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Lattice QCD

LatticeQCD(Wilson,1974): the ab-initio non-perturbative method
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New Lattice QCD configurations ==

CLQCD

2.0 I
) ] i 0.7
1.8 ' I I I{ (3
o 18] u 06 %
0) UK
. < 14 :(1122 o o5 % :222
@ Existed ensembles = L L = L [ 5=
. -0.2 0.0 0.2 0.4 0.6 0.8 1.0 % -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Data generating @ o p il @ osl T3
. % 0 T 07 [}
m, i Parameter Tuning o o] 7 | 21_11 o -
., T InEma. . é o s % s
N a0 To be generated in the future CIESETT [ an] T g (3 e
1:0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
T st @ o7 sl
' . sl J §
et I 3§ s080 o 7 s080
S I si08 054 I s108
—4— 300 MeV 02 00 02 04 06 08 10 02 00 02 04 06 08 10
G /G 4% /G
Chin.Phys.C 46 (2022) 1,011002
—- 200 MeV
—1— 100 MeV
)
<
=
a T f
0 ® CIIP14L € cosr3os
0.8 1 A clpra2m €  Co6P308
& C11P29S ® Physical point
0.10 0.15 0.20 0.25 0.30
my (GeV)

Hu, et.al., PRD 109, 054507 (2024)
Phys.Lett.B 841 (2023) 137941



Outline

¢ Hyperon-nucleon interactions
¢ p — A interaction from the HALQCD approach
¢ p — A scattering from the Liischer’s finite volume method

¢ Summary and Prospect



The HALQCD method

The key quantity in HALQCD method 1s Nambu-Bethe-Salpeter wave function:

PY(F) = )OI TIpEOAG + 7,00} |pA, W)

In lattice simulations, NBS wave function i1s obtained from three-point correlator:

Con(Fot) = ) (0] p@E HAG + 7, 1)J,,(0) | 0)

-

X

By inserting the complete set of energy eigenstates:

Y (O1pGOAG +F. 0T\ [0) = 3 A, BV(F e



The HALQCD method

Defining a nonlocal potential U(7, ) 50 as to satisty

(E, — H)PV(F) = Jd37U(7, PV

assume the nonlocal potential is energy independent

g2, 12 R(F, 1) JdﬁU(* OR(F 1)
—Hy—— 4+ —— r,t) = ru(r, r r,
O ot 8uor2

Then the leading order analysis neglecting higher orders leads to
U, ') = VEOF)S(F — 1)

1 V2R 1) _(mR(Fn 1 (0%/10t*)R(7, 1)

VEO(F) = +
0o )= R RED 84 RGD)




Lattice setup for p — A i
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for HALQCD method



Two-point Correlation Function

We define the map from color-spin index to weight index:

Dy = eabc—%[uz<x><cf75p+><§d2<m> — d3(z)(Cs Py ) et ()]

X [Pr(1 = (=1)"im72)]opup(z) p(x) = Z wINIoy 1@ ) @D () (x)
Az = eabc%[dg(x)(C'ysPJr)cgug(a:) — u?(x)(C’ysP+)<§dg(x)] A (x) = Z WO[{N]Udi(a)(X)uj(a)(x)sk(a)(X)
X [P—i-(l o (_l)oi’Yl'Y?)]apS;(x) a

0 -2 00
2 0 00

Y Y T - . . (N1
(CvsPy) — (CysPy) = 0 0 0 0 a i(a) j(a) k(a) ey i(a) i@ k(a) Wa
1 0,0 1,1 0,2 232 ; 8,8 i; if -2/2
0O 0 0 0 2 0,0 1,9 0,1 Wi oo o i s 2v2
3 0,1 1,0 0, 2 22 ’ , , 2v2
4 0,1 1,2 1,0 -2V2
2 9809 2 0,1 1,0 0,0 232
- 5 0,2 1,0 11 V32
5 0,2 1,0 0,1 22
0O 0 0 0 6 0.2 1.1 0.0 6 0,2 1,1 1,0 2/2
Py (1= (=1)%ye) = ’ \ ’ V2 4 1,0 0,1 gy 2 23
* ) 171172 7 1,0 0,1 0,2 22
0O 0 0 0 ’ ’ ; 8 1,0 b 1,1 2V2
000 0 : e 8 0.1 22 o L 0.0 L2 2
9 1 0,0 0,2 995 18 L1 0.2 Lo iy
10 1,1 0,2 0,0 W2 11 L2 0.0 L1 5
0 0 0 0O 11 1,2 0,0 0,1 22 12 1.2 0.1 10 23
12 1,2 0,1 0,0 22

0 0 0 0
0O 0 0 0



Two-point Correlation Function

We define the map from color-spin index to weight index:
P = = [u2(@) (O P eedh() — d3(a) (P eeub(a)
x [Py(1 = (=1)%im172)]0pus(z) p.(x) = Z W(E[N]"ui(a)(X)dj(“)(x)uk(“)(X)
Ny = e‘m%[d?(x)(C’ysPJr)(gug(x) - u?(m)(C’ysP+)<gdg(x)] A (x) = Z WO[{N]Gdi(a)(X)Mj(a)(x)sk(a)(X)

X [Py(1=(-1)"im72)lepss ()

For the p-A system, after test different types of operators, we choose construct the correlation
functions with operator Dibaryon(sink) Hexaquark(source)

Coa(F 1) = Y (0] (p(E. DA + F. 1)PJ, (0) | 0)

-

X

We also test different types of the source.



Effective mass

We try to find the appropriate time slice for the ground state saturation of the system from
the effective mass of the dibaryon system.
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The HALQCD method

We extract the NBS wave function and the effective potential for the 'S, channel

on the timeslice t/a = 3,6.
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Phase shift from the HALQCD method

We parameterize the effective potential in this form
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Phase shift from the HALQCD method

We parameterize the effective potential in this form
Argonne-type form factor
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Phase shift from the HALQCD method

We parameterize the effective potential in this form
Argonne-type form factor
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Phase shift from the HALQCD method

We parameterize the effective potential in this form
Argonne-type form factor
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scattering phase shift can be obtained by solving the Schrodinger equation
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[iischer’s finite volume formula

The direct method for scattering on the lattice: Liischer’s finite volume method

M. Liischer, Nucl. Phys. B354, 531(1991)

Liischer formula
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[iischer’s finite volume formula

The direct method for scattering on the lattice: Liischer’s finite volume method

M. Liischer, Nucl. Phys. B354, 531(1991)

Liischer formula

+—

1
— . 42
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Liischer’s finite volume formula

We construct the two-particle operators on the 3Sl(T1Jr ) and ISO(AIJr ) channels

https://github.com/wittscien/OpTion

AR
Oxi = PyOL_40)— p_4(O4;0) By haobo Yan
O+ = Pi(ez)A_1(—ex) —p_1(ez)A1(—€z) +py(—ex)A_1(ec) —p_1(—€z)A1(ez)

+ pi(ey)A_1(—ey) —p_1(ey)A1(—ey) +pi(—ey)A_1(ey) —p_1(—€y)A1(ey)

+ pilex)A_i(—e;) —p_i(ex)Ar(—e;) +pi(—e)A_j(e.) —p_1(—e:)Ay(er)

We evaluate a correlation matrix of the form
C"(1) = (0] 67(n0/(0) | 0)
Solving the so-called Generalized Eigenvalue Problem

C(Ov, (1) = 4,(DC(1,)v, (1)



Effective mass of the YN system

To enhance the signal, the following ratio was attempted:
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gcot(6)

gcotd, vs q*
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Summary and Prospect

HALQCD method: preliminary results for p-A NBS wave function,

the interaction potential, anc

[ iischer’s finite volume met

energies and phase shift;

nod: pre

| phase s

nift;

1minary results for finite volume

Effective range expansion: scattering length and effective range;

HALQCD method: Schrodinger equation+ the interaction potential

more ensembles, discretization error, pion mass, finite volume effect

p-A: p-2 coupled channel
?\H : three-body problem






Backup

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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Variational Analysis

We constructed the correlation matrix and calculate the eigenvalues
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