE),
(AAAAL,  (AAPE-),  (AARE?), {AALFI-),  {AAIPER),
'::.I'-"E T+T -1|: '::.I'-"E EDEIZI}_. ':PE E}:

(pZ-AA}, (pE-pE-), {p= .Ii"_":'

-"ra:':'ﬁ' nZ'p=-), (a7 n=0), {nZF+E-), {nE”ﬁ'} -::::E':'ﬁ}: _,
(E+E-AA}, (TE FT}- (E+E u_':' (E+E-EFEY, (T+E-T0E, (EHE-FOA), Ch
E”.E“'ut (ZVEVpE-), {E9E0aZ0), {ECEOE+E-), {ECLOEPED),

(T ApE-4, {T9AREDY, ({FOATFE-Y, (EPATOA,
(E-AZ-A), {Z-AL-Z%, (E-ADE ;
(E-EVE-A), (E-Z9E- 20, (L-TUERZ -, (44
(EPT-TA), (I°E-T-EW), (E9E- TR,

0

ij
1

|r

z (4.5)
Elaps e times to calculate the 52 matrix correlators (MPI+OpenMP)

[tasks_per_node] x [OMP_NUM_THREADS]
64x1 3%2x2 16x4 8x4 4x8 2EID Tx52
Step-1 0:14 0:16 0:09 0:09 0:07 0:06 0:06
Step-2 BN Ll P v g S o i ST 0 [ . B A L . e Bl
HN, PoS(LATTICE2013) 426.



4pt correlator through the FFT

* Cuda implementations for various parts:

1 [Bl.(r, oy 0 c;05c5) [B]=[N,Z,E, A(dsu),A(sud),A(uds)]
pi'-- _{1] p"-?- _{EI p-il -\I.]_I p"l ‘{ﬂ p-il __{5? l::II'GI __{Eﬂ
{udju s =AY {udu (ds)u {udju (ds)u {udju {d=)u {udiu {dsju {udju (ds)u
= = =] = - - = = - = - ==
g | ' 2 o
~ 3 < = =
S A P A P A P A P A P A
{udiu (ds)u {udu {udu (d=ju dju (Ldju {dsju (Ldju (dsju
(i) , (i) _ (1) iJ
(lJnﬁ Z F {pﬂﬁ _Z Z pf X+_)A )

:Z f}z Pu A[f- —a)e'” _Z Z Fh] h} m q))eiqr

é’ -' PE}(Q] > cb:xﬁ(r)



4pt correlator through the FFT

* Cuda implementations for various parts:

[B], (7,04 €100, C5 00s C3) [B]=[N,Z,=, Aldsu),A(sud),A(uds)]
ALIBaryons<<<...>>>(...) & "
['-‘B:l f udju fd5] i d}'-l fdﬁ:l fu d]' {m]u fs’-"]ﬂ [;::Iu (pdl' [:I‘JU
: ] T 0 0
Pl A p A P A p l A P 1A Pl I A
(udu  (ds)u (ud (dsju udu  (dsju

(l)fxﬁ Z Fh{pqﬁ _Z Z pU_ X—*__"A”( )
—Z F{}Z Pu I e'? —Z z Y At{j] ~i))e”

i {I
i l’} (X +r) lg v A!i ))
= A{"C“C }}}( 2 ) B'ﬁi{{: }}}( -

A<<<, }}}(1




HA-PACS

* BASE

e |ntel E5-2670 (16core) + NVIDIA M2090 (x4)
532.8 GFlops 665 GFlops (x4)
128 GBytes 6 GBytes (x4)

* TCA

e |ntel E5-2680v2 (20core) + NVIDIA K20X (x4)
448 GFlops 1310 GFlops (x4)
128 GBytes 6 GBytes (x4)

:
Ll L} f
i \
! : “'b‘_
] L -l ;‘-.- et
1 aat N
s 5 i
| W LR
| | l:"l.l:
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MPI+OpenMP + CUDA

* For HA-PACS, 1PE has =
16 CPU cores and 4 GPUs:

I
sl

il
_==4
it
=
= an

e cudaSetDevice(GPU_id); specifies the GPU

e GPUId Is determined by MPI_id or thread_id

e We take “4mpi * 4threads” configuration and

e GPU_id = MPI_id 3
MPI_id = O

MPI_id = 1

115

"1Y'
1] 11%

MPI_id = 2
MPI_id = 3 o
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Detailed elapsed time

(0.0e+00)

(1.2e—-02)
(5.8e—02)
(1.7=2+00)

(1.7=+00)
(1.72+00)
(1.5e+00)

(1.9e+00)
(1.%e+00)
(2.1e+00)

(2.1e+00)
(2.2e+00)
(2.3e+00)

GPU

(6.9e+00)
(6.92+00)
(7.1=e+00)

2.3e-01
4.,.7e—-01
4 . 2e4+00

4.4e+00
4 .6e+00
7.2e+00

i

%

2.l1le—01
5.le=01
4.,3e+00

4 .5e+00
4.7e+00
7.0e+00

0.0e+00

2.3e—-01
4.7e-01
4.2e+00

4.4e+4+00
4.6e+00
7 -2e4+00

e
£
e

End
End
End

End
Fncd
End

End
End
ond

A(l)
A(2)

A(l)
A(2)



52 channel calculation with
161N35x52 lattice

* Without GPU, elapsed time i1s  2:22
* With GPU (M2090), 1:45

(pnpn), (4.1)
ApA), (pAZ*tn), (pAXOp),

pPAp pAL n), (pAX'p)

(E+nph (EtnLtn), {E+H_E_{.}f)‘ 4.2)
(Z°ppA). (E°pZ*n), (Z°pEOp),

(AAAA),  (AApE-), (AAnED), (AATTI-), (AAIX), -
(PE~AA), (pE~pE-), {.UE‘E”}: (pE"EFET), (pETIEY), (pE~LYA),
(nZ9AA), (nE9E-), (nE'nE0), (nEOEFE-), (nEYEZ0X0), (nE0XOA),
(E*E-ARA), (TYEpE —} (E+E-nE0), (T+E-EFL-), (E+EX0X0), (E+EXOA),
(EOTOAAY, (XO¥05E-), (XO0x0,E0), (ROXOTFY-), (X0xoroyoy

(E“A;;E.—). (Z0AnZ0), (ZOAT+I-), (E0AZOA),

(E-AZ-A), (E-AZ-Z0), (E-AX0=-),

(EZ-EOE-R), (Z-E0T-3D), (Z-=0%0%E-), (4.4)
(E9Z-E-A), (X0=-x-20), (X0=-x0=-),
E-E9). (4.5)

(4.3)
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Results

* HA-PACS:

e M2090 K20X
(665 GFlops) (1310 GFlops)

e 20 GFlops 27 GFlops Al1Baryons<<<...>>>(...)
e 1.6 GFlops 1:1 GFlOpSs A€ 5w>5( 5 5.5 )
e 5.4 GFlops 6.1 GFlops B<<<...>>>(...)
e 4.7 GFlops 26 GFlops Bedd oD (i)

[using streams]
e |Lattice size: 1673 x 32



Summary on main part

(1) We present a fast algorithm to calculate the 4pt correlation
function of Lambda—Nucleon system, which was used to study the
hyperonic nuclear forces from lattice QCD.

(2) Generalize the target system to various baryon-baryon
channels. (E.g., 52 channel NBS wave functions can be obtained at
the same time from one computing job for the 2+1 lattice QCD.)
(3) In this approach, the number of iterations to obtain the
four—-point correlation function is remarkably smaller than the
numbers given in the unified contraction algorithm[2].

(4) A hybrid parallel (C+t+) and multi-GPU (CUDA) program has been
implemented with MP| and OpenMP, working on supercomputer

(HA-PACS); Concurrent kernel executions with streams improve the
comput ing performance for K20X (TCA part of HA-PACS).

[1] H.N. PoS(LAT2013)426;(LAT2008)156; (LAT2009)152; (LAT2011)167;
(LAT2013)426.
[2] Doi and Endres, Comput. Phys. Commun. 184, 117 (2013).



Benchmark




Benchmark of the hybrid parallel
C++ code implementation

Comparisons have been made for all 52 channels over 31
time—-slices, 16%16%16 points for spatial, and 2%2%2%2
points for the spin degrees of freedom,

There are 16k16k16x2%2%2%2 = 65536 points per time—slice
per channel.

For example:

>>> a b aPbP x y z ratio From other work From this work diff
(=From other-From this)

>> 0101 0 0 O 1.000000000000e+00 4.755520154185e-20 [4.755520154185e-20 -8.907425992791e-34
>> 0101 1 0 0 1.000000000000e+00 1.064483789589e-19 |1.064483789589e-19 -4.935195482492e-34
>> 0101 2 0 O 1.000000000000e+00 1.034021677632e-19 [1.034021677632e-19 -8.185202263646e-34
>> 0101 3 0 O 1.000000000000e+00 9.903890629525e-20 9.903890629525e-20 -9.750020343460e-34
>> 0101 4 0 O 1.000000000000e+00 9.480310911656e-20 9.480310911656e-20 -1.095372655870e-33
>> 0101 5 0 O 1.000000000000e+00 1.030125191701e-19 [1.030125191701e-19 -9.388908478888e-34
>> 0101 6 0 0 1.000000000000e+00 8.655174217981e-20 8.655174217981e-20 -6.500013562307e-34
>> 0101 7 0 0 1.000000000000e+00 2.229267218351e-20 2.229267218351e-20 -9.087981925077e-34
>> 0101 8 0 O 9.999999999996e-01 2.330235858756e-21 2.330235858757e-21 -8.911187574714e-34
>> 0101 9 0 O 1.000000000000e+00 2.034855576332e-20 2.034855576332e-20 -7.011588703785e-34
>> 0101 10 0 0 1.000000000000e+00 3.822483016345e-20 3.822483016345e-20 -6.981496048404e-34
>> 0101 11 0 0 1.000000000000e+00 6.506309796602e-20 6.506309796602e-20 -4.453712996395e-34
>> 0101 12 0 0 1.000000000000e+00 8.118512223003e-20 8.118512223003e-20 -6.981496048404e-34
>> 0101 13 0 0 1.000000000000e+00 5.202429085187e-20 5.202429085187e-20 -1.017131751880e-33
>> 0101 14 0 0 1.000000000000e+00 5.725220267276e-20 [5.725220267276e-20 -7.342607912976e-34
>> 0101 15 0 0 1.000000000000e+00 4.331313772187e-20 4.331313772187e-20 -8.185202263646e-34



Benchmark (only LN-LN channel at t—t0=+001)

plwave pl.+001

1.00e-12 ‘Hv .......................... Hv .......................... H‘v .................. "

1.000-14
1.00e-16
1.000-18
1.00e-20
1.000-22

1.000-24

100025 gy gy

1.0C0-28

1.000-30

1.000-32 , ' , ' ' '
0 100050 20005 30000 40065 0000 S0030 70000




Benchmark (at LN-LN channel)
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Summary

(1-1) Lattice QCD calculation for hyperon potentials toward the
physical point calculation. (Lambda-N, Sigma-N: central, tensor)
(1-2) Effective hadron block algorithm for the various

baron—baryon interaction
A hybrid parallel (C++) and multi—-GPU (CUDA) program is

implemented (MP| + OpenMP).
Reasonable performances at various hybrid parallel execution
on the supercomputers (BlueGene/Q and HA-PACS)

(11-1) Benchmark calculation for the 52 channel of NBS WFs.
(11-2) Very preliminary LN potential at physical point.
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