
Search for proton decay into a single charged antilepton and a massless
invisible particle using the full pure water data set of Super-Kamiokande

Y.M. Liu ,25 K. Terada,52 K. Abe,1,51 Y. Asaoka,1,51 M. Harada,1 Y. Hayato,1,51 K. Hiraide,1,51 T. H. Hung,1 K. Ieki,1,51

M. Ikeda,1,51 J. Kameda,1,51 Y. Kataoka,1,51 S. Mine,1,7 M. Miura,1,51 S. Moriyama,1,51 K. Nakagiri,1 M. Nakahata,1,51

S. Nakayama,1,51 Y. Noguchi,1 G. Pronost,1 K. Sato,1 H. Sekiya,1,51 R. Shinoda,1 M. Shiozawa,1,51 Y. Suzuki,1

A. Takeda,1,51 Y. Takemoto,1,51 H. Tanaka,1,51 S. Chen,2 Y. Itow,2,33,34 T. Kajita,2,51,24 R. Nishijima,2 K. Okumura,2,51

T. Tashiro,2 T. Tomiya,2 X. Wang,2 F. J. de Garay Arcones,3 P. Fernandez,3 L. Labarga,3 D. Samudio,3 C. Yanagisawa,4,38

B. Jargowsky,5 E. Kearns,5,51 J. Mirabito,5 L. Wan,5 T. Wester,5 B.W. Pointon,6,55 J. Bian,7 B. Cortez,7 N. J. Griskevich,7

Y. Jiang,7 M. B. Smy,7,51 H. W. Sobel,7,51 V. Takhistov,7,26 J. Hill,8 B. D. Xu,9 D. Jung,10 D. H. Moon,10 R. G. Park,10

B. S. Yang,10 K. Scholberg,11,51 C. W. Walter,11,51 O. Drapier,12 A. Ershova,12 M. Ferey,12 Z. Hu,12 E. Le Blévec,12
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A search for proton decay via p → lþ þ X, where lþ is a positively charged lepton and X is an invisible,
massless, neutral particle, was performed using a 401 kton · years exposure representing the entire pure
water phase of Super-Kamiokande. No significant indication of a proton decay was observed beyond the
expected atmospheric neutrino background. Lower limits on the partial lifetime of the proton were set to
1.72 × 1033 years for p → eþ þ X and 0.61 × 1033 years for p → μþ þ X at the 90% confidence level.
These results improve on previous limits by factors of 2 and 1.5, respectively.

DOI: 10.1103/rsr5-d3x2

I. INTRODUCTION

The Standard Model (SM) is currently the best descrip-
tion of elementary particles and their interactions, explain-
ing most experimental observations with remarkable
precision. Grand unified theories (GUTs) [1–4], on the
other hand, are proposed extensions of the SM that are
intended to provide natural explanations to questions that
the SM does not fully address, such as the nature of charge
quantization and the current observed matter-antimatter
asymmetry of the Universe. Prototypical GUTs unify the
strong, weak, and electromagnetic interactions at energy
scales on the order of 1015–1016 GeV, energies that are
unreachable by accelerators. However, large underground
detectors can search for rare processes predicted by GUTs,
such as proton decay, to probe these models and energy
scales. The observation of an unstable proton is a predicted
signature of these models that would constitute strong
evidence for new physics via its violation of baryon
number.
The simplest unification models are represented by the

minimal SU(5) [5] and the minimal supersymmetric
(SUSY) SU(5) [6]. They predict proton decays dominantly
via p → eþ þ π0 [7–9] and p → ν̄þ Kþ [10], respectively.
However, observations by Super-Kamiokande (SK) as well
as earlier experiments, place lower limits on the proton
lifetime that rule out these predictions. More elaborate
models have been proposed, such as those based on SO(10)
[11,12] (with or without SUSY), and make predictions that
exceed current experimental bounds and can additionally
explain the pattern of fermion masses and mixings [13,14].
Models with additional light invisible particles, such as
sterile neutrinos, axionlike particles, or dark scalars, can
predict proton decays where only part of the energy is
distributed among SM particles [15]. Searches for p →
(lþ þmissing energy) [16] decays therefore offer an alter-
native window onto unification and baryon number viola-
tion with the potential to additionally probe such new light
particles.

In this study, we report the latest results for a search for
proton decays via the two-body process, p → lþ þ X in the
SK detector. We focus on p → eþ þ X and p → μþ þ X,
where X is an unknown invisible massless neutral particle,
updating our previous search [17]. That work set lower
limits on the proton lifetime as 7.9 × 1032 years for p →
eþ þ X and 4.1 × 1032 years for p → μþ þ X at the
90% confidence level (CL), respectively. In this study,
the experimental exposure is extended from 273.4 kton ·
years to 401 kton · years, including all pure water data
taken at SK since 1996.
This paper is structured as follows: The Super-

Kamiokande detector is described in Sec. II, and the
simulation methods employed in this search are outlined
in Sec. III. Event reconstruction methods are introduced in
Sec. IV. Selection criteria, analysis results, and systematic
uncertainties are presented in Secs. V–VII. Section VIII
presents a summary of this work.

II. THE SUPER-KAMIOKANDE EXPERIMENT

Super-Kamiokande is a large water Cherenkov detector
located in the Kamioka mine in Hida City, Gifu Prefecture,
Japan [18]. It is located 1000 m below the peak of Mt.
Ikenoyama, which is a depth of approximately a 2700 m
water equivalent, to reduce the cosmic ray muon back-
ground. The detector is housed in a stainless steel tank,
39.3 m in diameter and 41.4 m in height. It is filled with
50 kton of ultra pure water. The inner detector (ID) volume,
33.8 m in diameter and 36.2 m in height, is covered with
more than 11,000 inward-facing 20-inch photomultiplier
tubes (PMTs) and contains 32 kton of water. The 2-m-thick
outer detector (OD) is built around the outside of the ID and
is covered with 1885 outward-facing 8-inch PMTs.
Reflective Tyvek lines the OD surfaces to increase light
collection. The OD serves two functions: vetoing the
cosmic ray muon background and shielding against gamma
rays from surrounding rock. The 55 cm region between the
ID and OD is insensitive.
Pure water data collection phases at SK are classified

into five distinct periods, SK-I to SK-V. Each phase has
similar operating conditions, with a few notable exceptions.
SK-I operation began in 1996 and ended in 2001 for
maintenance purposes. An accident during the maintenance
process led to the loss of approximately half of the PMTs in
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the detector. Fiber reinforced plastic and acrylic PMT cases
were thereafter used to prevent further accidents, starting
with SK-II. The remaining PMTs were rearranged, and SK-
II was operated from 2002 to 2005 with the ID photo-
coverage reduced from 40 to 19%. SK-III ran from 2006 to
2008, with new PMTs installed to recover those lost in the
accident. The readout electronics and data acquisition
system were upgraded at the start of the SK-IV phase
[19]. The upgraded electronics extended the window of hit
times recorded following neutrinolike events, which
improved the efficiency of detecting Michel electrons
[20]. SK-IV operated from 2008 to 2018. In 2018, the
tank walls were sealed to prevent leaks and around 140 ID
PMTs were replaced. This marked the start of the SK-V
phase, which collected data from 2019 to 2020.
Gadolinium was added to the detector water in July
2020 [21] in order to improve neutron detection. Since
that time, SK has collected data as SK-Gd. The present
study does not include data from the SK-Gd phase.
In this analysis, detected particles are considered fully

contained (FC) in the ID, with the reconstructed vertex
inside the fiducial volume (FV). The FV is defined as the
detector volume located least 2 m away from the inner
surface of the ID and corresponds to 22.5 kton of purewater.
This analysis builds upon the search performed in Ref. [17],
adopting the Monte Carlo (MC) simulations, the fit meth-
odology, and the processed SK-I to SK-III data developed in
that work. Herein, SK-IV and -V are newly analyzed to
extend the exposure to the entire pure water phase of the
experiment. With this extension, the SK-IV exposure is
expanded from 100.56 kton · years to 199.86 kton · years,
and the 28.40 kton · year SK-V data is analyzed for the first
time. Whereas Ref. [17] considered only systematics with
an expected impact on any analysis bin of 0.05 or larger, the
present work utilizes all systematics to provide a more
comprehensive uncertainty model and reestimates error
sizes for the SK-I to SK-III data.

III. SIMULATION

Monte Carlo detector simulations for the proton decay
signal and atmospheric neutrino backgrounds are utilized to
estimate the detection performance and for comparison
between the simulated expectation and experimental obser-
vation. Owing to variations in the detector configurations
(SK-I to SK-V), MC samples are generated separately in
each SK period.
Since the SK target is water, there are two unbound

(“free”) protons in the hydrogen atoms of each molecule
and eight protons bound in the oxygen atom. Each proton
is assumed to decay with equal probability. Protons in
hydrogen are simulated assuming an initial mass of
938.27 MeV=c2 and a momentum 0 MeV=c in the lab
frame. Each daughter particle (lþ and X) decaying from a
free proton takes half of the rest mass energy of the proton,
and their directions are back to back. A uniform phase

space is assumed for the decay kinematics of the outgoing
charged lepton with no additional correlations being taken
into account.
Protons in oxygen, on the other hand, carry some initial

momentum determined by their Fermi motion. The Fermi
momentum assumed in the simulation is based on the
spectral function derived from the measurement of elec-
tron-12C scattering [22]. For a bound proton decay, the
initial state is assigned to either an s or a p state in a 1∶3
ratio based on the nuclear shell model [23]. Its effective
mass is calculated by subtracting the binding energy from
the proton rest mass. Binding energies are taken at random
from assuming a Gaussian distribution with mean of
39.0 MeV and standard deviation of 10.2 MeV for the s
state and 15.5 MeV and 3.8 MeV for the p state [24].
Owing to the overlapping wave function of bound protons
in the nuclear environment, an additional “spectator”
nucleon is involved in the decay and thus modifies the
decay system. Such “correlated decays” have their kin-
ematics broadened by the presence of the “spectator”
nucleon. The probability of this correlated decay effect
is predicted to be 10% [25]. Figure 1 shows the true proton
momentum and mass distributions for the eþ and X decay
mode, showing the free proton, bound proton (s and p
states), and correlated decay components.
Atmospheric neutrinos represent the largest background

to proton decay searchers. The atmospheric neutrino flux
used in the MC simulation is calculated using the model by
Honda et al. [26,27]. Neutrino interactions with hydrogen
or oxygen nuclei are simulated using NEUT [28], which is
based on the Fermi gas model [29]. Atmospheric neutrino
samples equivalent to a 500-year exposure of each SK
period are used in this analysis.
The SK detector simulation includes Cherenkov radia-

tion processes, the propagation of particles and Cherenkov
photons in water, and the responses of the PMTs and their
electronics. The detector simulation is based on the Geant-3

package [30]. Calibrations are performed using several
control samples as detailed in Refs. [18,31].

IV. EVENT RECONSTRUCTION

Reconstruction processes are applied for events that
remain after the FC reduction processes, which selects
events with little OD PMT activity and more than 30 MeV
of visible energy in the ID while discarding entering
backgrounds and nonphysics noise events. An event’s
kinematic parameters, such as the interaction vertex,
number of Cherenkov rings, the particle ID (PID) of each
ring, their reconstructed momenta, and the number of
delayed Michel electrons, are determined by using the
PMT hit positions, charge, and time information. This
analysis uses the APFit [32,33] algorithm for processing
both MC and data events.
The reconstruction begins by determining the vertex,

assuming that the Cherenkov light arriving at the ID PMTs
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originates from the same point. The direction and edge
of the most likely Cherenkov ring are then estimated based
on the angular distribution of the observed charge.
Cherenkov rings are searched for using a pattern recog-
nition algorithm based on the Hough transform [34] using
the charge distribution for each hit PMT. Reconstructed
Cherenkov rings can be categorized as either showering
(e-like for e�, γ) or nonshowering (μ-like for μ�, π�) rings.
Cherenkov rings generated by e-like events produce fuzzy
rings owing to electromagnetic scattering and showering

(Bremsstrahlung e� → e� þ γ). Conversely, Cherenkov
rings generated by μ-like events have much clearer edges.
Ring types can therefore be identified on the basis of a
likelihood algorithm based on the pattern of the observed
PMT hits and expected charge distribution. For single-
Cherenkov-ring events, the Cherenkov opening angle is
also considered for particle identification. The vertex
position is refined using this fitted ring information to
improve the position resolution.
Each Cherenkov ring’s momentum is calculated using

the integrated photoelectrons observed within a 70° cone

FIG. 1. True proton momentum distribution (top) and the mass
distribution (bottom), with the components of the free protons,
bound protons (s and p states), and correlated decay. Note that the
colored histograms are stacked, and the true momentum and mass
are calculated from the decay products, eþ and X.

FIG. 2. Reconstructed momentum of the p → eþ þ X (top) and
p → μþ þ X (bottom) signals generated for SK-IV+SK-V after
applying the selection criteria. The components of the free protons,
bound protons (s and p states), and correlated decay are shown.
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around the reconstructed direction of the ring. The con-
version from photoelectrons to momentum is based on
simulations of single electrons and muons sampled over
many input momenta. PID is considered when reconstruct-
ing the ring momentum. Michel electrons are tagged as
PMT hit clusters separated in time after the primary event’s
PMT hits. More details on the reconstruction method can
be found in Refs. [32,33].

V. EVENT SELECTION

The event selection performance is studied using signal
and background MC simulation events. Here 100,000
signal events for each decay mode are generated uniformly
in the entire ID volume. These generated signal and the
atmospheric neutrino background events are first selected
by the FCFV pre-selection cuts described above [10,35,36].
The following selection criteria are then applied to events

passing the FCFV selection to extract proton decay signals
separately from atmospheric neutrino background events.
The selection criteria are the same as those in the previous
analysis [17].

(i) The visible energy of events is in the sub-GeV
region (< 1330 MeV).

(ii) The number of reconstructed Cherenkov rings must
be only one.

(iii) The ring must be an electronlike ring for the p →
eþ þ X mode and a muonlike ring for the p →
μþ þ X mode.

(iv) An event with zero Michel electrons is required for
the p → eþ þ X mode, and one Michel electron is
required for the p → μþ þ X mode.

(v) The reconstructed momentum of the e-like ring
events should be in the range 100–1000 MeV=c,
and in the range 200–1000 MeV=c for the muonlike
ring events.

Note that the improved electronics used in the SK-IV
and -V data periods allows for neutron identification via the
2.2 MeV γ emitted when neutrons capture on protons
(efficiency∼20%). Though atmospheric neutrino interactions
often produce neutrons and proton decay events do not, large
uncertainties in the number of neutrons produced in atmos-
pheric neutrinos limit the efficacy of a neutron selection
criterion in the present analysis. Accordingly, no such cut is
included here. The reconstructed momentum of the proton
decay signal samples generated for SK-IV+SK-Vafter apply-
ing the selection criteria are shown in Fig. 2.
After applying the selection criteria, the signal detection

efficiencies of the final signal samples for each decay mode
are estimated. The signal detection efficiency is defined as
the fraction of events that pass the selection criteria
compared with the total number of events generated with
a true vertex position within the fiducial volume. Table I
shows the signal detection efficiencies and atmospheric
neutrino background rates of the decay modes, with each
statistical uncertainty after applying each event selection
step for SK-IV and -V. The collected SK-IV and -V data
counts are also listed at each event selection step. Values

TABLE I. Signal detection efficiencies, atmospheric neutrino background rates, and data from the p → eþ þ X and p → μþ þ X
analyses after applying each event selection step in SK-IVand -V. Values from the previous search using SK-I to SK-III data are listed as
well [17,37]. Errors here are statistical uncertainties only. Note that the atmospheric-ν (ATM-ν) background represents the nominal MC
number, prior to spectral fitting.

Selection

p → eþ þ X p → μþ þ X

Signal
efficiency (%)

ATM-ν rate
livetime normalized Data

Signal
efficiency (%)

ATM-ν rate
livetime normalized Data

SK-IV
FCFV pre-selection 98.1� 0.1 24973� 33 26,542 98.7� 0.1 24973� 33 26,542
FCFV (i) 98.1� 0.1 19000� 72 20,154 98.7� 0.1 19000� 72 20,154
FCFV (i)–(ii) 96.3� 0.1 14377� 80 15,096 98.1� 0.1 14377� 80 15,096
FCFV (i)–(iii) 95.7� 0.1 7916� 74 7923 97.3� 0.1 6461� 70 7173
FCFV (i)–(iv) 95.7� 0.1 7184� 72 7061 95.6� 0.1 5038� 64 5582
FCFV (i)–(v) 95.5� 0.1 5791� 67 5973 95.6� 0.1 4545� 61 5048

SK-V
FCFV pre-selection 97.5� 0.1 3569� 13 3861 98.3� 0.1 3569� 13 3861
FCFV (i) 97.5� 0.1 2724� 27 2950 98.3� 0.1 2724� 27 2950
FCFV (i)–(ii) 95.8� 0.1 2071� 30 2194 97.7� 0.1 2071� 30 2194
FCFV (i)–(iii) 95.2� 0.1 1148� 28 1168 96.9� 0.1 923� 26 1026
FCFV (i)–(iv) 95.2� 0.1 1042� 27 1034 95.2� 0.1 719� 24 806
FCFV (i)–(v) 94.9� 0.1 840� 26 862 95.2� 0.1 650� 23 727

SK-I FCFV (i)–(v) 92.7� 0.4 2810� 47 2912 77.2� 0.7 1787� 39 1821
SK-II FCFV (i)–(v) 95.1� 0.3 1483� 34 1534 77.7� 0.7 940� 28 918
SK-III FCFV (i)–(v) 94.4� 0.4 958� 27 1051 80.3� 0.6 621� 23 658
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from the previous search using SK-I to SK-III [17,37] are
listed at the bottom as well. Compared to the efficiencies in
SK-I to SK-III, the increase in efficiency observed in SK-
IV and -V for p → μþ þ X comes from the upgrade of the
detector electronics introduced in Sec. II. The upgrade
provides a 20% improvement in the detection of Michel
electrons in this study [37].
The neutrino interaction modes contributing to the

atmospheric neutrino backgrounds that survived the selec-
tion criteria are shown in Fig. 3. The primary background

source in both p → eþ þ X and p → μþ þ X is charged-
current quasielastic (CCQE) neutrino interactions, com-
prising more than 80% of the remaining background
events.
After the event selection, a spectral fit is performed on

the reconstructed charged lepton momentum distribution of
the events to search for evidence of a signal. The fit is based
on the χ2 below with systematic uncertainties included as
terms modifying the event rate in each bin but subject to
quadratic penalties (“pull terms”) [38]:

χ2 ¼ 2
Xnbins

i¼1

�
Nexp

i þNobs
i

�
ln
Nobs

i

Nexp
i

−1

��
þ
XNsys

j¼1

�
ϵj
σj

�
2

ð1Þ

Nexp
i ¼ ½Nbkg

i þ βNsig
i �

�
1þ

XNsys

j¼1

fji
ϵj
σj

�
: ð2Þ

Here, i label bins of the reconstructed momentum distri-
bution, and Nobs

i , Nbkg
i , Nsig

i , and Nexp
i are the numbers of

observed data, background MC, signal MC, and total
(signalþ background) MC events, respectively. There
are 18 bins for each SK period in the p → eþ þ X analysis
and 16 each for p → μþ þ X. Both analyses use 50 MeV-
wide bins and the signal and MC are binned separately. The
parameter β is the signal normalization factor that is
adjusted freely during the fit. When β is equal to 1, there
are approximately 220 signal events in total for each decay
mode. The label j indexes systematic errors, and fji is the
fractional change in the ith bin for each systematic error.
The 1σ uncertainty for error j is represented by σj, and ϵj is
the corresponding error parameter. At each tested value of β
the ϵj are fitted to minimize χ2 according to ∂χ2=∂ϵj ¼ 0.

VI. SYSTEMATIC UNCERTAINTIES

The impact of systematic errors on this analysis is
considered within the spectral fit through the fji coefficients
described above. For simplicity, errors are assumed to
linearly affect the nominal bin content,N0

i , such that the f
j
is

are defined as the fractional change in bin content under
�1σj variations in the systematic:

fji ¼
N

þσj
i − N

−σj
i

2N0
i

: ð3Þ

Since the signal and background bins are separated prior to
fitting, this ensures that signal and background systematics
are applied only to the signal and background bins,
respectively.
The systematic uncertainties can be divided into three

categories: uncertainties relevant to the signal (S), uncer-
tainties relevant to both the signal and background (SB),
and uncertainties relevant to the background (B). The Fermi

FIG. 3. Neutrino interaction modes of the remaining recon-
structed electron (top) and muon (bottom) momentum distribu-
tions of atmospheric neutrino backgrounds after applying all the
selection criteria for SK-IV+SK-V. NC represents the neutral-
current interaction.
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motion and nucleon-nucleon correlated decay uncertainties
belong to signal-relevant systematics. The uncertainty on
the Fermi motion is taken as the ratio of events passing the
event selection assuming a spectral function model [22]
relative to the default Fermi gas model [29]. On the other
hand, the uncertainty in the probability of a correlated
decay is assumed to be 100%, the same value used in the
previous analysis [17]. As shown in Fig. 2, the fraction of
correlated decay events passing the selection is small,
indicating these errors are subdominant in the present
analysis.
Uncertainties in the detector response and event

reconstruction impact both signal and background events.
This analysis adopts uncertainties from the SK atmospheric
neutrino oscillation analysis [39] that impact the sub-GeV
fully-contained samples from each data period (summa-
rized in Table II). Among these, the energy scale uncer-
tainties, which shift the reconstructed momentum
distributions directly, result in a change in the signal and

background rate of less than 1%. Other uncertainties in the
detector response produced similar or smaller changes but
were included in the analysis for completeness.
The primary systematic sources affecting only back-

ground events stem from uncertainties in the atmospheric
neutrino flux, the interaction modeling, and the assumed
neutrino oscillation parameters. Flux-related errors are
evaluated on the basis of the uncertainties in hadronic
interactions, air density profile [26], and from model
comparisons [40–42]. CCQE-related uncertainties are
evaluated via a comparison of Fermi gas models [29,43].
Since CCQE events are the dominant background source
in both decay modes, the systematic error on the CCQE
cross-section shape has the largest effect on the sen-
sitivity. For single-meson production, uncertainties from
the Rein–Sehgal model [44] and from comparison with the
Hernandez model [45] are used. Uncertainties in the
oscillation of atmospheric neutrinos are taken from SK’s
measurements [39]. Reference [46] provides more details
on the systematic error model. All systematic uncertainties
considered in this analysis, together with their values at the
best fit, are summarized in Table III for S, Table II for SB,
and Table IV for B.

VII. RESULTS

The spectral fit minimized the χ2 above while adjusting
systematic error parameters to achieve the best agreement
between data and MC at each tested value of β. Following
the fit, the value of β with the smallest χ2 is deemed the best
fit. The total number of predicted events at any β is given by

TABLE II. Systematic uncertainties relevant to both signal and background categories. The 1σ uncertainty values in percent and best-
fit pull values for each decay mode corresponding to each detector dependence are listed.

SB systematic

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

1σ (%) Fit pull 1σ (%) Fit pull 1σ (%) Fit pull 1σ (%) Fit pull 1σ (%) Fit pull

p → eþ þ X
FC reduction 0.2 −0.022 0.2 −0.014 0.8 0.076 1.3 0.084 1.7 0.029
Fiducial volume 2 −0.225 2 −0.145 2 0.190 2 0.129 2 0.034
Non-ν background (e-like) 1 −0.010 1 −0.021 1 0.039 1 0.001 1 0.016
Ring separation 10 −0.026 10 −0.074 10 −0.028 10 −0.007 10 0.200
PID 1 ring 1 0.056 1 −0.029 1 −0.019 1 −0.019 1 −0.004
Michel-e tagging 10 0.013 10 0.009 10 −0.012 10 −0.004 10 −0.022
Energy scale 3.3 0.052 2 −1.067 2.4 0.180 2.1 0.659 1.8 0.674
Up/down energy calibration 0.6 −0.009 1.1 0.030 0.6 −0.013 0.5 −0.020 0.7 0.059

p → μþ þ X
FC reduction 0.2 −0.073 0.2 −0.097 0.8 −0.153 1.3 0.099 1.7 0.094
Fiducial volume 2 −0.726 2 −0.972 2 −0.381 2 0.152 2 0.111
Non-ν background (μ-like) 1 −0.360 1 −0.165 1 −0.117 1 0.031 1 0.049
Ring separation 10 0.244 10 −0.428 10 0.222 10 0.058 10 −0.122
PID 1 ring 1 −0.182 1 0.194 1 −0.057 1 0.030 1 0.009
Michel-e tagging 10 −0.545 10 −0.729 10 −0.286 10 0.975 10 0.164
Energy scale 3.3 −0.308 2 −0.156 2.4 −0.306 2.1 −0.063 1.8 −0.217
Up/down energy calibration 0.6 0.147 1.1 0.079 0.6 −0.061 0.5 −0.016 0.7 −0.072

TABLE III. Systematic uncertainties relevant to the signal
category. The 1σ uncertainty values in percent and best-fit pull
values for each decay mode are listed. Note that since the signal
yield at the best-fit point for p → eþ þ X is exactly zero, its
Fermi motion and correlated decay errors make no contribution.

Fit pull

S systematic 1σ (%) p → eþ þ X p → μþ þ X

Fermi motion 10 0.000 −0.033
Correlated decay 100 0.000 −0.066
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TABLE IV. Systematic uncertainties relevant to the background category. The 1σ uncertainty values in percent and best-fit pull values
for each decay mode are listed.

B systematic

Fit pull

1σ (%) p → eþ þ X p → μþ þ X

Flux normalization Eν > 1 GeV 25a 0.090 −0.229
Eν < 1 GeV 15b −0.071 −0.064
Eν < 1 GeV 2 −0.002 0.026

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ratio 1 < Eν < 10 GeV 3 0.004 −0.007
Eν > 10 GeV 55c −0.001 0.000
Eν < 1 GeV 5 0.074 0.000

ν̄e=νe ratio 1 < Eν < 10 GeV 5 −0.027 −0.003
Eν > 10 GeV 85d 0.001 0.000
Eν < 1 GeV 2 0.000 0.001

ν̄μ=νμ ratio 1 < Eν < 10 GeV 2 −0.006 −0.024
Eν > 10 GeV 65e 0.000 0.000

Neutrino path length 10 0.001 −0.070
Solar activity SK-I 20 0.142 −0.075

SK-II 50 0.218 −0.657
SK-III 20 0.106 −0.032
SK-IV 7 −0.162 0.120
SK-V 20 0.002 0.069

Up/Down ratio 1 0.000 −0.044
Horizontal/Vertical ratio 1 −0.004 −0.017
K=π ratio 105f −0.004 0.010
CCQE cross section Shape 10 0.543 0.541

Sub-GeV 10 −0.041 −0.013
Multi-GeV 10 0.175 0.422
ν̄=ν 10 0.117 0.092
νμ=νe 10 −0.315 0.115

DIS model difference 10 −0.059 −0.153
DIS cross section 10 −0.010 −0.027
DIS hadron multiplicity 10 −0.006 −0.047
DIS Q2 High W 10 0.005 −0.013

Low W 10 −0.004 −0.010
Vector 10 0.014 0.029
Axial 10 0.025 −0.006

Coherent π production cross section 100 0.038 0.064
Single meson production π0=π� 40 0.091 0.291

ν̄=ν 10 0.419 0.186
Axial coupling 10 −0.384 −0.186
C5
A 10 −0.260 −0.200

Background 10 −0.122 0.000
NC/CC ratio 20 −0.091 −0.222
Axial mass 10 0.419 0.587
Meson exchange current on/off 10 0.243 0.206
Matter effect 6.8 0.001 −0.007
sin2ðθ13Þ 0.07 −0.003 −0.006
sin2ðθ12Þ 1.3 0.001 −0.022
Δm2

21
0.00018 −0.031 −0.023

FSI max set 10 −0.472 0.924
FSI min set 10 0.200 −0.176
Hadron simulationg 10 −0.111

aUncertainty is 7% up to 10 GeV, linearly increases with logEν from 7 to 12% at 10–100 GeV, and then to 20% at 1 TeV.
bUncertainty linearly decreases with logEν from 25 to 7% at 0.1–1 GeV.
cUncertainty linearly increases with logEν from 5 to 30% at 30 GeV–1 TeV.
dUncertainty linearly increases with logEν from 8 to 20% at 100 GeV–1 TeV.
eUncertainty linearly increases with logEν from 6 to 40% at 50 GeV–1 TeV.
fUncertainty is 5% up to 100 GeV, linearly increases with logEν from 5% to 5% at 100 GeV–1 TeV.
gHadron simulation only exists for p → μþ þ X.
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β × Nsignal, where Nsignal represents the total number of
signal events described in Sec. V. In the p → eþ þ X, there
are 0 signal events at the best fit, whereas there are 91 fitted
signal events for p → μþ þ X. The latter does not exceed
3σ significance, and therefore, both modes are consistent
the no-proton-decay hypothesis. The number of allowed
signal events at the 90% CL, N90, for p → eþ þ X and
p → μþ þ X, is 73 and 190 events, respectively. The blue-
hatched histograms in Fig. 4 show the distributions of the

allowed signal events for each decay mode at the 90% CL,
respectively. The χ2=d.o.f. of the best-fit for p → eþ þ X
and p → μþ þ X are 87.88=88 and 104.00=78, respec-
tively. Note that the latter shows a larger value due to data-
MC discrepancies (within 2σ) in the 350–400 and
550–600 MeV=c bins.
Lower lifetime limits on the proton lifetime are calcu-

lated at the 90% CL as follows:

τ90=B ¼
P

iλi × ϵi × Nproton

N90

; ð4Þ

where B indicates the branching ratio of the proton decay
mode, the label i represents each SK period, λi is the
detector exposure (kton · year), ϵi is the signal efficiency,
Nproton is the number of protons in the SK tank (3.34 × 1032

kton−1), and N90 is the number of allowed signal events at
the 90% CL. N90 is computed from the 90% CL limit on β,
which is determined using the constant critical value for a
χ2 with one degree of freedom.
This analysis places lifetime limits of 1.72 × 1033 and

0.61 × 1033 years for p → eþ þ X and p → μþ þ X,
respectively. These limits improve our previous result by
factors of 2 and 1.5 times [17]. The expected sensitivity is
1.2 × 1033 years for both modes. This number is computed
using N90 from a fit to the background-only MC and results
in 105 and 97 events, respectively. Compared to the
previous study, the sensitivity has improved by a factor
of 1.5.

VIII. CONCLUSION

Proton decays with invisible particles, such as
p → lþ þ X, provide a unique opportunity to broadly
explore baryon number violation and light new physics
beyond the SM. To approach such scenarios, the present
work searched for proton decay into a single charged
antilepton and a massless invisible particle using 401 kton ·
years of pure water data from Super-Kamiokande. No
significant statistical evidence of data with respect to the
background is observed. Accordingly, new lower bounds
on the partial lifetime of proton are set at 1.72 × 1033 and
0.61 × 1033 years for p → eþ þ X and p → μþ þ X at the
90% CL, respectively. These limits improve on previous
results by factors of 2 and 1.5, respectively.
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