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There is some question about the reliability .of inclusive-pion-production analyses as used in previous
determinations of the weak neutral-current couplings of u and d quarks. We are able to eliminate this input
altogether by using new neutrino and antineutrino data for the ratio of neutral-current neutron-to-proton
deep-inelastic cross sections, o-(vit —vX)/0"(vp —vX). Another new input to our model-independent analysis
is the Q® dependence of elastic neutrino-proton scattering. The final values determined for the neutral-
current couplings are consistent with those we obtained previously. For purposes of comparison, we also

_present a new analysis of high-energy inclusive-pion data.

The weak neutral-current couplings of # and d
quarks have recently been determined by analyses
of deep-inelastic and elastic neutrino-scattering
and neutrino-induced inclusive- and exclusive-
pion-production processes.''> However, a weak
point in past determinations has been their de-
pendence on low-energy inclusive-pion-produc-
tion (uN — vX) data.® In evaluating these data,
extensive parton-model assumptions are made
which might be suspect, especially at such low
energies.

This situation can be improved by using new
results on inclusive-pion production at high ener-
gies. We present an analysis of these data* be-
low. A possible problem with these data is that
one must subtract out kaons and protons from the
experimental numbers to obtain the desired pion
multiplicities. In addition, analyses of inclusive-
pion data require extensive use of final-state
quark-fragmentation ideas. Fortunately, we find
that all of the difficulties associated with inclu-
sive-pion data and their analysis can be com-
pletely avoided by using new results on the ratio
of neutral-current neutron-to-proton deep-inelas-
tic cross sections [R=o(vn— vX)/o(vp — vX)]. -
These give us the same isospin information about
the neutral current as the inclusive-pion data and
can be evaluated using only the conventional par-
ton-model assumptions of deep-inelastic scatter-
ing. Thus, the neutral-current couplings of «
and d quarks can now be determined without using
any quark-fragmentation models.

The quark coupling constants to be determined
are the parameters u;, d;, uy, and dj in the

effective neutrino-quark interaction Lagrangian
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We will restrict ourselves to values of the quark
couplings which are allowed by our previous
analysis' of deep-inelastic neutrino scattering
(vN — vX) off an isoscalar target. In our present
analysis, the determination then begins by con-
sidering the ratio of neutron-to-proton deep-in-
elastic cross sections.® The resulting allowed
values are then further restricted by an analysis!'2
of the magnitude and @* dependence of elastic
neutrino-proton scattering cross sections.® (In
our previous work® only the total elastic cross
sections were considered.) Additional restric-
tions on the allowed couplings are imposed by
exclusive-pion-production (vN— v N7) data’ eval-
uated as in Ref. 1. The quark coupling values
resulting from the present analysis are®-°
u, =0.29+0.14, u,=-0.16+0.07, @)
d,=-0.41+£0.11, dp=0<0.16,

where errors show 90% confidence limits and an
overall sign convention (; > 0) has been assumed.
These values are entirely consistent with those.
determined in Ref. 1 where the analysis included
low-energy inclusive-pion data. The errors
shown here are significantly larger than those of
Ref. 1; however, no inclusive-pion data are used.

The neutral-current neutron-to-proton deep-inel-
astic cross section ratios, o(vn— vX)/o(vp— vX),
for neutrinos and for antineutrinos written in terms
of the quark coupling constants u,, d;, u;, and d,
assuming an SU(2)-symmetric sea are

Slo

£ =

w P+ 2d P+ Eu g+ 2d ) v luf+dl —d i+ Eu B +d )t —d )]

19

n0Td Pr0utr Ed g+ U )+ QAU —u P Ed U —ugd)]’ ®

3230



19 NEUTRAL-CURRENT QUARK COUPLING DETERMINATION...

v

s ugt+2d 2+ Eu v 2d ) valfutvd, - d i+ Eu i vd g —d )]

where
2
_deuEvpqul‘?O/Evdy(l ‘-y) (5)
devapv flli‘olEvdy
. 2
-l dE, By 03 [, 15, 4¥(1 = ) ©
deﬁEvpvf:?o/El—, ay
and
I
R ™

with E, the hadronic-energy cutoff (E,40n> Eo)s Py»
and p, the spectra of incoming neutrinos and anti-
neutrinos and a the ratio of antiquarks to quarks.
The experimental values of these ratios with £
=0.21, £€=0.13, and o’=0.12 are®

RY,,=1.22£0.35 (8)
and
R?,,=0.53+0.39. S~ (9)

Using these data in conjunction with results from
deep-inelastic scattering off an isoscalar target'®
gives the allowed coupling constants shown in Fig.
1. The annuli in Fig. 1 indicate values of the
quark couplings allowed by the isoscalar deep-
inelastic scattering data. The four regions
shaded with dots show the values allowed by the
above neutron-to-proton cross-section ratios at
the 90% confidence level.

In order to show correlations between left and
right coupling constants it is convenient to use
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FIG. 1. The left (a) and right (b) coupling-constant
planes. The lower half of (a) is omitted due to our sign
convention#; =0. The annular regions are allowed by
deep-inelastic data off an isoscalar target. The regions
shaded with dots are allowed by results on the ratios of
neutron-to-proton deep-inelastic cross sections, and
the regions shaded with lines are allowed by elastic
and exclusive-pion data as well. The lines with tick
marks indicate quark coupling values of the Weinberg-
Salam model for sin29,/=0.0,0.1, ..., 0.7.]
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the parametrization
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As Fig. 1 indicates, the allowed values of 7, and
¥ are quite well determined by the isoscalar
deep-inelastic scattering data. However, these
data give no information about the allowed values
of 6, and 6;. Such information comes from the
neutron-to-proton deep-inelastic scattering data
considered above. The values of 6, and 6 al-
lowed at the 90% confidence level by these ratios
are shown by the regions shaded with dots in
Figs. 2-4. In all three of these figures we have
fixed the left radial value (v, =0.53) at the center
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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 (7, =0.53) in the left-coupling plane and at the
outer edge of the allowed annulus (73 =0.22) in the right-
coupling plane. The elliptical regions shaded with dots
show areas allowed by the neutron-to-proton deep~
inelastic cross-section ratios; going clockwise from
the upper right, they are regions A, B, C, and D, re-
spectively. The area shaded with lines and enclosed by
a dotted curve is allowed by the magnitude and @ de-
pendence of elastic data. The region which is cross-
hatched is allowed by both elastic and exclusive-pion-
production data. The final allowed region is both cross-
hatched and shaded with dots.
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FIG. 3. Same as Fig. 2 except that the radius in the
right-coupling plane (7;=0.175) has been chosen at the
center of the allowed annulus from Fig. 1(b).
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FIG. 4. Same as Fig. 2 except that the radius in the
the right coupling plane (75 =0.13) has been chosen at
the inner edge of the allowed annulus from Fig. 1(b).
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FIG. 5. The left (a) and right (b) coupling-constant
planes. The annular regions are allowed by isoscalar
deep-inelastic data as in Fig. 1. The regions shaded
with dots are allowed by high-energy inclusive-pion-
production data.

‘of the allowed annulus of Fig. 1(a) since variations
within the allowed annulus produced little effect.
In Fig. 2 we have taken the right radial value (7,
=0.22) at the outer edge of the allowed annulus

of Fig. 1(b); in Fig. 3 we choose a radial value
(r=0.175) at the center of this allowed annulus,
and in Fig. 4 we take a radius (7 =0.13) at the
inner edge. All of the figures show four allowed
regions (shaded with dots) which are in good qual-
itative agreement with the four regions allowed by
low-energy inclusive-pion-production data (see
Ref. 1). However, the allowed regions of Figs.
1-4 are considerably larger than those coming
from the low-energy inclusive-pion resulis.
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FIG. 6. The regions shaded with dots show angles in
the coupling planes of Fig. 5 which are allowed by high-
energy inclusive-pion data, for radii taken at the centers
of the allowed annulii (7 =0.53 and 7;=0.175).
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The four regions allowed by this new analysis of
neutron-to-proton deep-inelastic cross-section -
ratios can be further restricted by using elastic
and exclusive-pion-production data as in Ref. 1.
We first consider the elastic data by comparing
the magnitude and Q* dependence of elastic neu-
trino-proton scattering cross sections with those
for various values of the quark couplings and re-
quiring agreement at the 90% confidence level
(using a x2 test of fit). We have included the 20%
systematic uncertainty along with the statistical
errors in these data and view this ds essential
for a reliable analysis. The resulting allowed
values of 6, and 6, are shown in Figs. 2-4 by
the areas shaded with lines and contained by dotted
curves. The consequences of the @2 analysis are
very similar to the results of our analysis of the
total elastic cross sections in Ref. 1.

We now include the restrictions imposed by
exclusive-pion-production data evaluated as in
Ref. 1. The values of 6, and 6, allowed by both
the elastic and exclusive-pion analyses are the

cross-hatched.areas of Figs. 2—-4. Note that
portions of region D (the upper left-hand dotted
region) are allowed by elastic data, but are com-
pletely eliminated by exclusive-pion results.
Furthermore, virtually all of the overlap between
the elastic and the neutron-to-proton ratio results
in region B (the lower right-hand dotted region)

is eliminated by the exclusive-pion data.

The final values of 6, and 6, which are consis-
tent with all data are shown in Figs. 2—4 by both
cross-hatching and shading with dots. The
allowed values are almost exclusively in region
A (the upper right-hand dotted region). Very
small allowed areas also occur inside region B
(the lower right-hand dotted region) for the radial
values 7, =0.175 and 7, =0.13, but are at the
edge of the 90% confidence limits. These have
been ignored in the quark coupling values of
Eq. (1). ‘ ‘

The final allowed values for u,, d;, ug, and dp
are plotted in Fig. 1 where they are shown shaded
with lines. In Fig. 1, we have also plotted the

TABLE I. A compendium of neutral-current data compared with values predicted by the
Weinberg-Salam (WS) model for sin®6,=0.25. Data are from Refs. 4-7, 10, 13, and 14. All
errors shown indicate 90% confidence limits and a 30% theoretical uncertainty has been indi-

cated for exclusive-pion-production processes.

Data with
90%-confidence
experimental limits

Quantity (statistical + WS theory
Process measured systematics) sin®0,=0.25
YN—vX R 0.295 +0.02 0.31
TN—7X R 0.34 +0.05 0.36
(vn—vX)/(vp— vX) R 1.22 +0.56 1.13
@n—vX)/(@p—VX) R 0.53 +0.62 0.92
vN—vrX Ny+/ Ny~ 0.86 +0.32 0.86
UN— DX Ny+/Ny- 1.27 +0.91 1.19
vp—vp R 0.11 +0.05 0.11
Tp—Tp R 0.19 +0.10 0.12
vp— vpr? R 0.56 +0.16 0.42 +0.13
vn— var? R 0.34 +0.15 0.43 +0.13
vn— vpr- R 0.45 +0.20 0.28 + 0.08
vp— vnr* R 0.34 +0.12 0.28 + 0,08
DN— DNr0 R 0.57 +0.16 0.39 +0.12
Tn—pr- R 0.58 +0.26 0.29 + 0.09
v,e—~v,e o/E (cm?/GeV) (1.7 +0.8) x10# 1.4 x10%
V,e—~TV,e 6/E (cm?/GeV) (1.8 +1.5)x10% 1.4 x10%
Ve~ V,e (L.5< E,<3.0) o (cm?) (5.96 + 2.7) x 108 5.94x 10-8
V,e—~V,e (3.0<E,<4.5) o (cm?) (3.21+1.3)x 104 2.53 x 1048
ey N— eX A/Q? <-G-:—v,> _ 9.5 +2.6)x 10 7.2 x10°
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quark coupling values of the Weinberg-Salam mod-
el'! for sin?9,=0.0,0.1,...,0.7. Clearly, our
results are in excellent agreement with this model
for sin®0, in the range 0.2 <sin?g,<0.3.

It is interesting to go back and compare the re-
sults from our analysis of the ratios of neutron-
to-proton deep-inelastic cross sections with new
data* on high-energy inclusive-pion production
(vN — v7X) by both neutrinos and antineutrinos.
We have used SLAC electroproduction results'?
to subtract out kaons, protons, and antiprotons
from the total charged-particle multiplicities re-
ported for neutrino data in order to get pion mul-
tiplicities. We have assumed that electroproduc-
tion ratios of K/, p/w, and p/7 in the same gen-
eral kinematic range are applicable to the neu-
trino data. The analysis then proceeds as in Ref.
1. At the 90% confidence level, the allowed values
of uy, d,, ug, and dp are shown in Fig. 5 shaded
with dots and likewise the allowed values of 6,
and 6 for the radial values 7;=0.53 and7 z;=0.175
are shown in Fig. 6. Note that the allowed four
regions are in excellent agreement with the anal-

ogous four regions coming from the neutron-to-
proton cross-section ratios as shown with dots in
Figs. 1 and 3. The agreement is particularly
striking because it comes from two completely
different types of analyses.

We conclude with a tabulation (Table I) of the
experimental values*™-19:13,14 we have used here
and in Ref. 1 to determine the neutral-current
couplings'® compared with the predictions of the
Weinberg-Salam model for sin®6,=0.25.
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V—Ais incontradition with four types of experiments.



