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1. Introduction

Investigations of the baryon-baryoBE) interactions are truly crucial for the deeper under-
standing of atomic nuclei, structure of neutron stars and supernova explosions. So far, it has
not been succeeded to deduce nuclear force from fundamental theory, quantum chromo-dynamics
(QCD). A series of investigations by HAL QCD collaboratidh[P, 3, [4, B B, [7, B, [8] changes this
situation and enables us to determB potentials from lattice QCD Since potentials obtained in
our method are faithful to the scattering phase shifts, the method would potentially be a comple-
ment to baryon-baryon scattering experiments.

An extension of the HAL QCD method to the coupled channel formalism is indispensable to
investigate a two-baryon systems with strangeness. Especially for the case of straggenre®s
system with isospi = 0, energy levels oA\A, N= and X are very close and a ground state
saturation is not expected. The extension could enable us to explo@Btipetential in such
system and then allow us to see the fate of the H-dibaryon at the physical quark masses with the
(large) SU(3) breaking. It would also give us a chance to reveal the roles of quarks in baryons
based on QCD because the short range repulsion in nuclear force are originated by the quark Pauli
effect in two baryondI{].

Using the potentials derived from our method, it is interesting to seek a possibility for an
existence of a bound state in two-baryon systems other than the deutron, especially in strange sector.
In the flavor SU(3) symmetric world simulated by lattice QCD, the investigation by our method
indicates an existence of the bound state in the flavor singlet channel with stran§enes2
@112, which correponds to the H-dibaryon state, predicted by R. L. J&H8g Even if the small
SU(3) breaking effect is introduced, by applying the conventional Lischer formula, it is shown that
the H-dibaryon state exists with the binding energy of about 14 Mewiat- 389MeV[14].

The paper is organized as follows. First, We briefly show the extension procedure of HAL
QCD method to the coupled channel formalism in Sect. 2. Setups of our numerical simulations
are given in Sect. 3. The results of hyperonic potentials are presented in Sect. 4 Conclusions and
outlook are given in Sect. 5.

2. Coupled channel formalism

The (equal time) NBS wave function is defined with local composite operators for a baryon,
B(X) = €anc(ad (X)Cys0n(X))qc(X) omitting a flavor structures for simplicity, as

WPP2(F,E) = 5 (0] B(X+T)Be(X) | E), (2.1)
X

which is embeded in thB-correlator given by

()= y Bl(tj:—?m?iﬁl’? ZONO o peyperr e (22)

X

for a moderate value df whereAg = (E | .#(0) | 0) and .7 (t) is a optimized source operator,
which creates the eigenstate of the endggyith a baryon numbeB = 2. Assuming the flavors of
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quark aaufor "up”, d for "down" ands for "strange”, the flavor structure for baryons are defined as
(S=0,1=1/2) : p=udu n=udd

(S=1,1=1) :3"=—usu %= —(dsutusd/v2 = =—dsd (2.3)
(S=1,1=0) :A=—(dsu+sud—2uds/V6
(S=2,1=1/2) :=%=sus =~ =sds

Once the energ¥ is determined, the asymptotic momentynin center-of-mass (CM) frame is
defined through

and theE is defined a& = E — my — my.
The most general form of the Schrddinger equation for wave funédd@E) is given by
using a reduced magsand an asymptotic momentumin CM frame as,

2u

whereHo is the free Hamiltonianl (,7’) is an energy independent non-local potenfZ\ [The
derivative expansion is performed to handle the non-locality of potenti&l (&) = (V.o +
VLo + -+-)8(F — ), whereN"LO term is of O(CI"). At low energies, efficiency of derivative
expansion was confirmed in Ref][

Now we assume that the total wave functi¥r,E) contains two independent channels, de-
noted bya andB. The eq.[2.5) can be written as the coupled channel form of Schrédinger equation
at the leading order of the derivative expansion for the non-local potential,

Bt i)W TE) (VR Vo)) ((9°E)
2+ N WPrE) |\ VB ) \wPrE) |

2ug 2Ug
Combining another coupled channel equation with different energy, we can derive the potential
matrix by inverting the equation. This is an extension of the HAL QCD method to the coupled
channel formalism{Ig].
Further improvement has been proposedlif] fhat potential is extracted without assuming a
single channel saturation. Using the non-relativistic expansiorEthaty — mp ~ p?/2u, we can
easily obtain the kinetic energy term by the time derivative ofRkeorrelator as
2

—gtR_B;Bz (t,F) ~ ZpuAE YBB2 (7 E)e (E-Mm-m)t, (2.7)
Taking into account the improvement for €g.4), we therefore obtain the coupled channel Schrodinger
equation given in terms of the-correlators combining with differen#’s (energies) as

(v%(r) vaﬁ(r)x>
VB (M)x 1 VAT

{F’z _ Ho} W(rE) = [ U(r ) W(rE) (2.5)

(2.6)

1
F) RY (1,7)
7) Rfi(t,r*)) (28)

BZRN

)
IR (6F) (53 — 2R, (LD) (R, (,7)
) R t,r)) \ R (t
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Table 1: Summary table of gauge ensembles and hadron masses in unit of MeV.
Kud Ks m K N AN 2 =

Esbl 013700 013640 7011) 7891) 15855) 16445) 16604) 171Q05)
Esb2 013727 013640 5701) 7131) 1411(12) 150410) 1531(11) 161Q09)
Esb3 013754 013640 4112) 6352) 121512) 13518) 1400110) 15037)

3. Numerical simulations

In the calculation we employ -2 1-flavor full QCD gauge configurations from Japan Lattice
Data Grid(JLDG)/International Lattice Data Grid(ILD@&)4. The PACS-CS Collaboration gener-
atedL® x T = 328 x 64 lattice with a renormalization-group improved gauge actigh-at6/g> =
1.90 and a non-perturbatively(a) improved clover quark action witBsy = 1.715, correspond-
ing to lattice spacings ai = 0.091 fm @ ! = 2.176 GeV) [[d. The spacial size of them is about
(2.9 fm)3 in physical unit. In order to investigate quark mass dependend®B ifteraction, three
sets of hopping parameters for th@ndd quark masses with fixestquark massKs = 0.13640)
are considered named as Esbl, Esb2 and Esb3 respectively corresponging @00,570 and
410MeV, given in Tablél

Quark propagators are calculated with the spatial wall souttce atwith the Dirichlet bound-
ary condition in temporal direction at= 32+t which rules out an opposite propagation of two
baryons in temporal direction. The wall source is placed at 16 different time slices on each of
different gauge configuration ensembles, in order to enhance the signals, together with the average
over forward and backward propagations in time. An average over the cubic group is taken for the
sink operator, in order to obtain the S-wave in Bi2wave function.

4. Results and discussions

We consider the potential matrix in tA& andl = 0 channel, in which thél dibaryon state
appears if it exists. First, we look at the diagonal components of potential matrix shown in up-
per three panels of Fiffl All of them have a repulsive core at short distance. The strength of
the repulsion in each channel, however, varies, reflecting properties of its main component in the
irreducible representation of the flavor SU(3): The diagonal potential irtEthehannel, whose
main component is the symmetric-octet in SU(3), is most repulsive, since the symmetric-octet has
the strongest repulsion at all distances in the SU(3) lidllitajnd this property holds even with
the SU(3) breaking. On the other hand, diagonal potentialIrand AA channels has not only
a repulsion at short distance but also an attraction at medium distance, due to a mixture between
the repulsive symmetric-octet potential and the attractive flavor singlet potéjtiaMe can see
a growth of short range repulsion as decreasing ahdd quark masses but there are no clear
enhancement at long distances.

Next, we see the off-diagonal components of potential matrix shown in lower three panels of
Fig. Comparing these three transition potentials, Afe - N= transition potential is smaller
than other transition potentials. Therefore, tiE to A\ decay rate is expected to be relatively
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Figure 1: Potentials inS with S= —2 andl = 0 in particle basis. Upper three panels are diagonal parts of
potential matrix. Lower three panels are off-diagonal ones. Red, blue and green symbols stand for the result
with Esbl, 2 and 3, respectively.
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Figure 2: Potentials in'Sy with S= —2 andl = 0 in SU(3) irrep basis. Upper three panels are diagonal
parts of potential matrix. Lower three panels are off-diagonal ones. Red, blue and green symbols stand for
the result with Esb1, 2 and 3, respectively.

suppressed. This property could favor a formation and an observation gfttigpernuclei in ex-
periments. Reduction of light flavoredandd quark masses leads to an enhancement of transition
potentials especially in short distances.

The potentials are easily transformed from baryon basis to SU(3) irreducible representation
(irrep) basis by using Clebsh-Gordan coefficients. It is instructive to see the potentials in irrep
basis because they clearly show an essen®Bahteractions. Figd shows the potentials ity
with S= —2 andl = 0 in SU(3) irrep bases. As is expected from REJ, fve can see strongly
attractive potential for flavor singlet state and repulsive potential for octet state. Fdrbetand
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Figure 3: Preliminary results oANA andN= phase shifts for Esbl, 2 and 3 respectively from left to right.
Solid line stands for théya and Dotted line for théy=. Blue color means the calculation turning off the off-
diagonal parts of potential matrix in irrep basis. Red color indicates the full culculation in our formulation.

Vg_g potentials, strength of them are gradually increased with decreasing quark masses. For the
case of\,7_»7, we can see the similar shape of potential to nuclear force. Short range parts of
potentials are increased as the mass difference betugtands quarks become larger. However
we can not find clear enhancements at long distances of potentials.

Transition potentials between different irreps are presented in lower three paneld{laka).
they could be an effective measure for the SU(3) breaking effects because it does not exist if the
flavor symmetry is exact. As it is expected, they are slightly enhanced as increasing the quark mass
difference between light and strange quark masses. This result tells us that the symmetry breaking
effects are not so large compared to the diagonal potentials.

Using the potentials, th&A and N= phase shifts are calculated, given in Hy. In these
figures, we performed two ways of calculations which are done with (w/) off-diagonal potentials in
irrep basis and without (w/o) them. Comparing these two calculations, SU(3) breaking effects in
BB potential is not negligible but it shifts only a few MeV of the energy of H-dibaryon. In[Big.
we can see the clear resonance shape in their phase shifts for Esb2 and 3. For Esb1l, there is bound
state belowAA threshold. Thus the binding energy of H-dibaryon frol& threshold is getting
smaller as decreasing of quark masses, and finally it becomes resonance state as a result of going
through theAA threshold.

5. Conclusions and Outlook

We have investigated th® = —2 BB potentials from 2+ 1 flavor lattice QCD by consider-
ing the A, N= andZ% coupled channels. In this work, we can confirm that HAL QCD method
is successfully extend to the coupled channel systBB4Id. Combining the coupled channel
formalism with the time-dependent Schrédinger type equali@h jve can get rid of ambiguities
of potential. We have found that potentials in particle basis with the SU(3) breaking have similar
properties to those of unitary rotat&® potentials in SU(3) limitlfl]. In our preliminary calcula-
tions, we found that the bound H-dibaryon near SU(3) symmetry point tends to be a resonance as
the SU(3) breaking is getting larger.

In future investigations, we will calculate for lighter quark masses towards the physical point
with larger SU(3) breaking effects to trace the fate of H-dibaryon in the real world.
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