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Motivation

Nucleon-nucleon interactions

Proton Neutron

v hadronic molecule?
V' multiquark state?
V' binding energy

Also concerned
v hadronic molecule?
v' multiquark state?
v binding energy?
v “hyperon puzzle” in neutron stars
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Motivation

Nucleon-Nucleon interactions

Proton Neutron J g i % §J\ % IjL‘i ?
Vv ZERG?

v EBEE?
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v hypernuclei:
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v YN scattering:
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J. A. Kadyk, et al. Nucl. Phys. B 27, 13 (1971)
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https://inspirehep.net/literature?q=collaboration:BESIII

Lattice QCD

> fEidsEE B FRMNEIHEM AN EF BRI 1FQCD,
> SEEfnPE(RRY, HE{FREE, QCDHENRIFFRHILXE,
> IBREFEINFE(Wilson, 1974): ME—MREHKNIEHIL S E

> 21000000

K. G. Wilson ¥ 12QCD 155 -



Lattice QCD
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wilson gauge action lattice fermion action

» Quark on discrete lattice:
consider both IR and UV effects:
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New Lattice QCD configurations ==

CLQCD
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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:
Coa(F1) = D (0] p(E HAG + 7. 0J,,(0) | 0)
By inserting the complete set of energy eigenstates:

Y (01pGE DAG +7.0T,7(0)]0) = Y A, PWi(F)e"
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The HALQCD method

Defining a nonlocal potential U(7, 7) 50 as to satisfy
(E,— H)P"(7) = Jd37U(?, YRV

assume the nonlocal potential is energy independent

o 1 o0*| _ — = o
—Hy——+——| R(r,t) = |d°r"U(r, r')R(7', 1)
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Then the leading order analysis neglecting higher orders leads to
U, ') = VEOFH)S(F — 1)
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Lattice setup for p — A i

C24P29,n? X n, = 24° x 72

a = 0.10530(18)fm:;

m_ ~ 293MeV, m; ~ 509MeV

Coulomb gauge fixed-wall source for HALQCD method



Two-point Correlation Function

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

Dy = 6““%[Ug'(w)(075p+)ced2(ﬂ7) — d%(2)(Crs Py )ceul ()]

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 () a

After test different types of operators, we choose construct the correlation functions
with operator D(sink)H(source)

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



The HALQCD method

We extract the R wave function and the effective potential for the °S; channel
on the timeslice t/a = 5,6,7.8.
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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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Phase shift from the HALQCD method

We parameterize the effective potential in this form

e —Br

V(r) = ale_‘w2 + a3e_“4r2 + A

r

a; = —0.293(10) a, = 0.0444(16) a3 =0.499(16) a, =0.0969(34) A = 1.348(53) B = 1.142(45)

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

Liischer formula

+—

1
E (k) = /mlz_l_l-cz_'_ /m22+]‘€2 M qcotéo(q) =m 00(1;6]2)

2 _ 7272 2
q- = k°L*/(27) l ERE(effective range expansion)

1
kK**leots (k) = a7t + Erlk2 + ...

scattering length  effective range



Liischer’s finite volume formula

We construct the two-particle operators on the 3S1(T1Jr ) and ISO(AlJr ) channels

Ay

Ou+ = p1(0)A_1(0) —p_1(0)A1(0)

O+ = prles)A_1(—ex) —p_1(ea)Ar(—ex) +py(—ez)A_1(ex) —p_1(—€z)Ay(e)
+ pi(ey)A_1(—ey) —p_1(ey)A1(—ey) +pi(—ey)A_1(ey) —p_1(—ey)A1(ey)
+ pi(e)A_z(—e;) —p_i(ex)As(—e.) +pi(—e)A_i(e;) —p_i(—e:)As(er)

We evaluate a correlation matrix of the form

C(1) = (0] OX(n0}(0)]0)

Solving the so-called Generalized Eigenvalue Problem

COw, (1) = 4,(OC(1)v, (1)

A1) = Coe—mn(z—z,) (1 + ¢ e—AE(t—zr))
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Prospect

HALQCD method: preliminary results for p-A NBS wave function,
the interaction potential, and phase shift;
Liischer’s finite volume method: preliminary results for finite volume

energies and phase shift on one ensemble;

a coarse lattice 1s adopted: more ensembles, discretization error, pion mass,

finite volume effect
Effective range expansion: scattering length and effective range

p-A: p-2 coupled channel
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Variational Analysis

We constructed the correlation matrix and calculate the eigenvalues
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