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Neutrino oscillations and the modulation of neutrino-electron scattering
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Neutrino flavor oscillations modulate the cross section for neutrino-electron scattering. This 'inodulation can
seriously affect the interpretation of the present data on reactor-neutrino-electron scattering, and can greatly
amplify the effective cross section for accelerator neutrinos.

Electronic neutrinos (v, ) scatter elastically from
electrons by means of both charged- and neutral-
current interactions, whereas neutrinos of other
flavors scatter through neutral currents alone.
Consequently, neutrino flavor oscillations' ' involv
ing electronic neutrinos will change the cross sec-
tion for neutrino-electron scattering. Since the
charged-current v-e cross section is much larger
than the neutral-current cross section, ' this
change can be appreciable.

To illustrate this effect, let us consider a beam
which, at time t, is an admixture of electronic
and muonic neutrinos:

I v(t)) =n(t)l v,&+ p(t)l v,),
where

I
a (t) I

+
I P(t) I

= 1 .

The lepton-family eigenstates are themselves lin-
ear combinations of the mass eigenstates v, and

v, .' As long as the masses of v, and v, are van-
ishingly small in comparison with the energy of
the scattering process, and as long as both
charged- and neutral-current interactions con-
serve lepton-family flavor, the cross section for
the scattering of v(t) by an electron will be

o(v(t»a) =
I
o«) I'o(v. a)+

I &«) I'o(v. a»

where o(v„e) and o(v, , e) are the elastic cross
sections for v, and v„respectively. Given that
o(v, , e) is larger than o(v„, e),' it is obvious that if
v(t) is a pure v at time t= 0, its cross section
will increase once it has developed a v, component;
and if v(t) starts out as a pure v„ its cross sec-
tion will decrease.

For a neutrino (or antineutrino) beam which is
an admixture of many different flavors f,

I v(t)& = Q o.r(t) I vr&,

Eq. (3) generalizes to

However, if neutrinos couple universally to the
neutral current, then all the cross sections for
nonelectronic neutrinos are equal, and o(v(t), e)
depends only on how the incoming flux is divided
between electronic neutrinos and nonelectronic
neutrinos.

For the effects of neutrino oscillations to be de-
tected, the neutrinos must travel a distance at
least of the order of their oscillation length before
they scatter from an electron target. A recent
experiment' suggests that neutrino oscillations do
exist, and that they set a value on the mass differ-
ence A =(m, ' —m, ') between the v, and v, mass
eigenstates of approximately (1 eV)~. Since this
value of 4 corresponds to an oscillation length of
2.5 m for 1-MeV neutrinos, and since the oscilla-
tion length scales linearly with neutrino momen-
tum, it seems most unlikely that experiments per-
formed to date with the high-energy (&1 GeV),
muon-type neutrinos available at large accelera-
tors would have been sensitive to modulations of
the neutrino-electron scattering cross section.
Thus we are left with the experiments performed
at reactors with low-energy (=1-4 MeV), elec-
tronic antineutrinos. '

But here we encounter a problem. Because v, -e
elastic scattering involves both charged and neu-
tral currents, it is sensitive to the interference
between them. As we have shown elsewhere, ' pre-
sent data on this process are consistent with the
prediction of destructive interference derived from
the steinberg-Salam model with sin'8~ = &~ and no
neutrino oscillations; however, they are not suffi-
ciently accurate to rule out other possibilities in-
cluding constructive interference and the absence
of any coherent interference between charged and
neutral currents. Since neutrino oscillations have
the effect of reducing the v, cross section, they
can simulate a destructive interference even when
it is not actually taking place, and thus they can
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TABLE I. Theoretical reactor-neutrino cross sections as fractions of 0& z, the pure
charged-current cross section without oscillations; (P2) is the average admixture of "v "
induced in the reactor beam by neutrino oscillations.

lectron energy 1.5» T «3 MeV 3» T«4.5 MeV

Destructive inter fer ence
(Weinberg-Salam model, sin26= ~

)
Constructive interference

(two & bosons)
No coherent interference

O.83-O.32 &P')
2.2O-1.68 &P')

1.51 1.O &P')

1,21-O.21 &P 2)

2.76-1.77 (P )

1.97-0.98 &P )

lead one to misinterpret the experimental data. '
With this in mind, we reanalyze the theoretical

predictions for the elastic scattering of reactor
neutrinos in the presence of neutrino oscillations.
In our earlier work' we considered three possibil-
ities for the underlying weak-interaction Hamil-
tonian: (i) the Weinberg-Salam model with sin'6~
= ~4, (ii) a model with at least two Z" bosons which
gives the same results as (i) for lepton-iluark
neutral current, but leads to constructive inter-
ference in v, -e scattering, and (iii) no coherent
interference between charged and neutral currents.
The predicted cross sections were expressed as
multiples of 0 „, the theoretical cross section in
the appropriate energy range for the pure (V -A)
charged-current interaction with no neutrino oscil-
lations. We consider the same three cases again,
and we express the cross sections in units of the
same 0 „as before; the results are given in
Table I, where the parameter (P,) represents the
average fraction of "v," that appears in the reac-
tor neutrino beam as a consequence of oscillations.
Here "v " stands for an arbitrary mixture of v

fl.avors not including v, .'
The coefficients of (P') in Table I are always

negative for the general reasons already discus-
sed in this paper, and their magnitudes indicate
that the reduction of the cross section can be sub-
stantial. In the lower-energy bin, for example,
it varies from 39/o for one interference pattern to
77% for another when the neutrino makes a full os-
cillation into v„(i.e. , (P ) = I). Theoretical values
for fractional oscillations together with the present

experimental data' are shown in Table II.
Unfortunately the data are not sufficiently accur-

ate for us to determine the correct interference
pattern, or the precise value of the oscillation
parameter (P').' It is readily apparent from Table
G that the greater the degree of oscillation, the
closer the constructive interference case moves
towards the data, and the further the Weinberg-
Salam destructive case moves from it. If, for
example, we take (P') = -', and look at the predic-
tions in the lower-energy bin in Table II, we find
that the experimental data are within 2 standard
deviations of all three interference cases. Alter-
natively we can assume the validity of the Wein-
berg-Salam model and try to use the data to set
limits on (pa). In the lower-energy bin, the cen-
tral value of the cross section is very close to the
predicted value without oscillations, and the values
within I standard deviation cover the range 0 ~ (P')
~ 0. 66 (see Table II). In the higher-energy bin,
the 1-standard-deviation limit is incompatible with
the Weinberg-Salam model, while the 2-standard-
deviation limit allows the full oscillation range,
0 & (P') & I. Obviously, no firm conclusions can be
drawn at this time.

Another approach to this general question, and
one which could be taken in future experiments, is
to use accelerator neutrinos instead of reactor
ones. The initial beams will then consist of muon-
ic neutrinos, and oscillations will amplify the
cross section for elastic scattering by electrons.
From Eq. (3), the amplification factor is given
(even when the oscillation involves many families)

TABLE II. Experimental and theoretical cross sections as fractions of o.z z and for vari-
ous values of the average "p„"admtixtu. re, &P2), If the oscillation involves two families,
Bef. 2 favors 0.25» &p ) «0.40. A maximal oscillation involving three families would corre-
Spo~ to &p2)= 2.3'

ectron energy 1.5» T «3 MeV
1 1 2
3 2 3

3» T«4.5 MeV
1 2
Y

Destructive interference
(Weinberg-Salam model sin, &@ = -)

4Constructive interference
No coherent interference
Experimental data (Bef. 5)

0.72
1.63
1.17

0.67 0.62
1.35 1.07
1.01,0.84

0.87 + 0.25

1,13
2.17
1.64

1.1
1.88
1.48

1.7 + 0.44

1.06
1.58
1.32
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o(v(t)e) ~o (v.e) —o(v„e)
o(v„e) o(v, e)

(8)

and for no coherent interference

where (o.') is the average fraction of electronic
neutrinos introduced into the beam by oscillations.
For the Weinberg-Salam model with sin'8~ = -', ,
we find that'

Aws = 1+6(o.'),
while for the constructive interference case with
two Z' bosons, we have

A, z
——1 + 18(o'),

A„c =1+12(n') .

Note that the amplification can be quite large. If
(n') = -', , for example, the amplification factor is
3 for the Weinberg-Salam model, and larger still
for the other two cases. There are corresponding
effects for an initial v, beam, but the coefficients
(n') are down by a factor of 3. Finally, we re-
mark that the observation of an amplified cross
section for accelerator neutrinos would help rule
out models in which "live" neutrinos such as v,
oscillate into "inert, " or weak-isospin-singlet,
neutrinos. '
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