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Search for nucleon decay using the IMB-3 detector
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The IMB-3 experiment was a large water Cherenkov ring imaging detector with a fiducial mass of 3.3 kton.
During a 7.6-kton-year exposure (;4.631033 nucleon yr) 935 contained events were observed. The observed
rate and characteristics are consistent with the expected backgrounds from atmospheric neutrinos. Lower limits
on the nucleon lifetime are set for a wide variety of proposed decay modes.@S0556-2821~98!00323-3#

PACS number~s!: 13.30.2a, 12.20.Fv, 14.20.Dh, 96.40.Tv
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I. INTRODUCTION

A major goal of high energy physics is to provide a sing
unified explanation of the forces observed in nature. Sev
theories have been developed which extend the stan
model to unify the electroweak and quantum chromo
namic sectors. The simplest is minimal-SU(5) @1#. This
theory predicts the mean proton lifetime to be 102963.2 yr
which is ruled out by previous results@2–4#. Since minimal-
SU(5) was ruled out, several other models have been p
posed. Perhaps the most notable are the supersymm
models which are favored by CERNe1e2 collider LEP re-
sults@5#. In the minimal supersymmetric model, nucleon d
cays via gauge bosons are strongly suppressed by the
gauge boson masses at the unification scale, leading to
time estimates of 1034.561.2 yr; however, larger decay rate
are expected for Higgs mediated channels@5#. The rate of
these modes is difficult to calculate, but estimates place
prediction near 1033 yr @6–8#. In this paper we present th
final results of a search for 44 different modes of nucle
decay with the IMB-3 detector.

II. DETECTOR

The IMB-3 detector was located in the Fairport Salt Mi
operated by Morton International. The detector was a la
ring imaging water Cherenkov detector;600 m beneath the
surface and was instrumented with 2048 8-in. photomu
plier tubes. The fiducial volume contained 3.3 kton of wat
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There were 935 events collected during a 851 day expos
The detector and its calibration have been described e
where in detail@9,10#.

The detector had a fine and coarse time scale. The
time scale recorded a 512 ns window containing the prim
interaction time. The scale had 1 ns resolution and the cha
of each photomultiplier tube~PMT! hit was recorded. The
coarse time scale records tube hits that occurred within
ms after the fine scale. It was designed to detect muon de
signals and had a 15 ns resolution.

The efficiency to find a decay electron that occurred d
ing the coarse time scale was found to be 9765 % @11#.
Using the detector simulation the efficiency to detect a de
electron was found to be;93%@12#. Allowing for the length
of the coarse window and the muon capture probability~for
m2’s! the efficiencies to detect a muon decay are 7864 %
for m1 and 6363 % for m2.

III. DETECTOR SIMULATION

The response of the detector was simulated in two sta
In the first stage the primary interaction was simulated a
the resulting particles were tracked out of the parent nucle
The second stage simulated the response of the IMB-3
tector to those particles.

The nucleon decay simulation includes the Fermi mom
tum of the nucleons. Any hadrons generated in the nucl
are then followed using a nuclear cascade model until t
have left the nucleus or have decayed@13,12#.

The atmospheric neutrino interaction model was dev
oped to reproduce the neutrino interactions which occu
the detector and is used to estimate the backgrounds fo
proton decay search. Several authors have calculated
©1999 The American Physical Society04-1



ric
u

r
n
a

pa
ie
-

th
at
iz
er
ra
or
s-
in
a

he
th
It
n

to
-
e

ti
el
r
i

on
io
ro
ia
it
p

de
ce

et
ro
h
e

am
d

V,
s-
ted

s an
e
be
u-
the
ion
re is
e of

he
The
n-

ons

V.

n-

rgy
of a
le

o-
he
Ts.

le

the
dis-
the
on
n-

and
s the

C. McGREWet al. PHYSICAL REVIEW D 59 052004
flux, composition and energy distribution of atmosphe
neutrinos which are generated in cosmic ray collisions occ
ring at the top of the atmosphere@14–18#. We have used the
model of Lee and Koh@14# to predict the flux of neutrinos
present at the IMB-3 detector.

The neutrino cross section on hydrogen and oxygen
calculated using the Fogli-Nardulli model, which was refo
mulated for use in the IMB-3 kinematic simulatio
@13,19,20#. It has been checked against existing neutrino d
@13#. The cross section for double pion production is com
rable to that of single pion production for neutrino energ
above;3 GeV @21,22#. It is found that double pion produc
tion accounts for 10–15 % of all neutrino events above
GeV @13#.

The statistical error in the number of events found in
IMB-3 contained event sample is smaller than the system
error in the predicted atmospheric neutrino rate. To minim
the effects of this systematic uncertainty the atmosph
neutrino simulation is normalized to the observed event
at 200,Ev is,1500 GeV. This introduces a statistical err
of 3.5% in the normalization which is included in the sy
tematic error estimate. A comparison of the various neutr
flux predictions suggests that there is an uncertainty of
proximately 10% in the spectral shape@14–18,12#.

The background to many modes is dominated by eit
muon or electron neutrinos, and so the uncertainty in
ratio of nm /ne contributes directly to the systematic error.
has been noted that there is a large discrepancy betwee
predicted and observednm /ne ratio. For limits calculated
using the predicted ratio this error is taken to be 5%@14#.
The nm /ne ratio has been measured using the IMB detec
to be 0.5460.6~stat!. For limits calculated using the mea
sured ratio this contribution to the systematic error is tak
to be 10%@24,12#.

The neutrino interaction model matches the kinema
data for quasi-elastic and single pion production very w
The accuracy for double pion production is difficult to dete
mine. However, in the worst case double pion production
responsible for no more than 30% of the events in any
region. Assuming that the physics of double-pion product
is not very different than expected, the systematic er
should be less than 30%. The systematic errors assoc
with double pion production dominate those associated w
single pion production, implying a systematic error of a
proximately 10%@13#.

IV. CONTAINED EVENT SAMPLE

Two parallel analysis programs were independently
veloped to provide cross-checks and avoid systematic un
tainties in data reduction@11,12#. An on-line system saved
all events with fewer than 900 PMT hits. Each program~des-
ignatedEAST and WEST! was run on the complete data s
@9#. The events found by one or both of the analysis p
grams were combined to form the final data sample. T
sample contains 935 events collected during a 851 day
posure.

The efficiency of the combined data reduction progr
for atmospheric neutrino events was calculated using the
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tector simulation and was found to be 90% at 200 Me
falling approximately linearly to 70% at 1 GeV. As a cros
check the combined data reduction efficiency was calcula
using the assumption that theEAST and WEST analysis pro-
grams had independent efficiencies. This technique set
upper limit on the total efficiency. This upper limit on th
efficiency to save atmospheric neutrinos was found to
95% which is consistent with the combined efficiency calc
lated using the simulation. Based on a comparison of
combined efficiency calculated using the detector simulat
and the combined efficiency calculated using the data the
a 10% systematic uncertainty associated with the estimat
the absolute efficiency.

The visible energy of an event is proportional to t
number of Cherenkov photons produced in the detector.
proportionality constant converting the number of Chere
kov photons to visible energy is chosen so that for electr
Etot[Ev is5kNCeren. The energy resolution issEv is

52.5%/AEv is11.5% where the energy is expressed in Ge
The systematic shift in the energy is less than 2%@12#.

For particles other than electrons, the visible energy~i.e.
total number of Cherenkov photons! as a function of total
energy is calculated. This relation is non-linear for low e
ergy particles (E/m5g,3); however, for higher energy
particles there is a simple offset between the visible ene
and total energy. For instance, the approximate energy
muon can be calculated by adding 205 MeV to its visib
energy@11,12#.

The anisotropy is a convenient indicator of the net m
mentum in an event. Anisotropy is the magnitude of t
charge weighted average from the event vertex to the PM
In particular, for nucleon decay into visible particles~e.g.p
→e1p0) the anisotropy will be close to zero. Single partic
events will have an anisotropy close to 0.7.

Figure 1 shows the visible energy and Fig. 2 shows
anisotropy of the contained events. The boxes show the
tribution for all contained events. The open circles show
distribution for contained events which do not have a mu
decay signal. The solid circles show the distribution for co

FIG. 1. The visible energy of the contained event sample
the simulated atmospheric neutrino sample. The simulation use
measured ratio of muon type to electron type neutrinos.
4-2
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SEARCH FOR NUCLEON DECAY USING THE IMB-3 DETECTOR PHYSICAL REVIEW D59 052004
tained events with muon decay signals. The smooth li
show the predicted distribution. The ratio of electron-like
muon-like events observed in IMB-3 and Kamiokande d
fers from the predicted value@2,23–25#. This is accounted
for by adjusting the electron-type to muon-type neutrin
used to generated the predicted distributions to the imp
value.

Figures 3 and 4 show the distribution of visible ener
and anisotropy. The diamonds represent events that did
have a muon decay signal. The circles represent events
had muon decay signals. The simulated distribution of v
ible energy for 3596 muon neutrino type and 2725 elect
type neutrino events is shown in Fig. 4.

V. PHYSICS ANALYSIS

The candidate selection criteria were developed to o
mize the lifetime lower limit, assuming no signal is prese

FIG. 2. The anisotropy of the contained event sample and
simulated atmospheric neutrino sample. The simulation uses
measured ratio of muon type to electron type neutrinos.

FIG. 3. The visible energy versus the anisotropy for the c
tained event sample. Events with muon decay signals are show
circles. Events without muon decay signals are shown by diamo
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For a given mode, the cuts were chosen using a sampl
simulated atmospheric neutrinos and nucleon decay ca
dates. After the selection criteria were chosen, an indep
dent sample of simulated neutrino and nucleon decay ev
was used to measure the efficiencies and backgrounds.

Each decay mode had a preliminary set of candidates
lected to lie in a particular region of energy and anisotro
Events that fell into the region were then required to have
correct number of muon decay signals.

For most modes these criteria were sufficient to red
the background to an acceptable level; however, for cer
modes which could be reconstructed particularly well, fu
ther selection criteria were applied using the number
tracks found by an automated multiple track fitter@12#. This
fit is based on the ability to calculate the expected light d
tribution for a segment of Cherenkov track. The fit pr
ceeded by using segments of track to construct a predi
distribution of light which was compared to the observ
distribution. The fitter maximized the likelihood that the o
served light came from the predicted distribution of ligh
For some particularly well reconstructed modes it was
vantageous to do an invariant mass and unbalanced mom
tum analysis. This had the advantage of substantially red
ing the background, at the expense of a lower efficiency

For a few modes, it was found that a majority of th
simulated background events were saved because they
been poorly fit by the multi-track fitter. The fitter was mo
likely to fail on events where Cherenkov rings overlappe
For these modes the events, the simulated nucleon de
and the simulated atmospheric neutrino background ev
were scanned to reject poor fits.

The estimated contributions to the systematic uncerta
are as follows: 3.5% from normalization statistics, 10% fro
the shape of the atmospheric neutrino spectrum, 10% f
neutrino interaction kinematics, 10% from the absolute e

e
he

-
by
s.

FIG. 4. The visible energy versus the anisotropy for the sim
lated neutrino sample. There are 2725 electron neutrino and 3
muon neutrino events plotted. Events with muon decay signals
shown by circles. Events without muon decay signals are shown
diamonds.
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TABLE I. The nucleon decay lifetime limits. The cuts applied to the data are defined as follows: Cut e is an energy cut. Cut
anisotropy cut. Cut d is a cut on the number of muon decay signals. Cut t is a cut on the number of fitted tracks. Cut m is an invar
analysis. Cut s is a human scan for track verification. The limits calculated using the observednm/ne ratio are preferred. The limits set in thi
paper and those set by IMB-1 are independent and may be combined.

Mode Cuts Efficiency

Number
of

candidates

Unsubtracted
limit

(31030 yr!

Observednm /ne Predictednm /ne

Background
Limit

(31030 yr! Background
Limit

(31030 yr!

n→e1e2n eadts 0.57 5 128 7.5 257 9.3 280
n→e1K2 ead 0.14 35 7 29.4 17 26.4 15
n→e1p2 eadtm 0.30 3 93 5.0 158 4.8 158
n→e1p2p0 ead 0.44 38 19 34.2 52 30.6 46
n→e1r2 eadts 0.49 4 128 4.8 217 6.5 244
n→m1e2n eadt 0.42 25 27 29.4 83 34.1 93
n→m1K2 ead 0.10 20 8 28.4 26 34.0 29
n→m1m2n ead 0.81 100 15 145.0 79 188.9 138
n→m1p2 eadtms 0.14 1 71 1.9 90 3.7 98
n→m1p2p0 ead 0.29 17 26 20.8 74 25.2 84
n→m1r2 ead 0.36 3 109 9.5 228 11.5 232
n→nh0 eadt 0.17 0 158 1.2 158 1.1 157
n→ng ead 0.80 163 9 144.7 28 123.6 23
n→ngg eadts 0.49 5 109 7.5 219 9.3 239
n→nK0 ead 0.21 34 10 34.1 30 30.6 27
n→nK* 0 ead 0.51 40 21 50.0 78 56.4 86
n→nv0 ead 0.28 12 33 22.5 108 26.7 114
n→np0 eadtms 0.30 6 60 6.6 112 7.5 120
p→e2p1K1 ead 0.46 81 13 127.2 75 160.3 111
p→e1h0 eadtm 0.28 0 315 0.2 313 0.2 314
p→e1e1e2 eadts 0.71 0 799 0.5 793 0.9 798
p→e1g eadtm 0.60 0 675 0.1 670 0.1 673
p→e1K0 ead 0.12 23 11 25.2 31 26.4 32
p→e1K* 0 ead 0.39 38 21 52.0 84 61.1 97
p→e1m1m2 ead 0.47 1 308 0.9 359 1.2 370
p→e1nn ead 0.32 152 5 153.7 17 138.7 15
p→e1v0 eadtm 0.21 7 46 10.8 107 13.5 118
p→e1p0 eadtms 0.48 0 540 0.2 540 0.2 538a

p→e1p0p0 ead 0.26 2 126 0.8 147 0.7 144
p→e1p1p2 ead 0.23 16 26 23.1 82 27.2 89
p→m2p1K1 ead 0.40 3 153 4.0 245 5.6 270
p→m1h0 eadt 0.23 3 87 2.8 126 2.8 127
p→m1e1e2 eadtm 0.47 0 529 1.0 529 1.1 528
p→m1g eadtm 0.42 0 478 0.1 478 0.2 476
p→m1K0 eadT 0.19 4 61 7.2 120 9.5 131
p→m1m1m2 ead 0.60 0 675 0.3 675 0.4 673
p→m1v0 eadts 0.33 11 51 12.1 117 21.5 164
p→m1p0 eadtm 0.42 0 473 0.6 473 0.6 472
p→m1p0p0 ead 0.20 3 79 1.6 101 1.7 102
p→m1p1p2 ead 0.44 25 35 38.0 133 45.1 150
p→nK1 eadtm 0.41 15 50 21.4 151 29.5 182
p→nK* 1 ead 0.11 7 24 9.1 51 11.3 57
p→np1 ead 0.03 15 4 20.3 10 23.5 12
p→nr1 ead 0.54 18 56 21.7 162 25.1 179

aCombining with IMB-1 we set a total limit of 85031030 yr.
r
ha

-
a

tent
ted
es-
ncy
e
cted
ciency, and 10% from thenm /ne ratio. Combining the sys-
tematic errors in quadrature gives a total systematic erro
ssys;20% which is assumed to be Gaussian. This error
been included in all lifetime limits.

Using the observednm /ne ratio, in modes with an esti
mated background greater than 10 the number of candid
05200
of
s

tes

is 18% below the estimated background. This is consis
with the systematic error estimate. Using the predic
nm /ne ratio the number of candidates is 27% below the
timated background. The modes with the largest discrepa
~e.g.p→e1p1K1) generally have low visible energy wher
the observed event rate is systematically below the predi
4-4
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SEARCH FOR NUCLEON DECAY USING THE IMB-3 DETECTOR PHYSICAL REVIEW D59 052004
rate. It should be noted that many events are candidate
more than one decay mode.

The limit on the number of observed nucleon dec
events for each mode has been calculated assuming the
ber of signal and background events are Poisson distrib
and the error on the estimated background is Gaussian@26#.
The probability of observingN events given a mean back
ground ofb and a mean signal ofs is

P~Nus,b!5
~s1b!N

N!
e2~s1b! ~1!

and the probability of generatingM simulated background
events given an estimated mean background ofb̂ is

P~M ub̂,c!5
~ b̂c!M

M !
e2b̂c, ~2!

wherec is the ratio of the simulated exposure to the act
exposure. The estimated background rate,b̂, is different
from b due to systematic error. Bothb and b̂ have been
normalized to the exposure of IMB-3. It is assumed that
probability of a particular value ofb̂ is given by

P~ b̂ub!55
1

s
e2~b2b̂!2/2s2

*0
`

1

s
e2~b2b̂!2/2s2

db̂

if b̂.0,

0 otherwise,

~3!

wheres5ssysb. Combining Eqs.~2! and ~3! gives

P~M ub,c!5E
0

`

P~M ub̂,c!P~ b̂ub!db. ~4!

From Eqs. ~1! and ~4!, P(N,M us,b,c)
5P(Nus,b)P(M ub,c). Applying Bayes’ theorem to inver
the distribution gives

p~s,buN,M ,c!5
P~N,M us,b,c!p~s!u~b!

*ds*dbP~N,M us,b,c!p~s!u~b!
~5!

wherep(s) andu(b) are constant in the physical region an
zero otherwise. The mean of the background is then mar
alized by integrating over all possible values,P(suN,M ,c)
5*0

`P(s,buN,M ,c)db. The 90% confidence limit isS8,
such that
05200
for

y
m-

ed

l

e

n-

0.95E
0

S8
P~suN,M ,c!. ~6!

This procedure sets a conservative upper limit on the rat
nucleon decay.

The lifetime limit for a modem is determined by

t

Bm
5

eE
Sm8

, ~7!

wheret/Bm is the lifetime,e is the candidate recovery effi
ciency,E is the detector exposure, andSm8 is the 90% confi-
dence limit on the mean number of nucleon decay sig
events.

Table I shows the 90% confidence lower lifetime limi
set by IMB-3. The lifetime limits are calculated for thre
different cases. The first limit is calculated without subtra
ing the estimated background. The second limit is calcula
with the background assuming that muon to electron ty
neutrino ratio is the observed value. The third limit is calc
lated with the background assuming that ratio is the theor
cally predicted value. Typically the values of the two bac
ground subtracted limits are similar.

VI. CONCLUSIONS

We have presented the final limits on nucleon decay us
the IMB-3 detector. IMB-3 sees no evidence for nucle
decay in a wide variety of modes. No candidates were
served in 20% of the modes~includingp→e1p0); however,
in many of the modes there are substantial backgrounds
background subtraction was performed. The limits calcula
using the observednm /ne ratio are preferred. This is the les
restrictive limit in 32 of 44 limits set. In the remaining 1
cases, the limits are comparable. The limits set in this pa
and those set by IMB-1@2# are independent and may b
combined.
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