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Multi-hadron on lattice
) basic procedure: "
a Sym ptOtI C reg |O n T e
--> phase shift
ii) HAL's procedure;
Interacting region
--> potential




Multi-hadron on lattice

A
BRI ™ Simuiation
<O((_:I, q; U)>:fdjdqdqe_5(qr q’lJ)O(C_I, q’ U)

=[ U detD(U )e > O(D}(U))




Multi-hadron on lattice i

) basic procedure: . A

IRRIEH ) Correlation)
--> scattering energy ,

--> phase shift =K

JZ C(1:(k L/(210))) =~ + 0(K?)
Tt L a,

1 1 3
I ~Vam ; (n*—g*)° 575

Luscher, NPB354, 531 (1991).
Aoki, et al., PRD71, 094504 (2005).

k cotd, (k)=




Multi-hadron on lattice «,

Lattice QCD simulation L

L=-7GL.G™"+ay"(i 0,-gt*A)g-migy




Multi-hadron on lattice
i) HAL's procedure: A
Mmake better use of the Iatt|
output ! (wave function)
Interacting region
--> potential

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

NOTE:

> Potential 1s not a direct experimental observable.

> Potential 1s a useful tool to give (and to reproduce)
the physical quantities. (e.g., phase shift)




Multi-hadron on lattice

i) HAL's procedure: A
make better use of the Iatt|
output ! (wave function)

Interacting region

--> potential

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

> Phase shift
— < | > Nuclear many-body problems




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

(@ lake account of not only the spatial correlation but also)
the temporal correlation 1n terms of the R-correlator:

——v2 F)+ [ dr UF, PR, F)=—ZR(¢, F)

& A genel.r]a} .QXpI@)SSI({P of the%t%n( al:

VNY:VO(r)_I_V (r)(Gy-oy)
+ Vo (r )512+VLS<r)(i S . )
Vus(r)(L-S_)+0(V?)




The potential is obtained at moderately large
imaginary time; no single state saturation is

re q—w—rg_rdl'ls obtained from the NBS wave function at moderately large imaginary time: it would be 1 —fp >

| /m, ]n addition, no 5|ng|c state saturation between the groupd state and the excited states with respect to the
RECI Iﬂ:ﬁme motion, e.g., f — Iy 3> (AE)~ ((7:.'1'| x[j,u[Lal |) ‘s required for the HAL QCD method[13].

Compute the 4pt correlator

Fl H|H H?H.J,

(7.t —1o) Z<D
af . JM
Take into account the threshold energy differences for coupled-channel system

(B1B2B3By) o (mp, +mp, J{t—1y) (B\B1B3B4) o
Raﬁm (Pt —1tg) = e Faﬁju (F,t —1o)

ZA” 0 ‘B].a(f 1 F,D)Bg_ﬁ (E’,D) E”> g~ (En—mp, —mpg, )1 —Ip) 4 O(e_[E'h_”ml —nmj:ll:r—ﬁﬂm_,;”
elastic 4 INerastic

Obtain the potentlal by using the appropriate equation(s); For spin-singlet,

i 5) Rue(7.t) = V-0 (7) 63 1Rye (7 1), with 6y = e " "=~ J70),

For spin-triplet, the “tensor force” becomes active

&z 0) (o) (T) - = v:_ 9
{ﬁg}x{‘”’ia-'(”)JFVf()-FV [)512}931133-'5&1'—?{1): 20 5~ 3; ( Rac(or =@
R(7:3S1) = ZR(FT=1)= 5 Lo o ZR(FT = 1),

R(7:°D)) = 2R(FI=1)=(1-2
In the lowest few orders, we have
VEVY,) = VO + v ()8 -8+ VIO (1)S1 + VR ()L (81 £ 82) +O(V2), (2.5

Bio(X +7.0)By g(X,1) iy (to) ‘0>, (2.3)

Where
(2.6)



Almost physical point lattice QCD calculation
using N =2+1 clover fermion + lwasaki gauge action

@ APE-Stout smearing (r=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)”
@ m =145MeV, m_=525MeV

: : é

°(s) with preconditioning

@ K.-I.Ishikawa, et al., PoS LAT2015, 075;
arXiv:1511.09222 [hep-lat].

@ NBS wt 1s measured using wall quark source with Coulomb

gauge fixing, spatial PBD and temporal DBC;
#stat=207configs x 4rotation x 96src




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

R (7 t—to) = > <0 Bia(X +7,t)Bog(X, 1) Tgp, (to) > L exp{—(mp,+mp,)(t—to)},
X
P = Cabe (ua db) Ue, n = —Eape (U C db) d,, (2)
E-I_ — —Eabe (Ll', ' /55 bj Ue, YT = —Zabe (dﬂ( ﬁ.f-JSﬁ') dC‘! (3)
1 1
W= — (X, —. A= —(X.+ Xs—2X,), 4
7 (Xu — Xa), \ NG (Xu + Xg ) | (4)
Eﬂ = Zahe (i‘_L '~ .55) = = —Eabe (da(_f?ﬁsb) Se, (5)

where

Xy = Eabe (da(jﬁ!ESb) Ue, X = Eabe (SaC"}’E'ub) de, Xs = Eape (ua(jﬁ.!'ﬁdb] Se,
(6)

2 -
(j—ﬁ (i) R(r 1‘) = /dBTIE (F F)R(Ff) + O(k.—l) — ILD(ﬂR(F f\»] + (8)



Preliminary result of LN potential at the
(m , m )~(145, 525)MeV
(3 - ) RE = [ & UENRE. P+ 00 = ViR + 69
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Preliminary results of the LN phase shift
at(m, m)~ (145 525)MeV
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Haldenbauer et al., Eur Phys J A(2020)56 O1.



Very preliminary result of LN potential at the

physi%al bpoint
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Very preliminary result of LN potential at the

physi%al bpoint
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Very preliminary result of LN potential at the
physical point V. ('S,
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Generalization to the various baryon-baryon channels
strangeness S=0 to -4 systems

{pnpn),

(pPApA), (pAZFn), (pAZOp),
(EtnpA), (ZtaZ+n), (ZTnX0%),
(Z0ppAY, (Z0pZtn), (E0pX0p),
(AAAAY, (AAPE-), (AAnE0),
(PE=AA), (pE—p=—), {(pE—nZE",
(nE'AAR),  (nZ%DE-),  (nE°nE0),
(ZYE-AA), (ZTZpE-), (ZTZnE0),
(E9ROAA), (E020pE-), (20%0,=0),
(ZOAPE-). -:jzﬂ'ﬁﬁ}.
(B-AZ-A), (E-AZ-E0) AXOZ-!

(X~ E—”E-—ha

(EOE-E-A),

(2-2'=-29)

E_H{]Z_"[]? <Z '—{]'Ef}'—
<.__z‘?'_.—z“:

/ Ef}'——z— =y

{(AAL+E ),
) pE~ W: )
(nEVT+E-),
(EtT-T+E-),
(XOX0T+3-,
-::E” AL+FE-Y,

(AAZOLO),
{(p=E—E0%0),
(n=0T0%0)
(Z+E-x0x0),
(X020x0%0)

{pE—XOA),
-::H_GE'H'M-
(EYL- Ef}h )

(EOATOA),

(4.3)

(4.4)

(4.3)

Make better use of the computing resources!

HN, CPC 207, 91(2016) [arXiv:1510.00903[hep-lat]],
(See also arXiv:1604.08346)



Classification of baryon blocks
in the effective block algorithm

@ The number of declared blocks in terms of quark propagation
form, 1.e., from [111] to [222], 1n the stmultaneous calculation
of 4pt correlators from NN to 22

@ Proton: 18+ O+ 31+ O0+106+ 16+121+ 12 =304
Y 3+ 0+ 10+ O+ 52+ 3+ 55+ 1=124

S

@ =2 16+ 19+ O+ O+118+102+ 29+ 14 =298

@ A(dsu): 242+4318+436+408+290+266+376+248 = 2584
@ A(sud): 94+164+102+132+130+164+102+ 96 = 984

@ A(uds): 94+102+130+102+164+132+164+ 96 = 984




2UMmary oo

(I-1) LN potentials (central, tensor) at (

phase shifts below the SN threshold

Both channels are attractive. (but weaker than empirical values)

Spin dependence is very weak. Relatively large statistical uncertainty.
(I-2) Effective block algorithm for the various baron-baryon interaction

Comput.Phys.Commun.207,91(2016) [arXiv:1510.00903(hep-lat)]

Simultaneous calcs (NN to XiXi) is the point we have to take into
account for the comprehensive perspective as well as energy-computing-
resource efficiency.

The algorithm will be applied to more wide range problems.

Future work:
(I1-1) Physical quantities including the binding energies of few-
body problem of light hypernuclei with the lattice YN (and NN)

potentials
(11-2) New application of effective baryon block algorlthm for
the various baron-baryon interaction from NN to =
> Classification of baryon blocks from NN to ==, = which comprises 52
4pt-correlators (2639 diagrams)
> Search for better approach to increase the accuracy.
> Spin-orbit force.



