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Abstract

A search for neutrino oscillations was made using the Fennilab

narrow-band neutrino beam and the 15 ft. bubble chamber. No positive

signal for neutrino oscillations was observed. Limits were obtained for

mixing angles and neutrino mass differences for v^ •+• ve, v^ •* vT,
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The existence of neutrino oscillations is an important question

because it would imply a non-zero mass for at least one neutrino species

and it would require that individual lepton numbers are not conserved.

Many authors have reported on searches for neutrino oscillations in dif-

ferent energy regions. This experiment relics on the ability of a heavy

liquid bubble chamber to identify final state electrons and nuons with

good efficiency. The appearance of an excess number of events with elec-

trons from a v^ beam could indicate neutrino oscillations. This col-

laboration, using a large statistics exposure of the Fermilab 15-foot

bubble chamber to the wide band neutrino beam has published upper limits

for VJJ •»• ve, v^ •*• vT and Vg-j^Vg oscillations. These results

relied on a subtraction of the ve flux from K«3 decays to obtain neu-

trino oscillation limits. The flux calculations depend on K/n production

ratios, which are measured in other experiments. There are two advan-

tages in performing this experiment with the narrow band neutrino beam.

First, since interactions of neutrinos from K ^ decays can be separated

from those from 31̂ 2 decay neutrinos, the expected ve flux determina-

tion depends only on the well known beam geometry and the well estab-

lished 1^3/^2 decay ratio. Secondly, the energy distribution of

neutrino interactions from the 3-body Kg3 decay neutrinos should look

distinctly different from the spectrum of neutrino interactions from

oscillations which will reflect the structure of the v^ spectrum from 2

body iijjj and Kp.2 decays.
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To avoid the complexity of dealing with many parameters we consider

oscillations between only two types of neutrinos at a tine. In this

case, the observed neutrino types, va and vp, which are eigenstates

of the weak current are quantum mechanical mixtures of the neutrino mass

eigenstates vj and V2 with masses mj, and a.2, respectively,

va * cosS vj + sinS V2

wg • -sin© vi + cos6 vj

where 8 is the single parameter describing the mixing between neutrino

types. After traversing a distance X the probability of the appearance

of vp from a beam that is initially pure va is

P(va • vp) - sin
2(29)sin2(1.27 £

2 0 ? 2

where in 2 mi -ma is in eV , E is the neutrino energy in MeV and I is

the distance from the source in meters. We observe experimentally the

number of charge current interactions Na of each species producing the

corresponding charged lepton in the final state, to relate these Jia to

the oscillation probability P(va •*• vp) we integrate over the decay

space and the neutrino energy spectrum. The ratio is given by

M JjP(v •*• v ) * <J

where t}»a(E,i) is the initial va flux and aa is the total charged

current cross section for va, for small oscillation probabilities

p(Vg •* va) s 1.0 and this formula simplifies to
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sin20

where <X/E>2 = //(A/E)2<J*aap dEdJl///<l<a0a dEdl. For large Am2 many

oscillation cycles occur within the detector and the sin C1.27X/E Am )

term averages to 1/2 giving:'

sin2 (29) * 2 •=£
d£di

If a and j3 represent p. and e the integrals cancel since the interaction

cross sections c^ and o"e are equal in the energy range of this

experiment.

The data used in this experiment come from a 100000 picture exposure

of the Fermilab 15 ft bubble chamber filled with a heavy Ne./H2 mixture to

the Fermilab narrow band beam with five momentum settings of the

secondary meson beam: 120, 140, 165, 200, 250 GeV. The momentum bite for

each setting is i 10Z. The momentum selected neutrinos are produced in a

400 meter decay region followed by a 1000 meter shield before the 15 ft

bubble chamber. The beam is predominantly v« from two body decays of K

and it. In figure 1 the energy distribution for the charge current event

saaple is shown. The peak at 50 GeV is due to neutrino interactions from

nU2 decays; a second peak at * 130 GeV comes from neutrino interactions

from K^j decays. The principal background for neutrino oscillations is

ve from Kg3 decays, which are present at the level of it of the v:(i

events. Approximately 2.5S of the charged current events in the bubble

chamber come from the wide band background component in the narrow band
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beam. The expected ve contribution from the wideband background is

negligible. The bubble chamber is approximately 4 meters in diameter and

is contained within a 3 Tesla magnetic field. The liquid is an atomic

mixture of 60S neon with 402 hydrogen. In this mixture the interaction

length is • 12S cm and the radiation length is 40 cm. Madrons will

typically interact, rauons will leave the chamber without interacting and

electrons are reliably identified by their radiation. The identification

of unions is aided by the two plane External Muon Identification System

(EMI) behind the bubble chamber.

The pictures were scanned for events with an e- in the final

state. An electron was required to have at least two of the following

signatures: (a) bremsstrahlung, (b) spiralization, (c) characteristic

5-ray, <d) tridents. The efficiency for detecting energetic electrons

with Pe- > 2 GeV/c was (98 ± 1)2. Each electron candidate was examined

by a physicist. A restricted fiducial volume was imposed on the events

to insure a high detection efficiency for the electron. The electron is

required to have a momentum greater than 2 GeV/c to reduce the background

from Compton scatters. A total of 7 events with ?e~ > 2 CeV/c and Ev

> 10 GeV were found in the fiducial volume. A single event with an

electron and a muon verified by a two plane EMI signature was interpreted

as a VnS •* )i~e~X event and removed from this sample. The scanning

efficiency for events with an electron was {95 ± 2)2.



In the same data sample 921 charged current events with IV > 2

GeV/c and Ev > 10 GeV were found. Making an 11% correction for pion

punchthrough from neutral current events we find 830 true charged current

events. Because of the dichromatic property of the bean the muonic

charged current events can be separated according to the parent pion or

kaon decay. This is done using the quantity

S 5 (En, - EV
SI)/(E/ - Ev«)

where Em is the measured visible energy plus a correction for the miss-,

ing neutral energy ; Ev11 and E V
K are the theoretical energies

obtained from the radial position in the chamber for neutrinos from 11̂ 2

and K(12 decays, respectively. Ideally one would expect S *» 0. (1.) for

7t(K) parents. The distribution is smeared by measurement errors in 2̂ .,

the decay position of the parent in the tunnel, and the momentum and

angular dispersion of the parent beam. The S distribution of the anionic

charged current sample is shown in figure 2. The separation into pion

and kaon decay neutrinos is quite apparent. If we'identify neutrino

events from it(K) decays as events with S < 0.35 (> 0.35), respectively,

the miaidentification of events is 23. The ratio of events from Kp/2 t o

events from it^ i s °«33 - 0.03.

The seven e~ events have the characteristics of ve charged cur-

rents. The (y • (Ev-Ee)/Ev) distribution with the e~ interpreted

as the outgoing lepton is consistent with being flat as it is expected to

be for charged current neutrino interactions. In figure 3 the separation

function S for the electron events is plotted. If the electron events

were due to ve interactions where the ve arose from the oscillation

of an original muon neutrino, then we would expect the distribution to be



similar to figure 2 with peaks at S • 0, 1 and a valley at S « 0.3 -

0.5. The dashed line in figure 3 indicates what S would look like for

events from Ke3 decays. The area under the curve is normalized to the

expected K ^ background. This Kgj background is calculated to be 5.0

± 0.5 events from the observed number of K^j events (210 ± 15), the

Kgs/K^j decay ratio (7.6 ± 0.1%) and the ratio of geometrical accep-

tance for the Ke3 and K^ decays which was determined using a Monte

Carlo to be 40.2%. The events possessing an e" are clearly consistent

with coming from Kg3 background. There is no evidence for neutrino

oscillations and the data is used to set upper limits.

Correcting the observed events with an e~ for scanning and detection

losses yields 7.3S events.. The excess number of ve interactions that

are not attributed to 1̂ 3 decays is therefore 1.35 ± 2.6. Comparing

this to the total number of v^ charge current interactions and assuming

that the ve tnd v^ charge current cross sections are equal'we have

fy+e < 5.6 x lO"3 at 90% C.L.

Using these same numbers, one can also set'a limit on oscillations of the

type Vjjr -»• v.j. One looks for events of the type vT + Ne •• x~ •*• X

where vT decays into e~v^ve. U s i n g t h e measured branching ratio of

17Z forthis decay mode and the mean ratio of the cross sections,

cv̂ /crW]j,, for narrow band neutrino energy distribution '(0.77), we find

R^*T < 4.4 x 10~
2 at 90% C.L.

Assuming that the ^ 3 decays provide a source of v,e one can establish

a limit on the disappearance of ve by comparing the observed number of

ve events C7.3 ± 2.6) to the expected number {6.0 ± G.S) events from

the ve flux. The number of missing events is -1.3 ± 2.6 or less than
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2.2 at 902 confidence level. This gives the limit on P(ve / v,e) to

be less than 1.7/(1.7 + 6) or

Re-T^e < 0.27 at 90S C.L.

The average <A/E> - 0.023 m/MeV (corresponding to <1/E2>"*JL/2 -

50.7 GeV). Using <X/Z> the limits on oscillations at small Am are

sin (20) Ann2 < 2.5 eV2 for v^ * ve

sin (26) Am2 < 8.1 eV2- for v^ + vT at 90Z C.L.

sin (29) Am2 < 18.8 eV2 for v c-^v e

For the last number we used <Jl/E> * 0.0197 m/MeV corresponding to the

higher E v spectrum from Kg3 decays. For very large 6m the ratio

limits can be interpreted as limits on the oscillation angle:

sin2 (26) < 0.011 for v:|i •*• ve

sin2(20) < 0.088 for v^ •* vx at 902 C.L.

*in2(2G) < 0.54 for ve-/»ve

This experiment can be compared to a similar one with much higher

statistics performed by the same collaboration in the Fermilab wide band

beam. The primary difference is that the systematic uncertainty in the

flux calculation limits the accuracy of the wide band results whereas in

this experiment the statistical errors dominate. Figure 4 compares the

upper limits obtained for oscillations in the two experiments.

In the small Am region the limit is proportional to the reciprocal

root mean square of the neutrino energy. Since the wide band beam is

lower in average energy than the narrow band beam, the wide band limits

are better at small Am . However the a priori sensitivity (independent

of the actual fluctuations) of the two experiments are similar in the

2
large An region.
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Figures

1. Energy distribution of charge current events in the Narrow Band

Experiment.

2. The separation function S for the nuonic charge current data sample.

Events from it* * \t,*^ and R* •*• yfvp are clustered at S*0 and 1,

respectively. The dashed lines indicate fits to the iî - and K^.

events in the ambiguous region. The solid curve is the fitted sum of

nU2 and Kj^ events.

3. Separation function S for events with an electron. The superimposed

curve illustrates the theoretical distribution from Ke decays.

4. Sin229 vs. Am for v^ •*• ve, v^ -• vT and ve-^»ve. The

wide band limits are shown as dashed lines for comparison.
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