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We present the results of searches for nucleon decays via p — vz* and n — va° using a 0.484 Mt - yr
exposure of Super-Kamiokande I-V data covering the entire pure water phase of the experiment. Various
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improvements on the previous 2014 nucleon decay search [Phys. Rev. Lett. 113, 121802 (2014)], which
used an exposure of 0.173 Mt - yr, are incorporated. The physics models related to pion production and
nuclear interaction are refined with external data, and a more comprehensive set of systematic uncertainties,
now including those associated with the atmospheric neutrino flux and pion production channels, is
considered. Also, the fiducial volume has been expanded by 21%. No significant indication of a nucleon
decay signal is found beyond the expected background. Lower bounds on the nucleon partial lifetimes are
determined to be 3.5 x 10?2 yr for p — vt and 1.4 x 103 yr for n — va® at 90% confidence level.

DOI: 10.1103/gwc6-55bg

I. INTRODUCTION

Grand unified theories (GUTs) are proposed featuring
extended gauge symmetry groups for the unification of
electromagnetic, weak, and strong interactions of the
Standard Model (SM) [1-3]. In addition to unifying the
three fundamental forces, they are motivated by their ability
to provide hints for several outstanding questions that the
SM does not address, such as the quantization of electric
charge, prediction of free parameters in the SM, and the
matter-antimatter asymmetry of the Universe via baryo-
genesis [4]. In contrast to the SM, GUTs represent leptons
and quarks within the same multiplets, allowing baryon-
number-violating nucleon decays. The typical energy scale
of unification is expected to exceed 10" GeV, far beyond
the energy scale of the future colliders. Nucleon decay
searches offer a direct probe for the viability of various SM
extensions. With a large target mass of 50 kt, the Super-
Kamiokande (SK) water Cherenkov detector is ideal for
performing such searches.

While simple GUT models based on the minimal SU(5)
[5-9] have been ruled out by experiments [10—13], more
elaborate models have been suggested, such as SU(5) with
flipped fermion assignments [14,15], which solves the
Higgs splitting problem [16], or for a range of SO(10)
scenarios which explain the fermion masses and mixing
parameters [17-21], with or without supersymmetry.
Among these models, the nucleon decays via p — va™
and n — va° are predicted with comparable decay widths
alongside p — e*z° [22,23] and dominantly in certain
regions of parameter space in a minimal supersymmetry
SO(10) with baryon-number-minus-lepton-number sym-
metry broken by a 126-dimensional Higgs field [21].

Several experiments have searched for these decay
modes [11,24-26], but no clear signal has been observed
to date. The most stringent lower limits were set by SK,
which are 3.9 x 1032 yr for p — vzt and 1.1 x 10* yr for
n — v’ at 90% confidence level [24]. In this study, we

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

improve the previous results with the following: (i) With
the addition of SK IV-V data to SK I-III, the detector live
time has increased by 132% to 17.8 yr. (ii) The fiducial
volume of SK is enlarged by 21% using an improved
analysis technique. (iii) Physics models related to pion
production and nuclear interaction are updated in recent
studies with external data [27,28]. (iv) Additional system-
atic uncertainties associated with the atmospheric neutrino
flux and neutrino-nucleon interaction models have been
newly implemented.

II. SUPER-KAMIOKANDE

SK is a cylindrical water Cherenkov detector with a
diameter of 39.3 m and a height of 41.4 m, filled with 50 kt
of ultrapure water. The detector is located beneath the peak
of Mount Ikeno with 1000 m of rock overburden, equiv-
alent to 2700 m of water. The inner detector (ID) and the
outer detector (OD) volumes are optically separated. The
ID is viewed by 50-cm-diameter photomultiplier tubes
(PMTs), while the OD is equipped with 20-cm-diameter
PMTs with acrylic wavelength shifting plates. Details of
the SK detector are described in Ref. [29].

The SK detector operations, corresponding to the data
used in this analysis, are classified into five detector phases,
denoted by SK-I (1489.2 days), SK-1I (798.6 days), SK-III
(518.1 days), SK-IV (3244.4 days), and SK-V (461.0 days).
SK-I started with the 11146 ID PMTs providing 40%
photo coverage and the 1885 OD PMTs. However, in
November 2001, more than half of the PMTs were
destroyed due to a chain-reaction implosion inside the
tank. After the accident, the remaining PMTs were
rearranged, and SK-II began with a reduced 19% ID photo
coverage. The ID PMTs have been covered by fiber-
reinforced plastic to prevent the chain-reaction implosion
since the accident. Following a full reconstruction of the ID
PMTs, SK-III began, restoring the 40% ID photocathode
coverage. From SK-IV, front-end electronics were updated
to achieve continuous recording of all the PMT hit
information for the software triggering and wide charge
dynamic range [30]. The upgraded system has improved
the tagging efficiency for secondary particles such as
Michel electrons after muon decay. SK-IV ended with
the installation of a new water circulation system and the
replacement of dead PMTs. Subsequently, SK-V continued
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to take pure water data and ended with the dissolution of
gadolinium into the water.

The detector is calibrated using controlled data samples
to ensure precise and consistent measurement of physics
quantities. We measure absorption and scattering coeffi-
cients of optical photons, as well as the reflectivity of the
PMT surface, using a collimated laser beam. For the
analysis, particle identification based on the Cherenkov
hit pattern relies on accurate calibration of optical photon
tracking. The energy scale is calibrated using various
natural sources, including cosmic-ray-stopping muons
(sub-GeV and multi-GeV), decay electrons from stopping
muons (tens of MeV), and neutral pions produced in
atmospheric neutrino interactions via weak neutral current
(hundreds of MeV). These calibrations are used to assign
energy-scale uncertainties in this analysis. Details of the
detector calibrations for each SK phase are described in
Refs. [29,31-33].

III. SIMULATION

Nucleon decay signals are generated using Monte Carlo
(MC) simulation. Signal events for p — vx™ are generated
from protons of hydrogen or oxygen, while events for
n — vn° are generated from neutrons of oxygen in water
molecules. A proton in hydrogen is treated as a stationary
particle with a mass equal to the proton’s rest mass. In
contrast, eight protons and neutrons in an oxygen nucleus
are treated as bound particles whose momenta and masses
are determined by Fermi motion and nuclear binding
energy. Based on the nuclear shell model [34], an initial
bound nucleon state is assigned as either an s state (25%) or
a p state (75%). For bound nucleons, Fermi momentum is
simulated based on the proton spectral function measured
by the electron-carbon scattering experiment [35], and the
effective mass is calculated by subtracting the nuclear
binding energy from the nucleon rest mass. The nuclear
binding energy is simulated using normalized Gaussian
distributions: The s-state distribution has a mean of
39.0 MeV with a standard deviation of 10.2 MeV, and
the p-state distribution has a mean of 15.5 MeV with a
standard deviation of 3.8 MeV. Considering the nuclear
medium effects, 10% of bound nucleon decays are treated
as correlated decays, where the decay kinematics are
broadened due to surrounding nucleons [36].

Atmospheric neutrino interactions with nucleons are
backgrounds for the nucleon decay search [37]. We use
the atmospheric neutrino flux from the Honda-Kajita-
Kasahara-Midorikawa model in Refs. [38,39]. Neutrino
interactions are simulated using NEUT [40,41]. Among
these interactions, charged-current quasielastic scattering
(CCQE) and neutral-current single-pion production are
dominant background channels for the p — vzt and
n — vn® searches, respectively, as discussed in Sec. IV.
The CCQE is modeled following Nieves et al. [42] and the
two-nucleon knockout process, which effectively enhances

the rate of QE-like scattering in oxygen, is implemented
according to the model by Gran et al. [43]. Single-pion
production is dominated by baryon-resonance excitation,
for which the Rein-Sehgal model [44] is used. The NCx°
production in oxygen is based on the measurement in
Ref. [45] and SK NCz° control data samples (see Sec. III
in Ref. [28]). The momentum and energy of bound
nucleons are simulated based on the spectral function
and Fermi-gas models. The difference in nuclear models
between signal and background MCs is treated as system-
atic uncertainty, as shown in Sec. I'V. Three-flavor neutrino
oscillation is considered based on the mixing parameters
of sin?6,,=0.307, sin’0;3=0.0220, sin’6,; =0.546,
Am2,=0.753x107eV?, and Am3, = 2.453 x 1073 eV?
[46], and &cp is assumed to be zero. A 500-yr exposure of
the SK detector for the atmospheric neutrino interactions is
simulated and scaled for each SK detector phase.

Nuclear interactions within a nucleus, produced from
nucleon decay or atmospheric neutrino interactions, are
simulated in NEUT using the cascade model [40,41] and the
Woods-Saxon model [47]. The hadron propagation by
pions or nucleons in a nucleus is simulated based on the
mean free path of nuclear interactions, which is related to
scattering, absorption, charge exchange, and hadron pro-
duction. Compared to the 2014 SK nucleon decay search,
the pion-nuclear interaction model has been significantly
updated using z*-nucleus experimental data [27]. In this
update, pion-nuclear absorption has increased by 40% at a
pion momentum range of 300-600 MeV/c, leading to a
significant loss in nucleon decay detection efficiency. The
true pion momentum by signal MC is presented, and the
cumulative fractions of pion-nuclear interactions as a
function of neutral pion momentum are compared in
Fig. 1. The propagation and decay of particles in the SK
detector and the responses to Cherenkov photons by PMTs
are simulated using the Geant simulation package [48] based
on the detector calibration parameters for each SK phase.
For pion propagation, hadronic interactions with nucleons
in water are simulated by NEUT, as well as the nuclear
effects within the nucleus. Note that our method treats the
pion’s initial prehadronic stage in the nucleus as a fully
formed pion, resulting in a conservative overprediction of
pion-nucleus scattering.

IV. SEARCH METHOD

The SK I-V phases correspond to 6511 detector live
days. The predicted signal purity is enhanced by vetoing
the dominant backgrounds using an array of selection cuts
caused by cosmic ray muons, low-energy radioactivity, and
flashing PMTs [28,49]. Additionally, we require events to
be reconstructed within the fiducial volume, to exhibit
sufficient visible energy deposit, and to show no activity in
the OD. Remaining events are fully contained in the
fiducial volume. The same data reduction procedures are
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production” is the production of pions including multiple hadrons.

applied to signal and background MC events. The nominal
MC prediction implies that more than 30% of the potential
signal events are lost in the procedures, because the visible
energy deposit is suppressed by the pion absorption.

Since the 2014 SK nucleon decay search, the fiducial
volume has been expanded by dedicated studies on the
reduction of non-neutrino background events and improved
event reconstruction near the ID walls [28,33]. The new
method reduces the misreconstructed cosmic ray muons
and the misidentification between e and y. The expanded
fiducial volume is defined as the region inside the ID
located at least 1 m away from the walls, where the previous
analysis used 2 m for the criterion. The total mass within
the fiducial volume corresponds to 27.2 kt, a 21% increase
compared to the former analysis.

In this analysis, an event reconstruction algorithm,
APFit [32,50], is used. In APFit, the event vertex is
reconstructed by scanning the point where the time-of-
flight-corrected PMT timing distribution has the sharpest
peak. In the PMT residual times, the timing resolution of
the PMT and the track length of the charged particle are
taken into account. The number of Cherenkov rings is
determined based on a pattern recognition algorithm known
as the Hough transformation [51]. Each reconstructed
Cherenkov ring is identified as either a showering particle
(e*,y) or a nonshowering particle (u*,7z%) based on
likelihood evaluations with observed PMT hit pattern
and expected charge distributions. For single-ring events,
the Cherenkov opening angle is additionally considered for
the particle identification, and then the event vertex is
precisely fitted using the PMT charge information with the
Cherenkov opening angle and the particle type. For
multiring events, the observed PMT charges are assigned
separately for each reconstructed Cherenkov ring. The
momentum of each ring is reconstructed from the total
PMT charge within a 70° with respect to the ring direction,

with corrections for overlapping rings and the direction of
incoming Cherenkov light. Michel electrons are identified
by detecting PMT hit clusters occurring after the primary
event trigger, provided that the number of hits exceeds a
threshold and the charge remains below a predefined limit.

A. Event selection

The event selection criteria (C1-C5) for the search for
p — vrt and n — va® are as follows based on the event
reconstruction:

C1 one Cherenkov ring for p — vz™ and two Cherenkov

rings for n — va°;

C2 particle identification (PID) with a nonshowering
ring for p—vr™ and all showering rings
for n - vn”;

C3 zero or one Michel electron for p — va™ and no
Michel electron for n — vn°;

C4 reconstructed mass M, should satisfy 85 < M, <
185 MeV/c? for n — va?;

C5 reconstructed total momentum P, should satisfy
200 < P, < 1000 MeV/c for p —wvnt and
0 < Py < 1000 MeV/c for n — va®.

From C1 to C2, the number of rings and corresponding
particle types are considered according to the event top-
ology of the signal for each mode. Since the neutrino is
invisible to the detector, the nucleon decay signal is traced
by a single pion event: a nonshowering Cherenkov ring
from a single z" produced in p — vzt and by two
showering Cherenkov rings from z° — yy for n — va°.
In C3, the number of Michel electrons required is based on
the number of (anti)muons in the signal. For both modes,
events without the Michel electron are allowed. For
p — vnt, one Michel electron is also allowed to cover
the signal events with z — uTv instead of z hadronic
absorption by water. The final event samples with different

0
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TABLE I. Breakdown of the remaining background event fraction with statistical error [%] for each event selection and neutrino
interaction mode: CCQE, charged-current single-pion (CClz), charged-current deep-inelastic (CCDIS), neutral-current single-pion
(NCl1r), and neutral-current deep-inelastic (NCDIS). The event fraction is averaged over SK I-V with the corresponding detector’s live

time.

Neutrino interaction mode

Event selection CCQE CClxn CCDIS NClz NCDIS

p — va™ (0-decay-e) 728 +£0.4 10.3 £0.1 0.8+ 0.0 13.5+0.1 2.6 +0.1
p — va' (1-decay-e) 82.6 +£0.2 13.2+0.1 1.1+0.0 22+00 1.0£0.0
n— vr’ 54+0.1 5.0+£0.1 0.8£0.0 80.8 £0.5 8.0+£0.1

numbers of Michel electrons are treated independently. In
C4 and C5, using reconstructed momentum and PID for
each ring, total mass M, and total momentum P, are
evaluated as follows:

P ='Zp | 1)

Etot = Zw: >
i
My = \Y; Etot Ptzov (3)

where the summation is over the number of rings and p; is
the reconstructed momentum of the ith ring. In C4, the total
mass cut around the physical mass of z° is considered for
n — vn®. After C5, the range of the total momentum is
restricted below 1000 MeV /¢, which sufficiently covers
the signal momentum range and the tail of the background
distribution constrains its overall normalization. For
p = vr', an additional lower limit by 200 MeV/c is
applied, vetoing events below the Cherenkov threshold
by nonshowering particles. The breakdown of remaining
background samples after event selections is shown in
Table 1. For the p — vat search, the dominant background

. . . . (=)
events originate from a single nonshowering ring by v,
CCQE interactions. As muon neutrinos undergo approx-
imately 50% disappearance in the energy range relevant to
this search, incorporating neutrino oscillations in the MC
reduces the expected atmospheric neutrino background
relative to an unoscillated flux. The next dominant back-
ground events arise from single-pion production (17z).
Among single-pion events, the event sample with zero
decay electrons has a larger fraction of neutral-current
single-pion production (NC1x) than the one-decay-electron
sample due to the restriction of secondary decay by the
(anti)muon after CClz. NClz is the dominant background
in the n — va® search.

Table IV shows the expected signal -efficiencies.
Compared to the 2014 SK nucleon decay search, the
averaged signal efficiencies are decreased by 16% for
p = vat and by 32% for n — va® due to the updated

pion-nuclear interaction model, which increased pion
absorption rates for both modes. For the p — vz search,
efficiencies for the one-decay-electron sample have
increased since SK-IV with improved Michel-electron-
tagging efficiency, which reduced the inefficiency in the
zero-decay-electron sample.

B. Spectrum analysis

The p — vat and n — va° searches expect approxi-

mately 13,000 and 2000 background events, respectively,
for SK I-V periods in total. In each case, this is expected to
have a relative presence 107 and 55 times greater than
nucleon decay signals assuming the lifetime limits from the
2014 SK nucleon decay search. To effectively discriminate
between signal and background, we search for a signal
bump above the data spectrum defined by reconstructed
total momentum as in the 2014 SK nucleon decay search.
For p — va", momentum reconstruction is based on the
muon hypothesis instead of the charged pion due to the
dominance of single g from CCQE in the background
events and better momentum resolution of muon hypoth-
esis compared to charged pion. For both modes, the
momentum bin width is 50 MeV/c; a total of 160 bins
are used for the p — va™ search (16 momentum bins x5
SK periods x2 event samples) and 100 bins are used for the
n — vn® search (20 momentum bins x5 SK periods). These
momentum bins are simultaneously fitted for each nucleon
decay mode. The spectral fit is conducted by performing a
x* minimization over the parameter space defined by global
scale factor 3 for signal normalization. The y? statistic is
based on the Poisson probability for each momentum bin
content and quadratic penalty terms, which account for
systematic errors. The y? is defined as

o solul]) ()

B= a1+ Y e ). O
J

where the index i is each momentum bin, j is index of
systematic error, O; is the number of observed events, and

012015-6



SEARCH FOR NUCLEON DECAY VIA ...

PHYS. REV. D 113, 012015 (2026)

E; is the expected number of events at given /3, the product
of a nominal expectation by signal and background MCs
and a scale factor. The o; is the size of the jth systematic
error, and f;; is the fractional change of the ith bin content
by o; of the jth systematic error. With obtained f;; and
known cj, a nuisance parameter € j is fitted for each
systematic error by solving the equations dy?/de i =0.

C. Systematic uncertainties

We consider additional uncertainties in physics models
and detector systematics compared to the 2014 SK nucleon
decay search. For nucleon decay, the uncertainty in the
Fermi momentum is estimated using the ratio of nucleon
momentum distributions from different models used in the
atmospheric neutrino interactions, and the uncertainty in
the correlated nucleon decay is set to 100% as in the former
analysis [52]. For background-specific errors, we include
contributions from atmospheric neutrino flux, neutrino
interactions, and neutrino oscillation. Flux-related errors
are evaluated based on uncertainties in the hadronic
interactions and air density [38] and comparison between
the Honda-Kajita-Kasahara-Midorikawa model with others
[53-55]. Errors by the CCQE cross section are evaluated by
comparing the Fermi-gas models [42,56] and by assigning
an uncertainty to the axial-form-factor parameter
MSE = (1.05 £0.16) GeV/c?. For single-pion produc-
tion, uncertainties in the Rein-Sehgal model [44] and its
comparison with the Hernandez model [57] are mainly
considered. For NC events with hadron production, the

TABLE II.

List of detector dependent uncertainties for p — va™ and n — vr

uncertainty for contamination of charged-pion events
with pu-like events is set by 10%. For both signal and
background, uncertainties in nuclear effects on pion final
state interaction (FSI) and secondary interaction (SI) are
considered using 16 sets of the interaction probabilities in
the NEUT cascade model which are representative for 1o
errors from a fit to external pion scattering data [58].
Among 16 sets, two conservative sets are chosen based on
the variation of signal events, which give maximal and
minimal interaction rates around the range of signal pion
momentum. Uncertainties related to the physics models are
common in each SK phase, except for the solar activity,
which deals with the time variation of solar wind and its
impact on atmospheric neutrino flux. The detector-
dependent uncertainties related to performance in event
reduction, event reconstruction, and calibrations are con-
sidered independent error sources for each SK phase.
Details of physics model uncertainties for atmospheric
neutrino and detector-dependent errors are described in
Refs. [33,59].

The full lists of systematic errors are summarized in
Tables II and III. Among them, nuisance parameters € j for
atmospheric neutrino flux and cross sections of neutrino
interactions strongly affect the overall normalization of the
background spectrum in the fit. To avoid redundancy with
these parameters, we do not fit the overall background
normalization, which was considered as ;(2 parameter « in
the previous analysis. Instead, we fix a as 1 in this analysis
and account for its systematic uncertainty through the
relevant € parameters in the fit.

0 searches. Common uncertainties in event reduction and

reconstruction are considered for both signal and background. The first column shows the name of the systematic error, and the next ten
columns show the best-fit ¢; in units of ¢; and lo error size in percent for SK I-V, respectively.

SK-I SK-II SK-IIT SK-IV SK-V
Systematic uncertainty Fit value o Fitvalue o Fitvalue o Fitvalue o Fitvalue o
p — vrt search
FC reduction 0.008 02 -0.041 02 0.004 038 0.293 1.3 0.005 1.7
Non-v background (u-like) 0.062 1 —-0.073 1 —-0.007 1 0.039 1 0.058 1
Fiducial volume 0.082 —0.409 2 0.010 2 0.450 2 0.006 2
Ring separation 0.577 10 -0.196 10 0.312 10 -0.166 10 —0.061 10
Particle identification (one-ring) 0.040 1 —0.020 1 0.020 1 0.133 1 0.028 1
Energy calibration -0.340 33 0219 20 -0.169 24 -0.127 21 -0579 1.8
Up and down asymmetry energy calibration 0.123 0.6 0.058 1.1 -0.069 0.6 0.062 0.5 -0.014 0.7
Decay-e tagging -0923 10 -0464 10 -0.363 10 0.772 10 0.412 10
n — va® search
FC reduction -0.018 0.2  0.003 02 0.038 038 0.078 1.3 —0.066 1.7
Non-v background (e-like) —0.008 1 0.005 1 0.020 1 0.001 1 —0.036 1
Fiducial volume —-0.182 0.032 2 0.096 2 0.120 2 —0.078
Energy calibration -0.224 33 -0338 20 0.117 24 0275 2.1 -0.055 1.8
Up and down asymmetry energy calibration -0.082 0.6 -0.098 1.1 -0.041 0.6 -0.106 0.5 0.005 0.7
Sub-GeV two-ring z° selection -0.593 7.1 0.067 43 0.086 1.6 0339 54 -0.104 25
Decay-e tagging 0.019 10 -0.003 10 -0.010 10 -0.008 10 0.005 10
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TABLE III.  List of physics model uncertainties. For the signal, uncertainties in the Fermi momentum and correlated nucleon decay are
considered. For background, uncertainties in neutrino interactions, pion production, atmospheric neutrino flux, and neutrino oscillation
are considered. For both signal and background, uncertainties in pion-nuclear interactions are considered. The first column shows the
name of the systematic error, the next two columns show the best-fit ¢; in units of ¢;, and the last column shows the 1o error size in

percent.
Fit value
Systematic uncertainty p—uvnt n — vn’ c
Fermi momentum 0.000 0.000 10
Correlated nucleon decay 0.000 0.000 100
Pion FSI and SI Min -0.218 0.833 10
Max 0.046 0.294 10
Single 7 production, axial coupling 0.363 —-0.272 10
Single 7 production, Cps 0.355 0.475 10
Single 7 production, background 0.197 -0.097 10
Single 7z production, z°/z* ratio —0.248 0.564 40
Single z production, o/v ratio 0.178 0.170 10
Coherent 7 production 0.113 —0.181 100
M, in QE 0.733 —0.055 10
CCQE cross section, shape 0.811 —-0.018 10
CCQE cross section, normalization E, <133 GeV -0.059 0.006 10
E, > 1.33 GeV 0.108 -0.012 10
CCQE cross section, r/v ratio —-0.016 —0.015 10
CCQE cross section, y/e ratio 0.171 0.002 10
Meson exchange current —0.008 —0.092 10
NC/CC ratio 0.310 0.065 20
NC fraction from hadron simulation 0.155 10
DIS cross section —-0.025 —0.024 10
DIS model difference —0.141 —0.143 10
DIS Q? distribution (W > 2 GeV/c?) -0.012 —-0.020 10
DIS Q? distribution (W < 2 GeV/c?) Vector 0.011 0.007 10
Axial 0.017 0.020 10
Normalization —0.003 —0.002 10
DIS hadron multiplicity 0.001 —0.009 10
Flux normalization E, <1 GeV —-0.730 0.180 25
E, > 1 GeV 0.170 -0.117 15
Flux, (v, +7,)/(v, + D,) ratio E, <1 GeV 0.021 0.009 2
1 <E, <10 GeV 0.031 0.000 3
E, > 10 GeV —0.001 0.003 5
Flux, 7, /v, ratio E, <1 GeV 0.028 0.002 5
1 <E, <10 GeV 0.004 —-0.015 5
E, > 10 GeV —0.000 0.002 8
Flux, 7, /v, ratio E, <1 GeV —0.052 0.002 2
1 <E, <10 GeV —-0.025 —-0.025 6
E, > 10 GeV —0.000 0.001 6
Flux, up/down ratio —-0.068 —0.005 1
Flux, horizontal/vertical ratio —-0.035 —0.002 1
K/x ratio in flux calculation 0.033 —0.005 10
Neutrino path length —0.045 0.001 10
Solar activity SK-I 0.008 —0.059 20
SK-II -0.373 0.051 50
SK-III 0.013 0.014 20
SK-IV 0.032 0.012 7
SK-V 0.018 -0.014 20
Am3, 0.023 0.000 0.00018
sin?(6),) 0.026 0.001 1.3
sin?(0,3) 0.001 0.000 0.07
Matter effects —0.003 —0.002 6.8
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FIG. 2. Expected breakdown of background spectra for p — vn™ search with zero-decay-electron sample (left) and one-decay-
electron sample (right). The breakdown by neutrino interactions includes charged-current quasielastic scattering with one-nucleon
knockout (green) and two-nucleon knockout (red) by meson exchange current, single-z production (blue), deep-inelastic scattering
(magenta), and neutral-current interactions (orange). The MC event rate for each SK phase is scaled based on the SK I-V live time,

respectively.

D. Sensitivity

The sensitivities are computed as foycr., which is allowed
signal normalization at 90% confidence level (CL), by
using pseudodata constructed based on the background-
only hypothesis. Adding the SK IV-V data to the SK I-III
data improves the sensitivity by 60% for both nucleon
decay modes. Enlarging the fiducial volume improves the
search sensitivity by 5% for n — vz° and by 10% for
p — va'. However, a new set of systematic uncertainties
reduces the sensitivities. For p — vz, the sensitivity is
reduced by 65% with significant contributions from

200 p—ovn' 0-decay-e sample
—e— SK I-V data (0.484 Mt yr)

700 —— ATM. v + p—>vr" MC (best-fit)
90% CL allowed p—>vr*

600 90% CL allowed p—vn™ (x5)

500

400

300

Number of events

200

100

200 300 400 500 600 700 800 900 1000
Reconstructed p-like momentum [MeV/c]

FIG. 3.

physics model errors associated with the pion-nuclear
interactions (44%), single-pion production (35%), and
NC (44%), where the spectral contamination is located
around the expected signal range, as illustrated in Fig. 2.
For n — va’, the sensitivity is reduced by 40%, primarily
due to model uncertainties in the single-pion production by
neutrino interactions (33%). Final expected sensitivities
from SK I-V nominal MCs with expanded fiducial volume
are 1.4 x 10% yr for p —va™ and 5.3 x 10% yr for

n — vn®, respectively.

2000
u p—vnt 1-decay-e sample
1800 —e— SK I-V data (0.484 Mt yr)
r ATM. v + p—>vr" MC (best-fit)
1600 [~ 77) 90% CL allowed p—>vr*"
1400 :....'____: ------- 90% CL allowed p—vrt (x5)
i o
9 1200
o L
[ L
© 1000
o n
o C
‘e S00F
2 C
Z 600
400
200
ST T P RS P SRR P
200 300 400 500 600 700 800 900 1000

Reconstructed p-like momentum [MeV/c]

Reconstructed momentum distributions for SK data (black dots), the best fit for atmospheric neutrino background and

p — vr" nucleon decay Monte Carlo simulation (red histogram), 90% confidence level allowed amount of nucleon decay (blue hatched
box). The dashed blue line shows how a positive signal of nucleon decay would look, corresponding to 5 times the limit we set on the
decay partial lifetimes. The left panel shows 0-decay-e sample, and the right panel shows 1-decay-e sample.
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700
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FIG. 4. Reconstructed momentum distribution for SK data
(black dots), the best fit for atmospheric neutrino background
and n — vz’ nucleon decay Monte Carlo simulation (red
histogram), and 90% confidence level allowed amount of nucleon
decay (blue hatched box). The dashed blue histogram shows 5
times the limit we set on the decay partial lifetimes.

V. SEARCH RESULTS

The fit to the data spectrum by reconstructed momentum
is performed for SK I-V periods simultaneously with the f
parameter. The y? is computed over the fit parameter space
defined by non-negative signal normalization. Figures 3
and 4 show the resulting spectra after the fit with combined
SK I-V data. The effect of the systematic errors is included
by fitting €; with the bin-by-bin response of f;;. Summaries
of fitted €; are listed in Tables Il and III. Overall, the
systematic pulls (= €;/¢;) are within £1, which implies no
strong tension between the best-fit MC and data. For both
p — vnt and n — va° searches, the best fit gives f =0
with y2/v = 178.6/159 and 77.3/99, respectively. At the
best fit of p — va™ search, dominant systematic pulls come
from decay electron tagging and the model uncertainties in
CCQE and neutrino flux. For the n — va® search, the
model uncertainties in pion production and its nuclear
interactions have comparable size among best-fit pulls.

With fitted pulls, the best-fit MC and data spectra
show no discrepancy between them for each nucleon decay
search. We find no statistically significant indication of
nucleon decay signal in the SK I-V data. Therefore, the
90% CL allowed signal events are determined by the
Ay*(= x* — xi.) contour over the B parameter. Since
the fit parameter f is constrained to the physical region,
ie., p > 0, critical values for 90% CL are estimated by the
Feldman-Cousins method [60,61]. For both nucleon decay
modes, critical values near =0 are smaller than the
standard value 2.706 due to the positive-f fit constraint.
The values converge over the standard value for p — va™
due to systematic uncertainties (e.g., NC related), resulting
in spectral shapes similar to that of the signal MC, reducing
the y2. The partial lifetime limits are then calculated by

7/B = , (6)

where 1 is detector exposure, € is signal efficiency, N is the
number of source nucleons per kton, and Ngyc, is the
number of signal events allowed by 90% CL. The summary
of fit results and corresponding partial lifetime limits are
shown in Table IV.

VI. CONCLUSION

Searches for nucleon decays via p — va* and n — v

are conducted with 0.484 Mt - yr of SK I-V data. Since the
2014 SK nucleon decay search, physics models for pion-
nuclear interactions and pion production by neutrino
interactions have been tuned to external data. Systematic
uncertainties in physics models related to Fermi momen-
tum, correlated nucleon decay, pion-nuclear interactions,
and atmospheric neutrinos are included. The fiducial
volume is increased with an improved event reconstruction
method. No significant excess of data is found in the
expected signal regions. Accordingly, lower bounds on
nucleon partial lifetimes are set by 3.5 x 1032 yr for
p—uvnt and 1.4 x10% yr for n — vz’ at 90% CL.
Against the significant increase of data and the fiducial
volume, the new limit for p — va™ is lower, i.e., less
constraining, than the 2014 SK results due to the reduced
signal efficiencies by the updated pion-nuclear interaction
model and rigorous estimation of systematic uncertainties.

TABLE IV. Best-fit parameter values, signal-detection efficiency for each SK period, and lower limits on partial lifetime for each

nucleon decay mode at 90% confidence level.

Signal detection efficiency [%]

Decay mode SK-I SK-II SK-III SK-IV SK-V Best-fit 5 7/B (x10%? yr)

p—unt (0-decay-e) 14.5+0.1 1424+0.1 145+0.1 11.6+0.1 11.7+0.1 0.0 35
(1-decay-e) 159+0.1 153+0.1 159+0.1 181402 18.1+0.2

n— vn® 322402 30.1+£02 319402 326+02 329402 0.0 14.0
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In contrast, the new limit for n — vz° is more stringent than

the previous value of 1.1 x 103 yr. The new results will
offer more robust constraints on viable GUT models. We
anticipate examining these nucleon decay modes by next-
generation experiments such as Hyper-Kamiokande and the
Deep Underground Neutrino Experiment through their
substantially larger detector exposures and with improved
control of systematic uncertainties.
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