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Abstract. Lower limits on the nucleon lifetime in channels
containing at least one positron or muon are given. The
analysis is based on 4 years of data taking with the Fréjus
detector. Various approaches to determine the back-
ground from atmospheric neutrinos are discussed and
two different nuclear models are used in event simula-
tions. The limits obtained range from 10! years for
p—e K* to 1.5-10°? years for p—uty.

1 Introduction

The ideas of grand unification [1] have stimulated the
experimental search for nucleon decay. Results on lower
limits of the nucleon lifetime have been obtained using
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water Cerenkov and iron calorimeter detectors [2-6]. In
this paper we present data recorded with the Fréjus de-
tector, a fine grain tracking calorimeter allowing for a
good pattern recognition of multi-prong events. Here we
consider nucleon decay into modes containing at least
one charged lepton. Other baryon-number violating pro-
cesses like nucleon decay into channels with an antineu-
trino [7] or the neutron-antineutron oscillations [8] have
already been published.

The paper is organized as follows: after a short de-
scription of the detector and the processing of the data
(Sect. 2) the Monte Carlo simulation of the nucleon decay
inside the iron nucleus is discussed (Sect. 3). Two differ-
ent nuclear models have been studied and compared to
experimental data.

A careful study of the background from atmospheric
neutrinos is mandatory for any nucleon decay analysis.
We determine this background by a reanalysis {9] of the
Aachen-Padova spark chamber experiment at the CERN
proton synchrotron PS (Sect. 4.1) and independently by
a Monte Carlo simulation of neutrino interactions in the
Fréjus detector [10] (Sect. 4.2). Both methods describe
the Fréjus data quite well.

Starting from three different approaches (Sect. 5), we
give lifetime limits for 29 decay channels (Sect. 6) and an
estimate of the systematic errors (Sect. 7).
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2 The experiment

2.1 The detector

The Fréjus nucleon decay detector was installed in an
underground laboratory located in the middle of the Fré-
jus alpine road tunnel connecting Modane (France) to
Bardonecchia (Italy). The average rock overburden
amounts to 1780 m. The 900t detector is 6 m in height
with an horizontal surface of 6 mx12.3m. It is a very
fine grain tracking calorimeter with (5§ mm x 5mm) cells
and a calorimetric sampling of 3 mm of iron plates. 912
vertical planes of flash chambers and 113 planes of Geiger
tubes with alternately horizontal and vertical cells pro-
vide two orthogonal views. The trigger obtained from the
Geiger tubes requires, in a time interval of 320 ns, at least
5 hits in 5 adjacent planes, each plane contributing at
most 3 hits. For the nucleon decay modes studied in this
paper this results in trigger efficiencies ranging from 48 %
for p—utp® to 98% for p—~e™ e’ e . The efficiency of
the detector was constantly monitored by analyzing the
muons crossing the apparatus. A detailed description of
the detector can be found elsewhere [11].

2.2 Data taking

Data taking started in February 1984 with a mass of 240 t.
The full detector was completed in June 1985. This anal-
ysis uses all data until the final shut down of the Fréjus
detector in September 1988 and represents a total accu-
mulated sensitivity of 2.5 kiloton-years (kt-y). During
this time 1200 000 triggers have been recorded, mainly
due to almost equal contributions of atmospheric muons
and local radioactivity or electronic noise. The contained
neutrino events or nucleon decay candidates were iden-
tified by visual scanning on a graphic terminal and, in-
dependently, using two different pattern recognition pro-
grams.

2.3 Data selection and processing

Two different particle signatures can be distinguished in
our apparatus: showers produced by electrons or photons
and tracks produced by muons or charged hadrons. As-
signing a vertex to an event and the classification of the
prongs originating from it (i.e. the number of tracks and
showers) determines the topology of the event. In general,
due to the good spatial resolution, showers and tracks
are straightforward to identify. This can be seen from the
two examples given in Fig. 1. The sensitivity of the results
to the detailed scanning criteria, to the procedure in the
case of ambiguities (e.g. multiple possibilities for the ver-
tex position) and to the technical treatment (manual or
automatic) justifies the various analyses presented in
Sect. 5.

All analyses are based on contained events only. An
event is contained, if no prong (extended by a safety
region taking into account the conversion length of pho-
tons, the detector geometry and the cell efficiency) is
leaving the detector. The effective detector mass available
for nucleon decay vertices is thus reduced. Three different
definitions have been used to determine the fiducial mass.
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Fig. 1a, b. Fréjus events produced by neutrino interactions. Two
orthogonal views are shown. The large squares represent the fired
Geiger tubes and the small ones the flash tubes. a a three track
event with total energy E=0.87 GeV and total momentum
p=0.45GeV; b a two shower event with total energy £=1.18 GeV
and total momentum p=0.96 GeV

The number of contained events found inside the fiducial
volume ranges from 142 to 153, depending on the con-
tainment criteria. The events with at least two prongs
(60 % respectively 45 % with visible energies below 2 GeV)
are used for further analyses.

The energy of electromagnetic showers is calculated
according to the calibration with a test-detector of iden-
tical structure exposed to an electron beam at DESY and
to neutral pions produced in charge exchange reactions
in a pion beam at Bonn [11]. At energies relevant for
nucleon decay the detector response is nearly linear with
7 MeV per flash chamber hit and an energy resolution of

AE
72 15% at 400 MeV.

The energy of non showering particles is obtained from
their range by the Bethe-Bloch relation. This leads to an
accuracy of 10 MeV for muons with a momentum of
300 MeV perpendicular to the iron plates.

Due to nuclear interactions in the detector only 45%
of the pions with a momentum of 300 MeV reach their
nominal range. Therefore a part of the pionic energy is
not visible in the detector (e.g. on average 77% of the
total energy is visible for pions with p =300 MeV).

Figure 2 shows the distribution of the visible momen-
tum p=| > p,| vs. the visible energy E=) E,,

all particles
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Fig. 2. Measured momentum p vs. energy E for contained Fréjus
events with at least 2 prongs (analysis 3, see Sect. 5.3). If there is
more than one possible interpretation of an event the lowest p/E
is taken

with E?=p?+m?. For this diagram all non showering
prongs are considered to be pions. No obvious signal is
present in the nucleon decay region (Exm,=938 MeV,
pr0).

3 Nuclear effects

The mesons produced in decays of nucleons bound in
nuclei undergo strong interactions with the nuclear mat-
ter.

The interaction probabilities for # (w) mesons are de-
rived from the 7 N =5 (@) N nucleon cross sections using
the method of detailed balance [12]. Due to its short
decay length the interaction of the p is not considered.
The probability for K° and K mesons to interact inside
the nucleus is negligible ( < 5%).

The interaction of pions produced in nucleon decay
is dominated by the production of A-resonances smeared
out by the Fermi-motion of the nucleons. The models
outlined below describe the interaction of pions via the
formation of a resonance in the nuclear matter using the
experimental pion nucleon scattering cross sections [13].
This resonance, propagating through the nucleus, may
decay, if allowed by the Pauli principle, leading to a quasi
free pion nucleon scattering or charge exchange reactions.
Alternatively the resonance may interact with additional
nucleons which may finally lead to the absorption of
pions inside the nucleus.

Two models have been developed in order to evaluate
the behaviour of pions inside the nucleus. The first (model
A) is based on simple hypotheses, while the second (model
B) assumes a more detailed knowledge of the nuclear
processes.

3.1 Model 4

In this model the iron nucleus is assumed to be a Fermi
gas of noninteracting nucleons. The nuclear density is
taken constant and the mean square radius is obtained
from electron-nucleus scattering data [14].
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In order to take into account the absorption the A-
scattering amplitude is modified by introducing an ab-
sorptive width [15]. This width is determined empirically
by a fit to the experimental 7z-Fe absorption, inelastic
and charge exchange yields.

3.2 Model B

This model uses a nuclear density distribution of Woods-
Saxon type with nuclear radii obtained from electron nu-
cleus scattering data [14]. The nucleon decay is allowed
to take place in different nuclei according to the com-
position of the detector material (87 % of iron). The mo-
tion of the nucleons inside the nuclei is described by the
focal density approach of a Fermi gas model with a max-
imum Fermi energy of 37 MeV leading to the proper mo-
mentum distribution for the different nuclei.

The interaction of the pion-nucleon resonances pro-
ceeds via virtual pion exchange exciting A-resonances.
Concurrently to quasifree pion nucleon scattering the A-
resonance may interact with additional nucleons either
via pion scattering on two nucleons or initiating the pro-
cess of pion absorption. Since the momentum transfer is
degraded in each A-resonance formation this model al-
lows for at most three nucleons participating in the gen-
uine pion absorption [16].

The probabilities for the different pion scattering and
absorption processes are obtained from isospin consid-
erations, the m NA-, t NN- and nAA4-couplings taken
from [17] and the Breit-Wigner shape of the excited 4-
resonances. Since at least two nucleons participate in pion
absorption the probability of this process varies roughly
like the nuclear density squared while the scattering prob-
ability is proportional to the density. Therefore pion ab-
sorption dominates at small radii while scattering takes
place at the periphery of the nucleus. Due to this differ-
ence the pion absorption is expected to be somewhat
smaller compared to the constant density model.

The secondary particles produced in the pion inter-
action with nuclear matter may interact subsequently with
the nuclear fragment initiating an intranuclear cascade.
Since protons with energies larger than 100 MeV are vis-
ible in the Fréjus detector* the nucleon-nucleus interac-
tions are included in a similar way. The nucleon cross
section in nuclear matter is obtained from nucleon-nu-
cleon cross sections [18] using its isospin decomposition
[19] and accounting for the two particle correlations of
the Fermi gas model. In agreement with observation [20],
this ansatz leads to a larger mean free path of nucleons
in nuclear matter compared to the naive expectation from
nucleon-nucleon scattering data.

3.3 Comparison of the two models

Both approaches allow to reproduce roughly the exper-
imental cross sections [21] for the various processes shown
in Fig. 3. The agreement between the simulation and the
data is sufficient for our purpose especially if one con-
siders the systematic uncertainties in the determination
of the measured cross sections. In Sect. 7 we estimate the

* However in the following analyses all tracks are interpreted as
pions or muons
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Fig. 3a, b. Comparison of experimental data on Fe, Niand Cu [21}
with the energy dependent cross sections of positively charged pions
on iron simulated with the two nuclear models for the various
processes. The error bars for Cu account only for the statistical
errors, the systematic errors are however considerably larger. Note
that the measurement of the scattering cross section on iron is
affected with large systematic uncertainties for momenta
p, <250 MeV

Table 1. The effect of pion nucleus interaction for pions produced
in the nucleon decay mode p—e* =’ The numbers indicate the
probability of each process

Model No Scat- Charge Absorp- m-pro-
interaction  tering exchange tion duction

A 0.34 0.16 0.14 0.36 -

B 0.48 0.15 0.12 0.22 0.03

influence on the nucleon lifetime limits comparing the
results obtained with both models.

As an example Table 1 gives the results of the two
models on the influence of the iron nucleus for the decay
mode p—e™ n°. The pion survival probability is signifi-
cantly higher in model B (48 %) compared to the simpler
model A (34%). This is mostly due to the different treat-
ment of pion absorption. These differences will reflect as
systematic uncertainties in our final results.

4 Background evaluation

The contained events in our detector are due to neutrino
interactions. The neutrinos are produced in the atmos-
phere of the earth in hadronic showers induced by pri-
mary cosmic rays. Several authors [22-24] have calcu-

lated the expected neutrino flux in particular at the lo-
cation of the Fréjus detector.

The background induced by muons crossing the de-
tector parallel to the plates (and therefore invisible) but
with visible secondary hadrons or bremsstrahlung and
the background from neutral particles other than neu-
trinos has been estimated to be less than 3% [10] and is
therefore negligible.

The neutrino background expected in the Fréjus de-
tector has been studied by an experimental method
(Sect. 4.1} and by a Monte Carlo simulation (Sect. 4.2).

4.1 Analysis of the Aachen Padova data*

The Aachen Padova (AcPd) spark chamber detector [25]

was designed for an investigation of (v)-neutral current
reactions in the GeV energy-region at the CERN-PS. Its
sampling structure is very close to that of the Fréjus de-
tector and therefore the shower development and the in-
teraction probability of pions are similar in both detec-
tors.

In transferring these results to the Fréjus experiment
we correct for some differences by applying appropriate
weight factors:

e The fraction of electron neutrinos is practically neg-
ligible in an accelerator beam, whereas it is roughly 50%
for atmospheric neutrinos [22]. In order to correct for
this different composition, charged current reactions in
the Aachen Padova experiment are treated by replacing
with the appropriate frequency the outgoing muon by an
electron with the same momentum.

® We correct for the different shape of the atmospheric
neutrino flux spectrum compared to that of the CERN
PS beam by applying energy dependent weight factors to
the Aachen Padova events.

e In order to take into account the Fréjus trigger effi-
ciency an energy dependent correction weight for the
Aachen Padova events has been calculated by simulating
the response of our detector to the Aachen Padova events.
o The lateral size of the Aachen Padova detector is
2mx2m. This results in an acceptance for contained
events which depends strongly on their spatial extension
in the apparatus. We correct for this effect by applying
a geometrical weight to each event.

Neutrino events contributing to the background for nu-
cleon decay should be rather balanced in visible momen-
tum. It has been checked that no correction is necessary
to account for the approximately isotropic atmospheric
neutrino flux as compared to the neutrino beam perpen-
dicular to the plates.

As we have to process the Aachen Padova events in
the same way as the Fréjus events we may interpret the
point of a strong reinteraction of one of the secondary
particles as the vertex of the event. Comparing with the

well defined situation in the Aachen Padova ‘v '-beam
experiment we estimate the contribution of these reinter-
action vertices to the background for nucleon decay chan-
nels to be about 50%.

* A detailed description of this analysis can be found in [9}



The data sample of our reanalysis of the Aachen Pa-
dova events is equivalent to an exposure of 60 kt-y for
the Fréjus detector to atmospheric neutrinos in the 1 GeV
energy region. Using all weighting factors we calculate
the expected number of background events for each in-
dividual topology of interest in the nucleon decay anal-
ysis.

4.2 Neutrino Monte Carlo simulation

Using the neutrino flux at the Fréjus underground lab-
oratory [22] we simulate the products of an interaction
with a nucleus in the detector by a program which takes
into account the neutrino cross sections in the neutrino
energy range (0.2<E, <20 GeV). The nuclear interac-
tions of the produced hadrons are treated with the model
B described in Sect. 3.2 while the detector response is
simulated with the detector Monte Carlo programs de-
scribed in Sect. 5.

Dominant processes of the neutrino reactions are
quasi-elastic scattering, pion and multi pion production
while strange particle production is known to be small
and therefore neglected. The results of the simulation are
in close agreement with the observed neutrino events [10].

The simulated neutrino events are subject to exactly
the same analysis chain as the Fréjus data and the sim-
ulated nucleon decay events.

4.3 Comparison with the data

Both methods describe our data quite well for E < 2 GeV
and topology =2 prongs. Since no global excess of events
in the nucleon decay region is observed (see Fig. 2) de-
tailed mode dependent analyses are needed to search for
nucleon decay candidates and to set lifetime limits on
various decay modes. ‘

Reasonable agreement between the absolute predic-
tions and the data has been found as shown in Fig. 4a-
¢, where the multiplicity, the energy and the momentum
distributions are presented. The total number of predicted
events is 78 in the neutrino Monte Carlo and 55 in the
Aachen-Padova data, whereas in the Fréjus experiment
66 events are seen. The systematic error of both predic-
tions amounts to 30% mainly due to the uncertainties on
the neutrino flux and on the nuclear effects.

In a few cases the pattern of a single shower may mimic
a multi shower event in the Fréjus detector. The number
of events with at least two showers found in the Fréjus
data ranges from 15 to 24 events depending on the anal-
ysis and from 20 to 24 events in the Monte Carlo simu-
lation. The somewhat lower prediction from the Aachen
Padova data (about 7 events) may be due to the artificial
origin of the v -events.

We account for these uncertainties in the analyses de-
scribed in Sect. 5 by using different methods of back-
ground evaluation.

5 Nucleon decay analyses

The naive expectation for the nucleon decay )’ E,
=938 MeV and ! p,=0 is modified by the nuclear effects
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Fig. 4a—c. Comparison of absolute background predictions and the
Fréjus data for a multiplicity, b visible energy and ¢ visible mo-
mentum distributions. The events are classified according to the
criteria mentioned in Fig. 2 and taken from analysis 3 (Sect. 5.3)

and the measurement errors. Since there is no unique way
to define candidate events their treatment is different in
the three analyses presented in this section. This allows
us to study the influence of the selection criteria on the
results.

The calculation of lower limits on the nucleon lifetime
is based on the number of observed candidates, the ex-
pected background and the detection efficiency for a given
decay mode. These are derived from three sets of data:
the contained Fréjus events, the v-background and the
250-300 simulated events for a given nucleon decay mode,
subject to the same analysis chain inside the framework
of each analysis.
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It is a general feature of the three analyses that there
is more than one interpretation for 10-20% of the events.
Most of the ambiguities are due to the fact that either a
secondary Interaction or substructure inside a single
shower indicates a second possible vertex. We keep all
hypotheses during the analysis and select at the end the
most probable for nucieon decay.

For each decay channel, a topological selection and
kinematical cuts are applied on both simulated decay and
neutrino background events. To be independent from the
Fréjus data we define the cut(s) by maximizing the ex-
pected lifetime limit with respect to the recognition effi-
ciency and the predicted background.

The three analyses presented below are described in
detail in [26].

5.1 Analysis 1

5.1.1 Simulation and background. The nucleon decay in-
side the iron nucleus is treated according to model A.
The detector response to the decay particles is simulated
by the Monte Carlo program GEANT [27].

The background for nucleon decay is evaluated using
the Aachen-Padova data.

5.1.2 Measurement of the events. As for the Fréjus data
the simulated nucleon decay events are scanned and
measured on a graphic terminal. To guarantee a minimal
scanning bias the nucleon decay events are mixed among
the various decay modes. A vertex is defined and the hits
are associated with tracks or showers in both views using
criteria similar to those adopted in the Aachen-Padova
analysis [9]. For each event the topology with the best
momentum balance is chosen.

A fiducial cut is applied on vertices located less than
50 cm from the edges of the detector. This leads to an
effective mass of 554 t corresponding to a total sensitivity
of 1.56 kt-y.

5.1.3 Data analysis. Topological and kinematical cuts (on
E, p and meson invariant mass(es)) are used to reject the
background. Since no a priori hypothesis of a decay chan-
nel is assumed at the scanning level, the accepted topo-
logical configurations of scanned events may differ from
the expected decay products (cf. Table 2).

Table 2. Results of the three analyses for two decay modes.
S=shower, T=Track and X=shower or track. ¢, denotes the ef-
ficiency and b, is the branching ratio into the investigated meson
decay modes. N and N are the numbers of background and can-
didate events and the background subtracted limits on 7, are given
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Fig. 5a, b. Scatter plot p vs. E of events with 2, 3 or 4 showers for:
a Simulated and reconstructed p—>e* n® events b Neutrino inter-
actions from the Aachen-Padova experiment corresponding to a
sensitivity of 60 kt-y. The boxes represent the kinematical cuts used
to select the nucleon decay candidates. The solid line is for 2 and
3 showers and the dotted line for 4 showers

As an example Fig. § shows the p vs. E distributions
of simulated p—e* n° nucleon decay events and Aachen
Padova neutrino background. The kinematical cuts to
select the candidate events are also presented. Among the
8 Fréjus events belonging to the selected topological con-
figurations (2, 3, 4 showers) none remains inside the cho-
sen cuts.

5.2 Analysis 2

5.2.1 Simulation and background. The mesons produced
in nucleon decay inside the nucleus are treated according

with 90% confidence level. N;<0.1 means that no background
event has been found but depending on the underlying sta-
tistics this corresponds to a 66 % confidence level limit on the back-
ground. For the K3 the decay modes Kl-ntn~ and K?—n"=°
are studied

i b2 i ) Y 2

Channel Analysis  Topology ;8,» b, Ny N. Sens. (kt-y) BR(107y)
poet n® 1 2,3,48 0.23 0.1 0 1.56 44
2 2Sor 1X+2,38 0.33 <0.1 0 2.00 8.1
3 2,38 0.36 0.5 0 1.58 7.0
p—utKS 1 3Tor 1T+2,3,48 0.34 1.2 0 1.56 6.4
2 2T or 2T+1X or 0.40 2.2 1 2.00 5.8

1T+28or 1T+25+1,2X

3 3Tor 1T+2,3,48 0.44 0.8 0 1.68 9.0

# The various efficiencies and numbers of background events reflect the influence of the different nuclear models and of the chosen cuts



to model B. A Monte Carlo program especially tuned for
low energy hadrons and for the development of electro-
magnetic showers in a fine grained calorimeter is used to
simulate the detector response to particles produced in
nucleon decay.

The background for nucleon decay is determined using
the neutrino Monte Carlo described in Sect. 4.2. We have
simulated neutrino interactions corresponding to a sen-
sitivity of 12.5 kt-y. The same Monte Carlo programs as
described above are used to simulate the hadron reinter-
action in nuclei and the detector response.

In order to minimize the scanning bias for the vertex
determination these neutrino events were mixed with the
simulated nucleon decay events and processed together
imposing the nucleon decay hypotheses to all events.

5.2.2 Measurement of the events. This analysis uses a pat-
tern recognition program to reconstruct the Fréjus data
and the simulated events. Only the vertices are deter-
mined visually on a graphic terminal while track finding,
association of tracks in the two independent views, par-
ticle type identification (showers or tracks) and momen-
tum determination are done by program. The type of each
prong is determined using a maximum likelihood test on
the transverse profile and on the distribution of hits per
plane for hits associated with the prong. These tests yield
an identification probability of 85 % for showers and 90 %
for non showering particles at 200 MeV and more than
95% above 400 MeV for both particle types. For a few
percent of the events the correlation of prongs in the two
independent views is not unique leading to different event
definitions. In case of ambiguities the event interpretation
which is closest to the nucleon decay hypothesis is chosen.

A minimum distance of 25 cm is required for the vertex
with respect to the surface of the detector. This reduces
the fiducial mass to 700t leading to a sensitivity of
2.0kt-y.

5.2.3 Data analysis. Topological and kinematical (e.g.
single particle momenta, E, p, angles, invariant mass(es)
etc.) cuts are applied to reduce the neutrino induced back-
ground for nucleon decay. Since the misinterpretation
probability for the particle type levels to 10-20% at low
energies the accepted topological configurations in the
analysis of a specific nucleon decay channel may differ
slightly from what is expected based on our knowledge
of the decay products.

5.3 Analysis 3

5.3.1 Simulation and background. The decay of the nu-
cleon inside the nucleus is treated according to model B.
The detector response to the decay particles is simulated
in detail using the Monte Carlo program GHEISHA [28].
Electromagnetic showers are described with the EGS code
[29] which has been modified in order to deal with low
energy electrons and photons.

The neutrino Monte Carlo is used to determine the
background for topological configurations with at least
2 showers. We have analysed a sample of events equiv-
alent to a 17.4kt.y exposure of the Fréjus detector to
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atmospheric neutrinos. For other topological configu-
rations we average the Monte Carlo result with the
Aachen Padova data.

5.3.2 Measurement of the events. The Fréjus data and the
simulated events are scanned and measured on a graphic
terminal. A vertex is defined and the hits are associated
with tracks and showers. The simulated nucleon decay
events are processed channel by channel. A test was made
comparing the results to those obtained by mixing some
channels and shows that the adopted procedure does not
cause a significant scanning bias [26, c]. We restrict our
analysis to topological configurations which agree with
the expected decay products except allowing for missing
showers.

According to the test-detector analysis [30] the prob-
ability for pions of momentum lower than 500 MeV to
have a secondary interaction with two visible prongs
starting from the interaction point is less than 1 %. There-
fore we reject these events in the nucleon decay analysis.

A contained event covers a volume which must not
cross the detector boundaries. Its extension around the
vertex is determined by the ends of the tracks and showers
(extended by a safety region). The effective mass remain-
ing for nucleon decay vertices is calculated for each sim-
ulated decay channel. These masses range from 550 t for
p—utn’to 675t for p—e™ p° depending on the inves-
tigated topology and kinematics.

5.3.3 Data analysis with constrained fits. We adopted the
method of constrained fits [31] in order to take into ac-
count the complete covariance matrix ¥ of each event.
Starting from the measured momenta X, we minimize

meas

Xz = (Kmeas - Kﬁt) VT b (Kmeas - Kﬁt)

with the constraints to the sum over all particles
| > p;| =prand (D] E,)* =mj + p7. The nucleon mass m,,
inside the nuclear potential and the Fermi momentum p
are taken from the expectations of nuclear model B.
Monte Carlo events are used to parametrize the covari-
ance matrix for each decay channel. Because of the nu-
clear absorption of pions in the detector the distributions
of their reconstructed momenta are strongly non Gaus-
sian. We correct for this by assigning asymmetrical errors
to each pion momentum. Additional constraints on the
invariant mass of the decay products of mesons are also
incorporated.

The probability distribution function* P (v, x*) makes
possible a quantitative comparison of different hypoth-
eses for each event. The difference in the shapes of the
x2-distributions of the nucleon decay simulation and the
neutrino background provides a comprehensive cut to
reduce the background. As an example the y>-distribu-
tions are presented in Fig. 6a for the decay channel
p—utK° K?>ntn~ and for the neutrino background.
The fact that there are events close to the expected energy
and momentum but with large x? values (Fig. 6b) shows
* v is the number of degrees of freedom for the fit which is deter-
mined by the number of decaying meson masses plus the number

of constraints (four) in energy and momentum minus the unknown
direction {two) of the Fermi momentum
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Fig. 6a, b. a shows for the decay mode p—u "K°, K°>n* 7~ the
x>-distributions of simulated nucleon decay events and of the back-
ground events expected from the Aachen-Padova data. b scatter
plot p vs. E for the same nucleon decay events grouped into three
x2-intervals. The smaller dispersion in energy and momentum com-
pared to Fig. 5a reflects the large influence of the nuclear effects
on the 7°

Table 3. Summary of results of the three analyses. The “independ-
ent” backgrounds and the numbers of candidates have been cal-
culated avoiding double counting of events contributing to more
than one decay channel. These numbers are meaningful only within
the framework of one specific analysis

Anal-  #analysed mean backgr. “independent” Candi-
ysis channels channel -ki-y  backgrounds dates

1 21 0.75 43 2

2 20 0.3 5.3 3

3 26 0.55 10.9 7

that this method also takes into account the K°-mass.
Among the 4 events belonging to this topology there are
no events inside the chosen cut in the Fréjus data.

5.4 Comparison of the three analyses

The details of the three analyses are summarized in Table
2 for two examples. Table 3 shows for each analysis the
good agreement between the predicted background and
the total number of observed candidates. All these events
are complex and difficult to interpret. Among the 12 se-
lected events none is found as a candidate for nucleon
decay in all three analyses suggesting background as their
origin.

6 Results

The 90% confidence level limit for the lifetime 7, is cal-
culated according to

lflzﬁfl’
BR ™ S,

where N, is the number of protons or neutrons per kil-
oton in our detector (N,=283-102kt™" and
N,=3.20-10*?kt™") and BR is the unknown branching
ratio of the investigated nucleon decay channel. The up-
per limit S, for the signal corrected for efficiency and
meson branching fraction is normalized to 1kt-y and
depends on the confidence level CL required. For m in-
vestigated decay modes of the meson produced in a spe-
cific nucleon decay channel, CL is evaluated* from [3]:

So m
j HP(NCi’NDi+NBi)'dS

0 i=1

CL=

1T PWep Npy+ Nyy)-dS

0 i=1
with the Poisson-probabilities :

1
P(NCiaNDi"'NBz‘):ﬁ_,
cit

. (81" Li' bi' S + NBi)NCi_ e_(Ei‘Li‘b[‘S+NBI)

The number of nucleon decays N, is given by the product
of the efficiency &;, the sensitivity L,, the mesonic branch-
ing fraction b, and the corrected signal S. N, and N,
are the corresponding numbers of candidates and ex-
pected background events.

Table 4 gives the results for 29 investigated decay
channels. If the limit for a given channel is available in
all three analyses we take the middle value. For channels
analysed only by two groups the more conservative limit
is chosen. The range column shows the lifetime results of
the other analysis(es) and gives an indication of the sys-
tematic uncertainties.

The behaviour of negative and positive electrons, mu-
ons and pions is very similar in our detector. Therefore
the limits given are still valid if the charges are reversed
(e'g' Tpoetn—TTyae—n +)'

The nucleon decay channels investigated cover a wide
range of event topology in our detector. Other nucleon
decay modes not vet analysed in full detail should fall
within these topological classes. Since the candidate level
found is very low and in addition quite compatible with
the background from neutrino events our results imply
that possible other channels will also show no signal. In
this sense the results presented here are more general than
the specific results presented in Table 4.

* The formula used here although different from that presented in
[7] gives similar results. The deviations are always smaller than the
dispersion between the various analyses



Table 4. Lower limits on the nucleon lifetime with 90% confidence
level. The analysis presented for a given channel has been chosen
according to the procedure described in the text. Corrections for
meson decay modes not studied in this analysis are included. (We
give ) g,-b, where b, is the meson branching ratio and ¢, the effi-

cienc;j for the investigated mode.) N;<0.1 means that no back-
ground event has been found but depending on the underlying
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statistics this corresponds to a 66% confidence level limit on the
background. The column 7% gives non background subtracted lim-
its. The signature for the decay into e* (u*)K? is one isolated
shower (muon track) and secondaries due to the K’-interaction
clearly separated from the shower (the muon track). (The K}-Fe
cross section of 1.4 barn corresponds to a mean free path of 30 cm
in the Fréjus detector.) The studied decay modes of the K*°,  and
w are K%7% 372°% ntn ™ n% yy; and ¥ n ™ n° #°y respectively

T T T
Channel ;e,»bi N, Ne Sens. (kz-y) ﬁ—(INW—‘y) I_BT’\&(I]VO}—‘y) ngy)~Range
p—etn® 0.36 0.5 0 1.58 7.0 7.0 44- 8.1
poet P 0.23 0.1 0 1.56 4.4 4.4 39- 57
p—e’ K2 0.40 0.5 0 1.56 7.6 7.6 5.6-10.0
p—e’K? 0.18 <0.1 0 2.00 4.4 4.4 -
p—eK° 6.0 6.0
p—etp® 0.15 2.2 0 1.56 2.9 2.9 2.1- 32
p—et w 0.08 1.1 0 1.69 1.7 1.7 1.7- 34
p—et K+ 0.05 0.8 0 1.56 1.0 1.0 1.0- 1.6
p—utn® 0.44 0.2 0 1.50 8.1 8.1 44- 82
poutn® 0.20 0.8 1 1.56 2.3 2.6 2.6- 5.3
poutK 0.34 1.2 0 1.56 6.4 6.4 5.8- 9.0
p—u K 0.18 <0.1 0 2.00 4.4 4.4 -
poutK® 5.4 5.4
poutp® 0.05 0.5 0 1.83 1.2 1.2 1.1- 2.0
p—outw’ 0.06 1.0 0 1.56 1.1 1.1 1.1- 1.6
n—etn” 0.25 <0.1 0 2.00 7.0 7.0 3.3-7.8
n—etp” 0.19 1.4 0 1.56 4.1 4.1 1.3- 5.8
noutn” 0.21 1.0 1 1.68 2.9 3.5 33- 39
n—utp” 0.10 1.1 0 1.56 2.2 22 1.0- 2.8
p—etete” 0.77 0.1 0 1.56 14.7 14.7 13.8-16.9
p—etutu 0.33 0.16 0 2.00 8.1 8.1 -
p—ety 0.68 0.3 0 1.59 13.3 13.3 -
p—etyy 0.76 0.8 1 1.57 8.6 10.0 -
poetnta” 0.11 2.2 0 1.56 2.1 2.1 2.1- 36
p—et n’zn° 0.30 0.5 1 1.58 34 3.8 3.8- 5.6
poututu” 0.58 0.2 0 1.67 11.9 11.9 11.1-12.2
poutete 0.39 <0.1 0 2.00 9.1 9.1 -~
pouty 0.84 0.1 0 1.50 155 155 -
poutntnT 0.11 2.6 1 1.56 1.2 1.7 1.2- 29
poutan® 0.19 0,9 1 2.00 2.8 3.3 -
n—e n n’ 0.17 0.8 1 2.00 2.7 3.2 2.6- 3.5
n—e"K'n~ 0.12 0.2 1 1.78 1.8 1.8 -
n—un " r’ 0.15 1.1 0 1.56 33 33 2.1- 3.7

7 Systematic and statistical errors

As the three analyses use different methods as well as
different nuclear models the variation of the results gives
an estimate of systematic uncertainties (see Table 4).

For simple topological configurations without any
strongly interacting particle (e.g. p—~e™ et e ) there is a
variation of At,/7,=15% among the three different
analyses. On the other hand the efficiency for decay chan-
nels, with e.g. a p-meson, is decreased mainly by the
influence of the strong interaction inside the parent nu-
cleus. This is model dependent and responsible for var-
iations upt to 60%. The different analysis strategies and
the different background calculations also influence the
lifetime limits.

Within the framework of a given analysis (Sect. 5.3),
the variation of experimental parameters and the choice
of nuclear models is used to get information about the

specific sources of systematic uncertainties and their in-
fluence on the lifetime limits:

o A variation of the flash chamber efficiency changes the
energy calibration of showers. During the running time
of the Fréjus experiment the flash chamber efficiency var-
ied at most by 10%. This results in 5% change of the
lifetime limits At,/7,, reaching at maximum 8% for
p—e’ n’.

o The sensitivity to the Geiger tube efficiency depends
on the visible energy and the spatial extension for a given
decay channel. A 10% decrease in Geiger efficiency does
not affect the lifetime limits for channels with large visible
energy (e.g. p—e” n°). The maximum change of At,/
7, =35% is obtained for the channel p—x ¥ w® in which
the visible energy is close to the trigger threshold.

e Comparing the efficiencies obtained with the nuclear
models A and B we estimate that the influence of their
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uncertainty on the lifetime Limits is 25%. In the worst
case of two poins interacting inside the nucleus the effect
reaches 50 %.

o The statistical error of the calculation of the recogni-

tion efficiency is A&/ =0.06- I/ I7¢ for 300 generated
events per channel. &

@ The uncertainty in the background calculation can be
estimated by comparing the two methods (cf. Sect. 4).
The predictions differ on average by 0.45 event for a
sensitivity of 1.7 kt-y. Together with the overall uncer-
tainties on the neutrino flux a predicted background of
1.0 may vary by -+ 0.6 event. However, the influence on
the lifetime limits is small. While the background has no
effect at all in the case that no candidate has been found
the change is At,/7,=8% in the case of one candidate.

Therefore we conclude that the uncertainties on the ob-
tained lifetime limits level to A1 ,/7,y=30% for most of
the investigated channels. For channels dominated by the
nuclear effects the uncertainties reach At,,/7,=60%.

8 Conclusions

We report on the investigation of the nucleon decay into
channels with a charged lepton using a kiloton fine grain
tracking calorimeter. No evidence is found for nucleon
decay and we obtain lower lifetime limits in the range of
103! — 1.5 10*? years. The use of different nuclear models
and the background calculation with two entirely differ-
ent methods leads to a reliable estimate of systematic
uncertainties.

With another detection technique the two large water
Cerenkov experiments, IMB [2] and Kamiokande [3],
have reached a higher sensitivity (4.4 and 3.8 kt-y re-
spectively). Since the resolution of the Kamiokande and
the Fréjus detector is comparable for the decay modes
studied in common the Kamiokande experiment obtained
in general higher lifetime limits. The large IMB detector
especially built for the simple topological classes pre-
dicted by SU(5) yields only limits comparable to those
presented in this paper for most of the decay modes. The
good resolution for multiparticle final states enables us
to set new lifetime limits for eight three body decay modes.
In the three experiments, the number and nature of the
candidate events are compatible with the background ex-
pected from atmospheric neutrino interactions.

Improving the present limits with future detectors by
one order of magnitude would require not only a sub-
stantial increase of the detector sensitivity but also a much
better background rejection capability than obtained in
present detectors. This would imply more experimental

work to determine the neutrino background and to un-
derstand precisely the nuclear reinteraction effects.
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