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We investigate the s-wave A. — N interaction for spin singlet systems(!So) using the HAL QCD
method. In our lattice QCD simulations, we employ gauge configurations generated by the PACS-
CS Collaboration at a = 0.0907(13) fm on a 32% x 64 lattice (La = 2.902(42) fm). We employ
two ensembles, one at m; = 700(1) MeV and the other at m; = 570(1) MeV to study the quark
mass dependence of the A. — N interactions. We calculate a 'Sy central potential not only for the
A. — N system but also for A — N system to understand the role of heavy charm quarks in A, — N
system. We find repulsion at short distance and attraction at mid-range for both the A, — N and
the A — N potentials. The short range repulsion of the A, — N potential is smaller than that of
the A — N potential, and the attraction of the A, — N potential is small compared with the A — N
potential. The phase shift and scattering length calculated with these potentials show that there
exist no bound state for both the A, — N and A — N systems for m; > 570 MeV.
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1. Introduction

The heavy hadron physics attracts our attention, since there are many exotic hadrons such as
X(3872) discovered by Belle experiment [M], which do not fit into the quark model interpretation.
They are considered to be composite states of two (or more) hadrons including heavy quark(s). If
attractions between hadrons are same, heavier hadrons are easier to form a bound state due to their
smaller kinetic energy. Therefore, it is important to investigate the interaction of heavy hadron.

Almost 40 years ago, A.-nucleus bound states, charmed nuclei, were predicted [[I], where
A.(2286) was considered as the lightest charmed baryon. It was, however, inconclusive whether
the 2-body system of A, — N has a bound state or not. Recently, a possibility of such a bound state
has been pointed out based on the meson-exchange model [B, B], though no bound state has been
observed for its counterpart of hyperon, A — N. In the heavy quark region, the channel coupling has
important effects for A, — N bound state because the mass threshold of XN and XN to be close
due to the heavy quark spin symmetry and ;N bring strong attractive tensor force coming from
one-pion exchange.

The results of model calculation are rather sensitive to details of interactions at the short dis-
tance. Therefore the investigations based on QCD are mandatory for a definite conclusion on the
existence of the A, — N bound state. Recently, an approach to investigate hadron interactions in
lattice QCD has been proposed by the HAL QCD Collaboration [B, B, [1] and extensively developed
B, B, 0@, I, ™, 3, [4)]. Since the HAL QCD method can be easily extended to charmed-baryons
interactions, we have investigated the A, — N interaction using this method, as the first step to
understand charmed-baryon interactions in lattice QCD.

In this paper, we present our results of A, — N interactions in the 'Sy state at two gauge con-
figurations corresponding to my; = 700(1) MeV and m, = 570(1) MeV. For a comparison, we also
give results on A — N (1Sp) system. Using these results, we extracted the phase shift and scattering
length of both systems, and give our conclusion on the existence of the A, — N bound state.

2. HAL QCD method

A key quantity in the HAL QCD method is the equal-time Nambu-Bethe-Salpeter (NBS) wave
function, which encodes informations of scattering phase shifts in its asymptotic behavior [B, B, @].
The NBS wave function in the center-of-mass frame is defined by

o Do, = 2) = 2 2
yin (Fe V' = Y (0|BY (7 +3.0)B) (%.0)[BV (1) B® (&), W), @.1)

X

where |B() (k)B@ (—k),W) is the QCD eigenstate for two baryons system with mass mg, and

My, relative momentum £, total energy W = \/ k|2 +m§(1) + \/ k|2 —|—m§(2), and By(X,?) is the
local interpolating operator for baryon. In this work, we choice the following baryon operators for

nucleon and A..

Ne(x) = (pa()?) = giji [u] (x)C¥sd;(x)] gra (%), q(x) = (u(x)> ’ (2.2)

Aca(x) = &ji [u] (X)Csd;(x)] cialx), (2.3)
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where x = (X,1), i, j, k are the color indices, while « is the spinor index, C is the charge conjugation
matrix defined by C = %7, p(x),n(x) are the proton and neutron operators, and u(x),d(x),c(x)
denote up-, down- and charm-quark operators, respectively.

From the NBS wave function, we define the non-local potential through the following Schrédinger-
type equation,

Ny W) k2 _V2
E,—Hy) d&’r'U(r E, =" Hy=—— 2.4
(B~ Ho) Y™ (7) = [ UGy (), (nZH,o 2H>, 2.4
where U is the reduced mass of the two baryon system. At low energy, it is useful to introduce the
derivative expansion of the non-local potential,

URF)=V(FEV)ED F-F). (2.5)

—

where the local potential V (7, V) is given by

V(# V) = Vo(P) + Ve (7) (61 - Go) + Ve (DS + O(V), (2.6)
7-01)(F-0O S
Sy = 3(%(22) — (&) -65). 2.7)
where G; is the Pauli matrix acting on the spin index of the i-th baryon. For the s-wave spin-singlet
state 1//1(?;"), we can extract the central potential as

o B H) W (@)
Ve(F) =Vo(F) —3Ve(F) = AP 0 :
l//l So (l")

The NBS wave function can be extracted from the baryon four-points correlation function on
the lattice defined by

Gap (7.t —t0) = Y (0BG (F+%,0)BS) (%,1) 7 1D (10) 0). 2.9)

X

(2.8)

where _# (12)(1) is the source operator which creates two baryon states. Inserting a complete set
between the two-baryon operator and the source operator, we obtain

G(xﬁ (?71‘ — fO) = Z ll,oc Wt tO)An (2.10)
(l‘—ﬂ;) w[(x‘go) (?)e7W0(t*to)AO, (21 1)

with constant A, = (B (k)B®) (—k),W,|_# (12)(0)|0). In practice, we employ the time-dependent
HAL QCD method [B] which does not require the grand state saturation for the extraction of po-
tentials. In the non-relativistic approximation, the potential is extracted as

V(7) ! ! 9 Hy| R(F,t —19) (2.12)
r)= 5o A, r,l— ) .
Rt —10) | 2(mgn) +mge) 02 9t 0 0
where G )
- _ I",t - IO
R(F,t—1y) = S )y () (2.13)
Note that if mpz1) = mp), above equation is exact relativistic.
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Hadron Ensemble 1 Ensemble 2
(kg = 0.13700, x, = 0.13640) | (x,q = 0.13727, x; = 0.13640)
n 700 (1) MeV 570 (1) MeV
[ 1216 (3) MeV 1158 (6) MeV
J/y 3165 (1) MeV 3144 (1) MeV
N 1582 (7) MeV 1395 (4) MeV
A 1639 (6) MeV 1494 (5) MeV
Ae¢ 2710 (5) MeV 2584 (4) MeV

Table 1: The hadron mass calculated on PACS-CS configurations. We use k. = 0.12240 as hopping param-
eter for charm quark at both ensembles.

3. Numerical results

3.1 Lattice setup

For numerical simulations, we have employed the 2+ 1 flavor full QCD configurations gen-
erated by PACS-CS Collaboration [[3] with the renormalization-group improved Iwasaki gluon
action and a nonperturbatively ¢'(a) improved Wilson-clover quark action. The lattice size is
323 x 64 and the lattice spacing is a = 0.0907(13) fm (physical lattice size is La = 2.902(42) fm).
In order to see the quark mass dependence of the potential, we have employed two ensembles of
gauge configurations. The first ensemble generated at k,; = 0.13700, x; = 0.13640 corresponds
to my = 700(1) MeV, my = 1216(3) MeV. The second ensemble generated at k4 = 0.13727,
ks = 0.13640 corresponds to m; = 570(1) MeV, my = 1158(6) MeV. We have calculated charm
quark propagators at k. = 0.12240 in (partial) quenched QCD. The hopping parameter of charm
quark was determined in Ref.[[[d], so as to reproduce the mass of J/y (3097). Each hadron mass
calculated on these configurations is given in Table [. For statistics, we use 399 configurations X
4 sources for ensemble 1 and 400 configurations x 4 sources for ensemble 2.

3.2 Potentials

Fig .l shows the time dependence of 'Sy central potential for A. — N system. The left figure
represents the potential on the ensemble 1 at m,; = 700(1) MeV, while the right one is the potential
on the ensemble 2 at m; = 570(1) MeV. Each figure shows the potential obtained at ¢t — 1y =
7,8,9,10,11. In both plots, the central potential has the repulsive core at short distance and the
attractive pocket at medium distance. Fig.ll shows that potentials t —#y > 9 are stable against the
change of t —ty. We therefore take r — 1y = 9 in the following analysis.

For a comparison, we also calculate the A — N potential on the same ensembles. Fig.ld shows
the 'Sy central potential for both A — N and A, — N systems in ' Sy channel at 1 — o = 9. We observe
that both repulsive core and attractive pocket of the A, — N potential is weaker than those of the
A — N potential. The behavior of smaller repulsive core in the A, — N channel would be naturally
explained by color magnetic interactions when the heavy quark spin symmetry for charm quarks
is applied [B, [A]. Also we find the repulsive core becomes stronger as the quark mass decreases,
while the attractive pocket does not show the strong quark mass dependence.
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Figure 1: The 1S, central potential for A, — N system on the ensemble 1 at m; = 700(1) MeV (Left) and on
the ensemble 2 at m; = 570(1) MeV (Right). Different colors represent different source-sink separations.
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Figure 2: The 'S, central potential for the A— N (Red) and the A, — N (Blue) systems at  — fo = 9. The left
figure represents the potential on the ensemble 1 at m; = 700(1) MeV, while the right one show that on the
ensemble 2 at m; = 570(1) MeV.

3.3 Phase shift and scattering length

Once we obtain the potential, we can calculate the phase shift in the infinite volume. For this
purpose, we fit the potential with the three-ranges gaussian functions given by

2

1)2 —|—a2e_<é>2 —|—a3e_(é> .

|~

Sy

V(r) :ale_( (3.1)

Fitting parameters are given in Table @ for both A — N and the A, — N potentials on two ensem-
bles. With the above result, we solved the Schrodinger equation by the difference method and the

extracted the phase shift from the asymptotic form of wave function as
= AR (kr) + B (k 3.2
Wi (r) = Ahy 7 (kr) + Bihy ™ (kr), (3.2)

where hgf)(kr) and hl(ﬂ (kr) are Hankel functions for the angular momentum /, and extracted the
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Para- Ensemble 1 Ensemble 2
meter || A — N potential ‘ A¢ — N potential A — N potential ‘ A — N potential
a 752 (23) MeV 514 (17) MeV 763 (31) MeV 525 (18) MeV
by 0.2567 (63) fm | 0.2493 (70) fm || 0.2904 (98) fm | 0.2850 (93) fm
ap 2210 (26) MeV 1629 (21) MeV 2540 (30) MeV 1861 (20) MeV
by 0.0947 (10) fm | 0.0938 (10) fm || 0.0997 (14) fm | 0.0984 (12) fm
as -55 (7) MeV -41 (7) MeV -70 (14) MeV -55 (11) MeV
b3 0.892(70) fm | 0.807(70) fm || 0.794(75) fm | 0.746 (63) fm

Table 2: The fitting results of the 'Sy central potential for the A — N and the A. — N systems at the two
ensambles. We use the three-ranges gaussian function Eq.(3.1) for the fitting function.
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Figure 3: The phase shift for the A — N (Red) and the A, — N (Blue) systems in ' Sq channel. The left figure
represents the phase shift on ensemble 1 at m; = 700(1) MeV, while the right one show that on ensemble 2
at my = 570(1) MeV.

ensemble H A—N ‘ A.—N ‘
1 0.83 (27) fm | 0.42 (13) fm
2 0.39 (17) fm | 0.29 (11) fm

Table 3: The scattering length calculate by low energy limit of phase shift Eq.(3.3).

phase shift from the relation that §; = 29 = %. Then the scattering length can be calculated as

2 lim tan & (k) .
k—0

3.3)

Fig.B shows the phase shift of the A — N and the A, — N systems on two ensembles, while the
scattering lengths are given in Table B. From Fig.B and Table B, we see that there are no bound
state for both A — N and A, — N systems at both pion masses. Furthermore, we also observe that
the net attraction of the A, — N interaction is weaker than that of the A — N interaction at both pion
masses, while the attractions of both systems become weaker as the pion mass decreases.
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4. Summary

We have investigated the A. — N interaction at 'Sy channel using the HAL QCD method. For
a comparison, we have calculated the potential for A — N system as well, and have found that both
repulsive core and attractive pocket of the A, — N potential are weaker than those of the A — N’s.
The behavior of the short range repulsion is naturally explained from color-spin interactions in
quark models. From the potentials, we have extracted the phase shift and scattering length in the
infinite volume for both systems, which show that both A, — N and A — N systems do not form the
two-body bound state at least m; = 570 and 700 MeV.

In our future work, we will calculate the potential for the A, — N system in the JP =17 channel,
to investigate the effects of tensor force. Furthermore, we will study coupled-channel effects for
the A.N —X.N —X!N systems using the coupled-channel HAL QCD method [@, [4].
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