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NX(I =3/2,3S}) and try to remove the inelastic contamination by extrapolation to  — co under
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The 42nd International Symposium on Lattice Field Theory (LATTICE2025)
2-8 November 2025

Tata Institute of Fundamental Research, Mumbai, India

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND 4.0) All rights for text and data mining, Al training, and similar technologies for
commercial purposes, are reserved. ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/


mailto:kmurase@rcnp.osaka-u.ac.jp
https://pos.sissa.it/

Physical-point Lattice QCD study of baryon-baryon interactions in the S = —1 channel ~ Koichi Murase

1. Introduction

Baryon-baryon interactions involving strangeness provide a natural extension of ordinary
nuclear forces and offer a unique opportunity to explore the role of hadronic interactions beyond
the nucleon sector. Among them, the strangeness S = —1 sector represents the minimal and most
accessible extension, where hyperons appear as additional degrees of freedom while keeping close
connections to conventional nuclear physics. Because of this minimal strangeness content, the
S = —1 interactions are expected to play a phenomenologically important role in a wide range of
physical systems.

The dense baryonic matter in neutron stars is an important example in nature. The onset of
hyperons in dense matter modifies the equation of state through hyperon—nucleon and hyperon—
nucleon—nucleon interactions, which leads to a softening of the pressure and affecting the mass—
radius relation of neutron stars. The tension between this softening and the observation of massive
neutron stars [1, 2], known as the hyperon puzzle, highlights the necessity of a quantitative and
reliable description of the S = —1 interactions. The same interactions also manifest themselves
in the properties of an independent nucleus. Hypernuclear spectroscopy provides constraints on
the effective hyperon—nucleon interaction through the binding energies of A hypernuclei [3, 4],
which reflect both two-body and three-body components of the S = —1 sector. These observables
offer constraints complementary to those obtained from dense matter. Direct information on the
S = -1 interactions can be obtained from scattering experiments [5, 6]. Although the available
data are limited compared to the nucleon—nucleon case, hyperon—-nucleon scattering remains the
most feasible experimental approach in the strange sector. Observables such as total and differential
cross sections, phase shifts, and cusp structures [7] associated with channel coupling encode the
information on the coupled-channel dynamics, e.g. in the NA-NZX system for the S = —1 sector.
Hyperon interactions also play an important role in high-energy nuclear collision experiments,
where a large number of strange hadrons are produced. Collective dynamics of hyperons are largely
affected by the interaction in the S = —1 channel with the surrounding nucleons [8], which are
observed as identified flow observables in high-energy nuclear collisions. Furthermore, femtoscopic
two-particle correlations measured in high-energy nuclear collisions have recently emerged as a
powerful and novel approach to probe hadron-hadron interactions. The momentum correlations of
hadron pairs emitted from the fireball created in the collision reactions are sensitive to the relative
wave function distorted by the interactions between the pair, which can be utilized to constrain the
hadron-hadron interactions [9]. In this direction, the correlation functions between various hadrons
are intensively measured in high-multiplicity p+p collisions [11] and nuclear collisions [10].

In this context, it is important to provide reliable and quantitative references for the S =
—1 interactions based on state-of-the-art lattice QCD calculations, which can be compared to
experimental observables or can be used as inputs to the effective models. We here focus on
the baryon-baryon potentials in the § = —1 sector, which involves ground state baryons N, A,
and X. We apply the time-dependent HAL QCD method [12, 13] to the latest lattice gauge
configurations (HAL-conf-2023) [14] with Ny = 2 + 1 flavors on the physical-point masses of
mx =137.1(0.3)(*09) MeV and mg = 501.8(0.3)(*):9) MeV.

A major challenge in the S = —1 comes from the fact that it has the worst signal-to-noise ratio
compared to the other strange systems (S < —2) for the baryon—baryon interactions. This forces us
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to look at a smaller Euclidean time #/a to obtain meaningful values for the potential, where inelastic
excited states may not be sufficiently suppressed, depending on the channel, and thus contaminate
the resulting potentials. In this study, we attempt to improve this situation by making use of global
information in a wider range of the Euclidean time ¢/a, rather than relying on a local set of time
slices through the simple application of the time-dependent HAL QCD method. We here report the
current status of such an attempt based on a simple assumption that the inelastic comtaminations
enter in the potential in the sum of exponential forms.

2. HAL QCD Method

We consider coupled-channel analyses of the NA-NZX system with isospin I = 1/2, and single-
channel analyses of the NZ system with isospin I = 3/2. To investigate the inelastic contamination
(as will be discussed in Sec. 3), we consider only the S wave part in the present study; we consider
two spin channels, ! Sy and 3§y, for both I = 1/2 and I = 3/2. It should be noted that it is physically
important to consider the tensor forces and the D wave in the future. We use the time-dependent
HAL QCD method [13] to extract the potential U (7, 7’) from the normalized four-point correlator
R€ 4(t,r) using the time-dependent Schrodinger equation with channel coupling:
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where the subscripts ¢, ¢’, and d are labels of the channels, including the particle species (NA
or NY) and spin indices. The constant yu. denotes the reduced mass of channel ¢, and 6. =
(me, —me,)/[(me, +mc,) where m., and m., are the masses of two baryons in channel c. The factor
Ao = exp[—(mci + mcé)t] /exp[—(m., + m,)t] is a correction for the mass difference between
the channels. The R correlator is measured on gauge configurations as

X:(01Be, (& +7,1)Be, (R, 1) Jal0)

VZCI ZC2 exp[_(mq + mCz)t]

where B, and B, denote the interpolating operators of baryons ¢ and c; contained in channel c,

R (7, 1) = 2

and g denotes the wall source for channel d. The isospin and spin projection for / = 1/2 or 3/2 and
1S or3S| may additionally be performed. The wave-function renormalization factor 1/Z j represents

the overlap of B; with the ground-state baryon and can be determined by /Z; = AES J2m;/ A?S,
where AES and A?S are the coefficients of the two-point functions fitted by the forms,

C}’S(t) ~ A_I;S exp(—m;t) , C_IS.S(t) x AES exp(—m;t) . 3)

Here, C}.’S(t) and C]S.S(t) are the two-point functions for baryon j with the point and wall sinks,
respectively, with the wall source. In the actual calculations, the denominator of Eq. (2) is evaluated
by the two-point functions as

2me 2me.
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which is effective in canceling a part of the statistical fluctuations in the numerator. To determine
the potential, we assume a local potential of the form U€ 4(7,7") = V¢ ,4(F)6(F — ¥’), which is the
leading order of derivative expansion of the non-local potential U (7, 7") with respect to 7 — 7 for
the S wave. In this setup, the potential V¢ ;(7) can be straightforwardly obtained by the matrix
inversion of R€ 4(F, t).

For the gauge configurations, previous studies [15, 16] used the so-called K-conf, which
contains about 400 configurations generated on the K computer for N = 2 + 1 flavors mostly at
the physical-point masses, (m,, mg) = (146,525) MeV. In this study, we use the so-called F-conf
(HAL-conf-2023) [14] consisting of 1600 configurations generated on the Fugaku supercomputer
for Ny = 2 + 1 flavors at the physical point (m,, mg) = (137,502) MeV in the volume (96a)* with
lattice spacing a = 0.084372(54) fm. The baryon masses in the lattice unit are determined to be
ampy = 0.4018(3), amp = 0.4785(10), and amy = 0.5139(11).

In this study, to extract the S-wave component of the R correlator, we first perform the projection
of R(7,1) onto the trivial representation A} of the cubic group O:

+ 1 +
ADTR(F = (A7) -1z
PUDIRG.D) = g5 Qy <MV (@R(ETD). )

where ¢(A1) (g) = 1. We then apply the Misner method [17] in the image of the AT projection. The
basis of the Misner method significantly reduces in the AT image, because the spherical harmonics
Y, (0, ¢) mostly vanish, i.e., P(AT)[YZ’”] =0ifl =2,1 # 0 (mod2), or m # 0 (mod4), and
because some are degenerate, e.g., P (A7) [Y14m] = pAD) [Ylo] (I =4, 6,8, and 10). Therefore,
including angular momentum up to / = 6, the angular part of the basis consists of only three linearly
independent components,

PADY ], 1=0,4,6. (6)

For the radial part, to obtain the potential at distance r, we use the Legendre polynomials centered
at r up to the order n = 3,

P, (max{-1,min{1, (+' —r)/A}}), n=0,1,2 3, 7

with the width A/a = 1. We evaluate the R correlator and its radial derivatives at v’ = r. In
Eq (7), we restricted the argument of the Legendre polynomials within the interval [—1, 1] to reduce
spurious oscillations, which become prominent in noisy channels that we currently focus on. It
is noted that the weights of the lattice points used in the Misner method [17] has support slightly
outside the range [r — A, r + A]. In this study, we extract the r-dependence of the [ = 0 component
for the S wave. The time derivatives in Eq. (1) are evalauted by the finite central differences using
the three consecutive time slices. The resulting potential is labeled by the Euclidean time ¢/a of the
middle time slice.

3. Potentials and inelastic contamination

Figure 1 shows the full set of the potentials in the S = —1 sector obtained by the Misner
method: the coupled-channel NA-NX potentials for the / = 1/2 channel and the single-channel
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Figure 1: Potentials for 'S) and 3S in both the / = 1/2 and I = 3/2 sectors. For the I = 1/2 sector with
the NA—NZ coupled-channel analysis, panels (a)—(c) show 1S, the potentials of 38, and panels (d)—(f) the
potentials of 3S;. For the I = 3/2 sector in the single channel N, panels (g) and (h) show the potentials for
1So and 3, respectively. Different lines correspond to the potentials extracted at different time slices #/a.
The band with ligher colors show the statistical errors.

NZ potentials for the I = 3/2 channel, each containing both the S-wave spin-singlet (!Sy) and
triplet (3S1) channels. The coupled-channel potentials (I = 1/2) are represented in the 2 x 2
hermitian matrices, whose components are shown in Fig. 1 with the basis being NA and NX. The
(I=1/2, 1So) channel shown in panels (a)—(c) corresponds to the irreducible representations 27
and 8 of flavor SU(3). Similarly, the (1 = 1/2, 3S 1) channel in panels (d)—(f) corresponds to the
representations 10 and 8,, the (I = 3/2,'Sy) channel in panel (g) to 27, and the (I = 3/2,3S))
channel in panel (h) to 10.

Here, we shall focus on Vys_ns(I = 1/2,'S) in Fig. 1(c) and Vs (I = 3/2,3S}) in Fig. 1(h),
corresponding to the representations 8 and 10, respectively, which are fully or partially forbidden
by the Pauli principle at the quark level. The potentials in those Pauli-forbidden channels are purely
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repulsive without an attractive pocket. They have an issue of a constant offset of the potential at
large r: Although the strong force should exponentially be suppressed at large r in the scale of the
pion mass, those repulsive potentials do not vanish at large r and typically converges to a finite
value at large r. The non-zero constant offset is particularly significant at a smaller Euclidean time
t/a. This spurious behavior comes from contamination of inelastic excited states into the four-point
function measured on the lattice. Since the interpolating operators in the source and sink do not
only probe the target ground states but overlap with various inelastic excited states of the same
quantum numbers, in general, the four-point functions contain contributions from all those states:

R(r,t) = Z Aier i (r)e Al 4 Z Bitinel,i (r)e AEimetit | €))
7 7

where Y1 ; (r) and Yiner i () represent the wave functions of the elastic and inelastic states at their
energy levels AE¢; and AEj,; relative to the ground-state energy. The elastic contributions in
the first summation in Eq. (8) follow the Schrodinger equation (1), but it is not the case for the
inelastic contributions in the second summation in Eq. (8), which results in unphysical constant
shifts in the obtained potentials. One can naively understand the constant positive offset at large r
as the contribution of the mass difference between the excited inelastic states and the target baryon
system, which is independent of the distance r.

The inelastic contamination can usually be suppressed by looking at sufficiently large ¢/a,
where the inelastic contributions are relatively more suppressed because of the larger energy AEjqel ;-
However, if one considers too large ¢/a, the signal of the elastic contributions is also suppressed by
the ground-state energy, and the statistical error becomes dominant finally. To obtain meaningful
results of the potentials, one needs to find a time window where the time is not too small to be
affected by inelastic contamination, and the time is not too large to be overwhelmed by the statistical
fluctuations. In the Pauli-forbidden channels Vys_nys(I = 1/2,'So) and Vys(I = 3/2, 3?), it
becomes hard to find the available window because of smaller overlap of the operators with the
target state. This is the current major issue for obtaining conclusive HAL QCD potentials for the
S = -1 sector.

4. Extrapolation in time

The issue with inelastic contamination should ultimately be resolved systematically by, e.g.,
considering improved source/sink operators or solving general eigenvalue problems with various
sources/sinks. However, we here try to determine the potential using the currently available four-
point functions maximally. The conventional time-dependent HAL QCD method calculates the
potentials V() using the normalized four-point function R(r,t) from local ¢/a slices as described
in Sec. 2, but we may try to utilize the global information of R(r, t) int/a to determine the potential.

In this study, we focus on the potential of NX(I = 3/2). We first calculate the time dependence
of the potential V (r, ¢) using the conventional HAL QCD method in Sec. 2, and try to remove the
inelastic contamination by extrapolating the potential V(r, ) to t — oo by assuming a simple form
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Figure 2: Time dependence of the S-wave potentials of ZE at » = 3.88 fm. The potential values are plotted
in the logarithmic scale. The dotted line shows the result of the exponential fitting. The shaded area shows
the fitting range. The fitted values of b and chi-square values are shown in the plot. The exponent is shown in
the lattice unit. The chi square is calculated in the uncorrelated form, which ignores the correlations between
different time points.
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Figure 3: Time dependence of the S-wave potentials of NX at r = 3.37 fm, obtained in the same way as
Fig. 3.

of the time dependence of the potential:
V(r7 t) = Vel(r) + Z Vinel,c(r)e_th
c

©)

= el(r) + Vinel(r)e_bt .

In general, the potential will receive the contamination in the form of the first line in Eq. (9). The
first term is the potential we want to extract and comes from the elastic contributions in the first
term of Eq. (8), while the second term coming from inelastic contributions of Eq. (8) is written in
the sum of different inelastic channels. In the present analysis for NX(I = 3/2), as in the second
line of Eq. (9), we only consider the most dominant inelastic contribution in the potential because
we do not have a sufficient number of time points. The validity of this assumption can be tested
with the channels with smaller noises, where a wide range of time points is available. Figure 2
shows the time dependence of the potentials of 22 at r = 3.88 fm in the logarithmic scale. The
points turn out to be mostly aligned on a straight line. The dotted line shows the result of the single
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Figure 4: Extrapolated potentials of NX(/ = 3/2). The results with different fitting ranges are compared to
the results with the local HAL QCD method.
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Figure 5: Phase shifts calculated with the analytic forms fitted to the extracted potential. Panel (a) shows
the phase shifts for the potentials obtained from local time slices using the HAL QCD method. Panel (b)
shows the phase shifts calculated from the extrapolated potentials with different fitting ranges of #/a. The
two-range Gaussian plus the Yukawa potential for the one pion exchange is used for the analytic form fitted
to the potentials. The experimental data shown by black dots are taken from Ref. [6] assuming a negative
phase shift §(k) < 0.

exponential fitting, which shows that the assumption of the single exponential (9) is actually a very
good assumption in the ZE channel. A similar method has been examined in Ref. [18] with b,
being determined based on the physical considerations.

It is non-trivial whether the single-exponential assumption works well also in the NX(I = 3/2)
channel. Figure 3 shows that the assumption is consistent also in the NX(/ = 3/2) channel. We
only have about five meaningful time points, but both 'Sy and 3S are consistent with the single-
exponential assumption (9). The small x? value in ! Sy is because y? is calculated in the uncorrelated
form, where the correlations between different times are ignored. The small value implies that the
statistical error is dominated by the one with strong correlations among different times for 'S.

We then determine the potential. We first determine the exponent b in Eq. (9) by fitting the
exponential form (9) at r > 3 fm, assuming that the physical potential V() is negligibly small at
large r: Vei(r > 3 fm) = 0. Then, we perform the linear fitting with the fixed b at each r. We obtain
Vei(r) as the extrapolated potential. Figure 4 shows the extracted potentials. The extrapolations
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are performed with different time ranges. The extrapolated potentials vanish at large r as expected.
While the potentials with the conventional HAL QCD method using local time slices has a large
time dependence, the time dependence of the extrapolated potentials is sufficiently suppressed. The
exclusion of the largest time slice #/a = 13, which has large statistical errors, does not affect the
potential much (see the green dotted line). On the other hand, the exclusion of the smallest time
slice t/a = 7 significantly increases the statistical errors, and the resulting potential also starts to
oscillate.

The analytic forms of the potentials can be determined by fitting them to the obtained potentials.
Then, they can be used to calculate quantities such as the phase shift, as shown in Fig. 5. In Fig. 5, we
used the two-range Gaussian forms plus a Yukawa potential for the one pion exchange as the analytic
form. Panel (a) shows the results with the potentials directly calculated from the conventional HAL
QCD method, which is significantly affected by the constant offset caused by inelastic contamination.
Panel (b) shows the results with the potentials extracted by the extrapolation, where we find that the
dependence of the phase shift on the fitting 7/a range is negligible.

We shall comment on the extracted decay rate b of the inelastic contamination in the exponent
of Eq. 9. The extracted decay rate has been consistently around » =~ 0.3 = 700 MeV in both EE and
NZ, which is significantly larger than the expected gap of the first excited state. This is considered
to be due to the cancellation happening with the prescription (4) of normalizing the four-point
function by the two-point function.

5. Conclusion

We have investigated the strangeness S = —1 baryon—baryon potentials at the physical point
using the time-dependent HAL QCD method on the gauge configurations HAL-conf-2023 [14].
The § = —1 sector of the potentials suffers from a poor signal-to-noise ratio. In particular, the Pauli-
forbidden channels (I = 1/2,'Sy) and (I = 3/2,3S)) receive severe contamination from inelastic
excited states within the time-dependent HAL QCD method, which uses consecutive three time
slices. We attempted to remove the inelastic contamination by extrapolating the extracted potentials
to t — oo by assuming the single-exponential form of the time dependence of the potential. While
a strong time dependence of phase shift is observed with the original potentials, the phase shift
for the extrapolated potentials has almost no dependence on the fitting time range. In the future,
we should carefully check consistency and robustness of this extrapolation method, and apply the
method to the full analysis of the S = —1 baryon—baryon interactions including the tensor force and
the D wave.
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