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Atmospheric neutrino interactions have been studied with the Fréjus proton decay detector using a total fiducial sensitivity of
1.56 kT yr. The atmospheric neutrino interaction sample has been compared to a Monte Carlo simulation which includes neutrino
oscillations. The v, (Ve )=V, (9,), Ve (Ve )V, (¥, ) and v, (¥, )=V, (¥, ) oscillations channels have been studied using the ratio of
electron to muon charged current events. Three independent analyses have been performed and no evidence for neutrino oscilla-
tions has been found. The resulting limits on'Am? for maximal mixing are more restrictive by more than one order of magnitude

with respect to earlier measurements.

1. Introduction
Neutrinos have the unique feature of being charge-
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less fermions which interact with other particles only
through the weak interaction. There are no theoreti-
cal arguments which require neutrinos to be mass-
less. Neutrino masses, although non-standard, arise
in a number of theories and models. Experimentally,
only upper limits on neutrino masses have been de-
termined, either by direct measurements or by cos-
mological arguments.

The study of neutrino oscillations is one way to im-
prove our knowledge of neutrino physics. Oscilla-
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tions have been searched for in various experiments,
using reactor induced v, fluxes [1] or high energy ac-
celerator v, /v, beams [2].

If neutrinos are massive, in the most general situ-
ation the weak eigenstates v, (£=e, W, 1) are mixed
in the mass term of the lagrangian. In the two-flavor
hypothesis the mixing matrix is a 2 X 2 rotation ma-
trix, parametrized by the mixing angle 6. Let m, and
m, be the two mass eigenvalues. Considering a rela-
tivistic neutrino v, (energy E, ), after a flight distance
D in vacuum the oscillation probability is [3]

P(vy— v, ) =sin?20sin?(nD/L,). (1)
The “oscillation length™, L., is given by
L,=4xnE,/ Am?

~2.5(km)-E, (GeV)/Am?*(eV?), (2)

where Am?=m3 —m32. The oscillation length deter-
mines the visibility of oscillations in an experiment:
to detect oscillations, the distance between the neu-
trino source and the detector must be at least of order
L.

The presence of matter in the path of the neutrinos
modifies this simple picture. Due to W exchange
with atomic electrons, electron neutrinos have a dif-
ferent index of refraction in matter than other fla-
vors. As shown by Mikheyev and Smirnov [4], and
Wolfenstein [5], this can lead to a resonant amplifi-
cation or suppression of the vacuum oscillations.

Cosmic ray interactions with atmospheric nuclei
produce neutrinos, which have been detected in un-
derground experiments [6-11]. The energy spec-
trum of atmospheric neutrinos detected in under-
ground proton decay experiments peaks at about 1
GeV. In principle atmospheric neutrinos provide a
unique opportunity to study neutrino oscillations with
low Am?. With the large possible flight distances, Am?
aslow as 10~* eV?2 could be measured. The accessible
range in sin?26 is mainly limited by statistics.

In this paper analyses of data taken by the Fréjus
experiment are reported. the Fréjus proton decay de-
tector, a fine grain calorimeter, has been described in
details elsewhere [12]. It was located in the Labora-
toire Souterrain de Modane in the Alps and consisted
of flash tubes for tracking and Geiger tubes for trig-
gering. Planes of tubes were sandwiched by 3 mm iron
absorber plates. This detector provided two orthog-
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onal views of each event. It had been calibrated by
exposing prototype detectors in beam of electrons and
pions at CERN, Bonn and DESY.

In order to study systematic uncertainties, three in-
dependent analyses have been performed. The com-
mon statistical treatment of the problem is pre-
sented. In each analysis, a comparison between data
and simulation enables one to exclude a domain of
values for the oscillation parameters.

2. Atmospheric neutrinos

Primary cosmic rays interacting with atmospheric
nuclei (N) produce complex hadronic showers. In the
decays of the unstable secondaries, neutrinos are gen-
erated. The basic scheme for atmospheric neutrino
production is:

p+N-onrn/K+...
R/K—'M+(H_)+Vu(\"p)
ll+(ll_ )—+C+ (e_ ) +Ve( Ve) + Vu(vu) .

From this decay chain, the expected flavor ratio in
the atmospheric neutrino flux can be simply esti-
mated: one expects about twice as many muon neu-
trinos as electron neutrinos, and as many neutrinos
as antineutrinos. At the detector, the neutrino flux is
approximately isotropic, except at low energy (below
1 GeV) where geomagnetic effects become impor-
tant. Thus atmospheric neutrinos are produced at
every latitude and longitude, and may therefore have
flight distances ranging from about 10 km up to about
13 000 km.

The atmospheric muon and electron neutrino fluxes
have been computed by many authors [13-15], us-
ing different methods. Due to uncertainties on the
primary flux and to an incomplete knowledge of the
details of primary interactions with atmospheric nu-
clei, the expected neutrino fluxes have large system-
atic errors.

The neutrino flux used in our analyses has been
calculated by Gaisser et al. [16], using a Monte Carlo
simulation of the atmospheric showers. This proce-
dure has also been applied to compute the atmos-
pheric muon flux, the results being in excellent agree-
ment with measurements [14]. The simulation used
in ref. [16] is an updated version which takes into
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account the muon polarization in pion decay. The er-
ror on the overall normalisation is estimated to be
+20% [13-15]. The error on the ratio between the
v. and v, fluxes is estimated to be * 5% from the vari-
ation of this ratio with respect to the secondary pion
spectrum index given in ref. [17]. For the two cal-
culations of refs. [15,16] the ratios of the integrated
v, to v, fluxes agree within about 1%, whereas the
fluxes themselves differ by about 18%.

3. Effects of neutrino oscillations on the atmospheric
fluxes

Assuming neutrino oscillations exist, the apparent
atmospheric neutrino fluxes could differ from the
above calculations in three ways. Firstly, oscillations
would change the flavor composition of the flux. Sec-
ondly, if the oscillation length is much longer than
the height of the atmosphere but smaller than the di-
ameter of the earth, only neutrinos coming from the
opposite side of the earth have a significant oscilla-
tion probability. Therefore the angular distribution
of the detected neutrinos would be distorted. Finally,
if for some subsample of the data, the oscillation
length was of the order of the flight distance, oscilla-
tions would modulate the visible energy distribution
for a given flavor.

The detection of these manifestations of neutrino
oscillations depends differently on the accumulated
statistics and the angular and energy resolutions of
the detector. As shown previously [11], the Fréjus
detector provides good identification efficiencies of
the incoming neutrino flavors for charged current in-
teractions. However with low statistics (less than 200
events) and limited energy and angular resolutions,
it is not possible to sensitively test for oscillations us-
ing only the visible energy or angular distributions.

Thus the only reliable information for studying
neutrino oscillations in our experiment is the flux fla-
vor composition. This information is contained in the
¢/p ratio, defined as the ratio between the number of
electron-like (CCe) and muon-like (CCp) events.
For oscillations into tau neutrinos, direct observa-
tion is not possible since about 90% of the atmos-
pheric neutrino flux is below the threshold for the v,
charged current interaction. Thus a measured e/ ra-
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tio which is smaller than expected could be inter-
preted as v.(V.)ev.(V,) oscillations, whereas a
larger ratio could be explained as by either v, (v, )<
Ve (Ve ) or v, (V, )=V, (v, ) oscillations.

4. Data and Monte Carlo analysis

In the three approaches which were developed, the
¢/p ratio has been measured from the data and esti-
mated by Monte Carlo simulation. Events with a pri-
mary vertex in a fiducial volume were selected, both
contained and uncontained events being taken into
account. The total exposure is 1.56 kT yr. The neu-
trino interaction simulations used in the three ap-
proaches are similar. They include a simulation of the
nuclear reinteractions of secondary particles based on
cascade models. In the last two methods particular
attention was given to the simulation of low energy
electromagnetic showers. In all analyses, topological
cuts are used to reject the background induced by
stopping muons, which could result from cosmic-ray
atmospheric showers or atmospheric neutrino inter-
actions within the rock surrounding the detector. The
three approaches differ mainly in the event analyses.
They are briefly presented below, together with their
main results.

Details of the first approach (i) have already been
presented elsewhere [11]. The simulated sample
corresponds to a 10 kT yr exposure. Both real and
simulated events are measured and classified using
the same procedure. Measurements are made by a
physicist on a graphic terminal. Tracks and showers
are defined by eye, and the events are then kinemat-
ically reconstructed. Events with a total visible en-
ergy lower than 200 MeV are removed from the ana-
lysed samples.

In the second approach (ii), the simulated sample
corresponds to a sensitivity of 16 kT yr. As previ-
ously, data and Monte Carlo events are treated in the
same way. In this approach, measurements are made
by an automatic procedure based on a pattern recog-
nition program, the vertex of the event having been
visually determined on a graphic terminal. Track
finding, association in the orthogonal views, particle
identification and energy measurement are auto-
matic. Track type, i.e. showering or non-showering,
is determined using a maximum likelihood method
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test on the transverse profile and on the distribution
of hits per plane. Electrons and photons are not
distinguished.

Finally, in the third approach (iii), the simulated
statistics amounts to 30 kT yr. The reconstruction of
showers and tracks for these simulated events is done
with an automatic program which uses information
from the generation such as the vertex position, the
correlation of the fired cells in the two projections and
the information whether each particle is of a show-
ering type (e, y) or not (W, &, p). The agreement be-
tween this method and manual measurements was
checked by measuring by hand a subsample corre-
sponding to a 5 kT yr fiducial sensitivity. However,
the data are measured manually as in (i).

In each of the three methods, events are classified
either as CCe or CCp according to the final state lep-
ton using topological criteria similar to those pre-
sented in ref. [11]. The events without any visible
lepton are classified as neutral current (NC). The ef-
ficiencies of this classification are about 95% and 85%
for v, and v, charged current interactions respec-
tively [11].

The expected and measured sample compositions
are shown in table 1 together with their e/p ratios.
From table 1 one can see that, in each of the three
analyses, the agreement between the measured and
expected values without oscillations of the e/ ratio
is excellent. Thus the Fréjus data do not provide evi-
dence for neutrino oscillations.

Finally, we want to obtain predictions for the e/
ratio when oscillations are present. For each oscilla-
tion channel, a modified atmospheric neutrino flux
is computed for any given value of sin?26 and Am?
as follows.

Neutrinos are assumed to be generated at a con-
stant height of 20 km in method (i) and (iii). Method
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(ii) uses a more detailed model for the generation of
neutrinos throughout the atmosphere, which has neg-
ligible effects on the resulting ratio. For neutrino
propagation through the earth, matter effects are
taken into account whenever (V) are concerned.
Methods (i) and (iii) described above use an elec-
tronic density model for the Earth based on data from
ref. [18]. Method (ii) uses a constant density ap-
proximation. This difference is also found to be
negligible.

Events of the simulated samples (in the three ap-
proaches) are weighted by the ratio of the fluxes with
and without oscillations. The weighted sample is then
used to compute a prediction for the e/u ratio, in any
oscillation hypothesis.

5. Derivation of the limits on the oscillations
parameters

In order to determine the excluded (or allowed)
values for Am? and sin?28, limits on the e/ ratio are
used.

Uncertainties on this ratio which enter these anal-
yses have different sources. The systematic error on
the neutrino flux has been estimated to be 0.03. The
Monte Carlo simulation of the neutrino interactions
in the detector has an associated systematic error of
about 0.06 [11]. Finally the differences between the
three analyses enable us to estimate a systematic er-
ror on this ratio of 0.04, due to the measurement and
identification methods. Combining these errors in
quadrature leads to a total systematic error on e/p of
0.08. This uncertainty is assumed to be independent
of the oscillation hypothesis.

In order to exclude a region in the (Am?, sin26)
plane for a given confidence level, the following pro-

Table 1
Data and Monte Carlo sample compositions without oscillations and e/ ratios obtained by the three analyses (in (i) only events with
E,>200MeV are used).

Analysis CCe CCu NC e/p ratios

data MC data MC data MC data MC

(i) 57 70.6 108 125.8 20 15.3 0.531£0.09 0.56%0.08

(ii) 62 69.8 108 113.9 14 13.4 0.571£0.09 0.61+0.08

(iii) 61 69.5 109 123 5 11.2 0.56+£0.09 0.57+0.08
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cedure is applied. For each mixing channel the e/p
ratio generated by the Monte Carlo can take on a cer-
tain range of values (e.g. for v, (v,)<=v.(V;), e/p can
lie between about 0.5 and about 1). Each value of the
e/ ratio traces a curve in the (Am?, sin?26) plane.
For a given e/p ratio one combines the statistical and
systematic errors in quadrature and calculates the
probability that the ratio could have fallen beyond
the experimentally measured one. It is then renor-
malised to the total probability contained in the al-
lowed region for e/p given by the Monte Carlo, ac-
cording to the method recommended by the Particle
Data Group [19]. The bounds on the e/p ratio at 90
and 95% confidence level {(CL) are used to obtain
limit curves in the (Am?, sin?26) plane.

In the three approaches the excluded areas in the
usual (Am?, sin?20) diagram are found to be similar.
For each case, the most conservative limit of the three
analyses is given below. Figs. 1 and 2 show iso-e/p
curves in the (Am?, sin?20) diagram corresponding
t0 90% and 95% CL limits. The limits (90% CL) on

100 T pe I T T T
Loy
Am?® "'\(;/
(ev®) %
N
L~
1071 “*\ [T "“ ‘**-»E‘.L.: 90% cL

\\\
~~~~~~~ 90X CL
102 |
96% CL
v, — v, Oscillations 90X CL
10—3 1 i 1 1
0 0.2 0.4 0.6 0.8 1

sin®(26)

Fig. 1. (Am?, sin?26) diagram for v, (V. )=V, (V) oscillations.
The two e/p=constant curves (plain line) correspond to 90%
and 95% CL limits on the(e/u ) ratio respectively. (A) is the re-
gion excluded by accelerator appearance experiments [1] (90%
CL). (B) is the region excluded by reactor disappearance exper-
iments [2] (90% CL).
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Am? and sin?26 obtained in this experiment can be
summarized as follows:
Ve (Ve )y, (V,):

Am?<1.5% 1073 eV? (for maximal mixing)

or
sin®20<0.47 (forAm?>=1eV?),
(3)
Vi (V) oV (9 ):
Am?<3.5%10~3eV? (for maximal mixing)
or
5in%20<0.60 (for Am?>1eV?).
(4)

In the third channel, v, (V. )<V, (V. ), the low CCe
statistics together with systematic uncertainties make
it impossible to exclude any value of (Am?, sin?26)
at 90% confidence level.

100 T T T
Am®
(ev?) o
N
1071 | 90% CL
1072 ]
5% CL
90% CL
v, — v, Oscillations
10—3 1 1 1 1
0 0.2 0.4 0.8 0.8 1
sin®(26)

Fig. 2. (Am?, sin?20) diagram for v, (v, ) v, (¥,) oscillations.
The two e/p=constant curves (plain line) correspond to the 90%
and 95% CL limits on the e/p ratio respectively. (A) is the re-
gion excluded by accelerator appearance experiments [2] (90%
CL).

309



Volume 245, number 2
6. Conclusions

The study of atmospheric neutrino properties of-
fers a unique opportunity to search for oscillations
with low Am?. We have presented an analysis of the
data taken with the Fréjus detector, corresponding to
the final 1.56 kT yr sensitivity of the experiment. No
evidence for neutrino oscillations was found in the
data. The study outlined above leads to new excluded
domains of the two flavor oscillation parameters. Ex-
isting limits are improved by about one order of mag-
nitude in the v, (V. )V, (v, ) channel, and by about
a factor of 30 in the v, (¥, )<>v,(V.) channel. How-
ever, these results are restricted to relatively large
mixing angles.

Results from the Kamiokande collaboration [10]
showed a deficit of muon type atmospheric neutrino
events. Our data sample gives no evidence for such a
deficit, in agreement with two other underground ex-
periments IMB [9] and NUSEX [8]. Thus, our re-
sult does not require any interpretation in terms of
evidence for neutrino oscillations as given in refs.
[20-23].
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