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ABSTRACT

About 200 and 60 candidates for electron neutrino and.antineutrino
interactions, respectively, have been analyzed in the heavy liquid bubble
chamber Gargamelle exposed to the CERN PS neutrino beam. Evidence for
scaling has been found for these interactions, with slopes of the cross
sections in good agreement with those obtained for muon neutrino and anti-
neutrino events in the same chamber. No evidence appears for coscillations
of neutrinos or antineutrinos, which would induce in the present experiment an
excess of electron or positron events. The corresponding limits are given
as functions of the mixing parameter, for the finite mass Majorana neutrinos.
The possibility of a multiplicative law for the lepton number has also
been investigated. A search for isolated electron—-positron pairs revealed
no excess in the forward direction, in contradiction to the expectation for
muonic neutrino and antineutrino decays. The corresponding limits on the

centre of mass half lifetimes are given.
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INTRODUCTION

Although extensive studies of the interactions of muonic neutrinos
in the range 0.5 to 200 GeV have been performed in the last few years, very
little is known about the electronic neutrino interactions in this energy
range. In 1973, the Gargamelle Collaboration [1] reported first results

on the two processes

v, + N> e + hadrons (45 events) (1)

+
V, *+ N> e + hadrons (7 events) _ (2)
using the v , V_ contamination present in the CERN PS v and v beams.
e € H H

Since that time, much larger statistics have been accumulated in
Gargamelle and the present work is based on the analysis of about 200
electron and 60 positron events allowing a better study of the above

processes. The old data are not included in this analysis.

The present sample has also been used to investigate the possible
existence of vu il Ve oscillations and of the lepton multiplicative law.
In addition, in the course of a search for the elastic processes
vU(Gu) +e > vw(;u) + e , a scan has been performed for all isclated ete”
pairs in the visible volume of the chamber [2,3]. This information is
analyzed in view of setting a limit on the neutrino lifetime from its

hypéthetical electromagnetic decay

vV) =y o+ LTV . (3)

- EXPERIMENTAL PROCEDURE

2.1 The beam

During the CERN neutrino (antineutrino) experiments the muon radial
flux was continuously monitored at different depths in the steel shielding.
In a separate experiment, the K to 7 production ratio was measured using
24 GeV protons [4] on a Be target-i.e., in conditions similar to the ones
realized when running the v(v) experiments. Combining this information,

the vU(Gu) flux and energy spectrum can be determined. The ve(Ge)
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contaminations present in the vU(GU) heams are then calculated on the basis
of the additive lepton conservation law, and found to be at the level of a
few tenths of a percent below about 3 GeV and to rise to 2 or 3% at higher
energies (fig. 1). Below 2 or 3 GeV, the dominant source of Vo and Ge is
muon decay, while above that limit most of the Ve and Ge come from
the electronic decay modes of charged kaons and to a lesser extent from
Kz mesons. Then, latter also leads to ;e(ve) contaminations in the vu(su)
beams. The relative contributions of the various ve(Ge) sources are
illustrated in fig. 1. It should be noted that the Vo spectrum in the vu
beam is "harder" than the Vv, spectrum in the Uu beam as a consequence of a
higher K to T production ratio for pqsitive secondaries. Also, the Vg
contamination in the GU beam is significantly higher than the Ge content

in the vu beam.

2.2 The detector

The heavy liquid bubble chamber Gargamelle was filled with heavy
freon CF3Br. The short radiation length (X0 -‘1; cm) of--the-tiquid ensures
an excellent identification of the electrons and the positrons through the
observation of breﬁsstrahlung and track spiralization. The fiducial volume
{3 m3) was chosen to provide a mean potential path length of about 150 cm
for the particles produced in the v(V) interactions, allowing a reliable

separation of the muons from the hadrons (hadron interaction length of

about 60 cm),

2.3 Scanning measurements and event selection

The ve(Ge) induced reactions are signed by the presence of an electron
(positron) among the secondary products. For the present study, 192 000
pictures taken in the vu beam and 998 000 pictures in the v beam were

analyzed; these statistics correspond to respectively 1.1 x 1018 and

I 8 =

b.o x 101 protons on the target or to 4.4 x 10ls v's and 1 x 1016 v's
traversing the fiducial volume of Gargamelle. The v pictures were double
scanned for all antineutrino and neutrinc charged and neutral current in-

duced reactions. The v pictures were selectively double scanned for events
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containing electrons of either charge and/or ete” pairs whose vertices
are close or attached to the neutrino interaction point. In both cases,

. . + - .
all isolated electrons, positrons and e e pairs were recorded.

All events inside the 3 m3 fiducial volume were carefully checked.
Oﬁly those electrons and positrons attached to the vertex, showing at
least one materialized bremsstrahlung Y-ray and having an energy greater
than 200 MeV were retained for the analysis. To avoid confusion with
Dalitz pairs and electron pairs materialized in spatial coincidence with
the neutrino interactionm point, it was required that the electron (positron)
appears clearly as a single track over a distance in space of 2.5 cm
before shower development. The loss of genuine electrons (positrons) re-
sulting from the application of this procedure was estimated, as a function
of the electron energy, by a Monte—Carlo calculation simulating electrons
and positrons in the chamber. The electron identification efficiency W

is reported in table I, as a function of the electron energy.

Due to the short radiation length of the liquid, the curvature of
the electron track in the Gargamelle magnetic field cannot always be
measured before shower development. The fractiom of the events for which
the sign of the electrom charge remains, thus, ambiguous was found to be
25% and 35% in_the v and v films, respectively. Most of these electrons
have an energy greater than 1.5 GeV However, this sign ambiguity.cbu}d
be resolved in many cases by estimﬁting for each event the azimuthal
asymmetry induced by the magnetic field in the developmeﬁt of the eleétro-
magnetic shower, with respect to the direction of emission of the electroﬁ:.
The remaining ei events (about 107 of the events in both films) have then
been distributed in the e' and e categories according to the relative.

population of these categories as a functiom of the electron energy.

. P . - . + +
The scanning efficiencies for ve(ve) events and isclated e  or e e

pairs were found to be 977 and 927 respectively.

The energy of the neutrino (antineutrino) event is taken to be the
total visible energy liberated in the interaction, corrected for the energy

taken off by undetected neutrons and Yy rays from ﬂo.decays and unmeasurable
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tracks. Further details about the procedure can be found in refs [5,6].
The neutrino energy is determined with an average uncertainty of about 25%,

almost entirely due to the 307 error affecting the electron energy.

Only those events with total energy Ev 5> 1 GeV and longitudinal
3
momentum along the beam axis, PL > 0.6 GeV/c were retained for the present

analysis, as in the case of muon neutrinos [5).

RESULTS

3.1 Inclusive ve and ve interactions

The number of events containing an electron or a positron_of energy
greater than 200 MeV corrected for electron detection efficiency_(table 1)
are listed in table 2 as a function of the neutrino (antineutrino) emnergy.
It is to be noted that 80% of the e events observed in the v film contain
an additional u- candidate, whilst this fraction is only of about 20% for
the e events. It was shown in a previous paper that the bulk of these
e+u_ events are indeed vu induced events [7]. Therefore, the following
analysis of Vo and ;e interactions will be based respectively on the e

o + , - L.
events from both Vv and v films and on the e events from the v films only.

In these three samples, the background due to both vu and Gu charge&_
and- neutral current events in which an asymmetric e+e" pair attached to
the interaction vertex simulates an electrom or a positrom has beeﬁ ,
estimated as a function of the neutrino (antineutrino) energy. This has
been done by using empirical estimates of the ee pair attachment |
probability (Patt = 4.0 £ 0,6Z), the ¥y asymmetrj probabilities
(@' = 1.5t 0.4% and o = 4.4 % 0.62)(*) as well as the known emergy
dependence of the y multiplicities in both vu and Gu charged and neutral

current events {7]. The results are displayed in table 2,

As a check of this procedure, the background due to vu and Gu charged
current events has been estimated in an independent way.’ For all ve(Gé)
candidates with all hadrons identified as such, the probability for each

hadron to leave the chamber without interacting, and thus, to simulate a u

(*) o also includes the probability for Compton production.
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candidate has been calculated taking into account its energy and direc-
tion of emission and the measured cross sections for negative and positive
hadrons in freon {8]. Within the statistical errors, the results of both

methods were found to be in excellent agreement.

Using the ve fluxes in both vV and vV beams and the Ge flux in the v
beam, the total interaction cross sections for Vo and Ge have been deter-
mined as a function of the neutrino energy from the corrected numbers of
events (fig. 2). Account has been taken of the scanning efficiency, of
the e-y confusion probability, of the uncertainty in neutrino fluxes and
of the large experimental errors affecting the determination of the neutrino
energy. A linear increase of the cross section with energy is observed in
both cases, as expected from the scaling hypothesis. The best one-parameter

linear fits to these data are

for neutrinos: (0.7 £ 0,2) Ev x 10-38 cmzlnucleon (4)

38

for antineutrinos: (0.25 £ 0.07) E; x 10~ cmzlnucleon (5)

and the ratio of the slopes for Ge and v, cross sections is 0.36 * 0.14.

. \ . . . 2
Scaling also implies a linear rise of the mean value of q°, the
four-momentum transfer squared, with the neutrino energy. This prediction
is seen in fig. 3 to be verified within the limits of the available statis—

tics, The best linear fits are

for neutrinos: (0.18 = 0.04) Ev + (0.1 = 0.1) (6)

H

for antineutrinos: (0.14% 0.05) EG + (-0.02 + 0,10). (7)

As seen from figs 2 and 3, the present data on Ve and Ge interactions
agree well with the results obtained in similar experimental conditionms
for vu and ;u [5], as expected from p-e universality. The ratios of Vo

to vu and Ge to vu for the slopes of the cross sections are

Ove/Oy, = 0.95 £ 0.30 O5,/5, = 0.89 £ 0.30 (8)

in good agreement with pu-e universality. Fig. 4 illustrates the
differential cross sections for Vo and Gé with respect to the scaling

variables y = v/Ev 5 where v = Ev(Eg)'—'Ee-(Ee+) is the energy transfer

L4
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from the neutrino to the nucleon in the rest frame of the nucleon target.
The curves which interpolate the vu and GU [2] results are renorted for
comparison. Here again agreement is seen to exist between both sets.of

data.

Some examples of v particle production have been observed in the
Vg interactions. Among seven candidates, four are identified as A° - TP
and one as KZ - (3C fits and/or identification of the positive decay
product), the remaining two events being compatible with neutron inter-
actions. Using these five events, one gets a raw rate for production

of an identified and fitted V°

v, * N+e v+ anything

— = (3.8t 1.7)%7 . ' €D
ve + N~ e + anything

The corresponding raw rate for muon neutrinos is [7]

\)u + N - u—Vo + anything

- = (0.65 + 0.95)% . - 10
vu + N+ u + anything

One should note however that the Vv, spectrum is energetically 'harder"”
than that of muon neutrinos. By weighting the ratio in (10) according to

the v, spectrum,one obtains

(vu + N - u" v° + anything\

- = (1.0 % 0.09)% . (11)
vu + N>y + anything ° corr.

The statistics are too poor to draw conclusions regarding a possible
disagreement between (9) and (11). One possible example of "elastic" A°

production by Ge has been detected in the v film.

3.2 Neutrino oscillations

Due to the good agreement in the distributions of the scaling.
variables for events induced by electron and muon neutrinos and anti-.:

neutrinos strict muon-electron universality will be assumed in the following.
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In particular, it will be assumed that electron-neutrino and antineutrino
cross sections scale as a function of energy with the same slopes as for
vu afgasu ;nteractions: (0.74 + 0.08) x 10—38 cmZIGeV, and (0.28 + 0.03)
x 10 cm” /GeV, respectively [5]. The number of neutrino induced events
containing an electron or a positron can then be predicted from the fluxes
of neutrinos of different origin in the neutrino beam. The uncertainty
in the absolute values of these fluxes has been evaluated to be 30Z for
neutrino or antineutrino energies between 1 and 2 GeV, and 15% for energies

above 2 GeV,

The numbers of predicted events are reported in table 3 separately,
for interactions where the electron or positron is associated with an
additional lepton candidate (a positive or negative particle which leaves
the chamber or decays, or a negative particle which stops), or with
"hadronic" tracks only. The "excesses" of the number of events found,
corrected for detection efficiency, with respect to those predicted, are
also given in this table. The errors include both statistics and uncertain-
ties on the neutrino and antineutrino fluxes and cross sections. The
only statistically significant effect, namely the excess of events with
a positron in the neutrino film, which is essentially due to events where
the positron is associated with a lepton candidate (the muon}), can be

attributed, as mentioned before, to vu events [7].

As suggested by B. Pontecorvo and by other authors [10-14] violation
of the lepton number and the existence of two Majorana neutrinos of finite
masses m, and m2 allows the neutrino field to be described in the simplest
lepton scheme as

\)e=\)

cost + v, sing
1 2

- P '
vu = -v, sina + v, cosa,

(12)

where the angle a is equal to 7/4 for maximum neutrino mixing.

The presence of this mixing would then produce vy P v, and Gu v
: e

oscillations similar in principle to those of neutral kaons, and an
initially "pure” vu beam would contain at a distance R from its origin a

v, component with intensity
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I\)e (Ryp)

- = 0.5 (1 - cos 27 %) (sin® 2a) . (13)
1, (R,p) ' |
M

o . . . . . .
where Ivu (R,p) is the muon neutrino intensity in the absence of oscilla-

tions and p the neutrino momentum. The oscillation length is given by

L= TRBE Ghorem = gl - ul] . | (14)

H2 1

No evidence for oscillation of Ge has been obtained at a nuclear reactor
[15], and in a preceding analysis of published Gargamelle data [16]. 1In
the present experiment, as shown in table 3, no exéess is found of éiéc—
tron events (in neutrino pictures) and of positron events (iﬁ antineu;rino
pictures), with respect to those expected from ve(;é) comﬁoﬁent ériginallz
present in the beam; the corresponding excesses being ¢(~0.03 % 0,1)Z and
(0.02 * 0.07)7% with respect to the bu and Gu events, respectively. ihe
corresponding limits depend both on the mixing angle and on the mass M

in eq. (14). Eq. (13) has been weighted by means of a Monte—Carlo method’
on the neutrino momentum distribution and on the distribution of neutrino
origins inside the decay tunnel. The corresponding limits at 68% and 95%
confidence levels on the parameter M for fixed values of the mixing anglé

are reported in fig, 5 for neutrinos and antineutrinos.

3.3 A limit on the lepton multiplicative law

If the multiplicative law for the muon number is valid [17,18] both .

decays
Paet sy 4 5 T e Y (15
e v -+ +
M e vu u e Vo Uu' )
and Taet 4y o v " T+ + v (16)
. ->
. H e H H e ve vu : '

are allowed, while only decays (15) are allowed by the additive law. The
multiplicative law predicts therefore that the component of electron
neutrino flux from positive and negative muon decay is equally divided in
electron neutrino and antineutrinos. This implies an excess of positrons
(electrons) in the neutrino (antineutfino) exposure, and a lack of .

positrons (electrons) in the antineutrino (neutrino) exposure.
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This analysis has been limited to the energy region below 3 GeV,

where the contribution to the v (;e) flux due to muon decay is dominant
e .

(fig. 1). Defining L to be the branching ratio of chanmel (15) (r =1 and
I = 0.5 for additive and multiplicative laws, respectively), one obtains

from the neutrino exposure

r=0.9% 0.3 (excess of e+ events)

r=1.0% 0.6 (lack of e events) (17)
and from the antineutrino exposure
r = 0.8+ 0.2 (excess of e events)
(18)

r =1.3 * 0.6 (lack of e+ events) .

There is therefore no evidence, either in the neutrino or antineutrino
exposure, for a violation of the additive in favour of the multipleative

law.

3.4 A limit on neutrino lifetime

As a consequence of 2 non-zero mass and of a possible muon number non-
conservation, the muon neutrino or antineutrino would decay electromagnetic—

ally [13,19,20]
vu(Gua +y + X, : (19)

where X is a neutral object with mass lower than m\,]_l (for instance an

electron neutrino or antineutrino).

Measurements of the muon neutrino mass, and particularly the recent
result obtained at SIN (m\z,u = (0.1 ¢+ 0.19) MeVz) [21], ensure that in the
present experiment mvu << EVU' If in addition, it is assumed that m << mvu,

the y-ray energy in the laboratory [19] is given by

E o 0.5 (1+ cosd’) E (20)
Y H

* L] L4 . -
where 6 is the angle between y and vu directions in the neutrino centre

of mass system.

Under these conditions the number of y-rays produced by neutrino decay

above a "critical energy" Ec (300 MeV ' in the present experiment) is given by [19]
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" AN |
ﬁ = J £ (EY) T dEY , N (21)

E
¢

where ¢ (Ey) is the y-ray detection efficiency. The y-ray energy

spectrum can be expressed as a function of the neutrino flux

d ¢

v
E d Ev s (22)
v

an _ By, - 0.693 . R.[
dE T,
Y % °

[=¥

00
L
EZ

v
where £ is the length of the fiducial volume.

In this experiment, the large number of neutrinos crossing the
chamber (corresponding to 1.75 light years for neutrinos and to 4 light
years for antineutrinos) and the high y-ray detection efficiency, which
is rather independent of gamma emergy, allow to set a meaningful limit on
neutrino lifetime. Since at high energies, the angle of emission of the Y-ray
with respect to the incident neutrino direction is small, only those e+e-
pairs with an angle less than 2% with respect to the beam direction have
been considered (the measurement accuracy being * 1.5%). Only one such
Y-ray with energy greater than 300 MeV was found in the neutrino and one
in the antineutrino film, consistent with the background. From comparison
with the predictions of (21) and (22), integrated over the neutrino and
antineutrino fluxes, the half lifetimes in the neutrimo c.m., at 903

confidence level are found to be

r% > 7 % 10_3 s m\)u (in eV) for muon neutrinos

- (23)

and T, > 1.2 x 10"2 s mo (in eV) for muon antineutrinos.
4 Y

The combined limit for neutrinos and antineutrinos is

T, > 1.8 107 s m, (in eV)

to be compared with a limit of 1.5 x l0-3 at the same confidence level,

recently obtained for muon neutrinos at Argonme National Laboratory [22].
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4. CONCLUSIONS

This analysis shows the linear dependence of the cross sections of
electron neutrinos and antineutrino; as a function of energy.. The scaling
parameters, as well as the ratio between antineutrino and neutrino cross
sections are in gobd agreement with those found previously.for muon neu-

trinos and antineutrinos, thus supporting electron-muon universality.

- No excess is found of electron and positron events with respect to
the numbers expected from v, and Ge contaminations, respectively. The

corresponding limits for the parameter M ==Vlm€ - m§| for vu 7 ve_and

vu 2z vV, oscillations are about one electronvolt for maximum mixing of

the two Majorana neutrinos, with masses m, and m,.

1 2

The data are in agreement with the lepton additive law. From the
present analysis of isolated electron-positron pairs no evidence for
electromagnetic decay of neutrinos or antineutrinos is found. The 903
€C.L. limits on the halftimes in the c¢c.m. system are 7 X 10_3 s m\,u (in eV)

and 1.2 x 10_2 s mgu (in eV).
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TABLE CAPTIONS

Table 1 Identification efficiency as a function of the electron

energy. For positrons this efficiency is 47 lower.

Table 2 Energy distribution of electron and positron events with
-Ee > 200 MeV. The background of e inv film, which is
mainly due to the production of dilepton events (table III)

is not reported.

Table 3 Events in neutrino and antineutrino film.
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E, (GeV) W (Z)
0.2 95 + 3
0.5 90 £ 5
1.0 83 + 7
1.5 82 + 10
2.0 78 £ 13
2.5 76 + 15
3.0 75 £ 17
L.0 68 + 18
5.0 67 + 20
7.0 66 *+ 25
10.0 64 + 30
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TABLE 3

Experimentally found events
Predicted Raw Corrected Excess
events data .
]
Neutrino film
e + lepton candidate 64.9 + 6.3 55 68.0 3+ 12
e+, lepton candidate 4.6 % 1.5 17 19.9 15 £+ 5
e + hadrons 126.1 + 13.9 1 88 114.5 ~12 £ 20
e’ + hadrons 3.5 + 0.4 4 5.3 2 %3
Total e events 191.0 * 21.3 | 143 182.5 -9 + 28
Total e+ events ' 8.1 + 2.3 21 25.2 17 + 6
Antineutrino film
e + lepton candidate 18.9 + 2.1 15 19.7 1+6
e’ + lepton candidate | 21.2 + 1.1 | 17 20.5 -1 t5
e + hadrons 29.9 + 4.3 34 41.2 11 + 9
e’ + hadrous 55.2 + 7.1 | 45 '59.2 4+ 12
Total e events 48.8 + 7.4 48 60.9 12 + 12
Total e events 76.3 + 10.0 | 61 79.7 3+ 15
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FIGURE CAPTIONS

Fig. 1 Predicted neutrino and antineutrinoc spectra.

Fig. 2 Neutrino and antineutrino cross sections as a function

of energy.

Fig. 3 Average square of the four-momentum transfer as a functiom

of energy.

Fig. & Comparison of the y distributions for electron neutrino and
antineutrino events with those for muonr neutrino and anti-

neutrino.

Fig. 5 Limits of M for various mixing parameters in neutrino and
antineutrino oscillations. The 687 and 95% confidence level

allowed regions are below the corresponding lines.
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