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What is realistic picture of hypernuclei?

6

a K total )=B(*He) +Bﬂ(fHe)

® A conventional picture:
B(total )
B(4He)+8( 5He)

= 2313 MeV,

@A (probably realistic) picture:
f{total)

= (B('Hle)—AE)H(B ( *He)tAE) @ .
77477 MeV., .




Compar i1son between d=pth and coretY

Tensor force makes bound state!
Slzzg(ﬂi)(ﬂz'r)_ﬂ'l'ﬂ'l

&

attractive repulsive

(TS (T { M central )y (VAW tensor ) {VACLS))

(MeV) (MeV) (MeV) (MeV) (MeV)
AVE B.57 11.31 —4_46 —16.64 —1.0%2
G3RS 10, 84 5.64 —7.29 —11.46 0,00




Compar i1son between d=pth and coretY

(S
”\U\U\L "””““L

&

(15} {Tp} (Va(central )y {(Vaptensor)y (VAMLS))
(MeV) (MeV) (MeV) (MeV) (MeV)
AVA 8.57 11,31 —4.46 —16.84  —1.02
G3RS 10,84 5.64 —7.29 —11.46  0.00

(T¥-cpp (T¥-c)stADH) (I DY ) 24V oyt Lensor )}

A He 9.11 5.8514,68 —(.86 — 8.2l
A 5.30 2. 4312, 02 0.01 —10.67
A~ H 7.1z 2. 9442, 1o —5.05 —9.22

HN, Akaishi, Suzuki, PRLE9, 142504 (2002).5_




~B, (MeV)

Rearrangement effect of ﬂf’He

HN, Akaishi, Suzuki, PRL&9,

142504 (2002).
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What is realistic picture of hypernuclei?

6

a K total )=B(*He) +Bﬂ(fHe)

® A conventional picture:
B(total )
B(4He)+8( 5He)

= 2313 MeV,

@A (probably realistic) picture:
f{total)

= (B('Hle)—AE)H(B ( *He)tAE) @ .
24+7 MeV. ¢




FY calculation with and w/o 3NF

@ Three nucleon force does not change the B,

<o much,

@A, Nogga, et al., PRL88, 172501 (2002),
TABLE IT. AN and 3N interaction dependence of the 3 He SE's
E2, and the 07-17 splitting A. We show results for different
combinations of YN, NN, and 3N forces (YIVE, NNF, and 3NF).
All energies are given in MeV.

YNF NNF ANF E__ﬂ"lp (07) F J:p (17) A
SCQ7e Bonn B e 1.66 (.80 (.84
SCO7e Nijm 93 ce 1.54 0.72 0.79
SC97¢ Nijm 93 ™ .56 0.70) 0.82
SCEY Bonn £ co 2.25 ..
SC89 1jm 93 ce 2.14 0.02 2.06
SC89 1jm 93 ™ 2.19 .o

172501-2



Lattice QCD calculation
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Multi1—hadron on Iattlce

| ) basic procedure:
asymptotic region
——> phase shift
i i) HAL s procedure:
Interacting region
——> potential

1
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Multi-hadron on lattice ,

Lattice QCD simulation gﬁg_ﬂﬁﬁi
L=—iGjVG&““+qy“(f 0,~gt A)g—mqq

(0(q,q,U))=|didgdge ™" ""0(g,q,U)
_j"dUdew( ) =Sl “‘0(9—1({}))

_11m—20

N%m

¢o
(U () P (L))
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Multi—hadron on lattice «

Lattice QCD simulation

1 ; oy B - Y a1
L=_EGmﬁ!H+q¥w15f1§ﬁﬂﬂq—mqu;:
(0(q,q,U)=[didqdae ™" "0(q,q

Calculate the scattering state 1



Mul ti—hadron on lattice e
ii) HAL" s procedure: . R

make better use of the lattice =
output ! (wave function)
Interacting region
——> potential
Ishii, Acoki, Hatsuda,

PRL29, 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 i
i) HAL" s procedure: e A

make better use of the |att|%% ..................
output ! (wave function)
Interacting region
—> potential

Ishii, Aoki, Hatsuda,
PRLO9, 022001 (2007);
ibid., PTP123, 89 (2010).

> Phase shift
=5 > Nuclear many—body problems

14




In lattice QCD calculations, we compute
the normalized four-point correlation function
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The potential is obtained at moderately large
imaginary time: no single state saturation is
required,

AT . / co - T | AN o
Eﬂq IIr i f'-h:l — _{D‘Bhﬁlﬁi | I':IJE‘;:;@L}L T-_iigfs‘.;]i ]I Df} /] IJ}.’._[J{ [Ih‘,g_ |"r”'-qzjl:xf' !.n:‘}?
-k- . .
_\) ‘_]_”L L.‘_H]_u - [_. _H (1 UI .tu!_:'E' :-. _—_-1'|-J—11'?_I_!|f —T_l
-|—f:’ft='_(t n e =g ) r"i (1)
where o | |f*' }'J 15 the sigen-energy Ifn:-i-"'ﬂn—:«:‘r.:atpj of the sm-quark system
nr
gl A, = En,." Ef;.f jﬁbﬂ |.E;1 @B-a,,,,r El A moderately large £ £y where

the inelastic contribution above the pion produclion Ofe~Fe—2my)i-to)) —
O ' ] trut:r the non-local potenrtial L7

lartice QCD calenlations

1 The potertial {s ohtained from the NBS wave furction at moderately large imaginary
time; it would be t — fq 2 1/m, ~ 1.4 fm even for the physical pion mass. ['urthermore,
no single state saturation between the ground state and the first excited suates, t — ¢4 2
(AR = (20 {2,'11_-2::_1, is required for the present HAL QUL method 20]. which
hecomes ['l!"?r]a".rrt"jplz'l"l_1 ~ 4.6 ‘m if we consider L. ~ 6 fm and miy = 1 GeV. In
[ief. 14|, the validity of the velocity expansion of the ¥V potentizl has been examined in
quenched lattice QCD simulations at m, == 530 MeV and L == 4.4 fin.
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The potential is obtained at moderately large

imaginary time: no single state saturation is
required,

AT, : / . — (MY, A C
Eﬂq | T N fl'l-} — _ i: (] ‘BL”’L‘%‘ | T, .!':]E?.].i_l ’:,?_3354 i ::| DI,: / fJ.'.’.’..[_II{ [:_Ih;_,?_ | "'”'.'-_igjl:x‘-r- !-ﬂjj-_-
-h- - .
- 3 .r‘]_” E L.‘-H].LE - L _H f\ "qL L|| b . :'E' i, .‘_'1'|‘J—11'?_£||:. —TJ

_|_{::[‘F—Ui b H'?,—rmc,‘.lff—nli l:-'“I;]

Sl svetem

where fo, (|[I4,)) is the eigen- -emergy I::eig;ﬂn—:-:‘r.: L
_ pli M)
UJlLl _"1.1»1. — Eﬁfln". r,:hr '::_bg |E;‘] 3 .l

Tve the plon pro 1l_u L1on

anstruct the non-local potenrial U

no single state saturation He.weel. Lae gr-:-ur.d state and the first excited suates, t — by
. . ; L o,y —1L 0, . . . - .
(AR = (207 /(2™ 7, d= requived for the present HAL QO metacd 20]. which

;. d:. P 1 _1 — " ' L F
becomes ((27)2/(2ul?)) ~ == 4.6 ‘m f we consider L ~ 6 fm and mpy == 1 GeV. In
[ief, 14|, the validis v of the velocity expansion of the ¥ N potentizal has been examinecd in
quenched lattice QCD simulations at m, == 530 MeV and L == 4.4 fin.
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The potential is obtained at moderately large

imaginary time: no single state saturation is

L]
required,
- ; — . — (.7 \
RGIR L 1) = Z { U‘B1,ﬂ|:_1f | 7D Ba (X 0 T50 (1)

"y
as

"I.

— \) -r‘]-.re L U ‘EL u ‘|‘ 1’_: U:I_tj'-_jﬂli_fl [_;I:| .I'L.I-,-! '.':, E,-:t-E-.—i?1,1]—:1a_qull,’t—fJ:

!

— —7r —Ty ||I'—.,. R
_I_{jl-:l:l (£ Ly £ Mg | ) I

(1)

where fo, (|/4,}) i the eigen-energy (eigen-stats . -quark svstemn
M) —
’I{b |E 14 5

Thove the puoo produclon

fn whero
= U_:I) —

, 4 = % "J'»
LlJ.I.Ll ., 1-;\-1 _ a"‘_.ru"!rill':.h"

I.]._l.'..l ; T

nstruer the nﬁn—lmcal potential L7
lartice QCD calenlations

St he pl'vs’-:‘ﬁ,' plon mass. [urthermaore,
MWl Le groind state Ao mie rereseitadasiates, t — 1 2

no single staie sataveeinom
g 1 - :
:gb'Fl = |[|[ '-‘*-}' (2 L5077 s required for cheesedBent HAL QO method 20]. whits

1 v ] Yy ar
resanmes ((27)°) ﬂ3',u.L2|I =~ 4.6 M we consider L o~ 6 fm and my = 1 Gellfi
[ief. 14|, the vairmroitrevelecitinarnansion of tha MV mesentim=tAS Deen examined in

quenched lattice QCD simulations at m, = 530 MeV and L= 4.4 fin.

oo ! ]
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(1) 4;,,}@5655;&?&5%‘9“5.@

Fr.-u;l r,u; e flr l _rﬂ'] — E \ El.u[f+?ﬂrjﬁf".ﬁ[f:f:l fé Hhﬁli'q}] ) (2.3)
¥ /
(2) BEkEEEFESZHC L EWEIZITIRAEREE 5T
[ (B Rz Bz by Ifm_;, e, Nt—ig, (R BB R )
walh JM “ 1t —tg) I r__.:]_{__f{j I:" r—1p)

En ms g1 ol S - mEL I foam
Fa }e (B s gy Jd il _ (e Fw may mel ol o

—E**E

ull-l—r 05, r;.l

(3) FyRILCEICLEFEVENREBLESD T, eheEB LR
#feiZz8Schroedinger BRIV S RF v )L EXKE S

{':;_J ]f‘f,lz”’ )~V lFIIFJHM Kyl 1), wilh 8; 3, =&

[Hig | g, mﬁl "”r 1K ;;]

(%) “moderately large imaginary time” TEtB&TS
(3 %) 2BREDRSIRREE XEIL THS

“The potential is abroined from the NRS wave funcrion ot moderntely larss imnginary time; it wonld be ¢ 1y %
| it~ 1.4 fin. In addition. no single state satiration between the sround state and the excited stares with respect 1o the

relative motion. €.g., 1 — fp 2 (AL ! (iE.?t]"'r."illtL[Lajj]::I_I == 5.0 fm, 15 required for the [TAL QCTY method[ 15].

éﬁ (0 [ ) — vj’_ﬂ \72 a —
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An improved recipe for NY potential:
@cf. Ishii (HAL D), PLE71Z2 (2012) 437.

[ #Take account of not only the spatial correla—

tion but also the temporal correlation in
terms of the R-correlator:

R v 3 7 #V=—C p(t. 3
”V}{’ M+ [ dr UF, 7R, T) at}f(t 7)

)

U(T, 7 )=V (7, V)8(P-T1)
® A general expression of the potential:
V yr= Vo(r)'l'Vg(F)(aN'a_f’)
+ V4 )512+VLS(F)(E'§+)
V is(P)(L-5)+0 (V)




Determination of
baryon-baryon potentials
at nearly physical point

21



Effective block algorithm for
various baryon-baryon correlators
HN, CPC207,91(2016), arXiv:1510.00903(hep-lat)

Numerical cost (#f of iterative operations) in this algorjthm
L+ N+ NN 2+Nfo+NjNﬂ+NfNﬁ=6
ln an |ntermed|ate step:

(N [N XN IN,IN %2V ‘B. _)

ln a naive approach:

(VLN XN TN N, -—)

[l |
(7= 22



Generalization to the various baryon—baryon channels

strangeness S=0 to -4 systems

|

{

FLFTE
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(EtnpAl, (EtaXtpy, (Xtar"p
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AAANY,  AAPE™),  {AARED,  {AAYTY-Y (AAXOYT
(pETAAY,  (pET

f
i
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. —— ;. —— e Tt —_ e =
f_.li:.ﬂ.‘i'u'l'!.}. matpE—y,  nEtaEY,  (rEVETL-) (nkE E"E'_.-,

(ETETAAY, (X )
{Eﬂzl 'A a"'I.::- ; ’E' E[] ."'E_ :- _ {:EE'T':‘”Tt::} .
¥

(ZAE-AY. (ETAT-Z0, (TATIE-
':“_'_'l::ll__.:ﬂ_.- '.l_'_lhp_ []5 -!"' _u':'“'_-_l;\:-

= o

(FVE-E-A), (£ T-50, (3UEXPE),

s—
[

[z]]

= L

—
L

]
[7]

a2y, {pETa=ly, (pETEAESY. (pETEDUEY

’;JT‘T'_"L'*
T"I!],.‘L

k:r_

T0). (Z-E-IOAL

EUAPAY,

(<. 1)

(4.2)

(4.3)

(4.4)

(4.5}

Make better use of the computing resources!

HN, CPC 207, 91(2016) [arXiv:1510.00203[hep-lat]],

(See also arXiv:1604.08346)
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Benchmark (from NN to XiXi channels)

|.0C GE I T T I I

his i
olnar ]

.1 .EE-"E‘:I 1 ] 1 | |
0l L2 g do—07 o077 Fa—i 1e—4H= 1.e2-0
c

avanerica’ res = ol The correlators of oontise 32 chanae’s Trone NN Lo 23 seslene givor
e Fas (320 (36), over 31 e slices, 160 paimes Tor spadal, sl 27 poinls for Ahe spin
deprecs of Treodom, ol cdned Ty ke Lo e Tective Dloek aleorizbir Do) aond Dy vsine Lhee
unidied contraction algorithm (open circle] &5 a function of one-dimensionally aligned data
point & — & +2(5 4+ 2(a’+ 207 + 2(x — 16(y + 16(z + 16{c+ 52((t — 5+ T mod T30,
where ¢ — 0,- -+ Bl selects one of the 52 channels. The absoluse value of their cifference
2 also shown [rianglel.
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Benchmar k (from NN to XiXi channels)

: arXLv-1510 00903(hep lat)
1.0e-08 | __
10609 - ik | -
1.0e-10 _ ................ ........ e . ] ............. R . S : ............... e _:

@ 10611 | _
=
E 1.0e-12

1.0e-13

1 0e-14

1.0e-15

1 0e-16 =] gl
0 2e+07 da+07 6e+07 de+07 1e+08 1.2e+0:

e
-

E=x+2(8+2(0 +2(f +2(x+16 (y+16 (z+16 (c+52(t—t,)))))) 25



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

@ APE-Stout smearing (p=0.1, ngmfﬁi)

%@ Non-— perturbatwely O(a) improved Wilson Clover
06 lattice

@l/a = 2.3 Ge‘v’ (a=0.08 fm)
2 Volume: 96* — (8&fm)*

& mn:145MeV, H1K=525M6V

@ DDHMC(ud) and UVPHMC(s) with preconditioning
@K, -I,Ishikawa, et al., PoS LAT2015, 075;
arxiv:1511,09222 |hep-lat].

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

DBC: #stat=207configs x 4rotation x Nsrc
Nerc=4 — 20 — 52 — 96 (2015FY+




LN-SN potentials
at nearly physical 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).

#stat: (this/scheduled in FY2015+) < 0.05 (==>0.2) [ 0.54
AN-3N (I=1/2)

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



LN-SN potentials
at nearly physical 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).

#stat: (this/scheduled in FY2015+) < 0.05 (==>0.2) [ 0.54
AN-3N (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

mass (GeV)

0.9 |

RN L) A APy
g B - ampaa

Eigma —-—— |

5 ,””ﬁﬂpf_

=T 1
l!i_"'l

[

PRELIMIHARY
0 1.0 1.5 E.Cl 2.5 E:Cl
{-10

Potentials obtained at t-t0 =5 to 12 will be shown.
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TABLE 4

The eigenvalues of the normalization kemel n eg. (3.3) for S=-1
twa-baryon (BB) system

5 =-1
7 ; BE Eigenvalucs Eigenvalucs
' (uncaupled) (counled)

5 0 NA 1 042
NE %

! 1 NA 1 s
N 1

3 ) N3 v

7 1 NS z

Eigenvalues of single and coupled channels are given.
Oka, Shimizu and Yazaki :55(:159;35?%)0



Very preliminary result of LN potential at the
physical point .. V.('S,)
(TQ . —] R(F ) — /q P I PR R 4 O(KY) — Vig(FIRIF,£) — - (8)
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Very preliminary result of LN potential at the
physical point V.('S,)
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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
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Very preliminary result of LN potential at the
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Summary

(I-1) Preliminary results of LN-SN potentials at nearly physical
point. (Lambda-N, Sigma-N: central, tenhsor)
Statistics approaching to 0.54 (=present/scheduled)
Sighals in spin-triplet are relatively going well smoothly.
We will have to increase still more statistics, particularly
for spin-singlet channels
Several interesting features seem to be obtained with more
high statistics.

(1-2) Effective hadron block algorithm for the various
baroh—-baryon interaction

Paper published/available:
Comput . Phys .Commun.207 .91(2016) [arXiv:1510.00903(hep-lat)]

Future work:
(11-1) Physical aquantities including the binding energies of few-
body problem of |ight hypernuclei with the lattice YN potentials
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. 1] 01 F . H ad H A aH aa H s He aa He 1
= 0 o
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FIG. 1. A and AA separation energies of 4 =2 — 6, § = — 1 and —2 s-shell hypernuclei. The Minnescwa NN, D2 YN, and mND;;
Y¥ potendals are used. The width of the line for the experimental £, or £, value indicates the experimental error bar. The
probabilities of the NZ., AX, and XX components are also shown for the AA hvpernuclei.



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

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

Method (T) (V) E, )
FY 102.39(5)  —128.33(10) —25.94(5) 1.485(3)
CRCGV  102.30 —128.20 —25.90 1.482
SVM 102.35 —128.27 —25.92 1.486
I11 102.44 128.34 25.90(1) 1.483
GFMC  102.3(1.0) —128.25(1.0) —25.93(2) 1.490(5)
NCSM 10335 —129.45 —25.80(20)  1.485
EIHH 100.8(9)  —126.7(9) —25.944(10)  1.486
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Results of
few-body calculation

* Inputs: e i

e m=1161.0 MeV, i

e hbar c = 197.3269602 MeV fm 5 .| . _

e hbar c/en2 = 137.03599976 .. p}tEL'IﬁI}q;R}‘

* V_NN consists of AV8 type st % e e se8
operators, determined from Nomber of beais

% 180 351, 35D1 1R1;: 3P0, 3P1; 3BF2}.

i Va by Eos Ve bas e are determined
x Preliminary results:

e B(4He)=4.23 MeV (w/ Coulomb) (old: 4.37MeV)
e Probabilities of (5, 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/0 Coulomb) (old: 5.09MeV)
* Probabilities of (S, P, D) waves = (98.8%, 0.002%, 1.2%)
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