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Implications of lepton-flavor mixing for neutral-current phenomenology
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Neutral-current data are reanalyzed incorporating arbitrary mixings among an arbitrary number of lepton
generations. Within experimental uncertainties, the determination of electron neutral-current couplings is unaltered.
For inelastic v (v j scattering to give a value of sin 8 consistent with this, p flavor must remain isolated from all
others.

It is now widely accepted that the standard model
of weak and electromagnetic interactions describes
neutral-current (NC) phenomena satisfactorily (a
recent statistical fit to all NC parameters is that
of Langacker et gl. ; see also the reviews of Bal-
tay and Winter ). All analyses of NC data, how-

ever, assume that neutrinos are massless, thus
precluding any possibility of lepton-flavor mixing.
Flavor mixing is inevitable (it is "natural" ) in a
gauge-theory setting4 once the neutrinos are non-
degenerate and, no matter how small the mass
differences (and masses themselves) are, can be
substantial. Since the standard model can ac-
commodate massive neutrinos, it is important to
see whether the presently accepted determination
of NC parameters is invalidated by possible sub-
stantial flavor mixing —or, conversely, accepting
the correctness of the standard model, whether
the presence or absence of flavor mixing can be
established from such analyses. This paper re-
ports the results of a fairly comprehensive reex-
amination of NC data from this point of view.
Such a study is especially worthwhile now because
of recent indications of anomalous flavor proper-
ties of weak leptonic currents ' and even of non-
zero neutrino masses. '

The (diagonal) neutral currents themselves are
of course unaffected in the lowest order by flavor
mixing induced by lepton mass-matrix diagonaliza-
tion. Nevertheless, the determination of "NC"
parameters is affected, for two reasons. (i)
Neutrino reactions which are taken to be solely
given by NC matrix elements in the absence of
flavor mixing (e.g. , "v," e scattering} have, in
their presence, contributions from charged-cur-
rent (CC} amplitudes (and the CC contribution to
"v," e scattering is strongly modified). (ii) CC
parameters provide the normalization standard
for NC observables. Point (ii) is easily incorpor-
ated but nevertheless causes essential modifica-
tion to the results of conventional analyses. It
is, however, point (i) which makes our analysis
of the data somewhat nontrivial. It is therefore
the main focus of attention here (we have con-

J =l y (1+y5)l +l y (gv+g„y5)l, (2)

where g~ and g„are relative coupling constants,
modulo an overall scale. Specializing to neutrino-
electron scattering, the effective Lagrangian is
(Z =Z;.q throughout this paper)
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sidered other aspects of lepton-flavor mixing
elsewhere') .

assume an arbitrary number n of lepton doublets
and denote by v, (i =1, . . ., n) the mass eigenstates
of neutrinos. These are the true asymptotic fields
defined on the Fock space of free particles and
have nonzero right-handed projections (it is to be
noted here that even though our discussion is
framed in the language of massive Dirac neu-
trinos, all results are equally valid for Majorana
neutrinos). We make two hypotheses, both well
supported by experiment:

(&}The neutrino masses m, are small enough
not to change phase-space factors in the cross
sections of interest (this follows from the known
universality properties').

(B) The right-handed projections of v, do not
contribute to the charged currents. Since all
neutrino beams arise from CC decays, we may
then ignore possible contributions to the NC Lag-
rangian from right-handed neutrinos —such con-
tributions are effectively proportional to the neu-
trino masses. It is thus sufficient to generalize
the charged current to

J ~ = l y~(1+ y5)Cl,

where l =(e, p, 7, . . .), l =(v„v2, . . . , v„), and C
is a unitary nxn matrix. The neutral current re-
mains
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Consider an antineutrino beam in which the rel-
ative intensity of v, is p„with Z p, = 1. The pre-
sumed elastic cross section for this beam on elec-
trons is now actually the incoherent sum of cross
sections for v&e- v&e with relative weights p, :

with both NC and CC contributions for i =j and
only CC contributions for i wj. The usual calcula-
tion of the differential cross section is easily
modified to accommodate the Lagrangian (3) and
gives (y= E,/E„)

v,(ie) = L p;v(v;e- u& e)
g, )=i

(4)
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This expression is general and includes as special
cases the conventional "v "e and "v„"escatter-
ing; these correspond to p, IC„ I

= 1 and 0,
respectively. When flavor-mixing is allowed for,
a "v„"beam in fact has p,

' = IC„, I
so that

flavor-mixing corrections are proportional to

c.'I'=Q Ic., I'Ic., I'.

This last quantity is known to be negligible
(s10 ) from data on e production in "v„"beams.
So the description of "v,"e (and also of "v,"e)
scattering is unchanged to an excellent approx-
imation by flavor mixing, a conclusion indepen-
dent of how many other leptonic flavors may exist
and mix with p, flavor.

On the other hand, for reactor antineutrino
("v,") beams, p',"= IC„ I' and the flavor-mixing
corrections depend on the parameter a„
=Z p,

"'
I
C„

I
=Z

I
C„

I
. Here recent indica-

tions" are that' g„0.5. It is therefore ne-
cessary to redetermine the allowed ranges of g~
and g& for a given measured value of the cross
section, taking the deviation of ~„from 1 into
account.

We have done this for various values of a.„
between 1 (conventional, no mixing) and 0 (max-
imal mixing of an infinite number of flavors) in
the usual way. Equation (5), when integrated
over the neutrino energy spectrum and the elec-
tron-detection efficiency, can be written in the
form

A(g, -g~)'+ Bl(g, +g~)'+ 4n«(1+ g~+ g~) J

+C(g„g„)(g„+g„+a-n.,) =1, (6)

where A, B, and C depend on the data. ' The
solutions of this equation taking account of er-
rors in A, B, and C cover a family (parametrized
by n„) of annular elliptic bands in the gv-g„

plane. These bands as a whole are shifted sub-
stantially by changing n„. But the remarkable
result is that their intersections with the cor-
responding bands determined by "v„"eand "v„"e
data (which, as we have seen above, are insen-
sitive to flavor mixing) are little affected (Fig. 1
shows the intersections for o,, ——0.5, the favored
value). For the g„-dominant solution we find

-0.17 &g& &0.22, -0.70 &g~ & '45 Gee =

to be compared with

-0.19&g &0.17, -0.70&g„&-0.45 for n„=l

from the boundaries of the intersection region.
The empirical reason for this insensitivity is

that the family of ellipses (6) have the common
points of intersection g~+ g„=-1+C/(2B~A
=-1, g~-g„=+1/v A, independent of n„ if C
«4AB, a condition which is met by the data (for

g I..

FIG. 1. Solutions for gI, g& for 0.«= 1, no flavor mix-
ing (vertical hatching) and n«= 0.5, maximal mixing
with one other flavor (horizontal hatching). A, B,A', B~
are O.~~-independent points of intersection.
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the inner family, e.g. , A = 4.0, B =0.3, C = -0.1).
As can be seen from Fig. 1, these points happen
to be quite close to the allowed region of g~ and

g„,' because of this the effect of varying n„ is
small in comparison to the errors on the solutions
for g~ and g„. More precise data will of course
change this situation, but for the present our re-
sult is that the support provided to the standard
model by, and the consequent determination of
sin 8 from, ve scattering is unaffected by lepton-
flavor mixing.

We turn now to other Nc phenomena. In polar-
ized ed scattering, the asymmetry itself is in-
dependent of flavor mixing. So the use of the
factorization hypothesis to remove the g -g„A
ambiguity goes through as before. Given also
our conclusion above concerning ve scattering,
there is nothing to add to the analysis as given,
e.g. , in Ref. 1. In particular, the result of a
one-parameter fit to the ed data assuming the
correctness of the standard model,

The first factor on the right is a measure of the
mixing of p, flavor with any other (not just e
flavor). Since its value is unknown, a measure-
ment of R does not determine sin 0. But we may
use the experimental value '

R =0.272 + 0.018

and the mixing-independent determination [Eq.
(9)] of sin' 8 to conclude

0.277+ 0.015
Pz

Q 272~0 0]8

We have thus arrived at the result that p. flavor
does not mix at all (it is, of course, indepen-
dently known ' ' from the lack of e and ~ produc-
tion in "v~" beams that it remains unmixed with
e flavor and 7 flavor). In the framework of the
oscillation phenomenology, this result would im-
ply that p. flavor does not oscillate into any other
flavors at least in the region of L/E to which the
value R = 0.272 +0.01S corresponds.

sin 6=0.223+0.015, (9)

remains essentially unaffected by flavor mixing.
The situation is entirely different for inelastic

"v~" and "v," scattering on quarks. To illustrate
the point, it is sufficient to consider the I'as-
chos-Wolfenstein" ratio which, in the presence of
flavor mixing, is (again in the standard model)

oNc( &u ) ONc( vv, )
o'cc( &~ ) o'cc( &~ )

Note added. After this work was done we have
become aware of a number of other papers con-
cerned with related questions. "
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