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I. An Experiment to Search for Neutrino Oscillations Using 

Enriched Beam 

Athens-Fermilab-Padova-Wisconsin Collaboration 

It is proposed to search for electron neutrino oscillations 

using a ve enriched beam and the IS' bubble chamber filled with 

a heavy neon-hydrogen mixture. 

The sensitivity of the experiment can be expressed in several 

ways depending on the signal used: 

1) Peve + v
T

) ~ 1-2%. This is achieved by the direct 

observation of the v by kinematical consideration 
T 

of the charged current interactions and by detection 

of the visible decay. 

2) Peve + v ) ~ 0.9. This is achieved by the observatione 

of an anomalous ratio of e/~ charged current interactions 

or an anomalous ratio of neutral current to charged 

current events. 

3) In the context of two neutrino oscillations the limits 

of the difference in mass squared e~) and the mixing 

angle esin22e) are: ~ ~ 5eeV)2 and sin 22e ~ .05. 

About 330,000 pictures are required which would be ~ 10 weeks 

of accelerator time in a dedicated mode. This would result in 10

protons on target and would yield the necessary 1000 ve charged 

current interactions. 

19 
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II. 	 Introduction 

The possible existence of differing types of massive neutrinos 

and oscillatons between them remains a question of great interest.[l] 

If this phenomenon is established, it will significantly affect not 

only the physics of elementary particles, but also astrophysics and 

cosmology. At the time of submission of P-655 we noted several new 

phenomenological analyses of the existing data.[2,3,4] A conclusion 

of this work was that the possibility exists that oscillations occur 

which have shorter wavelengths than previously considered. The most 

definitive positive experimental observation is that of 

Reines et al. [5] They have responded to questions and criticisms 

and the experiment still appears to suggest that the probability of 

Ve to remain ve is significantly less than one. Similarly, one 

explanation of the recent results on the lack of solar neutrinos 

reported by Davis et al.,[6] and the comparison to solar v flux 

calculations by Bahcall et al.,[7] is neutrino oscillations. Although 

oscillations alone may not entirely explain the anomaly. 

A sine qua ~ for neutrino oscillations is that neutrinos are 

massive. A Moscow experiment to measure the end point of the tritium 

S-decay spectrum has reported a neutrino mass mv in the range 

14-46 eV.[8] Another interesting speculation consistent with the lower 

values of this range was made by F. Stecker.[9] He suggests that one 

explanation of a "line" observed in UV astronomy is that it arises 

from the decay of galactic halo neutrinos. 
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Two types of neutrino oscillations have been suggested[3] 

a) First kind -+ vv t. v e ' v -+ v11 v 11 -+- T' e -+- T 


b) Second kind v -+ n v L-+- v -+­11L -+- 11L' e -+- n eL' T -+- nT L 

where n is a left-handed singlet. 

The signal for the first kind of oscillation would be the disappearance 

of one kind of neutrino and its reappearance as another kind. This 

change of type would be detectable only by charged current interactions, 

neutral current interactions would be unchanged. For oscillations of 

the second kind neutrinos would disappear with no subsequent interac­

tion of the new neutrino. 

If we consider only oscillations between two types the probability 

for va. -+- va can be written 

where 

~ = m~ - m~ (ev)2 difference in mass squared of the two neutrinos 

L = (meters) path length of neutrino 

E = (MeV) energy of the neutrino 

sin228 = the mixing angle between the two neutrinos 

Oscillations between three neutrino types lead to a more compli­

cated equation involving another mixing angle. This is needlessly 

complicated in view of the experimental limits on oscillation.v 11 

The experimental situation is shown in Figure I in which the 

probability is plotted against LIE. The possible oscillation of 

v is severely restricted by existing experiments. However, the
11 

limits on ve are much less restrictive. We note that the positive 

experimental indications all involve ve not v 11 .[5,6,8] 
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Another way of displaying the experimental results is to plot 

the allowed and forbidden values of ~ and sin22e. As an example we 

show the limit obtained in the Los Alamos experiment[10] in Figure 2. 

The effect of averaging over the energy spectrum is clearly seen. 

The curve shown is obtained by averaging the result for 

PCve + v ) = 1.09±:~i at the 10 level with the observed spectrum.e 

This figure illustrates that not only the m~n LIE but also the
A 

range of LIE is important in order that an experiment completely 

restrict the possible values of ~ and sin22e. 
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III. Physics Goals 

We propose to search for oscillations of the electron neutrino 

by using a neutrino beam with a large fraction C~ 50%) of electron 

neutrinos. The 15' FNAL Bubble Chamber filled with 70% neon in 

hydrogen is used as the target and detector. The signals of 

oscillations would be: 

a) PCve + v ) The identity of the final state T neutrino
T 

is determined by the charged current interaction. 

Because of kinematic suppression of the charged current 

cross section, the direct detection of the T neutrino is 

possible onlr for Ev ~ 10 GeV. The 15' neon bubble 

chamber is an ideal instrument for the detection of 

the T lepton. Furthermore, the use of the bubble chamber 

enables us to discern the T decay vertex for a fraction 

of the T'S produced. 

b) P(v + v ) The excellent capability of the bubble 
e e 

chamber to detect electrons can be used to: 

- measure the ratio of electron to muon charged 

current events R(e/~). An anomalous value of 

R could indicate oscillations of both the first 

and second kinds. 

- separate neutral current events from charged 

current interactions RCNo/N t ). This ratio would 

be sensitive only to oscillations of the first kind. 
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IV. Beam Description 

Previous accelerator experiments have been insensitive to 

v oscillations because of small v flux and/or a very largee e 

accompanying v~ flux. We propose to construct a ve/ve beam with 

a v /v ratio close to unity. A beam with this feature has been 
e ~ 

previously designed. [11,12] Figure 3 schematically shows the beam 

arrangement. The Sign Selected Bare Target (SSBT) train used for 

the HPWF neutrino experiment could be modified for this electron 

neutrino beam. The principal idea is to sweep all charged particles 

out of the beam using a dipole placed just downstream of the target. 

A second dipole located farther downstream, sweeps out the charged 

decay products from K; decays. Electron neutrinos are produced 

from K1 ~ n-e+v (or ~ n+e-v ) decay. Figure 4 shows a Monte Carlo e e 

calculation of the neutrino fluxes in a beam using 400 GeV incident 

protons. The neutral kaon production is assumed to be the average 

of K+ and K- production. The muon neutrino background from K~3 decay 

and nand K decays is also shown. Note that above about 20 GeV the 

electron neutrino flux is nearly equal to the muon neutrino flux. 
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V. Detector and Event Rates 

The IS' bubble chamber and the two-plane EMI form an 


excellent detector for neutrino events. The use of the heavy 


liquid bubble chamber has the following well-known advantages: 


1) excellent identification of electrons (~ 95%) and 

muons (~ 80%) with both sign and momentum determination 

and ~ 80% y detection. 

2) good efficiency for observing and measuring complicated 

exclusive channels. 

3) 	 excellent visibility of the vertex. It would be 

possible to see the T lepton decay vertex depending 

on the T momentum spectrum and lifetime. The addition 

of a high resolution camera to the stereo triad would 

considerably enhance this possibility. 

4) 	 unbiassed data taking. The detection of events 

and energy resolution are independent of the kinematic 

characteristics and/or the event energy, which allows 

the experiment to cover a wide range of L/E. 

We propose a heavy mix of neon in hydrogen to optimize 

event rates. As a goal we wish to obtain 1000 ve charged current 

interactions in order to be sensitive to P(v + v ) ~ 1-2%. e T 

This requires approximately 1019 protons on target at 400 GeV. 

The numbers of neutrino events of the various types in two momentum 

intervals are shown in Table I. The number of v entered in Table
T 

is calculated from the decay of charmed particles produced in the 

target and is the background to the oscillation signal. 

I 
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The time required for such an exposure is of concern in 

these days of limited accelerator utilization. The efficiency 

of the exposure is maximized if the entire beam intensity is used. 

The number of bubble chamber pictures is minimized and the total 

time to achieve 1019 p.o.t. is minimized. In this dedicated running 

mode power consumption is significantly reduced compared to conven­

tional running. Not only are there no secondary beam lines energized 

(except the train), no flat top on the accelerator field is needed. 

The latter feature reduces power required even with an increased 

repetition rate. 

The running time needed for the 330,000 picture exposure 

is about 10 weeks assuming the proven ability of the accelerator to 

deliver 1018 p.o.t. per week. 
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TABLE 1 

Event rates 

expected for 15 ton and 1019 protons on 1 Aabs target 

CC(a) (b)
NC e/IJ ratio 

10-40 >40 total 10-40 >40 total 10-40 >40 total 

v e 

-
ve 

v
IJ 

...L. 

vIJ 

(c) 
v1" 

150 

75 

240 

125 

870 

420 

960 

330 

1020 

495 

1200 

455 

<4 

45 

25 

72 

43 

260 

143 

288 

112 

305 

168 

360 

155 

.63 .91 .85 

.60 1.25 1.09 

v 	 -38 ~ v
(a). 	From spectra in fig. 3 assuming 0 = 0.62E x 10 ,0 /0 - 0.48. 

75 prompt v ' v (36 v , v ) events are included (CERN beam dumpe	 IJ e IJ 

result) • 

(b). NC/CC 0.30 for v, 0.34 for v. 
(c). Assumes FF/DD = 0.1, BR(F+1"v) = 0.03. 
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VI. 	 Details of the T Search 

a) Kinematic Analysis 

We propose to identify the presence of vT and vT through the 

characteristic T decay signatures. These decays can be grouped into 

two general categories (shown in Figure 5) according to the typ~ of 

background that must be eliminated. Decays of the type illustrated 

in Figure 5 appear as somewhat unusual charged current electron 

events with missing neutrinos. The other type resemble neutral 

currents in that they have no charged e or ~ lepton, only a missing 

neutrino. Table 2 shows a summary of the T decay modes, the 

estimated efficiency, and the ultimate sensitivity of each channel. 

In this calculation we have included T threshold effects which reduce 

the cross section for v CC interactions relative to v CC interactions 
T ~ 

by 22% (Figure 6) averaged over our neutrino spectrum. [13] 

Table 2 

Sensitivity 
Branching Detection Background (Minimum Value 

T Decay Mode Ratio Efficiency Fraction Detectable)~~) 

1. evv 	 17% 10.7% 0.3% of veCC IV 20% 

2. 	 17% 8.7% 0.3% of v CC IV 20%~vv 

~ 


3. rrv 9% 30.0% 0.3% of NC 	 14% 

4. pv 22% IV 50.0% 0.05% of NC 	 1. 5% 

5. rrpov 4% IV 50.0% 0.1% of NC 	 6% 

6. nrrv 31% IV 50.0% 2.0% of NC 	 17% 

We discuss each of these channels in detail below. 
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b) Leptonic Decays (decays 1 and 2) 

As shown schematically in Figure Sb the missing neutrinos 

typically have a large transverse momentum (p~) directed oppositely 

to the hadronic transverse momentum. Three independent variables 

which can be used to distinguish a T decay from an ordinary CC 

event are: the missing transverse momentum (pI); the angle (¢) 

between the lepton transverse momentum and the pO; and the longitudinal
.l.. 

momentum of the lepton (P L). Generally, we follow the analysis dis­

cussed by Albright et al.[14] although we include additional informa­

tion from the lepton longitudinal momentum to achieve better back­

ground rejection. 

To estimate the background we use a sample of 1500 CC events 

(average energy ~ 30 GeV) from Exp. 28.[15] These events were a 

portion of an v exposure of the 15' BC (20% neon) with 300 GeV protons 

and horn focussing. They are representative of the energy, complexity, 

and resolution of the event sample expected from the K1 beam. In 

Figure 7a we plot P~ vs. ¢ for 1440 v~ events. With the selection 

region as indicated by the dotted lines 0.3% of the conventional 

charged current interactions are accepted. 

In Figure 7b we show the same distribution for T leptons. The 

T events were simulated by assuming each of the muons in the CC sample 

was a T and then calculating the T decay to evv by Monte Carlo. 

With the same cuts as for the conventional events about 11% of 

the T are accepted. This analysis realistically portrays the diffi­

culties in separating v
T 

events and contains no assumptions concerning 

the effects of resolution, missing hadronic energy, etc. By enlarging 

the cut boundaries we can increase the T acceptance efficiency at the 

expense of increasing background. 
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A potential difficulty in the analysis of the electron events 

is that the mismeasurement of the electron energy could result in 

mimicking the L signature. The electron identification relies on 

the observation of bremsstrahlung gammas in the H2-Neon mix. It 

is possible that the electron would radiate a large fraction of its 

energy before its curvature can be measured. This would result in a 

missing momentum aligned along the electron direction, exactly the 

signature for a L event. By including the "brem" gammas which have 

the electron's dip and azimuth we may eliminate this source of back­

ground. It is equally important that these gammas be removed from 

the hadron shower. To illustrate our ability to measure correctly the 

electron energy we plot in Figure 8 the yy invariant mass distribution 

for 2y events from E-S46 data, a neutrino exposure in heavy neon. The 

FWHM for the ~o mass is 30 MeV. 

The sensitivity of the experiment is determined by choosing a 

cut which maximizes the signal to noise. For the choice shown in 

Figure 7 (pJ..°>1.6, ¢<2.0) and assuming 1000 v events, the CC background. e 

is three events. A sample of six events (three background events plus 

three real L events) would correspond to 160 vL interactions after 

correcting for detection efficiency and branching ratio. This sample 

would correspond to P(ve~vL) ~ 20%. We anticipate that L~~VV decays 

would give equivalent numbers although we note the muon detection 

efficiency is slightly smaller than that for the electron. 
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c) Hadronic Decays 

i) T + TIV (decay 3) 

This T decay produces one charged track with large transverse 

momentum with respect to the other hadrons (Pth). Three independent 

variables can be used to distinguish T + TIV events: the transverse 

momentum of TI, the longitudinal momentum of TI, and the angle (6) 

between the TI transverse momentum p~ and the missing P1: To estimate 

the background we again use the same E-28 data sample and assume the 

muon to be a T and calculate the TIV decay. 

In the plane transverse to the neutrino direction we determine 

the transverse axis (TA) of the event as that direction which minimizes 

the orthogonal transverse momentum (similar to the thrust analysis 

in e+e - collisions). The component of the transverse momentum, p~, 

of each track along this axis is plotted vs. the longitudinal momentum, 

as shown in Figure 9. From E-28 data we estimate a background to 

T + TIV of 0.3% of NC events, The T detection efficiency for these 

cuts is 30% (see Figure 9). Since the total NC sample is expected 

to be 1,000 events we anticipate three background events. If we 

detect six events (three background, three real T + TIV decays) this 

channel is sensitive to P(ve + v
T

) ~ 14%. 

ii) T :fvT (decay 4) 

For this mode the T decay results in one charged track and two 

r's. We expect to see both r's ~ 60% of the time. These tracks can 
+be fitted to a p-, which will then have a large Pth , Our ability to 
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measure the y energy (see Figure 8) allows us good resolution of 

the p mass. Since we choose events in which the angle between the 

hadrons and the TIo (also yls) is large, we anticipate few problems 

with multiple y pairings. 

By the same method used for the TIV decay and with a fitted 

p at large Pth' we estimate less than .05% of NC interactions will 

mimick a T. SO the observation of a single T ~ pv event (detection 

eff. ~ .50, BR = .22) implies 10 v interactions. If there were 
T 

originally 1000 ve ' we are sensitive to a value of 1-2% for 

P(ve ~ v
T
). This is the most sensitive channel and sets the 

experimental limit. 

The major reason for the decreased background in the 

decay is that the p multiplicity is < 0.4 per neutrino event, 

where as the TI multiplicity is about three. This fact coupled 

with the largest branching ratio makes the T 

the cleanest experimentally. We note that this procedure cannot 

be used by most counter experiments, particularly those utilizing 

hadronic calorimeters. 

iii) T ~ TIts (decays 5 and 6) 

These decay channels are similar to TIV if the pions from the 

decay can be separated from the hadrons. The "thrust" analysis 

can be used to identify candidates which can be fitted to Al ~ TIp, 

TITITI . We estimate the sensitivity of these channels to be P(v ~v )~17%.e T 
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VII. Visible Decay 

The expected lifetime of the T lepton is 2.8 x 10 13 sec., 

assuming full V-A coupling. Therefore, with the conventional optical 

system of the 15' bubble chamber we expect to see the decay vertex 

in 5-10% of the T decays. Although the decays are predominately 

one-pronged which makes identification more difficult, this is 

partly compensated by the separation of the lepton from the hadron 

shower. We base our estimate on our experience in E-546 in which 

we identified more than four examples of charmed particle decay. [16] 

A single high resolution camera operated in conjunction with the 

conventional triad would improve our resolution significantly over 

about one-half the fiducial volume. Subject to availability and 

operating cost considerations, we propose to utilize this high 

resolution camera. 

In summary, the limits on the values of ~ and sin228 achieved 

by measurement of the T neutrinos in this experiment are shown in 

Figure 10. In the region above and to the right of the line, are 

the values which will be detected for eliminated by the experimental 

results. The lines are labeled by the number of T'S interacting in 

the bubble chamber via the charged current interaction or, alter­

natively, the T detection efficiency for which 2.5 T'S are identified. 
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VIII. Ratio of Electron to Muon Events 

Two different oscillation phenomena lead to an observed e/~ 

ratio which differs from the value expected from the beam fluxes. 

In Table I we list the calculated values of R(e/~) in two momentum 

intervals. 

a) ve + v ' Oscillations of the first kind
T
 

In this case the ratio becomes 


~[l-P]acc + 0.17 ~ pa~c [(l-P)a~c + 0.17 Pa~c]~ 
= 

a~c + 0.17 ~ pa~c 

where P = P(ve + v
T

) the probability of the ve oscillating into v
T 

' 

a~c (a~c) is the cross section for v~ and (v ), a T is the corres­e cc 

ponding cross section for v interactions, and ~ is the ratio of the 
T 

ve flux to the v~ flux. For example if P = .3, and a~c for our 

spectrum is 0.78 a~c' then R becomes 

R(e) - .7 ~ + .17(.78)~ ~ .74 ~ 
~ - p + .I7l.78)~ 

to be compared with R(~) = ~ for no oscillation. 

b) veL + veL' Oscillations of the second kind 

For this case the V-A theory predicts that the veL will not 

interact. Hence R(~) becomes 
e

(l-P)acc~ 

--..,.,..-- '" (1- P) ~ 


a~c 
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As in the previous example, for P = .3, R(~) becomes 0.7 $, 

similar to the previous ratio. However, the two phenomena would 

be distinguished by the direct observation or non-observation of 

the v interaction.
T 

The experimental significance of this ratio depends strongly 

on the knowledge of $. From particle production data and beam 

geometry we believe $ can be determined to 5%. If this can 

be achieved, the measurement of R(~) would be sensitive to a value 

of P(veL ~ veL) ~ 10%. In Figure 11 we summarize the limits on 

the values of ~ and sin226 to the experimental precision of the 

measurement of R(~). In the region above and to the right of the 

line is the range of values which can be detected or eliminated in 

this experiment with the fractional error shown. 
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IX. Ratio of Events Without and With Charged Leptons R(No/N~l 

The ratio of events without (No) and with (N~) a charged 

lepton is also sensitive to v + v oscillations. We define the e -r 

quantities: 

R the ratio of neutral to charged current interactions 

R -r 
neutral to charged ratio for v-r interactions (~.38 corrected 

for the threshold effect) 

a~ (a e )cc cc CC cross section for v 
~ 

(v)e 
~ ratio of ve flux to v~ flux 

a) Oscillations of the first kind 

The ratio R(No/N~) can be calculated by summing contributions: 

a~ R + cc cP e acc 

where P = P(ve + v-r) 

Without oscillation, the ratio R(No/N~) = 0.3, independent of 

the flux ratio, cpo However, if P = .3 and cp = 1 

R(No/N~) = (1 + ~)R~ = 0.42 

If cp « 1 then 
5R(No/N;) = (1 + 1" 4> P)R 

illustrating the difficulty of using the neutral current signal if 

the ve flux « v~ flux. 
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Assuming ¢ we can solve for P as a function of the measured 

ratio, R(No/N R) 

4 R(No/NR,)-R 
P='5"( R ) 

For a measured R(No/NR,) = 0.40±.02 we can measure ~ "" .20. We note 

that if the measured ratio R(No/NR,) deviates from that measured in 

a v beam, and, if no v CC interactions are observed, then ~-e 
~ T 

universality is violated in the NC sector. 

b) ve ~ veL Oscillations of the second kind 

In this case the ratio becomes 
e 

cr~c R + ¢ crccR (l-P) 
--~--------~-------- "" R 

cr~c + ¢ cr~c (l-P) 

which is independent of P(veL ~ veL)' Hence this ratio can never 

be used to observe an oscillation into a neutrino which does not 

interact. In Figure 12 we summarize the limits on the values of 

~ and sin228 to the precision of the experimental measurement of 

R(No/NR,). In the region above and to the right of the line is 

the range of values which can be detected or eliminated in this 

experiment with the fractional error shown. 

http:0.40�.02
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