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@SN(1=3/2), central and tensor potentials

@ Effective block algorithm for various baryon—baryon
channels [arXiv:1510.00903(hep—lat )]

@ Four—nucleon bound state problem using a lattice NN
potential at heavier pion mass about 470MeV
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Compar ison between d=ptn and coretY

0 G

o A
(Ts) {(Tp ) (VnMcentral)) (Vamtensor)) (Vam(LS))
(MeV) (MeV) (MeV) (MeV) (MeV)
AV8 8.57 11.31 —4.46 —16.64 —1.02
G3RS 10.84 5.64 —7.29 —11.46 0.00

(Ty-c)p (Trco)stAHy (I DY ) 2V y-sy( tensor))

“He 9.11 3.88+4.68 ~0.86 ~19.51
Y 5.30 2.43+2.02 0.01 ~10.67
VH 7.12 2.94+2.16 —~5.05 —9.22

HN, Akaishi, Suzuki, PRL89, 142504 (2002).




FY calculation with and w/o 3NF

@ Three nucleon force does not change the B,

so much.

@A, Nogga, et al., PRL88, 172501 (2002).
TABLE II. NN and 3N mteraetlon dependence of the \ He SE’s
Ej}, and the 07-17 splitting A. We show results for different

combinations of YN, NN, and 3N forces (YNF, NNF, and 3NF).
All energies are given in MeV.

YNF NNF 3NF qep(0+) E;':;p(ﬁ) A
SCY7e Bonn B fe 1.66 0.80 0.84
SC97e Nijm 93 R 1.54 0.72 0.79
SC97e Nijm 93 ™ 1.56 0.70 0.82
SC89 Bonn B K 2.25 c ce
SC89 Nijm 93 R 2.14 0.02 2.06
SC89 Nijm 93 ™ 2.19 EE R

172501-2



What is realistic picture of hypernuclei?

@ B(total )=B(“He) A ( A5He)

@ A conventional picture:
B(total) 0 ¢
= K 4He)+BA(A5He)
= 28+3 MeV,

@A (probably realistic) picture:
B(total)

= (B('He)—~AE)+(B( He)tAE) @
= 2447 MeV, ¢

«




Lattice QCD calculation



Multi-hadron on lattice
i) basic procedure: ;5Hw£;
asymptotic region
——> phase shift
i i) HAL s procedure:
Interacting region
—> potential




Multi-hadron on lattice

Lattice QCD simulation
1
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Luscher, NPB354, 531 (1991).
Aoki, et al., PRD71, 094504 (2005).



Multi-hadron on lattice «
Lattice QCD simulation

Calculate the scattering state



Multi-hadron on lattice o
i) HAL" s procedure: - ;

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

PRL99, 022001 (2007);
ibid., PTP123, 89 (2010).

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)




Multi—-hadron on lattice e

(i) HAL" s procedure: - ;i

make better use of the lattice

output ! (wave function)
interacting region

—> potential

Ishii, Aoki, Hatsuda,
PRL9I9, 022001 (2007);
ibid., PTP123, 89 (2010).

> Phase shift
EN > Nuclear many—body problems




In lattice QCD calculations, we compute
the normalized four-point correlation function

REE (7 t—t0) = 3 (0 Bra(X + 7.0 Bos(X, )T, (t0)| 0) / exp{—(mu, +ms,) (t—to)},
X

P = Eagbe (Ua db) U, N = —&ahe (ua db) d (2)

E-I_ — —Eabe (Ll', ' /55 bj Ue, YT = —Zabe (dﬂ(' I-JSE-') dC‘! (3)
1 1

¥ = (X, —. A=——(Xu+ Xg—2X,), 4
ﬂ(Y X4, A 75 (Xut X ) (4)

=0 — Eabe (UaCy55p) = = —Cabe (daC555) (5)

where

Xy = Eabe (da(j’q.!"ESb) Ue, Xd = €abe (-‘EQC’;’5'U5) dr‘:? Xs = Cape (ua(j’q.!"ﬁdb] Se,
(6)



An improved recipe for NY potential:
@cf. Ishii (HAL QCD), PLB712 (2012) 437.

" @Take account of not only the spatial correla—
tion but also the temporal correlation in
terms ot the R—correlator:

U (7,7 )=V, (7,V)6(7—F )
@ A general expression of the potential:

Viy=Vo(r)+ VU(F>(5'N'5_Y>

+ V() S+ Vi o(n)(L-S )
V s(r)(L-8)+0 (V)




Determination of
baryon-baryon potentials
at nearly phsycal point



Effective block algorithm
for various baryon-baryon
calculations

arXiv:1510.00903(hep-lat)



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)



Almost physical point lattice QCD calculation
using NF:2+1 clover fermion + lwasaki gauge action

@ APE-Stout smearing (p=0.1, n_ =6)

stout

@ Non—perturbatively O(a) improved Wilson Clover
action at B=1.82 on 96° x 96 lattice

®1/a=2.3 GeV (a=0.085 fm)

@ Volume: 96* — (8fm)*

s mﬂ:145MeV, mK:525MeV } S

@ DDHMC(ud) and UVPHMC(s) with preconditioning
@K.-I.Ishikawa, et al., PoS LAT2015, 075;
arXiv:1511.09222 [hep-lat].

@ NBS wt is measured using wall quark source with
Coulomb gauge fixing, spatial PBD and temporal

DBC; #stat=207configs x 4rotation x Nsrc
Nsrc=4 — 20 — 96 (2015FY)




LN-SN potentials
at nearly phsycal point

The methodology for coupled—-channel V is based on:
Aoki, et al., Proc.Japan Acad. B87 (2011) 509.
Sasaki, et al., PTEP 2015 (2015) no.11, 113BO01.
Ishii, et al., JPS meeting, March (2016).

#istat: (this/scheduled in FY2015) < 0.05 j> 0.2 for
AN=-ZN (I=1/2)

V.('S,) V.(°S,—°D)) V.(°S,—°D)
SN (I=3/2)
V.('S,) V.(°S,—°D)) V.(°S,—°D,)



Effective mass plot of the single baryon’ s correlation function
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Very preliminary result of LN potential at the
physical point v ('s)
Zu o JBED = [ & U TR 6 + O(k*) = Vio(R (T, ) +-(8)
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Very preliminary result of LN potential at the
physical point
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Very preliminary result of LN potential at the
physical point V.(°S —°D))
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Very preliminary result of LN potential at the

physical
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Very preliminary result of LN potential at the
physical point V.(°S,—°D,)
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Very preliminary result of LN potential at the
physmgal _pomt
(V dt) R(r t) = ‘/\di'*r-*U(_; FIR(T,t) + O(k4) = Vio(F)R(F,t) + -(8)
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Nuclear few-body problem




Stochastic variational calculation of 4He
with using a lattice potential

@For NN potential, we use the SU(3) potential
at the lightest quark mass(m_ps = 469 MeV),
which has been reported to have a 4N bound
state (about 5.1MeV) within a tensor-
Included effective central potential;

NPA881, 28-43 (2011).

N A7 Lo M= 1171 [MeV] —
b NN Sﬂ
HIRN . S |
' A 82T [MeW]
My = 672 [MeV] —— |
My = 483 [MeV] —— _
o Parfial-Wave-Analysis ---- | g:
E =
- | -
=]
B0 (] o0 25 250 =] 100 oo 25 250
Tian [NV




Benchmark test calculation of a four-
nucleon bound state,
Phys. Rev. C64. 044001 (2001).

TABLE 1. The expectation values (7) and (V) of kinetic and
potential energies, the binding energies £, in MeV, and the radius in

fm.

Method (T) (V) E, V(ro)
FY 102.39(5) —128.33(10) —25.94(5) 1.485(3)
CRCGV 10230 —128.20 —25.90 1.482
SVM 102.35 —123.27 —25.92 1.486
HH 102.44 —128.34 —25.90(1) 1.483
GFMC  1023(1.0) —12825(1.0) —25.93(2)  1.490(5)
NCSM 103.35 —129.45 —25.80(20) 1.485
EIHH  100.8(9) —126.7(9)  —25.944(10) 1.486




Vi) [NeV]

Confants Istsavailabls al

WX KT

Physics Letters B

Spin-orbit force from lattice QCD

[£. Muwrano

oL WL Ishut ', 8. Anla
H. Nemura ', 1 Sasalki

() ot

YT Dot T Hetsuda 7, ¥, lkeda ', T. [noue ",
(HAL QCD Caollaboration)

1 Thasrades! Rarareh Diiga, Nehha Comon KKEN Safsmma 15 1-i0Es, Apa

B e for Com ot il Sences nreersd o T, haraly 305 8577 japan

© Hakereea haidnde e Thearaiial Pyarcy, Kpala Ceeseredy, 8 adrm Boreea Oewateche, Salp- for, Kpala 606 5500, Japan
o ket FNET, The Eireeraiey af To o, Kaghima 35555570, apan

F s an eveerady, o g off Snraonres Sremces, Sanaga e 25 2 GHED, fop e

ARTICLE I N F

u]

ABSTRACT

Artroe hedary:
iecmivmed 2 Prlay 32171

et ive] 0 EaEed S0 S FEuaay 2004

Beccaptad 20 By 2044
Beapilads aclise 27 Blagy 2004
Editor; 11 Hale

Kerwamds

L Hoa C3CTD

Mudea e
Spr-alat patsaial
Scareri phae =23

We preent a first atempt o determine nuclon-nuckon poentiak in the parib-odd ssctor which
dppean in e ey, TP ey, Tl -TE Channens, in N =2 JHEE QO SIMUK TGS TS pElentia e ane
constructad fram the Mambu-Ee he-Salp=ter wave functiors for /¥ =0 .1 and 2, which comespand
o the A, T, aml 7 @& epresentation of the cubdic group, Espectiely, We have found a large
and attractree spin-orbit potential Viciri in the Bospin-tripkl channe, which is qualitateely comssent
with the phenomens kezial determination from the experimenial scattering phase shifs. The poleniak
clstained from litfice QCD are wsed © cakulate the scarering phase shifis in the 'sy, "0q %0 and
P-4 F, channmek The strane atractive spin-orbit force and a weak repuks e central fHrce in spin-trip ke
Bowase channeks lead 1o an attaction in the “P; channel which & related 0 the Powawe neulron paring,
I meubron slars.
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Inoue san’s NN potential

* Central and spin-oribt potentials

VC,LS(r):Vl EXP(_CH rz)"'Vz EXP(_Gz rz)
_VB(I_EXP(_GBFE))E(EXP(_G4r)/r)2

* Tensor potential ( )
VT(F):Vl(l_EXP(—QIFE))2(1+ 3 i 3 )exp oL T

oL, T (.«1 r)z r

3 3 )exp(—czqr)

V.(1- —a.r))(1
T 2( EXP( 1:131’”))( +C£4F+(c14r)2 .



Results of
few-body calculation

_ . -2.50 - - =
w/ Coulomb @&
?k I n p u t S 3 w/o Coulomb @ |

-3.00

e m=1161.0 MeV, 3 as0| e

e hbar c = 197.3269602 MeV fm & _,.| . _

e hbar c/e”2 = 137.03599976 T o DRELTNTNAR

e V_NN consists of AV8 type soll 0t 0 0 08
operators, determined from TS R

1160, 3581; 35D1; 1P1; 3P0, 3P, SPRE}.
oV, V., V.,V _,V, V,, 1Y are determined

(0]

* Preliminary results:

e B(4He)=4.23 MeV (w/ Coulomb) (old: 4.37MeV)
e Probabilities of (S, P, D) waves = (98.8%, 0.002%, 1.2%)
e cf. roughly speaking (S,P,D)~(<90%, <0.1%, >10%) for a
realistic NN force
e B(4He)=4.95 MeV (w/o Coulomb) (old: 5.09MeV)
e Probabilities of (S, P, D) waves = (98.8%, 0.002%, 1.2%)



Summary

(I-1) Preliminary results of LN-SN potentials at nearly physical
point. (Lambda-N, Sigma-N: central, tensor)
Statistics approaching to 0.2 (=present/scheduled)

Several interesting features seem to be obtained with more
high statistics.
(1-2) Effective hadron block algorithm for the various
baron—-baryon interaction

Paper available from [arXiv:1510.00903(hep—lat)]
(1-3) Four—nucleon bound state with a lattice NN potential at
pion mass about 470MeV (+Coulomb potential) has been solved by
using the stochastic variational method

The lattice NN potential is represented by AV8-type operators.

The tensor potential is weaker than the phenomenological

real istic NN potentials due to the heavier pion mass.

The D-state probability is only about 1.2%.
Future work:
(11-1) Physical quantities including the binding energies of few-
body problem of |ight hypernuclei with the lattice YN potentials
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