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We present a comprehensive study of the weak neutral-current interactions of u and d quarks and of the
electron. A model-independent analysis using data from deep-inelastic, inclusive-pion, elastic, and exclusive-

pion neutrino processes provides a unique determination of the u- and d-quark couplings. For electron
couplings, neutrino-electron-scattering, atomic-parity-violation, and new polarized-electron-scattering data
are discussed. With the assumption of a single Z boson, we show that the electron couplings are almost
uniquely determined. The predictions of the Weinberg-Salam model (for sin 8~ = 0.20-0.30) are in
remarkably good agreement with our results.

I. INTRODUCTION

In the past few years sufficient progress has
been made in the experimental study of weak inter-
actions to permit a unique determination of the
neutral-current couplings of u and d quarks' and to
provide considerable information on the neutral-
current couplings of the electron as well. We pre-
sent here a comprehensive analysis of neutral-
current interactions and their implications for the
weak couplings of both quarks and leptons. Our
results are compared with the predictions of sev-
eral gauge theories of weak and electromagnetic
interactions and in particular, with the SV(2) &&V(1)

model of Weinberg and Salam. ' Our procedure is
to "invert" the results of a given experiment and
indicate Iegions of the quark or electron coupling-
constant space which are allowed by the data. The
area which is overlapped by all of the allowed re-
gions from the various experiments considered
then provides a determination of these couplings.
90k confidence limits are used for all experiment-
al results and theoretical uncertainties are taken
into account when they are significant.

In Sec. II we present a detailed account of our
unique determination of the u- and d-quark neutral-
current couplings. This determination is based on
the analysis of data from deep-inelastic neutrino
scattering, neutrino-induced inclusive pion pro-
duction, elastic neutrino-proton scattering, ' and
neutrino-induced exclusive pion production. New
elastic-scattering data' and new high-energy inclu-
sive-pion data7 are used to strengthen our conclu-
sions on the uniqueness of the quark-coupling de-
termination which we have previously reported. '

The neutral-current couplings of the electron are
discussed in Sec. III. Data' from muon neutrino
(v„), muon antineutrino (v„), and electron antineu-
trino (v, ) scattering off electrons are considered.
Our determination of the quark couplings along
with the assumption of one Z boson allows us to

use parity-violation experiments" to further re-
strict the allowed values of electron couplings. We
discuss results on parity violation for transitions
in bismuth atoms. ' Most importantly, we present
an analysis of data from a polarized-electron scat-
tering experiment'0 performed recently at SLAC.
If we assume that only one Z boson exists, these
SLAC results along with the data from neutrino-
electron scattering experiments provide an almost
unique determination of the electron couplings of the
weak neutral current.

Our results on both quark and electron couplings
are in excellent agreement with predictions of the
Weinberg-Salam (WS) modelm with the Glashow-
Iliopoulos-Maiani (GIM} mechanism" incorporated
Since our allowed range of coupling values is ex-
tremely restrictive, we view such agreement as a
striking success for this model.

II. QUARK COUPLINGS

Wt, assume that the neutral-current interactions
of neutrinos with u and d quarks occur through the
effective interaction Lagrangian

v y"(1 +y6) v[uzlcy&(l +ys)u+ usF7y &(I —yn)p

+ dI, d y&(1 +ys)d +

deed

y &(1 —ys)d ] .
(2.1)

our problem then is to determine the values of the
quark coupling constants u~, d~, u~, and d~ ap-
pearing in the above Lagrangian by using data from
deep-inelastic, ' pion-inclusive, ' elastic, ' and pion-
exclusjve' processes. Note that the use of this ef-
fective Lagrangian does not restrict us to any par-
ticular types of gauge models. In fact, it is applic-
able to any model with vector and axial-vector cur-
rents having the usual properties under charge
conjugation. The quark coupling constants may rep-
resent the effects of summing over more than one
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18 QUARK AND LEPTON COUPLINGS IN THE WEAK INTERACTIONS 3215

massive, . neutral vector boson. Vfe ignore the
small effects caused by the neutral currents of s,
p, and other heavy quarks. Finally, the overall
sign of the Lagrangian (2.1) is always ambiguous
in neutrino interactions, so we mill choose a sign
convention by requiring uz to be positive (with no
loss in generality).

G mE
0 cc — dg+ g

(2.2)

(2 3)

and for antineutrinos

G mE
L L R B

(2.4)

A. Deep-inelastic scattering

The data from deep-inelastic neutrino (vN- vX,
where X —= anything) scattering experiments' are
analyzed using a standard parton-model calcula-
tion. ~ For this discussion, we mill ignore the ef-
fects of anti-quarks in the nucleon. The complete
cross-section formulas including the effects of
antiquarks and of an experiraental cut on the total
hadronic energy are given in Appendix A. Actual-
ly, our results are fairly insensitive to the pres-
ence of s quarks and to variations in the antiquark
to quark ratio in the range of 0% to 20%. A ratio
of 16% was used in our calculations. " Ignoring
antiquarks and quantum-chromodynamics (QCD)
corrections, the cross sections for neutral-cur-
rent (NC) and for charged-current (CC) deep-in-
elastic, scattering of neutrinos off an isoscalar tar-
get are

G'mEo„= dxE(x)I(ui'+dl, ')+-,' (u„'+d„')],

R-„=0.34+0.03), the values of the radii in the left-
and right-coupling-constant planes allowed at the
90'% confidence level are shown in Fig. 1. Note
that we have restricted ourselves to the uPper half
of the left-coupling plane in keeping with our sign
convention u~ ~ 0. As Fig. 1 shows, the deep-in-
elastic data give a fairly good determination of the
allowed radii, especially in the left-coupling plane,
but they give no information on the allowed angular
ranges around these radii. This is because in an
inclusive deep-inelastic scattering experiment off
an isoscalar target one has no knowledge about
what type of quark is being struck and so one ob-
tains no information about the isospin structure of
the neutral current.

B. Inclusive-pion production

In inclusive pion production (vN- vs), the
charge of a leading pion can be used as an indicator
of the identity of the struck quark. ' To ensure that
a given pion is a decay product of the struck quark,
one requires that the fraction z of the total hadronic
energy carried by this pion be greater than some
minimum value z, . It may also be necessary to
restrict ourselves to z less than some maximum
value z, in order to avoid resonances which are not
included in the parton model. Pion incI'usive data
can then be used to obtain some isospin information
about the neutral current which is not provided by
the deep-inelastic results.

The analysis of pion inclusive data is very simi-
lar to the analysis of deep-inelastic data except
that a factor must be inserted to account for the
probability of a pion being present in the final
state. This factor is the quark fragmentation func-
tion D,'(z) which gives the probability that a pion of
a given charge with fraction z of the total hadronic

2 Eo-„= dxE(x)( —', ), (2 5)

G is the usual Fermi coupling contant (G = 10 '/
m'), m is the nucleon mass, and E(x) is a measure
of the momentum distribution of quarks inside the
nucleon and is equal to vS~. Taking ratios, we find

UR

0.5—

and

oNc (u~2+d~2)+ —,
' (u„2+d„2)

occ (1)
(2.6)

0 0.5

(b)

(2.7)

Thus, a knowledge of R, and g —„determines values
of (u~' + d~ ) and (us' + d„') which give the radii of
circles in plots of uL vs dL and u~ vs d„.

Using the results of the CERN-Dortmund-Heidel-
berg-Saclay (CDHS) group' (R„=0.295+0.01 and

FIG. 1. The left- (a) and right- (b) coupling-constant
planes. The lower half of (a) is omitted due to our sign
conventional ~ 0. The annular regions are allowed by
deep-inelastic data. The regions shaded with dots are
allowed by inclusive-pion results, and the region shaded
with lines is allowed by elastic and exclusive-pion data.
Unique determination of the quark-coupling values is
given by the region shaded with both dots and lines.
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energy-will be produced by a quark q. The number
of pions produced in the range z, &z ~z, is then ob-
tained by multiplying the cross section for' scatter-
ing off a certain quark by the probability for that

quark to produce a given pion, summing over quark
types, and integrating over z. Ignoring antiquarks
and experimental cuts, this gives the following ex-
pressions for v+ to v multiplicity ratios:

(u~'+ —', u„') f, 'dzD„" +(dL + g ds ) f 'dzD~

(ui'+ —,'u„') f dzD„' +(dh + 3d„) f, dzD~'

(2.8a)

(us +3.ug ) f dzDg +(ds +pdi ) f dzDg
1 1

(u„'+-'u ') f dz D' + (d '+
~ dh') f,1

(2.8b)

The complete expressions including the effects of
antiquarks and a hadronic energy cut are given in
Appendix B. The quark fragmentation functions
satisfy the isospin relations

in a plot such as that of Fig. 1. To display such
correlations, we consider fixed radii in the left-
and right-coupling-constant planes and parametrize
the quark couplings in terms of the angles

D Dd (2.9) gl = arctan(uL/dl ),
g„=arctan(u„/ds) .

(2.13)

(2.14)

(2.10)

Thus, Eqs. (2.8a) and (2.8b) only depend on the
fragmentation functions through the ratio

f~dzD„"
f@dzDe

~l

This ratio has been measured" in both electropro-
duction and charged-current experiments to be g
=2.8+O.V for z =0.3 and z2 =O.V. Equations (2.8a)
and (2.8b) can be rewritten simply in terms of tV as

(2.12a)

Pw jp (us +suz )+(ds +3dr)'0, (2.12b)

Data are available on these pion multiplicity ra-
tios from Gargamelle at the CERN PS.' The ratios
found are (N +/N -)„=O.VV +0.14 and (N„+/N, -)-„
=1.64+0.36 with z, =0.3, z, =0.7, and a hadronic
energy cut E„,&» GeV. An antiquark to quark ra-
tio of B%%u& was used in our analysis of these low-en-
ergy data. At the 90% confidence level the allowed
coupling-constant values are indicated by the re-
gions shaded with dots in Fig. 1. The two allowed
regions in the left-coupling plane and the two in the
right-coupling plane combine to give four allowed
combinations, as noted by Sehgal'4 (and discussed
by others"').

In order to distinguish between these four re-
gions, we will next consider exclusive scattering
data. These provide correlations between left-
and right-coupling values which cannot be displayed

This is done in Figs. 2-4 where the radius in the
left-coupling plane was chosen at the center of the
annulus allowed by deep-inelastic data (at 0.53),
and the radius in the right-coupling plane was
chosen to span the allowed annulus taking the val-
ues 0.22, 0.175, and 0.13 in Figs. 2, 3, and 4, re-
spectively. (Variations in the radius for the left-
coupling plane within the aDowed annulus produce
little effect and so are not shown. ) Note that, in
keeping with our sign convention for u~, 8~ goes
only from 0' to 180' whereas ez ranges from 0' to
360'.

The four regions allowed by this pion-inclusive
data are those inside the four ellipses in Figs. 2
and 3. There are no allowed angles for the smal-
lest right-coupling ra(fius depicted in Fig. 4. The
reg~o" centered at ~~ =140 and 8m=270' will be
referred to as A, that at 8~ =140', go=90'as region
8, that at 8~ =40', 8„=90' as C, and that at 8~ =40',
&~=270' as D. Regions A and B give a, strongly
isovector neutral current while C and D give a
strongly isoscalar result. Likewise, A and D are
axial-vector dominated w'hile B and C are vector
dominated.

Unfortunately, the data cited above4 were taken
at fairly low energies so the extensive use of the
parton model in the pion-inclusive analysis might
be questioned. It is therefore of great importance
to obtain values of the pion multiplicity ratios at
high energies. Data are available from Fermilab
on charged-particie multiplicities from high-energy
neutral-current interactions for neutrinos' (but not
yet for antineutrinos). We have corrected (using
SLAC data" ) these data for protons and kaons which
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FIG. 2. The allowed angles in the coupling planes of
Fig. 1 for fixed radii taken at the center of the allowed
annulus (xz-—0.53) in the left-coupling plane and at the
outer edge of the allowed annulus (x+=0.22) in the
right-coupling plane. The ellipses indicate ~he regions
allowed by inclusive pion data; going clockwise from
the upper-right they are regions A, B, C, and D, res-
pectively; The area shaded with lines and enclosed with
a dotted curve is allowed by elastic data. The region
which is cross hatched is allowed by elastic and ex-
clusive-pion results. The area shaded with dots is the
only region allowed by all data.

are present along with the pions and have obtained
results in excellent agreement with those pre-
sented above. We find regions somewhat larger
than the ellipses shown in Figs. 2 and 3, but which
almost entirely overlap those ellipses. With these
high-energy data the right-hand boundaries (in Fig.
2) of ellipses A and 8 are moved from g~ =151' to
148 and the left-hand boundaries of C and D from
e~ =29' to 32'. In addition, smaller radii (in Fig.
1) in the right-coupling plane are allowed. This
will be of interest later. Except for these small
discrepancies, these high-energy results' seem to
be in excellent agreement with those of the lower-
energy data. 4

C. Elastic scattering

FIG. 3. Same as Fig. 2 except that the radius in the
right-coupling plane (0.175) has been chosen at the
center of the allowed annulus from Fig. 1(b).

in terms of the vector and axial-vector form fac-
tors of the neutral current between proton states

(P'l~p IP) =u(P')~rpFg+ "" F +r y„F (u(P).

(2.15)

These form factors can be related to the quark
coupling constants through an isospin decomposi-
tion

F, = (u~ —d~ +u„—d„)F',='+ 3(u~ + d~ +u„+d„)F',='

(i = 1, 2) (2.16)

and

E„=(u~ —d~ —u„+d„)F~ '+, (uI+d~ —u„—, d„)FA

(2.17)

The factors of 3 and + between the isovector and
isoscalar parts are obtained by considering the iso-
spin structure of the SU(6) wave function of the nu-
cleon." The vector form factors are related by
conserved vector current (CVC) to the electromag-
netic form factors of the neutron and proton

The cross section for elastic neutrino-proton
scattering" is given in Appendix C. It is written alld

Ff='=F~ —F," (i=1, 2) (2. 18a)
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FIG. 4. Same as Fig. 2 except that the radius in the
right-coupling plane (0.13) has been chosen at the inner
edge of the allowed annulus from Fig. 1(b). No regions
are allowed by the inclusive pion data for this inner radi-
us.

For regions A and 8, the contribution of the iso-
scalar axial form factor is fairly small.

The results of the Harvard-Pennsylvania-Wis-
consin (HPW) group' are given in terms of ratios
of neutral-current to charged-current elastic cross
sections. These ratios are R, =0.11+0.02 and &-„
=0.20+0.05 for the range 0.4 ( Q2 (0.9. In using
this data we have increased these statistical er-
rors to account for possible systematic errors and
theoretical uncertainties. At the 90% confidence
level the allowed angular regions for the various
radii are indicated in Pigs. 2-4 by the areas
shaded with lines and contained by dotted curves.

Region C which was allowed by the pion inclusive
data is now completely eliminated by these elastic-
scattering results. Region B is virtually elimin-
ated as well; the only surviving part of region 8 is
the edge right at gi'=150' shown in Fig. 2. Recall,
however, that this is precisely the edge which was
eliminated by considering the high-energy pion in-
clusive data. ~ Remaining are large portions of re-
gion D and all of region A.

Roughly speaking, the regions allowed by the
elastic-scattering results consist of two bands, one
giving a predominantly isoscalar neutral current
and the other a largely isovector current. This
type of isoscalar-isovector ambiguity can be re-
solved easily by exclusive pion-production experi-
ments because of the 6(1232) resonance which acts
as a probe of the isovector strength of the neutral
current. 'o

Z', =o=Zf+Z", (z= 1, 2), (2.18b)
D. Exclusive-pion production

where

E(P,n) Z
Ci'"i+ q'/4m' d'"l

N

1+Q2/4m2

~(&,.) ~' -&z'(p, n) (p, n)

1+Q2/4m2

with

(2.19a)

(2.19b)

1+ p2 g„(1+Q2/0. 71 GeV')2

G~= 0, (2.19d)

with p.~= 1.79 and p„= —1.91.
The isovector, axial form factor is measured in
charged-current reactions and is

1.23
A (1 +q2/m 2)2 (2.20)

where m„2 =0.79 GeV2. (Our results are not sensi-
tive to variations of m& within a reasonable range. )
For the isoscalar axial for-m factor we make the
assumption

(2.21)

Exclusive-pion-production (vN- vow) data are
analyzed ' using the pion-production model devel-
oped by Adler. " '~ This model is superior to all
other pion-production models; it includes nonreso-
nant production, incorporates excitation of the
&(1232) resonance, and satisfies current-algebra
relations. It has been shown to be in good ag'ree-
ment with results from electroproduction and
charged-current production experiments.

%e present here an outline of the general fea-
tures of the model. Further details are presented
in Appendix D. One begins with the Born ampli-
tudes" coming from the diagrams of Fig. 5. These
are written in terms of the nucleon form factors
I„I'~, and E„discussed in Sec. IIC, the pion
form factor (coming from Fig. 5c), and g„, the
pion- nucleon coupling constant. Two important
corrections to these Born terms are then applied.

The first of these comep from current algebra,
which allows us to express pion-production ampli-
tudes in the soft-pion limit in terms of nucleon-
nucleon matrix elements. " This gives expressions
similar to the Born amplitudes except that the
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N

(b)

and

R" =0

u(vn - vpw )
g(vn-p, pm') '

c(vp - vnm')

c(vn-g pm') '

1.22o(vp - vpn ) +c(vn - vnw )
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FIG. 5. Born diagrams for the exclusive-pion-pro-
duction analysis. g„ is the pion-nucleon coupling con-
stant.

o(vp - vp~')
o(vn-g pv') '

g(vn - vnm )
o(vn-p. pv') '

(2.22)

(2.23)

pseudoscalar pion-nucleon coupling of Fig. 5 is re-
placed by an axial-vector coupling which then im-
plies that certain vertex corrections must be made
to the Born amplitudes. In addition, there are new
terms coming from an equal-time commutator in
the current-algebra relations.

The Born amplitudes with current-algebra cor-
rections included are then broken up into multi-
poles of specified spin and isospin. Those multi-
poles with the J = —,', I= —,

' quantum numbers of the
b, (1232) resonance must then be corrected for res-
onant rescattering in the final state. This is done

by multiplying them by a phase e'~& and an en-
hancement factor." It is crucial to keep the non-
resonant (including I= —,') multipoles as well since
both our analysis and the data show that they are
important. "

To avoid other (higher-mass) resonances and for
consistency with the soft-pion assumption, it is
necessary to require that the invariant mass of the
final-state pion-nucleon system be less than 1.4
GeV. Unfortunately, the data are not available.
with this cut, and for channels with a final-state
neutron it is, of course, difficult to determine this
mass. However, the relevance of the cut to our
conclusions is minimal because: (1) most data are
below the 1.4-GeV cut, (2) ratios of cross sections
are always used, (3) application of the cut to the
limited experimental mass plots available indicate
a strengthening of our conclusions, and (4) the
model predictions are assumed to be valid only
within 30% and the data are taken at the 90% con-
fidence level."

Results are available from Gargamellee for the
following cross section ratios:

20—

ll

i
l

l2
LLj0
UJ

0
I.O

++~ ~ ~ ~ ~ ~ ~ ~ s ~ ~ ~ ~ e ~ ~ ~

I 2 I-
1.2 l .4
Mp~o (Qev)

l .6

FIG. 6. Differential cross sections for the exclusive-
pion-production process vp —vp7t0 plotted against the
mass of the final-state pro system. Four theoretical
curves are compared with the data. The solid curve is
for region A, the dashed curve is for B, the dashed arid
dotted curve is for C, and the dotted curve is for D.
Data are from Hef. 6.

o(vn-vp~ ) (2.27)
o(vp —g'nm')

The ratios Bo has been corrected for the fact that
the Gargamelle mixture is not an isoscalar target.
The factor of 1.22 is just the proton-to-neutron
ratio for this target.

Figures 6 and V show the differential cross sec-
tions for the processes vp-vpg and vp-vpg, re-
spectively, plotted against the pion-nucleon mass

M~„o. Curves are presented for regions A, 8, C,
and D. The experimental results' far these mass
plots are quite rough because of limited statistics
(only a selected sample of events are shown) and

because of nuclear distortions, but they clearly
show a strong excitation of the a(1232) resonance.
As one might expect, the isovector regions A and
B show strong resonance production and are in
general agreement with the shapes of the experi-
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FIG. 7. Same as Fig. 6 but for the process vp —vp7Io.

mental plots. Regions C and D, being largely iso-
scalar, display very weak resonance production in
sharp disagreement with the data. The theoretica1
curves plotted are arbitrarily normalized to the
experimental data but they are absolutely. normal-
ized to each other. Thus, we see that cross sec-
tions for regions C and D are many times smaller
than those for A and B, and that region B has a
noticeably smaller cross section for antineutrinos
than region A.

Detailed comparison with the cross-section
ratios from Gargamelle' supports the general pic-
ture given in the mass plots of Figs. 6 and 7. Our
results are shown in Figs. 2-4 where the area al-
lowed by both elastic and pion exclusive data is the
cross-hatched region. Regions which give an iso-
scalar neutral current are strongly eliminated by
this analysis. For example, regions C and D give
cross-section ratios which are approximately an
order of magnitude lower than the data. In addi-
tion, the small edge of region B in Fig. 2 which
had been allowed by the elastic data is now elimin-
ated because it gives too small a cross-section ra-
tio for the antineutrino data. Although our allowed
region does come fairly close to region B, those-
points close to 8 require the entire 1.6 standard
deviation experimental error and 30% tbeoretical
error to be considered as allowed. Any tightening
of these conditions at all would eliminate these
areas.

E. Comparison with gauge theories

Until now we have made no reference to the var-
ious gauge theories of the weak and electromag-
netic interactions. A comparison of our results
with a variety of models is shown in Fig. 8. The
two lines with tick-marks show the quark couplings
of the Weinberg-Salam model for tenth values of
sinmg~. While the low-energy pion inclusive data
shown in Fig. 8(b) (for the right-coupling plane) ap-
pear to favor values of sin'6I~ from 0.25 to 0.32, :the
high-energy datav allows the range 0.2 to 0.32
which is entirely consistent with the values allowed

UL

D
—0.3 ,C

UR

A0.3 —~

E
0.7 L

I I I I I I

0 03
I I I I

~ D

R
I

.3

(a) (b) 0.7

FIG. 8. Various gauge models compared with the al-
lowed coupling-constant region. The lines mark the
Weinberg-Salam model for values of sin28 z, from 0.0
to 0.7. The points labeled A-E are the predictions of
various models discussed in the text. For A, 8, C, and
E, uL and dL lie within the allowed region in the left-
coupling plane;

Only one region remairis allowed by all four types
of neutrino scattering results (see Ref. 27). This
is the area (part of region A) shaded by dots in
Figs. 2 and 3. This gives a unique determination
of the u- and d-quark coupling constants for neu-
tral-current interactions. Our final results are
also plotted in Fig. 1. The area allowed by both
elastic and pion exclusive data is shaded with lines
while that allowed by all data is shaded with both
dots and lines. Note that correlations between left
and right couplings are not shown in Fig. 1. Thus,
a small corner of the upper dotted region in the
right-coupling plane which appears to be allowed
by elastic and pion exclusive data does not in fact
represent a region allowed by all experiments as
is clearly shown in Fig. 2 (i.e. , the apparently
allowed region with 6I~ near 120' occurs for values
of e~ which are not allowed).

Our final determination for the u- and d-quark
couplings is'7

ui =0.35 +0.07, u~ =-0.19+0.06,

d~ =-o.40+ 0.07, d„=o.0 + 0.11,
where errors shown are 90% confidence limits and

an overall sign convention (u~ ~ 0) has been as-
sumed.
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in the left-coupling plane [Fig. 8(a)]. Thus, the
Weinberg-Salam model with sin g~ between 0.2 and
0.3 is in excellent agreement with our results. The
consistency between sin'Q~ values determined from
the left- and right-coupling planes indicates that
the Zp to 5" mass ratio

M p

Mg a cosg~
(2.28)

predicted by the Weinberg-Salam model with the
minimal Higgs-boson structure(one or more doub-
lets) is correct. If this mass ratio were not as
predicted, the model would be ruled out (for ex-
ample, one might find that sin 6)~ =0.1 was required
by the left-coupling plane, but that sin'g~ = 0.4 was
required in the right-coupling plane). These suc-
cesses of the Weinberg-Salam model are quite re-
markable.

Most other gauge models are not consistent with
these results. The points marked A, B, and C
(not to be confused with regions A, B, and C dis-
cussed above) in Fig. 8(b) show the results of other
SU(2) &&U(1) models. All of these have left-handed
couplings identical to those of the Weinberg-Salam
model [i.e., they have the coupling (ud)~]. Choos-
ing sinmg~ =0.3 so that all of these models are in
agreement with our allowed region in the left-cou-
pling plane, we find that the corresponding points
in the right-coupling plane lie far from our allowed
right-coupling region. Model A has a right-handed
doublet ' (ub)s, model B a right-handed doublet 9

(td)s, and C, also known as the vector model, so

has both of these. All of these models are elimin-
ated by our analysis and cannot be saved by varying
the Za-to-W' mass ratio. Other SU(2) &V(1) mod-
els" involving -+3 and + charged quarks are also
ruled out.

It is important to realize that the absence of
right-handed charged currents in these SU(2) &&U(1)

models is determined algebraically from our neu-
tral-current results. If one writes

l.2 —o

I 0

0.8

(
I

I
1

Gargam el te
HPWF
CDHS
BEBC
CFR

One, labeled D in Fig. 8, has the u quarks in a
right-handed singlet'2 and the other, labeled E, has
the u quark in a right-handed triplet. " [For E, we
have chosen the parameters of the model so as to
place u~ and d~ in the allowed region of Fig. 8(a).]

These results also apply to models with more
than one ZD boson. For example, the SU(2)~ & SU(2)„
&&U(1) model'4 can be chosen to give the same val-
ues of u~, dL, u„, and d~ as the Weinberg-Salam
model and so it is allowed by our analysis. In fact,
it has been shown" that, at zero-momentum trans-
fer, the neutral-current interactions of neutrinos
in an SU(2) &&G &U(1) gauge theory are the same as
in the corresponding SU(2) &U(1) theory if neutrinos
are neutral under G'. Thus, all such models "cor-
responding" to the Weinberg-Salam model are al-
lowed by our analysis.

Comparison of Fig. 8 with Fig. 1 shows that even
if one ignores the results of pion inclusive experi-
ments and uses the entire region allowed by elastic
and pion exclusive results, our conclusions about
these models are unchanged. Only the Weinberg-
Salam model and models equivalent to it for neu-
trino scattering experiments are allowed by our
analysis.

Since the Weinberg-Salam model is in such good
agreement with our results, we now consider it in
more detail. The predictions of the model as a
function of sin g~ are compared with the data for
all four types of neutrino scattering experiments
in Figs. 9-15. All data points are shown with 90%-
confidence-limit error bars, except in Fig. 9

J„c= qcy„(1+y,)q

= qC y„(1+y,)q- 2 sin'e~Z ™,
(2.29)

(2.30)
0.6

where q is the vector (u, c, d, s, . . . ) and C is a ma-
trix giving the appropriate charged current of a
given SU(2) &&U(1) model, then Co describing the
neutral current is

0.4

0.2

C'= [C, C'] . (2.31)
I I I I I

0.l 0.2 o.v 0.4 0.S
R„

Thus, for example, right-handed coupling of u and
d quarks to 5 and t quarks of arbitrarily high mass
can be ruled out.

The application of our results is, of course, not
limited to SU(2) &&V(1) models. For example, there
are two SU(3) XU(l) models ruled out by the data.

FlG. 9. The ratio of neutral-to-charged-current deep-
inelastic cross sections for antineutrinos versus that
for neutrinos. The curve shows the predictions of the
%einberg-Salam model as a function of sin28 z, (the tick
marks indicate the points sin28, =0.0, 0.1, 0.2, . . . ,
1.0). The data are from Hef. 3.
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FIG. 10. The ratio of 7I to 7I multiplicities from
inclusive-pion data for antineutrinos versus that for
neutrinos. The curve shows the predictions of the Wein-
berg-Salam model as a function of sin~8~. The data are
from Ref. 4, and 90 confidence l,imits are shown.

0.8
WS

R neo

04r

0.4
sin e~

I
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FIG. 12. The bands shaded with dots indicate the ex-
clusive pion data for the ratios &&~p and A„~p defined in
the text. The curves show predictions of the Weinberg-
Salam model as a function of sin 8@,. The error bars on
these curves indicate a possible 30fp uncertainty in the
theoretical analysis. Data are from Ref. 6, and 90@
confidence limits are shown.
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FIG. 11. The ratio of neutral- to charged-current el-
astic-proton-scattering cross sections for antineutrinos
versus that for neutrinos where 0.4 &Q ~0.9 GeV .
The curve shows the predictions of the steinberg-Salam
model as a function of sin~8@,. The data are from Ref.
5, and only statistical uncertainties are shown (at the
SO@ confidence level}.
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FIG. 13. Same as Fig. 12-for the ratios Rv&~- and
R„",+ defined in the text.
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Ro

R"0

0.8

0.4

0.8 ws g

where 1 standard deviation is shown. The deep-
inelastic results' from CDHS and from foui other
groups are shown in Fig. 9. There is general
agreement in the data from all groups. n+-to-m
multiplicity ratios from neutrino- and antineutrino-
induced inclusive pion production are displayed in
Fig. 10. One can see from this figure why the
Weinberg-Salam ~odel lies on the edge of the al-
lowed region of Fig. 8(b). Figure 11 gives the new
HPW elastic scattering data' (with only statistical
errors shown). The Q2 dependence of the elastic
cross sections is consistent with that expected by
the Weinberg-Salam model. Figures 12-15 show
results for the exclusive-pjon-production cross-
sections ratios' defined in Eqs. (2.22)-(2.27). In
addition, theoretical curves are given for the fol-
lowing ratios not measured by the Gargamelle anti-
neutrino group:

0
I

0.4
sin ew2

0.8

o(vp - vpx') + o (vn vnm-')

2o(vp -g'nx')

o(vp —vnx')
o(vp —p'nn')

(2.32)

(2.33)

FIG. 14. Same as Fig. 12 for the ratios Rp and Rp
defined in the text. No data are available for Rp.

0.8

0.4

An error bar is shown for the curves of the Wein-
berg-Salam model reflecting the 30/p theoretical
uncertainty we assigned to the pion-production
model. One can see in Fig. 12 that A~,o and R„' 0

are predicted to be approximately equal for the
model, whereas their measured values' are quite
different; nonetheless both are consistent with the
data within the limits. Actually, the equality of
these two ratios was found to be quite model inde-
pendent.

In summary, the neutral-current couplings of u

and d' quarks are known and are successfully pre-
dicted by the Weinberg-Salam model. Comparison
of this model for sin'g~=0. 25 with our results is
presented in Table I.

HI. ELECTRON COUPLINGS

0.8

V
Rnw+

The weak neutral-current couplings of the elec-
tron are measured in neutrino-electron scattering
(ve —ve), and in parity-violation experiments. If
we assume that the neutral current is coupled to a

0.4 TABLE I. The quark-coupling values determined in
Sec. II are compared with predictions of the Weinberg-
Salam model for sin 8+ = 0.25.

0
0 0.4 0.8

Results of
this analysis

WS
(sin28, = 0.25)

sin eW

FIG. 15. Same as Fig. 12 for the ratios R~&,- and
R"„,+ defined in the text. No data are available for

P
Rn ff+ ~

Qg

'Qg

dR

0.35 + 0.07
-0.40 + 0.07
—0.19+ 0.06

0.0 + 0.11

0.33
-0.42
-0.17

0.08
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single g boson, the determination of the u- and d-
quark couplings from Sec. II allows us to analyze
the results of parity-violation experiments in a
model-independent manner. ' New experimental
results' from SLAC then provide a substantial im-
provement in the determination of the neutral-cur-
rent couplings of the electron.

Let us define e~ and e„as the coefficients in the
effective neutrino- electron neutral-current inter-.
action

—l.5

-- l.5

' ' x ' ' ','

? ii:ii::;i'i:i:ilia i::::i%i8'

2 =(G/W)vy"(1+y, )v[ezey&(1+ys)e
I

+ e„ey„(1—y, )e]

and define g~ and g„as

gv =er +ex ~

(3.1)

(3.2)

~ .
~ ~

0
~ ~

0
0

0

~ ~
~ ~

~ ~ ~~ ~
~O

gi eI, eR ' (3.3)

The cross section for muon-neutrino-electron
(v& e) and muon-antineutrino-electron (v&e) scatter-
ing is

M, E,
(RA Zv ) EV

(3.4)

p = -4.4 X 10 'V„dg„rad (for 8757 A), (3.5)

where the bottom signs are for antinuetrinos. For
electron-antineutrino electron (v, e) scattering
there is an additional annihilation term (through
the charged current), so that in Eq. (3.4) one makes
the replacements g~ -g~ +1 and g~ -g„+1.

Knowledge of these various neutrino-electron
cross sections leads to allowed regions in a g~-g„
plot which are elliptical annuli. These are shown
in Fig. 16. In this figure we have plotted the high-
est upper limits and the lowest lower limits coming
from the Gargamelle-PS and Aachen-Padua re-
sults. ' High-energy Gargamelle-SPS data' on v„e
scattering are in conflict with these low-energy re-
sults and are al.so in conflict with new high-energy
Fermilab data. ' The Fermilab result for v„e scat-
tering is in complete agreement with that presented
in Fig. 16 from the low-energy data.

So far we have not required the assumption of a
single go boson. However, to make use of the re-
sults of the parity-violation experiments this as-
sumption is heeded. Results have been reported
for parity violation in atomic transitions in bis-
muth. ' The optical rotation p, which is measured,
is proportional to the V„„A,&„ interference term;
the A„,~Vd„ term is relatively suppressed. Ac-
cording to theoretical calculations, the optical ro-
tations for the two transitions which have been
measured are given by

FIG. 16. 90% confidence limits one and g~ of the
electron. Solid curves are for v~e scattering; dashed
curve is for v~e; dotted curves are for v~e. For v„e,
highest upper limits and lowest lower limits were used
from the Aachen-Padua and Gargamelle-PS experiments.
The upper gower) band is for the Washington-Oxford
(Novosibirsk) parity-violation experiments assuming a
single Zo boson and the quark-coupling values of Sec. II
(including quark-coupling error bars). Data are from
Hefs. 8 and 9.

p= -6.0&10 'V„„g„r'ad (for 6476 A),

where

(3.6)

Vg, d
= (2u~ + dl + 2Bg + ds )Z + (Ql + 2 dl + Qs + 2 ' )+

(Z = 83 and %= 126 for bismuth) .

Two experimental groups report results consis-
tent with zero: The Washington group measures
p = (—0.5+ 1.7) &&10 ' for the 8757 A transition and

the Oxford group' p = (2.7+4.7) &&10 ' for the 6476
A transition. By contrast, the Novosibirsk experi-
ment' found p= (-21+6) &&10 ' for the 6476 A tran-
sition. Assuming that there exists only one Z bo-
son, then the quark couplings of Sec. II imply that

g~ =0.0 +0.06 for the first two experiments and g„
=-0.4+0.17 for the Novosibirsk experiment. These
results are plotted as dotted bands in Fig. 16 where
90% confidence limits have been used and the ef-
fects of error bars for the quark couplings have
been included.

In order to resolve this conflict, we make use of
a very recent SLAC experiment' involving the
deep-inelastic scattering of polarized electrons off
deuterium and hydrogen targets. In this experi-
ment one measures the asymmetry between the
cross sections o~ and cr, for electrons polarized
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parallel and antiparallel to the beam. Weak parity-
violating effects will produce a nonzero asymmetry
value. The asymmetry is sensitive to both V„,„A„„
and A„,dV, &„ terms, and furthermore involves no

difficult atomic or nuclear calculations.
For an isoscalar target (deuterium), the asym-

metry (see Cahn and Gilman, Ref. 37) is (with the
one-Z assumption)

=64xlo 'q' [ —', (u +u„)--,'(d +d )]g„+, ['(u —I )- '(d -d )]E I, (3 6)

where Q' is in GeV' and y is the fractional energy
loss of the electron.

The SLAC results'0 are for Q =1.4 GeV and y
=0.21. The asymmetry divided by Q2 was mea-
sured to be —9.6+1.7 (results are preliminary and
0.9 of the uncertainty is systematic). The allowed
region in the g~-g„plane coming from this value
and using a single Z hypothesis is the striped band
in Fig. 17. The width of this band reflects 90/~
confidence level errors both for the asymmetry and
for our, quark-coupling values. Also shown in this
figure is the overlap region from ve scattering ex-
periments obtained from Fig. 16 and the two bands
(shaded with dots) coming from the atomic parity-
violation experiments.

The predictions of the Weinberg-Salam model for
this asymmetry for various values of sin'0~ are
shown in Fig. 18. Also shown are the results if the
electron is given a right-handed coupling (N, e )„
in addition to its usual left-handed coupling (v,e )~,

but assuming no other changes to the Weinberg-
Salam model are made. Although the present SLAC
data favor the conventional version over this "hy-
brid" model, future asymmetry measurements at
other y values should clearly distinguish between
these two cases.

The recent SLAC results taken in conjunction
with the ve scattering data appear to be in conflict
with the Washington-Oxford results for bismuth as
can be seen in Fig. 17. Excluding the Washington-
Oxford data, it is clear that the Weinberg-Salam
model with sin g~ between 0.2 and 0.3 is in com-
plete agreement with these electron experiments.
This is the same range of sin'g~ as we found in
Sec. 0 for quark couplings.

IV. CONCLUSIONS

We have provided a unique determination of the
weak neutral-current couplings of u and d quarks.
In addition, with the assumption of a single N bo-

--I 5

0 0.2
0 ]], I

I
I

2

Y

0.4 0.6 0.8 I.O
I

I
l

f
I

0.50 =sin 8+

(3

0
a o

b b
I +

—10

0.24

—l2

FIG. 17. The overlap regions (90k confidence level)
from Fig. 16 are shown. The band shaded with lines is
the allowed region from the SLAC polarized-electron-
deuteron scattering. experiment (Ref. 1.0) a.ssuming a,
single Z boson and valuep from See. D of quark coupl-
ings {including quark error bars). The upper (lower)
band shaded with dots is for the %ashington-Oxford
(Novosibirsk) parity-violation experiments as in Fig.
16. The predictions of the WS model are shown for
sin28 g =,0.0, 0.1, . . . , 1.0.

—l4

—I6

0.26

g0.22
R

I ~ I ~ I i I i~ I

FIG. 18. The predicted asymmetry in the SLAC pol-
arized-electron-deuteron scattering experiment for the

. %S model (solid curves) and for the "hybrid" model
(dashed curves). In this experiment @2=1.4 GeV2 and
y=0.21. 0& and 0, refer to cross sections for elec-
trons polarized parallel and anti-parallel to the beam.
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son we have presented an almost unique determin-
ation of the electron couplings. These results give
substantial support to the Weinberg-Salam model
as the correct unified theory of weak and electro-
magnetic interactions.

In the future, improvements can be made in sev-
eral areas. There is a need for more high-energy
pion-inclusive data; these data played an important
role in our analysis, and it would be helpful to
avoid dependence on low-energy results. Similar
information could be obtained from deep-inelastic
scattering off protons and off neutrons (as opposed
to isoscalar targets), and from deuteron dissocia-
tion experiments. Further study of exclusive pion
production would also be helpful.

For electron coupling determination, a crucial
additional step is the measurement of the polar-
ized-electron asymmetry at different values of y.
Also, the conflicts in atomic parity-violation ex-
periments shouM be resolved, and experiments on
hydrogen and deuterium should be performed to
verify the SLAC results. At the PEP and PETRA,
storage rings, measurement of the muon asym-
metry in e'e - p,

'
p, will provide information not

only about the electron couplings but also about the
muon couplings.

are important. The first accounts for the contri-
butions of "sea" quarks (quark-antiquark pairs in
the nucleon) to the scattering cross sections. The
second accounts for an experimental cut Eh d)EO
which neutral-current experiments always have
(although the data are sometimes extrapolated to
E„,~ 0).

The effect of the Eh,deut is to modify the helicity
factors of —,

' and 1 which result from intergration
of the terms (1 —y)' and 1 in the differential cross
sections. Only the ratio of these terms enters our
calculations so that we define g (for E„„&E,) as

f«,,E,p„f.'„,.„dy(1 y)-'
( )f«E„p„f' dy

where p, is the spectrum of incoming neutrinos.
For E, =0 one has $ =-', .

The ratio n of nucleon momentum carried by
antiquarks to that by quarks '(n =q/q) is a function
of Q' in QCD. Let us, however, make the approx-
imation of choosing o. at the average Q' of the
given experiment. Then (neglecting s and c quarks)
the neutral-to-charged-current ratios [Eqs. (2.6)
and (2.7)] for deep-inelastic scattering are now

R „=[(1+e])(u~'+ d~') + ($ + o. )(us'+ ds') ]/(1+ o't'). ,
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(A2)

These can be solved so that

(A3)

(1+ o.])'R, —(t+ o.)'8-,
(1+o.()' —((+n)' (A4)

8—,= [($+ n)(u~'+ d~')+(1+ u])(us'+d„')]/(&+ n) .

There are two types of modifications to Eqs.
(2.6) and (2.7) for deep-inelastic scattering which

(R. —&-„)(5+~)(1+~g)
s R (] + ~)2 (1 + ~t)2 (A5)

APPENDIX 8
One can apply the corrections of Appendix A to pion-inclusive scatterin'g. Using g as defined in Eq. (Al)

and n =—q/q, Eqs. (2.12a) and (2.12b) can be modified to read (with the same approximations as in Appendix
A)

(fN„+) [ui +gu„+n(gdi +de )]'0 [+hd+gdz +o'(tux +uz )]
( N &„[u '+ $u„+ o!(gd '-+d ) + [d '+ t'd„'+o. ($u +u„')]q (81)

(N..lP, -)-„

These can be

1-gR„
d~ + (ds + (x()ul +us )
ug + (us~ + cz(gdl + ds }

(83)
APPENDIX C

The cross section" for elastic neutral-current
(and charged-current) vN scattering is

ds +(d~ + A(gu~ +u~ )

us + Jul + (x($ds + dl )
(84)

["s + &"L + ~(&dz +dI)]0+ 44 + (dL. + o'(hum +us )]
[us + pug + (l()ds +d~ )] + [ds + (dl + n(gus +u~ )]q

solved to give The quantities on the left-hand side of Eqs. (83)
and (84) are determined experimentally.
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( q2 ) q2
~ I+ . F,z. ,4m' m' (C2)

(C3)

, A~8, +C, o, (C1)
du G'm' (s —u) (s —u)' '

BEE„ m' m'

where (+) refers to neutrinos and (-) antineutrinos,
and (s —u) = (4mE„—Q2). For vn scattering (as op-
posed to vp scattering), the isovector terms in .

Eqs. (2.16) and (2.17) should be multiplied by -1.
Setting m„'=0, one has

q2 - q2) q2
*.&~' &+ *l — +' —

~ ~*')m 4m &
' 4m

current with axial-vector couplings lather than the
pseudoscalar couplings assumed for the pion, im-
plies certain vertex corrections. The resulting
five correction terms are given in Ref. 23. O(q)
corrections (q=pion momentum) are also discussed
in that paper.

Next, the multipoles for given orbital angular
momentum of the pion-nucleon system are calcu-
lated by integrating the appropriate amplitudes
over cosp. p is the angle between the pion mo-
mentum and the difference in momenta of the in-
coming and outgoing neutrinos in the isobaric frame
(pion-nucleon rest frame). Those multipoles for
isospin —,

' and pion-nucleon spin 2 are now modified
by a phase e'~& and an enhancement factor. We
used the parametrization

2C=4 F~+Fi+4 2 &a l~PÃ )

where e is a Clebsch-Gordan factor given by

(C4) [(q qs)2 + 5 P2]l/2

where go =0.268 GeV,

9.04lqt'
(q, +q,")(1+25 9 fq f')

(D4}

(D5)

4 for neutral currents,

1 for charged currents . (C 5)

APPENDIX D

~&o& g~(k'}
A, —g„ (Dl)

The calculation of exclusive pion production using
the model of Adler ' begins with the vector and
axial-vector Born amplitudes for isovector (I= —,

'
and o3) and isoscalar terms. These are given in
Ref. 22 except for the isoscalar axial-vector
terms

u(~pwo) + o(vnwo)

u(vnw')+o(vPw )
(D 6)

where 2.0 is predicted if I= & terms are ignored,
and

and qo and q are the energy and momentum of the
pion in the isobaric frame.

The cross section is obtained by summing over
all appropriate multipoles with orbital angular
momentum of 0 and 1 (assuming higher terms are
negligible). Finally, one integrates over k' (k
=—momentum transfer) and W (W -=Mw„has an upper
limit of the smaller of 1.4 GeV and the kinematic
limit).

The importance of keeping the nonresonant I= —,
'

terms is indicated by the neutral-current data'

. (o)(0) A + (D2) 1.22o (Ppwo) + o(vnwo)

o(~Pw )
(D7)

where the notation is the same as in Ref. 22 and

g„(k') is equal to the second term in.Eq. (2.17).
The amplitudes must be modified to account for

current-algebra corrections (Ref. 23}. These come
from using the current-algebra relation

T (8"Z„'4'I=-5(xo)[J,', 8 ] +s"T It„'8'I (D3)

(where T indicates time-ordered product, and J is
the weak current of interest). Taking Fourier
transforms and then the matrix element between
nucleon states for each piece of Eq. (D3), one finds
from PCAC that the left side is proportional to the
desired matrix element (Nw(8(0)~N). The first
term of the right side leads to additional form-
factor terms. The second term containing the J'

where 4.44 is predicted if I= & terms are ignored.
A purely I=—,

' theory has a 0.02 confidence level. '
It is interesting to note that the current-algebra

corrections result in an induced axial-vector con-
tribution even in the absence of any axial-vector
terms in the weak current at the Born level. The
manner in which the current-algebra corrections
enter is such that in the absence of final-state in-
teractions, the induced axial-vector pieces mould
cancel out in the cross sections (the Clebsch-
Gordan coefficients conspire to cause this cancel-
lation). However, because the I=-,' and not the I= o

terms are enhanced, this cancellation does not oc-
cur, and the induced axial-vector contribution sur-
vives.
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