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We present our recent study on baryon-bary®B)(interactions from lattice QCD with almost
physical quark masses correspondingrte,, mg ) ~ (146 525 MeV and large voluméLa)* =
(96a)* ~ (8.1 fm)*. In order to perform a comprehensive study@interactions based on lattice
QCD calculation with almost physical masses and to maketese of such large scale computer
resources, a large number BB interactions fromNN to == are calculated simultaneously. In
this report, we focus on the strangen8ss —1 channels of the hyperon interactions by means of
HAL QCD method. The coupled-channel HAL QCD method is brieflylined. The snapshots
of central and tensor potentialsify and®S; —3D; channels are presented N, =N (both the
isospinl = 1/2,3/2) and their coupled-channel systems.
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1. Introduction

Precise determination of the-nucleon (AN) and thez-nucleon EN) interactions provides a
significant impact for understanding how the hypernuclear systemaralblt has been pointed
out that aAN — =N coupled-channel interaction plays a vital role to have a hypernucléng be
bounded[1]. A recent experimental study shows a tendency to repalsiucleus interaction and
only a four-bodyz-hypernucleusiHe) has been observed; those suggest a repulsive nature of the
>N interaction. Such understanding is useful to study properties of hyjgeneatters inside the
neutron stars, though a hyperonic equations of state (EOS) employezhia study may contradict
a recent observation of a massive neutron star heavier #ar2, 3].

In the recent years, a new lattice QCD approach to study the hadroniadtiters has been
proposed[4, 5]. In this approach, the interhadron potential is obtdigesieans of the lattice
QCD measurement of the Nambu-Bethe-Salpeter (NBS) wave function.of$ervables such
as the phase shifts and the binding energies are calculated by usingulteentgsotential[6]. This
approach has been further extended and applied to various probleenBe$.[7, 8] and references
therein for the state-of-the-art outcomes. In addition, a large scale latfifed@lculation is now in
progress[9] to study the baryon interactions frifN to == by measuring the NBS wave functions
for 52 channels from the2 1 flavor lattice QCD.

The purpose of this report is to present our recent calculations @fkhgotentials as well as
the=N (both the isospih = 1/2, 3/2) potentials using full QCD gauge configurations. Several ear-
lier results had already been reported at LATTICE 2008, LATTICE®R&3d LATTICE 2011[10]
with heavier quark masses and smaller lattice volumes. This report showsdhkerksults of
those studies, based on recent works reported at LATTICE 2012P1AN — AN, AN — XN,
andZN — XN (bothl = 1/2 and 32) potentials are studied at almost physical quark masses corre-
sponding to i, Mk )~(146,525)MeV and large volum@a)* = (96a)* ~ (8.1 fmy".

2. Outline of the HAL QCD method

In order to study the nuclear force using the HAL QCD approach, wede&fne the equal
time NBS wave function in particle channel= {B;,B,} with Euclidean time[4, 5]

peMe ==Y <o)31,a(>“< +r,t)|327ﬁ(>*<,t)‘ B—2E,S| > , 2.1)
X

whereBy 4(X) (B2,3(X)) denotes the local interpolating field of bary®Bn(B2) with massmg, (mg,),

andE = \/k§ +m§;1 + \/kf +n%2 is the total energy in the centre of mass system of a baryon
numberB = 2, strangenesS, and isospin state. ForBy 4(x) andB, g(x), we employ the local
interpolating field of octet baryons given by

P= Eabc(UaCysp) Uc, N=—Eapc(UaCys0p) de, = = —Eapc(UaCVsS) Ue, T~ = —Eanc(daC¥sSy) Ao,

ZO:% (Xu—X4d) /\:% (Xu+Xq—2Xs), E0:(‘:abc(UaCVSf‘—"o) S I =—Eanc(daC¥S) <,
where Xu = Eabc(0aC¥Sh) U, Xd = Eabc(SaC¥bUp) de,  Xs = Eapc(UaCysdh) S
(2.2)

For simplicity, we have suppressed the explicit spinor indices and spatiedinates in Eq. (2.2)
and the renormalization factors in Eq. (2.1). Based on a set of the NB& fwagtions, we define
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a non-local potentia(2 ZHA) S @ue(®) = [d3r' Uy (F, 1) @ve(r) with the reduced mass

Hx = Mg, Mg, / (Mg, + Mg, ).
In lattice QCD calculations, we compute the four-point correlation functidimele by[13]

FaaSe i (mi—to) =Y <o Bra(X+T,)Byp(X,t)_Ziar (to)

X

o> , (2.3)

where /éjé'\f) (to) =Yap Po(ﬂb'\,")Bgva/(to)Bél,B/ (to) is a source operator that crea, states with
the total angular momentudM. The normalised four-point function can be expressed as

RIEIEEE) (7 _tg) — elmer 1Moy (o) (B18BSB0) (p )

_zAnz< Bra(X+7,0B25(X.0)

En> (En*ﬁblfmsz)(t*to)+o( —(Eth—mg; —mg, ) (t—to) ),(2.4)

whereE, (|Eq)) is the eigen-energy (eigen-state) of the six-quark systemAand ¥ . Péj,g'/)
(En|Ba g/B3q|0). Hereafter, the spin and angular momentum subscripts are suppressedrfd

R for simplicity. At moderately largé — to where the inelastic contribution above the pion pro-
duction O(e~ (Bn~—s;~Me;)(t-l0)) — Q(e~Mr(t-%)) becomes negligible we can construct the non-
local potentialU through (%4‘ %) S Fr (7)) = [d3r" Uy (T, r )F,\/( ). In lattice QCD cal-
culations in a finite box, it is practical to use the velocity (derivative) exjwam U,/ (F,r') =
Vi (F,00:)83(F = 17). In the lowest few orders we have

V(T,0) =VOM) +VO ()31 G+ VT (1)Sp+ VA (- (61 + 82) +0(0?2),  (2.5)

wherer = [r|, G; are the Pauli matrices acting on the spin space ofi-thebaryon,S;, = 3(r -
G1)(F- G2) /12 — Gy - Gy is the tensor operator, and=F x (—i[]) is the angular momentum oper-
ator. The first three-terms constitute the leading order (LO) potential whaldotlrth term cor-
responds to the next- to Ieadlng order (NLO) potential. By taking the atativistic approxima-

tion, En — mg, — Mg, =~ +O(k4 o), and neglecting th¥\.o0 and the higher order terms, we

~ 2“
. 2 . mg, +Mg, —My/ s ) (t—t

obtain (2%—%> Rye(T,t) ~ v/\(/\/>(f)9M,RA, (T,t), with ),/ — oMoy ey~ My —Mgy )(t—to) o

that we have introduced the matrix forRy.. = {Ry,,Ry/s,} With linearly independent NBS

wave functionsR, .., andR,,. For the spin singlet state, we extract the central potential as
Cent 1o 2 o

Vi@ 3 — 0) = (6y4) LR Der (g — g)Rier For the spin triplet state, the wave func-

tion is decomposed into tH& andD-wave components as

{ R(F; 3S) = ZRFI=1) = 45 40 ZR([I= 1), 2.6)
R(F; 3D;) = 2R(\;J = 1) = (1—- )R, I = 1). '

Therefore, the Schrddinger equation with the LO potentials for the spinttsiaite becomes

2
{g}x{vfx(g)/() V)EA’)() )\)\’( )S.LZ}G)\/\’R/\’ (Tt —to)Z{Z)}X{ZDM gt}R/\e(f' —1o),
2.7)
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Figure 1. The effective mass of single baryon'’s correlation fundierith utilising wall sources.

from which the central and tensor potentiad§®™"™ (r; 3= 0) = (VO (r) —3V(@)(r)), . for J=0,
v @ 3 — 1) = (VO(r) £V (r))s, andVi ¥ (1) for J = 1, can be determindd

3. Comprehensive lattice QCD calculation with almost physical quark masses

Nf = 2+ 1 gauge configurations at almost the physical quark masses are usgdréhgen-
erated on 96lattice by employing the RG improved (Ilwasaki) gauge actioff at 1.82 with the
nonperturbativelyD(a) improved Wilson quark (clover) action éq, ks) = (0.1261170.124790
with ¢cgw = 1.11 and the 6-APE stout smeared links with the smearing parameted.1. Prelimi-
nary studies show that the physical voluméak)* ~(8.1fm)* with the lattice spacing~ 0.085fm
and (my;, Mk ) =~ (146,525 MeV. See Ref.[14] for details on the generation of the gauge configu-
ration. The periodic (Dirichlet) boundary condition is used for spaciaheral) directions; wall
quark source is employed with Coulomb gauge fixing which is separatedifimiirichlet bound-
ary by |tpgc — to| = 48. Forward and backward propagation in time are combined by using the
charge conjugation and time reversal symmetries to double the statistics. &aghapnfiguration
is used four times by using the hypercubic (8(.) symmetry of 96 lattice. A large number of
baryon-baryon potentials including the channels fridid to == are studied by means of HAL
QCD method[9]. See also Ref.[12] for the thoroughgoing consistenegicim the numerical out-
puts and comparison at various occasions between the UCA[15] andebenpalgorithm[11]. In
this report, 52 wall sources which is about a half (52/96) of possible titatere used for the 207
gauge configurations at every 10 trajectories. Statistical data aregadewdth the bin size 23.
Jackknife method is used to estimate the statistical errors.

4. Results

4.1 Effective massesfrom single baryons' correlation function

As mentioned above, the potential is obtained at moderately large time slicestvbénelas-
tic contribution above the pion production is suppressed. In addition, thkediaryon’s correla-

1The potential is obtained from the NBS wave function at moderately larggiimagy time; it would be — tg >
1/my ~ 1.4 fm. In addition, no single state saturation between the ground state anditeelestates with respect to the
relative motion, e.gt,—to > (AE) 1 = ((271)2/(2/.1(La)2))71 ~ 8.0 fm, is required for the HAL QCD method[13].
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Figure2: Left: AN central potential in théSy channel calculated with nearly physical point lattice Q@ID ¢
culation on a volumé96a)* ~(8.1fm)* with the lattice spacing ~ 0.085fm and my, mg ) ~ (146 525MeV.
Centre:AN — 2N central potential in théS channel. Right=N central potential in théS, channel.

tion functions,(Cg, (t —to)Cg, (t —to)) %, are used to obtain the normalised four-point correlation
function instead of the simple exponential functional forffee ™2)(-%) in the actual numerical
analysis. The statistical correlation between the numerator and the denanmrhi normalised
four-point correlation function maybe beneficial to reduce the statistaaén

Fig. 1 shows the effective masses of the single baryon’s correlatiatidun The plateau starts
from the time slice arount—tg ~ 14, which suggests that the potentials should be obtained at the
time slicest —tp > 14. However, statistics is still limited. In this report we present preliminary
results at earlier time slices{ to = 5— 12) of our on-going work.

4.2 Central potentialsof AN — =N in 1S, channel

Fig. 2 shows the\N diagonal (left),AN — =N coupled-channel (centre), a@dN (I = 1/2)
diagonal (right) potentials in th& channel. In the flavaBU(3) limit, these channels are expressed
in terms of & and 27 representationg/AN) = \/%)(183) +3|27)), and|ZN) = \/%)(3|85> —127)).
Therefore the\N diagonal potential is expected to be more or less similar toNtNgootential in
the 'S channel. On the other hand, tB#&l (I = 1/2,'S) potential shows strong repulsive force
which is consistent with the quark model’s prediction.

4.3 Central potentialsof AN — 2N in 3S; —3D; channel
Fig. 3 shows thé\N diagonal (left), AN — ZN coupled-channel (centre), aad (I = 1/2)
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Figure 3: Left: AN central potential in théS; —2 D; channel calculated with nearly physical point lat-
tice QCD calculation on a volum@6a)* ~(8.1fm)y* with the lattice spacin@ ~ 0.085fm and(my, mk ) ~

(146,525MeV. Centre:AN — =N central potential in théS;-3D; channel. Right=N central potential in
the3S;-3D; channel.
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Figure 4: Left: AN tensor potential in théS; —2 D; channel calculated with nearly physical point lat-
tice QCD calculation on a volum@6a)* ~(8.1fmY* with the lattice spacin@ ~ 0.085fm and(my, my) ~
(146,525 MeV. Centre:AN — 2N tensor potential. Righ&N tensor potential.

diagonal (right) potentials in thts; —3D; channels. Relatively better signals are obtained in these
states than in théS because of the three-times larger statistics in the spin triplet channel. In the
both diagonal channels, repulsive core is found and weakly attrad¢ine seems to exist in the
middle distance region. The off-diagonal (coupled channel) potentiakis at the short distance.

4.4 Tensor potentialsof AN — 2N in 3S; —3 D4 channel

Fig. 4 shows the tensor potentials in thH (left), AN — =N (centre), an&N (I = 1/2) (right)
potentials in the’S; —3 D, channel. Weak tensor potentials are seen in both diagonal channels.
Regarding the study of light hypernuclear structure [1]AlNe— =N tensor potential is expected to
play an important role to bind one or twi(’s) and a light nucleus. The present result shows that
the tensor potential has more or less sizable strength and it is weaker théN teasor force.

4.5 Two central (1S, 3S —3D;) and atensor (3S; —2D;) potentials of N (I = 3/2) system

Fig. 5 shows the two central potentials in tt (left) and®S; —3 D, (centre), and the tensor
potential in the’S; —2 D (right) channels oEN (I = 3/2) system, respectively. TH& =N(I =
3/2) channel is represented by pi@ gotential in the flavoBU(3) limit which is same as th&
NN potential. The potential shows more or less similar toNié (1S). On the other hand, the
35, —3D; state is represented by put® irreducible representation. The present results seems to
suggest that the central potential in tt& —3 D is repulsive, which is consistent with the quark
model’s prediction. The tensor force is also obtained. The lattice QCD waaila promising
approach to unveil the origin of repulsive nature®f interaction.
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Figure5: The =N potentials oftS, central (left),2S; —3 D, central (centre), andS; —2 D1 tensor (right) in
thel = 3/2 channel.
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5. Summary

In this report, the preliminary snapshots of the, >N and their coupled-channel potentials
are presented. Both diagonal central potentials show the repulsigarctite short distance; the
strengths are different from channel by channel. TReEN (I = 1/2) and®S; —3D; N (I = 3/2)
show relatively stronger repulsive cores; itis interesting to see thattmé gnodel predicts similar
behaviour. In order to obtain more clear signals for both channelsa@deftorts should be devoted
to improve the following points: (i) to increase statistics to go to larger time sliceso (i¢rform
the analysis with taking into account the renormalization factors for the cdepknnel potentials,
(iii) to examine relativistic effects (i.e., higher differentials in time) for obtaining plotentials.
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