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1. Introduction

Baryon-number violation is essential to explain the
existence of matter present in the universe [1]. The
definite prediction of nucleon decay in the frame-
work of the minimal SU(5) GUT [2] has triggered
considerable experimental effort [3-10]. Up to now
no experimental evidence for nucleon decay has been
found thus ruling out the minimal SU (5) unification
scheme. In addition it has been shown that neither
the minimal SU(5) nor its supersymmetric exten-
sion [11] is capable to produce the required amount
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of baryon asymmetry in the GUT phase needed for
the present matter density in the universe [12]. Fur-
thermore in the big bang approach, the baryon-num-
ber-violating anomaly of the standard electroweak
model may have diluted all preexisting baryon asym-
metries generated by (B— L)-conserving processes as
soon as the universe has cooled down to 100 GeV
[13]. Within the electroweak standard model the
anomaly itself is unlikely to generate the present mat-
ter density in the universe because of the smallness of
CP violation [14]. To circumvent this cosmological
problem either the Higgs sector of the SU(5) has to
be extended or grand unification proceeds via differ-
ent schemes like the partial unification in SO(10)
[15]. Models of this kind would give rise to new
classes of baryon-number-violating processes like ni
oscillations, HH oscillations, di-nucleon decay of nu-
cleons bound in nuclei and (B—L)-violating nu-
cleon decay [16].

In this letter we report on new results of the search
for baryon-number-violating processes obtained with
the Fréjus experiment. We only consider nucleon de-
cay modes which violate B— L as well as di-nucleon
decays, including processes mediated via virtual me-
son exchange [17]. Results on other decay channels
and ni oscillations have already been published
[7,8,18]. The analysis makes especially use of the
high resolution capability for multi-prong events and
the low detection threshold for pions and protons in
the Fréjus detector. Lower lifetime limits for 39 dif-
ferent baryon-number-violating channels will be
given.

2. The experiment

The Fréjus detector has been described in detail in
ref. [19]. The fine granularity of this 900 ton track-
ing calorimeter is achieved by a sandwich structure
consisting of 912 flash chambers (5 mm X 5 mm cells)
and iron (3 mm) planesinterspersed with 113 planes
of Geiger tubes (15 mmX 15 mm cells) which pro-
vide the trigger. The detector cells are oriented verti-
cal and horizontal alternately, thus providing two in-
dependent orthogonal views for each event.

The trigger requires grouped hits in a small volume
(1 m®) typical for nucleon decay events correspond-
ing to an energy threshold of about 200 MeV. For the
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baryon-number-violating processes investigated here
this trigger threshold results in a trigger efficiency
ranging from 25% for p—»u*tvvto 97% forppoete™.
The efficiency of the detector was constantly moni-
tored by analyzing the atmospheric muons passing
through the apparatus. The average trigger rate is 45
events per hour. Half of the triggers are due to cosmic
ray muons while the rest is induced by local radioac-
tivity and electronic noise. The event rate produced
by interactions of atmospheric neutrinos is about one
event per week.

3. Data processing

Continuous data taking started February 19, 1984
with a mass of 240 tons. The size of the detector was
gradually increased until the final mass of 912 tons
was reached in June 1985. Data taking ended Sep-
tember 13, 1988.

This analysis is based on contained events only. An
event is defined to be contained if no prong (track or
shower) is leaving the detector taking into account
the detector geometry and the cell efficiency. To avoid
biases due to photons leaving the detector before
being converted, a fiducial cut is applied to the events.
Thus a minimum distance of 25 cm for the nucleon
decay vertex with respect to the surface of the detec-
tor is required. This reduces the fiducial mass to 700
tons leading to an exposure of 2.0 kiloton year (kty).
With this cut we select 153 fully contained events out
of which 90 events have at least two prongs.

A pattern recognition program *! is applied to re-
construct the events. Only the vertices of the events
are determined visually on a graphic terminal while
track finding, association of tracks in the two inde-
pendent views, particle type identification (showers
or tracks) and momentum determination is done by
program.

Eighteen events exhibit more than one vertex due
to secondary interactions of pions. The visible energy
of non-showering particles is determined by range
measurement, including, in case of visible secondar-

# More details on the pattern recognition program, Monte Carlo
simulation and the estimation of the neutrino induced back-
ground can be found in the description of analysis 2 in ref.

[8].
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ies, their kinetic energies. The shower energy is deter-
mined from the number of associated hits using the
calibration obtained with the test detector [19]. For
four events the correlation of tracks in the two inde-
pendent views is not unique leading to different event
definitions. In case of ambiguities the vertex and the
event definition closest to the nucleon decay hypoth-
esis is chosen.

4. Simulation of baryon-number-violating processes
and the neutrino background

The detection efficiencies for the various baryon-
number-violating processes are determined by means
of Monte Carlo methods. About 300 events are gen-
erated for each considered mode. In order to mini-
mize the scanning bias during the interactive vertex
determination the events of the different processes
are mixed randomly.

The background for nucleon decay is due to atmos-
pheric neutrino interactions and is determined using
the neutrino Monte Carlo described in ref. [20]. We
have simulated neutrino interactions corresponding
to a sensitivity of 12.8 kty. The background neutrino
events were mixed with simulated nucleon decay
events and processed together imposing the nucleon
decay hypothesis to all events.

The influence of the target nucleus on the hadrons
produced in proton decay and in neutrino interac-
tions is simulated by the nuclear cascade model (B)
of ref. [8]. The propagation through nuclear matter
of the A resonance formed in various nucleon decay
channels with virtual meson absorption is analogous
to the treatment of the A resonance produced by pion
nucleon interaction in this cascade model.

5. Data analysis

For each decay mode we select events according to
their topology taking into account the influence of
nuclear effects. The accepted topologies in the anal-
ysis of a specific nucleon decay channel may differ
slightly from what is expected from our knowledge of
the decay products because the probability of mis-
identification of the particle type at very low energies
amounts to about (10-20)% and no a priori as-
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sumptions on possible topologies are made by the
pattern recognition program.

Two different schemes were adopted for the anal-
ysis of the various nucleon decay modes. The analy-
sts of decay channels with only one particle visible in
the detector e.g. p—~e*vv or pn—e*n is straightfor-
ward. In this case we require one contained prong with
the correct particle type assignment by the recon-
struction program. Cuts are applied to the accepted
momentum range of this particle according to the ex-
pectation from nucleon decay and neutrino interac-
tion kinematics.

For decay modes with at least two particles ex-
pected to be visible in the final state we first select
events according to the accepted topologies and ap-
ply a cut in that kinematic variable leading to the best
discrimination between the nucleon decay channel
and the neutrino induced background. We subse-
quently use the method of discriminant analysis [21]
to improve the separation further. Instead of apply-
ing cuts in one dimensional kinematic quantities (e.g.
lepton momentum, visible energy, invariant mass
etc.) this method uses the full correlations between
these variables. In this method a linear combination
of all kinematic variables is compared to a discrimi-
nant constant (4). The values of the coefficients of
the linear combination are chosen to maximize the
separation of two different physical processes to be
disentangled. The value of 4 is determined by maxi-
mizing the ratio of ¢/Bqy,, where € is the detection ef-
ficiency for the baryon-number-violating process and
By is the expected upper limit (90% CL) of the neu-
trino background.

6. Lifetime limits

In this study we have analyzed 35 baryon-number-
violating channels with at least one visible particle in
the final state. Since no signal was observed in any of
these channels only lower limits on the lifetime for
the different processes can be inferred. The 90% CL
lower limit on the lifetime is calculated according to

BR A ()

Herein, BR, € and Sy, denote the branching ratio, the
detection efficiency and the 90% CL upper limit of a
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possible signal for the investigated channel respec-
tively, while 4 stands for the fiducial sensitivity which
amounts to 2.0 kty in this analysis. The number of
source particles for the decay (e.g. protons, neutrons
or nuclei) per kiloton in our detector is given by Nj.
The values of N4 are summarized in table 1 for the
different classes of baryon-number-violating pro-
cesses considered in this paper. Since in this analysis
the final state of a specific decay mode is defined
uniquely, the upper limit is simply calculated from
the number of candidates N_ and the expected back-
ground B according to

Sheo (1)~ (S+B) e~ D

L=1—
CL=1 SNe o (nl)~'Bne—B

(2)

The results on AB=1 nucleon decay modes with
A(B—L)=2 and on channels mediated by virtual
meson exchange [A(B—L)=0] are summarized in
table 2 while table 3 presents our lower lifetime limits
on di-nucleon decay channels. A detailed estimate of
the systematic uncertainties on the lifetime limits can
be found in ref. [8]. The uncertainties are of the or-
der of 30% in general and amount to 60% for chan-
nels dominated by pion-nucleus interactions.

Beside the decay modes with only one particle vis-

Table 1

The number of source particles for the decay (e.g. protons, neu-
trons or nuclei) per kiloton for the different baryon-number-vi-
olating processes analyzed in this paper. Since for the nucleon
decay modes with virtual meson exchange one of the two nu-
cleons simply acts as spectator we take the number of protons or
neutrons as for (B— L)-violating nucleon decay, except for decay
channels of the type pn—2*N where either the neutron or the
proton may decay. We thus take the total number of nucleons in
this case. The decay rate of the true di-nucleon decay modes should
be strongly affected by nuclear physics. Independent of physical
details the lifetime should be proportional to the nuclear density
which is nearly independent of the nuclear size. We therefore use
the number of iron nuclei to calculate the lower lifetime limits
for di-nucleon decay channels.

Process Ny
(102 kt~")

p—e X 2.80
n-oe X 3.23
pp—*N 2.80
pn—-2*N 6.03
nm-2*N 3.23
NN-QtR 0.11
NN-nr 0.11
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ible in the detector where the neutrino background is
rather high we observe 17 independent candidates in
total. This is in good agreement with the Monte Carlo
prediction of 22.7 events induced by interactions of
atmospheric neutrinos.

7. Neutron decay into neutrinos

To set limits on processes with only neutrinos in
the final state the earth is assumed as decay target.
The expected signals in the detector induced by neu-
trinos are single prong events which is the dominant
topology at these energies with an energy spectrum
similar for n—3v and nn—2v to the charged lepton
spectrum in the decay modes p—2*vv and pn-g*tv
respectively. The detection sensitivity n of neutrinos
stemming from these kinds of baryon number violat-
ing processes in the earth is defined as

n=ANjea, , (3)

where Ny=6X103? yr denotes the number of nu-
cleons per kiloton, € the detection efficiency of one
prong events induced by neutrinos interacting in the
detector and o, the neutrino—nucleon cross section
respectively. The neutrino-nucleon cross section is
calculated by taking into account the contribution of
neutrinos and antineutrinos produced per decay. Us-
ing the observed number of candidates as selected for
the corresponding modes with one charged lepton in
the final state the upper limit on the neutrino flux is
simply given by

@, =50 (4)
"

From this flux limit we obtain the lower limit on the
decay modes with neutrinos only:

Tn RyHn
Br~ @, -4nr’

(3)

where n, denotes the number of neutrinos produced
per decay, n,=1.8 X 10%' stands for the number of
neutrons in the earth and ».=6371 km for the radius
of the earth. The lower lifetime limits for neutron and
di-neutron decay into neutrinos are summarized in
table 4.
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Table 2

Lower limits on the nucleon lifetime at 90% CL for (B— L)-violating nucleon decay and nucleon decay via virtual meson exchange. For
each decay mode the detection efficiency ¢, the expected neutrino induced background B, the number of observed candidates Nc, the
upper limit on the contribution of a possible signal at 90% CL Sy, and the lower limits on the ratio of the nucleon lifetime over the
unknown branching ratio into the considered decay mode without (7i/BR) and with (1y/BR) background subtraction is given. If no
background events are selected from the simulated neutrino sample (with a sensitivity of 12.8 kty) a value of B<(0.1 is given correspond-
ing to an upper limit of 66% CL on this background.

A(B-L) AB=1 € B Nc Soo Tn/BR wn/BR
(%) (103 yr) (103 yr)
2 n-yv 32.3 6.86 10 8.76 1.4 2.4
noeetv 26.5 <0.10 0 2.30 7.4 7.4
noe-putv 17.0 <0.10 0 2.30 4.7 4.7
noppty 15.1 1.40 0 2.30 42 4.2
p—etw 21.1 6.08 11 10.57 0.7 1.1
poutw 16.2 11.23 7 4.34 0.8 2.1
noe-nt 19.8 1.09 0 2.30 5.5 5.5
nopnt 11.7 1.40 0 2.30 33 33
n-e K* 21.7 2.96 3 4.38 2.1 3.2
n-u~K* 20.4 2.18 0 2.30 5.7 5.7
poe ntnt 15.9 2.50 1 2.91 2.3 3.0
popmtrt 9.4 1.72 1 3.06 1.4 1.7
n-e-ntn’ 15.0 0.78 1 3.36 2.5 2.9
n-p-ntn’ 12.1 0.78 0 2.30 34 3.4
p-e n*tK* 16.5 2.50 3 4.62 1.4 2.0
popu n*tK* 4.5 0.78 2 4.61 0.5 0.5
0 pn-etn 42.3 6.40 5 4.56 5.0 10.3
pn-p*n 52.0 5.93 7 6.42 5.0 8.9
pp—e*p 33.7 0.16 0 2.30 8.2 8.2
pp—u*p 43.4 2.96 2 3.53 4.5 6.8
pp—etAt 23.1 1.40 1 3.14 33 4.1
pp—outA* 21.5 4.84 2 3.15 2.3 3.8
pn-e*A° 16.5 1.25 1 3.19 4.8 5.7
pn—u*A° 19.1 6.86 2 2.93 4.0 7.1
nnoetA- 14.2 2.96 2 3.53 1.7 2.6
nnoptA- 20.4 6.71 4 3.86 1.7 3.4
Table 3

Lower limits on the lifetime per nucleus at 90% CL for di-nucleon decay. (For details on the information given in this table see table 2.)
Since the limits are given per nucleus the same results as for pp—2*¢* are obtained for nn-»2+¢~.

A(B-L) AB=2 € B Ne Sso 7n/BR ~/BR
(%) (10*°yr) (10%°yr)

2 pp—ntnt 19.0 2.34 4 5.81 0.5 0.7
pnonta’® 234 0.31 0 2.30 2.0 2.0
nn-n’n’® 36.7 0.78 0 2.30 34 3.4
nnontg” 19.8 2.18 4 5.94 0.5 0.7

0 pp—oetet 62.3 <0.10 0 2.30 5.8 5.8
pp—e*tu* 38.8 <0.10 0 2.30 3.6 3.6
P 18.4 0.62 0 2.30 1.7 1.7
pn—etv 52.8 9.67 5 3.77 1.1 2.8
pn-optv 37.4 4.37 4 4.61 0.9 1.6
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Lower limits on the nucleon lifetime at 90% CL for neutron and di-neutron decay into neutrinos. @, is the upper limit on the measured
neutrino flux for the selected neutrino type and # the detection sensitivity. (For details on the information given in the other columns
see table 2.) For the di-neutron decay we calculate the lifetime limit per nucleus assuming a mean number of neutrons of 20 per nucleus
in the earth. Lifetime limits for decay modes with a different combination of neutrinos and antineutrinos may be obtained from these

limits by multiplying with the ratio of averaged cross sections.

A(B-L)=2 D, n Ne Sso n/BR w/BR
(s~'cm—2) (scm?) (10% yr) (10%% yr)

N VeVeV, 1.1 9.8 11 10.6 2 3

LEAAAN 0.28 15.7 7 4.3 5 12

nn- vV, 0.10 39 5 3.8 0.5 1.2

nn—v,v, 0.18 26 4 4.6 0.4 0.6

8. Conclusions

We have analyzed the data recorded in the Fréjus
detector corresponding to a sensitivity of 2.0 kty in
order to search for (B—L)-violating nucleon decay
and di-nucleon decay modes. No signal was found in
any of the 39 different channels investigated.

For the AB=1 decay modes with visible particles
in the final state the lower limits on the partial life-
time range from 5.4X%10°° to 1.0 1032 yr. In this
sample of decay channels all A(B—L)=0 modes as
well as six A(B—L)=2 modes are presented for the
first time. Only for ten decay modes have limits al-
ready been published by other experiments. Al-
though the water Cerenkov detectors, IMB [4] and
Kamiokande [5] have reached higher sensitivities,
only for five of the decay modes considered here have
results already been published by IMB with values
comparable to our limits. The HPW experiment [9]
sets lower limits on seven decay channels in common
with our analysis which are about one order of mag-
nitude smaller than our results. For AB=2 processes,
the lower limits on the iron nucleus lifetime range
from 0.7 to 5.8 X 10°° yr and are presented for the first
time except for the mode pp—e*e™ for which NU-
SEX [6] gave a limit which has been improved by
one order of magnitude.

Using the earth as decay target we also set lower
lifetime limits on neutron and di-neutron decay into
neutrinos. These limits are based on the measure-
ment of the neutrino flux for v, and v, separately in
the energy range of interest #2,

Unfortunately for the channels investigated here
theoretical predictions are so far not as firm as were
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the minimal SU(5) predictions for the A(B—L)=0
modes since other grand unification schemes like
SO(10) contain too many unknown parameters.
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#2 The sensitivity to this kind of nucleon decay is simply limited
by the atmospheric neutrino flux and thus is nearly indepen-
dent of the number of kty collected by the different experi-
ments. Limits on some of these decay channels were already
reported in literature. Two different approaches were used to
derive limits. One possibility is the radiochemical method [22]
where the inferred limit depends strongly on details of the nu-
clear model involved. Secondly one uses the horizontal muon
flux measured deep under ground [23,24] to extrapolate to
the v, flux in the energy region of interest. However, using the
muon flux quoted in ref. [24] the lifetime limit turns out to
be smaller by more than one order of magnitude compared to
the value given in ref. [23].
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