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Experimental Limits on the Nucleon Lifetime for Two- and Three-Body Decay Modes
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Lower limits in the range of 103! to 10%2 yr for the partial lifetimes of a number of nucleon decay
modes are obtained from a 204-live-day exposure in an 8-ktonne water Cherenkov detector (3.3
ktonne in the fiducial volume). During this period 169 contained events were observed at a rate
and with characteristics consistent with expected backgrounds from atmospheric v interactions.
Nine of the contained events are compatible with either a v interaction or nucleon decay into a

number of non-v modes.

PACS numbers: 13.30.Ce, 11.30.Er, 14.20.Dh

The possibility of the nonconservation of baryon
number arises in most attempts to unify the funda-
mental forces of nature.! The simplest of the grand
unified theories (GUT’s), minimal SU(5),2 predicts
the proton decay mode p— e*#? at a rate’ incon-
sistent with experiment.* It was recently suggested,’
however, that final-state interactions due to strong
meson-field couplings may suppress the proton life-
time by about an order of magnitude. It remains to be
seen whether further developments will narrow or in-
crease the gap between theory and experiment.

The Irvine-Michigan-Brookhaven (IMB) detector
has been described in previous Letters.* The total
volume of the detector is 8 ktonne and the fiducial
volume is 3.3 ktonne (2.0x 10*} nucleons). Charged
particles above a critical velocity (0.75¢) are detected
by their Cherenkov light impinging on the photomulti-
plier tubes (PMT’s). Electrons from muons which
stop in the detector are identified with an efficiency
~ 65%. The particles u ¥, m*, and K * are visible
above total-energy thresholds of 160, 215, and 750
MeV, respectively. By contrast, et v, and 7%s pro-
duce electromagnetic showers in which essentially all
of their energy is deposited in the detector. The total
light yield of an event (Ec, the Cherenkov equivalent
energy) is obtained after correction for light attenua-
tion in water, PMT angular response, pulse-height
nonlinearity, and other systematic effects. The abso-
lute scale of E¢ is set by throughgoing muons which
emit a known amount of Cherenkov light.

Charged pions produced in nucleon decays can in-
teract in the water (interaction length —~ 28 cm at
E =350 MeV) introducing large fluctuations in light
yield. For nucleon decays occurring inside oxygen nu-
clei the effects of Fermi motion and meson interac-

tions inside the nucleus must be considered. We use
the intranuclear cascade model similar to the one
described by Jones et al.® to determine the types and
energies of particles which ultimately escape the oxy-
gen nucleus.

Data reduction procedures have been described pre-
viously.*7 In the search for nucleon decay we first re-
quire that Npr, the number of illuminated PMT’s, be
in the range 40 < Npy = 300. The mean Npy for decay
modes with maximum light yields of —1 GeV, e.g.,
p— ety, is ~ 180, so that the efficiency of the Npr
requirement is =95% for such modes. For decay
modes with a low Cherenkov light yield, this efficiency
can be low, eg., p— u*p® has an efficiency of
~35%. We use the timing and the topology of the
PMT’s that fired to determine the event vertex. The
mean error of the vertex determination varies between
0.5 and 1.0 m for various nucleon decay modes. The
efficiency of the vertex-finding procedures is > 80%,
as determined by simulations of nucleon decays and v
interactions, as well as by laser-driven light sources
which simulate single- and two-track events in the
detector. Events passing the above requirements (2-3
events/live day) are scanned by physicists on a color
graphics display.

A total of 169 events originated inside the fiducial
volume during 204 days of live time. The vertices of
24 events were adjusted by hand with use of the color
graphics system.

The search for a specific nucleon decay mode
proceeds by making requirements on two characteris-
tics of nucleon decay: (1) total energy, E¢ (ideally 940
MeV, but modified for a given decay mode by the ef-
fects of Cherenkov thresholds, 7 absorption, and
missing v’s); and (2) total vector momentum (p =0
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for the decays originating in hydrogen, p < 225 MeV/c
in oxygen) due to Fermi motion. In addition, we re-
quire the presence or absence of an observed muon
decay as appropriate for the mode under consideration.
Finally, for the four decay modes which should pos-
sess a clear two-body decay signature, viz. p— ey,
p—uty, p— etw® p— u*t w0 we require that two
clearly defined tracks with opening angles = 140° be
recognized on the graphics display, and include an effi-
ciency factor evaluated by scanning of simulated
events.

As a measure of the visible momentum balance we
define a parameter 4 (‘“‘anisotropy’’) which is the
magnitude of the vector sum of the unit vectors from
the fitted vertex to each lit PMT, normalized by the
total number of lit PMT’s. For the events with a sin-
gle short track 4 is — 0.7 (the cosine of the Cheren-
kov angle), and for isotropic or wide-angle two-body
decay modes 4 = 0.3.

A scatter plot of Ec vs A for the 169 contained
events from 204 live days is given in Fig. 1(a). As an
example Fig. 1(b) is the same plot for one nucleon de-
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FIG. 1. (a) Ec vs A for the 169 contained events from
204 live days of data. Events with zero, one, and two identi-
fied u — e decays are indicated by circles, crosses, and aster-
isks, respectively. (b) Ec vs A for a representative simulat-
ed nucleon decay mode, p — w*w? The spread is largely
due to the = interactions in oxygen. The square box indi-
cates the region from which candidates are accepted for this
mode. (c) Ec vs A for a simulation of 204 days of atmos-
pheric v interactions. The number of background events for
each mode given in Table I was determined from a 5-year v
simulation.

cay mode, p— u* 70 The enclosed region indicates

the Ec and A4 requirements used to identify candidate
events for this decay mode. Requirements for dif-
ferent decay modes are given in Table 1.

We have investigated the effects on lifetime limits
arising from possible systematic errors on Ec( +15%)
and 4(£0.05). In all cases these errors produce
changes in the 90% C.L. lifetime limits which are less
than a factor of 2. The overall detection efficiencies
(normalized to the fiducial mass) are presented in two
forms: (a) with all nuclear effects included (column
6) —we use this efficiency to obtain our lifetime limits
in column 10; and (b) with only Fermi motion and = *
interactions in the surrounding water taken into ac-
count (column 7 of Table I) —this is useful to relate
our efficiences to those of other experiments in a way
which does not depend on the nuclear model.

Column 8 of Table I presents the number of con-
tained events passing all the requirements for each
nucleon-decay mode. Some events are ‘‘candidates’
for more than one mode. The nine events passing all
the requirements for non-v modes are listed in Table
II. For some modes with v’s in the final state, there
are a large number of candidates beause of the
momentum imbalance which is frequently mimicked
by atmospheric v interactions.

The background estimated from atmospheric v in-
teractions (column 9 of Table I) is simulated with use
of the atmospheric v flux calculations of Ref. 9. To
obtain topologies and track energies for input to the
detector simulation we use bubble-chamber v data as
described in Ref. 7. The simulated events were passed
through the same analysis chain as the data to produce
Fig. 1(c). The number of background events expected
for each decay mode has been obtained by making
identical requirements (Ec, 4, u decay, and where ap-
plicable, two-track topology) and is listed in column 9
of Table I.

Difficulties in estimation of backgrounds arise
from the uncertainties in (a) the v flux calculations
( £30%); (b) charged- and neutral-current cross sec-
tions at E, ~1 GeV; (c) possible scanning biases and
the bubble-chamber detection efficiency for neutral
particles (y or n); (d) nuclear effects from 7 absorp-
tion which may differ significantly between water and
the bubble-chamber liquids; (e¢) ambiguity in the iden-
tification of #* and p in the bubble-chamber data; (f)
possible contamination of the bubble-chamber data by
entering particles. Uncertainties (a) and (b) are partly
addressed by the fact that the number of contained
events agrees well (within 5%) with the predicted rate.
To investigate (c) and (d), we have processed bubble-
chamber data from three different experiments using
three different liquids (CF;Br, Ne, and D,). Concern-
ing the difficulty (e), we simulated background using
different assumptions regarding the  */p identifica-
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On the basis of these considerations
we assign an overall uncertainty of (—50%, + 100%)

tion ambiguity.

TABLE 1. IMB nucleon-decay partial lifetime limits. Note the following
points:

Column 1. For three-body decay modes flat phase space was assumed.
For the cases marked with daggers, K,? decays are included.

Columns 2-4. Different requirement regions correspond to different
meson decay modes.

Column 4. Number of muon decay signals required.

Column 5. Number of events rejected by requiring two clear tracks with
opening angle > 140°. Efficiencies of columns 6 and 7 include a 90% scan-
ning efficiency for this requirement.

Column 8. Some events are candidates for more than one mode. The
letters a through i represent the candidate events listed in Table II.

Column 10. Lifetime limits quoted are at 90% C.L. for 204 live days and
do not include background subtraction. See Ref. 8 for the procedure used
to combine limits for modes with more than one requirement region.

1 | 2 | 3 | 4] 5 6 7 8 9 10
Requirements Effic. [Effic. Candi- No. of [Limit on
Mode with without| dates Bkgnd.|t/B
Ec A #u |Back |Nuclear|Nuclear| Observed|Est. [(x103'yr)
(Mev) to ICorr., |Corr. -50%, |90% C.L.
Back +100%
p » ety [750-1100] < 0.3] 0 | O 0.66 0.66 0 0.1 18,
p » efs® |750-1100| < 0.3| 0 | O 0.46 0.75 0 0.1 12.
tp » e*k° |300-500 < 0.5( 1 0.12 0.12 i 2
750-1100| < 0.3| 0 0.14 0.14 0 0.2 4.9
p »e*tn® |750-1100] < 0.3 O 0.37 0.54 0 0.2
400-650 < 0.5 1 0.07 0.15 0 ? 12.
p » e*tp® |200-600 |0.1-0.5| 1 0.16 0.30 i 4 2.5
p » etw® [300-600 |0.1-0.5| 1 0.19 0.39 i 3
750-1100{ < 0.3| 0 0.05 0.06 0 0.2 4.0
p » uty |550-900 <0512 0.52 0.52 0 0.4 14,
p + uta® |550-900 <040 1] 1 0.32 0.44 b 0.2 5.1
tp » wtk°® |150-400 |0.1-0.5(1,2 0.19 0.20 f,i 2
550-900 <0. 1 0.14 0.14 a,b 2 2.9
p » utn® |550-900 < 0.5 1 0.23 0.44 a,b 2
200-400 < 0.5(1,2 0.12 0.22 f,i 2 3.1
p > wtp° |150-400 |0.1-0.5[1,2 0.10 0.16 f,i 2 1.2
p » wtew® |200-450 |0.1-0.5|1,2 0.18 0.32 f,i 2
650-900 < 0.5 1 0.03 0.05 a,b 0.8 2.1
p » v K¥ |150-375 |0.3-0.6] 1 0.08 0.08 3 4 0.7
p » v ot |300-600 |0.2-0.5{ 1 0.07 0.19 1 3 1.1
p » v K**|250-500 ]0.3-0.6] 1 0.09 0.19 4 4 0.7
p »etete-|750-1100( < 0.3| 0 0.93 0.93 0 0.2 25.
p »ututu={200-425 < 0.5(2,3 0.58 0.58 f 0.2 9.
n » etr~ |450-950 < 0.5/ 0 0.40 0.55 | c,e,g,h 4 2.5
n > e-xt |400-700 < 0.5 1 0.10 0.24 0 2
700-950 < 0.5| 0 0.10 0.07 c,e 2 2.5
n > e*p~ [400-800 < 0.4] 0 0.20 0.42 | c,d,e,qg 2 1.2
n » e~ p*t [400-800 < 0.4|0,1 0.22 0.57 |a,c,d,e,g| 3 1.2
n » wte= |200-700 < 0.5] 1 0.30 0.43 i 4 3.8
n >yt |200-500 < 0.5(1,2 0.29 0.45 f,i 3 2.7
n » u*p~ |300-550 < 0.5 1 0.07 0.29 i 2 0.9
n » u=pt [300-550 < 0.5(1,2 0.10 0.41 f,i 2 0.9
n -+ vy [350-600 [0.5 < 0 0.77 0.77 28 19 1.1
n > v [350-600 |0.5 < 0 0.51 0.82 28 19 0.7
n + v K° [450-700 |0.2-0.5| O 0.10 0.11 2 2 1.0
n > v n° |450-800 |0.1-0.5| O 0.29 0.56 4 3 1.8
n ~ v p° |150-500 |{0.1-0.4|0,1 0.05 0.11 7 3 0.2
n » v« |200-450 |0.2-0.5| 1 0.08 0.24 1 2
650-950 <0.3] 0 0.03 0.06 0 0.3 1.6
n > v K*1200-700 |.15-0.5| 1 0.06 0.11 1 4 0.7
n > ete~v|500-850 < 0.5| 0 0.41 0.41 4 3 2.6
n > wrp-v[150-375 [0.2-.65]1,2 0.31 0.31 4 7 1.9

of the modes are currently background limited at a

lifetime limit of (a few)x 103! yr. We expect that

to the background estimation for any given mode. No
background subtraction was made in deriving the life-
time limits in Table I. Higher limits would be obtained
with a background subtraction.

In conclusion, a survey of Table I shows that ~ %
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more detailed analysis of the energy and topology of
events will reduce the expected background and there-
fore increase the sensitivity for many modes. For
modes without candidates the present lifetime limits
are ~ 1032 yr.
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TABLE II. Events passing all the requirements for non-v
modes.

Ec Anisotropy No. of

Event No. MeV) A w decays
a 143-21939 745 0.40 1
b 225-7794 880 0.27 1
c 299-72044 735 0.33 0
d 420-34248 425 0.11 0
e 510-54208 720 0.36 0
f 588-8320 385 0.50 2
g 65611673 510 0.37 0
h 663-1770 560 0.41 0
i 747-44203 340 0.45 1
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