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We searched for proton decay via p — et7%z° and p — pt7%2° in 0.401 megaton-years of data

collected in all pure water detector phases of Super-Kamiokande (SK) I-V. A theoretical study predicts
proton decay rates without assuming a particular grand unified theory and suggests that three-body proton
decays involving two pions can have decay rates comparable to those of p — e¢*z° and p — u*z°. This is
the first search for proton decay into a charged antilepton and two neutral pions in SK. One data candidate
event was found for each of the two decay modes, which is compatible with the expected atmospheric
neutrino background. We set lower limits on the lifetime of 7/B(p — e¢*7%2z°) > 7.2 x 10** and 7/B(p —

u7%7%) > 4.5 x 10° year at 90% confidence level. These limits are more than one order of magnitude

better than those of the previous experiment.

DOI: 10.1103/frxr-pk3t

I. INTRODUCTION

Grand unification theories (GUTs) [1-3] extend the
Standard Model (SM) gauge symmetry to larger symmetry
groups and provide an explanation for charge quantization
and the unification of the three interactions of the SM. GUTs
predict baryon number violation and the possibility that
protons might decay. In many GUTs, such as SU(5) [2,4]
and SO(10) [5,6], the dominant proton decay mode is
assumed to be p — et 70,

The theoretical study in [7] showed that three-body proton
decays resulting in two z° emitted together with the charged
lepton can arise in a general framework with baryon-
number-violating interactions, without assuming a specific
GUT model. In that study, the three-body proton decay into
one positron and two pions has a decay rate comparable to
that of p — ez, and similar operators exist for decays with
an antimuon in the final state. Another theoretical calcula-
tion [8] suggests that p — e 72" could dominate through
the meson exchange mechanism. Motivated by these pre-
dictions, a first search for the decay modes p — e*7%2° and

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’.

p — un%7° in Super-Kamiokande (SK) data is reported in
this paper. These decay modes were previously searched for
by the IMB-3 experiment, which reported lower lifetime limits
of 1.47 x 10*? and 1.01 x 10* year for p — ¢"7%2° and
p — 170, respectively [9]. The analysis presented in this
paper is based on techniques used in the previous SK searches
for p = et2% and p — u*2° (p — £+ 2°) [10], which used
data from SK-I through SK-IV; here we used data from all of
SK’s pure water phases, adding the data from SK-V.

This paper is structured as follows: In Sec. II, a brief
description of the SK detector is given, and the dataset used
for this analysis is summarized. The simulations of signal
and background are summarized in Sec. IIl. The search
method and results are discussed in Secs. IV and V,
respectively. In Sec. VI, the systematic uncertainties of
the signal detection efficiencies and the expected number of
atmospheric neutrino (atm.-v) background events are sum-
marized. The calculation of the lower limits on the partial
lifetime and the resulting limits are presented in Sec. VII.
Section VIII concludes with the search results.

II. SUPER-KAMIOKANDE DETECTOR
AND DATASET

Super-Kamiokande is a 50-kton cylindrical water-
Cherenkov detector with a height of 41.4 m and a diameter
of 39.3 m. It is divided into two regions: the inner detector

072009-3


https://crossmark.crossref.org/dialog/?doi=10.1103/frxr-pk3t&domain=pdf&date_stamp=2026-10-26
https://doi.org/10.1103/frxr-pk3t
https://doi.org/10.1103/frxr-pk3t
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

K. ABE et al.

PHYS. REV. D 114, 072009 (2026)

TABLE L

Summary of the SK detector phases [11-13]. This analysis uses data from the pure water phases called SK-I to SK-V. FC,

FV, and ATM stand for fully contained, fiducial volume, and analog timing module, respectively. FC and FV used in this analysis will be

explained in Sec. IV.

FC live time ID PMT ID PMT ID front-end Gd-Loading: n-capture
Phase Dates (days) photocoverage (%) cover electronics module on Gd (%)
I 1996-2001 1489.19 40 No ATM No
i 2002-2005 798.59 19 Yes ATM No
I 2006-2008 518.08 40 Yes ATM No
v 2008-2018 3244 4 40 Yes QBEE No
v 2019-2020 461.0 40 Yes QBEE No
VI 2020-2022 564.4 40 Yes QBEE Yes (~50)
Vil 2022-2024 405.4 40 Yes QBEE Yes (~75)
VIII 2024-present Ongoing 40 Yes QBEE Yes (~75)

(ID) and the outer detector (OD). The ID has a diameter of
33.8 m and a height of 36.2 m. It is equipped with 11 129
inward-facing 20-inch photomultiplier tubes (PMTs). The
OD is a 2 m-thick cylindrical shell surrounding the ID and is
instrumented with 1885 outward-facing 8-inch PMTs. The
OD serves as a veto for entering cosmic-ray muons and
provides shielding from external radiation [11].

The SK detector has undergone several upgrades and has
operated in various detector configurations, defining the
different data-taking phases. Table I summarizes the SK
detector phases to date [11-13]. Because of an accident
during the upgrade work following SK-I, SK-II has only
about half of the original number of ID PMTs. To prevent
similar accidents, all ID PMTs were encased in fiber-
reinforced plastic cases with ultraviolet-transparent acrylic
front windows from SK-III onward. For SK-1V, the front-end
electronics were upgraded to a system with an application-
specific integrated circuit (ASIC)-based high-speed charge-
to-time converter (QTC), which became known as the QTC-
based electronics with Ethernet (QBEE) module, and was
used for both the ID and the OD. The new electronics allowed
recording of all PMT signals above a certain signal threshold,
which were then sent unfiltered to the readout computers, and
events were defined using a software trigger. The QBEE
improved the Michel electron tagging efficiency (see Table II)
and also enabled neutron tagging for neutrons captured on
hydrogen. SK-V was SK’s final pure water phase, operated as

a dedicated check-up run to verify the detector’s performance
after detector refurbishments preparing for SK-Gd. To further
improve the neutron tagging efficiency, gadolinium sulfate
octahydrate was later dissolved in the SK water, marking
the start of SK-Gd, which began with SK-VI [11,14,15].
A consistent detector calibration procedure was employed
from SK-I to current SK-VIII [11,13].

For this paper, data from SK-I through SK-V were used.
The same data processing methods were applied across
SK-I to SK-V [16,17]. The total exposure used in this
analysis is 0.401 megaton-years.

III. SIMULATION

For each detector phase, dedicated Monte Carlo (MC)
samples for the two decay modes, p — e*z°z° and
p — un%7°, were generated as well as atm.-v background
samples. From these samples, the signal detection efficiency
and the expected number of background events were
estimated independently for each of the five detector phases.

For signal MC samples, the initial three-body decay
kinematics were simulated as well as the pion’s final state
interactions (z-FSIs) within the oxygen nuclei in the water.
Free protons, the hydrogen nuclei in water, do not interact
with other nucleons, whereas bound protons in the oxygen
nucleus are subject to the effects of Fermi motion [18],
nuclear binding energy [19], and correlations with other

TABLEIL Signal detection efficiency for p — e*7%z% and p — u* 72°2° for event selections per SK detector phase. The errors are the
MC statistical errors only. These selection criteria are defined in Sec. IV.

p — eTn%7° signal detection efficiency (%) p — ut %70 signal detection efficiency (%)

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

Cl 995+1.1 994+1.1 965+1.1 968+1.1 978+ 1.1 953+1.5 960+1.5 932+1.5 945+1.5 952+1.5
C2 583+£08 588+£08 581408 58.7+08 598+08 5514+1.0 547+10 555+1.0 560+1.0 574+1.1
C3 457407 40.6+0.7 465+0.8 465+08 46.7+0.8 374+08 343+08 3794+0.8 379+0.8 39.1£0.8
C4 445407 393+0.7 450407 446+0.7 449407 2944+0.7 266+06 29.84+0.7 349+0.8 36.0+0.8
C5 445407 393+£07 450407 43.6+0.7 442407 294407 266+0.6 29.8+0.7 342+0.7 353+0.8
C6 2284+05 194+05 234405 21.5+05 224405 143+04 123+£04 14.04+04 16.8+05 169+0.5
C7 1924+0.5 164+04 19.8+0.5 183+0.5 19.1+05 11.7+£04 98+04 11.7+£04 139+04 141+04
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nucleons (correlated decay) [20]. The z-FSIs—absorption,
scattering, and charge exchange—were simulated using the
NEUT package [21-23]. These physics processes contrib-
uted to the systematic uncertainties of the signal detection
efficiencies for each data-taking period, as discussed
in Sec. VL.

Background events were generated by atm.-v inter-
actions in the inner detector, and events entering the
analysis were selected within the fiducial volume (FV).
For the atm.-v background MC samples, the Honda flux
model [24] was used, and neutrino interactions on oxygen
nuclei and free protons in water were simulated using NEUT,
with detector responses simulated by the GEANT3-based SK
detector simulation [25]. As for the signal, those physics
processes contribute to systematic uncertainties of the
expected number of atm.-v background events. For each
SK phase, 500 years of atm.-v background MC samples
were generated and scaled to the live time.

The detector simulation calculated the amount of light
detected at each PMT and its timing from the Cherenkov
light generation by charged particles in water, followed
by light propagation in water and reflection at the PMTs,
their housing, and the detector’s structural surfaces. To this
simulated signal, PMT dark noise was added and the
resulting waveforms were processed through a model of
the electronics’ response to complete the detector simu-
lation. These processes were treated as the sources of
detector-related uncertainties in the estimation of the
systematic uncertainties of the signal detection efficiency
and the expected number of atm.-v background events. All
detector-related uncertainties were evaluated separately for
each SK phase using phase-specific calibration data, while
the definitions of the uncertainty sources and the estimation
procedures were common to all SK phases. The detector
simulation used in this analysis follows that of Ref. [10],
with updates implemented for each detector phase.

IV. SEARCH METHODS

This analysis used events termed “fully contained” (FC),
in which all visible particles are contained within the ID,
the reconstructed vertex lies in the FV, and no cluster of hits
is observed in the OD. The FV was defined as the part of
the inner detector that lies at least 2 m from the nearest ID
wall, containing a total target mass of 22.5 kton (approx-
imately 7.5 x 103 protons). The FC and FV selections
provide the suppression of low-energy background from
radioactive decays and cosmic-ray muons using multistep
data reduction methods developed for the atm.-v oscillation
and proton decay analyses [16,17]. After these FC and FV
selections, events are required to have visible energy
above 30 MeV.

An event reconstruction algorithm called APFit [11,12,26]
estimated kinematic properties such as the vertex position,
the number of Cherenkov rings, the ring directions and

momenta, and particle types. Showering particles (typically
electrons and y’s) produce diffused ring patterns due to the
electromagnetic showers, while nonshowering particles
(such as muons) yield rings with clear edges. The particle
identification algorithm is based on PMT hit patterns
and Cherenkov cone opening angles. Reconstructed total
momentum and invariant mass are calculated using the
reconstructed momenta and energies of the final-state par-
ticles. In addition, Michel electrons from y decays are tagged,
and neutrons are identified via the 2.2 MeV y from neutron
capture on hydrogen (available in SK-IV and later); these
tags are used in the event selection to suppress atm.-v
backgrounds. These variables are then used in evaluating
the following event selection criteria:

C1. Events must be fully contained with their recon-
structed vertex within the fiducial volume.

C2. Events must have three, four, or five reconstructed
Cherenkov rings.

C3. All of the event’s rings must be reconstructed as
showering for p — e*z°z° and one of the event’s
rings must be nonshowering for p — u*7%2°.

C4. There must be no tagged Michel electrons associ-
ated with the event for p — e*7%2° and one
for p — uta%z°.

C5. For SK-IV and SK-V data, there must be no tagged
neutrons associated with the event.

C6. The event’s reconstructed invariant mass must be
between 800 and 1050 MeV/c?.

C7. The event’s reconstructed total momentum must be
less than 200 MeV/c.

Since the particles (e, u, and 7°) in the final state are the
same as in the latest p — #*z° analysis [10], the same cut
parameters and similar event selections were applied in this
analysis. Whereas the analysis in Ref. [10] used an
expanded FV (with the minimum distance from the recon-
structed vertex to the nearest ID wall greater than 1 m), this
analysis used the conventional FV, where the distance is
greater than 2 m. In the additional FV (the distance between
1 and 2 m from the wall), the reconstructed vertex is located
closer to the detector boundary, which increases the
probability that low-energy y’s are not reconstructed or
are reconstructed as a single ring due to overlapping,
thereby reducing the reconstructed ring multiplicity. In
particular, for free proton decays, the fraction of signal
events rejected by the ring-counting cut (C2) is less than 1%
in the conventional FV, whereas it rises to approximately
20% in the additional FV. Consequently, only the conven-
tional FV is used in this analysis. A cut on the reconstructed
7% mass was not applied because the selection accepted
events in which some of the y’s were undetected, limiting
full z° mass reconstruction. Additionally, MC studies
showed that more than 40% of reconstructed z° candidates
in the p — et7%2° mode were incorrectly formed by
pairing the positron with a y from z° decay. For consistency,

072009-5



K. ABE et al. PHYS. REV. D 114, 072009 (2026)
p— e*nn® p— e*nn® p— e*non® p— e*ndn®
2] T T T T T 2] T T T @ @
2 4000F T 3 2 @ T T T T @ T T T
£ £
5 : 5 60F E g S14 E
3 3500F E 3 - Data(SK-I-SK-V) % 30001 h 2 —} Data(SK-1-SK-V)
5 Signal MC S50F — amevMC E s Signal MC 512 — atm.-v MC E
8 3000 = H ' g ) @ = @ y
£ Bound prot : € sof 3 £ g1 E
3 2500F [l Bound proton : E 3 2 20001 [l Bound proton 3 . E
2000F E a0k E
1500F- E " 6
1000F 3 1000 7 4
500F E oF E 2 E
R o . i L L L o L L L
CU 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 G(J 200 400 600 800 1000 0 200 400 800 1000
Reconstructed invariant mass [MeV/c?] Reconstructed invariant mass [MeV/c’] Reconstructed total momentum [MeV/c] Reconstructed total momentum [MeV/c]
— +n0n0 — +n07-c0
p— o p— wnond p—> W p—> W
2 T T T T @8 T T T
g T T T T T g ofF T T T 3 S S 16 -
: _ Data(SK-~SK-V
2 2 —}— Data(SK-1-Sk-V) G 2000 3 14 —+- Data 3
3 3 sf 3 - ) 2
« 2000F .. — - o Signal MC o —— atm-v MC
° Signal MC S 7F —amwme E g g 12 ) E
2 : 2 -E 1500 E Bound proton 3 'E
§ 1500 [l Bound proton : ] ; 6F E 2 und p z 1 E
: sE E E E
; 1000} 3 8
1000f : = 4E E 6
: N3 3
; 500 3 aF
s00f E 2f E ok + 3
A3 L L L E % 200 400 600 8007000 0 AJJ+ ; ‘ ;
%7200 400 600 800 1000 1200 % " 200 400 600 800 1000 1200 0 200 400 600 800 1000

Reconstructed invariant mass [MeV/c?] Reconstructed invariant mass [MeV/c?]

FIG. 1. The reconstructed invariant mass distributions after
applying all the event selection criteria except for the recon-
structed invariant mass cut, for the signal MC samples (left) and
the atm.-v background MC samples and the data (right) in SK-I
to SK-V, for p — e*7%2° (upper) and p — u*72°2° (bottom). The
atm.-v background MC samples (red histogram) is scaled to the
total live time for each SK phase. In the signal MC samples
distribution, free protons are shown in cyan, and bound protons
are shown in blue histograms. The signal region is defined
between the two vertical dashed lines.

the same approach was applied to the p — u*7°2° mode.
In the latest p — £+ 7° analysis [10], a two-box method was
used to obtain better sensitivity; it separates events into low-
and high-momentum regions based on the total momentum.
In this analysis, about 20% of the free proton decay events
exceeded the two-box method threshold (100 MeV/c) as
shown in Fig. 2, making it difficult to separate the free
proton events. Therefore, a single-box method (selecting
events by a single cut threshold on the total momentum)
was used. The single-box upper cut (an upper limit of
200 MeV/c on the reconstructed total momentum) was
optimized to maximize the sensitivity in this analysis.
Figure 1 shows the reconstructed invariant mass distri-
butions for both decay modes, after applying all event
selection criteria, except for the reconstructed invariant mass
cut itself, for signal MC events, atm.-v background MC
events, and data. Decays of free protons are well recon-
structed around the proton mass (938 MeV/c?) in the MC
simulation, while those of bound protons have a tail toward
lower invariant masses due to energy loss from neutral pion
interactions within the oxygen nucleus. Figure 2 shows the
total momentum distributions for both decay modes after
applying all event selection criteria, except for the total
momentum cut itself, for signal MC events, atm.-v back-
ground MC events, and data. The signal MC simulation for

Reconstructed total momentum [MeV/c] Reconstructed total momentum [MeV/c]

FIG. 2. The total momentum distribution after applying all event
selection criteria except for the total momentum cut. Left: the signal
MC samples. Right: the atm.-v background MC samples (red
histogram) and the data in SK-I to SK-V (black crosses) for p —

+72972° (upper) and p — ut%z° (bottom). In the signal MC
samples distribution, the cyan histogram represents free protons and
the blue histogram represents bound protons. The atm.-v back-
ground MC samples (red histogram) is scaled to the total live time
for each SK phase. The signal region is defined as to the left of the
vertical dashed line.

free protons from the p — e¢*7%2° decay showed that the
fraction of the events above the cut value of 200 MeV/c was
negligibly small. The bump above 200 MeV/c¢ in the
reconstructed momentum distribution of free protons from
the p — u*2°2° decay mode is caused by events where the
muon is not reconstructed and one of the four y’s from the
two 7° decays is misidentified as a muon. This occurs when
the true muon momentum is above the Cherenkov threshold
(118 MeV/c) but still relatively low, where reconstruction
becomes difficult. Figure 3 shows the correlation between
the invariant mass and the total momentum for signal
MC events, atm.-v background MC events, and all data
from SK-I to SK-V after applying all selection cuts except
those on the plotted variables. Figure 4 shows the signal
detection efficiencies and expected number of atm.-v back-
ground events along the event selections for the signal and
background MC events, respectively. The dominant reduc-
tion in background events comes from the reconstructed
invariant mass and total momentum cuts (C6 and C7) while
keeping the signal detection efficiencies relatively high.
Table II shows the signal detection efficiencies for each
detector phase. For both searches, the signal detection
efficiencies in SK-II are lower than those in other detector
phases because of the degradation of the particle identifi-
cation performance during this period with only half the
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FIG. 3.

Reconstructed invariant masses versus total momentum distribution for p — e¢*z%2° (upper) and p — u*2°2° (bottom) after

applying all selection criteria except for the reconstructed invariant mass and total momentum cuts in SK-I to SK-V. Left: the signal MC
samples. Center: the atm.-v background MC samples. Right: the data distributions. The black box in each panel represents the signal
region and the markers in the signal region have been enlarged for visibility. In the signal MC samples, the cyan dots represent free

protons, and the blue dots represent bound protons.

usual SK photocathode coverage. For the p — u*7°z°

decay mode, the signal detection efficiencies in SK-IV
and SK-V were higher than SK-I to SK-III due to the
higher Michel electron tagging efficiency achieved with the
QBEE and data acquisition system.

To understand the background composition, the break-
down of the neutrino interaction mode composition of atm.-
v background MC events that survived the event selection is
summarized in Table III. In both proton decay searches,
neutrino interactions of charged-current pion production
interactions and neutral-current multipion productions were
dominant. The charged-current quasielastic (CCQE) events
are not negligible, because the recoil nucleons from higher-
energy neutrinos can produce a z° in water. For the p —
ut 7°7° search, charged-current single 7+ productlon is one
of the dominant modes due to 7zt to z° conversion via
charge exchange in oxygen nuclei and to the z* being

reconstructed as a nonshower ring, either directly or via 7+
decay. All remaining atm.-v background MC events were
inspected with the SK event display. All events looked
reasonable and no misreconstructed events were found.

V. SEARCH RESULTS

The distributions of the cut variables and the event
reductions at each cut stage (C1-C7) agree well between
data and the atm.-v MC events.

Table IV summarizes the exposure, the signal detection
efficiency and its systematic uncertainty, the expected
number of atm.-v background events and its systematic
uncertainty, and the number of proton decay candidates
remaining in the SK data after all event selections. One
data candidate was observed for the p — e*7%7° search in
SK-II and one for the p — u*z°z° search in SK-IV.
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FIG. 4. The event reductions along the event selections for
signal MC events (blue), the atm.-v background MC events (red),
and data (black points) for p — e*7%7z° (left) and p — u*2°2°
(right). Shown are the signal efficiency, weighted by the live time,
and the total number of background events from SK-I to SK-V.
For the background, the MC for each SK phase was scaled to that
phase’s live time. The event selection criteria are defined in

Sec. IV. The statistical errors on each bin are shown.

TABLEIII. Breakdown of the neutrino interaction modes of the
atm.-v background events remaining in the signal regions from
SK-I to SK-V. The respective neutrino interactions are listed in
the first column. CC and NC denote charged current and neutral
current. QE, 1z, multi-z, , K, and DIS correspond to quasielastic
scattering, single-z production, multi-z production, single-n
production, single-kaon production, and deep inelastic scattering,
respectively. The second and third columns show the fractions
(with statistical errors) of atm.-v background events for each
neutrino interaction mode for p — et 7% and p — uta%7°,
respectively.

Neutrino interaction p—etn’z® %) p - uta’z® (%)

CCQE 7+4 6+2
CC single ot 16 -4 2345
70 14+6 743
CC multi- 22+7 2045
CC g 542 242
CCK 0 242
CC DIS 0 9+3
NC single a° 1+1 1+1
- 1+1 1+1
NC multi-z 15+5 8+3
NC K 2+6 0+1
NC DIS 17+6 12+4
NCQE 0 0
Total 100 100

The Poisson probability of observing one or more events
given the expected atm.-v background is 9.5% for p —
e*7°2° in SK-II and 15.6% for p — u* z°z° in SK-IV. The
expected numbers of atm.-v background events for
the respective total exposures are 0.49 and 0.90, and the
Poisson probabilities of observing one or more candidate
events are 38.7% and 59.4%, respectively, so that both
results are consistent with their respective background-only
hypotheses. Therefore, we conclude that no significant
excess of data events beyond the expected number of atm.-v
background events is observed.

In the atm.-v background events, the dependence of the
selection efficiency on the detector phase (SK-I to SK-III)
is expected to be comparable to that of the signal. From
SK-IV onward, the new electronics allowed for improved
Michel electron tagging and enabled neutron tagging,
which reduced the background by more than 50%. Thus,
the expected number of atm.-v background events is
significantly lower in SK-IV and SK-V than in SK-I to
SK-III. Because the number of remaining background
events is small in each SK phase, relatively large fractional
systematic uncertainties can arise, with differences between
phases reflecting detector conditions and limited MC
statistics.

The reconstructed decay patterns overlayed over the two
candidate SK events’ hit patterns in SK’s inner and outer
detectors are shown in Fig. 5. For p — e*z%z°% the
reconstructed vertex is located 6.5 m away from the nearest
ID wall, the number of reconstructed rings is 4, the
reconstructed invariant mass is 820 MeV/c?, and the total
momentum is 142 MeV/c. And for p — u* 7%z the
reconstructed vertex is located 3.6 m away from the nearest
ID wall, the number of reconstructed rings is 5, the
reconstructed invariant mass is 946 MeV/c?, and the total
momentum is 177 MeV/c. In each decay mode, the
candidate event is located near the boundary of the signal
region shown in Figs. 1 and 2.

VI. SYSTEMATIC UNCERTAINTY ESTIMATION

The total systematic uncertainties of signal detection
efficiency and expected number of atm.-v background
events are summarized in Tables V and VI, respectively.
These tables present live-time-weighted averages over SK-I
to SK-V, while for the results presented in this paper, all
systematic uncertainties are evaluated and applied sepa-
rately for each SK phase in the lifetime limit calculation.
The sources of systematic uncertainties and the systematic
uncertainty estimation methods used in this analysis are the
same as those used in SK’s latest published p — #+7°
analysis [10].

For both decay modes, the main systematic uncertainty
for signal detection efficiency came from the z-FSIs in
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TABLEIV. Summary of the search for the proton decays, p — e*7%2° and p — u+z°2z°. The error shown for each contribution is the

statistical error.

p = etan p = a0

SK-I SK-II SK-IIT SK-1V SK-V SK-I SK-II SK-IIT SK-IV SK-V

Exposure (Mton - year) 0.092 0.049 0.032 0.200 0.028 0.092 0.049 0.032 0.200 0.028
Signal efficiency (%) 19.2+0.5 164+04 198405 183+05 191+05 11.7£04 98+04 11.7+04 139+04 141+£04
Signal syst. 99+08 122+1.0 135+09 89+0.5 13.1+£09 123+04 132405 11.2+£05 124+04 12.7+04

uncertainty (%)
Background rate

0.17+£0.04 0.10£0.02 0.07+0.01 0.13+0.05 0.02+0.01 0.41=+0.06 0.194+0.03 0.10+£0.02 0.17£0.05 0.02+0.01

(events)

Background rate 19+04 20+04 22403 06+02 07+£03 454+06 39+06 34+£06 09+03 07+04
(Mton - year)

Background syst. 402+8.7 46.6+99 334+68 53.1+21.0 457+172 227+3.0 29.1+4.1 263+41 302+9.1 283489
uncertainty (%)

Data candidates 0 1 0 0 0 0 0 0 1 0

Lifetime limit 7.2 x 103 year (90% C.L.)

4.5 x 10* year (90% C.L.)

oxygen nuclei. This uncertainty is larger for the muonic
decay channel as the muonic channel contains approxi-
mately 20% more bound proton decays. Fermi motion
leads to a broader smearing of the pion kinematics, and the
higher Cherenkov threshold for muons increases the impact
of these effects on the signal efficiency. In the signal, the
neutral pion promptly decays into two y’s before interacting
with water, so the pion interactions in water (secondary
interactions, SIs) were not taken into account. Apart from the
z-FST uncertainties, no significant differences were observed
in the systematic uncertainties of the signal detection
efficiencies and the atm.-v background event numbers of
the p —» e*72°2° and p — u*7°2° modes, and they are
smaller than their statistical errors. The main uncertainties in
the atm.-v background event numbers come from z-FSIs and
SIs, neutrino interactions, and energy scale.

VII. LIFETIME LIMIT CALCULATION

The number of candidate events in each mode is
consistent with the expected atm.-v background as
described in Sec. V. Since no significant excess of decay
candidates was observed in either decay mode, a lower
limit on the partial proton lifetime for each mode was
calculated using the same Bayesian method as was used in
Refs. [27-29].

The signal detection efficiencies, the expected atm.-v
background events, and the systematic uncertainties for
each detector phase are used as inputs for the calculation,
and each detector phase is treated independently. A
combined overall lifetime limit for each of the two decay
modes is then determined by combining the independent
measurements from the SK-I through SK-V phases, result-
ing in five signal boxes (C6—C7 region in each SK phase,
defined by the single-box method introduced in Sec. IV).

The posterior probability density function (PDF) for the
proton decay rate [P(I'|n;)] is expressed as follows:

—(mifﬁbi)(]"j. 4+ b.)”i
e l€l 1
P(Tln:) = /// n;!

x P(D)P(4;)P(e;)P(b;)dAide;db;, (1)

where n; is the number of data candidate events, i is the
index of each SK phase, 4; is that phase’s exposure, ¢; is
its signal detection efficiency, and b; is the number of
expected atm.-v background events. The prior PDF for the
proton decay rate P(I") is assumed to be uniform, with
P(T) being 1 for I' > 0 and 0 otherwise. P(4;), P(¢;), and
P(b;) stand for the prior probability distributions for the
detector exposure, the signal detection efficiency, and the
expected number of atm.-v backgrounds, respectively,
which are assumed to be Gaussian distributions whose
means correspond to the exposure, the signal efficiency,
and the expected background, respectively, and whose
widths correspond to the respective systematic uncertain-
ties. The systematic uncertainty of the detector exposure is
estimated to be less than 1% for all SK phases [10].
The combined upper limit for the proton decay rate for
the five detector phases at a given confidence level (C.L.) is

Dt 4>
CL.= / P(C|n;)dr. 2
| 11 (Tln;) (2)
The lower limit on the partial lifetime for proton decay is
given by

Tlimit _ 1 . (3)
B Dlimit
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FIG. 5.

Event displays for data candidates of p — e*z°2z° in SK-II (left) and p — p*2%2° in SK-IV (right). These show expanded

views of the vertical cylindrical SK tanks, with the ID (center) and OD (left top). Each open circle represents a hit PMT, with its diameter
proportional to the detected photoelectrons. The blue filled triangles in ID mark the reconstructed vertex. The solid rings indicate
reconstructed ring edges. The red reconstructed rings represent showering particle (e-like), while the cyan reconstructed ring represents
a nonshowering particle (u-like). The numbering of the red rings corresponds to the reconstructed rings described in Sec. V.

where B represents the branching ratio of each proton
decay mode.

The expected lifetime limits were 8.9 x 10% and
5.7 x 10*3 year for p — e*2°2° and p — u2°2°, respec-
tively, obtained from the mean of pseudoexperiments under
the background-only hypothesis. The new lifetime limits

TABLE V. The summary of systematic uncertainties of the
signal detection efficiencies which are averaged over the total live
time from SK-I to SK-V for p — ¢T7%2° and p — u*2%7°,
respectively. The upper part lists physics model uncertainties,
while the lower part lists detector-related uncertainties from event
reconstruction. The systematic uncertainty of the number of
tagged neutrons became accessible from SK-IV onward. The
error shown for each contribution to these uncertainties is the
statistical error of the MC statistics.

p— etz p— ptnn®
(%) (%)
Physics model
Correlated decay 214+04 26+0.2
Fermi momentum 26+04 3.0£0.2
7-FSI 84+0.2 10.8 £04
Total (physics model) 9.0+0.6 11.5+04
Event reconstruction
Fiducial volume 1.8 £0.1 1.8£0.1
Number of rings 1.1£0.2 0.1+0.1
Particle identification 4.0+0.5 344+0.1
Number of Michel electrons 2.14+0.2 20£0.2
Energy scale
Absolute and time variation 0.6 +0.01 1.1 £0.01
Nonuniformity 0.6 £0.01 0.8 £0.01
Number of tagged neutrons 0.2+0.01 0.2+0.01
Total (reconstruction) 5.1+0.6 46+0.2
Total systematic uncertainty 10.3+0.8 124 £04

derived from SK-I to SK-V data, in which one candidate
event was observed in each decay mode and both events
were consistent with the expected atm.-v background,
were found to be 7/B(p — etn°z°) > 7.2 x 10 and
t/B(p = ut7°2°%) > 4.5 x 10% year at 90% C.L.

TABLE VI. The summary of systematic uncertainties of the
expected number of atm.-v background events, averaged over the
total live time from SK-I to SK-V, for p — etn%72° and
p — ut 7", respectively. The upper part lists physics model
uncertainties, while the lower part lists detector-related uncer-
tainties from event reconstruction. The systematic uncertainty of
the number of tagged neutrons became accessible from SK-IV
onward. The error shown for each contribution to these un-
certainties is the statistical error of the MC statistics.

p = etn'n® p = utn'n®
(%) (%)

Physics model

7-FSI and SI 23.3+75 16.1 4.3

Neutrino flux 6.8 +2.1 74+1.9

Neutrino interaction 195+ 6.4 17.1 £4.6
Total (physics model) 31.2+10.1 25.0+6.7
Event reconstruction

Fiducial volume 1.8+£0.1 1.8 +0.1

Number of rings 11.3+39 0.01 +0.01

Particle identification 7.8+ 1.7 6.5+ 1.3

Number of Michel electrons 2.1+02 2.0+0.1
Energy scale

Absolute and time variation 26.6 £9.0 72+1.5

Nonuniformity 54+19 6.2+1.5

Number of tagged neutrons 10.7+£4.0 6.5+2.0
Total (reconstruction) 31.6 +£10.5 12.8 £2.5
Total systematic uncertainty 444 £ 14.6 28.1+7.1
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VIII. CONCLUSION

We searched for proton decay into a charged antilepton
and two neutral pions using the data of all pure water
phases of Super-Kamiokande I-V. No significant event
excess above the expected atm.-v background for either
decay mode was found in 0.401 megaton-years exposure.

Lower limits on the partial lifetimes of 7.2 x 103 year
for p — e*2°2° and 4.5 x 10% year for p — p*7%2° are
obtained at the 90% confidence level. These limits are
approximately 50 times higher for both decay modes
compared to the results from the IMB-3 experiment and
are the most stringent limits that exist in these modes.
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