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A search for proton decay into e*/u™ and a y meson has been performed using data from a 0.373 Mton -
year exposure (6050.3 live days) of Super-Kamiokande. Compared to previous searches this work
introduces an improved model of the intranuclear # interaction cross section, resulting in a factor of 2
reduction in uncertainties from this source and ~10% increase in signal efficiency. No significant data
excess was found above the expected number of atmospheric neutrino background events resulting in no

indication of proton decay into either mode. Lower limits on the proton partial lifetime of 1.4 x 103 years
for p — e*nand 7.3 x 1033 years for p — u*n at the 90% CL were set. These limits are around 1.5 times
longer than our previous study and are the most stringent to date.

DOI: 10.1103/PhysRevD.110.112011

I. INTRODUCTION

While the Standard Model of particle physics success-
fully explains most experimental data with exceptional
precision, it is not a complete description of nature. Notably
it does not offer sufficient explanations for the observed
quantization of electric charge nor for the convergence of
the electromagnetic, weak, and strong interaction couplings
at high energy scales. To address those questions, grand
unified theories (GUTs) extend the Standard Model by
incorporating its SU(3), x SU(2), x U(1), gauge sym-
metry into larger symmetry groups, such as SU(5) [1] or
SO(10) [2]. Most GUTs permit new interactions where
leptons and quarks transform into each other and thereby
induce baryon-number-violating proton decays with con-
siderably long lifetimes. Though the gauge couplings in
GUTs are estimated to unify near ~10'® GeV, an energy
too high to be reached by accelerators, the observation of
proton decay would be an experimental indication of such
high energy theories.

While the predicted lifetime and products of proton
decay depend on the GUT model, many are expected to be
observable with the Super-Kamiokande (SK) experiment.
The p— T2 (I=e",u") and p — DK* modes, for
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example, are favored decays in many nonsupersymmetric
and TeV-scale supersymmetric GUTs [3,4], both of which
have been tested at SK. No significant signal has been
observed in either [5,6] and the world’s most stringent
limits, corresponding to lifetimes of the order of 103 years,
have been set. The p — [*2° modes are readily probed at
SK due to its large size and highly efficient detection of the
decay products; two y-rays from the z° decay and a single
I, which is predicted to be above Cherenkov threshold,
can be observed clearly. However, some models [7-10]
suggest that the decay rates of channels with heavy non-
strange mesons (7, p, @) are comparable in magnitude to
those with pions. In particular, the p — [*7 decay generates
a similar signal to that from p — [*z°, where the 7 meson
mainly decays into two y-rays, resulting in a relatively
high detection efficiency. It is essential to search for
such possibilities as well, since it is not known which
proton decay mode is dominant and since the observation
of multiple modes can be used to determine the GUT
gauge group.

Our most recent search for the p — [Tn decay used
0.316 Mton - years of SK data [11] and concluded with
no positive observations, setting lower limits on the partial
lifetime of 7/B(p — e¢*n) > 1.0 x 103 years and 7/B(p —
un) > 4.7 x 10°* years at 90% confidence level (CL). This
paper describes improved searches for these two modes using
a total exposure of 0.373 Mton - years, corresponding to an
~18% increase in exposure from the fourth data taking phase
of SK from October 2008 to May 2018 (SK-IV).
The present work additionally includes an improved esti-
mation of the intranuclear # interaction cross sections and
their accompanying uncertainties.

II. SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a large water Cherenkov detector
located 1,000 m beneath Mt. Ikenoyama (2700 mwe) in
the Kamioka-mine in Hida-city, Gifu Prefecture, Japan.
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The detector is a cylindrical stainless-steel tank with a
39.3 m diameter and a 41.4 m height that is filled with
50 ktons of ultrapure water. It is separated into two sections:
the inner detector (ID) and the outer detector (OD). The ID
forms the main target mass and has a diameter of 33.8 m
and a height of 36.2 m. It is viewed by more than 11,000
20-inch photomultiplier tubes (PMTs), which face inwards.
On the other hand, the primary functions of the OD are to
veto cosmic ray muons and to serve as a shield against
radiation coming from the rock around the detector. The
OD is a 2 m-thick cylindrical annulus viewed by 1,885
outward-facing 8-inch PMTs. The detector is described in
more detail in [12,13].

Up until 2018, the SK data are divided into four periods:
SK-I, II, III, and IV. The SK-I period started on April 1,
1996 and ran with a photocathode coverage of 40% until
July 2001. Due to a chain reaction implosion in November
2001 the SK-II period was operated with 5,182 ID PMTs,
corresponding to 19% photocathode coverage, from
October 2002 to October 2005. After replenishing the
missing PMTs, data taking started again at the nominal
40% coverage from June 2006 to September 2008 (SK-III).
In September 2008, new front-end electronics [14] were
installed to start the SK-IV period, which ended in May
2018. This upgrade allows events to be recorded with no
dead time, thereby enabling the detection of y-rays from
neutron capture on a hydrogen nucleus. In this study, all
available data from SK-I to SK-IV are utilized. A total
0.373 Mton - year exposure from 91.5, 49.1, 31.8, and
199.4 kton - years of the SK-I, II, IIl, and IV periods,
respectively, is used.

III. SIMULATION

A. Proton decay MC

Dedicated proton decay Monte Carlo (MC) samples for
p — ™ modes are generated for the estimation of signal
detection efficiencies. Inside SK, proton decay events are
assumed to occur both in hydrogen nuclei as free protons
and in oxygen nuclei as bound protons in a ratio of 1:4 in
the H,O molecule. Protons are considered to decay with
the same probability regardless of their initial states. The
p — Ity proton decay events are treated as two body
decays. While hydrogen nuclei (free protons) are stationary
and do not interact with other nucleons, bound protons in
oxygen nuclei are subject to the effects of Fermi motion,
nuclear binding energy, and correlated momentum effects
with surrounding nucleons. Furthermore, # mesons emitted
by proton decays can interact with nucleons, being
absorbed or scattered, prior to exiting the nucleus. The
decaying proton’s position in the nucleus is given by the
Woods-Saxon nuclear density model [15].

The Fermi motion and nuclear binding energy in '°O are
simulated based on electron scattering experiments on '>C
[16]. The '®0 nuclear binding energies are 39.0 MeV for

the s-state and 15.5 MeV for the p-state protons. In the
simulation, an effective mass of the proton is introduced by
subtracting the binding energy from the proton rest mass.
Decaying protons can be affected by the other nucleons in
the same '%0 nucleus due to wave function overlap
(correlated decay). This effect is predicted to occur in
~10% of protons [17], resulting in an effective three-body
decay with a recoiling nucleon, which carries away
momentum and produces a tail in the lower mass region
of the proton mass distribution. Finally, the # mesons
generated by bound protons in the '%0 nucleus can interact
with nucleons while escaping from the nucleus (1 nuclear
effect, presented in detail in Sec. III B). Each of these
effects alter final kinematics of the decay particles relative
to those from free proton decays.

B. 7 nuclear effect

1 mesons emitted from %0 proton decays can interact
with nucleons while traveling through the nucleus and form
several baryon resonance states in the process. Of these, the
S11(1535) resonance state has been studied exclusively due
to the property that it exists slightly above the n— N
production threshold, thereby providing a large branching
ratio for S;;(1535) - N +n [18,19]. Therefore, in this
study the # nuclear effect is evaluated through S;,(1535)
resonance state.

Since this nuclear effect plays a crucial role in proton
decay searches, due to its impact on the number of observable
7 mesons, it is important to derive a reliable estimation of the
cross section for this reaction. In our previous study [20], the
cross section of the 7 nuclear effect, o,,,., was calculated with
the Breit-Wigner formula [21]. Experimental # meson
photoproduction data [19] was then used to assess its
uncertainty: the measured differential cross section for the
11 photoproduction reaction de, e/ dp [19] was compared
with the simulated value from the NEUT, a neutrino—nucleus
interaction generator [22,23], which includes the calculated 7
nuclear effect cross section.

This study, on the other hand, additionally makes use of 5
absorption cross section measurement, o,,, which was
independently deduced from total # photoproduction data
on various targets [19]. Here o,,. and its uncertainty are
estimated by adopting the least y> method to fit functional
forms to the measured dopno,/dp and o, from [19]. We
assume that o, ~ 6,,., With the difference between them
coming from the inclusion of elastic scattering and multistep
interaction effects. Both are expected to be minor, inducing
only to a few percent difference as discussed in [19].

We adopt an exponential parametrization for o,,. given
by 6 = ae~?P1, where a and b (> 0) are to be determined
by the fit. Here p,, is the momentum of the 7 meson in the
laboratory frame. This form is then propagated through
NEUT (version 5.4.0) to calculate do,pn0/dp as a function
of a and b. These parameters are varied during a
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FIG. 1. Measured 5 absorption cross section, oy, and fitted
nuclear effect cross section, o,,,.. Experimental data for o, from
the Mainz experiment [19] are shown as the black circles with
statistical errors only. The black solid line shows the fitted o, at
the best fit parameters (a[mb], b[c/MeV]) = (46,0.0023), while
the red, green, and blue lines stand for that with representative
parameters allowed at +1o, (a[mb], b[c/MeV]) = (31,0.0010),
(41,0.0016), and (60, 0.0032), respectively. The dashed line shows
o from the previous analysis [11], which was calculated
according to the Breit-Wigner formula.

simultaneous fit to both the # absorbtion (Fig. 1) and
photoproduction cross section data (Fig. 2) to determine the
most compatible cross section form.

Figure 1 shows the measured o, (o) as well as
our estimations at the best fit (a[mb],b[c/MeV]) =
(46,0.0023) and for parameters allowed at 1o. Similarly,
Fig. 2 shows the result for the do,phe0/dp cross section.
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FIG. 2. Measured and simulated differential # photoproduction
cross sections do, o,/ dp. Data from the Mainz experiment [19]
are shown as the black circles with statistical errors only. The
black solid line shows the do,pn.0/dp calculated using the best fit
parameters (a[mb], b[c/MeV]) = (46, 0.0023) for o, while the
red, green, and blue lines stand for that with representative
parameters allowed at 1o, (a[mb], b[c/MeV]) = (31,0.0010),
(41,0.0016), and (60, 0.0032), respectively. The dashed line
shows o, from the previous analysis [11].

The additional 6% systematic errors on the measured data
points are not shown in the figures. Compared to our
previous parametrization, shown as the dotted line in both
figures, generally, the data are better described by the new
parametrization. This improved o, estimation reduces the
systematic error by up to 65% compared to the previous
analysis as is described in Sec. VI A.

C. Atmospheric v MC

Backgrounds in the analysis are estimated using simu-
lated atmospheric neutrino events corresponding to a
500-year exposure of the detector for each SK period.
The atmospheric neutrino flux used in the simulation is
taken from the Honda calculation [24,25], and interactions
are generated using the cross section models in NEUT [22],
with updates described in [26]. Events with neutral pions,
which are the dominant background in the present analysis,
are subject to interactions with nucleons in the '%0 nucleus
in a manner similar to the # nuclear effect. Pions can be
scattered, absorbed, or charge exchanged (z nuclear effect).
The cross sections for each of the processes are calculated
by the NEUT cascade model [22,27] with data from
various 7 —(p,n) and 7= — N scattering experiments [28].
Uncertainties on these processes are important error
sources in the present measurement. Meson production
from atmospheric neutrino interactions in water, including
# and #, are simulated in NEUT by the Rein-Sehgal
model [29]. More detailed information on the neutrino
interaction and detector model are presented in [26].

IV. DATA REDUCTION AND EVENT
RECONSTRUCTION

In this study data from a total exposure of 0.373 Mton -
years and corresponding to 6050.3 live days is analyzed.
This analysis uses only fully contained (FC) events, whose
reconstructed vertices and all visible particles are contained
within the ID fiducial volume. The fiducial volume is
defined as the region 2 m away from the top, bottom, and
barrel walls of the ID and corresponds to a 22.5 kton mass.
These FC events are extracted during multiple reduction
steps by algorithms identical to those applied in atmos-
pheric neutrino studies and other nucleon decay searches
[5,11,26]. After reduction, events are required to have
vertices within the fiducial volume, with visible energies
greater than 30 MeV, and with no cluster of OD PMTs with
more than 16 hits.

Reconstruction processes are applied to all FC events to
determine the event kinematic parameters, such as the
number of Cherenkov rings, their momenta, and their
particle type. The APfit reconstruction [30,31] is used in
this analysis, as in the other atmospheric neutrino analyses
and nucleon decay searches, and is applied to both data and
MC events. The reconstruction starts by determining the
vertex location using the point in the ID that maximizes the
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peak of the residual timing distribution assuming all light
arriving at the PMTs originated from that point. Next, the
direction and the edge of the most energetic Cherenkov ring
are estimated from the angular distribution of the observed
charge as a function of the opening angle. A ring pattern
recognition algorithm based on the Hough transformation
[32] is then used to search for additional Cherenkov rings.
Each ring is classified as either a showering particle (e, y)
or a nonshowering particle (4™, z%) according to its hit
pattern and opening angle. While the former creates a
blurred ring pattern due to the induced electromagnetic
shower and multiple scattering of particles therein, the latter
shows a sharper ring edge. The momentum of each ring is
evaluated using the observed charge inside the 70° half-
angle cone around the ring direction after accounting for
light attenuation in water and the angular acceptance of the
PMTs. Michel electrons are tagged by searching for hit
clusters after the primary Cherenkov ring event.

When neutrons thermalize in the detector water and
capture on a hydrogen nucleus, a 2.2 MeV y-ray is emitted.
Such y-rays can be tagged in the SK-IV period (and later)
with a dedicated algorithm described in [33]. The neutron
tagging efficiency is estimated to be 25.2% with a false-
positive rate of 1.8% based on atmospheric neutrino MC
and AmBe calibration data. Since proton decay is expected
to produce neutrons with a probability of less than 10%
[34,35], neutron tagging enables the removal of many
atmospheric neutrino backgrounds and hence improves the
sensitivity of this search.

In the event selection used below, the reconstructed total
momentum, Py, the invariant mass, M, and the total
energy E,, are defined as follows:

Npar

Zpi
i=1

npar

E = Z \/ m; +pi, (2)
i=1

My = \Y; Etzot - Ptzot' (3)

Here m; is the mass of the ith particle of proton decay
product, p; is the momentum of ith particle (ring), and np,
is the number reconstructed particles.

The reconstructed invariant mass of the n meson, m,, is
similarly calculated by summing all the momenta and
energies of the reconstructed particles identified as the
products of the 5 decay. This identification is made by
taking all the possible combinations of observed showering
Cherenkov rings and selecting the combination whose
invariant mass reconstructs closest to the rest mass of
7 meson.

P =

: (1)

V. EVENT SELECTION

The 1 meson has three dominant decay modes with a
lifetime of 5 x 107" s: # — 2y (branching ratio of 39%),
n — 32° (branching ratio of 33%), and 5 — ztz~ 2"
(branching ratio of 23%). The former two modes are
analyzed in this study, whereas the last one is excluded
due to its smaller branching ratio and poor detection
efficiency in SK [20].

A. n — 2y search

The event selection criteria for the search for p —
etn,n — 2y and p — u'n,n — 2y are defined as follows:
(A1) There are three Cherenkov rings.

(A2) All rings are showering for p — e*# and one of the
rings is nonshowering for p — u™n.

(A3) The reconstructed 1 mass satisfies 430 < M, <
620 MeV/c?.

(A4) There is no tagged Michel electron for p — et and
one for p — u™n.

(AS) The total momentum is P, < 250 MeV/c and the
invariant mass satisfies 800 < M, < 1050 MeV/c?.

(A6) The total momentum P, is greater than or (A7) less
than 100 MeV/c.

(A8) There is no tagged neutron in the upper nor (A9)
lower total momentum region for the SK-IV data.

Two signal boxes are defined by selections on the total
momentum (A6 and A7): a lower signal box with P <
100 MeV/c and an upper signal box with 100 < P, <
250 MeV/c cuts. This separation is applied since the
expected background rate in the p,,, < 100 MeV/¢ region
is negligibly small (« 0.1 events in each SK period) and
signal events in this region are primarily from the decay of
free protons. Signal selection efficiencies and the expected
number of atmospheric neutrino background events at each
stage of the selection are shown in Fig. 3 and are summarized
in Table L.

Efficiencies are evaluated using the number of proton
decay MC events passing the selection criteria. Background
events are estimated by applying the criteria to 500-year-
equivalent atmospheric neutrino MC samples for each SK
period (2000 years in total) and then normalizing by live
time observed in data and reweighted based on the SK
oscillation fit [26]. In this analysis, signal selection effi-
ciencies have increased by ~10% compared to the previous
analysis [11] due to the reestimation of # nuclear effect as
described in Sec. III B. The downward adjustment in o,
around p, = 200-300 MeV/c as shown in Fig. 1 results in
an increase in the number of proton decay signal events
whose 7 mesons have not been scattered nor absorbed,
making them easier to detect.

The reconstructed momenta and mass cuts are especially
significant in distinguishing proton decay signals from
backgrounds as atmospheric neutrino events seldom pro-
duce isotropic event topologies; most neutrino-induced
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FIG. 3. The signal efficiencies (upper) and the number of expected backgrounds (lower, red histogram) and data candidates (lower,

black circles) for p — etn(n — 2y), p = utn(n - 2y), p > e*

n(n — 32°), p — un(n = 32°) searches from left to right. All the

results from SK-I to SK-IV are combined. The event selection criteria are defined in Sec. V. The numbers of events of backgrounds and
data candidates agree within 15% from cuts A1-A4 and B1-B4, which are well covered by systematic model variations.

particles are emitted in the direction of the neutrino
momentum. Selection (AS5) reduces the number of expected
background events to < 0.01 integrated over all SK periods
for both the p — ety and p — u™n searches in the lower
signal box analysis (A9), while keeping the signal effi-
ciency high.

Figure 4 shows the distribution of events passing the
selection in the total mass and total momentum plane, but
excluding cuts on those variables. One-dimensional dis-
tributions of these parameters are shown in Figs. 5 and 6 for

TABLE 1.
91.5, 49.1, 31.8, and 199.9 kton - years exposures of the SK-I,
background events are statistical uncertainties from 500 years of at

the signal MC, the 2000-year atmospheric neutrino MC,
and the integrated data from SK-I to SK-IV. All selection
criteria except for those on the plotted variables are applied.
Most of the free proton decay events populate the lower
signal boxes (P, < 100 MeV/c).

B. n — 3n° search

The event selection criteria for the search for p —
etn,n — 37%and p — utn, n — 32° are defined as follows:

Summary of the signal efficiencies, the number of expected background events, and the number of candidate events from

SK-II, SK-III, and SK-IV periods, respectively. The errors on the
mospheric neutrino MC for each SK period. The “upper” and “lower”

in the n — 2y searches stand for 100 < p,,; < 250 MeV/c and p,, < 100 MeV/c, respectively.

Efficiency [%] Background [events] Candidate [events]

SK period I I m 1Iv I 1I 1II v I I I v
p—en

2y, upper) 139 119 129 122 0.08£0.03 0.05 +0.01 0.03 +0.01 0.05 +0.03 0 0 0 0
2y, lower) 82 7.8 85 8.0 0.000=+0.006 0.004+0.004 0.0034+0.003 0.0004+0.010 0 0 0 0
(32%) 84 84 7.7 84 0.06+0.02 0.06 + 0.02 0.03 +0.01 0.05 +0.03 0 0 0 0
p—=utn

2y, upper) 83 69 89 99 0.05+£0.02 0.04 +0.01 0.003 +0.003 0.03 +0.02 0 0 0 0
2y, lower) 63 5.6 63 7.1 0.008 +£0.008 0.004+0.004 0.0004+0.003 0.000+0.010 0 0 0 0
(37%) 79 62 7.8 9.6 0.38+0.05 0.17 £ 0.03 0.12 +0.02 0.17 £0.05 0 1 0 1
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FIG. 4. Reconstructed total invariant mass and momentum of proton decay MC (upper), atmospheric neutrino MC (middle), and data
(lower) for p — etn(n = 2y), p > un(n = 2y), p — e n(n - 372°), p —» un (n = 32°) searches from left to right. The blue and
cyan circles in the upper figures stand for bound and free proton decay events, respectively. The red circles in the middle and the black
circles in the lower each correspond to the 500 years of atmospheric neutrino MC and the data from SK-I to SK-IV combined. The green
solid and dashed lines indicate the selection criteria (A5—7) and (B5) in Sec. V. All the event selections except (A5—A7) and (BS) are

applied.

(B1) There are four or five Cherenkov rings.

(B2) All rings are showering for p — e*5 and one of the
rings is nonshowering for p — u*n.

(B3) The reconstructed n mass satisfies 400 < M, <
700 MeV/c?.

(B4) There is no tagged Michel electron for p — ™5 and
one for p — u™n.

(B5) The total momentum is P,,; < 150 MeV/c for p —
etn and P, <250 MeV/c for p — u'n. The
invariant mass satisfies 800 < M, < 1050 MeV/c?.

(B6) There is no tagged neutron for the SK-IV data.

The signal selection efficiencies and the expected num-
ber of atmospheric neutrino background events at each step
of the selection are shown in Fig. 3. In this decay mode the
three neutral pions decay into six y-rays and generate six
Cherenkov rings. However, as the ring counting algorithm

is only able to identify up to five rings, the condition on the
number of rings is set to be four or five (B1). This results in
a reduced ability to reconstruct the # mass, and therefore,
the event selection window of 7 mass (B3) is set to be larger
than in the # — 2y search. The two-dimensional total mass
and total momentum distributions and the one-dimensional
distributions of the total mass and total momentum are
shown in Figs. 4, 5, and 6, respectively. Unlike the n — 2y
search, a two-box separation in total momentum is not
implemented here as a substantial fraction of events derived
from free proton decays are reconstructed with total
momenta greater than 100 MeV/c as shown in the upper
figures in Fig. 6. A tighter cut on the total momentum of
P < 150 MeV/c at (B5) is applied for p — e*5 mode to
reduce backgrounds. The breakdown of the remaining
background events by neutrino interaction mode is listed
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FIG. 5. Reconstructed total invariant mass of proton decay MC (upper), atmospheric neutrino MC and data (lower) for
poenin—=2), p—>unn—2y), p—en(n—32°), p— un(y— 32°) searches from left to right. The blue and cyan
histograms in the upper figures stand for bound and free proton decay events, respectively. The red lines and the black circles in the
lower each correspond to the 500 years of atmospheric neutrino MC and the data from SK-I to SK-IV combined. The green solid and
dashed lines indicate the selection criteria (A5—7) and (B5) in Sec. V. All the event selections except (A5S—A7) and (BS5) are applied.
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FIG. 6. Reconstructed total momentum of proton decay MC (upper), atmospheric neutrino MC and data (lower) for
p=enn—=2), p=>utn(n—=2y), p—etn(n—32°), p— utn(n — 37°) searches from left to right. The blue and cyan
histograms in the upper figures stand for bound and free proton decay events, respectively. The red lines and the black circles in the
lower each correspond to the 500 years of atmospheric neutrino MC and the data from SK-I to SK-IV combined. The green solid and
dashed lines indicate the selection criteria (A5—7) and (B5) in Sec. V. All the event selections except (A5S—A7) and (BS5) are applied.
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TABLE II. Breakdown (percentage contribution) of the neu-
trino interaction modes of the background events in the final
signal boxes from SK-I to SK-IV in total. Here, CC and NC
represent charged-current and neutral-current, respectively. QE,
Iz, and multi z stand for quasielastic scattering, single =z
production, and multiple z production, respectively.

Interaction p—etny p—=uty
CCQE 6 1
CClx 19 14
CC multi — 7 25 36
CC & NC 1Ig 6 11
CC others 7 8
NC 37 20

in Table II. Atmospheric neutrino events with neutral pions
generating multiple showering rings dominate the back-
ground in both modes.

VI. SEARCH RESULTS

The search for proton decay was performed using
0.37 Mton years of SK data by applying the selection
criteria described in Sec. V. No signal candidate was found

TABLE III.

for the p — en mode, whereas two events remain in the
final signal region of the # — 37° decay search in the p —
un mode. Both of the candidates are near the selection
thresholds of the total mass and momentum cuts and are
identical to those found in the previous analysis [11]. No
significant data excess was found above the expected
number of atmospheric neutrino background events in
either mode. The total estimated background is 0.42 and
0.93 events for the p — ety and p — p'n modes, respec-
tively. The Poisson probability to observe zero (two) or
more events assuming mean values of 0.42 (0.93) is 65.7%
(23.9%). As shown in Figs. 3, 5, and 6, the data and
background MC are consistent both in the event rates along
the event selection cuts and in the distributions of the
relevant selection parameters.

A. Systematic uncertainty

Systematic errors on the signal efficiencies and on the
number of expected background events are summarized in
Tables III and I'V. Uncertainties from the physics modeling
and event reconstruction performance are considered for
both the proton decay signal and the atmospheric neutrino
background MC. These systematic errors are estimated
using the same methods as in the previous paper [11] except

Summary of the systematic uncertainties on signal efficiencies for each factor (in units of percent).

The errors are averaged over SK-I to SK-IV periods by live time. The upper and lower in the  — 2y searches stand
for 100 < pioy < 250 MeV/c and py, < 100 MeV/c regions, respectively.

Modes n nuclear effect ~ N-N correlated decay =~ Fermi momentum  Event reconstruction  Total
p—en

(2y, upper) 9.1 9.6 6.0 4.6 14.7
(2y, lower) 7.0 3.1 13.2 4.3 15.5
(37%) 6.6 5.1 15.5 3.7 17.9
p—un

(2y, upper) 8.4 9.8 7.5 3.6 15.6
(2y, lower) 8.2 3.0 13.9 32 16.8
(37%) 9.4 6.8 29 6.1 13.8

TABLE IV. Summary of the systematic uncertainties on the number of background events for each factor (in units
of percent). The errors are averaged over SK-I to SK-IV periods by live time. The upper and lower in the  — 2y
searches stand for 100 < p,; < 250 MeV/c and p,,, < 100 MeV/c regions, respectively.

Modes Neutrino flux Neutrino cross section 7 interaction # nuclear effect Event reconstruction Total
p—etny

(2y, upper) 8.5 15.6 8.9 3.0 24.1 31.6
(2y, lower)

(3% 8.8 14.9 13.2 1.0 18.8 28.9
p—uty

(2y, upper) 9.3 20.6 14.9 3.0 29.1 39.9
(2y, lower)

(32%) 8.8 10.4 15.7 1.0 10.2 23.0
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for those coming from 5 and z nuclear effects, as well as
those from z secondary interactions in water for the
background.

The systematic uncertainty arising from the #n nuclear
effect was the dominant error source for signal efficiency in
the previous analysis [11]. In this study the uncertainty is
estimated by varying the fitting parameters used to model
0ue Within their +1¢ errors (see Sec. III B) and propagat-
ing the altered cross section through the full analysis. The
variation in the final signal efficiency relative to that from
the nominal MC is adopted as the uncertainty. This new
method provides a more reliable evaluation of systematic
uncertainty from 7 nuclear interactions leading to a reduc-
tion in the associated error compared to the previous
analysis, where the uncertainty in o,,. was evaluated by
scaling the Breit-Wigner function to cover all the measured
data points in [19]. For the upper momentum box of the
n — 2y search, where the majority of the signal candidates
derive from bound protons, this is a factor of 3 reduction.
The error on the number of background events is taken as
the variation in the event rate between MC generated with
and without the updated nuclear effect cross section.

In the previous study, the 7 nuclear effect and secondary
interaction uncertainties were considered to be independent
and estimated separately. However, since these two uncer-
tainties have common error sources, they are now evaluated
as a single error in this study. The current approach is
identical to that adopted in the latest p — e*z° search at
SK [5]. This improvement results in a reduction of the
systematic error by at most ~30% compared to the previous
p — [Ty analysis.

There are seven sources of uncertainty stemming from
the event reconstruction: uncertainty in the vertex position,
the number of Cherenkov rings, the particle identification
(ring pattern), the number of Michel electrons, the energy
scale, and the number of tagged neutrons for the SK-IV
period. The same error estimation methods are applied for
both the signal selection efficiencies and the number of
expected background events. Due to limited MC statistics,
the upper and lower signal boxes for the atmospheric
neutrino background are combined when estimating the
uncertainty. The resulting background error is then applied
to both signal boxes.

B. Lifetime limits

No significant event excess was observed in either decay
mode and lower limits on the proton’s partial lifetime are
calculated using a Bayesian method [36,37]. Lifetime limits
are calculated by combining the 12 independent measure-
ments for each p — [T mode: two (upper and lower) box
analyses for # — 2y and single signal box analysis for
n — 37° taken over four different SK periods each.

The probability density function for each proton decay
rate, I', is defined as

—(TA€e;+Db;)
P(Cl) = /// me + b))

2)P(e;)P (b )de;di:db;, (4

where i is the index of each measurement, n; is the number
of data candidates, 4, is the detector exposure, € is the signal
selection efficiency, and b; is the expected number of
background events. The prior probability distribution on
the decay rate P(I") is 1 for I > 0 and otherwise 0. P(4;),
P(e;), and P(b;) stand for the prior probabilities for the
detector exposure, signal efficiency, and number of back-
ground events, respectively, which are assumed to be
Gaussian distributions:

Here Ay; (0;,) and €, (6,,) are nuisance parameters for
the exposure and signal efficiency (their uncertainties). The
uncertainties on the detector exposures are assumed to be
less than 1%. As the number of background events b; is low
enough, a convolution of Poisson and Gaussian distribution
is adopted for the probability of the number of background
to take into account the MC statistical error. Therefore,
P(b) is expressed as

i

fo nb,- X exp (
0. (b; £0).
(7)

Mdg b.>0
P(b;) 20, ) (b:>0)

Here n,, is the expected number of background events in
500 years of atmospheric neutrino MC, B is the number of
true background events in 500 years of atmospheric
neutrino MC, C; is the normalization constant for MC live
time to the data live time, and o, is the systematic error of
the number of background events. With these definitions,
the lower limit on the proton decay rate for the full search,
[imit» at a given CL is

Dlimit 12
CL:/ Pirni dF, 8
| 11:[1 (T'|n;) (8)

with the lower lifetime limit defined as
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TABLE V. Summary of proton decay search of p — [*7.

Modes Background [events] Candidate [events] Probability [%] Lifetime limit at 90% CL
p—en 0.4240.13 0 65.7 1.4 x 10** years
p—uty 0.93 £0.25 2 23.9 7.3 x 103 years
/B = 1 9) from funding by the Japanese Ministry of Education,
- Dimic Culture, Sports, Science and Technology; the U.S.

The lifetime limits at 90% CL are t/B(p — e'n) >
1.4 x 10%* years and 7/B(p — u*n) > 7.3 x 103 years.
Both limits have increased by a factor of 1.5 relative to
the previous analysis. This increase is attributed to both the
newly analyzed SK-IV data (55.7 kton - years) which
corresponds to an ~18% increase in the total exposure
and to the revised # nuclear effect, which has improved the
signal efficiency and reduced associated systematic errors.
The results of these searches are summarized in Table V.

VII. CONCLUSION

Searches for proton decay into a charged antilepton
and an 7 meson were performed with an updated nuclear
effect estimation and with an additional 55.7 kton - years of
SK-IV data since the last analysis [11]. The updated nuclear
effect led to improvements both in signal efficiency
(~10%) and a reduction in this previously dominantly
systematic uncertainty (a factor of 3). Using a combined
exposure of 0.37 Mton - years, the number of candidate
events was consistent with the atmospheric neutrino back-
ground prediction and no indication of proton decay
was observed for either mode. Lower limits on the partial
proton lifetime of 1.4 x 1034 years for p — ety and
7.3 x 10*3 years for p — u*n are set at 90% CL. These
limits are around 1.5 times longer than our previous study
and are the most stringent to date.
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