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Observations were made 1570 meters of water equivalent underground with an 8000~
metric-ton water Cherenkov detector. During a live time of 80 d no events consistent
with the decay p—~e*n? were found in a fiducial mass of 3300 metric tons. It is concluded
that the limit on the lifetime for bound plus free protons divided by the e*n? branching
ratio is 7/B >6.5x 10%! yr; for free protons the limit is 7/B >1.9x 10°! yr (90% confi-
dence). Observed cosmic-ray muons and neutrinos are compatible with expectations.

PACS numbers: 13.30.Eg, 11.30.Ly, 14.20.Dh

We have built and operated a large water Che-
renkov detector deep underground in order to
search for nucleon decay. We have chosen as the
initial goal of our experiment to look for proton
decay to the final state e *+7°. This two-body
mode gives a clear back-to-back decay signature
which is especially well defined and distinct from
background in a water Cherenkov detector.

The simplest grand unified gauge theory, mini-
mal SU(5), predicts a partial lifetime 7/B=4.5
x 10%°*1-7 yr for the p —e*n° decay mode.' There-
fore in our detector, after 80 d of exposure (2.4
x10%2 proton yr), using 7/B=2,2x10% yr, we ex-
pect to observe at least seven such events.

Previous searches for nucleon decay in iron at
the Kolar gold fields® and the Mont Blanc tunnel®
have reported a few candidate events tentatively
ascribed to various modes of proton decay.

The Irvine-Michigan-Brookhaven (IMB) detec-
tor? is located at a depth of 1570 meters of water
equivalent in the Morton-Thiokol salt mine east
of Cleveland, Ohio. It consists of a large rectan-
gular volume of purified water (17x 18X 23 m?)
viewed from its six faces by 2048 photomultiplier
tubes (PMT), each of 12.5 cm diam, located on a
rectangular grid of ~1 m spacing. The total sen-
sitive volume of the detector is 8000 metric tons
(tonnes) and the fiducial volume, inset by 2 m
from the planes of the PMT’s, is 3300 tonnes,

A relativistic charged particle traversing the
detector produces a cone of Cherenkov light with
a half-opening angle of 41° relative to its direc-
tion of motion. The particle continues to emit
Cherenkov light until its velocity falls below

0.75¢. The time of photon arrival and pulse
height are recorded independently by each PMT,
providing information which allows the recon-
struction of position, direction, and energy of
particles moving in the detector.

Two distinguishing characteristics of this de-
tector are its large sensitive mass and its abil-
ity to determine unambiguously the sense of
track direction. The uniform sensitivity of the
active medium makes the energy resolution of
the detector nearly independent of the fluctuations
of electromagnetic shower development and Fer-
mi motion of the decaying proton.

The resolution and absolute energy calibration
of the detector in time, position, direction, and
energy are evaluated by the use of programmable
light sources in the detector volume and with
cosmic-ray muons which penetrate or stop in the
detector. The light sources have variable posi-
tion, intensity, and firing time. They are also
used to determine the attenuation length (> 30 m)
for light in the wavelength region of interest (300~
450 nm). Our system of PMT’s and electronics
is sensitive to light at the single photoelectron
level.

The trigger threshold corresponds to the light
output from a 50-MeV electron in the detector,®
PMT’s firing up to 7.5 usec after the initial trig-
ger are also recorded, providing identification
of the electron from muon decay with 60% effi-
ciency.

On the basis of the measured efficiency of
PMTI’s and the geometry of our detector, com-
puter event simulation predicts a signal from 170
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+ 18 (statistical) + 18 (systematic) tubes if a pro-
ton decays to e *7° inside the fiducial volume.
Event simulation programs were calibrated with
use of data from single cosmic-ray muons.

The time resolution of PMT’s at the single pho-
toelectron level (11 ns full width at half maxi-
mum) is the primary factor in determining the
accuracy of the vertex position for p —e*r° For
this mode the resolution is typically + 60 cm, as
confirmed by use of point sources of light at vari-
ous positions in the detector.

For two-track events with an opening angle
>100° and where each track gives rise to signals
from at least forty PMT’s, the cones from both
tracks are distinguishable and the opening angle
has a typical uncertainty of + 15°. For p—e*n°
the two photons from 7° decay are generally not
separately distinguishable; nevertheless the 7°
shower gives a well identified cone similar to
that from the e”.

Performance checks on the detector operation
were made by measuring the angular distribution,
stopping muon rate, and muon lifetime.* These
measurements are consistent with accepted val-
ues.

Reduction of the 2.3x 10° triggers/day (prima-
rily due to penetrating muons) is accomplished
with three independent and complementary analy-
ses. In the first stages of analysis cosmic-ray
muons are rejected by various energy and topo-
logical cuts. The first cut, which requires that
from 40 to 300 PMT’s be lit (i.e., 250-1700
MeV), reduces the event rate by a factor of 3.3.
The times and spatial locations of the lit tubes
are then used to find the vertex, under the as-
sumption that the light originates from a point
source. This is a good approximation for short
tracks. A fiducial cut 2 m in from the planes of
the tubes rejects entering tracks by more than a
factor of 300.° Different pattern-recognition
methods, including interactive scanning by phys-
icists, are applied to the 230 events/day which
survive these initial cuts. Events are fitted with
one- and two-track hypotheses and track direc-
tions are determined by use of the known proper-
ties of Cherenkov light. The goal of the filtering
procedures is to save all events which originate
inside the fiducial volume. The process of pat-
tern recognition is aided by color displays of the
lit PMT signals generated as a function of time.

The survival efficiency of p —e *7° events through
three procedures is estimated to be 0.9+ 0.1,
based on computer simulations whose validity
has been verified by use of cosmic-ray muons
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and artificial light sources. Cross correlation
between the three analyses on data events which
have properties similar to those expected for

p —~e*n° further confirm the estimated detection
efficiency.

With 2.4X 102 proton yr of exposure we find 69
interactions in the fiducial volume which light at
ieast 45 PMT’s (see Fig. 1). Within the statisti-
cal accuracy of the sample the above events are
uniform in vertex position and isotropic in track
direction. There is no evidence for contamina-
tion of the sample by entering tracks or from
events generated by the background associated
predominantly with downward going muons. The
fraction of fully contained events exhibiting muon
decay is 0.4+ 0.1 (after correction for our detec-
tion efficiency of 0.6+ 0.1).” The distribution of
visible energy, E ;,, for the events is displayed
in Fig. 2. The curve in this figure was calculated
by passing simulated neutrino events through our
filtering cuts. The neutrino events were gener-
ated by data from a wide-band neutrino exposure
in the Gargamelle bubble chamber.® The spec-
trum was adjusted to agree with that expected
for atmospheric neutrinos, and corrections were
made for the lack of electron neutrinos in the
Gargamelle data. We calculate the absolute rate
of neutrino interactions which pass our energy
cuts to be 0.9+ 0.4 per day, based on estimated
fluxes® and cross sections'® appropriate to the
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FIG. 1. Side view of the detector indicating vertex
positions for one- and two-track events. Arrows indi-
cate the projection of the direction unit vector for the
best-fit tracks in this view. PMT positions are indi-
cated near the outside (solid line) of the water volume.
The dashed line represents the boundary of the soft-
ware~controlled fiducial volume.
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FIG. 2. Energy (E;,) distribution of the 69 contained
events. The expected distribution from atmospheric
neutrinos lies between the upper and lower curves.

The uncertainty arises primarily from the atomspheric
flux estimate. The secondary peak near 500 MeV is
due to events with observed muon decays whose visible
energy has accordingly been increased by 230 MeV.

energy range we observe. Our estimated effi-
ciency for the detection of atmospheric neutrinos
is 0.7+ 0.2. The predicted rate could be in error
by as much as a factor of 2 because of uncertain-
ties arising from the calculation of the neutrino
flux. The results are thus seen to be consistent
with expectations.

The 69 contained events can be summarized
as follows: (1) 66 single-track or multitrack
events which do not possess a track lighting more
than forty tubes in the backward hemisphere, and
hence are outside the angle and energy require-
ments for p —e*7°; (2) two wide-angle two-track
events both of which have a muon decay signal
and hence do not qualify as p —e*7° decays; and!
(3) one two-track event in which 340 PMT’s were

lit, about a factor of 2 greater than expected for
p—~e*n° in our detector, and in addition, in which
the opening angle 115°+ 15° was outside the pre-
dicted range (> 140°) for free or bound proton de-
cay to e*n°. The characteristics of these two-
track events are summarized in Table 1.

Results on other nucleon decay modes and a
more complete analysis of neutrino interactions
will be discussed in future publications.

For free protons, we obtain a lifetime limit in-
dependent of nuclear effects. Since + of the pro-
tons in our detector are not bound in nuclei, we
can conclude that the partial lifetime for free pro-
tons is 7/B>1.9x 10% yr,

For free plus bound protons we assume a 40%
loss of events in the oxygen nucleus and ignore
possible lifetime changes from nuclear effects.!?
Using 2.3 events to obtain a 90% confidence limit
we calculate 7/B as follows:

7/B>Nfe,eT/2.3=6,5x 103 yr,

where N=2.0% 10% nucleons; f=4%, proton frac-
tion in water; €,=0.68, average nuclear 7° sur-
vival efficiency (oxygen plus free protons); €
=0.940.1, detection efficiency; and T =-£% yr.

These results are to be compared with the the-
oretical prediction for p —e*7° of 4.5x 1029* 17 yp,

Note added.—With a running time of 130 days
and no events seen we have now achieved a limit
7/B>10% yr for free plus bound protons.
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the many other people whose help was invaluable

TABLE 1. Wide-angle two-track events.

Track
Number Minimum opening Observed
Event of PMT’s energy? angle muon
number lit E ppn (MeV) (deg) decays
15135037 188 1230+ 125 135+ 7 1
2257794 166 1180+ 120 125+ 25 1
338-19376 340 1700+ 170 115+15 0

#Does not include possible systematic errors of +15%. E;, is the
minimum energy of the event as inferred from the Cherenkov light yield
after making a 230-MeV correction for rest mass and Cherenkov yield

of observed muons.
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