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In the scattering of electronic neutrinos v, by electrons, charged- and neutral-current weak interactions
can interfere with each other. According to all the popular gauge models that are consistent with neutral-
current data, including the measurements of polarized-electron—deuteron scattering, this interference should
be negative. The conditions under which a beam-dump experiment can be used to study charged- and neutral-
current interference are studied in detail. It appears that if the interference is assumed to be present in the
first place, then a 25% measurement of the integrated cross section will allow one to determine its sign.
Greater accuracy is required to show that the interference actually does occur in v,-e scattering. Tests for
the presence of the helicity-flipping covariants S,P,T are also discussed.

I. INTRODUCTION:
THE ROLE OF ELECTRONIC NEUTRINOS

Unlike other neutral-current processes, the
scattering of electronic neutrinos or antineutrinos
from electrons should involve both charged- and
neutral-current contributions, and, presumably,
an interference between them. For this interfer-
ence, all popular, still viable models of the weak
interaction predict the same sign: negative.
Measurement of this sign, while not distinguishing
between the models, will test whether any of them
is right.

One expects the cross section o(v,e) to result
from the diagrams of Fig. 1. Given p-e universal-
ity, the charged-current (CC) diagram will con-
tribute only to the amplitude for left-handed in-
coming and outgoing electrons (when the electrons
are relativistic), and its size follows from the
muon lifetime. Furthermore, the unseen outgoing
neutrino produced by this diagram will be a v,,
and not some new particfe. Consequently, an ex-
perimental demonstration that the neutral-current
(NC) and CC contributions do indeed interfere will
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FIG. 1. Diagrams contributing to o(v,e). Here A, A’
are electron helicities. We allow for the possibility
that there are several neutral weak bosons ZJ.

prove that:

(a) at least some of the time the v ,, produced
by the NC interaction is also a v,, and not some
new particle,! :

" (b) the NC interaction couples to left-handed
electrons, and i

(c) at least some of the time the NC interaction
preserves electron helicity. That is, at least a
part of this interaction has V,A rather than S,P,T
structure, since the latter flips helicity.?

If u-e universality holds, the NC diagram will
make identical contributions tov, —e and v, -¢
scattering.® From what we already know about
o(v,e) and o(7,e),* the dominant term in o(v,e) will
then be the CC contribution, followed by the ex-
pected NC-CC interference term, a ~50% correc-
tion, followed in turn by the NC term, a ~5% cor-
rection. If one assumes the CC contribution to be
known from universality, a o(v,e) measurement of
~25% accuracy would determine the sign of the in-
terference term, if it is assumed to be present.
Greater precision would be necessary to prove that
the interference term is there in the first pléce.

There is already evidence from a completed re-
actor study of o(7,e)° that the NC-CC interference
is destrilctive, as theory predicts, if one assumes
it to be present. However, this evidence is not
highly conclusive.® We find that the same data
hint, but quite inconclusively, that the interference
is indeed nonvanishing to begin with. Further v, -e
or V,-e experiments would be desirable. There
are plans for a v,-e measurement using neutrinos
from the beam dump at LAMPF,® and we shall con-
sider such beam-dump experiments in detail.
Before doing so, we discuss the present theoretical
situation.
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II. SURVIVING GAUGE MODELS AND THEIR PREDICTIONS

The number of viable models of the weak inter-
actions has been sharply reduced by a striking in-
crease in our empirical knowledge about neutral
currents during the past year. In brief, the new
information is as follows:

(1) The coupling constants for the neutral weak
interactions between neutrinos and up and down
quarks have been determined in a way which is in-
dependent of weak-interaction models.”® This sol-
ution agrees impressively with the predictions of
the Weinberg-Salam model, but the analysis which
produced it, particularly the initial step in which
the squares of the coupling constants were deter-
mined,® is not foolproof, and further confirmation
is desirable. It has been suggested that non-neu-
trino experiments such as the measurements of
parity violation in atomic hydrogen and deuterium
might be able to contribute to this confirmation.®

For SU(2) X U(1) gauge models with the usual
doublet assignments for the left-handed fermions,
and arbitrary assignments for the right-handed
ones, the coupling constant solution implies!! that
p=1,08+0.17.'2 Here, p measures the relative
overall strengths of NC and CC interactions, and
is unity for the simplest Higgs mechanism. If we
then assume p=1, as its measured value suggests,
we can use the accurate measurements of the
deep-inelastic processes v (7)+ nucleon—v (¥)
+anything!'® to determine the Weinberg mixing
angle for any SU(2) x U(1) model with the usual
left-handed assignments, irrespective of the right-
handed ones. The result is sin® 6, =0.24+0.02,

(2) The data on v, -¢ and 7, -e interactions ap-
pear to be settling down towards consistency with
the Weinberg-Salam model.* The existing mea-
surements are not very accurate due to the very
small cross sections involved.

(3) Parity-violating asymmetries have been ob-
served in the deep-inelastic scattering of longi-
tudinally polarized electrons from deuterium and
hydrogen.'* The results for the one kinematical
point which has been measured agree with the
Weinberg-Salam predictions.®

(4) The situation with regard to parity violation
in heavy atoms is uncertain. For bismuth, ques-
tions have been raised!® about the reliability of
the atomic calculations!’” on which the predictions
of specific weak-interaction models are based.
The result of one bismuth experiment!® agrees
with the Weinberg-Salam prediction determined
by these calculations, but those of two others?®
fall below it, if they do not vanish altogether.
From the standpoint of atomic calculations, a
simpler heavy atom is thallium, which has only
one p-wave electron outside of closed shells,

TABLE I. The agreement (Y) or disagreement (N) of
various SU(2) xU(1) models with polarized-electron
scattering from deuterium (ey), the two bismuth ex-
periments with small or vanishing results (small Bi),
and the neutrino-quark coupling constant solutions. We
consider both the solution favored by the analyses (Refs.
7-9) (vg-A), and the much less favored one (Refs. 7, 9)
as solution B (vq-B).

Right-handed Small
doublets ey Bi vg-A vq-B
none
(Weinberg-Salam Y N Y N
model)

0
(E) N Y Y N
e/ g
(u
b)R
0
") and (E> N Y N Y
R e/r

t) N N
d/r

where bismuth has three. An experiment in pro-
gress at Berkeley has just reported a preliminary
observation of parity violation in thallium which
agrees to within errors with the Weinberg-Salam
prediction.?®

Now what popular models survive this influx of
information? First, it hardly needs to be said that
the Weinberg-Salam model has been strikingly suc-
cessful, in neutrino physics, in polarized-electron
scattering, and now in thallium as well. The dis-
crepancy between this model and some of the bis-
muth results may disappear as atomic theory and
experiment are further refined. Secondly, if we
set the bismuth results aside for the moment, then
essentially no other gauge model based on the
group SU(2) X U(1) survives. The situation is des-
cribed in Table 1,% where we consider SU(2) x U(1)
models with the canonical left-handed fermion as-
signments, and with the right-handed fermions in
singlets except as shown. In calculating the pre-
dictions of the various models for polarized elec-

" tron scattering, we have used the facts that p=~1

and sin?® 6, ~ 0.24 irrespective of the right-handed
assignments. For the model with the electron, but
no quarks, in a right-handed doublet, the disagree-
ment with polarized electron scattering is about
three times the experimental error.'*!* This
model will be tested further by the measurement

of electron scattering at a second kinematical



point (currently in progress??), and by the study of
the front-back asymmetry in e*e™— p*u~, for which
it predicts a null result. For the models with the-
u quark in a right-handed doublet, if one recal-
" culates the predictions for electron scattering by
Cahn and Gilman'® using the current value of
sin? 6y, one finds already decisive disagreements.
In SU(2) X U(1), the NC-CC interference term in
v,-e scattering is proportional to

+[I,(ey)+sin®6,], (2.1)

where I, (e, ) is the third component of weak isos-
pin of the left-handed electron. Given that sin® 6,
=0.24+0.02, the interference will be destructive
for the canonical assignment I,(e;)= —%, independ-
ent of the right-handed sector of the theory. How-
ever, in view of the dramatic successes of the
Weinberg-Salam version, and only this version, of
SU(2) x U(1), we shall use this theory not only to
predict the sign of the interference but also to
make detailed estimates of what one may expect
to see in the v, -e beam-dump experiment.

There is an amusing variant? of SU(2) x U(1)
which abandons the conventional assignment of
e; in favor of a triplet assignment

e . (2.2)

involving a doubly charged lepton 2™ ~. The right-
handed electron is assigned to a singlet. This
model would predict constructive interference in
v.-e scattering, since I,(¢;)=0. However, it is
already ruled out because it predicts an asymmetry
of incorrect sign in polarized-electron scattering.

There are several models based on larger
groups, such as SU(2), x SU(2)g X U(1), whose pre-
dictions for neutrino NC interactions at energies
well below the weak boson masses are identical to
those of the Weinberg-Salam model, or else very
nearly so0.?* In some cases, the predictions are
required to be identical by a theorem.?® These
models survive along with the Weinberg-Salam
model if they also share with the latter common
predictions for parity-violating effects such as
those seen in polarized-electron scattering and in
thallium. For the left-right-symmetric models
based on SU(2), x SU(2); x U(1), it has been shown
that the parity-violating NC interaction between
fermions is indeed the same as in the Weinberg-
Salam model, apart from an overall scale fac-
tor.??" This scale factor can be adjusted close
enough to unity to give agreement with the polar-
ized-electron and thallium data.?® For v,-e scat-
tering, these models share, of course, the Wein-
berg-Salam predictions.
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Bjorken,?® and Hung and Sakurai,?® have empha-
sized that the phenomenologically successful neutral~
current Lagrangian of the Weinberg-Salam model
is not unique to gauge theories, but can also be de-
rived in some more elementary ways. Thus, there
are even some nongauge theories whose predictions
for v,-e scattering are the same as those of the
Weinberg-Salam theory. However, Hung and Sak-
urai® have noted that in the Bjorken approach, cer-
tain contributions to the neutrino charge radius
must be suppressed, or the value of “sin®6,” in-
ferred from v, scattering would not agree with that
inferred from v, scattering.

Now what if one should not disregard the contra-
diction between two of the bismuth results and the
Weinberg-Salam predictions? What if, contrary to
the recent finding in thallium, parity violation in
heavy atoms is actually much smaller than in the
Weinberg-Salam model, while at the same time the
polarized-electron scattering result and all the
neutrino results are correct? In that case, Table
I shows that no version of SU(2) X U(1) survives. A
larger group, involving more than one neutral weak
boson, is required. Moreover, the SU(2), X SU(2),
X U(1) models we discussed will not do; if in these
models one reduces the scale factor for parity vio-
lation to accommodate heavy atoms, one loses the
agreement with the polarized-electron result.

It is easy to write down NC coupling schemes in-
volving two neutral weak bosons, ZJ and Z3, which
will accomplish what is required.?® One may either
suppress the contribution of each of the bosons to
parity violation in heavy atoms, or else arrange
that their two contributions cancel. A coupling
scheme for each of these possibilities is shown in
Table II. In scheme I, the coupling to the electron
of Z9, the boson which contributes to neutrino
physics, has been switched from approximately
pure axial vector, as in the Weinberg-Salam mod-
el, to pure vector. This will not affect o(v,e) or
o(v,e), but will suppress the contribution to heavy
atoms.** The contribution of ZJ has been sup-
pressed by making it couple oppositely to neutrons
and protons. A proper gauge model with precisely
these features, based on SU(2) X U(1) X U(1), has
been constructed by Ma, Pramudita, and Tuan.3?
Given that sin®6,= 0.25, the predictions of this
model for v,-e scattering are indistinguishable
from those of the Weinberg-Salam model. In
Scheme II, the predictions for v,-e scattering are
obviously those of the Weinberg-Salam model as
well.

We have been taking it for granted that p-e uni-
versality holds, but the comparison of v,-e and
v, -e interactions is, of course, a test of this
hypothesis. Recently, a gauge model based on
SU(3) x U(1) appeared®® which predicts small pari-



90 B. KAYSER, E. FISCHBACH, S. P. ROSEN, AND H. SPIVACK 20

TABLE II. Couplings of two weak bosons to neutrinos, quarks, and electrons which re-
sult in small parity violation in heavy atoms. WS means the coupling is as in Weinberg-
Salam theory, and e, stands for polarized-electron scattering. In Scheme II, the quark
coupling structure for ZS is arranged so that this boson does not contribute to polarized-

electron scattering from deuterium (Ref. 34).

- Couplings
Boson v Up and down quarks . e
Scheme I
Zf WS WS Couples to V only
z! 0 V coupling is Adjusted to fit
I=1 present and
future e,.
Scheme II
z! WS WS WS
z3 0 (Coupling to d) Various
=2 (Coupling to %). possibilities

Strength adjusted
to cancel Z? in
heavy atoms

ty violation in heavy atoms, and which manages to
reproduce the Weinberg-Salam Lagrangian for

v, and ¥, initiated NC processes at the cost of vi-
olating universality. Indeed, in this model when’
sin® 6, = 0.25, there is no neutral-current contri-
bution to v,-e scattering. Unfortunately, this
maverick model is already ruled out by the pola-
rized electron scattering experiment, for which we
find that it predicts an asymmetry at least an order
of magnitude too small.®*

In summary, every model which we have exa-
mined either predicts destvuctive NC -CC intevfer-
ence in v,-e scatteving, or else is alveady ruled
out. It is amusing to note, however, that one can
invent a model with two vector bosons which re-
produces almost all the results of the standard
model but gives constructive NC-CC interference.
In this model one boson couples to leptons and
quarks exactly as in the standard model while the
other couples only to leptons. One can then
choose the coupling strength of the second
boson so as to reverse the sign of the inter-
ference term amplitude without changing its
magnitude.?®

Ideally, the v,-e experiments will be able to go
beyond the level of accuracy needed to verify the
sign of the interference, and reach that necessary
to demonstrate that interference is indeed present.
We have discussed the basic assumptions that such
a demonstration would vindicate. It is worth noting
that the only existing direct, unambiguous evidence
that the neutral weak interaction is of V,A rather
than S,P,T character is the observation of parity

nonconservation in polarized electron scattering
and in thallium. In the electron scattering, the
neutral-weak—electromagnetic interference im-
plied by the observed asymmetry demonstrates
V,A character of the neutral weak interaction for
the same reason that observation of NC-CC inter-
ference in v,-e scattering would do so. Namely,
in both cases the interaction with which the NC
term interferes preserves electron helicity.

. There will be no interference unless the NC inter-

action does the samie, which requires that it be
V,A. For thallium, one may recall that S,P, and
T neutral weak interactions cannot violate parity
without violating time-reversal invariance as
well.*® This fact has been exploited to turn the ex-
perimental limits on electric dipole moments of
various atoms and molecules into limits on parity-
violation in any S, P, T neutral weak interactions.®
Observed parity violation must then come from
V,A couplings.

All of our data on muonic neutrino-induced neu-
tral-current processes, while consistent with
V,A structure, provide no positive evidence for it,
due to a “confusion theorem.”3®

The complete body of neutral-current data does
provide, to be sure, impressive circumstantial
evidence for V,A structure through its striking
accord with the Weinberg-Salam predictions.
While these predictions have been reproduced
without assuming gauge principles, nobody has re-
produced them without assuming V,A. Never-
theless, it is clear that additional direct evidence
would be welcome.



III. CROSS SECTIONS FOR NEUTRINO-ELECTRON
SCATTERING

The possibility that the outgoing neutrino in a
neutral-current interaction is of a different type
from the incoming one has already been discussed
in the Introduction. Should this be the case, then
there will be no coherent interference between
charged- and neutral-current contributions to
v.e scattering. For the purposes of this paper we
shall henceforth assume that the outgoing neutrino
is of the same type as the incoming one: An inci-
dent v, will give rise to an outgoing v,, and an in-
cident v, to an outgoing v,.

Cross sections for v, e and v, e scattering are
given in Ref. (2). For v,e and v, e scattering, if
u-e universality is assumed, one simply replaces
the neutral-current coupling constants C,, , and
Dy, 40y (Cy,o—1) and (Dy, 4 —1). For reactor neu-
trinos, the resultant expressions must be correc-
ted for the nonzero mass of the electron; the cor-
rections may be obtained from an analysis of neu-
trino-proton elastic scattering® by setting the var-
ious form factors equal to unity or to zero, as ap-
propriate for a point particle. The general expres-
sions for neutrino-electron scattering have also
been given in a talk by Gourdin.*® They are sum-
marized in Table IIL.*!

In view of the experimental limits on electric
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dipole moments,*” we will assume that time-re-
versal violating coefficients vanish, i.e.,

Dg=Dp=D,=0. (3.1)

The differential cross section for v, -electron scat-
tering as a function of the incident energy E, of the
scattered electron is

do G*m ' E
(v, e)= < [Au+23u (1 '3>

dE, 27 "E,

ey (1_%)2] ,7 (3.2)

where we have neglected the electron mass. From
Table III, we have N

2 - _ 2
Au=(gy+gA)2+(CS+CP> +<cs e 4CT) ,

4 4
2 _ 2
chi_(cswp) _(cs cp> (3.3)
4 4 ’
Cs+Cp\2 [Cs—Cp+4Cy)\2
Cu=(gv"gA)2+( s;' p) +< s 4p+ T> .

The corresponding cross section for v, -electron
scattering is obtained by interchanging the roles of
A, and C,,

TABLE III. Center-of-mass-frame helicity amplitudes @y; for v, Gu)~e scattering. The
amplitudes, in which the upper (lower) signs correspond to the v(v) processes, are written
in terms of the ¢c.m. scattering angle 6, and the coupling constants C;, D; defined by the

general local interaction

5€ ) TG?_ 2T )ET,(Ci+ Dyyslel .
J

Here T';=1, V5, 1%, i% Y5 and oy, for j=S, P, V, A, and T, respectively. For the V,A
sector, we have used the familiar notation gy, 4= —é(CV,A+ D,,y). For unpolarized electrons,

the laboratory-frame cross sections are given by

do_

— G'm 2
— = — .
dEe [Vu(Vu) el 327 ;Iaﬂl )

and are quoted in the text in terms of the electron recoil energy E, and incoming beam ener-

gy E,, using sin’(36)=E,/E,.

v process v process Gy;
vier—vier VRCR™ VReR —4(gy+gs)
- - 1
VIeR™" VIR VREL™ VReL 4(gyFga) cos’(z6)

VI€L " VReR VRERT Vi1€L

VIeR™ VREL VREL ™ VieR

[+(Cg~ Cp)+ (Dg— Dp)] sin®( 6)
~4(CptDp)[1+cos?0)]

[+(Cs+ Cp) — (Dg+ Dp)lsin®E 6)
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do Gm[ E,
dEe(v“e)_ o C,+2B, (1 —Eu>

+A, (1 —%)2] . (3.,4)

For v,-e scattering the interference between
charged- and neutral-current interactions has the
effect of replacing g, and g, by (g, +1) and (g,
+1), respectively. Consequently, the differential
cross sections for v, and 7, scattering are given by

do(vee) G3m E
=refl 2 Me [ A +2B, 1-E—e>

dE, 2m L
E 2
<C, (“E) ] (3.5)
do(vee) _G?m, [ ( E,
ik, =z [Cut2Bu (1-F
S B2
+Ae < _E_‘e) ] ’ (3-6)
where
A=A, +4(gy+g4)+4. (3.7)

The integrated cross sections for monoenergetic
neutrinos are

a=G—~——2’2’f:E" z, (3.8)

where
Z(v,e)=A,+B,+3C,,
Z(v,e)=34,+B,+C,,
Z(v,e)=A,+B, +%Cu R
Z(v,e)=34,+B,+C, .

(3.9)

It is apparent from Egs. (3.3) and (3.5)-(3.7) that
the one helicity amplitude which is modified in go-
ing from v e to v,e scattering contributes only to
the A coefficient in the differential cross section.
This amplitude corresponds to v, e, - v, e, (see
Table III) and is the only one that receives coherent
contributions from both charged and neutral cur-
rents. The expression for 4, in Eq. (3.7) can be
recognized as consisting of a purely neutral-cur-
rent term N, a purely charged-current term C,,
and an interference term I between charged and
neutral currents:

N,=A,; Co=4; 2I=4(g,+g,). (3.10)

From Egs. (3.3), (3.7), and (3.10) one can see that
there is a general relation between these quan-
tities:

|1| <VNC,. (3.11)
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The equality holds only when the S, P, T contribu-
tions to A, vanish; therefore, if one can measure
N, sufficiently accurately in v e scattering, and
can extract I from v,e scattering, then one can
test for the presence of S, P, T interactions by see-
ing whether the measured quantities yield an equal-
ity or inequality in Eq. (3.11).

The B and C coefficients in the differential cross
sections arise solely from the neutral-current in-
teraction, and they are the same for both v, e and
v.e scattering because u-e universality has been
assumed. This assumption implies that total
cross sections must satisfy

3o(v,e) —o(v,e)=30(v,e) —o(v,e), (3.12)

a relation which, as pointed out by Gourdin* and
Sehgal,*? can be used to test u-e universality.
Detection of a B coefficient in the cross section
will be direct evidence for the presence of S, P, T
in the neutral current. The C coefficient receives
contributions from the V+ A4 component of the
neutral current and from S, P, T components, and
it cannot be used to distinguish between these
types of interaction by itself.

A. Beam-dump experiments

Up to now, the discussion applies to monoener-
getic neutrinos. In an actual experiment, one

. works with a spectrum of neutrinos, and so one

must integrate the previous cross sections over
the spectrum. In a beam-dump experiment,® the
neutrinos are generated by the decay sequence of
stopping 7 mesons, 7" - u*—¢*, and as long as
lepton number is conserved, there will be three
distinct species emitted:

+ +
™ - U+,

e+, + 1, . (3.13)

The spectrum, therefore, consists of a monoener-
getic muon-type neutrino v,, and of an electron-
type neutrino and muon-type antineutrino, v, and
v, , each with an energy spectrum characteristic
of muondecay atrest. Itsthree componentscanbe
written as

¢(v,)=2NE, *(W-E,),

@(7,)=NE; > (W-3E; ), (3.14)
(p(y‘p,)= '(I?NW“ O(Euu _Eo) ’
where
me®—m,?
E,=———"%-~29.8 MeV. (3.15)

2m,

W is the maximum energy of the neutrinos from
muon decay ’
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R et VL i (3.16) The probability of finding an electron in the en-
- 2m,, FEMu, : ergy range (E,, E,+dE,) produced by an incident
neutrino v, is given by

w

and N is an arbitrary normalization constant.

These spectra are normalized so that there are dP(v,) _ (7 do(vs) o(v.)dE (3.18)
equal numbers of each kind of neutrino: dE, 5, dE, ARCE )
s B From the spectra in Eq. (3.14) and the differential
f "’("e)dE”e‘f ¢(7,)dE;, = f Ov,)dE,, . cross sections in Egs. (3.2)—(3.7), the differential
(3.17) probabilities for each species of neutrino are
|
2 R '
Blve) 2NG'me (W—Eel 14 (w21 2WE, + 3B+ 2B, (W = E3+C, (W - EY], (3.19)
e
dP(V‘; =NG2me

WLe) (4, (W~ B, (3W ~ E,)+ 2B,(W ~ E,) (8W*+ WE, - E,?)
+C,(3W*+ 3WE, + 3WE,? - 38,%)], (3.20)

dE, 27

dP(v,) NG?*m, W* A,+2B,(1 —Ee/Eo)+Cu(1 -E,/E)* (E,<E,) 391
= — X .
dE, "2 6 | 0 (B>E,), .20
where E, is given in Eq. (3.15). The total probability for finding an electron with energy E, is given by the
sum of these three probabilities.

B. Integrated cross sections for a beam-dump experiment

Since it is not likely that there will soon be sufficient experimental information to study the differential
cross sections in detail, we consider the integrated cross sections. We integrate the sum of the expres-
sions in Egs. (3.19), (3.20), (3.21) from some lower-energy cut E, up to the maximum energy W, and ob-
tain

V(aP(,) dP(,)  dP(, ))
c(dEe *~aE, *ag, )

i} <M){Ae(w_ E,)*[60W?— 60W(W-E,) + 18(W - E )%]

3607
' +B, (W—E_[20W2 +35W(W - E,) — 16(W — E )%] +A, (W — E,)}[5 W+ 2(W ~E,)]
+C, (W=E_2[30W° - 15W(W -E_)? + 12(W - E )?]

P(E,<E,<W)= [
E.

4
+0(E,—E,) E‘% (E,-E (304, E2+30B, E,(E,— E)+10C, (E,~ E,?]}, (3.22)
I

where the 6 function is equal to one when E_<E, TABLE IV. Coefficient functions for Eq. (3.22) in
and vanishes when E_>E,. The numerical values arbitrary units.
of the coefficients of A,,4,,B,,C, are displayed
in Table IV for various choices of the cutoff en- %- 3 1 5 3 7
ergy E_ as a fraction of the maximum energy W. Coef. of ¥ B b 1 k)

An important qualitative feature of Table IV is
that for cutoff energies greater than E =0.56W, A, 7.2 4.3 2.1 0.72 0.10
the coefficients of A, and C, are considerably A, 6.6 2.3 0.11  0.022  0.0013
larger than those of A,. The reason for this is B, 10.6 4.4 1.6 0.43 0.047
that in the energy range (E,<E,< W) the neutrino C. ©10.8 6.9 4.0 1.8 0.47

beam consists solely of the v, and v, from u de-
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cay. Now in do(, )/dE of Eq. (3.4), A, is multi-
plied by a factor (1 - E,/E,)? which suppresses its
contribution to the integrated cross section; by
contrast the A, term in the v, —e cross section of
Eq. (3.5) is independent of energy, and hence its
coefficient is not suppressed. The C, term is in-
dependent of energy in Eq. (3.4), and is multiplied
by (1-E,/E,)? in Eq. (3.5). Thus most of its co-
efficient in the integrated cross section comes
from the v, component of the beam; moreover,
the coefficient of C, tends to be larger than that
of A, because the v, spectrum is harder than the
v, spectrum in u decay [see Eq. (3.14)].

As for B,, it is multiplied by a factor (1-E,/E,)
in the spectra of Egs. (3.4), (3.5), (3.6), and so its
coefficient in the integrated cross section tends to
be smaller than those of A, and C,, but not as
small as that of A, . For cutoff energies below E,
the dominant contribution to A, -comes from the
monoenergetic v, emitted in 7* decay.

Within the next two years, it is quite likely that

“the coefficients 4,, B,, and C, will have been
measured directly in high-energy y,-e scattering
experiments at CERN and Fermilab. Thus, we ’
shall eventually be able to use these measurements
in conjunction with future beam-dump experiments
to extract the value of A,, and use them again to
extract from A, the interference term between
charged and neutral currents. For the moment,
however, the Weinberg-Salam model appears to
be working well,*"° and so we shall use its pre-
dicted values of A, and C, in place of measured
ones for the remainder of our analysis. (An ear-
lier version of this work!® made use of the Aachen-
Padova results for v e scattering.*)

In the Weinberg-Salam model the neutral-current
coupling constants are

C=Cp=Cp =0,

gy=—7z+2sin%6,, (3.23)
g4=-12,

and hence from Egs. (3.3) and (3.7):
C,=(gy~g,)P=4sin%,,,
A, =(gy+8,4)2=(1-2sin%0,)?, (3.24)

A,=(1-2sin?0,)*+4 - 4(1 - 2 sin%0) .

Notice that the expression for A, displays the NC
contribution, the CC contribution, and the inter-
ference term explicitly. For the canonical value
of sin®f, =%, the values of the purely neutral-cur-

rent terms are
1, _1
Cu =3, AM- =3 .

(3.25)

For the negative interference predicted by the
standard model, the value of A, is predicted to be

A (=)=5+4-2=2%. (3.26a)

Were the neutral current to be exactly as in the
Weinberg-Salam model except for its sign, then
its interference with the charged current would be
positive, and the value of A, would be almost three
times larger:

A)=F+4+2=2, (3.26b)

Should it happen that there is no interference be-
tween charged and neutral currents (as would hap-
pen if the outgoing neutrino in the neutral-current
interaction were different from the incoming one),
then the value of A, would fall midway between
A,(-) and A, (+):

A,(0)=F+4=4. (3.26¢)
In all three cases, the value of A, is much larger
than C, and A,, and hence the v, component of the
spectrum will give the dominant contribution to a
beam-dump experiment. ’

To gain an idea of how accurate an experiment
need be in order to determine whether a presumed
interference is either negative or positive, or
whether there is indeed an interference in the first
place, we compute the magnitudes of the corres-
ponding integrated cross sections. The results
are shown in Table V, where the separate con-
tributions of the C,, A,, and A, terms are dis-
played as well as the total. For each cutoff energy
we show the two éases of negative interference and
positive interference; the case of zero interference
lies halfway between these two. The units in Table
V are arbitrary.

It is apparent from the table that anywhere from
70 to 90% of the total event rate comes from the
A, term,. as is to'be expected from Table IV and
the values of 4,, C,, and A, in Egs. (3.25) and
(3.26). The magnitude of the event rate for con-
structive interference is roughly 2.4 times that
for destructive interference for all values of E,.
From this we conclude that a 25% measurement of
the event rate will be good enough to determine
whether, if we assume that there is indeed inter-
ference between charged and neutral currents, it
is destructive or constructive. A much more ac-
curate measurement is needed to answer the ques-
tion whether there is interference in the first
place.

To illustrate the point, let us consider the case
in which the cutoff energy is 3 the maximum ener-
gy, i.e., E,~27 MeV. From Table V, the expect-
ed event rates are 12 for destructive interference
and 29 for constructive interference. Then if, for
example, we measure the event rate to be 16+ 4,
we can definitely conclude that if there is inter-
ference, it cannot be of the constructive type; how-
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TABLE V. Event rates from E, to W in arbitrary units for destructive, and constructive

interference.
3 5 3 7
Eo/W T 3 T T
C, term 2.7 1.0 0.46 0.12
A, term 1.6 0.03 0.005 0.0003
A=) [A,4)] 16.2 [45.1] 9.7 [26.9] 4.8 [13.2] 1.6 [4.5] 0.23 [0.64]
Total (-) [Total (+)] 20.6 [49.5] 12.0 [29.2] 5.8 [14.2] 2.1 [5.0] 0.35 [0.76]

ever, we cannot exclude the possibility that there
is no interference at all. To do this we would have
to improve the accuracy to 15% at least.

C. Reactor experiments

One can analyze reactor experiments® in much
the same way as the beam-dump experiment. The
neutrinos are now of a single type, namely v,, and
their energies are much lower (€ 5 MeV) than in
the beam dump. The cross section for elastic v,-
e scattering integrated over the spectrum ¢ of re-

actor antineutrinos is**
G?%m
o@dTdE; = —ZTQ [4,Go(T,, T;)+C, G, (T, T,)

+ (chlz— 'cvlz)Gs(TuTz)],

(3.27)

where T, and T, are, respectively, the lower and
the upper bounds on the kinetic energy of the scat-
tered electron. G,(T,,T,), G,(T,T,), and G, (T,, T,)
are integrals over the antineutrino spectrum of the
functions 1, (1-E,/E;), and (m,E,/E;?), respec-

TABLE VI. Theoretical event rates for the reactor neutrino experiment. The contributions
from each of the terms in Eq. (3.27) are shown for the cases of destructive, constructive, and
no coherent interference, and for a pure charged-current interaction. The appropriate values
of the coupling constants are given in Egs. (3.25), (3.26), (3.28), (3.29). Two energy bins are
used for the scattered electrons, and the units are arbitrary.

Electron
kinetic
energy

Term in
event
rate

1.5<T <3 MeV

3<T<4.5 MeV

A,(-) contribution
C, contribution

ICal?~1C =)
Total, destructive
interference

A,+) contribution
C, contribution
ICal ~ICyl*t)

Total, constructive
interference

A,(0) contribution
C, contribution
ICal? -~ 1cyl*(0)

Total, no coherent
interference

Total, pure charged
current

11.9 1.6
8.5 2.5
-2.8 -0.6
17.6 3.5
33.1 4.5
8.5 2.5
4.7 1.1
46.3 8.1
22.6 3.0
8.5 2.5
0.9 0.2
32.0 5.7
21.2 2.9
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TABLE VII. Theoretical and experimental reactor neutrino cross sections as fractions of
Oyp-as the cross section for a pure charged-current interaction.

Electron
energy 1.5<T <3 MeV 3.0sST <4.5 MeV
Case
Destructive 0.83 1.20
Constructive 2.2 2.8
No coherent 1.5 2.0
Experimental
(Ref. 5) 0.87+0.25 1.74£0.44

tively, and their numerical values are tabulated in
Ref. 44. Notice that because of the lower energies
of the neutrinos, one must now retain the term
proportional to the electron mass, i.e., G4(T,T,).
Theoretical cross sections for the scattered
electron in the energy bins 1.5<T7<3 MeV and 3
< T <4.5 MeV are shown in Table VI. As in the
case of the beam-dump experiment, so here one
considers the cases of destructive, constructive,
and no coherent interference; all with sin%6, =%.
The values of A, for these cases are given in Eq.
(3.26), and the corresponding values of |C,|?
-|c,|? are
- 2, destructive (-),
[Cal2-|Cy|2={ £, constructive (+),
3, no (0).

(3.28)

In order to compare these calculations with the
experimental data we also calculate the pure
charged-current cross section, for which

A,=4, C,=|C,|2-|Cy|2=0. (3.29)

It is apparent from Table VI that the situation
for the reactor experiment is similar to that for
.the beam-dump one. The A, term still contributes
some 50-70% of the total event rate, and the sig-
nal with constructive interference is about 23
times larger than the signal with destructive inter-
ference. In contrast to the beam dump, however,
the electron-mass—dependent term G,(T,, T,) can
now make a significant contribution to the cross
section; for example, in the case of destructive
interference it reduces the cross section by some
20%.

In Table VII the theoretical cross sections are
expressed as fractions of o,_,, the pure charged-
current.cross section for the appropriate energy
bin, and they are compared with the presently
available experimental results.® It is apparent
that in the lower-energy bin, the data are consis-
tent with the theoretical value for destructive in-
terference; however it is also within 1 standard
deviation of pure V -A, and within 3 standard de-
viations of the prediction for no interference. In

the upper energy bin, the data are consistent with
no coherent interference, but they are also within
2 standard deviations of the other theoretical pos-
sibilities. Thus, it can be concluded that reactor
experiments to date provide some evidence for de-
structive interference; however, they do not
strongly exclude the possibility of constructive in-
terference, nor do they prove that there is any
coherent interference in the first place. Experi-
ments with greater precision are needed to settle
these issues.

IV. CONCLUSION

We have seen that measurement of the sign of
NC-CC interference in v,-e scattering will simul-
taneously test all of the popular surviving models
of the weak interaction, and some of the less pop-
ular ones as well. This sign can be determined
by a beam-dump or reactor experiment that mea-
sures the flux-normalized event rate to an accu-
racy of approximately 25%. With a more precise
measurement, one can verify that an interference
term is indeed present, thereby demonstrating
that at least a part of the NC interaction is of V,A
character, and produces outgoing neutrinos identi-
cal to the incoming ones.

The gain from an even more precise measure-
ment would be somewhat limited. Hopefully, mu-~
onic-neutrino experiments will soon yield fairly
accurate values for the constants 4, and C,, and
even a limit on the purely S,P,T- produced co-
efficient B,. Of course, precise electronic neu-
trino experiments could help to confirm these re-
sults, while simultaneously testing p-e universa-.
lity.*° In addition, an accurate determination of
A, by such experiments, combined with one of 4,
by v,-e measurements, would yield an upper limit
on any S, P, and T contribution to A,. Such a
contribution would make the interference term in
A, smaller, in magnitude, than the pure V,A value
of 4V4,. ‘

However, the most important thing to be learned
from v,(v,)-e scattering is the sign of the NC-CC



interference in this reaction. This sign is predict-
ed, with considerable agreement, by the various
theories, and it cannot be inferred from any other
measurements.
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