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1. Introduction

Atomic nucleus is a finite quantum many-body system of nucleons bound by the strong in-
teraction (nuclear force). In the low energy region, nuclear phenomena have been studied with
much success by assuming that the nucleon is the fundamental degree of freedom. On the other
hand, in systems including strangeness, the hyperonic nuclear forces have still large ambiguities
because of the lack of sufficient experimental data. Neutron stars with twice the solar mass have
been observed[1–3], and an accurate understanding of the hyperonic nuclear force is a major issue
in understanding the structure of dense nuclear states such as those near the core of neutron stars.

Comprehensive study of generalized baryon-baryon (𝐵𝐵) interaction with containing strangeness
is one of the important subject. HAL QCD method[4] is one of the fascinating approaches. In order
to calculate a wide range of 𝐵𝐵 interactions simultaneously, we had presented the effective baryon
block algorithm in LATTICE 2013[5]. Since this algorithm does not impose any restrictions on the
quark fields on each baryon in the source, there is no need for each quark field in the source to be
spatially identical between the baryons. The Wick contraction can be performed appropriately no
matter what quantum state is considered.

The coupled-channel potentials of Λ𝑁 − Σ𝑁 system at nearly physical quark masses corre-
sponding to (𝑚𝜋 , 𝑚𝐾 ) = (146, 525) MeV with large volume (𝐿𝑎)4 = (96𝑎)4 = (8.1 fm)4 had been
reported in LATTICE 2017[6]. The Σ𝑁 −Σ𝑁 potential in the 1𝑆0 channel has large statistical noise
which impedes further analysis.

The purpose of this report is twofold: (i) We present an implementation of extended effective
baryon block algorithm. It is straightforward from the first implementation [7] since the original
algorithm does not impose any restrictions on the quark fields on each baryon in the source. (ii) We
present single channel analysis for the Λ𝑁 system at nearly physical quark masses corresponding
to (𝑚𝜋 , 𝑚𝐾 ) = (146, 525) MeV with large volume (𝐿𝑎)4 = (96𝑎)4 = (8.1 fm)4. By employing the
single-channel analysis the statistical uncertainty of the single channel Λ𝑁 potential is reduced. We
can derive the scattering phase shifts below the Σ𝑁 threshold by employing an analytical functional
form for representing the lattice (discretized) potential.

2. HAL QCD method with effective baryon block algorithm

The baseline quantity for studying the Λ𝑁 interaction with the HAL QCD method is the
four-point correlation function (4pt-correlator) in the center-of-mass frame,

𝐹 〈𝑝Λ𝑝Λ〉
𝛼1𝛼2,𝛼3𝛼4 (®𝑟, 𝑡 − 𝑡0) =

∑
®𝑋

〈
0
���𝑝𝛼1 ( ®𝑋 + ®𝑟, 𝑡)Λ𝛼2 ( ®𝑋, 𝑡)J𝑝𝛼3Λ𝛼4

(𝑡0)
��� 0〉 . (1)

The 𝑝 and Λ denote the interpolating fields of proton and Λ which comprise up, down and strange
quark fields, 𝑢, 𝑑, 𝑠,

𝑝=𝑋udu, Λ= 1√
6
(𝑋dsu+𝑋sud−2𝑋uds) , with 𝑋fgh=𝜀𝑎𝑏𝑐 (f𝑎𝐶𝛾5g𝑏)h𝑐, (f, g, h) ∈ {𝑢, 𝑑, 𝑠} . (2)

The 4pt-correlator is evaluated through the effective baryon block algorithm [7, 8] together with
Fast Fourier Transform (FFT). For simplicity, we show only the contributions from 𝑋dsu in the Λ in
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the source.

𝐹 〈𝑝Λ𝑝𝑋dsu 〉
𝛼1𝛼2,𝛼3𝛼4 (®𝑟) =

∑
®𝑋

〈
0
���𝑝𝛼1 ( ®𝑋 + ®𝑟, 𝑡)Λ𝛼2 ( ®𝑋, 𝑡)J𝑝𝛼3𝑋dsu,𝛼4

(𝑡0)
��� 0〉 ,

=
1
𝐿3

∑
®𝑞

(
[𝑝 (1)
𝛼1𝛼3] ( ®𝑞) [Λ̃

(1)
𝛼2𝛼4] (−®𝑞) − [𝑝 (2)

𝛼1𝛼4]𝑐′3,𝑐′6 ( ®𝑞) [Λ̃
(2)
𝛼2𝛼3]𝑐′3,𝑐′6 (−®𝑞)

−[𝑝 (3)
𝛼1𝛼3]𝑐′2,𝛼′2,𝑐′4,𝛼′

4
( ®𝑞) [Λ̃(3)

𝛼2𝛼4]𝑐′2,𝛼′
2,𝑐

′
4,𝛼

′
4
(−®𝑞) +[𝑝 (4)

𝛼1𝛼4]𝑐′1,𝛼′
1,𝑐

′
5,𝛼

′
5
( ®𝑞) [Λ̃(4)

𝛼2𝛼3]𝑐′1,𝛼′
1,𝑐

′
5,𝛼

′
5
(−®𝑞)

+[𝑝 (5)
𝛼1𝛼3𝛼4]𝑐′1,𝛼′

1,𝑐
′
6
( ®𝑞) [Λ̃(5)

𝛼2 ]𝑐′1,𝛼′
1,𝑐

′
6
(−®𝑞) −[𝑝 (6)

𝛼1𝛼3𝛼4]𝑐′3,𝑐′5,𝛼′5 ( ®𝑞) [Λ̃
(6)
𝛼2 ]𝑐′3,𝑐′5,𝛼′5 (−®𝑞)

)
e𝑖 ®𝑞 · ®𝑟 , (3)

where
[𝑝 (1)
𝛼1𝛼3] ( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′123)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′2𝛿𝛼′3𝛼3 ,

[Λ̃(1)
𝛼2𝛼4] (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′456)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′5𝛿𝛼′6𝛼4 ,
(4)

[𝑝 (2)
𝛼1𝛼4]𝑐′3𝑐′6 ( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′126)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′2𝛿𝛼′
6𝛼4 ,

[Λ̃(2)
𝛼2𝛼3]𝑐′3𝑐′6 (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′453)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′5𝛿𝛼′
3𝛼3 ,

(5)

[𝑝 (3)
𝛼1𝛼3]𝑐′2𝛼′2𝑐′4𝛼′4 ( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′143)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′2𝛿𝛼′3𝛼3 ,

[Λ̃(3)
𝛼2𝛼4]𝑐′2𝛼′2𝑐′4𝛼′4 (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′256)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′5𝛿𝛼′
6𝛼4 ,

(6)

[𝑝 (4)
𝛼1𝛼4]𝑐′1𝛼′1𝑐′5𝛼′5 ( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′146)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′5𝛿𝛼′6𝛼4 ,

[Λ̃(4)
𝛼2𝛼3]𝑐′1𝛼′1𝑐′5𝛼′5 (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′253)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′2𝛿𝛼′
3𝛼3 ,

(7)

[𝑝 (5)
𝛼1𝛼3𝛼4]𝑐′1𝛼′

1𝑐
′
6
( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′326)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′2𝛿𝛼′3𝛼3𝛿𝛼′6𝛼4 ,

[Λ̃(5)
𝛼2 ]𝑐′1𝛼′1𝑐′6 (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′451)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′
5
,

(8)

[𝑝 (6)
𝛼1𝛼3𝛼4]𝑐′3𝑐′5𝛼′5 ( ®𝑞) = [𝑝 (0)

𝛼1 ] ( ®𝑞; 𝝃 ′346)𝜀𝑐′4𝑐′5𝑐′6 (𝐶𝛾5)𝛼′4𝛼′5𝛿𝛼′3𝛼3𝛿𝛼′6𝛼4 ,

[Λ̃(6)
𝛼2 ]𝑐′3𝑐′5𝛼′5 (−®𝑞) = [Λ̃(0)

𝛼2 ] (−®𝑞; 𝝃 ′251)𝜀𝑐′1𝑐′2𝑐′3 (𝐶𝛾5)𝛼′1𝛼′
2
,

(9)

[𝑝 (0)
𝛼1 ] (®𝑥; 𝝃 ′123) = 𝜀𝑏1𝑏2𝑏3 (𝐶𝛾5)𝛽1𝛽2𝛿𝛽3𝛼1 det

����� 〈𝑢(𝜁1)𝑢̄(𝜉 ′1)〉 〈𝑢(𝜁1)𝑢̄(𝜉 ′3)〉
〈𝑢(𝜁3)𝑢̄(𝜉 ′1)〉 〈𝑢(𝜁3)𝑢̄(𝜉 ′3)〉

����� 〈𝑑 (𝜁2)𝑑 (𝜉 ′2)〉,(10)

[Λ(0)
𝛼2 ] (®𝑦; 𝝃 ′456) =

1
√

6
𝜀𝑏4𝑏5𝑏6

{
(𝐶𝛾5)𝛽4𝛽5𝛿𝛽6𝛼2 + (𝐶𝛾5)𝛽5𝛽6𝛿𝛽4𝛼2 − 2(𝐶𝛾5)𝛽6𝛽4𝛿𝛽5𝛼2

}
×〈𝑢(𝜁6)𝑢̄(𝜉 ′6)〉〈𝑑 (𝜁4)𝑑 (𝜉 ′4)〉〈𝑠(𝜁5)𝑠(𝜉 ′5)〉. (11)

Six terms on right-hand side in Eq. (3) correspond to six diagrams in the Fig. 1. The subscripts 𝑐′

(𝛼′) are for color (Dirac spinor) that run from 1 to 𝑁𝑐 = 3 (𝑁𝛼 = 4). We have introduced shorthand
notation, 𝝃 ′123 =

(
𝜉 ′1, 𝜉

′
2, 𝜉

′
3
)
, and each 𝜉 ′𝑖 (𝜁𝑖) is the spin-color-space-time coordinate of the quark

field on the source (sink) side. All of the contributions from 𝑋dsu, 𝑋sud, and 𝑋uds in Λ are taken
into account in the actual computation. By employing the effective block algorithm, the number of
iterations to evaluate the r.h.s. of Eq. (3) except the momentum space degrees of freedom becomes

1 + 𝑁2
𝑐 + 𝑁2

𝑐𝑁
2
𝛼 + 𝑁2

𝑐𝑁
2
𝛼 + 𝑁2

𝑐𝑁𝛼 + 𝑁2
𝑐𝑁𝛼 = 370, (12)

which is remarkably smaller than the numbers in naive counting when computing the 4-pt correlator,

(𝑁𝑐!𝑁𝛼)𝐵 × 𝑁𝑢!𝑁𝑑!𝑁𝑠! × 2𝑁Λ+𝑁Σ0−𝐵 = 3456 (13)

and (𝑁𝑐!𝑁𝛼)2𝐵 × 𝑁𝑢!𝑁𝑑!𝑁𝑠! = 3 981 312, where (𝑁Λ, 𝑁Σ0 , 𝑁𝑢, 𝑁𝑑 , 𝑁𝑠, 𝐵) = (1, 0, 3, 2, 1, 2), the
numbers of Λ, Σ0, up-quark, down-quark, strange-quark and the baryons, respectively.
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Figure 1: Diagrammatic representation of the four-point correlation function 〈𝑝Λ𝑝Λdsu〉. The interpolating
field Λdsu is used as a representative of Λ.

2.1 Classification with respect to quark lines on the source side

Since this algorithm does not impose any restrictions on the quark fields on each baryon in
the source, there is no need for each quark field in the source to be spatially identical between the
baryons. The Wick contraction can be performed appropriately no matter what quantum state is
considered. This algorithm fully preserves the internal degrees of freedom of each three-quark field
contained in the two baryons on the source side. Therefore, allowing us to classify in detail which
baryon on the source side the quark propagation in each baryon block comes from.

In the Fig. 1, each baryon block contains three quark lines connected from the source side.
We classify which of the two baryons on the source side those quark lines come from; there are
23 = 8 possibilities in general for a baryon block. If all three quark lines come from the first
(second) baryon, i.e., 𝑝𝛼3 (Λ𝛼4), it is labeled as [111] ([222]). When the three quark lines come
from different baryons, they are indicated by one of the remained six combinations as [211], [121],
[221], [112], [212], or [122], so as to correctly represent the quark lines connect from the which of
the two baryons on the source side. Table 1 shows the classification of baryon blocks to calculate

𝑝 (1) ,Λ(1) 𝑝 (2) ,Λ(2) 𝑝 (3) ,Λ(3) 𝑝 (4) ,Λ(4) 𝑝 (5) ,Λ(5) 𝑝 (6) ,Λ(6)

[111],[222] [112],[221] [121],[122] [122],[121] [112],[221] [122],[121]

Table 1: Classification which of two baryons on the source side the quark lines come from in each baryon
block for the 〈𝑝Λ𝑝Λdsu〉 correlation function according to Eqs. (3) − (9). The first (second) square brackets
show the first (second) baryon block, i.e., proton (Λ).

the 〈𝑝Λ𝑝Λdsu〉 correlation function according to Eqs. (3) − (9). If we calculate only one particular
single channel correlation function such a classification might not be very useful. However, in order
to execute efficiently a large number of high performance computing jobs with huge electric power,
it is beneficial to perform a simultaneous HPC job for various 𝐵𝐵 channels. Here, for example, we
will calculate the correlation functions of 52 channels, from 𝑁𝑁 to ΞΞ:

〈𝑝𝑛𝑝𝑛〉, (14)
〈𝑝Λ𝑝Λ〉, 〈𝑝ΛΣ+𝑛〉, 〈𝑝ΛΣ0𝑝〉,
〈Σ+𝑛𝑝Λ〉, 〈Σ+𝑛Σ+𝑛〉, 〈Σ+𝑛Σ0𝑝〉,
〈Σ0𝑝𝑝Λ〉, 〈Σ0𝑝Σ+𝑛〉, 〈Σ0𝑝Σ0𝑝〉,

(15)

4
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〈ΛΛΛΛ〉, 〈ΛΛ𝑝Ξ−〉, 〈ΛΛ𝑛Ξ0〉, 〈ΛΛΣ+Σ−〉, 〈ΛΛΣ0Σ0〉,
〈𝑝Ξ−ΛΛ〉, 〈𝑝Ξ−𝑝Ξ−〉, 〈𝑝Ξ−𝑛Ξ0〉, 〈𝑝Ξ−Σ+Σ−〉, 〈𝑝Ξ−Σ0Σ0〉, 〈𝑝Ξ−Σ0Λ〉,
〈𝑛Ξ0ΛΛ〉, 〈𝑛Ξ0𝑝Ξ−〉, 〈𝑛Ξ0𝑛Ξ0〉, 〈𝑛Ξ0Σ+Σ−〉, 〈𝑛Ξ0Σ0Σ0〉, 〈𝑛Ξ0Σ0Λ〉,
〈Σ+Σ−ΛΛ〉, 〈Σ+Σ−𝑝Ξ−〉, 〈Σ+Σ−𝑛Ξ0〉, 〈Σ+Σ−Σ+Σ−〉, 〈Σ+Σ−Σ0Σ0〉, 〈Σ+Σ−Σ0Λ〉,
〈Σ0Σ0ΛΛ〉, 〈Σ0Σ0𝑝Ξ−〉, 〈Σ0Σ0𝑛Ξ0〉, 〈Σ0Σ0Σ+Σ−〉, 〈Σ0Σ0Σ0Σ0〉,

〈Σ0Λ𝑝Ξ−〉, 〈Σ0Λ𝑛Ξ0〉, 〈Σ0ΛΣ+Σ−〉, 〈Σ0ΛΣ0Λ〉,

(16)

〈Ξ−ΛΞ−Λ〉, 〈Ξ−ΛΣ−Ξ0〉, 〈Ξ−ΛΣ0Ξ−〉,
〈Σ−Ξ0Ξ−Λ〉, 〈Σ−Ξ0Σ−Ξ0〉, 〈Σ−Ξ0Σ0Ξ−〉,
〈Σ0Ξ−Ξ−Λ〉, 〈Σ0Ξ−Σ−Ξ0〉, 〈Σ0Ξ−Σ0Ξ−〉,

(17)

〈Ξ−Ξ0Ξ−Ξ0〉. (18)

In the circumstance, we need to know exactly in which channel each baryon block is required,
and which baryon on the source side each quark line is associated with as a result of the Wick’s
contraction. Table 2 summarizes the classification of the numbers of baryon blocks needed to

Baryon block [111] [211] [121] [221] [112] [212] [122] [222] Total
Proton 𝑋udu 18 0 31 0 106 16 121 12 304
Σ+ 𝑋usu 3 0 10 0 52 3 55 1 124
Ξ0 𝑋uss 16 19 0 0 118 102 29 14 298
Λdsu 𝑋dsu 242 318 436 408 290 266 376 248 2584
Λsud 𝑋sud 94 164 102 132 130 164 102 96 984
Λuds 𝑋uds 94 102 130 102 164 132 164 96 984

Table 2: Numbers how many times each baryon block is declared in the whole calculation of 52 correlation
functions given in Eqs. (14)−(18). The baryon block is classified into eight (= 23) forms with respect to
which of two baryons on the source side the quark lines come from.

calculate all 52 4pt-correlators of the 𝐵𝐵 channels with respect to the forms that their quark lines
connect. In the 2+1 flavor calculation, since isospin symmetry holds, the propagators of the up and
down quarks are numerically the same, and the classification with respect to neutron can be included
in the proton. Similarly, the classification for Σ− (Ξ−) is contained in the Σ+ (Ξ0). The classification
concerning Σ0 can be included inΛ. If we use the interpolating field of Σ0 as Σ0 = 1√

2
(𝑋dsu + 𝑋usd),

both of the classifications for Σ0
dsu and Σ0

usd are included inΛdsu. The numbers ofΛdsu block declared
in the whole calculation become larger than the numbers of other baryon blocks declared1 in the
Table 2.

1One can take a different expression for the interpolating field of Σ0, such as Σ0 = 1√
2
(𝑋dsu − 𝑋sud). In this case,

the classification w.r.t. Σ0
dsu (Σ0

sud) is included in Λdsu (Λsud). The numbers for Λdsu and Λsud in the Table 2 change as
follows (Λuds remains unchanged):

[111] [211] [121] [221] [112] [212] [122] [222] Total
Λdsu 168 236 300 300 184 184 240 172 1784
Λsud 168 300 184 240 236 300 184 172 1784
Λuds 94 102 130 102 164 132 164 96 984
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Figure 2: Three Λ𝑁 single-channel potentials of (i) 1𝑆0 central (left), (ii) 3𝑆1 −3 𝐷1 central (center), and
(iii) 3𝑆1 −3 𝐷1 tensor (right).

3. Numerical results

In this section, we present the results of the system with strangeness 𝑆 = −1 at nearly physical
quark masses corresponding to (𝑚𝜋 , 𝑚𝐾 ) = (146, 525) MeV with large volume (𝐿𝑎)4 = (96𝑎)4 =
(8.1 fm)4. Earlier results had already been reported at LATTICE 2017 [6]; the lattice setup is
basically the same as that in Ref. [6]. We increase the number of statistics to the double from the
number in the Ref. [6]. For a more detail of the lattice setup, please refer to the earlier report [6].

3.1 Λ𝑁 potential

In order to obtain the single-channel Λ𝑁 potential, we first extract the 𝑅-correlator projected
on to appropriate angular momentum (𝐽, 𝑀) state from the 4pt-correlator

𝑅 〈𝑝Λ𝑝Λ〉
𝛼1𝛼2 (®𝑟, 𝑡 − 𝑡0; 𝐽𝑀) = e(𝑚𝑝+𝑚Λ) (𝑡−𝑡0) ∑

𝛼3𝛼4 𝑃
(𝐽,𝑀)
𝛼3𝛼4 𝐹 〈𝑝Λ𝑝Λ〉

𝛼1𝛼2,𝛼3𝛼4 (®𝑟, 𝑡 − 𝑡0). (19)

For the spin triplet state, the 𝑅 is further decomposed into the 𝑆- and 𝐷-wave components as{
𝑅(®𝑟; 3𝑆1) = P𝑅(®𝑟; 𝐽 = 1) ≡ 1

24
∑

R∈𝑂 R𝑅(®𝑟; 𝐽 = 1),
𝑅(®𝑟; 3𝐷1) = Q𝑅(®𝑟; 𝐽 = 1) ≡ (1 − P)𝑅(®𝑟; 𝐽 = 1). (20)

Two central and tensor potentials,𝑉 (Central) (𝑟; 𝐽 = 0) = (𝑉 (0) (𝑟)−3𝑉 (𝜎) (𝑟)) for 𝐽 = 0,𝑉 (Central) (𝑟; 𝐽 =
1) = (𝑉 (0) (𝑟) +𝑉 (𝜎) (𝑟)), and𝑉 (Tensor) (𝑟) for 𝐽 = 1, are determined from the Schrödinger equation.

𝑉 (C) (𝑟; 𝐽 = 0)𝑅(®𝑟, 𝑡 − 𝑡0; 𝐽 = 0) =
(
∇2

2𝜇 − 𝜕
𝜕𝑡

)
𝑅(®𝑟, 𝑡 − 𝑡0; 𝐽 = 0),{

P
Q

}
×
{
𝑉 (C) (𝑟; 𝐽 = 1) +𝑉 (𝑇) (𝑟)𝑆12

}
𝑅(®𝑟, 𝑡 − 𝑡0; 𝐽 = 1) =

{
P
Q

}
×
{
∇2

2𝜇 − 𝜕
𝜕𝑡

}
𝑅(®𝑟, 𝑡 − 𝑡0; 𝐽 = 1).

(21)
Fig. 2 shows three potentials of the Λ𝑁 system; (i) the central potential in the 1𝑆0 (left), (ii) the

central potential in the 3𝑆1−3𝐷1 (center), and (iii) the tensor potential in the 3𝑆1−3𝐷1 (right). These
potentials are obtained through the single channel formulation of the HAL QCD method, which are
valid below theΣ𝑁 threshold and the effects by coupling with theΣ𝑁 channel are implicitly included.
Both the 1𝑆0 and 3𝑆1−3 𝐷1 central potentials have short ranged repulsive core and medium-to-long-
distanced attractive well. These two potentials are more or less similar to each other. For flavor
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Figure 3: Comparisons between the Λ𝑁 −Λ𝑁 diagonal part in 2 × 2 coupled-channel potential and the Λ𝑁
single channel potential, for (i) 1𝑆0 central (left), (ii) 3𝑆1 −3 𝐷1 central (center), and (iii) 3𝑆1 −3 𝐷1 tensor
(right).

𝑆𝑈 (3) symmetric case, the Λ𝑁 state is represented in terms of irreducible representation (irrep.)
in flavor space as |Λ𝑁,1 𝑆0〉 = 1√

10
(3|27〉 + |8s〉〉), and |Λ𝑁,3 𝐸1〉 = 1√

2

(
|10〉 − |8a〉

)
, while the

𝑁𝑁 state is given by |𝑁𝑁, 1𝑆0〉 = |27〉, and |𝑁𝑁, 3𝐸1〉 = |10〉. These single channel Λ𝑁 1𝑆0 and
3𝑆1 −3 𝐷1 potentials are qualitatively similar to the 𝑁𝑁 1𝑆0 and 3𝑆1 −3 𝐷1 potentials, respectively,
though the flavor structures of the Λ𝑁 are not the same as those of the 𝑁𝑁 . Observing the central
potentials in detail, the 1𝑆0 potential gradually changes to become a little attractive when the time
slice increases from 𝑡 = 8 to 9 but the change is unclear at 𝑡 = 10, 11 due to the large statistical
uncertainty; this behavior reflects to the scattering phase shifts shown in the next subsection. On
the other hand, such a deviation of the potential in the 3𝑆1 −3 𝐷1 channel is little; the central values
of the potential hardly change over time to time but the statistical uncertainty increases.

Fig. 3 shows the comparisons between theΛ𝑁 potential from the single channel analysis and the
Λ𝑁 −Λ𝑁 diagonal part from the coupled-channel analysis using Λ𝑁 and Σ𝑁 correlation functions.
The statistical uncertainty of the Λ𝑁 −Λ𝑁 diagonal part of the coupled-channel potential in the 1𝑆0

is large and it dramatically reduces by taking the single channel Λ𝑁 potential. For the 3𝑆1 −3 𝐷1

state, the single channel Λ𝑁 central potential slightly enhances the attraction from the Λ𝑁 − Λ𝑁
diagonal part of the coupled-channel potential. The short distance part of the single channel Λ𝑁
tensor potential is slightly suppressed from the Λ𝑁 − Λ𝑁 diagonal part of the coupled-channel
potential.

3.2 Scattering phase shifts

By employing the single channel analysis for the Λ𝑁 low-energy state the statistical errors
are significantly reduced. Thus we parametrize the potentials with the analytic functional form in
Ref. [6]. Figure 4 shows the scattering phase shift in 1𝑆0 channel obtained through the parametrized
Λ𝑁 potential. The present result shows that the interaction in the 1𝑆0 channel is attractive on average
in the low-energy region though the fluctuation is large.

Figure 5 shows the scattering phase shifts in 3𝑆1 −3 𝐷1 channels. For the 3𝑆1 −3 𝐷1 channels,
the scattering matrix is parametrized with three real parameters bar-phase shifts and mixing angle.
The phase shift 𝛿0 at the time slices 𝑡 − 𝑡0 = 8 − 10 shows the interaction is attractive. Because of
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large statistical uncertainty, it is hard to see how large is the spin-spin interaction (𝑉 (𝜎) ) of the Λ𝑁
interaction.
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Figure 4: Scattering phase shift in the 1𝑆0
state of Λ𝑁 system, obtained by solving
the Schrödinger equation with parametrized
functional form in Ref. [6].

Both the strengths of attraction in 𝛿(1𝑆0) and 𝛿0

seem to be weaker than the usual empirical values such
as Ref. [9]; it might be due to a little deviation of
light quark mass which is corresponding to (𝑚𝜋 , 𝑚𝐾 ) ≈
(146, 525) MeV. For both Figs. 4 and 5, the parametrizing
procedure is not very stable, especially for𝑉 (𝜎) and𝑉 (𝑇) .
The present phase shifts and mixing angle are preliminary
results at this moment.

4. Discussion

We present the phase shifts of low energy Λ𝑁 scattering by using the potential extracted from
lattice QCD through the HAL QCD method. Both the spin singlet and triplet states are weakly
attractive in low energy region, which are qualitatively in good agreement with empirical studies.
However, the strengths of the attraction seem to be weaker than the phenomenological conclusion.
In addition, statistical uncertainty is still large to pin down the spin-spin interaction of the Λ𝑁
system. Since the present results still have a large uncertainty, we need to continue our calculations
based on the following points. (i) employ the physical quark masses which is more precisely close
to the real system (but practically we should apply the 2+1 flavor approach for a while), (ii) using
a sufficiently large volume, (iii) to endeavor for clarifying various details to reduce the statistical
and/or systematic uncertainty.

In this report, the numerical results are obtained by using the wall quark sources, where the
quark field is uniform and identical in all spatial directions even between the baryons. The effective
block algorithm presented in this report can be applied for more flexible choices of interpolating field
on the source side; this should be a strong advantageous to improve the present large uncertainty.
We hope an improved calculation will be reported in the future.

-6
-4
-2
 0
 2
 4
 6
 8

 10
 12
 14

 0  10  20  30  40  50  60  70  80  90

δ 
(d

eg
)

ECM (MeV)

t-t0=10
t-t0=09
t-t0=08

-4
-3
-2
-1
 0
 1
 2
 3
 4

 0  10  20  30  40  50  60  70  80  90

δ 
(d

eg
)

ECM (MeV)

t-t0=10
t-t0=09
t-t0=08

-4
-3
-2
-1
 0
 1
 2
 3
 4

 0  10  20  30  40  50  60  70  80  90

ε 
(d

eg
)

ECM (MeV)

t-t0=10
t-t0=09
t-t0=08

Figure 5: Scattering bar-phase shifts and mixing angle in the 3𝑆1 −3 𝐷1 states of Λ𝑁 system, 𝛿0 (left), 𝛿2
(center), and 𝜀1 (right), obtained by solving the Schrödinger equation with parametrized functional form in
Ref. [6].
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