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We report new limits on the nucleon lifetime obtained with the Irvine-Michigan-Brookhaven water
Cherenkov detector. Techniques in track fitting, particle identification, and invariant-mass reconstruc-
tion provide information about multitrack events which leads to a significant reduction in background for
most decay modes. Data obtained during the initial 417-day run and during the subsequent 69-day run
with enhanced light collection are discussed. A background subtraction is made, yielding 90%-
confidence-level lower bounds on the nucleon partial lifetime per branching fraction in the range
(0.6-46.0) x 10"yr for 23 decay channels.

PACS numbers: 13.30.Ce

Previously reported results' of nucleon-decay search-
es indicate that decay modes which were initially antici-
pated by many to dominate the reaction, such as

p e+tr, have no significant excess of candidates above
background. Consequently, eA'orts have been made to
search for nucleon decay via alternative channels. The
difficulty of identifying these channels is in many cases
greater because of the fact that more than two visible
tracks or a neutrino occur in the final state. To better
distinguish candidates for these decay modes, tracking
and particle-identification techniques have been devel-

oped by some groups.
The Irvine-Michigan-Brookhaven (IMB) detector is

a rectangular 8-kton water Cherenkov calorimeter locat-
ed at a depth of 1580 m of water equivalent (mwe). It is
used here to search for nucleon decay to a lepton and a
fully reconstructable meson. Contained event vertices
are determined from the timing and topology of the pho-
tomultiplier tubes (PMT s) triggered, after an initial re-
quirement has been placed upon the number of PMT's
triggered. The 401 contained events taken during the in-

itial 417-day run are combined with 57 contained events

recorded during the subsequent 69 live days when
light-collection enhancement devices were in place. Us-
ing a 3300-metric-ton fiducial volume, the exposure is
4400 metric ton years. The resulting sample of con-
tained events is consistent in rate, energy spectrum, and
positional and directional distributions with predictions
from models of atmospheric neutrino interactions.

Once each event's vertex has been located, its topolo-

gy is determined with a two-stage process. First, all
effects of detector geometry are removed. The response
of each PMT is corrected for light attenuation, angle-
dependent response, and variations in wall density of
photocathode. Consequently, the event appears as it
would in a detector of isotropic response centered on the
vertex. Next, the detector is scanned with a cone cen-
tered near the vertex and having half-angle 42, the
Cherenkov angle for relativisitic particles. The direction
of the event's primary track is taken to be the direction
of the cone which intercepts the PMT's having the max-
imum corrected total photoelectron count. Track 1 is as-
signed an energy equal to the calibrated pulse height of
those PMT's. Primary-track PMT's are then ignored,
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FIG. 1. The reconstructed K invariant mass from simulat-
ed events.

and the procedure is iterated until all tracks in the event
have been found. A timing cut eliminates scattered light
from consideration until reconstruction is complete, at
which time the light's equivalent energy is distributed
among all tracks. The energy of regions claimed by
overlapping tracks is partitioned among the tracks ac-
cording to the amount of prompt radiation in their non-

overlapped regions. The resolution for locating single
500-MeV showering tracks with this method is 5'.

Track recognition makes possible two independent
particle-identification procedures —invariant-mass analy-
sis and shower-pattern analysis. When results from both
procedures consistent with nucleon decay agree for all
tracks considered in an event, the event is called a candi-
date. Having two methods for track identification pro-
vides a powerful discriminating factor against back-
ground. All two- and three-track events are considered.

Initially the tracks are assigned all combinations of the

TABLE I. Candidate-event-selection requirements. E, is visible energy, P,„ is the maximum allowed momentum.

Decay mode

n vp

p p p
n~ vg
n ve
p~ p co

p~ vp

n p p
n~ p p+

+

p e+x
n e n+
n —e+x
p m
p~z p
n p
n —p+z

Total E,
(MeV)

150-700
150-700
500-750
650-950
650-950
350-650
350-650
350-650
800-1000
800-1100
550-900
550-900
550-900
550-900
300-600
300-600

Track 1 E,
(MeV)

100-500
100-500
250-600
300-550
300-550
200-550
200-550
200-550
350-700
350-700
350-600
350-600
250-650
250-650
150-350
150-350

Track 2 E,
(MeV)

60-250
60-250

100-400
250-500
250-500
60-350
60-350
60-350

300-600
300-600
100-550
100-550
100-500
100-500
60-300
60-300

0-5
0-5
0-3.5
0-2
0-2
0-4
0-4
0 4
0-2.5
0-2.5
0-4
0-4
0-4
0-4
0-3
0-3

Decay mode

p p 9
p —p+K'
p e +co

p-e+g'
p e+K
n e+p
n e p+

Total E,
(MeV)

550-900

750-1100

500-1000

Meson

K'

N

p

Track 1 E,
(MeV)

250-500

275-600

225-475

Track 2 E,
(MeV)

125-350

200-475

100-375

Track 3 E,
(MeV)

25-250

75-350

65-275

Allowed mass
(MeV)

400-600
430-670
620-920
630-910

Incl. angle
(deg)

80-180
80-180

120-180
80-180
60-140
80-180
80-180

pmax

(MeV)

600

425

750
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FIG. 2. The energy-weighted angular distribution of light
from a simulated electron and muon of visible energy approxi-
mately 350 MeV.
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identities y, e, m, and p which preserve the spin and
charge of the decaying nucleon. The overlapping pho-
tons from a zo decay are treated as a single track. Each
track's total energy is computed from its visible energy
(E,) and hypothesized mass. In the case of two-track
events, we look for evidence of either a two-body nucleon
decay or a decay of the nucleon into a neutrino or a
muon below Cherenkov threshold and a heavy meson.
The invariant mass of the pair is required to be con-
sistent with that of the nucleon or the heavy meson. The
residual momentum must lie below a value P,„, defined
as the range of Fermi motion plus resolution smearing.
For nucleons, P,„ is 350 MeV. In the case of three-
track events, we require that the total invariant mass be
consistent with that of a nucleon. We require that the
mass of the nonleptonic pair be consistent with that of a
K, ri, co, or p —.We constrain the residual momen-
tum to lie below a value P,„as above. Loose require-
ments are also made on the total E„the E, of individual
tracks, the meson product opening angle, and, in the
two-track case, the ratio R of track energies. Figure 1

shows the resolution obtainable on the K mass during
the initial run as an illustration of the precision of the
technique. Table I summarizes kinematical require-
ments for all decay modes. Decay-mode identification
efficiencies include meson branching fractions and range
from the few-percent level to 70%.

Showering and non showering particles are distin-
guished by their light deposition patterns. For tracks of
visible energy between 100 and 600 MeV, we simulate
energy-weighted PMT hit distributions (where the PMT
angle is measured with respect to the reconstructed
track) for pairs of average showering and nonshowering
particles of the same visible energy. Showering particles

0.0 I I I I I l I i I I I
1-1

200
Visib

400
le Energy (MeV)

600

FIG. 3. The particle-identification efficiency for (e) shower-

ing and (p) nonshowering particles.

are characterized in these distributions by tails at angles
larger than the Cherenkov angle; nonshowering particles
emit almost all of their light at 42'. Figure 2 shows, as
an example of typical shower distributions used, the his-
tograms for simulated E, =350 MeV electrons and
muons. Particle identification is made if the number of
hits a track generates exceeds a fixed minimum value.
The hit distributions of tracks in the data are compared
via g with the paradigm distributions appropriate to
their visble energy. The tracks are identified with the
particle type which produces the lower g2 value. It is
possible in some cases to identify overlapping tracks.
Efficiencies for the correct identification of nonoverlap-
ping tracks range from 65% for 100 MeV (visible ener-

gy) nonshowering particles to )90% for 500-MeV
showering particles. They are summarized in Fig. 3

The only significant background to nucleon decay is
atmospheric neutrino interaction within the detector.
The background simulation technique has been described
elsewhere. To minimize statistical error, background
samples are simulated to represent about an order of
magnitude more live time then the data represent.
Detection efficiencies are determined on a channel by
channel basis by filtering large samples of simulated
nucleon-decay events.

Seven events from the data satisfy all requirements of
nucleon-decay candidates for at least one of 23 decay
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TABLE II. Numbers of candidates, expected background,
and 90%-confidence-level lifetime lower limits. Systematic er-
rors in the expected background are estimated by our compar-
ing differences in the results of the simulation based upon input
from a variety of bubble-chamber experiments. r is the total
lifetime and 8 is the branching fraction into the mode listed.

Decay mode

n vp

p p p
n —vq'
n vm

p —@+co

p~ vp

n —p+p
n p p
p ye+

p
p e+z
n e+n
n e z+
p~Ã p
n p+z
n p z+

+ 0

p p '9

p e+a)'
p e +It

n e+p
n e p+
p-u+&'

No. of
candidates

Expected
background

0.5 + 0.2 +' 0.2
0.5 ~ 0.2 +' 0.2
2. 1 ~0.4~0.5

1.3 ~ 0.3 ~ 0.3
1.3 ~ 0.3 ~ 0.6
1.1 + 0.3 + 0.1

1.1 ~ 0.3 +' 0.1

1.1 +' 0.3 + 0. 1

0.6 +' 0.2 +' 0. 1

0.5 + 0.2 +' 0.1

0.6 +' 0.2 + 0. 1

1.6 + 0.3 + 0.4
1.6 +' 0.3 +' 0.4
0.5 +' 0.2 + 0.1

0.5 ~ 0.2 + 0.1

0.5 +' 0.2 +' 0.1

0.6 ~ 0.2 +' 0.1

1.5 ~ 0.3 ~ 0. 1

1.0 +' 0.3 +' 0.2
1.8 ~ 0.3 + 0.4
4. 1 +' 0.5 + 0.7
4. 1 ~ 0.5 + 0.7
2.5+' 0.4 ~ 0.5

./a
(10"yr)

1.9
3.0
1.6
0.6
1.0
1.3
1.1

0.7
46
38
31
10
6.5
27
6.3
4.9
10
34
2.6
7.0
3.8
6.2
1.9

modes considered. This is a significant reduction in can-
didates from the 28 which were found for these channels
by previous analysis of 417-day data alone. Three of the
events are candidates for only one decay channel. In two
cases, the masses of both the nucleon and its product
meson are reconstructed. In four, the mass of the meson
alone is recovered The re. maining event is consistent
with being both co and nucleon depending upon its
classification as a two- or three-track event. The average
candidate event has its reconstructed meson mass and,
where applicable, its nucleon mass within 1 25cr of th. eir
nominal values. All candidates' masses are below 2.5o

of their nominal values. Candidate vertices are distribut-
ed uniformly in the detector fiducial volume. No single
decay mode dominates the production of candidates. No
enhancement above background is apparent for any
mode. Background subtracted 90%-confidence-level
lower bounds on the nucleon partial lifetime per branch-
ing fraction are obtained by determining the 90%-
confidence-level number of candidates for each channel
in the presence of the expected number of background
events for that mode, under the constraint that the num-
ber of background events cannot be greater than the
number of candidates observed. The subtraction yields
bounds on the nucleon partial lifetime per branching
fraction in the range 0.6-46x10 ' yr. Table II summa-
rizes the results.
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