
UC Irvine
UC Irvine Previously Published Works

Title

Search for proton decay via p→e+π0 and p→μ+π0 with an enlarged fiducial volume in Super-
Kamiokande I-IV

Permalink

https://escholarship.org/uc/item/9gz4c03p

Journal

Physical Review D, 102(11)

ISSN

2470-0010

Authors

Takenaka, A
Abe, K
Bronner, C
et al.

Publication Date

2020-12-01

DOI

10.1103/physrevd.102.112011

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9gz4c03p
https://escholarship.org/uc/item/9gz4c03p#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Search for proton decay via p→ e+π0 and p→ µ+π0 with an enlarged fiducial volume in
Super-Kamiokande I-IV

A. Takenaka,1 K. Abe,1, 43 C. Bronner,1 Y. Hayato,1, 43 M. Ikeda,1 S. Imaizumi,1 H. Ito,1 J. Kameda,1, 43

Y. Kataoka,1 Y. Kato,1 Y. Kishimoto,1, 43 Ll. Marti,1 M. Miura,1, 43 S. Moriyama,1, 43 T. Mochizuki,1 Y. Nagao,1

M. Nakahata,1, 43 Y. Nakajima,1, 43 S. Nakayama,1, 43 T. Okada,1 K. Okamoto,1 A. Orii,1 G. Pronost,1

H. Sekiya,1, 43 M. Shiozawa,1, 43 Y. Sonoda,1 Y. Suzuki,1 A. Takeda,1, 43 Y. Takemoto,1 H. Tanaka,1 T. Yano,1

R. Akutsu,2 S. Han,2 T. Kajita,2, 43 K. Okumura,2, 43 T. Tashiro,2 R. Wang,2 J. Xia,2 D. Bravo-Berguño,3

L. Labarga,3 P. Fernandez,3 B. Zaldivar,3 F. d. M. Blaszczyk,4 E. Kearns,4, 43 J. L. Raaf,4 J. L. Stone,4, 43

L. Wan,4 T. Wester,4 B. W. Pointon,5 J. Bian,6 N. J. Griskevich,6 W. R. Kropp,6 S. Locke,6 S. Mine,6

M. B. Smy,6, 43 H. W. Sobel,6, 43 V. Takhistov,6, ∗ P. Weatherly,6 K. S. Ganezer,7, † J. Hill,7 J. Y. Kim,8

I. T. Lim,8 R. G. Park,8 B. Bodur,9 K. Scholberg,9, 43 C. W. Walter,9, 43 A. Coffani,10 O. Drapier,10 S. El Hedri,10

A. Giampaolo,10 M. Gonin,10 Th. A. Mueller,10 P. Paganini,10 B. Quilain,10 T. Ishizuka,11 T. Nakamura,12

J. S. Jang,13 J. G. Learned,14 S. Matsuno,14 L. H. V. Anthony,15 R. P. Litchfield,15 A. A. Sztuc,15 Y. Uchida,15

V. Berardi,16 M. G. Catanesi,16 E. Radicioni,16 N. F. Calabria,17 L. N. Machado,17 G. De Rosa,17 G. Collazuol,18

F. Iacob,18 M. Lamoureux,18 N. Ospina,18 L. Ludovici,19 Y. Nishimura,21 S. Cao,22 M. Friend,22 T. Hasegawa,22

T. Ishida,22 M. Jakkapu,22 T. Kobayashi,22 T. Matsubara,22 T. Nakadaira,22 K. Nakamura,22, 43 Y. Oyama,22

K. Sakashita,22 T. Sekiguchi,22 T. Tsukamoto,22 M. Hasegawa,23 Y. Isobe,23 H. Miyabe,23 Y. Nakano,23

T. Shiozawa,23 T. Sugimoto,23 A. T. Suzuki,23 Y. Takeuchi,23, 43 S. Yamamoto,23 A. Ali,24 Y. Ashida,24

J. Feng,24 S. Hirota,24 A. K. Ichikawa,24 M. Jiang,24 T. Kikawa,24 M. Mori,24 KE. Nakamura,24 T. Nakaya,24, 43

R. A. Wendell,24, 43 K. Yasutome,24 N. McCauley,25 P. Mehta,25 A. Pritchard,25 K. M. Tsui,25 Y. Fukuda,26

Y. Itow,27, 28 H. Menjo,27 T. Niwa,27 K. Sato,27 M. Taani,27, ‡ M. Tsukada,27 P. Mijakowski,29 K. Frankiewicz,29

C. K. Jung,30 G. Santucci,30 C. Vilela,30 M. J. Wilking,30 C. Yanagisawa,30, § D. Fukuda,31 M. Harada,31

K. Hagiwara,31 T. Horai,31 H. Ishino,31 S. Ito,31 Y. Koshio,31, 43 W. Ma,31 N. Piplani,31 S. Sakai,31

M. Sakuda,31 Y. Takahira,31 C. Xu,31 Y. Kuno,32 G. Barr,33 D. Barrow,33 L. Cook,33, 43 C. Simpson,33, 43

D. Wark,33, 38 F. Nova,34 T. Boschi,20, ¶ F. Di Lodovico,20 S. Molina Sedgwick,20, ¶ S. Zsoldos,20 J. Y. Yang,35

S. J. Jenkins,36 J. M. McElwee,36 M. D. Thiesse,36 L. F. Thompson,36 H. Okazawa,37 Y. Choi,39 S. B. Kim,39

I. Yu,39 K. Nishijima,40 M. Koshiba,41 K. Iwamoto,42 N. Ogawa,42 M. Yokoyama,42, 43 A. Goldsack,43, 33

K. Martens,43 M. R. Vagins,43, 6 M. Kuze,44 M. Tanaka,44 T. Yoshida,44 M. Inomoto,45 M. Ishitsuka,45

R. Matsumoto,45 K. Ohta,45 M. Shinoki,45 J. F. Martin,46 C. M. Nantais,46 H. A. Tanaka,46 T. Towstego,46

M. Hartz,47 A. Konaka,47 P. de Perio,47 N. W. Prouse,47 S. Chen,48 B. D. Xu,48 M. Posiadala-Zezula,49

B. Richards,50 B. Jamieson,51 J. Walker,51 A. Minamino,52 K. Okamoto,52 G. Pintaudi,52 and R. Sasaki52

(The Super-Kamiokande Collaboration)
1Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo, Kamioka, Gifu 506-1205, Japan

2Research Center for Cosmic Neutrinos, Institute for Cosmic Ray
Research, University of Tokyo, Kashiwa, Chiba 277-8582, Japan

3Department of Theoretical Physics, University Autonoma Madrid, 28049 Madrid, Spain
4Department of Physics, Boston University, Boston, MA 02215, USA

5Department of Physics, British Columbia Institute of Technology, Burnaby, BC, V5G 3H2, Canada
6Department of Physics and Astronomy, University of California, Irvine, Irvine, CA 92697-4575, USA

7Department of Physics, California State University, Dominguez Hills, Carson, CA 90747, USA
8Institute for Universe and Elementary Particles, Chonnam National University, Gwangju 61186, Korea

9Department of Physics, Duke University, Durham NC 27708, USA
10Ecole Polytechnique, IN2P3-CNRS, Laboratoire Leprince-Ringuet, F-91120 Palaiseau, France

11Junior College, Fukuoka Institute of Technology, Fukuoka, Fukuoka 811-0295, Japan
12Department of Physics, Gifu University, Gifu, Gifu 501-1193, Japan

13GIST College, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea
14Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA
15Department of Physics, Imperial College London , London, SW7 2AZ, United Kingdom

16Dipartimento Interuniversitario di Fisica, INFN Sezione di Bari and Università e Politecnico di Bari, I-70125, Bari, Italy
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We have searched for proton decay via p → e+π0 and p → µ+π0 modes with the enlarged
fiducial volume data of Super-Kamiokande from April 1996 to May 2018, which corresponds to
450 kton·years exposure. We have accumulated about 25% more livetime and enlarged the fiducial
volume of the Super-Kamiokande detector from 22.5 kton to 27.2 kton for this analysis, so that
144 kton·years of data, including 78 kton·years of additional fiducial volume data, has been newly
analyzed. No candidates have been found for p → e+π0 and one candidate remains for p → µ+π0

in the conventional 22.5 kton fiducial volume and it is consistent with the atmospheric neutrino
background prediction. We set lower limits on the partial lifetime for each of these modes: τ/B(p→
e+π0) > 2.4× 1034 years and τ/B(p→ µ+π0) > 1.6× 1034 years at 90% confidence level.

I. INTRODUCTION

Grand Unified Theories (GUTs) [1] extend the Stan-
dard Model gauge symmetry to larger symmetry groups
and provide explanations for the quantization of electric
charge and predict the convergence of the electromag-
netic, weak, and strong interaction couplings at energies
around ∼ 1016 GeV [2]. There are a variety of proposed

∗ also at Department of Physics and Astronomy, UCLA, CA 90095-
1547, USA.
† Deceased.
‡ also at School of Physics and Astronomy, University of Edin-
burgh, Edinburgh, EH9 3FD, United Kingdom.
§ also at BMCC/CUNY, Science Department, New York, New
York, USA.

¶ currently at Queen Mary University of London, London, E1 4NS,
United Kingdom.

GUT models based on different gauge groups, such as
SU(5) [1], SO(10) [3], E6 [4], some with and some without
incorporating supersymmetry. These models offer dark
matter candidates [5], neutrino mass generation mech-
anisms [6], and insight into the strong CP problem [7],
making them a promising target for many searches for
physics beyond the Standard Model. Furthermore, by
incorporating quarks and leptons into common multi-
plets, GUTs generically predict transitions between the
two which result in baryon-number-violating proton de-
cays, whose observation would provide strong support for
such models.

While the p → e+π0 mode is favored by many GUT
models, the “flipped SU(5)” ones [8] predict a higher
branching fraction in the p→ µ+π0 channel. Since recent
theoretical studies [9, 10] show that the preferred models
of GUTs may be revealed by the first signs of proton de-
cay, it is important to search for both modes. Both modes
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produce back-to-back event topologies in which all final
state particles are visible making it possible to cleanly
separate a proton decay signal from atmospheric neutrino
backgrounds in water Cherenkov detectors. Moreover,
free protons (hydrogen nuclei) in their water provide en-
hanced background rejection capabilities since a decay
therein would be free from the effects of the Fermi mo-
tion and intranuclear scattering processes that alter the
final state particles from decays within 16O.

These decay modes have been the target of several ex-
perimental searches, but there have been no positive ob-
servations so far [11]. Prior to the present work the most
stringent constraints come from 306 kton·years of Super-
Kamiokande data: τ/B(p → e+π0) > 1.6 × 1034 years
and τ/B(p→ µ+π0) > 7.7×1033 years at 90% confidence
level [12]. Since then the detector has accumulated about
25% more live days of data and its fiducial volume has
been enlarged from 22.5 kton to 27.2 kton resulting in a
roughly 50% larger exposure of 450 kton·years. This pa-
per describes a search for these two proton decay modes
using this updated data set and is organized as follows.
A summary of the Super-Kamiokande detector and its
event reconstruction is presented in Section II before de-
scribing analysis improvements that enabled the fiducial
volume to be enlarged in Section III. Section IV details
the simulation of proton decay and atmospheric neutrino
events and Sections V and VI describe the proton de-
cay search sensitivity and results. As no proton decay
signal has been found, lifetime limits are calculated in
Section VII before concluding in Section VIII.

II. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande (SK) is located about 1,000 m
(2,700 meters water equivalent) under Mt. Ikenoyama in,
Gifu Prefecture, Japan. The detector is an upright cylin-
drical vessel, 39.3 m in diameter and 41.4 m in height,
and is filled with 50 kton of ultrapure water that is opti-
cally separated into two regions, an inner detector (ID)
and an outer detector (OD). The ID has a diameter of
33.8 m and a height of 36.2 m that is viewed by more
than 11,000 inward-facing 50-cm photomultiplier tubes
(PMTs) mounted on a steel structure offset from the tank
outer wall by 2 m and forming the boundary with the OD.

The OD is composed of 20-cm PMTs installed be-
hind the ID PMTs and facing outward. Reflective Tyvek
lines the walls of the OD and wavelength shifting plates
are mounted on its PMTs in order to achieve more effi-
cient light collection and improve the rejection of external
backgrounds. Detailed descriptions of the detector and
its calibration can be found in [13, 14].

The SK data are divided into four phases represent-
ing different configurations of the detector, SK-I, -II,
-III, and -IV. The SK-I period began in April 1996
and ended in July 2001 with a photocathode coverage
of 40%. In November 2001, a chain reaction implosion
destroyed more than half of the PMTs, such that SK-II

was operated from October 2002 to October 2005, us-
ing 5,182 ID PMTs with 19% photocathode coverage.
Since SK-II the ID PMTs have been covered in fiber-
reinforced plastic cases with an acrylic window to prevent
similar accidents. New ID PMTs were installed there-
after and SK-III started in July 2006 with 40% of photo-
cathode coverage. In September 2008 the front-end elec-
tronics [15] and data acquisition system were upgraded
to start the SK-IV period, which continued until May
2018. These systems improve the efficiency for tagging
Michel electrons and the faint 2.2 MeV gamma ray that
accompanies neutron capture on hydrogen, resulting in
20% higher signal selection efficiency in the search for
p → µ+π0 decays and a reduction of atmospheric neu-
trino backgrounds in both decay modes considered here
by 50% relative to the previous analysis [12].

Charged particles above the Cherenkov threshold in-
side the ID are reconstructed using PMT timing and
charge information. First, a charged particle’s initial ver-
tex is reconstructed by finding the point for which the
distribution of time-of-flight corrected PMT times has
the sharpest peak. This is done by maximizing the esti-
mator,

goodness =
∑
i

1

σ2
i (qi)

exp

(
− (t′i − t0)2

2× (〈σ〉 × 1.5)2

)
, (1)

where σi is the timing resolution of the ith PMT tabu-
lated as a function of observed charge, 〈σ〉 is the average
timing resolution for hit PMTs, and t′i is the ith PMT’s
residual time for an assumed vertex position. In the
residual time calculation, the track length of the charged
particle is taken into account only for the most energetic
one since this is prior to the Cherenkov ring counting al-
gorithm described below. Here 1.5 is a tuning parameter
that has been chosen to optimize performance and t0 is
chosen so that the goodness is maximal at each tested
vertex position. The vertex position is the point with
the highest goodness.

After reconstructing the vertex position, the number
of Cherenkov rings projected on the ID wall is deter-
mined using a ring pattern recognition algorithm based
on the Hough transformation [16]. The PMT charge dis-
tribution is corrected for the water’s attenuation length
and PMT acceptance before being transformed into the
Hough space. Ring centers, corresponding to particle
directions, and ring opening angles, corresponding to
Cherenkov angles, manifest as peaks in the resulting dis-
tribution.

Each identified Cherenkov ring is identified as either
showering (e-like) particle (e±, γ) or non-showering (µ-
like) particle (µ±, π±) based on the pattern of hit PMTs
in the ring. Rings from electrons and gamma rays tend to
have diffuse edges due to the overlap of many Cherenkov
rings produced by the particles in their electromagnetic
showers. On the other hand, muon and pion rings tend
to have crisp edges since they do not shower due to their
larger masses. The expected charge distribution is calcu-
lated for each particle assumption and compared to the
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observation using

χ2 ∝ −
∑

θi<(1.5×θc)

log10 P (qi, q
exp
i ), (2)

where qi is the ith PMT’s observed charge, qexp
i is the

expected charge for that PMT for either the electron
or muon assumption, and P is the probability of ob-
serving qi given an expectation of qexp

i . For both the
electron and muon assumptions, the summation is per-
formed for PMTs whose angle to the ring direction (θi)
is within 1.5 times the reconstructed Cherenkov open-
ing angle (θc). The particle type with the smallest χ2

is assigned to each reconstructed ring. For multi-ring
events such as those from p → e+π0 and p → µ+π0 de-
cays, the observed charge at each PMT is separated into
the contribution from each Cherenkov ring using the ex-
pected charge distribution. In this step, the contributions
from light scattering in the water and reflection on the
PMT surfaces are calculated and subtracted from the to-
tal charge associated with each ring in order to estimate
their momenta. The relationship between the total ob-
served charge within a 70 degree half opening angle from
the particle direction and particle momentum is based
on Monte Carlo (MC) simulation and is tabulated in ad-
vance for each particle taking into account corrections
for water attenuation length and PMT acceptance. A
more detailed description of the event reconstruction al-
gorithm can be found in [17]. The performance of the
reconstruction on proton decay events is discussed in the
next section.

Neutrons emitted from a primary event thermalize in
water and are eventually captured by hydrogen, resulting
in the emission of a 2.2 MeV gamma ray. Such gamma
rays are tagged by searching for clusters of at least five
hit ID PMTs in a sliding 10 nsec window scanned be-
tween 18 µsec and 535 µsec after the primary event trig-
ger. This search time region is set to avoid effects from
PMT after-pulsing which occurs between 12 and 18 µsec
after the primary PMT hit. A dedicated neural network
that has been trained using simulated atmospheric neu-
trino events and random trigger data representing mostly
PMT dark noise is applied to each cluster to identify it
as either a neutron signal or background. The total neu-
tron tagging efficiency is estimated to be 25.2±2.3% using
atmospheric neutrino MC and calibration data from an
AmBe neutron source. The estimated false-positive rate
of the algorithm is 0.018 neutron-candidates per primary
event. A detailed description of the neural net and recent
update of the algorithm can be found in [18, 19].

III. ENLARGING THE FIDUCIAL VOLUME

This analysis uses events termed “fully contained”
(FC) whose interaction vertex has been reconstructed
within the ID and which have no cluster of hits in the
OD and which pass other selection criteria [20]. The de-

tector’s fiducial volume is defined using the distance be-
tween the nearest ID wall and the event’s reconstructed
vertex (dwall) without reconstructed particle direction
dependence. In the previous analysis [12] this region
was defined as the region more than 200 cm from the
wall (200 cm < dwall) which corresponds to 22.5 kton
of fiducial mass. In order to further improve the proton
decay search sensitivity, the following studies have been
conducted for the present analysis to enlarge the fidu-
cial volume boundary from 200 cm to 100 cm, thereby
increasing the water mass to 27.2 kton. In the following,
the term “conventional” fiducial volume refers to the re-
gion with dwall greater than 200 cm and “additional”
fiducial volume refers to the region with dwall between
100 cm and 200 cm. Terms used to represent different
detector regions are summarized in Table I.

TABLE I. Terms used to represent detector regions.

Term dwall water mass
Conventional 200 cm < dwall 22.5 kton
Additional 100 < dwall ≤ 200 cm 4.7 kton
Enlarged 100 cm < dwall 27.2 kton
Outside 50 < dwall ≤ 100 cm 2.6 kton

Non-neutrino background events originating from out-
side of the conventional fiducial volume, such as cosmic-
ray muons or noise events from erroneous discharges in a
PMT’s dynode (“flasher” events), typically have recon-
structed vertices on the wall (dwall around 0 cm) but
due to the limited vertex resolution, some may be recon-
structed within the fiducial volume. All FC events with
reconstructed vertices more than 50 cm from the wall
were eye-scanned using a graphical event display tool
to estimate the contamination from such backgrounds.
Since the enlarged fiducial volume boundary is closer to
the wall, these backgrounds occur more frequently and
have been identified by this scanning. No event has been
rejected based on the scanning results but several changes
have been made to the existing FC event selection [20]
to remove them.

First, to reject cosmic-ray muons that pass though ca-
ble bundles running through the OD without leaving suf-
ficient light to trigger its PMTs before entering the ID,
plastic scintillator-based veto counters are placed above
the four bundles located closest to the ID. In previous
analyses, events with both a signal in a veto counter and
a vertex less than 4 m from the top of the cable bundle
have been rejected. In order to more accurately identify
such entering particles, an independent algorithm dedi-
cated to muon vertex reconstruction that forces the ver-
tex (entering point) to be reconstructed on the ID wall
is used. In the present work, events leaving sufficiently
large charge in a veto counter are also removed regardless
of their vertex position. The veto counters were installed
in the middle of SK-I, Apr. 1997 and the cut associated
with them is applied to the data since then. In addition,
events whose reconstructed direction is downward-going
(cos θz > 0.6, where cos θz = 1 is vertically downward-
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going) and whose vertex is less than 2.5 m from any of
the 12 ports housing a cable bundle are removed. Here
again the dedicated vertex algorithm is used. The above
two changes eliminate cosmic-ray muons passing through
the cable bundles.

Events are also removed if their vertex goodness as de-
fined in Equation (1) is less than 0.77 and if they have
more than 7000 ID PMT hits with more than 70000 pho-
toelectrons deposited therein (corresponding to about
7 GeV of energy deposition in the detector) and more
than 5 OD PMT hits around their entrance point. This
cut eliminates high energy cosmic-ray muons that have
been mis-reconstructed inside the fiducial volume. In
order to reject Michel electrons from cosmic-ray muons
which are below the Cherenkov threshold and stop in the
ID, events which have more than 50 (55 in SK-IV) OD
hits in a sliding 200 nsec timing window before an ID
trigger are removed.

Figure 1 shows the remaining non-neutrino back-
grounds in the SK-I to -IV data as a function of dwall
and identified by the visual scanning after adopting these
new criteria. With the new selection the fraction of non-
neutrino backgrounds relative to atmospheric neutrino
events is about 0.5% (0.1%) in the additional (conven-
tional) fiducial volume, tolerably worse than that in the
conventional fiducial volume. However, this fraction in-
creases to 2.0% for dwall between 50 cm and 100 cm
from the wall and restricts further expansion of the fidu-
cial volume. The region with dwall between 50 cm and
100 cm is referred to “outside” region in the following.
The new selection has negligible impact on signal effi-
ciency for atmospheric neutrinos and proton decay.
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FIG. 1. Distribution of the distance to the nearest ID wall
from the reconstructed vertex (dwall) of non-neutrino back-
ground events remaining in SK-I to -IV. Cosmic-ray muon
events (red, vertical stripe) and no Cherenkov ring events
(green, horizontal stripe) are shown in a stacked histogram.
No Cherenkov ring events are dominated by PMT “flasher”
events described in the text.

For events occurring in the region close to the ID wall,
the number of hit PMTs is typically small and more lo-

calized than for interactions in the conventional fiducial
volume, and it is easier for particles to escape the ID
with non-negligible momentum. It is the case for both
p → e+π0 and p → µ+π0 decays because they pro-
duce back-to-back event topologies and one of the re-
constructed rings generally has a small distance to the
wall along its direction. As shown in Equations 1 and 2,
since the accuracy of the vertex reconstruction and parti-
cle identification depend on the number of ID PMT hits,
both will degrade with fewer PMT hits. Furthermore,
where the PMT hits are too localized, the reconstruction
algorithm may be unable to find or separate Cherenkov
rings from multiple particles. Particles that exit the ID
will have biased reconstructed momenta and make it im-
possible to tag any Michel electrons from their decays.

Though these issues are unavoidable, their impact has
been mitigated by the following improvements to the par-
ticle identification calculation. With a lower number
of ID PMT hits, the expected charge calculation (qexp

i
in Equation 2) for each PMT becomes more important.
Therefore the expected charge tables have been updated
using events from both within and outside of the conven-
tional fiducial volume and have been parameterized as
a function of the distance between the event vertex and
PMT position as well as the angle to the particle direc-
tion as viewed by the PMT. By adopting the updated
charge tables, the particle mis-identification probability
in the additional fiducial volume has been reduced by
about 35% for single-ring events and for proton decay
MC events, the signal selection efficiency for both modes
has been improved by about 20% relative to previous ver-
sions. Table II compares the reconstruction performance
among the different ID regions using free proton decay
(p → e+π0 and p → µ+π0) MC events to remove the
influence of nuclear effects. Though the full event se-
lection is presented below, note that two-ring events are
included in the analysis to allow for asymmetric π0 de-
cays in which one of the gamma ray rings may overlay
with that from another particle. The fraction of these
events near the ID wall is larger than that in the conven-
tional fiducial volume due to the increased likelihood of
missing a third ring resulting from more localized PMT
hits. For the p→ µ+π0 mode, an escaping muon causes a
lower Michel electron tagging efficiency for events close to
the ID wall. Figure 2 shows the reconstructed total mass
distribution of p → e+π0 MC events with three recon-
structed rings from free proton decays. Here all proton
decay selection cuts (defined in Sec. V) except the cut on
the plotted variable have been applied. The two distri-
butions outside of the conventional fiducial volume have
longer tails in the low mass region due to particles exiting
the ID.

Systematic uncertainties associated with the recon-
struction in the additional fiducial volume are estimated
separately from those in the conventional fiducial vol-
ume. In this analysis the energy scale uncertainty is the
dominant error from the reconstruction and it is esti-
mated with the difference in reconstructed momenta or
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TABLE II. Summary of reconstruction performance in different ID regions using only free proton decay MC events and weighted
by the combined SK-I to -IV livetime. The particle identification (PID) efficiency is the fraction of events which pass the proton
decay signal criterion C3 defined in Sec. V out of all two- and three-ring signal events. Here Mπ0 (Mtot) peak is the reconstructed
neutral pion (total) mass distribution’s peak position after applying all selections except C6. The peak is determined using
a Gaussian fit. Note that Mπ0 peak values are evaluated for only three-ring events. The terms “Conventional”, “Additional”
and “Outside” stand for the conventional (200 cm < dwall), additional fiducial volume (100 < dwall ≤ 200 cm) and outside
region (50 < dwall ≤ 100 cm), respectively. The outside region is not used for the present analysis.

Decay Mode Vertex 2-ring 3-ring PID Michel electron Mπ0 peak Mtot peak Mtot peak
Region resolution fraction fraction efficiency tagging efficiency (3-ring) (2-ring) (3-ring)
p→ e+π0

Conventional 17.1 cm 39.3% 58.7% 95.8% N.A. 135 MeV/c2 910 MeV/c2 933 MeV/c2

Additional 24.1 cm 51.9% 44.5% 87.7% N.A. 134 MeV/c2 898 MeV/c2 927 MeV/c2

Outside 25.9 cm 55.9% 37.6% 89.6% N.A. 125 MeV/c2 828 MeV/c2 852 MeV/c2

p→ µ+π0

Conventional 20.6 cm 36.8% 62.0% 96.2% 88.6% 135 MeV/c2 917 MeV/c2 936 MeV/c2

Additional 24.8 cm 49.1% 48.1% 90.7% 78.9% 132 MeV/c2 917 MeV/c2 941 MeV/c2

Outside 26.7 cm 55.3% 39.8% 82.6% 64.8% 125 MeV/c2 905 MeV/c2 925 MeV/c2
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FIG. 2. Reconstructed total mass distribution for free pro-
ton decays via p → e+π0 MC events with three rings. The
solid cyan histogram shows events reconstructed in the con-
ventional fiducial volume (200 cm < dwall), the pink dashed
histogram shows that for the additional fiducial volume (100
< dwall ≤ 200 cm) and the black dotted histogram is for the
region between dwall of 50 cm and 100 cm. Gaussian fits have
been used to determine the mass peak and width.

masses between data and MC for several control sam-
ples in each SK phase. For the absolute energy scale,
the Michel electron momentum spectrum from stopping
cosmic-ray muons, the π0 mass spectrum from neutral
current atmospheric neutrino interactions, and the mo-
mentum divided by the range of cosmic-ray muons with
energy deposition in the detector of more and less than
1.33 GeV are used. Figure 3 shows the absolute energy
scale difference between data and MC for each of these
control samples. For Michel electrons and π0 events, the
event vertices can be reconstructed inside the ID and are
used to estimate the difference between data and MC for
each volume of the detector separately. Figure 4 shows
the reconstructed π0 mass distributions for both the con-

ventional and additional fiducial volumes in SK-IV. Two-
ring both e-like atmospheric neutrino events are used and
they confirm good agreement between data and MC. The
absolute scale uncertainty is taken to be the value of the
most discrepant control sample in each SK phase and
fiducial volume. To take the most discrepant control
sample, cosmic-ray muon samples are considered for both
fiducial volumes.

The evolution of the energy scale over time is estimated
using the variation in the average reconstructed momen-
tum of Michel electrons and the variation in the recon-
structed muon momentum over range. Figure 5 shows the
time variation of Michel electron momentum as a func-
tion of date. The time variation is defined as the sample
standard deviation of the data value over the run time
in each period. In the end, the total energy scale uncer-
tainty in each SK phase and fiducial volume is the sum
in quadrature of this variation with the absolute uncer-
tainty. A zenith-angle-dependent uncertainty in the en-
ergy scale is also estimated using Michel electrons. These
results are summarized in Table III and confirm that the
data and MC agree to within a few percent in both the
conventional and additional fiducial volumes. These are
used as the source of the systematic uncertainty for the
proton decay searches described in Sec. VI.

The fiducial volume for the analysis presented below is
chosen to be 100 cm < dwall since in this region the non-
neutrino background contamination is within 1% and the
energy scale uncertainty is comparable to the conven-
tional fiducial volume. Moving closer to the ID wall
would incur larger backgrounds and systematic errors
that would degrade the search sensitivity more than the
search would benefit from the increased exposure. This
enlarged fiducial volume is used in all data in this paper
and results in an additional 78 kton·year exposure ana-
lyzed here for the first time. The sensitivity improvement
with the larger fiducial volume is described in Sec. V.
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FIG. 3. Absolute energy scale difference between data and MC control samples. Vertical error bars denote the statistical
uncertainty and horizontal error bars show the momentum range for each control sample. For the Michel electron and π0 samples,
points with solid error bars correspond to the conventional fiducial volume and points with dashed error bars correspond to the
additional fiducial volume. Cosmic-ray muon samples are considered for the enlarged fiducial volume. The term “Sub-GeV”
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TABLE III. Summary of the energy scale uncertainty and
zenith angle dependent non-uniformity of the energy scale
for both the conventional and additional fiducial volumes in
units of %. The row “(Abs., Var.)” is the breakdown of the
energy scale uncertainty, denoting the absolute energy scale
uncertainty (Abs.) and the time variation of the energy scale
(Var.), respectively.

Energy scale uncertainty
Region SK-I SK-II SK-III SK-IV
Conventional 3.3 2.0 2.4 2.1
(Abs., Var.) (3.1, 0.9) (2.0, 0.6) (1.6, 1.8) (2.1,0.4)

Additional 3.3 3.9 2.4 2.2
(Abs., Var.) (3.1, 0.9) (3.9, 0.6) (1.6, 1.8) (2.1,0.6)

Zenith angle dependent non-uniformity
Conventional 0.6 1.1 0.6 0.5
Additional 1.4 1.5 1.3 0.4

IV. SIMULATION

In this analysis p → e+π0 and p → µ+π0 MC are
used to estimate the signal selection efficiency and at-
mospheric neutrino MC is used to estimate the expected
number of background events. When generating proton
decay events, the decay is assumed to happen with equal
probability for each proton in the water molecule. Hydro-
gen nuclei (free protons) are stationary and do not inter-
act with other nucleons, whereas protons in oxygen nuclei
(bound protons) are subject to the effects of the Fermi
motion, nuclear binding energy, and correlated momen-
tum effects with the surrounding nucleons all of which
must be considered during their decays. Furthermore,
the interaction of pions with the nuclear medium and
the emission of gamma rays and neutrons as the residual
15N nucleus deexcites must also be considered in bound
proton decays.

The Fermi momentum of nucleons in 16O is simu-
lated based on the electron-12C scattering experiment
data [21]. For such decays the effect of the nuclear bind-
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FIG. 5. Time variation of the average momentum of Michel
electrons as a function of date. For each fiducial volume and
SK phase data points are normalized by their mean value.
The upper (lower) plot corresponds to the conventional (ad-
ditional) fiducial volume. Vertical error bars denote the sta-
tistical uncertainty. For SK-I to -III, each data point cor-
responds to a one month average and for SK-IV, each data
point corresponds to a 10 day average.

ing energy is introduced as an effective mass of the pro-
ton, M ′P = MP − Eb, where M ′P is the modified proton
mass, MP is the proton rest mass and Eb is the nuclear
binding energy. Here Eb is drawn from a Gaussian dis-
tribution with a mean of 39.0 MeV (15.5 MeV) and a
standard deviation of 10.2 MeV(3.8 MeV) for S (P ) state
protons. The ratio of protons in the S state to those in
the P state is taken to be 1:3 based on the nuclear shell
model [22]. Proton decay kinematics can be distorted by
repeated collisions with surrounding nuclei during their
decay, an effect known as correlated decay, with a pre-
dicted probability of about 10% [23]. Neutral pion ab-
sorption, scattering, and charge exchange processes (final
state interactions, FSI) are simulated with the NEUT
cascade model [24, 25]. Detailed descriptions about π-
FSI and its interaction breakdown plot can be found in
the last paper [12]. Gamma ray and neutron emission fol-
lowing a bound proton decay is simulated based on [26],
where the latter has a probability of less than 10%.

Atmospheric neutrinos are simulated using the HKKM
flux [27] and NEUT [24]. The neutrino interaction model
has been updated since the last paper [12] and a summary
of each interaction mode update can be found in [28]. For
this analysis the update to the charged current single π
production model is the most important as it is the dom-
inant background interaction mode. Previously this in-
teraction was simulated using the Rein-Sehgal model [29]
but updated form factors have been obtained from a si-
multaneous fit [30] to neutrino scattering data from bub-
ble chamber experiments [31] and are included in the new
model. A comparison of the cross section as a function
of neutrino energy between the previous model (NEUT
5.1.4) and the current model (NEUT 5.3.6) is shown in
Figure 6. Since neutrinos of about 1 to 3 GeV are the
dominant background to proton decay, this change is ex-
pected to reduce the number of background events by
about 15%. At the same time the neutrino-nucleon mo-
mentum transfer is reduced in the new model, which sub-
sequently increases the momentum of the produced lep-
ton. As the search below focuses on a back-to-back event
topology with a low total momentum characteristic of
proton decays, this change in the momentum transfer is
expected to further reduce backgrounds by 15%. In total
a 30% reduction of the background is expected with the
new model.

Neutrons play an important role in distinguishing
proton decay events from atmospheric neutrino back-
grounds. The dominant production process for the latter,
representing 70% of produced neutrons, is via the inter-
action of secondary hadrons with water. These processes
are simulated with the CALOR package [32], which uses
HETC [33] for hadrons below 10 GeV, FLUKA [34] for
hadrons above 10 GeV, and MICAP [35] for neutrons
below 20 MeV. Low energy background sources, such as
gamma rays from the radioactive decay of nuclei in the
detector material, are not simulated in the MC but have
non-negligible impacts on the search for 2.2 MeV gamma
rays from neutron capture on hydrogen. Therefore, PMT
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information from random trigger data is added to the MC
18 µsec after the primary event trigger to model these
backgrounds.

V. SEARCH METHOD

The event selection criteria for the search for p→ e+π0

and p→ µ+π0 modes are as follows:

C1: Events must pass the updated FC event selection
criteria (see Sec. III) with a vertex within the fidu-
cial volume.

C2: Events must have two or three reconstructed
Cherenkov rings.

C3: All rings must be reconstructed as showering for p→
e+π0 and exactly one ring must be a non-showering
for p→ µ+π0.

C4: There must be no tagged Michel electrons for p →
e+π0 and exactly one for p→ µ+π0.

C5: For events with three rings, the reconstructed π0

mass must be 85 < Mπ0 < 185 MeV/c2.

C6: The total reconstructed mass must be 800 < Mtot <
1050 MeV/c2.

C7: The total momentum must be Ptot < 250 MeV/c.

C8: For the SK-IV data there must be no tagged neu-
trons.

For criterion C5 in the p → e+π0 mode, the π0 mass
is calculated with every pair of rings. The pair giving
the π0 mass closest to 135 MeV/c2 is considered to be
two gamma rays from the π0 decay. The signal selection
efficiencies and the expected number of atmospheric neu-
trino background events for both the conventional and
additional fiducial volumes are estimated with MC and
are shown at each step of the selection in Figure 7. The
expected number of atmospheric neutrino background
events is estimated using a 500-year equivalent exposure
of atmospheric neutrino MC events for each SK phase
(2000 years in total) and is normalized to detector live-
time and the latest SK oscillation result [28]. Signal se-
lection efficiencies in the additional fiducial volume have
been improved by about 20% based on improvements
in the event reconstruction algorithm described in Sec-
tion III. However, due to fewer hit PMTs and a higher
likelihood of particles escaping the ID, the efficiencies are
still lower than those in the conventional fiducial volume.
This is especially true for C3, where the PID is degraded
due to reduced hits, and C6, where energy is lost due to
an escaping particle, for p→ e+π0. The situation is sim-
ilar for p→ µ+π0, where losses are seen at C3 (PID) and
also at C4 due to the muon exiting the ID.

Two signal regions are defined: a lower total mo-
mentum region (Ptot < 100 MeV/c) and a higher to-
tal momentum region (100 ≤ Ptot < 250 MeV/c). The

final signal selection efficiencies and expected number
of atmospheric neutrino background events are summa-
rized in Table IV. For the p → e+π0 (p → µ+π0)
mode, the livetime-weighted total signal selection effi-
ciency and expected number of background events in the
additional fiducial volume are 25.8% (25.2%) and 0.10
(0.19), respectively, while in the conventional fiducial
volume they are 39.8% (36.3%) and 0.49 (0.74). The
expected background rate for p → e+π0 without C8 is
1.83 /Mt·years and is consistent with previous estima-
tions by the K2K 1 kton water Cherenkov detector of
1.63+0.42

−0.33(stat)+0.45
−0.51(sys) /Mt·years [36]. A breakdown of

the remaining background events by interaction mode is
shown in Table V. There are no significant differences in
the dominant charged current single π production back-
grounds in the two fiducial volumes. Although the signal
selection efficiencies in the additional fiducial volume are
lower than in the conventional fiducial volume, the en-
larged fiducial volume leads to an increase in the search
sensitivity at the 90% C.L. of about 12%.

Figures 8 and 9 show the two-dimensional total mass
and total momentum distributions for the signal MC,
the atmospheric neutrino MC, and all data from SK-I to
-IV after all the selection cuts have been applied except
the cuts on the plotted variables. The lower Ptot signal
region contains mostly decays from free protons and is
nearly background-free in both fiducial volumes. One-
dimensional distributions of each variable are shown in
Figure 10 after all the selection cuts except the cut on
the plotted variable. As discussed in Sec. III, the total
mass and total momentum distributions in the additional
fiducial volume are wider than those in the conventional
due to the effects of lower numbers of hit PMTs and
particles escaping the ID.

VI. SEARCH RESULTS

Applying the search criteria above to a 450 kton·years
exposure of the data resulted in no signal candidates for
the p → e+π0 mode in either the conventional or ad-
ditional fiducial volume. A single candidate was found
in the p→ µ+π0 search’s upper Ptot part of the conven-
tional fiducial volume and is the same candidate found in
the previous search [12]. No additional candidates were
found in the additional fiducial volume. The number of
data candidates is not significantly higher than the ex-
pected number of atmospheric neutrino events in either
mode, for p → e+π0 0.59 events and for p → µ+π0 0.94
events in total. For the latter the Poisson probability to
observe 1 event or more with mean value of 0.94 is 60.9%.
The data are consistent with the atmospheric neutrino
MC prediction in and outside of the signal regions.

Systematic uncertainties for the selection efficiencies
and the expected number of background events are sum-
marized in Tables VI and VII. Uncertainties in the vertex
position, the number of identified Cherenkov rings, the
identified particle type, the number of tagged Michel elec-
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FIG. 7. The signal selection efficiencies (upper) and the expected number of atmospheric neutrino background events (lower,
histogram) and data candidates (lower, black dots) for p→ e+π0 (left) and p→ µ+π0 (right). Vertical error bars on the data
points denote the statistical uncertainty. In each plot, the left panel corresponds to the conventional fiducial volume and the
right panel to the additional fiducial volume. Atmospheric neutrino MC is normalized by livetime and includes reweighting to
the latest SK oscillation fit [28]. The combined data from SK-I to -IV is shown along with the combined signal and background
MC.

trons, the energy scale, and the number of tagged neu-
trons are considered as uncertainties in the reconstruc-
tion and are evaluated in each fiducial volume separately.
For the signal selection efficiency, the uncertainties asso-
ciated with the reconstruction in the additional fiducial
volume are relatively higher than those in the conven-
tional fiducial volume. As mentioned above, the recon-
struction uncertainty is dominated by uncertainty in the

energy scale. Due to the degraded momentum resolu-
tion and the effects of escaping particles, more signal MC
events in the additional fiducial volume are reconstructed
near the total mass and total momentum cut boundaries
than in the conventional one (see Figures 2 and 10). This
has the effect of making the selection efficiency in the ad-
ditional fiducial volume more sensitive to uncertainties in
the energy scale.
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FIG. 8. Reconstructed total mass shown against the total momentum distributions for p → e+π0 after all cuts except those
on these variables. The top plots correspond to the conventional and the bottom plots correspond to the additional fiducial
volume. The left panels show the signal MC (SK-I to -IV are combined), where lighter colors show free protons and dark colors
show bound protons. The middle panels show the 2000 year-equivalent atmospheric neutrino MC. The right panels show all
the combined data SK-I to -IV. The black box shows the signal region and for the middle panels the markers in the signal
region have been enlarged for visibility.

FIG. 9. Reconstructed total mass shown against the total momentum distributions for p → µ+π0 after all cuts except those
on these variables. The top plots correspond to the conventional and the bottom plots correspond to the additional fiducial
volume. The left panels show the signal MC (SK-I to -IV are combined), where lighter colors show free protons and dark colors
show bound protons. The middle panels show the 2000 year-equivalent atmospheric neutrino MC. The right panels show all
the combined data SK-I to -IV. The black box shows the signal region and for the middle and right panels the markers in the
signal region have been enlarged for visibility.
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TABLE IV. Summary of signal selection efficiencies, the expected number of background events and the number of data
candidates for 92.1 (19.3), 49.1 (10.3), 31.9 (6.7) and 199.5 (41.8) kton·years exposures from the conventional (additional)
fiducial volume of SK-I, -II, -III, and -IV. The “Enlarged” row shows results for the enlarged 27.2 kton fiducial volume. Here
“Lower” and “Upper” indicate Ptot < 100 MeV/c and 100 ≤ Ptot < 250 MeV/c, respectively. Errors in the signal selection
efficiency and the expected number of background events are the quadratic sum of MC statistical error and systematic errors.

Search Mode Signal Selection Efficiency (%) Background (events) Candidate (events)
Region I II III IV I II III IV I II III IV
p→ e+π0

Conventional
(Lower) 19.9±1.9 18.1±1.8 20.3±1.8 19.6±1.6 < 0.01 0.01±0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 21.0±3.5 20.2±3.2 21.1±3.5 19.8±3.3 0.13±0.05 0.11±0.04 0.05±0.02 0.20±0.09 0 0 0 0

Additional
(Lower) 9.6±1.5 8.8±1.4 9.9±1.7 11.0±1.5 0.01±0.01 < 0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 14.5±2.9 14.9±2.7 16.4±2.8 15.9±2.6 0.02±0.01 < 0.01 0.02±0.01 0.05±0.04 0 0 0 0

Enlarged
(Lower) 18.3±1.7 16.6±1.7 18.7±1.7 18.2±1.5 0.01±0.01 0.01±0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 20.0±3.3 19.4±3.0 20.3±3.3 19.2±3.1 0.15±0.06 0.11±0.04 0.07±0.03 0.25±0.11 0 0 0 0

p→ µ+π0

Conventional
(Lower) 17.0±1.6 16.2±1.5 17.5±1.6 19.9±1.9 0.03±0.02 < 0.01 0.01±0.01 < 0.01 0 0 0 0
(Upper) 16.7±3.1 16.5±2.8 16.8±3.0 18.9±3.7 0.19±0.06 0.10±0.04 0.06±0.02 0.34±0.12 0 0 0 1

Additional
(Lower) 11.1±1.5 8.8±1.2 11.0±1.4 12.7±1.2 < 0.01 < 0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 12.0±2.3 12.6±2.3 12.5±2.2 14.7±2.6 0.02±0.02 0.03±0.01 0.02±0.01 0.12±0.06 0 0 0 0

Enlarged
(Lower) 16.0±1.5 14.9±1.4 16.4±1.5 18.7±1.7 0.03±0.02 0.01±0.01 0.01±0.01 < 0.01 0 0 0 0
(Upper) 16.0±2.9 15.8±2.7 16.1±2.9 18.2±3.4 0.21±0.07 0.14±0.04 0.08±0.03 0.46±0.15 0 0 0 1
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FIG. 10. Reconstructed total mass and total momentum distributions for p → e+π0 (left) and p → µ+π0 (right) after all the
cuts except those on the plotted variables. The top panels show the conventional and the bottom panels show the additional
fiducial volume. The left panels show the reconstructed total mass and the right panels show the reconstructed total momentum
distributions. The signal MC histograms are stacked, showing free proton decay events (light color) and bound proton decay
events (dark color, hatched). The combined result from SK-I to -IV is shown normalized by the 90% C.L. upper limit on the
signal derived in this work. Atmospheric neutrino MC (red and green) is normalized by livetime and includes reweighting to
the latest SK oscillation fit [28]. Vertical error bars on the data points denote the statistical uncertainty. Bold lines and arrows
show the signal region.
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TABLE V. Breakdown of interaction modes for background
events remaining in the signal region for the p → e+π0 and
p→ µ+π0 searches in units of %. Here, CC and NC stand for
charged-current and neutral-current, respectively and QE, 1π
and DIS stand for quasi-elastic scattering, single π production
and deep inelastic scattering, respectively.

p→ e+π0

Region CCQE CC1π CCDIS NC1π NCDIS
Conventional 18 63 10 1 8
Additional 21 62 14 0 3
p→ µ+π0

Conventional 13 65 18 0 4
Additional 7 60 17 0 16

Concerning the modeling of physics processes, uncer-
tainties in the Fermi momentum, the π FSI, and cor-
related decays are considered. The same source uncer-
tainties are used in both fiducial volumes. Because of
the worse momentum resolution in the additional fidu-
cial volume, more free proton decay events are recon-
structed in the higher Ptot signal region and the fraction
of the bound proton decay events is lower than in the
conventional fiducial volume. Since all considered uncer-
tainties have impacts only on the bound proton decay
events, this smaller bound proton decay event fraction
leads smaller uncertainties in the additional fiducial vol-
ume and higher Ptot signal region for every physics model
item. Furthermore, it should be noted that the uncer-
tainty in the Fermi momentum distribution manifests as
changes in the total reconstructed momentum and can
be aggravated by the reconstruction performance in each
fiducial volume. This uncertainty is estimated based on
the initial 16O proton momentum distribution in mod-
els based on data (see Sec. IV) in comparison with the
NEUT’s Fermi gas model. The degraded momentum re-
construction performance in the additional fiducial vol-
ume smears the effect from this model change and results
in relatively small uncertainties in the higher Ptot signal
region.

Uncertainties affecting the expected number of atmo-
spheric neutrino background events are evaluated com-
bining the upper and lower Ptot signal regions because
there are only a few events remaining in the latter. The
uncertainties associated with the event reconstruction are
evaluated using the same methods as the signal selec-
tion efficiency. The systematic uncertainty associated
with the vertex position, which is sub-dominant in the
reconstruction items and estimated by artificially shift-
ing the vertex position, partially anticorrelates between
the conventional and additional fiducial volume, resulting
in the smallest uncertainty after combining the two fidu-
cial volumes. Physics model uncertainties include those
from the neutrino flux, the neutrino interaction (cross
section) model, the π FSI model, and π secondary in-
teractions (SI) in water. Other than the reconstruction
uncertainties discussed above, those from the neutrino in-
teraction model are dominant. As shown in Table V and

Figure 10 the background distributions and uncertainties
are similar in the two fiducial volumes. The systematic
uncertainty associated with the charged current single π
production is assigned as the change in the background
after varying the form factors, introduced in Sec. IV, by
their error size. In the additional (conventional) fidu-
cial volume this results in a 9.1% (11.8%) change in the
p → e+π0 background and a 9.1% (13.9%) change for
p → µ+π0. In the previous analysis this uncertainty
was 7.9% and 5.3% for the conventional fiducial volume
of the two modes, respectively. In addition to the above,
an uncertainty on the detector exposure is conservatively
estimated to be 1%.

VII. LIFETIME LIMIT

Since no significant event excess was observed in either
decay mode, lower limits on the partial lifetime of each
have been calculated using a Bayesian method [37]. In
this calculation numbers from the “Enlarged” rows in Ta-
bles IV, VI and VII have been used for the signal selection
efficiencies, the expected number of background events,
and their systematic uncertainties. Since the search per-
formance varies depending on the data taking period,
separate exposures from SK-I to -IV are taken into ac-
count. The expected number of background events is
also different between the two Ptot signal regions, and
therefore they are considered separately in the following
calculation. The probability density function used for the
proton decay rate (Γ) for the eight signal regions, SK-I
to -IV each with “Lower” and “Upper” total momentum
regions, is defined as follows:

Pi(Γ|ni) =
1

Ai

∫∫∫
e−(Γλiεi+bi)(Γλiεi + bi)

ni

ni!

×P (Γ)P (λi)P (εi)P (bi)dεidλidbi,

(3)

where i is the index of each signal region, Ai is a normal-
ization factor representing the total integral of Pi(Γ|ni),
ni is the number of observed candidates, λi is the ex-
posure, εi is the signal selection efficiency and bi is the
expected number of background events. The prior prob-
ability on the decay rate P (Γ) is assumed to be uniform
and P (λi) and P (εi) represent the prior probabilities for
the exposure and signal selection efficiency, respectively.
Both are assumed to be Gaussian,

P (λi) ∝

exp

(
−(λi−λ0i)

2

2σ2
λi

)
, (λi > 0)

0, (otherwise)
(4)

P (εi) ∝

{
exp

(
−(εi−ε0i)2

2σ2
εi

)
, (εi > 0)

0, (otherwise)
(5)

where λ0i (σλi) and ε0i (σεi) are the estimates (system-
atic uncertainties) of the exposure and signal selection
efficiency, respectively. For the expected number of back-
ground events the prior probability, P (bi), is defined as
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TABLE VI. Summary of systematic uncertainties [%] on the signal selection efficiency for each fiducial volume. The “Enlarged”
row shows the result for the combination of the two fiducial volumes. Here “Lower” and “Upper” show the Ptot < 100 MeV/c
and 100 ≤ Ptot < 250 MeV/c signal regions, respectively.

Region Correlated Decay Fermi momentum π FSI Reconstruction Total
p→ e+π0

Conventional
(Lower) 1.7 7.2 2.8 3.5 8.6
(Upper) 9.0 6.7 11.9 2.8 16.6

Additional
(Lower) 2.7 7.8 3.8 10.3 13.7
(Upper) 8.4 1.0 10.6 10.0 16.8

Enlarged
(Lower) 1.9 7.2 2.9 3.6 8.8
(Upper) 8.9 5.7 11.7 3.2 16.1

p→ µ+π0

Conventional
(Lower) 1.9 7.3 2.7 4.5 9.2
(Upper) 9.3 8.3 13.3 4.0 18.7

Additional
(Lower) 2.0 6.8 2.9 7.1 10.4
(Upper) 8.4 4.0 11.3 9.5 17.5

Enlarged
(Lower) 1.9 7.2 2.7 4.8 9.3
(Upper) 9.2 7.7 13.0 4.5 18.2

TABLE VII. Summary of systematic uncertainties [%] on the expected number of atmospheric neutrino background events
for each fiducial volume. They have been evaluated for the combined Ptot < 100 MeV/c and 100 ≤ Ptot < 250 MeV/c signal
regions. Here the “Enlarged” row shows the result for the combination of the two fiducial volumes.

Region Neutrino flux Neutrino interaction π FSI and SI Reconstruction Total
p→ e+π0

Conventional 7.3 21.2 12.8 21.3 33.5
Additional 7.2 17.3 13.9 25.2 34.3

Enlarged 7.3 19.8 12.7 20.5 32.0
p→ µ+π0

Conventional 7.2 19.0 9.3 16.5 27.8
Additional 7.3 16.8 11.3 21.4 30.3

Enlarged 7.3 18.3 8.0 15.6 26.3

the convolution of a Gaussian and Poisson distribution:

P (bi) ∝


∫∞

0
e−BB

nbi

nbi !
exp

(
−(Cibi−B)2

2σ2
bi

)
dB, (bi > 0)

0, (otherwise)

(6)
where nbi is the expected number of backgrounds in each
500 years atmospheric neutrino MC (before livetime nor-
malization), Ci is a constant factor to normalize MC to
the data livetime and σbi is the systematic uncertainty
on the number of background events. The standard de-
viation of each Gaussian is taken as the corresponding
systematic uncertainty described in Sec. VI. With these
definitions the proton decay rate limit at a given confi-
dence level (C.L.) is calculated as

C.L. =

∫ Γ=Γlimit

Γ=0

8∏
i=1

Pi(Γ|ni)dΓ. (7)

As a consequence, lower limits on the partial lifetime are
obtained as:

τlimit

B
=

1

Γlimit
, (8)

where B represents the branching ratio of a particular
decay mode. Using the above formulae the resulting lim-
its at 90% C.L. are τ/B(p → e+π0) > 2.4 × 1034 years
and τ/B(p → µ+π0) > 1.6 × 1034 years. The lifetime
limit for the p → e+π0 mode has improved by a factor
of 1.5 as is expected from the increased exposure. On
the other hand, for the p → µ+π0 mode the limit has
improved by a factor of two because one of the two can-
didates reported in the last paper [12] moved out of the
present analysis’s signal region after the updates in the
detector calibration described therein.

VIII. CONCLUSION

Improved event selection and reconstruction algo-
rithms have been introduced to enlarge the fiducial vol-
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ume of the Super-Kamiokande detector from 22.5 kton
to 27.2 kton. With the new selection, the non-neutrino
background contamination rate in the additional fiducial
volume is kept within 1%, tolerable level for SK analy-
ses. The improved search sensitivities for proton decay
via p → e+π0 and p → µ+π0 are led by the enlarged
fiducial volume with the improved event reconstruction
algorithm.

Using a combined exposure of 450 kton·years repre-
senting the full Super-Kamiokande data set from SK-I
to -IV and data in the additional fiducial volume, we
have performed searches for proton decay via p → e+π0

and p → µ+π0. No significant event excess above the
atmospheric neutrino backgrounds has been found for
either mode. Lower limits on the partial lifetime of
τ/B(p → e+π0) > 2.4 × 1034 years and τ/B(p →
µ+π0) > 1.6 × 1034 years are set at 90% confidence
level. These limits indicate a 1.5 times longer lifetime
limit for the p → e+π0 mode and two times longer for
the p → µ+π0 mode than the previous results [12], and
are the world’s most stringent constraints for these decay
modes.
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