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We have searched for proton decay via p — e™7° using data from a 25.5 kton-year exposure of
the Super-Kamiokande detector. We find no candidate events with an expected background induced
by atmospheric neutrinos of 0.1 events. From these data, we set a lower limit on the partial lifetime
of the proton 7/B,,_, .+ 0 to be 1.6 x 10% years at a 90% confidence level.
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In the Standard Model, which is the modern paradigm
of elementary particle physics, protons are assumed to
be stable [1]. In Grand Unified Theories (GUTs), how-
ever, the decay of the proton is one of the most dra-
matic predictions of various models [2-5]. In the past
two decades, several large mass underground detector
experiments have looked for proton decay but no clear
evidence has been reported [6-10]. In general, GUTs
predict many modes of proton decay. In many models,
the p = e*7® mode is dominant and there are several
GUTs which predict a decay rate within the observable
range of Super-Kamiokande (see, for example [11-13]).
This decay mode has a characteristic event signature, in
which the electromagnetic shower caused by the positron
is balanced against the two showers caused by the gamma
rays from the decay of the 7¥. This signature enables
us to discriminate the signal events clearly from atmo-
spheric neutrino background. In this letter, we report
the results of our search for proton decay via p — et n®
in 414 live-days of data corresponding to an exposure
of 25.5 kton-year (8.52 x 1033 proton-years) in Super—
Kamiokande.

Super-Kamiokande is a large water Cherenkov detec-
tor located in a mine 2700 meters-water-equivalent below
the peak of Mt. Ikenoyama in Kamioka, Japan. The
detector holds 50 ktons of ultra-pure water contained
in a cylindrical stainless steel tank and separated into
two regions: a primary inner volume viewed by 11146
50 cm photomultiplier tubes (PMTs) and a veto region,
surrounding the inner detector, viewed by 1885 20 cm
PMTs. More details can be found in Ref. [14].

The data sample we use for this analysis consists of
events which are fully contained within the inner detector
and is identical to that used for the atmospheric neutrino
analysis [14]. The essential criteria of this selection are as
follows: (1) no significant outer detector activity, (2) the
total number of photoelectrons (p.e.’s) in the inner de-
tector is greater than 200, (3) the ratio of the maximum
number of p.e.’s in a single PMT to the total number of
p.e.’s in the event is less than 0.5, (4) the time interval
from the preceding event is greater than 100 usec.

Essentially 100% of the cosmic ray muons are elimi-
nated by criterion (1). Criterion (2) corresponds to a
lower momentum cut of 22 MeV/c for electrons and 190
MeV/c for muons. Criterion (3) removes spurious elec-
trical noise events. Criterion (4) removes electrons from
the decay of stopping cosmic ray muons as well as the
noise events caused by unwanted PMT signals following
highly energetic events (“after pulsing”). By applying
these criteria, the number of events is reduced from about
400 million to about 12,000. In addition all events which
follow a previous event within 30 usec are tagged as an
electron from the decay of a muon.

After criteria (1)—(4) are applied, further reduction is
done by scanners using an interactive graphic event dis-
play to eliminate most of the few remaining cosmic ray

muons or electronic noise events. About 6,000 events are
classified as fully contained events. In this analysis, only
events with a fitted vertex inside of the fiducial volume
are used. This fiducial volume is defined as all points
which are more than 2 m from the inner detector wall,
giving a 22.5 kiloton fiducial mass. This volume cut re-
moves any remaining entering cosmic ray muon events
and assures that the performance of the reconstruction
algorithms is uniform throughout the fiducial volume.
We observe 3468 fully contained events in the fiducial
volume. The inefficiency to recover p — et n°candidates
due to the criteria (1)—(4) and scanning is estimated to
be less than 0.1%.

All measurement of physical quantities of an event such
as vertex position, the number of Cherenkov rings, mo-
mentum, particle type and the number of decay elec-
trons, is automatically performed [14] by reconstruction
algorithms. The vertex position is estimated by finding
the position at which the timing residual ((photon arrival
time)-(time of flight)) distribution is most peaked. Using
a Monte Carlo (MC) simulated data sample, the vertex
resolution for p — et ¥ events is estimated to be 18 cm.
To find the rings in an event, the charge, viewed from the
vertex as a function of {6, ¢}, is Hough transformed [15].
The resulting space is searched for peaks, giving the ring
centers. With p — et7°MC, 44% of the simulated events
passing proton decay selection criteria (described below)
are classified as 3-ring events and 56% are classified as
2-ring events. The 2-ring classification is primarily for
events with one of the two 7 rings taking only a small
fraction of the 7°’s energy or overlapping too much with
other rings.

The particle identification (PID) classifies a particle as
a showering particle (e*,7) or a nonshowering particle
(ut, 7*), using the photon distribution of its Cherenkov
ring. For single ring events, the particle misidentification
probability is estimated to be less than 1.0% using the at-
mospheric neutrino MC. This is confirmed with stopping
cosmic ray muons and their associated decay electrons.
The PID performance was also checked using a 1 kton
water Cherenkov detector with e and u beams from the
12 GeV proton synchrotron at KEK [16]. However, the
misidentification probability differs between single ring
and multi ring events due to overlapping rings. Using a
p — et7® MC sample this misidentification is estimated
to be 2%.

An appropriate momentum cut will reject atmospheric
neutrino background but accept proton decay events.
The momentum is estimated from the total sum of p.e.’s
detected within a 70° half opening angle from the recon-
structed ring direction. The number of p.e.’s collected
in each PMT is corrected for light attenuation in water,
PMT angular acceptance, and PMT coverage. In the mo-
mentum reconstruction, we assume that showering parti-
cles are electrons and nonshowering particles are muons.
For single ring events, the reconstructed momentum res-



olution is estimated to be £(2.5/1/E(GeV) + 0.5)% for
electrons and £3% for muons. For multi-ring events, the
fraction of p.e.’s in each PMT due to each ring is de-
termined using the expected p.e. distribution. Then,
the momentum for each ring is determined by the same
method used for single ring events. The reconstructed
momentum resolution is +£10% for each ring in the p —
et 0 events.

The energy scale stability is checked by the recon-
structed mean energy of decay electrons from stopping
cosmic ray muons. It varies within +0.5% over the expo-
sure period. The absolute energy scale was checked with
many calibration sources such as electrons from a linear
accelerator [17], decay electrons from stopping cosmic ray
muons, stopping cosmic ray muons themselves, and the
reconstructed mass of 7° events observed in atmospheric
neutrino interactions. From comparisons of these sources
and MC simulation, the absolute calibration error is es-
timated to be smaller than +2.5%.

Finally, the efficiency for detection of decay electrons is
estimated to be 80% for u* and 63% for p~ by a Monte
Carlo study. The difference in these efficiencies is due to
pu~ capture on '60. This efficiency was confirmed to an
accuracy of 1.5% using stopping cosmic ray muons.

The main sources of background for this analysis are
atmospheric neutrino interactions which could mimic a
p — et 70 event. To estimate the number of background
events, we have developed a detailed MC simulation of
atmospheric neutrino interactions, meson propagation in
the '°0O nucleus, and propagation of secondary particles,
as well as Cherenkov photons, in the detector water [14].
We use the atmospheric neutrino flux of Honda et al. [18].
For neutrino interactions in the detector, the following
types of interaction are simulated: quasi elastic scatter-
ing, single—m production, multi—r production, and coher-
ent single-m production for both charged current (CC)
and neutral current (NC). For the p — e*n" mode, CC
m production is the most important background because
it could produce an e* accompanied by a 7°. We use
Rein-Sehgal’s model to simulate single—r production [19].
The pion cross-sections in 'O are calculated with the
model by Oset et al. [20]. Propagation of produced par-
ticles and Cherenkov light in water is simulated with a
GEANT [21] based custom detector simulator. Propaga-
tion of charged pions in the detector water is simulated
by a custom simulator [22] for less than 500 MeV/c pi-
ons and by the CALOR [23] simulator for more than 500
MeV /e pions. For the p — et MC, the same simulator
is used. In this, as well as the atmospheric neutrino MC,
the Fermi motion of protons, the nucleon binding energy,
and pion interactions in 'O are considered.

The observed atmospheric neutrino flavor ratio (v, /ve)
in Super—Kamiokande is significantly smaller than the
expected value [14]. For comparison of data and atmo-
spheric neutrino MC, the neutrino MC sample is nor-
malized to the number of observed atmospheric neutrino

events at Super-Kamiokande in the following manner.
The number of v, (v,) CC events is normalized by the
ratio of the number of single ring events with a showering
(nonshowering) PID in the data to the number of single
ring events with a showering (nonshowering) PID in the
atmospheric neutrino MC. For NC events, the same nor-
malization factor as that of the v, CC events is used.

To extract the p — et 79 signal from the event sample,
these selection criteria are defined: (A) 6800 p.e. < total
p.e. <9500 p.e., (B) the number of rings is 2 or 3, (C) all
rings have a showering PID, (D) 85 MeV/c? < 7 invari-
ant mass < 185 MeV/c?, (E) no decay electron, (F) 800
MeV/c? < total invariant mass < 1050 MeV/c? and total
momentum < 250 MeV/e. Criterion (A) roughly corre-
sponds to a total energy of 800 MeV to 1100 MeV. Crite-
rion (C) selects e* and . Criterion (D) only applies to
3-ring events. Here, at least one pair of rings must give a
reconstructed invariant mass which is consistent with the
estimated 7° mass resolution of 135 £+ 35MeV/c?. Crite-
rion (E) is required since the desired et and 7 particles
produce no decay electrons. In criterion (F), the total
momentum is defined as Py = | 20" "™ ;| where
is reconstructed momentum vector of i-th ring. The total
invariant mass is defined as M;,; = \/EZ,, — P2, where
total energy Eyo = Y22 "™ |5|. Criterion (F) checks
that the total invariant mass and total momentum corre-
spond to the mass and momentum of the source proton,
respectively.

1000
E @p - e
900 [ (MC)
800
700 |
600 [
500 [

400

total momentum (MeV/c)

300 [

200 [

100 [

0 E | | | R
0 200 400 600 800 1000 1200
total invariant mass (MeV/c 2)

SN
0 )
s $oh 00, (b) atmospheric

%)

1000

900 [ gﬁ o o neutrino(MC)
?so&%g%ib
800 | %OZ@%‘;"S‘;" °s
28008
S0 8500° o
570 e oo§o<»
> 2o P BTG,
2600 - Posih i 57
E g%%oqg ®° o
oc®0® Qo o o
2500 F Csol g 88 %02
S S
g 0§> oocpo 9 3:0
S 400 | I .
ket e ®
5300 F o °° o
o o S
200 F o
100 F
0 L L L L
0 200 400 600 800 1000 1200

total invariant mass (MeV/c 2)



1000 [

[ * (c) data
900 F 4
[ ¢ R
800 - =
r N -
LS S
| *
g0 F . .
3. F -
2600 [ . Ko
= [ pe
3 [
2500 |
g r
£ r N
g 400 |- . *
T r
5300 F *
200 |
100 [
0 7\ co b e b e PR P
) 200 400 600 800 1000 1200

total invariant mass (MeV/c 2)

FIG. 1. The total invariant mass and total momentum dis-
tributions after criteria (A)—-(E) (see text) for 3 samples: (a)
p — etn® Monte Carlo, (b) atmospheric neutrino Monte
Carlo corresponding to 900 kton-year, (c) data correspond-
ing to 25.5 kton-year. The boxed region in each figure shows

the criterion (F) for the p — e*x” signal.

From Fig. 1-(a), the detection efficiency of p — e*#®
events is estimated to be 44%. The absorption, charge
exchange and scattering of 7°’s in the 0 nucleus are
the dominant contribution to the detection inefficiency.
To estimate the background from atmospheric neutrino
interactions, we generate a MC sample of 900 kton-year.
By applying the proton decay selection criteria to this
sample, we estimate the number of background events in
the signal region to be 0.1 event in 25.5 kton-year as seen
in Fig. 1-(b).
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FIG. 2. The total invariant mass distributions of data (cir-

cles), normalized atmospheric neutrino Monte Carlo corre-
sponding to 10 years (unshaded histogram), and p — e x°
Monte Carlo normalized to one event (shaded histogram)
which satisfy the criteria (B)—(E) (see text) and have a to-
tal reconstructed momentum < 250 MeV/ec.
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FIG. 3. The event ?ate anter %ach [;)rotoEn de'c:ay selection
criterion (see text) for data (filled circles) and atmospheric
neutrino Monte Carlo (empty circles). There is no event in
the data after criterion F and only the 90% C.L. upper limit
is shown in the last bin.

Finally we apply the same criteria to the data to search
for the p — et 7% signal. No events survive all criteria as
shown in Fig. 1-(c). Furthermore, the mass distribution
of data in Fig. 2 is well reproduced by that of the neu-
trino MC and the event rates at different stages in the
reduction for data and neutrino MC match, as shown in
Fig. 3.

The primary result is based on cuts using kinematic
reconstruction. Because a systematic error in this re-
construction could miss p — et7® candidates a looser
analysis is performed as a consistency check. The selec-
tion criteria are as follows: (1) Visible energy is within
200 MeV of the proton rest mass energy. (2) The light
anisotropy is less than 30%. (3) No electrons from muon
decays follow the primary products. The visible energy of
an event is the total energy assuming all Cherenkov light
is from electromagnetic showers. The light anisotropy
of an event is an estimate of the total momentum im-
balance and is defined as the magnitude of the charge
weighted vector sum of the directions from the vertex
to each PMT. For a typical single ring event the light
anisotropy is ~75%. This simple analysis finds 4 events
with a background of 3.5, which is consistent with the 0
candidates and 0.1 background of the primary analysis.

From these results, we conclude we do not find any ev-
idence for proton decay via the mode p — eT7°. There-
fore we set a lower limit on the partial decay lifetime.
The method used to calculate this limit takes both the
estimated background and systematic uncertainties into
account [24]. This calculation gives a limit on the partial
lifetime for p — e*n® of, 7/B,_c+r0 > 1.6 x 10 years
at a 90% CL. If uncertaintes are ignored the limit would
increase by about 5%.

In calculating the limit, the parameter with the dom-
inant uncertainty is the detection efficiency. This un-
certainty is primarily due to imperfectly known pion—
nucleon cross sections in 0 nuclei and is estimated by



comparing with another detailed model (based on [25]).
This uncertainty is estimated to be 15%. In addition, sys-
tematic differences in the energy scale for data and MC
contributes 1%, lack of uniformity in the detector gain
contributes 2% and fitting resolution contributes 5% to
the uncertainty in the detection efficiency. The total un-
certainty in the detection efficiency is then 16%. The
statistical uncertainty in the background is 60% due to
the small number of MC background events passing the
cuts. Finally, the uncertainty in the exposure is negligi-
ble.

In this letter, we have reported the results of a proton
decay search in Super—Kamiokande. We have no evidence
of the proton decaying via the mode p — et 7® in the 25.5
kton-year data. We set the most stringent limit on the
partial lifetime of the proton to be 1.6 x 103 years at
a 90% CL, which should be compared with the previous
experimental results, 2.6 x 10%? years [7] and 5.5 x 102
years [8].
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