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We searched for bound neutron decay via n → ν̄þ K0 predicted by the grand unified theories in
0.401 Mton · years exposure of all pure water phases in the Super-Kamiokande detector. About 4.4 times
more data than in the previous search have been analyzed by a new method including a spectrum fit to kaon
invariant mass distributions. No significant data excess has been observed in the signal regions. As a result
of this analysis, we set a lower limit of 7.8 × 1032 years on the neutron lifetime at a 90% confidence level.

DOI: 10.1103/thqt-8fp1

I. INTRODUCTION

Grand unified theories (GUTs) propose a unification
of the weak, strong, and electromagnetic interactions
at extremely high energies, typically the order of
1015–1016 GeV. These theories predict processes that
violate baryon number conservation by one unit, leading
for instance to nucleon decay, which is forbidden in the
Standard Model of particle physics [1,2]. The baryon
number violating decay of the nucleon bound inside
the nucleus or the free proton decay provides a critical
experimental test for these theoretical frameworks.
Some models of supersymmetric (SUSY) GUTs [3–5]
predict n → ν̄K0 as the major neutron decay channel as
well as p → ν̄Kþ for the proton decay. Such a nucleon
decay has not been observed. Lower limits for various
channels were set by Super-Kamiokande (SK) including
p → ν̄Kþ [6].
This study reports the latest result of the search for

neutron decay via n → ν̄K0 using the SK water Cherenkov
detector. The SK detector is effective for searching for this
decay channel because of its large fiducial mass and
excellent capability to identify particle types and measure
their momenta. This two-body decay produces an anti-
neutrino and a neutral kaon. The neutral kaon, K0, is a
composite state comprising K0

S and K0
L. The K0

S meson,
with a lifetime of 90 ps, decays predominantly into πþπ−

(69.2%) and 2π0 (30.7%), while K0
L, with a much longer

lifetime of 51 ns, decays predominantly into π�l∓ν (l ¼ e
or μ, 67.6%), 3π0 (19.5%) and πþπ−π0 (12.5%) [7]. This
analysis applies signal event selections targeting the K0

S
decay modes. The K0 invariant mass cannot be recon-
structed in the dominant K0

L decay mode (K0
L → π�l∓ν

(l ¼ e or μ)) due to missing a neutrino. Other K0
L decay

modes have limited statistics. More details of event
selections are described in Sec. V. Consequently, the
experimental signature is the decay in flight of K0

S.

While K0 from a free neutron decay at rest would have
a momentum of 338 MeV=c, the actual K0 momentum is
widely distributed due to the neutron’s Fermi motion within
the oxygen nucleus, as seen in Fig. 1. The recoiling
neutrino is unobserved and could be either a neutrino or
an antineutrino. Most GUTs conserve baryon minus lepton
number (B − L) and favor an antineutrino. However, this
search is equally applicable to a neutrino in the final state,
conserving Bþ L, as seen in some models [8,9].
Search for neutron decay through the n → ν̄K0 channel

has been previously conducted at SK [10]. The prior
analysis used SK-I data, corresponding to an exposure
of 92 kton·years collected between 1996 and 2001, and
observed no significant signal excess above background for
n → ν̄K0 decay. Consequently, a lower limit on the partial
lifetime of neutron for this decay channel was set as 1.3 ×
1032 years at the 90% confidence level (CL). In this study,
the search was extended by a new analysis method using a
complete dataset of pure water phases obtained from 1996
to 2020, which corresponds to 401 kton · years, 4.4 times
the exposure of the previous search.
This paper is structured as follows: Sec. II describes the

Super-Kamiokande detector. Section III outlines the sim-
ulation methods used. Section IV discusses improvements
in event reconstruction. The criteria for event selection and
the corresponding results, including the lifetime limit, are
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FIG. 1. True K0
S momentum just after leaving the oxygen

nucleus in the simulation.
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presented in Secs. V and VI, respectively. Finally, the
conclusion is summarized in Sec. VII.

II. SUPER-KAMIOKANDE

Super-Kamiokande is a large water Cherenkov detector
located approximately 1,000 m underground (2,700 m
water equivalent) in the Kamioka mine, Gifu, Japan. A
cylindrical water tank with a diameter of 39.3 m and a
height of 41.4 m holds 50 kton of ultrapure water and
detects Cherenkov light produced by charged particles
using photomultiplier tubes (PMTs) arranged on its walls.
The SK detector consists of two volumes: a 32 kton inner
detector (ID) with a diameter of 33.8 m and a height of
36.2 m, and an outer detector (OD) surrounding the ID with
2 m thickness layer. The ID is mainly responsible for
observing charged particles from nucleon decay or neutrino
interaction with inward-facing 50-cm PMTs. The main
purpose of the OD is to identify cosmic ray muons entering
the ID with outward-facing 20-cm PMTs.
The data used in this analysis are categorized into five

distinct periods: SK-I (1996–2001), SK-II (2002–2005),
SK-III (2006–2008), SK-IV (2008–2018), and SK-V
(2019–2020). The livetime is 6511.3 days in total corre-
sponding to 0.401 Mton · years with a 22.5 kton fiducial
mass. During SK-I, SK-III, SK-IV, and SK-V, more than
11,000 PMTs were placed on the ID wall with a photo-
cathode coverage of 40%, while it was 19% during the SK-
II period. From SK-IV onward, the implementation of
upgraded electronics enhanced the tagging efficiency of
Michel electrons. In this study, the dataset was analyzed
independently of the previous analysis [10] that was
performed only for the SK-I period. The SK detector
has been comprehensively calibrated and optimized during
the operation for each detector phase. Details of the
detector design and its calibration can be found in [11–13].

III. SIMULATION

To determine the event selection criteria for the neutron
decay search and evaluate the numbers of the signal and
background events, Monte Carlo (MC) simulations were
used. Due to variations in the detector configuration
between SK-I and SK-V, separate MC samples were
generated for each period. The propagation of particles
in water is modeled using a simulation package based on
GEANT3 [14]. Cherenkov light production, its subsequent
propagation, and the response of the PMTs and electronics
are handled by a dedicated custom code. Hadronic inter-
actions in nuclei and water are simulated using NEUT [15]
and CALOR package [16], which uses HETC [17], FLUKA

[18], and MICAP [19] depending on the particle and energy.

A. Nucleon decay

Neutron decay MC samples were simulated throughout
the ID to account for event migration between the inside

and outside of the fiducial volume. They include all n →
ν̄K0 events, not just specific K0 decay modes. In order to
simulate the decay of a bound neutron, for instance within
the oxygen nucleus of a water molecule, Fermi momentum,
correlations with other nucleons, and nuclear binding
energy are incorporated into the analysis. Kaon-nucleon
interactions within the oxygen nucleus and in water are also
simulated in the nucleon decay MC.
The Fermi momentum distribution used in the simulation

is derived from experimental data on electron scattering off
12C nuclei [20]. The effective neutron mass is determined
by subtracting the binding energy from the actual neutron
mass. The binding energy is modeled for each nuclear state
as a Gaussian random variable with mean and standard
deviation values of 39.0 (15.5) MeV and 10.2 (3.82) MeV,
respectively, for the s-state (p-state) [20]. In the nucleon
decay simulation, the same binding energy is applied to
both the p3=2 and p1=2 states in the 16O nucleus, which is
considered a reasonable approximation given their small
energy difference (about 7 MeV [21]) relative to the
systematic uncertainty in the Fermi momentum. The
Fermi momentum distribution used in this analysis is
compared to the distribution for 16O, which is estimated
from the Fermi gas model. The differences between these
two models and nuclear species are considered as a
systematic uncertainty. The population ratio of neutrons
in the s-state to the p-state is assumed to be 1∶3, as
predicted by the nuclear shell model [22]. Additionally, a
neutron in an oxygen nucleus may decay in correlation with
a neighboring nucleon [23]. This correlated decay process,
which is independent of the neutron energy, arises from the
overlapping wave functions of the nucleons. We accounted
for the correlated decay with a probability of 10� 10%

including the systematic uncertainty.
Kaons produced from neutron decay within the nucleus

may interact with nearby nucleons in the nucleus or with
the water medium. The kaon interaction model used in this
analysis has been updated from the previous study with SK-
I [10]. The kaon interaction cross sections were modified in
the p → μþK0 analysis [24], based on experimental results
of kaon-nucleon and kaon-nucleus scattering [25–28]. The
same model is used in this analysis. In the nucleus, both
elastic scattering and charge exchange processes of neutral
kaons to nucleons are simulated. 98% of K0 from nucleon
decay exit from oxygen nucleus as K0. The remaining 2%
of K0 are mainly converted into Kþ inside the oxygen
nucleus through charge exchange interaction. After exiting
the nucleus, propagation of a neutral kaon in water is
simulated under the assumption that it propagates as a K0

S
or K0

L eigenstate. Both elastic and inelastic scattering in
water are taken into account in the simulation. Most K0

L
from neutron decay interact hadronically in water with the
mean free path of about 1 m. On the other hand, 98% of K0

S
that exit the nucleus promptly decay into 2π0 or πþπ− in
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water, with a lifetime of 90 ps. The remaining 2% of K0
S

experience charge exchange and are converted into Kþ in
the oxygen nucleus in most cases. Figure 1 shows true K0

S
momentum just after leaving the oxygen nucleus in the
simulation of n → ν̄K0.
According to the MC simulation, after the fully con-

tained selection described in Sec. V, 60% of produced K0

decay as K0
S, 13% decay as K0

L. The remaining 27% do not
decay as K0 due to hadronic interactions that produce other
particles such as Kþ, Λ, or Σ. The fraction of K0

S decay is
larger than 50% due to conversion from K0

L to K0
S and the

fully contained selection, rejecting some K0
L events that

produce muons. Among the K0
L decay, the most dominant

K0
L → π�l∓ν (l ¼ e or μ) decay mode accounts for 8%.

However, the K0 invariant mass cannot be reconstructed in
this decay mode due to neutrinos carrying away energy.
Events from K0

L → 3π0, the second most frequent decay
mode, should produce up to six Cherenkov rings. However,
in most cases, no more than four Cherenkov rings can be
identified. As a result, the K0

L → 3π0 events are actually
selected in the K0

S → 2π0 search. Therefore, this study is
focused solely on K0

S decay selections, while the selections
include a small fraction of K0

L decay events, which are
accounted for in the signal efficiency. Coherent regener-
ation of K0

L → K0
S is simulated within the oxygen nucleus

and the surrounding water. The regeneration probability is
derived from kaon scattering experiments using a carbon
target [29]. The regeneration occurs in about 0.1% of n →
ν̄K0 MC events.

B. Atmospheric neutrinos

Background sources in nucleon decay search are atmos-
pheric neutrinos. Atmospheric neutrino MC is simulated
using the atmospheric neutrino flux calculated by Honda
et al. [30] and NEUT 5.4.0.1 [15] neutrino-nucleus event
generator. Atmospheric neutrino MC samples equivalent to
500 years of atmospheric neutrino exposure were generated
to evaluate the background in the final samples for each
detector phase. The main background interaction for n →
ν̄K0 search is single pion production by atmospheric
neutrinos, in which a pion is produced in addition to the
outgoing lepton and nucleon. Single pion production is
simulated using the Rein-Sehgal model [31], including
lepton mass correction by Berger and Sehgal [32]. Another
significant background is deep inelastic scattering, which
produces multiple hadrons including pions. In addition,
single eta production contributes to the background for
K0

S → 2π0 search via the η → 3π0 decay, which has a
branching ratio of 32.6%. Muon neutrino-induced charged
current quasielastic scattering can also be a background
source for K0

S → πþπ− search when a proton with momen-
tum above Cherenkov threshold (1052 MeV=c) creates a
second Cherenkov ring in addition to the first ring from the

muon. The generated atmospheric neutrino events are
weighted to account for the three-flavor neutrino oscilla-
tions, whose parameters are taken from [33] assuming
normal mass ordering. The updates of the kaon-nucleon
interaction in nuclei and water are also applied to the kaons
generated via atmospheric neutrino interactions. However,
the rate of neutral kaon production is less than 1% in the
remaining background events due to its small cross section
and associated production, where simultaneously produced
hadrons cause the event signature to fail.

IV. RECONSTRUCTION

Prior to detailed event reconstruction, multiple stages of
data reduction are applied to eliminate cosmic ray muons
and low-energy events due to radioactivity of materials
surrounding the detector walls [34]. Reconstruction algo-
rithms are applied to the events that remain after the
reduction process. Event reconstruction, called APFit, is
employed to determine fundamental event characteristics,
including the interaction vertex, number of rings, particle
types, momentum, and Michel electrons using PMT hit
position, integrated charge, and timing information.
Cherenkov rings are categorized as either showering (e
or γ-like) or nonshowering (μ or π-like). Cherenkov rings
produced by electrons and gammas are classified as
showering due to their electromagnetic scattering and
showering, resulting in diffuse rings. In contrast,
Cherenkov rings produced by muons and charged pions
have sharp edges. Those rings are identified as nonshow-
ering rings; i.e., we do not distinguish charged pions from
muons. Details of the reconstruction procedures can be
found in [13,35].
The K0 momentum and energy are calculated as the

vector sum of the reconstructed momenta and the sum of
reconstructed energies of each Cherenkov ring (γ from π0

decay, or π�), respectively. The K0 invariant mass is then
calculated from the K0 momentum and energy.
In this analysis, we improved the reconstruction

of charged pion momentum. The performance of pion
momentum reconstruction is important for the K0

S → πþπ−

search because K0 momentum and invariant mass are
reconstructed from charged pion momentum and used
for selection and spectrum fitting. The electron and muon
momentum are estimated from the number of observed
photoelectrons within a 70° half-opening angle around the
reconstructed ring direction. The relationship between the
number of photoelectrons and momentum is obtained from
the MC simulation. On the other hand, the correlation
between momentum and number of photoelectrons is
degraded for charged pions because they are more easily
scattered in water than muons. Therefore, to improve
accuracy, not only the number of photoelectrons but also
the half-opening angle of the observed ring is utilized for
the momentum reconstruction of charged pions based
on the relationship between the momentum and emission
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angle of Cherenkov radiation. The accuracy of the opening
angle reconstruction was improved by refining the estima-
tion of the photoelectron distribution. Consequently, the
agreement between true and reconstructed charged pion
momentum was improved, leading to a more precise
reconstruction of the K0 momentum and invariant mass.

V. SEARCH METHOD

This analysis uses events with the reconstructed vertices
located within the 22.5 kton fiducial volume (more than
2 m away from the ID wall), visible energy (Evis) above
30 MeV, and no hit-PMT clusters in the OD, i.e., no visible
energy deposit in the OD. These events are called fully
contained fiducial volume (FCFV) events.
In the n → ν̄K0 decay, the invariant mass of neutron

cannot be reconstructed due to the missing momentum
carried away by the antineutrino. Instead, reconstructed K0

momentum and invariant mass are used to distinguish the
signal events from the atmospheric neutrino background. In
the previous search using a two-dimensional cut on these
variables [10], more than 10 events remained in the signal
region for 92 kton·years exposure, as expected by the
atmospheric neutrino MC. This is about 2 orders of
magnitude larger than the number of background events
expected in other decay modes with more distinctive
signatures, such as p → eþπ0. Therefore, we performed
a spectral fit to the K0 invariant mass distributions after
signal event selections to search for excess over the
background distributions in this study. Since the invariant
mass distribution has a narrower peak than the momentum
distribution, the fit to the invariant mass distribution is more
sensitive in this analysis. Similar methods were employed
for other nucleon decay searches with relatively high
background levels, including n → ν̄π0 and p → ν̄πþ [36]
as well as p → lþX (l ¼ e, μ), n → νγ, and np → lþν
(l ¼ e, μ, τ) [37].
There are two sets of selections in n → ν̄K0 search to

extract K0
S → 2π0 and K0

S → πþπ− signals separately from
the atmospheric neutrino background. The selections are
the same as in the previous analysis [10], except for the K0

invariant mass cut which is not applied in this analysis.

A. Selections for K0
S → 2π0

The event selection steps for the K0
S → 2π0 search are

applied in the following order:
A-1: Events should be FCFV events with
Evis > 30 MeV.

A-2: The number of rings should be three or four.
A-3: All rings should be showering.
A-4: There must be no Michel electrons.
A-5: The reconstructed K0 momentum should
be 200 < PK0 < 500 MeV=c.

A-6: The reconstructed K0 invariant mass should
be 300 < WK0 < 700 MeV=c2.

The K0 momentum distribution after applying selection
A-4 is shown in the top panel of Fig. 2. The reconstructed
K0 momentum in nucleon decay MC is broadly distrib-
uted mainly due to the Fermi motion of bound neutrons.
It tends to be reconstructed lower if only three Cherenkov
rings are recognized. 62% of the events in nucleon
decay MC after the selection A-4 have three Cherenkov
rings. The top panels of Fig. 3 show scatter plots of the
reconstructed K0 invariant mass versus K0 momentum
after applying selection A-4. The blue blob at lower
invariant mass originates from K0

S → πþπ− decay events,
which are selected as 2π0 candidates due to charge
exchange interaction from π� to π0 and consequent
misidentification of π� as shower type. As shown in
the right panels of Fig. 3, a large number of data
events remain in the signal region after all selections
are applied.
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FIG. 2. The reconstructed K0 momentum after A-4 and B-4
selections for K0

S → 2π0 (top) and K0
S → πþπ− (bottom). SK-I to

V are combined. The data (black dots) are compared with the
atmospheric neutrino MC events (red) and the nucleon decay MC
(blue), which are both normalized by the area of the data. Error
bars denote statistical uncertainty.

K. YAMAUCHI et al. PHYS. REV. D 112, 092004 (2025)

092004-6



B. Selections for K0
S → π + π −

The event selection steps for the K0
S → πþπ− search are

applied in the following order:
B-1: Events should be FCFV events with
Evis > 30 MeV.

B-2: The number of rings should be two.
B-3: All rings should be nonshowering.
B-4: The number of Michel electrons should be one
or zero.

B-5: The reconstructed K0 momentum should be
200 < PK0 < 500 MeV=c.

B-6: The reconstructed K0 invariant mass should be
300 < WK0 < 700 MeV=c2.

The positive charged pion produced from K0
S → πþπ−

generates a muon from the decay, while π− is absorbed
by oxygen nuclei in water in most cases and does not
generate a muon. Therefore, events with zero or one Michel
electron are selected as signal candidates, considering
the inefficiency of Michel electron tagging. The K0

momentum distribution after applying selection B-4 is
shown in the bottom panel of Fig. 2. The slight shift
between the observed data and atmospheric neutrino MC
can be accounted for by the systematic uncertainties in the
pion momentum in the atmospheric neutrino interactions,
final state interaction (FSI) within nuclei, and secondary
interaction (SI) in water, which are included in Tables II

and III. The bottom panels of Fig. 3 show scatter plots
of the reconstructed K0 invariant mass versus K0 momen-
tum after selection B-4 is applied. The cluster appearing
with a low invariant mass around 280 MeV=c2 is caused
by two Cherenkov rings in the same direction due to
misreconstruction.
The signal detection efficiency, expected number of

backgrounds, and number of observed data are compared
for each step in Fig. 4. The K0 momentum cut largely
reduces the number of backgrounds in both K0

S → 2π0 and
K0

S → πþπ− selection. The signal detection efficiency is
defined as the ratio of the number of selected signal events
to the number of generated events within the fiducial
volume. The number of expected backgrounds after B-6
selection in K0

S → πþπ− search is approximately 30%
lower than the number of observed data. The excess is
observed across the entire fit range, from 300 MeV=c2 to
700 MeV=c2, not being limited to the signal peak region
where nucleon decay is expected. This overall excess is
accommodated by considering systematic uncertainties in
the spectrum fit analysis. The difference is comparable with
the systematic uncertainties, including the pion momentum
reconstruction, pion interaction, and cross section for single
pion production.
When the same invariant mass cuts as in the previous

analysis [10] are applied to the neutron decay MC, i.e.,

FIG. 3. Scatter plots of the reconstructed K0 invariant mass and K0 momentum after A-4 and B-4 selections for K0
S → 2π0 (top) and

K0
S → πþπ− (bottom). SK-I to V are combined. Nucleon decay MC (64625 events for K0

S → 2π0 and 27998 events for K0
S → πþπ−),

atmospheric neutrino MC (2500 years), and data (6511.3 days) are shown from left to right. The horizontal lines represent the cut on
total momentum in this analysis. The vertical dashed lines show the region of the invariant mass peak as applied as cut in the previous
analysis [10], which is not applied in this invariant mass fit analysis.
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400 < WK0 < 600 MeV=c2 in K0
S → 2π0 selection and

450 < WK0 < 550 MeV=c2 in K0
S → πþπ− selection, the

signal selection efficiencies are 12.5� 0.8% (syst.) and
5.4� 1.3% (syst.), respectively. The major systematic
uncertainty for the efficiency of K0

S → πþπ− selection is
the uncertainty in the pion scattering model. Under the
same selection criteria, the expected numbers of remaining
background events are 123.9� 28.9 (syst.) in K0

S → 2π0

selection and 42.4� 14.7 (syst.) in K0
S → πþπ− selection.

The systematic uncertainties of the background events are
suppressed to about 7% by the sideband data, i.e., outside
of the invariant mass peak, in the spectrum fit described in
later section.
Table I summarizes the interaction modes contributing to

the atmospheric neutrino background after all selections are
applied. The primary background source in both K0

S → 2π0

and K0
S → πþπ− searches is single pion production.

C. Spectrum fit

After event selections, a spectrum fit was performed on
the reconstructed K0 invariant mass distributions. The fit
minimizes the χ2, incorporating systematic uncertainties
through quadratic penalty terms (pull term) [38]. The χ2

function is defined based on Poisson probabilities to
account for the statistical fluctuation and is given by

χ2¼2
XNbins

i¼1

"
Nexp

i

 
1þ

XNsys err

j¼1

fjiϵj

!
−Nobs

i

þNobs
i ln

Nobs
i

Nexp
i ð1þPNsys err

j¼1 fjiϵjÞ

#
þ
XNsys err

j¼1

�
ϵj
σj

�
2

; ð1Þ

with,

Nexp
i ¼ Nbkg

i þ βNsig
i ; ð2Þ

where i indexes the data bins (i∈ ½1; 120�) and j indexes the
systematic uncertainties (j∈ ½1; 84�). For each of the five
SK periods, there are eight data bins for the K0 invariant
mass distribution of theK0

S → 2π0 samples and 16 data bins
for the K0

S → πþπ− final samples. The expected number of
events, Nexp

i , is obtained from the MC simulations, while
Nobs

i represents the number of the observed events. The MC
expectation, given by Eq. (2), consists of the expected
background contribution, Nbkg

i , and the expected signal
contribution, Nsig

i , where β is the signal normalization
factor. In Eq. (1), systematic uncertainties are incorporated
using the 84 fit error parameters ϵj. fji represents the
fractional change in Nexp

i for variations corresponding to 1
sigma uncertainty σj.

D. Systematic uncertainty

Systematic uncertainties considered in this analysis are
summarized in Tables II and III.
Physics model uncertainties in the neutron decay MC

include those associated with correlated decay probabil-
ities, Fermi momentum, pion interaction, and kaon inter-
action. Among these, those related to pion FSI in nuclei and
SI in water have the largest impact on the sensitivity. For
example, if charge exchange interactions from π� to π0

increase, events that pass the K0
S → πþπ− selection
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FIG. 4. Signal efficiencies (blue), expected number of back-
ground events (red), and number of observed data (black) for each
event selection criterion. Averaged efficiency and combined
number of events are shown for SK-I to V. Error bars of data
points represent statistical uncertainty, but they are too small to be
visible. The number of atmospheric neutrino MC events is
normalized by the live time (6511.3 days).

TABLE I. Breakdown of the interaction mode on remaining
atmospheric neutrino backgrounds with MC statistical uncertain-
ties [%]. SK-I to V are averaged. CC, QE, and DIS represent
charged-current, quasielastic, and deep inelastic scattering, re-
spectively. In single pion production, πþ, π−, and π0 contribu-
tions are shown, respectively.

Modes K0
S → 2π0 K0

S → πþπ−

CCQE 3.2� 0.2% 16.8� 0.6%
Single π 48.6� 0.6% 64.4� 0.7%
πþ 17.1� 0.5% 46.2� 0.8%
π− 4.6� 0.3% 13.3� 0.5%
π0 26.9� 0.5% 4.9� 0.3%
Single η 10.2� 0.4% 0.4� 0.1%
DIS 35.5� 0.6% 14.8� 0.5%
Others 2.4� 0.2% 3.7� 0.3%
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decrease. They are evaluated by changing the parameters of
interaction models relevant for absorption, scattering, and
charge exchange within their 1σ constraints determined
from pion scattering experiments [39–41].
Detector performance and reconstruction uncertainties

are evaluated for both signal and background MC. In this
analysis, systematic uncertainty on the pion momentum
reconstruction was revised from the previous studies. As
mentioned in Sec. IV, charged pion momentum is recon-
structed based on the charge and opening angle of the
Cherenkov ring. For the charge measurement, energy scale
uncertainties of the electron and muon momentum have
been evaluated from a comparison of the absolute energy
scales between control sample data and MC, which include
cosmic ray muons, neutral pions from atmospheric neutrino
interactions, and Michel electrons from cosmic ray muons.
These uncertainties are in the range of about 2%–3% for
each SK period. On the other hand, to assess the uncertainty
in the estimation of the opening angle, we compared pion
momentum reconstructed using only the opening angle in
multi μ-like ring samples with two Michel electrons from
atmospheric neutrino data and MC. These samples are
independent of the signal events in n → ν̄K0 search, which
requires at most one Michel electron. The total uncertainty
in pion momentum reconstruction is derived by combining
these contributions from the estimations by the charge and
opening angle in quadrature. Pion momentum uncertainties
vary by detector periods, from 2.9% in SK-IV to 8.1% in
SK-III, depending on the statistics of multi μ-like ring
sample.
Uncertainties related to atmospheric neutrino flux, inter-

actions, and oscillations are accounted for based on nearly
the same sources as in the atmospheric neutrino analysis
[42], with detailed descriptions available in [43]. Among
these, systematic uncertainties in the single pion production
model have the largest impact on the sensitivity.

VI. RESULTS

The minimization of χ2 was performed with respect to
each β (the signal normalization factor) by solving
∂χ2=∂ϵj ¼ 0 in Eq. (1).
The best-fit χ2=Ndof value was 117.4=119with a value of

β corresponding to a total of 1.7 signal events in
0.401 Mton·years exposure. It is consistent with the
expectation of 0 signal events, and there is no significant
excess of signals over the background. As shown in
Tables II and III, there are no systematic error parameters
that show a significantly larger deviation than the estimated
uncertainty. Using the fitted values and pull terms, the
combined invariant mass distributions for SK-I to SK-Vare
shown in Fig. 5. The data are overlaid to the atmospheric
neutrino plus nucleon decay MC simulation with correc-
tions by the best-fit parameters. The 90% CL upper limit of
the nucleon decay signal events is also shown with blue
hatched histograms. The upper limit on the number of

signal events is 27.7 in total at 90% CL. Since charged
pions have better momentum resolution than γ’s from the
decay of neutral pions, the K0

S → πþπ− mass distribution
(Fig. 5, bottom) has a better mass resolution than that of
K0

S → 2π0 (Fig. 5, top), exhibiting a narrower peak around
497.6 MeV=c2. The momentum resolution is about 3% for
charged pions with typical momenta of 200–400 MeV=c in
events that passed the B-4 selection, whereas it is about
12% for γ’s with typical momenta of 0–300 MeV=c in
events that passed the A-4 selection. To reflect this
improved resolution, the bin width for the K0

S → πþπ−

distribution is set to half that of the K0
S → 2π0 distribution.

As no significant signals were found, we set a lower limit
on the lifetime of a bound neutron. The lower lifetime limit
is calculated using
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FIG. 5. The reconstructed K0 invariant mass distributions with
the spectrum fit results for K0

S → 2π0 (top) and K0
S → πþπ−

(bottom). SK-I to V are combined. The data (black dots) are
compared with the atmospheric neutrino MC under the
assumption of no signal (dashed red line) and the atmospheric
neutrino plus nucleon decay MC simulation at best-fit (solid red
line). The 90% CL upper limit of the nucleon decay events (blue
hatched histogram) is also displayed.

SEARCH FOR NEUTRON DECAY INTO AN ANTINEUTRINO AND … PHYS. REV. D 112, 092004 (2025)

092004-9



τ=B ¼ ΔtNneutronsP
SK5
i¼SK1 N

i
90CL=ηi

; ð3Þ

where B is the branching ratio of the nucleon decay mode, i
indexes the SK detector phases, Δt is the total exposure in
kton · years, andNneutrons represents the number of neutrons
per kiloton of water (2.68 × 1032 neutrons=kton). Ni

90CL is
the upper limit of the number of nucleon decay events
(K0

S → 2π0 andK0
S → πþπ−) in each SK period at 90% CL,

determined from the fit, and ηi is the total signal efficiency
for the two decay modes in each SK period. We set a new
lower lifetime limit for n → ν̄þ K0 as τ=B > 7.8 ×
1032 years at 90% CL. This limit is 6 times more stringent
than our previous published limit of τ=B > 1.3 ×
1032 years [10].

VII. CONCLUSION

A search for neutron decay into an antineutrino and a
neutral kaon was conducted using data from the Super-
Kamiokande experiment. No statistically significant signal
excess has been observed in the signal region using all
available data from pure water phases. By performing a
spectrum fit to the K0 invariant mass distributions, we set a
lower lifetime limit of 7.8 × 1032 years at 90% CL. This
result improves the previous limit by a factor of 6, making it
the most stringent constraint on the n → ν̄þ K0 decay
mode to date.
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APPENDIX: SYSTEMATIC UNCERTAINTIES

TABLE II. Systematic uncertainties related to physics model and reconstruction for both nucleon decay and atmospheric neutrinoMC.
The uncertainties on correlated decay, Fermi momentum, and kaon interaction are considered in only nucleon decay MC. The best-fit
pull value of each systematic uncertainty parameter and the estimated 1σ uncertainty are shown.

Systematic uncertainty Fit pull value (σ) 1σ uncertainty (%)

Correlated decay 0.028 100
Fermi momentum 0.0046 10
Pion interaction for K0

S → 2π0 −0.15 10
Pion interaction for K0

S → πþπ− −0.53 10
Kaon interaction (FSI) 0.030 25
Kaon interaction (SI) 0.031 50
Ring counting 0.035 10
Particle identification 0.14 10
Michel electron tagging 0.17 10

SK-I SK-II SK-III SK-IV SK-V SK-I SK-II SK-III SK-IV SK-V

FC reduction 0.0003 0.0000 0.0007 0.0000 −0.0003 0.2 0.2 0.8 1.3 1.7
Fiducial volume 0.013 0.08 0.20 −0.25 −0.0051 2 2 2 2 2
Non-νe background 0.0002 0.0000 0.0004 0.0000 −0.0001 1 1 1 1 1
Energy scale 0.24 0.23 0.13 −0.042 −0.019 3.3 2 2.4 2.1 1.8
Up/down energy calibration 0.047 −0.23 −0.42 0.02 0.59 0.6 1.1 0.6 0.5 0.69
Pion momentum reconstruction −0.70 −0.33 −1.0 0.37 0.37 5.9 4.6 8.1 2.9 5.1

TABLE III. Systematic uncertainties related to neutrino flux, interaction, and oscillation for atmospheric neutrino MC only. The best-
fit pull value of each systematic uncertainty and the estimated 1σ uncertainty are shown.

Systematic uncertainty Fit pull value (σ) 1σ uncertainty (%)

Flux normalization Eν < 1 GeV 0.15 7–25a
Eν > 1 GeV 0.12 7–20b

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ratio Eν < 1 GeV 0.012 2
1 < Eν < 10 GeV 0.008 3
Eν > 10 GeV 0.000 5–30c

νe=ν̄e ratio Eν < 1 GeV 0.006 5
1 < Eν < 10 GeV 0.018 5
Eν > 10 GeV 0.003 8–20d

νμ=ν̄μ ratio Eν < 1 GeV 0.009 2
1 < Eν < 10 GeV 0.011 6
Eν > 10 GeV 0.002 6–40e

Up/down ratio 0.000 1
Horizontal/vertical ratio 0.000 1
K=π ratio 0.012 5–20f
Neutrino path length 0.009 10
Matter effect −0.003 6.8
Solar activity of SK-I,
II, III, IV, V

0.005, 0.040, 0.025, −0.021, −0.001 20, 50, 20, 7, 20

CCQE MQE
A

−0.18 10
Cross section shape 0.026 10

Normalization (sub-GeV) 0.002 10
Normalization (multi-GeV) −0.15 10

ν=ν̄ ratio 0.006 10
νμ=νe ratio −0.022 10
MEC on/off −0.069 10

(Table continued)
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TABLE III. (Continued)

Systematic uncertainty Fit pull value (σ) 1σ uncertainty (%)

Single pion production π0=πþ ratio −0.20 40
ν=ν̄ ratio −0.096 10

Axial coupling 0.35 10
C5
A 0.28 10

Background 0.075 10
Coherent π 0.004 100

DIS Model difference 0.28 10
Cross section 0.039 10

Q2 distribution (high W) 0.036 10
Q2 distribution (low W) 0.010 10
Q2 distribution (vector) −0.028 10
Q2 distribution (axial) −0.009 10
Hadron multiplicity 0.092 10

Other cross section NC/CC ratio 0.44 20
Oscillation Δm2

21
−0.003 0.00018

sin2 θ12 −0.002 1.3
sin2 θ13 −0.001 0.07

aUncertainty decreases linearly with logEν from 25% at 0.1 GeV to 7% at 1 GeV.
bUncertainty is 7% up to 10 GeV, increases linearly with logEν from 7% at 10 GeV to 12% at 100 GeV, and then to 20% at 1 TeV.
cUncertainty increases linearly with logEν from 5% at 30 GeV to 30% at 1 TeV.
dUncertainty increases linearly with logEν from 8% at 100 GeV to 20% at 1 TeV.
eUncertainty increases linearly with logEν from 6% at 50 GeV to 40% at 1 TeV.
fUncertainty is 5% up to 100 GeV, increases linearly with logEν from 5% at 100 GeV to 20% at 1 TeV.
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