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ABSTRACT

We propose to construct an enriched ve/ﬁe beam using K°L decays
and the sign selected bare target beam elements. The (ve/Ge) beam
and the 15' bubble chamber filled with heavy neon will be used to
search for V. interactions arising from Ve > V. OT vu v neutrino
oscillations. Using the present analysis of neutrino oscillations
from Barger, et al., we find that X 250 Vo interactions could be
observed in a 500,000 picture exposure depending on the neutrino
mixing parameters. If oscillations are observed, this experiment
would also establish the existence of the 1 neutrino. The energy
of the primary proton beam is 400 GeV, although as an energy saving
alternative this experiment could also be operated at a reduced
machine energy of 200 GeV with an increased repetition rate. o
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1. Introduction

A recent analysis of existing neutrino oscillation data
suggested the poésibility that neutrino oscillations may have
been observed, bﬁt no conclusive evidence exists at present
(Appendix A)l. The most interesting possibility suggested by
this analysis is that v_ - Vo oscillations may exist with a fairly

e
large mixing angle and 5m2 1’2.

All previous experiments were
insensitive to this kind of oscillation because of low vé flux or
very large vy flux that produces a large background. We propose to
construct an enriched Vg 1 Ge beam with a large \)e/\;lJ ratio,

compared to ordinary beams, in order to carry out a conclusive

search for Ve * V. oscillations. Figure 1 shows the range of

T for the two solutions

1,2

sensitivity required to deserve Vg >V
suggested in the analysis of Barger, et al We emphasize that
10 - 30 GeV (v, Ge) beams with long flight paths (> 1 KM) and
considerable purity from large vu, GU flux are necessary to
establish the signal of Ve T V.- Also the present data allow
P(ve+vT) between the lower and upper kinks given by beam dump
experiments (Fig. 1}.

We propose to construct a K°L beam in the normal neutrino
decay channel. Using the Bare Target Sign Selected train load,
a modest, inexpensive beam defining system 1is availables’4’5.
This system is shown schematically in Figure 2. The most suitable

detector to perform this search is the 15' bubble chamber with

a neon-hydrogen filling.



The use of the heavy liquid bubble chamber has the following

well-known advantages:

1)

2)

3)

4)

excellent identification of electrons with both sign
and momentum determination.

good efficiency in observing and measuring neutrino
interactions down to very low energies 500 MeV/c.
excellent visibility of the vertex. It might be
possible to see the ¢ lepton decay vertex depending
on 1 momentum spectra and lifetime. The addition of
the hiéh resolution camera to the stereo triad would
considerably enhance this possibility.

unbiassed data taking. The detection of events is
independent of the kinematic characteristics and/or

the event energy.
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2. The Search for VYt -+ t in the Bubble Chamber

We propose to detect the presence of Voo GT in the Ver VY, beam
through the signature
\)T+N—>T+X
L? lepton + missing transverse momentum
> 1T + X
L hadrons + missing transverse momentum

6 and

This is schematically shown in Figure 3. Albright et al.
Barger et al.7 have made extensive calculations for the backgrounds
to these signatures from charmed particle production (i.e.)

Vy + N+ yp + charm + x
L’ lepton
>V + charm pair + x

In normal neutrino beams the ratio of & flux to Ve flux is
about 100 to 1. This is about the same ratio as the ratio of
lepton pair production by vy through charm. About one order of
magnitude smaller there appears to be evidence for events with same
sign leptons which may be due to charm pair production. At some
level all of these processes may contribute to fake v, * T events.
Thus it is essential to reduce the larve vy flux in a v  beam to
reduce these backgrounds. The missing transverse momentum
distributions for t* production and decay are shown in Figure 4
for leptonic and v * hadronic decays.

We have estimated the expected background contribution for

+ )
Ve + N+ ¢~ + mismeasured hadrons



3 of v v

from existing data and find that less than 3 x 10 e Ve

interactions should have a ''fake" missing PL. Thus it appears
possible to identify ¥ to this level in the bubble chamber.

The expected cross section and y distribution for
production at these low energies are shown in Figure 5 and
Figure 6 respectivelyS. The characteristic y distribution might
provide additional evidence that ¢® have been observed. The
relevant variable in neutrino oscillations is L/Ev (the y path
length/neutrino energy). Since the path length is fixed, the
important measurements are the rates as a function of neutrino
energy. No other detector combines the sensitivity and precision

at low neutrino energies as does the heavy liquid bubble chamber.
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3. The Enriched Ve/se Beam

We propose to use K°L decay to provide an enriched ve/ie
beam. Practical beams were discussed some time ago. We follow
closely the desc%iption by Mori, et al4’5:

The Sign Selected Bare Target (SSBT) train used for the HPWF
neutrino experiment can easily be modified for an electron neutrino
beam. Figure 7 gives a schematic layout of the arrangement4.
A modification required for the SSBT Beam is to move the dump
a few inches to allow the KE beam to enter the decay pipe.

Figure 8 shows a calculated electron neutrino or antineutrino
flux from the K; -+ n'e+ve (or w+e-Ge) decay by a Monte Carlo
program. The incident proton energy is 400 GeV. The KE production
is assumed to be the average k" and X~ production. Stefanski-
White parameterization was used. Figure 9, 10 shows the spectra
for 200 GeV protons. The muon neutrino background from the n
and X© decays is also shown in Figure 9, 10. This backgrcund
is relatively independent of the incident proton energy. The
muon antineutrino background from the m and K decays is
substantially smaller than the muon neutrino background. The
muon neutrino or antineutrino flux from the K; » ru'v (or w+u—5u)

H

is 70% of the electron neutrino or antineutrino flux from the KE

decay. The muon neutrino or antineutrino backgrounds from pion
decays of the Kg + 71" are estimated to be relatively small in
the present arrangement.

In summary, computed electron neutrino fluxes for the present

electron neutrino beams are shown in Figures 8, 9, 10 for the

incident proton energies of 400 and 200 GeV.
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4, Event Rates and Detection Efficiency

We propose to fill the bubble chamber with a heavy neon
mixture, about 15 tons of neon in the fiducial volume, we also

assume 2 X 1013

protons per pulse. In a 500,000 picture exposure
we expect 2000 Ve interactions and 1000 Oe interactions for
400 GeV operation using the spectra shown in Figure 8. We
expect comparable numbers for 200 GeV operation.

However, the operation of the machine in a dedicated
experiment at 200 GeV primary beam energy could have several
important advantages.

i)  About 3-3.5 x 1012

proton could reliably be delivered
on target with a ~3 second cycle time with no flat-top.

ii) The accelerator power requirements are greatly reduced.

iii) Such a run of about six weeks would result in "3 x 1019
protons on target or more than 5000 Ve events. The
short duration of the run will minimize the bubble
chamber operational costs and enable a prompt analysis
of the data.

The threshold cross section behavior of t production will
suppress the low energy V., GT rates as shown in Figure 5.

The expected detection efficiency for Tt identification
depends on the backgrounds in the bubble chamber. In priniciple
all the decay modes of the o could be detected either through

\)T+N+T-+x
t% charged lepton + missing PL
or
+ T + X

double jet events
L+ hadron jet + missing PL



The latter process is separated from the ordinary neutral current
processes
ve’u+N.,\)e’u+x
through the two jet signature.
For solution C we expect N250 detected 1 events and for
solution A §(5—10) events. We believe that the background rates

are sufficiently low to be able to clearly separate the signal

from the background in either case.
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ABSTRACT

We analyze neutrino oscillations of the Ve’ vu, vT system. Presently

available reactor antineutrino data contain indications of oscillations,

that have hitherto escaped attention, corresponding to an eigenmass squared

difference of sz =1 eVz. Two other classes of oscillation solutions are

contrasted and further experimental tests are indicated. All the sz must

3

be greater than 10~ eV2 to explain solar and deep mine observations.



The interesting possibility of neutrino oscillations has long been

recognized1 but no clear signal has yet been established.2 In this Letter

we observe, however, that the reactor antineutrino data of Reines et al.s’4

are consistent with an oscillation effect of shorter wavelength than hitherto
considered. Solar neutrino observations and deep mine neutrino data reinforce
the indication that neutrino oscillations occur, and constrain their parameters.
Neutrino oscillations depend on differences in mass m, between the
neutrino mass eigenstates Vs - The latter are related to the weak charged
current eigenstates vV, {(distinguished by Greek suffices) through a unitary

transformation lva> =U |vi>. Starting with an initial neutrino Vg, of

ol
energy E, the probability for finding a neutrino vB after a path length L

can be compactly written (for E2 >> mi):

P(v, > Vg) = 8 o+ Y 2|u .U .U .U [{(cos(Aij-¢

) . . )- cos¢d
R o i< ail Bioj Rj

1B agijl 1)

*
where ¢a81j = arg(U .U,.) and A.lj = %(mi—m?)L/E. For a diagonal transi-

*
diUBiUdJ Bj

tion or an off-diagonal transition with CP conservation.(U real), we obtain

the simple formula

* * . 2
P(v2vg) = 8 5 - ) 4U_.U,.U .U,. sin (zaij) . (2)

) . .
B af - goy  odBiTaFRj
With L/E in m/MeV and m, in eV units, the oscillation argument in radians is

2
1 -
iy = 1.27 6nj; L/E (3)

*
where Sm?. = m? - m%. For antineutrinos replace U by U above,

ij i j
The oscillations are periodic in L/E. Oscillations arising from a given

Smij can be most readily mapped out at L/E values of order l/Smij. The



experimentally accessible ranges of L/E in m/MeV are ﬂ:lolo (solar), ~ 10~105
(deep mine), 1-7 (low energy accelerators), 1-20 (reactors), 0.3-3. (meson
factories), and 0.01-0.05 (high energy accelerators). After many cycles,
detectors cannot measure L or E precisely enough to resolve individual oscilla-
tions and are sensitive only to average values. In the limit L/E >> (mi—m?)_l

for all i = j, the average asymptotic values are given by

* 2
<P (v 2g)> = g IUaiUBi| 4)

Since only ve, Vu, and vT neutrino types are known, we specialize to a
three neutrino world. The matrix U can then be parameterized in the form
introduced by Kobayashi and Maskawa,5 in terms of angles 81,62,63 with ranges
(0,7/2) and phase § with range (-mw,m). In our present analysis we neglect
CP violation (thus § = 0 or + m). To limit the regions of the 8, Smij para-
meter space, we consider first the constraints placed by solar, deep mine and

accelerator data.

Solar neutrino observations and deep mine experiments: The solar neutrino

data® suggest that <P(ve+ve)> =« 0.3-0.5 at L/E ~ 1010 m/MeV. For three neu-

trinos, Eq. (4) gives

A4 44
163 * 5153 (5)

<PV v )> = c4 +s
e e

1 c

+ S.S

where c; = cosei and 5; = sinei. The minimum value of Eq. (5) is 1/3 and
this requires c, = 1//3, Cg = 1//2. For <P(ve+ve)> to be near its minimum,

1
10 eV2. At this minimum all

all mass differences must satisfy 6m2 >> 10
transition averages are specified, independent of 82; in particular
<P(vu+vu)> = 1/2. In fact, there are indications from deep mine experi-

ments7'9 that <P(vu+vu)> v 1/2 (see footnote f in Table 1). Since the vu



neutrinos detected in deep mines have traversed terrestrial distances, . this

measurement suggests that all 6m2 R, 10—3 eV2. Based on these considerations

we may suppose that the true solution is not far from the above 615 04 values.
If we only require <P(ve+ve)> <0.5, then 61 and 63 are constrained to a re-

gion approximated by the triangle 81 > 35°, 0, > 61 - 45°, and 63 < 135° - 6

3 1°

gﬂ >V, vT oscillations: Stringent experimental limits exist on these tran-

10-13

sitions at L/E in the range 0.01 to 0.3 m/MeV (see Table 1). For

sz << 1 eVz, these oscillations do not appear until L/E >> 1 m/MeV. With a

2

single 6m2 A1 eV , these oscillations can be suppressed by choice of 92

(if 61,63 are taken as above).

Reactor‘;ﬂ-oscillations: The 5; flux at distances L = 6 m and 11.2 m from a

reactor core center was measured by Reines et al.,s’4 using the known cross
section for the inverse beta-decay reaction GEP > e'n. The reactor Gé flux
at the core has been calculated using semi-empirical methods.u'17 The
ratio of measured flux at L to the calculated flux measures P(3é+3é). Neutrino
oscillation interpretations of the data thereby depend on the calculated spec-
trum about which there is some uncertainty.

Figure 1 shows a comparison of the measured Gé flux at L = 6 m and
L = 11.2 m with calculated spectra. We note that the Avignone-1978 calcu-

16

lated flux accommodates best the L = 6 m measurements for EG' > 6 MeV.

e
The data for P(Gé»ﬁé) obtained with the Avignone—197816 and Davis et al.

17
calculated spectra are shown in Fig. 2. The horizontal error bars in Fig. 2
take into account the finite size of the reactor core source. We observe

that P(5é+3é) seems to follow an oscillation pattern with one node in the

range of L/E covered by the measurements. The possibility of such a solution



in which a short wavelength oscillation occurs was not considered by Reines

et a1.3 in their analysis of the 11.2 m data based on a similar calculated

15
spectrum.
The oscillation in Fig. 2 is well-described by the formula

P(3é45;) = 1-0.44 sin2(1.27 L/E). This corresponds to a mass difference

2 2 2

dm”“ = 1 eV”, which we can arbitrarily identify as 6m13. A non-zero 5m2

12

with Smiz << Gmfs, is required to bring <P(ve+ve)> down asymptotically to
the solar neutrino result. The value of 6mfz is not tightly constrained,
other than the indication from deep mine measurements of <P(vu+vu)> that

6mfz R 10_3 eVz. A solution which accommodates all known constraints is

2 2
6m13 6m12 91 82 93 §
5)
SOLUTION A: 1.0 eV? 0.05 ev®  45° 25° 30° 0°

The predictions for subasymptotic transition probabilities are shown in
Fig. 3.

A more conservative interpretation of the reactor 5; data could be
that P(ﬁé»@é} falls to around 0.7-0.8 in the range of L/E considered, but
that oscillatory behavior is not established. If so, two other classes of
solution are possible: Class B, where Gé > Gé is suppressed by the onset
of a long wavelength oscillation, that may have its first node well beyond
L/E = 1 m/MeV; Class C, where Gé > 3; is suppressed by a short wavelength
oscillation, that may have many nodes below L/E = 1 m/MeV. Illustrative
solutions of these classes are as follows (we emphasize that their parameters

are less constrained than in Class A).



2 2

6m13 6m12 61 62 63 8
SOLUTION B: 0.15 ev2 0.05 ev2 55° 0° - 45° 0° (6)
SOLUTION C: 10 ev2 0.05 ev2 45° 25° 30° 0°

We note that equivalent solutions to Eqs. (5) and (6) are obtained with

2 2 Ll .
13 < dmlz, § =m and 63 s 63 with 91,

a capsule summary of the present experimental limits on oscillations and

ém 62 unchanged. Table 1 presents

summarizes predictions of solutions A, B and C for existing and planned ex-

periments. For the L/E range of the CERN beam dump experiment,19 a sziilo eV2

is required to yield an e/u ratio that is significantly less than unity.zb
In solution C, which has a 6m2 in that range, the mixing angles are nearly
the same as those contained in ref. 2b. Solution A has the same mixing matrix

as solution C, but the smaller value of Gmfz leads to visible oscillations

in reactor experiments rather than in high energy beam dump experiments.

New reactor experiments: Reactor measurements3 in the L/E range 5-20 m/MeV

,+ For Gmiz << 0.05 V2 solutions A and C

predict no appreciable deviation from a l/r2 fall-off of the average flux

could provide information on Gmf

at L/E > 5 m/MeV.

New meson factory experiments: Since the decays of stopped u+ mesons provide
24

well-known Ve and Gﬁ spectra, meson factory experiments at L/E v 1-3 m/MeV
could confirm the existence of Vg ™ Vg Oscillations and place further con-

straints on Gﬁ > 5; oscillations.

Summary: Reactor 5; data provide indications of neutrino oscillations with

mass scale 6m2 =1 eVz. Solar and deep mine results suggest that the other

mass scale is in the range §m° 2 1073 ev?.
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TABLE REVERENCES

San Onofre reactor experiment by Reines et al.3 in progress, with

L = 25-100 m.

Possible LAMPF experiment with Ev ’EG' = 30-50 MeV and L = 30-100 m.
Brookhaven experiment18 in data a:aly;;s stage.

\% +-vT oscillations can lead to a e/u ratio different from unity in beam
dump experiments (see e.g., ref. 2b and data of ref. 19).

The excellent agreement of observed and calculated \%/Té flux at CERN

and Fermilab indicates that most of the Yy does not oscillate into V-
Deep mine experiments7’8 have detected about 130 neutrino events

6-107 m). An unaccountably large number of

(5 ~10%-10% Mev, L ~ 10
multitrack events were observed in the Kolar gold field experiment;7
assuming that these are not attributed to v“, the event rate is about
half the expected rate. In the Johannesburg mine experiment8 a ratio
1.6 £ 0.4 of expected to observed vu events was found. The analysis in
ref. 9 of these experiments is consistent with <P(Vu+vu)> v 0.5, A new
deep mine experiment is operating at Baksan, USSR which is sensitive to
vu flux through the earth.20

Deep mine experiments in construction21 will detect neutrinos of ener-
gies E v 102—103 MeV using very large water detectors placed in deep
mines. At these energies the composition22 of the v-flux from 7, K,
and u decays of the secondary cosmic ray component in the atmosphere

is roughly (2\)Ll + ve)/s. Upward events in the detector will have

L = 106—107 m and downward events will have L = lO4 m. The charged-
current scattering of Vv, on electrons significantly modifies vacuum

oscillation predictions only for deep mine events which have

E(MeV) i 106 sz(evz); see ref, 23,



Experimental Limits on Neutrino Oscillations and Neutrino Flux Predictions

TA

BLE 1

Observable

< >
P(ve+ve)

P(ve+ve)

P(ve+ve)

P(3ﬁ+3é)
P(vu+ve)/P(vu+vu)

P(ve+vT)
P(vu+vT)/P(vu+vU)
<P(vu+vu)>
<P(vc+vu)>
<P(vc+ve)>
P(vc»vu)

P (\)C—>\)e)

Source L m
Refs, E MeV
S 6 1010

R 3,4 1-3

R a 5-20

A 0.04

M 12 0.3

M b 1-3

M 12 0.3

M b 3

A 10,11 0.04

A 18 ¢ 1-7

Ad 0.04

A 13 0.04

D £ 10%-10°
D g 10%-10°
Dg 10°-10°

Dg 10-10%
Dg 10-102

Present
Limit

oV
o B

A

<1

"'\.:2

0.85 e

0.04

10

0.2 e

2.5x10°

0.5

|>

0.41
0.6-1.0

0.1-0.9

0.95
0.6-1.0
10”
0.03
10°
0-0.2
10
10°
0.51
0.48
0.42
0.3-0.7

0.2-0.6

B

- 0.33
0.8-1.0

0.05-0.5

0.8-1.0
107°
0.11
10~
0-0.8

107°

107°
0.51
0.44
0.33
0.3-0.7

0.2-0.6

|

0.41

0.8 mean
0.1-0.9
0.9

0.8 mean
0.8 mean
107
0.03
10”
0-0.2
0.1
1073
0.51
0.48
0.42
0.3-0.7

0.2-0.6

Notation: S(solar), R(reactor), M(meson factory), A(accelerator), D(deep mine); Ve = [Zvu+ve)/3.

1T
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FIGURE CAPTIONS

Fig. 1 The 5; reactor flux measurements of Reines et al. at L = 11.2 m
(ref. 3) and L = 6 m (ref. 4) compared with the calculated
spectra of refs. 3, 4, 14-17,

Fig. 2 Transition probability P(3e43é) versus L/E deduced from the
ratio of the observed to the calculated G; reactor flux from

refs. 16-17. The curve represents neutrino oscillations with

an eigenmass difference squared of émz =1 eV2 {SOLUTION A of
Eq. (5)).
Fig. 3 Subasymptotic neutrino oscillations for all channels based on

SOLUTION A in Eq. (5). Arrows on the right-hand side denote

asymptotic mean values.
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ABSTRACT

The extraction of neutrino oscillation parameters from the ratio of
rates (GGd > e+nn)/(5d + vpn) is considered in the context of oscillations
proposed to account for previous reactor data. The possibility that only
Vgs V oscillations occur is shown to be bafely compatible with present |
limits on vu > Vg transitions. Predictions for ve,vu > vT oscillations are

made for future accelerator experiments.



Neutrino o:?.cillat:ionsl—3 are of great interest because of the light
they may shed on neutrino mass scales and mixing angles. The solar neutrino
puzzlez—4 may indicate oscillations and a e/u discrepancy in the CERN beam
dump experiment has also been speculated upons. Recently we presented6 a
reexamination of all neutrino flux data, including the old reactor Ge
measurements by Reines and collaborators.7 We drew the conclusion that the
oscillation probability P(Ge+ﬁe) falls to 0.5 or lower in the neighborhood
of L/E = 1.5 m/MeV, where L is the distance from the source and E is the
energy. Interpretating this as an oscillation effect, we showed that
neutrino-mixing with a leading mass squared difference of the order of 1 eV2
matched the reactor data in some detail (solution A of ref. 6). Qualitatively
different classes of solutions were considered for comparison, with a 6m2 con-
siderably smaller {solution B) or considerably larger (solution C) than 1 eV2.
Further evidence for neutrino oscillations from reactor experiments
comes from the simultaneous consideration of charged current (CC) and neutral

current (NC) deuteron disintegration reaction58
- + - -
ved + e nn vd + vpn . (1)

The neutral current process is immune to oscillations, being the same for all
types of antineutrinos in the standard theory and effectively monitors the
initial v flux. The ratio of CC/NC rates is rather insensitive to theoretical
uncertainties in the calculated Ge spectrum from the reactor (the principle un-
certainty hitherto) and can be used to extract neutrino oscillation parameters,
In the present letter we calculate the NC/CC ratios predicted for this experi-
ment by the solutions of ref. 6 and discuss the constraint on 6m2 and mixing

angles. The possibility of having oscillations only in the VoV, System is

U



shown to be barely compatible with reactor data and present experimental
limits on vu -> ve transitions. For oscillations of three neutrinos, predic-
tions of ve,vu >V oscillations are made for future accelerator experiments.
The spectrum averaged cross sections for deuteron disintegration have

the form

{ov) oo

<o> = | dE dE- p(E-) £(E-) 99— 2)
o T v v Y dEr

En

where p(E:Q is the Qe flux at L = 0 and f = P(Ge+ﬁe) at L/EG for the CC
case and f = %—for the NC case. The variable Er is the energy of relative
motion of the final state nucleons; the recoil energy of the two-nucleon
system can be neglected to a 1% approximation. The differential cross

. 9
sections are

2

223
do  EaCFYy
3

1 1
_mZ]é Eé (3)
T
T 2m

Ji(Er){EG - By, * WIE; - By + m)

where MN is the nucleon mass and m = me for the CC and m = 0 for the NC.

The threshold energies are

CC
Eth = 4,030 MeV + Er
(4)
NC
Eth = 2,225 MeV + Er

In Eq. (2) the quantity Jd is the overlap integral of deuteron wave functions
describing the 38 ground state and the 1S continuum state, given by9
1.52 x 107°(43.1 + 0.83 Er)MeV-s/z

Jd = 2. (5)
(Er + 2.225)[Er + (0.19 Er + 0.27)7]




with Er in MeV units. With the exponential fall-off of p(EG) folded in, the

dominant contribution to <o> comes from Er < 0.3 MeV and EG - Et ~ 0.5-3.5 MeV.

h

Thus oscillation effects can be measured in the range 4.6 - 7.6 MeV. We cal-
culate the ratio
- +
<o(ved + ¢ nn)>

Ry = - - (6)
<G(ved > vepn)>

with and without oscillations.

At L = 11.2 m, R4(0sc)/R (no osc) measures P(ie+§e) over the range
L/E =~ 1,5 - 2.4, which is the region in which our analysis of the Gep >e'n
data shows an oscillation effect.6 Figure 1 shows the predictions, assuming
that only one eigenmass-difference plays a significant role in the reactor

range, for which
- - . 2 .. 2 2
P(ve+ve) =1 - sin"20 sin“(1.27 6m™ L/E) {(7)

with sz in eV2 units and L/E in m/MeV. The curves in Fig. 1 versus 6m2
represent mixing éngles for which sin22u = 0.19 (o = Cabibbo angle), 0.50,
0.80 and 1.0. These calculations are based on the Avignone-1978 reactor
spectrum;lo closely similar results are obtained with the Davis et al.
spectrum.11 Assuming ideal acceptance and allowing one standard deviation

from the measured value of8
Rd(osc)/Rd(no osc) = 0.43 + 0.17 (8)
values of 6m° are permitted in the ranges

0.3 < om? < 1.1 eV? sm? > 1.7 ev? (9)



for appropriate mixing angles o. The solution classes A and C of ref. 6
satisfy these criteria. For the preferred class A solutions, our analysis6

of the 56p >~ e¢'n data at L = 11.2 m gives the ranges

0.80 < 6m® < 1.05 eV?

(10)
0.4 < sin®2a < 0.9 .

Results similar to Egs. (9) and (10) were independently'obtained in ref. 8,
Figure 2 shows predictions for Rd(osc)/Rd(no osc) versus L for other reactor
experiments, based on solution A with 6m2 = 0.8 eV2 and the spectrum of

ref. 10.

12,13

Stringent limits exist on Vi 7 Ve and GU > Ge oscillations at

L/E = 0.04 m/MeV and on 5u - Ge oscillations at L/E =~ 0.3 m/MeV. If oscil-
lations occurred only between Ve and vu states and if a single sz is dominant

below L/E = 3 m/MeV {as in solutions A and C of ref. 6), we can write
PV = P = P sin?(1.27 sn° L/E) (11)
with the experimental bound
P < 0.3/(6n)) . (12)
The corresponding bound on the mixing angle is
sin20 < 0.3/ (6m%)? . (13)

For 6m2 vl eV2, this is just on the borderline of admissibility by the
existing reactor data.
Applying similar considerations to oscillations of three neutrinos,

probability conservation leads to the predictions



0o

- - . 2 . 2 2
P(ve+vT) P(ve+vT) [sin 2u-P0] sin“(1.27 &m” L/E)

(14)

Pv, ) = PO O = [P/ (4 sinf0)] P(vv,)

Thus three neutrino oscillations can be tested by detecting V.o 5T produced
ina v, vy beanm that is free of v_and GT. The v_, GT are detected through

the interactions

van -+t X
T
(15)
- +. 0
VP T X .
Figure 3 shows predictions for P(ve+vT) for the L/E range of high energy
accelerators (the two curves for solution A corresponding to Po between 0
and 0.3, with sz =1 eVZ). P(vu+vT)'depends critically on P0 and can be
larger than P(ve+vT).
Solution C has been of primary interest in connection with the e/yu ratio
of beam dump experiments.5 By increasing the scale of the 6m2, it is possible
to construct an alternate version of solution C (solution C') which can ex-

plain both reactor and beam results by having a short wavelength oscillation

2
13

(Gmfz ~ 1 eVz). Representative six-quark mixing angles for such a solution

(such as ém;_, = 50 eVZ) superimposed on a long wavelength oscillation

are

= ° - ° - ] = n°
61 = 30 62 50 63 55 § =0° . (16)

Solution C' gives Rd(osc)/Rd(no osc) = 0.59 at L = 11.2 m; the minimum value
of P(Qe+56) in the reactor range is 0.47 when averaged over the short wavelength

oscillation. Predictions of P(ve+vT) for this solution are also given in Fig. 3.
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FIGURE CAPTIONS

Figure 1 Neutrino oscillation results for the quantity Rd(osc)/Rd(no osc)

with Rd as defined in Eq. (6).

Figure 2 Predictions for Rd(osc)/Rd(no osc) versus distance L from the
reactor core, based on solution A with sz = 0.8 eVz.

Figure 3 Predicted Ve ™ Vo transition probability for the L/E range of
high energy accelerators. The sz values are 1 eV2 for

solution A, 10 eV2 for C, 50 eV2 and 1 eV2 for C'.
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1. Physics Goals

We propose to search for neutrino oscillations. The
possibility of neutrino oscillations has long been recpgnized.l
A recent analysis of the experimental situation indicates that
oscillations may exist with shorter wavelengths than previously
considered. (See appendices.) The oscillations are periodic
in L/E where L is the path length and E is the neutrino energy.
Since the path length is fixed for our experiment, the energy
dependence of a possible oscillation effect must be measured.
The signals for oscillafions would be the disappearance of one
kind of neutrino and/or the reappearance of another kind.

The current experimental limits are shown in Figure 1 in
which we plot the probability Vo T Vg against L/E. The oscillation

of vu into Vg OT V has low experimental limits. In contrast,

T

the oscillation of Ve is essentially unmeasured. Several experi-

ments which use reactor neutrinos, solar neutrinos, and neutrinos
produced in accelerator beam dumps have obtained results which

. . . . 2
suggest that Ve disappear, possibly by oscillation.

In order to investigate Vo Oscillations we propose to use

an v, enriched beam obtained from Ki decay and the 15' heavy

liquid bubble chamber. The signals for oscillations would be:




a) The detection of v As described below about
one third of the\iT CC interactions can be identified
by kinematical considerations and the probability
- of Ve * V. can be measured to a sensitivity of 1-2%.
The 1 lepton may also be directly detected by
observation of its decay vertex. About 6% of
< decays will be yisible.
b) ) The ratlo of electron to muon events [R(e/u)].
| f Although less sen51t1ve than a) for the reaction
Vg Vo, this measurement coulo detect the oscilla-

e
tion of. v, into SEL which then has zero interaction
- cross section. (This possibility is discussed in
.Appendix C).
c) The ratioc of lepton-less evenﬁs (neutral

current type) to charged current events, fR( )]

The search for v oscillations cannot be made at,thls

sensitivity using a conventionally focussed neutrino beam, e.g.

horn focussed or Quad trlplet focussed In the conventlonal beamsrww

the xat1o of vu’or ve is about 100 to 1 thus the backgrounds Jn

the v measurement are 1ncreased one hundred fold Furthermore

the ratlo of neutral current events to charged current events

becomes completely 1nsen51t1ve to vg phenomena.




2. Beam Description

Previous accelerator experiments have been insensitive to
Vg oscillations due to low Ve flux or very large accompanying
vy flux. We propose to construct a v /V_ beam with a \)e/vu ratio
close to unity. A beam with this feature was previously designgd.3’4.
Figure 2 shows the beam arrangement. The Sign Selected Bare
Target tSSBT) train used for the HPWF neutrino experiment could
be modified for this electron neutrino beam. The main idea of
the beam is to sweep all charged particles out of the beaﬁ with a
dipole placed just downstream of the target. A second dipole
farther downstream sweeps out the charged decay products from
K; decays. Electron neutrinos are produced from Ki + W'e+ve
(or - ﬂ+e'ﬁe) decay. Figure 3 shows a Monte Carlo 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;S decay
and 7 and K decays is also shown. Note that above about 20 GeV

the electron neutrino flux is comparable to the muon neutrino

flux.




3. Detector and Event Rates

The 15' bubble chamber and the two-plane EMI form an
excellent detector for neut%ino events. Tne use of the heavy
liquid bubble chamber has the following well-known advantages:

1) excellent identification of electrons (W'QS%) and

muons (v 80%) with hggﬁ sign and momentum determination
and ~ 80% v detection.

2)  good efficiency for observing and measuring complicated

,;exclusive channels.

3) excellent visibility of the vertex. It might be
possible to see the T lepton decay vertex depending
on T momentum spectra 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 enéfgy resolution are independent of the kinematic
characteristics and/or the event energy, which allows
the experiment to cover a w1de range of L/E.

We~propose a,heavy mix. of neon in hydrogenﬂto optlmize“i;nﬂjaﬁnéh

event rates° As a goal we wlsh to obtaln 1000 v charged

p ‘\ "

current 1nteract10ns in order to be sen51t1ve tG P(v -+ v ) v l 7/.

19

This requlres approx1mately 10 protons on target at 400 GeVV~i;




expected for 15 ton and 1

Event rates

09 protons on 1 A, target

(b).
(e).

(b)
CC(a) NC e/u ratio
10-40 >40 total 10-40 >40 total 10-40 >40 total

Vo 150 870 1020 45 260 305
Vg 75 420 495 25 143 168

vu 240 960 1200 72 288 360 <63 .91 .85
;ﬁ 125 330 455 43 112 155 .60 1.25 1.08

(c)
\Y, <y

T

C LW -38 9, y
(a). From spectra in fig. 3 assuming ¢ = 0.62E x 10 ., 0 /" = 0.48.

75 prompt v, vu (36 ;;, GL) events are included (CERN beam dump
result).
NC/CC = 0.30 for v, 0.34 for v.

Assumes FE/DD = 0.1, BR(Fstv) = 0.03.




13 protons per pulse, a dedicated run could complete

Assuming 3 x 10
this experiment in five weeks with 300K photographs. Table 1 shows

the expected number of events for such a run.

4, T Search

a. Kinematic Analysis

We propose to identify ﬁhe presence of V. and 5} through
the characteristic T decay signatures. These decays fall into two
general categories (éhcwn in Figure 4) aécording to’the types of
background we must eliminate. Decays 1 and 2 appear as somewhat
unusual charged cur}ent events with missing neutrinos. The other
reactions resemble neutral currents in that they have no chafged
lepton,(bnly a missing neutrino. Table 2 shows the T decay modes
with the estimated efficiency and the ultimate sensitivity of each
channel. This sensitivity has been cérfecfed‘for v threshold
éffects, which reduce the cross sectipn_fof‘vT CC interactiong with
respect to vu CcC in;eractions by 22% (Figuré 5) averaged over our

. 5
neutrino spectrum.”

. 1_decay ﬁode 5M;;1§B;‘ - Det. Eff. ‘:LlBékgré;  1f Sen$ifivi§j ;
1. evs  17%  10.7% - 0.3% 208
2. wwv Co17% 8.7% ‘,;Qﬁﬁgb;séiifi7i ?‘¢Qi$o:
3. v ey s0.08 o3 14
4. pv 228 ~50.0% Co.oss 0 1.ss
5. mpy 3 ~50.0% 0.15 6% o

6. nmv - 31% n50.0% 2.0% 17%




Leptonic Decays (decays 1 and 2)

The missing neutrinos typically have a large transvefse
momentum (p,) directed oppositely to the hadronic transverse momentuﬁ;
. We identify three independent variables which can distinguish
a Tt decay from an ordinary CC event: the missing transverse
momentum (pf); the angle (¢) between the lepton transverse momentum
and the pj; and the longitudinal momentum of the 1eptbn. Generélly?
wé follow the analysis discussed by Albright et al.6 although we
include additional iﬁformation from the lepton longitudinal
momentum to achieve better background rejecfioﬁ,

" To estimate the background we use a sample of 1500 CC
events (average eﬁergy N 30 GeV) from Exp. 28 and plot the missiﬁgv
p. Vs. ¢ (Figure 6). The electrons frqm T aecay are calculated
by assuming the CC muons were t's, then allowing these t's to
decay into evv. This analysis has the advantage thét the hadron
shower includes resolution effects and thus provides a realistié
picture of the difficulties of separatingvT interactions from
the normal CC events.

By requiring that missing pj be greater than 1.6 GeV/c
and~¢ be gggaéeﬁ than 2.0 radians the backgroun& is 0.3% of
v, CC events, whereas we identify 10.7% of the 1 - evv decays.
ByAchdosing a less restrictive cut . (p; > 0.8, ¢ é 2.0) we include
34% of thé4evenfs with  leptonic modes and the background increases

to 4.1% of ve(vu) CC events. Clearly, we can further increase the

T detection efficiency albeit with increased baékground. -




A potential difficulty is that the mismeasurement of the electron
energy could result in mimiéking the T signature. The electron
identification relies on the observation of bremsstrahlung gammas
in the H,-Neon mix. It is possible that the electron might
radiate a large fraction of its energy before its curvature can
be measured. This results iﬁ missing womentum along the electron
direction, exactly the signature for a T event. By searching for
- gammas with the appropriate dip and azimuth we may detect this
Mlost" electron energy. Even more important is the removal of
these‘gammas from the hadron shower. To illustrate our abiiity
to correct the electron energy we plot vy inﬁafiant mass distribution
from E-546 data (Figure 7); The FWHM for the 7° mass is 30 MeV.

The sensitivity of the expefimént can be determined by
choosing a cut which maximizes the signal to noise, such as the
first example (pj > 1.6, ¢ é'ZaO), For 1000 v, events the CC‘
background is three events. A sample of six events (three background.
events plus three real T events) would correspond to 160 v . |
interactions: after correctlng for detectlon efflclency and branchlng

¢ N o
ratio. Thls sample would correspond to v ,Gsc;llatlcn 1nto vT "”

of 20% lf We ant1c1pate that T+ PV decays glve equlvalent numbers

“k.‘" o

although we note the muon detection eff1c1ency is somewhat,smaller c

. than that for the electron.




Hadronic Decays

T > pv (decay 4)

For this mode the T decay gives one charged track and two y's
with large transverse momentum with respect to the other hadrons (pth)'
We expect to see both y's ~ 60% of the time. These tracks can
be fitted to a pi, which will then have a large Diyy - Our abiliﬁy
to correct the y energy (see Figure 7) allows us good resolution
on the p mass. Since we choose events with a large Pin ﬂ°,‘we
anticipate few problems with multiple +y pairings.

With a fitted p at large Py We estimate less than .05%
background due to NC interactions (see 1 + mv analysis). So the
observation of a single t - pv event (detection eff. ~ ;SO,

BR = ,22) implies only 10 v interactions. If there were originally
1000 V., We are sensitive to a 1-2% oscillation into Vo This is
the most sensitive channel and sets the experimental 1limit. This
channel is not available for most counter experiments, particularly
those utilizing a hadronic calorimeter.

T > v (decay 3)

We expect one charged track with large p,,. We again identify
three independent variables to distinguish T + mv events: transverse.
momentum of w, longitudinal momentum of w, and the angle (6) between
the 7 transverse momentum Piy and the missing p%v. To estimate the
background we use the same E-28 data sample and treat the muon as
unseen. The m vector is computed by assuming the muon was a tau

which decayed into 7v.




In the plane transverse to the neutrino direction we determine
the transverse axis (TA) of the event (pseudo-thrust analysis).
The transverse momentum, Py s of each track is projected onto this
axis and plotted vs. the longitudinal momentum for 6 < 2.0 radians.
From these data we estimate a béckground to T » wv of 0.3% of
NC events. The T detection efficiency foi these cuts is 30%
(see Figure 8). Since the‘total NC sample(is expected to be
1,000 events we anticipate three backgroﬁnd events. If we detect
six eventé (three background, three reaibt + mv decays) this channel
is sensitive to a 14% v, oscillation.

T > w's (decays 5 » 7)

These decay channels are similar to wv if the pions from
decay can be separated from the hadrons. The pseudo-thrust analysis
can be used to identify candidates which can be fitted to

A, > Tp, mrm. We estimate the sensitivity of these channels is

1
about 17%.



4.b. Visible Decay

The expected lifetime of the T lepton is 2.8 x 10713 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 Tt 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 greater than four examples of charmed
particle decay. |

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 conéiderations, we propose to utilize this

high resolution camera.




5. Ratio of Electron to Muon Events

.Two different oscillation phenomena lead to an observed e/r.
ratio which differs from the value expected from the beam fluxes

(see Table 1).

a) Ve T Vo

In this case the ratio becomes

' T
ae o e {[1 - P ) o + 0.17 P(\)T)ccc}
“: ¢p0cc + 0.17¢eP(vT)cgc

where P(vT) is the probability of the v_ oscillating into Vo

e

. . T . .
O.. 1is the cross section for v, and Vys e 1S the corresponding
cross section for V. interactions, ¢e is the Ve flux and ¢u is
the vy flux. For example if P(vT) = .3, and 026 for our spectrum

is 0.78 o ., then R becomes

7+ .17(.78
RGP = 13 .,1‘75.78)l = 74 (0e79))

to be compared with R(EJ = q)e/q)u for no oscillation.

b. v > GEL (see Appendix C)‘

For this case the V-A theory predicts that the GEL will not
interact. Hence R(SJ becomes
6 [1 - PV p)loge

R(Z) = =
M ¢uccc




As in the previous example, for P(véL) = .3, R(SD becomes 0.7 (¢e/¢u),
comparable to the previous ratio. However, the two phenomena would
be distinguished by the observation of the v_ interaction.

The experimental significancé of this ratio depends strongly
on the knowledge of ¢e and ¢u. From particle production data and
beam geometry we believe ¢e/¢u can be determined to 5%. We are
currently studying this question. If this can be achieved, the

e/u ratio would be sensitive to an oscillation of < 10% of the Ve -




N
6. Ratio of Events Without and With Charged Leptons R(NQ

The ratio of events without (NO) and with (NR) a charged
lepton is also sensitive to v, > v oscillations. We define

the relevant parameters:

R ( ), R ( ) - the ratio of neutral to charged current interactions

R (CC) - neutral to charged ratio for-vT interactions (&.38 corrected

for the threshold effect)

- cross section for v and v
Occ CC section f e d c

GCCT - CC cross section for v_ (v.78 Occ integrated over the spectrum)

P(vT) - probabilify of Ve oscillation into v

P(GEL) - probability of v_ oscillation into BEL
¢e’ ¢u - primary flux of Ve vu
a) Ve T Vo

N,
The ratio N( <) can be calculated by summing contributions:

{% Ry @@ * 00 Re (@) [1-P( )] + 669 P(v do "+

R(N‘) | $6P (v )0 "R ( Cﬁ)} /

{%"cc + ¢ o [1-P(v )] + .34 ¢ 0, pch)}




N
Without oscillation, the ratio R(NQ) = 0.3, independent of the flux
£

ratio, ¢e/¢u. However, if P(vT) = .3 and ¢ = ¢u
No
R(N_Q-: = 0.42

1
If ¢ = 76,, and P(v,) = 0.3,

NO
R(N;J = 0.38

so the ratio R is relatively insensitive to the flux ratio.
Assuming ¢ = ¢u we can solve for P(v_) as a function of the

measured ratio, R(NQJ,
' ')

2R - .6
POV = =351

For a measured R = 0.40 £ .02 we can measure é%-& .20.

It should be noted that if the measured ratio R(Ng) deviates from
2

that measured in a vu beam, and if no V. CC interactions are

observed, then p-e universality is violated in the NC sector.




b) v, veL

In this case the ratio becomes

NC NC —
R(;EJ _ ¢ucccRu(EEJ * ¢ecccRe(§E)[l—P(veL)1

L [1-P(\7eL)]

d>u‘:’c:c: * $e0cc

‘which is. independent of P(GéL), Hence this ratio can never observe

an oscillation into a channel which does not interact.
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ABSTRACT

We analyze neutrino oscillations of the ve’ V> V. system, Presently

u:
available reactor antineutrino data contain indications of oscillations,

that have hitherto escaped attention, corresponding to an eigenmass squared

difference of 6m2 =1 eVZ. Two other classes of oscillation solutions are

contrasted and further experimental tests are indicated. All the sz must

3

be greater than 10 eV2 to explain solar and deep mine observations.




The interesting possibility of neutrino oscillations has long been

recognized1 but no clear signal has yet been established.2 In this Letter

we observe, however, that the reactor antineutrino data of Reines et a1.3’4

are consistent with an oscillation effect of shorter wavelength than hitherto
considered. Solar neutrino observations and deep mine neutrino data reinforce
the indication that neutrino oscillations occur, and constrain their parameters.
Neutrino oscillations depend on differences in mass my between the
neutrino mass eigenstates v; - The latter are related to the weak charged
current eigenstates va (distinguished by Greek suffices) through a unitary

transformation Ivu> = Uuilvi>. Starting with an initial neutrino va of

energy E, the probability for finding a neutrino v_ after a path length L

B

can be compactly written (for E2 >> mi):

P(V, > Vp) = aaB + )y 2|u_.U,.U .Ule[(cos(Aij-¢aBij)— cosd 1 M

1< oi Biaj afij

* % 2 2 .
= = 1 - 1 -
where ¢a8ij = arg(UaiUBiquUBj) and Aij /z(mi mj)L/E. For a diagonal transi

tion or an off-diagonal transition with CP conservation. (U real), we obtain

the simple formula

* * 2
P(v,g) = 8 o - Y 4U_.U,.U .U,. sin (zAij) . (2)

) . .

B aB i o Bi aj Bj

With L/E iﬁ>m/MeV and m, in eV units, the oscillation argument in radians is
J 2

LA, = 1.27 6mij L/E (3)

1]

*
where Smi. = m? - m?. For antineutrinos replace U by U above.

j i
The oscillations are periodic in L/E. Oscillations arising from a given

Smij can be most readily mapped out at L/E values of order l/émij. The




experimentally accessible ranges of L/E in m/MeV are ﬂ:lolo (solar), ﬁ'10—105
(deep miné), 1-7 (low energy accelerators), 1-20 (reactors), 0.3-3. (meson
factories), and 0.01-0.05 (high energy accelerators). After many cycles,
detectors cannot measure L or E precisely enough to resolve individual oscilla-
tions and are sensitive only to average values. In the limit L/E >> (mi-m?)—l

for all i = j, the average asymptotic values are given by

P> = | ]Uociugil2 (4)
1

Since only Ve’ vu, and VT neutrino types are known, we specialize to a
three neutrino world. The matrix U can then be parameterized in the form
introduced by Kobayashi and Maskawa,5 in terms of angles 61,82,63 with ranges
(0,m/2) and phase § with range (-w,m). In our present analysis we neglect
CP violation (thus § = 0 or * 7). To limit the regions of the 6; Gmij para-
meter. space, we consider first the constraints placed by solar, deep mine and

accelerator data.

Solar neutrino observations and deep mine experiments: The solar neutrino

data6 suggest that <P(ve+ve)> ~ 0,.3-0.5 at L/E ~ 1010 m/MeV. For three neu-

trinos, Eq. (4) gives

4 44 44
<P(ve+ve)> =€y * 5;Cg * SiSg (5)

where c; = cosei and s; = sinei. The minimum value of Eq. (5) is 1/3 and
this requires ¢y = 1/V3, Cp = 1//2. For <P(ve+ve)> to be near its minimum,
all mass differences must satisfy 6m2 >> 10—10 eV2. At this minimum all
transition averages are specified, independent of PH in particular

<P(vu»vu)> = 1/2. In fact, there are indications from deep mine experi-

ments’ > that <P(vu+vu)> v 1/2 (see footnote f in Table 1). Since the vy



neutrinos detected in deep mines have traversed terrestrial distances, this

measurement suggests that all 6m2 g, 10—3 eV2. Based on these considerations

we may suppose that the true solution is not far from the above 61, 63 values.
If we only require <P(ve+ve)> <0.5, then 61 and 63 are constrained to a re-

gion approximated by the triangle 6, > 35°, 6 >0 - 45°, and 6, < 135° - 9

3 1°

Vo Ve Vo oscillations: Stringent experimental limits exist on these tran-

=
.. 10-13
sitions

at L/E in the range 0.01 to 0.3 m/MeV (see Table 1). For
6m2 << 1 eV2, these oscillations do not appear until L/E >> 1 m/MeV. With a
single 6m2 i 1 eVz, these oscillations can be suppressed by choice of 62

(if 61,63 are taken as above).

Reactor v_-oscillations: The 5é flux at distances L = 6 m and 11.2 m from a

£

reactor core center was measured by Reines et al., using the known cross

. . . + —
section for the inverse beta-decay reaction VP > e mn. The reactor Ve flux

14-17 The

at the core has been calculated using semi-empirical methods.
ratio of measured flux at L to the calculated flux measures P(Gé+§é). Neutrino
oscillation interpretations of the data thereby depend on the calculated spec-
trum about which there is some uncertainty.

Figure 1 shows a comparison of the measured ﬁé flux at L = 6 m and
L = 11.2 m with calculated spectra. We note that the Avignone-1978 calcu-
lated flux16 accommodates best the L = 6 m measurements for EG' > 6 MeV.

e
The data for P(Gé%Gé) obtained with the Avignone—197816 and Davis et al.

17
calculated spectra are shown in Fig. 2. The horizontal error bars in Fig. 2
take into account the finite size of the reactor core source. We observe

that P(Gé#ﬁé) seems to follow an oscillation pattern with one node in the

range of L/E covered by the measurements. The possibility of such a solution




in which a short wavelength oscillation occurs was not considered by Reines
et al.3 in their analysis of the 11.2 m data based on a similar calculated
spectrum.lg

The oscillation in Fig. 2 is well-described by the formula

P(Geésé) = 1-0.44 sin2(1.27 L/E). This corresponds to a mass difference

sz = 1 eVZ, which we can arbitrarily identify as Gmfs. A non-zero Smfz
with 6mfz << Gmfs, is required to bring <P(ve+ve)> down asymptotically to
the solar neutrino result. The value of émiz is not tightly constrained,

other than the indication from deep mine measurements of <P(vu+vu)> that

6miz s 10_3 eVZ. A solution which accommodates all known constraints is

2 2
ém ; smy 8 0, 0, s
(5)
SOLUTION A: 1.0 ev? 0.05 ev?  45° 25° 30° 0°

The predictions for subasymptotic transition probabilities.are shown in
Fig. 3.

A more conservative interpretation of the reactor Gé data could be
that P(Gé+§é) falls to around 0.7-0.8 in the range of L/E considered, but
that oscillatory behavior is not established. If so, two other classes of
solution are possible: Class B, where 3; - Gé is suppressed by the onset
of a long wavelength oscillation, that may have its first node well beyond
L/E = 1 m/MeV; Class C, where Gé +'§é is suppressed by a short wavelength
Qscillation, that may have many nodes below L/E = 1 m/MeV. Illustrative
solutions of these classes are as follows (we emphasize that their parameters

are less constrained than in Class A).




2 2
om omy, 8, 0, 0, 8

SOLUTION B: 0.15 eV  0.05 eV®  55° 0° 45° 0° (6)
SOLUTION C: 10 eV? 0.05 eV®  45° 25° 30° 0°

We note that equivalent solutions to Egs. (5) and (6) are obtained with

2 2 _ ul .
13 < Gmlz, § = m, and 63 = - 63 with 61, 62 unchanged. Table 1 presents

2

a capsule summary of the present experimental limits on oscillations and

m

summarizes predictions of solutions A, B and C for existing and planned ex-

19 2

a &F%lOeV
b

periments. For the L/E range of the CERN beam dump experiment,

is required to yield an e/u ratio that is significantly less than unity.2

In solution C, which has a sz in that range, the mixing angles are nearly

the same as those contained in ref. 2b. Solution A has the same mixing matrix
2

as solution C, but the smaller value of émls leads to visible oscillations

in reactor experiments rather than in high energy beam dump experiments.

New reactor experiments: Reactor measurements3 in the L/E range 5-20 m/MeV

For 6m2 << 0,05 eV2 solutions A and C

27 12

predict no appreciable deviation from a l/r2 fall-off of the average flux

could provide information on Gmf

at L/E > 5 m/MeV.

New meson factory experiments: Since the decays of stopped u+ mesons provide
24

well-known Ve and Gﬁ spectra, meson factory experiments at L/E ~ 1-3 m/MeV
could confirm the existence of Ve * Ve oscillations and place further con-

straints on Gﬁ > 3; oscillations.

Summary: Reactor 5; data provide indications of neutrino oscillations with

mass scale sz =1 eVz. Solar and deep mine results suggest that the other

mass scale is in the range sm? 2 107% ev2.
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TABLE REFERENCHES

San Onofre reactor experiment by Reines et al.® in progress, with

L = 25-100 m.

Possible LAMPF experiment with Ev ’EG' = 30-50 MeV and L = 30-100 m.
Brookhaven experiment18 in data asaly;;s stage.

\g e-vT oscillations can lead to a e/u ratio different from unity in beam
dump experiments (see e.g., ref. 2b and data of ref. 19).

The excellent agreement of observed and calculated ve/ié flux at CERN
and Fermilab indicates that most of the Ve does not oscillate into vT.
Deep mine experiments7’8 have detected about 130 neutrino events

(E “1104—106 MeV, L W'106—107 m). An unaccountably large number of
multitrack events were observed in the Kolar gold field experiment;
assuming that these are not attributed to vu, the event rate is about
half the expected rate. In the Johannesburg mine experiment8 a ratio
1.6 £ 0.4 of expected to observed vu events was found. The analysis in
ref. 9 of these experiments is consistent with <P(vu+vu)> v 0.5. A new
deep mine experiment is operating at Baksan, USSR which is sensitive to
\)u flux through the earth.20

Deep mine experiments in construction21 will detect neutrinos of ener-
gies E n 102-103 MeV using very large water detectors placed in deep
mines. At these energies the composition22 of the v-flux from m, K,
and Y decays of the secondary cosmic ray component in the atmosphere

is roughly (Zvu + Ve)/S. Upward events in the detector will have

L = 106—107 m and downward events will have L = 104 m. The charged-
current scattering of Vg On electrons significantly modifies vacuum

oscillation-predictions only for deep mine events which have

E (MeV) i 106 6m2(eV2); see ref., 23,




TABLE 1

Experimental Limits on Neutrino Oscillations and Neutrino Flux Predictions

Solution
Source L_ n Present —_—
Observable Refs. E MeV Limit A B C
<P(v v )> S 6 1040 >1 <1 0.41 0.33 0.41
e ‘e %4,%2 . ¢ .
P(§e43é) R 3,4 1-3 > 0.5 0.6-1.0 0.8-1.0 0.8 mean
R a 5-20 0.1-0.9 0.05-0.5 0.1-0.9
Plv ) A 0.04 > 0.85 e 1.0 1.0 0.9
M 12 0.3 1.1 +0.4 0.95 1.0 0.8 mean
Mb 1-3 0.6-1.0 0.8-1.0 0.8 mean
P(V,V,) M 12 0.3 < 0.04 107 1073 1073
M b 3 0.03 0.11 0.03
P(v v )/P(v V) A 10,11 0.04 <1073 1070 107° 1074
u Ve TR
A 18 ¢ 1-7 0-0.2 0-0.8 0-0.2
P(vv) Ad 0.04 <0.2 e 1073 107° 0.1
-2 -5 -5 -3
P (v, 2V )/P (V) A 13 0.04 < 2.5x10 10 10 10
P, )> D £ 10%-10° N 0.5 0.51 0.51 0.51
P (v )> D g 10%-10° 0.48 0.44 0.48
<P (v, )> Dg 10°-10° 0.42 0.33 0.42
Py Dg 10-102 0.3-0.7 0.3-0.7 0.3-0.7
P(v,v) Dg 10-10% 0.2-0.6 0.2-0.6 0.2-0.6

IT

Notation: S(solar), R(reactor), M(meson factory), A(accelerator), D(deep mine); Vo ¥ (Zvu+ve)/3.
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FIGURE CAPTIONS

The 5; reactor flux measurements of Reines et al. at L = 11.2 m
(ref. 3) and L = 6 m (ref. 4) compared with the calculated
spectra of refs. 3, 4, 14-17.

Transition probability PCGE4GE) versus L/E deduced from the
ratio of the observed to the calculated 5; reactor flux from
refs. 16-17. The curve represents neutrino oscillations with
an eigenmass difference squared of 6m2 =1 eV2 (SOLUTION A of
Eq. (5)).

Subasymptotic neutrino oscillations for all channels based on
SOLUTION A in Eq. (5). Arrows on the right-hand side denote

asymptotic mean values.




dN/d Ez-/-e ( arb. units)

eve,

T

........

T T !

Avignone 1978
Davis 1979 7
Carter 1959

L=6m

e

e

-+

jess
‘‘‘‘‘

e

— — = Davis 1979

Avignone 1978

Reines 1978




N

InNY

1.0

0.5

{ J.JI ]

{

Davis 1979 spectrum

<

— (P>

— (P>

L/E

(m/MeV)

Fig. 2




w1l1"l

Ple—lp) PUe=1y) Plyg=vp) Ply~1,) PUy—vg) Plur—1.)

I 1 ll’IJLlI | 1 Lllllll

O

1.0 10.0
L/E (m/MeV)

Fig. 3




APPENDIX B

C00-881-146
April 1980

MASS AND MIXING SCALES OF NEUTRINO OSCILLATIONS

V. Barger and K. Whisnant

Physics Department, University of Wisconsin, Madison, Wisconsin 53706 USA

D. Cline

Fermilab, Batavia, Illinois 60510 and
Physics Department, University of Wisconsin, Madison, Wisconsin 53706 USA

R. J. N. Phillips
Rutherford Laboratory, Chilton, Didcot, Oxon, England

ABSTRACT

The extraction of neutrino oscillation parameters from the ratio of
rates (GCd > e+nn)/(5d + ypn) is considered in the context of oscillations
proposed to account for previous reactor data. The possibility that only
Vs V oscillations occur is shown to be barely compatible with present
limits oﬁ \)J >V, transitions. Predictions for ve,vu w'vT oscillations are

made for future accelerator experiments.




Neutrino oscillations' ™ are of great intercst because of the light
they.may shed. on neutrino mass scales and mixing angles. The solar neutrino
puzzlez—4 may indicate oscillations and a e/u disérepancy in the CERN beam
dump experiment has also been gpeculated upons. Recently we presented6 a
reexamination of all neutrino flux data, including the old reactor Ge
measurements by Reines and collaborators.7 We drew the conclusion that the
oscillation probability P(§e+§e) fallé to 0.5 or lower in the neighbozrhood
of L/E = 1.5 m/MeV, where L is the distance from the source and E is the
energy. Interpretating this as an oscillation effect, we showed that
neutrino-mixing with a leading mass squared difference of the order of 1 eV2

matched the reactor data in some detail (solution A of ref. 6). Qualitatively

; . . . . ~ 2
different classes of solutions were considered for comparison, with a ém~ con- -

siderably smaller (solution B) or considerably larger (solution C) than 1 eVz.
Further evidence for neutrino oscillations from reactor experiments
comes from the simultaneous consideration of charged current (CC) and neutral

- . . 8
current {NC) deuteron disintegration reactions
- + : - - .
\)cd + e 1nn vd = upn . (1)

The neutral current process is immune to oscillations, being the same for all
types of antineutrinos in the standérd theory and effectively monitors the
initial v flux. The ratio of CC/NC rates is rather insensitive to theoretical
uncertainties in the calculated Ge spectrum from the reactor (the principle un-
certainty hitherto) and can be used to extract neutrino oscillation parameters.
In the present letter we célculate the NC/CC ratios predicfed for this experi-
ment by the solutions of ref. 6 and discuss the constraint on 6m2 and mixing

angles. The possibility of having oscillations only in the VgsV,, System is

H




shown to be barely compatible with reactor data and present experimental
limits on Yy TV, transitions. For oscillations of three neutrinos, predic-
tions of ve,vu +(vT oscillations are made for future accelerator experiments.
The spectrum averaged cross sections for deuteron disintegration have
the form
- -
<g> = j dE J dE- p(E-) £(B-) 2. 2)
o Tlg Y Y v’ dE_
: th
where pCE;Q is the Be flux at L = 0 and £ = P(ﬁe+§e) at L/EG for the CC
case and f = %-for the NC case. The variable Er is the energy of relative
motion of the final state nucleons; the recoil energy of the two-nucleon
system can be neglected to a 1% approximation. The differential cross

. 9
sections are

2.2.3/2
G_M
do _ A FiN 2 . 2 2.% L
aE_ 5 Jq(B (B - By + m[(Eg - By + m)7-m] ™ B (3
T 27
where MN is the nucleon mass and m = m, for the CC and m = 0 for the NC.
The threshold energies are
CC
Eth = 4,030 MeV + Er | |
@
NC - oy
Eth = 2,225 MeV + Er

In Eq. (2) the quantity Jd is the overlap integral of deuteron wave functions
describing the 3S ground state and the 1S continuum state, given byg
1.52 x 107°(43.1 + 0.83 1=,r)rvuev“3/2

Ja = 55 (5)
(B + 2.225)[E_ + (0.19 E_ + 0.27)°]%




with E_ in MeV units. With the exponential fall-off of p(EG) folded in, the

dominant contribution to <g> comes from Er < 0.3 MeV and EQ - Et = 0.5-3.5 MeV.

h

Thus oscillation effeccts can be mecasured in the range 4.6 - 7.6 MeV. We cal-
culate the ratio
- +
<o(ved + e nn)>

Ry = - - (6)
<o(ved -> vepn)>

with and without oscillations.

At L = 11.2 m, R (0sc)/R,(no osc) measures P(Qe+ﬁe) over the range
L/E = 1.5 - 2.4, which is the region in which our analysis of the Gep >e'n
data shows an oscillation effect.6 Figure 1 shows the predictions, assuming
that only one eigenmass-difference plays a significant role in the reactor

range, for which
- = .2 . 2 2
P(ve+ve) = 1 - sin 2a sin (1.27 ém~ L/E) (7)

with 6m2 in eV2 units and L/E in m/MeV. The curves in Fig. 1 versus dm%
represent mixing angles for which sin22a = 0.19 (o = Cabibbo angle), 0.50,
0.80 and 1.0. These calculations are based on the Avignone-1978 reactor
spectrum;10 closely similar results are obtained with the Davis et al.
spectrum,11 Assuming ideal acceptanée and allowing one standard deviation

from the measured Yalue of8
Rd(osc)/Rd(no osc) = 0.43 * 0.17 (8)

values of sz are permitted in the ranges

2 2

0.3 < ém% < 1.1 eV sm> > 1.7 eV

(9




for appropriate mixing angles o. The solution classes A and C of ref. 6

satisfy these criteria. For the preferred class A solutions, our analysise

of the er > e'n data at L = 11.2 m gives the ranges

0.80 < &m% < 1.05 eV

0.4 < sin®20 < 0.9 .

(10)

Results similar to Eqs. (9) and (10) were independently obtained in ref. 8.

Figure 2 shows predictions for Rd(osc)/Rd(no osc) versus L for other reactor

experiments, based on solution A with 6m2 = 0.8 eV2 and the spectrum of

ref. 10.

12,13

Stringent limits exist on vu >V, and GN + Ge oscillations at

L/E = 0.04 m/MeV and on GU > Ge oscillations at L/E = 0.3 m/MeV. If oscil-

. . . WA .
lations occurred only between Ve and vu states and if a single &m” is dominant

below L/E = 3 m/MeV (as 'in solutions A and C of ref. 6}, we can write
P(u+v) = P9 ) = P_ sin®(1.27 én® L/E)
e u e o :
with the experimental bound

P < 0.3/ (5n2)?% .

The‘ccrresponding bound on the mixing angié is

sin“2a < 0.3/ (sm9)? .

For sz Nl evz, this is just on the borderline of admissibility by the

existing reactor data.
Applying similar considerations to oscillations of three neutrinos,

probability conservation leads to the predictions

(12)

(11)

Cam




§)

- - . 2 . 2 2
) - 2
P(ve*vT) I(ve+vT) [sin" 20 Po] sin" (1.27 ém™ L/E)

(14)

1
I

' - .- . 4
P(vu*vT) P(vu+vT) [Po/(4 sin a)] P(ve>vT)
Thus three neutrino oscillations can be tested by detecting Vo 51 produced

in a Vos vu beam that is free of vT and GT. - The vT, QT are detected. through

the interactions

von 1 X
T
(15)
- +,0
-3
va TX .
Figure 3 shows predictions for P(ve+vT) for the L/E range of high energy
accelerators (the two curves for solution A corresponding to PO between 0
and 0.3, with 5m2 =1 cVz). P(vu+vT) depends critically on Po‘and can be
larger than P(ve7vr)'
Solution C has been of primary interest in connection with the e/y ratio
of beam dump experiments.5 By increasing the scale of the dmz, it is possible
to construct an alternate version of solution C (solution C') which can ex-

!
plain both reactor and beam results by having a short wavelength oscillation

2
13

1 eVZ). Representative six-quark mixing angles for such a solution

. (such as ém

2 ~
12 ©

are

= 50 eV2) superimposed on a long wavelength oscillation

(6m

8, = 30° 62 = 50° 63 = 55° § =0° . (16)

Solution C' gives Rd(osc)/Rd(no osc) = 0.59 at L = 11.2 m; the minimum value

of P(§e+56) in the rcactor range is 0.47 when averaged over the short wavelength

oscillation. Predictions of P(ve+vT) for this solution are also given in Fig. 3.
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Figure 1

Figure 2

Figure 3

FIGURE CAPTIONS
{
Neutrino oscillation results for the quantity Rd(osc)/Rd(no osc)

with Rd as defined in Eq. (6).

Predictions for Rd(osc)/Rd(no osc) versus distance L from the

reactor core, based on solution A with §m? = 0.8 eVz,

Predicted Vg V. transition probability for the L/E range of

high energy accelerators. The sz values are 1 eV2 for

2

solution A, 10 eV2 for C, 50 eV” and 1 eV2 for C1.
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ABSTRACT

We consider a second class of neutrino oscillations which can arise
when both Majorana and Dirac neutrino mass terms exist. Thege oscillations
mix neutrino members of weak current doublets with singlets of the same
helicity. A depletion of a neutrino beam results, with apparent non-
conservation of probability. Possible relevance to current oscillation

experiments is discussed.
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The success and appeal of grand unified theories1 have given a new
theoretical impetus to the question of neutrino mass.2 Moreover, recent
analyses of reactor and beam dump data have revealed the exciting possibility
that heutrino oscillations exist.s—5 The standard formalism6’7 for neutrino

oscillations is based on oscillations of the type ve >V > VoL which

L L

mix flavors without change of chirality or lepton number; hereafter we refer

to these as first class oscillations. In this Letter we consider the possi-
‘s . . . 8 . . s

bility of a second class of neutrino oscillations, involving transitions of

the type v, <+ np, which mix neutral members of weak isospin doublets v, with

L L
singlets e In the standard SU(2)xU(1) model, the usual right-handed sin-

glets would be ncR = C(EZ)T where C is the charge conjugation matrix. To
avoid confusion, we emphasize :at the outset that second class oscillations

are not of the helicity-flip type VoL, < vg s Where V:R (usually denoted by

R

Qe) is the right-handed antineutrino produced in u decay; v_, and v; are

el R

related by charge conjugation, .and vZR is an SU(2) doublet member along with
e+.% In general, second class oscillations,can‘involve transitions among
different doublet and singlet flavors. .

Neutrino mass terms can be either of Majorana or Dirac type. At least

some grand unified theories suggest2 that both may be present simultaneously.8

Dirac mass terms are of the form ;Z-HCR while Majorana mass terms are of the

forms v, v° which violate lepton number by two units.g Diag-

™
p Vgandngm

R’
onalization of the mass matrix for a single lepton family yields two Majorana
(i.e., self-conjugate) mass eigenstates. Assuming that both masses are small,
neutrino oscillations will occur between the doublet and singlet gauge eigen-
states of the same helicity. Since singlet fields are decoupled from gauge

bosons, these second class oscillations deplete neutrino beams, giving the

appearance of probability non-conservation. In the general case of several




lepton flavors, both first and second class oscillations can occur.

In the following we first develop the formalism for second class oscil-
lations involving a single lepton family. We then address possible phenome-
nological implications for neutrino oscillation experiments, comparing ex-
pectations from first and second class oscillations. Finally, we develop the
formalism for the situation when both classes of oscillationsare present.

Our considerations are specifically based on a V-A structure for the charged
weak current, in which case helicity flip oscillationslO are suppressed by
(m\)/E)2 and are negligible.

For simplicity we first consider the consequences of having both Majorana

and Dirac neutrino mass terms in a single family version of the standard

SU(2) xU(1) model. The left-handed leptons are (v,e ) and n,. The

L
= C(GZ)T and

+
L °L

associated charge conjugate neutrino fields are defined as ch

ncR = Cd?Z)T, where C = iYZYO is the charge conjugation matrix. The general

form of the Lagrangian mass term is

_ — C — C —cC — C
= “Bla(v v ) + dlynp + v ) + s(pn g} +h. €8]

(¢}

L
mass

In Eq. (1) we have made use of the identity GthR = ﬁ;bc to reduce the

R
number of independent constants. Defining the doublets waL = (vL,nL) and

ac c ¢ .
w g (v gD R), we can write

1]

& MOLB wBC + h.c. (2)

a d
M= . (3)
d s

For symmetry breaking with the standard Higgs doublet representation, the

with mass matrix




parameter d is non-zero but a vanishes; a non-zero value for a can be ob-
tained by adding a Higgs triplet; s is due to a singlet Higgs or a bare
mass term.

The diagonalized mass matrix is MD~= UEMUR where UL and UR are unitary
transformations of the w and ch fields, Since M is symmetric, UR = UZK+

with K a2 symmetric unitary matrix. For non-degenerate mass eigenvalues, K

-i¢.
is a diagonal matrix of phases, Kij = e lsij' By appropriate choice of
the matrix K, we can take UL to be a real rotation matrix. The relation of
. o .
mass eigenstates viL to w L is
o _ ol .
W= UL Vir (i=1,2) . 4)

The corresponding right-handed transformation is

oc  _ o T _ ol c - ,0i ¢
g = Cw L); = UR Kij ij = UR Vir (5)
where
¢ _ c _ — T
Vip = Kij ij = Kij C(ij) . (6)

The free Lagrangian for the neutral leptons is diagonal in the basis

¢
V. = V.. o+ Vg
1

. ¢ ¢ _ - T
i iL From Eq. (6) we find v i T Vye where v i = Kij C(vj) .

R
Hence the v, are Majorana neutrino fields since they are self—conjugate.11
The combined Dirac and Majorana mass terms in the Lagrangian produce two

Majorana eigenstates which in general have different masses my and m,. When

my # M, there is no conserved lepton number.

1

From Eq. (4), the weak eigenstates v, and n; are linear superpositions

L

of the two Majorana mass eigenstates




V, = COSO V + sino, vz

L 1L L

(7

np = -sina v, + cosa v,

where cosa = (UL)ll, sina = (UL)IZ. The singlet state 'y does not couple to
gauge bosons and interacts with fermions only via Higgs couplings. The

doublet member vL'has the usual charged and neutral current couplings. In

the mass eigenstate basis, the neutral current is non-diagonal.

We mention two limiting cases of Eq. (3). If a =0, s = 0, the

. . . c iB c

Lagrangian possesses an invariance (vL,eL,n R) > e (vL,eL,n R)’ correspond-
ing to lepton number conservation; note that g, is an antilepton in this case.
- The Majorana states are then degenerate (m1 = m2) and combine to form a
single massive Dirac field. Another interesting limit is a = 0, |s| >> |d]
which occurs naturally in some grand unified theories.2 In this case the

. 2 . . .
mass eigenvalues are m; = [d|"/s and m, = |s|, and U is a unit matrix, to

2
leading order in |d|/|s|. If |d| is a typical fermion mass ~ 1 GeV and |s|

4

is the unification mass scale ~ 101 GeV, the state m, cannot be produced

2

and effectively decouples.
Our primary considerations are for another logical possibility in which

both m and m, are small compared to the electron mass. This possibility

has interesting implications for neutrino oscillations. Since the mass

eigenstates propagate differently in time, v_, - oscillations occur.

el NeL

These '"'second class' oscillations conserve helicity. At a distance L from

a source of v the probability (for energy E >> ml,mz) of finding VoL is

eL’
Pv,>v ) =1- sin®2q sinz(PA) (3)
eL el 2

where the oscillation argument is %A = 1,27 6m2 L/E, with 6m2 = mi - mg in




eV2 units and L/E in m/MeV units. The oscillations result in a depletion
of an electron neutrino beam, or equivalently a deviation from a 1/r2 law

for a point Ve[, SOurce. Moreover, since Nl is effectively non-interacting,

L

probability;conservation would appear to be experimentally violated by an
amount P(\)eL +~neL) =1 - P(\)eL - veL), in contrast to first class oscilla-

tions where a depletion in Vor, TV coincides with Ve v

L el

transitions which are in principle observable.

L‘*\)uL, Ll

In second class oscillations, both the charged current (CC) Vo1 P +e X

and neutral current (NC) Vor,P +-veLX cross sections oscillate

0(L)/0(1=0) = P(v » Vo ; L/E) (9
and the ratio ONC/OCC is unaffected in the one family case. This contrasts
with first class oscillations where Tec and ONC/OCC oscillate, but e does
not. Corresponding statements apply to VZR cross sectionms.

We now turn to possible phenomenological implications of second class
oscillations for current experiments.

Solar: Lepton number violating oscillations have the capability of
explaining the deficiency in the ratio of observed to expected solar
neutrinos.12 With first and second class oscillations among three families,
the minimum probability for Ve T Ve transitions is 1/6.

Reactor: The cross sections for an initial ng beam scattering on
préton and deuteron targets indicate depletionsS’ in GCC(P), OCC(d) and
OCC(d)/ONC(d) but not (at the = 20% uncertainty level) in GNC(d). To explain

both the UCC and OCC/ONC reéults, first class oscillations are required with

5m2 = ] eVz.

Beam dump: Charged and neutral current events are produced by prompt

neutrinos created in the dump. Since the prompt neutrinos originate from




decays of charmed particles, identical Vo and vu‘spectra and numbers are
generated. The charged and neutral current interactions of the prompt neu-
trinos are measured in bubble chamber and counter experiments13 at CERN at
a distance L =~ 800-900 m downstream.

In the bubble chamber experiment, the measured e/u ratio13 is

+0.24
-0.16"

a P(\)e -> ve) depletion arising from oscillations.S’5 For the CERN beam dump

R(e/1) = 0.48 Such deviations of the e/p ratio from unity may indicate

L/E = 0.01 m/MeV, so the mass scale of the oscillations would be 6m2 ~ 100 eV2.
To discuss such oscillations we assume a prompt neutrino beam with equal parts
of veL and VuL’ neglecting any ng and v;R contributions for simplicity.

For second class oscillations of the Ve family alone, the e/u ratio is

given by

R(e/W) = [<P(v, v )0p0>1/ <040 | (10)

where e is the inclusive production cross section for e or p and < > de-

notes a spectrum average. For first class oscillations Ve T Vgr Vg T Vo
(stringent experimental limits exist on vu * Ve and vu +~vT oscillations in
this L/E range), the corresponding prediction is
T
<P - > + 0,17< -> >
(v ve)GCC 0.17 P(ve VT)OCC

R(e/u) = 2 (11)

T
<0CC> + 0.17<P(\)e - VT)OCC>

where ogc is the inclusive T cross section., -For comparable mixing in the
two classes, the predictions in Egs. (10) and (11) are similar. One can
discriminate experimentally between the classes of oscillations by ascer-
taining whether 1 is produced and whether UNC/OCC changes.

The beam dump counter experiments measure the ratio N(OW)/N(1lu) of

muonless to single muon events., With second class oscillations of the Ve

family the prediction is




NOW/N@AW) = [<( + Plv, > v ))oge> + <PV, >V )0-->]/<0-> (12)

in the limit of perfect acceptance. The corresponding prediction for first

class oscillations is

N(OW) _ 2<0NC> + <P(v >V )o > + 0.83 <P(v >V )a

N(1y)

CC

(13)

<g >+017<P(\) +\))0

cC CC

Taking comparable mixing in the two classes (and hence similar R(e/u) pre-
dictions), the value of N(Op)/N(1y) is significantly lower for second class
osc111at10ns. A detalled analysis with experimental cuts could thereby
differentiate between first and second class oscillations in this L/E range
on the basis of measured R(e/uy) and N(Op)/N(lu) values. Still other alter-
natives are simultaneous first and second class oscillations or first class
oscillations involving additional families.

We next turn to the general case of first and second class oscillations
involving three families of leptons. The neutral members of the weak doublets
are veL’ vuL and vTL' We assume an equal number of singlets neL’ nUL and nTL
(though there could be‘a different number).14 As in the single family case,
we define vectors waL = (veL’vuL’vTL’neL’nuL’nTL) and wacR = (veR’ uR’viR’nZR’

nﬁR,n:R) with a = 1,...,6. The mass term can then be written as in Eq. (2)

with
M= > (14)

where A, S and D are 3X3 matrices. A and S are symmetric matrices, which
implies M is symmetric also. To diagonalize M, we make the transformations

analogous to Eqs. (4) and (5) with i = 1,...,6. The Majorana fields

~

Cc
V. = V.. + V.

i il ip are the physical eigenstates with masses m, i= 1,...,6.




The unitary matrix UL can be written in 3%3 matrix block form as

u. = = U K' . (15)

The matrix W(Z) describes first class oscillations among the doublet (singlet)
members; X and Y describe second class oscillations connecting doublets and
singlets.

In the special cases of oﬁly Dirac mass terms (A = S = 0) or of only
Majorana mass terms (D = 0), the freedom of choice of K can be used to set
X =Y = 0. Hence only first class oscillations occur and the unitarity of
UL implies that W and Z are unitary. W describes the conventional flavor-
changing oscillations; Z is essentially unobservable.

In the general case in which both first class and second class oscilla-
tions are present simultaneously, the unitarity of UL no longer implies that
W is unitary. This corresponds to the depletion effect of doublets oscilla-

ting into singlets, such as Ve The crucial test of second

L7 Mers Mure M
class oscillations is the direct measurement of all flavors of produced

neutrino doublet members to test for apparent probability non-conservation.
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