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A model-independent analysis of new data provides, for the first time, a unique deter-
mination of the weak neutral-current couplings of u and d quarks. Data for exclusive pion
production are a crucial new input in this analysis.

Weak neutral-current interactions were first
observed in neutrino deep-inelastic scattering"
(vN- vX, where X may be a.nything) only five
years ago. Since then, they have been observed
in elastic neutrino-proton scattering" (vp-vp),
in neutrino-induced inclusive pion production
(vN- vmX), in neutrino-induced exclusive pion
productions' (vN- vs), a,nd in nonhadronic proc-
esses.

In this Letter, the most recent data for all four
types of hadronic neutrino experiments are com-
bined to give strict, new limits (independent of
models) on the neutral-current couplings of u and
d quarks. We consider only vector and axial-
vector currents having the usual properties under
charge conjugation, and we neglect the small ef-
fects due to s, c, and other heavy quarks. Since

these are difficult experiments with significant
backgrounds, we feel it is important to use, at a
minimum, 9(Po confidence limits on all experi-
mental results rather than just 1 standard devia-
tion.

There have been many analyses' "of neutral-
current data. Among the new features of this
work are the following: (1) The exclusive pion
data are analyzed in detail and are found to be a
crucial input; (2) the ela, stic cross sections are
"inverted" to give allowed coupling values (using
very recent data'); and (3) our analysis uses high-
energy deep-inelastic data' for which the parton-
model assumptions should hold and for which the
experimental efficiencies are high.

In the notation used here, u~, d~, u~, and d~
are the coefficients in the effective neutral-cur-
rent coupling:

2 = (G/W2) vy„(1+y,)v[u~uy„(l ~y, )u+u„uy„(l —y, )u+ d~d y„(1+y,)d ~ d„dy „(1-y, )d].

For example, in the Weinberg-Salam (WS) the-
ory" with the Glashow-Iliopoulos-Maiani mecha-
nism, "one has ur. =2 —~sin L9~, etc. In Fig. 1,
we will plot our results in the ul, -d& and u~-d~
coupling-constant planes. Since the overall sign
of the neutral current is always ambiguous, we
will choose our sign convention by requiring uL, to
be positive; this will restrict our consideration
to the upper half of the ul. -dl. plane.

The data for deep-inelastic scattering deter-
mine the values of uz, +d&' and of uz +dz, i.e.,

the radii of circles in the u~-dL, and u~-d& planes.
With 90%-confidence-level upper and lower lim-
its, these circles become the annuli which are
shown in Fig. 1. We use the data of Ref. 2 which
give neutral-current to charged-current ratios
of R„=0.295+ 0.01 and R-, =0.34+ 0.03. An as-
sumption concerning the antiquark to quark ratio
in the nucleon is required to calculate these radii;
however, the results are quite insensitive for ra-
tios in the range (0-20)lo.
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FIG. 1. The left (a) and right (b) coupling planes. An-
nular regions are allowed by deep-inelastic data. The
region shaded with lines is allowed by deep-inelastic,
elastic, and exclusive-pion data. The regions shaded
with dots are allowed by deep-inelastic and inclusive-
pion data.
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Since the radii in the left and right planes are
reasonably well determined, one can now use the
other data to obtain information about allowed
values of the angles I91, and 0& where

8~-=arctan(ul, /d~), 8~ -=arctan(u~/d„).
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In Fig. 2 we will plot the allowed angular regions,
choosing left and right radii of 0.52 and 0.22, re-
spectively (but all allowed radii give similar re-
sults).

The elastic neutrino-proton scattering data'
provide significant limitations on the allowed an-
gular regions. Using the data of Ref. 3 (with A,
=0.15+ 0.03 and R-„=0.21+ 0.07), only the region
inside the dotted curve in Fig. 2 is allowed at the
90P/o confidence level. " Note that the value of & ~
is not well determined (especially for g~ = 135').
The q' dependence of the data does not impose
any significant additional limits.

Further restrictions on the allowed angular re-
gions are imposed by the exclusive pion produc-
tion data. ' A method for analyzing neutrino-in-
duced exclusive pion production was pioneered by
Adler. ' We use the detailed pion-prodiction mod-
el of Adler (described in the first two papers in
Ref. 8) which includes nonresonant production, in-
corporates excitation of the &(1232) resonance,
and satisfies current-algebra constraints. This
model is valid only for small values of ~', the in-
variant mass of the pion-nucleon system. We re-
quire ~& 1..4 GeV. The data are not available with
this cut; however, we note three important points:
(1) For each process, most of the data are below
~=1.4 GeV; (2) use of ratios reduces the effect
of this cut; and (3) most importantly, examina-
tion of a selected sample of events plotted in Ref.
6 indicates that application of the cut would
strengthen, not weaken, our conclusions. There

FIG. 2. Allowed angles for the radii given in the text.
The dotted curve indicates the area allowed by elastic
data. The region shaded with lines is allowed by elas-
tic and exclusive-pion data. The ellipitical regions are
allowed by inclusive-pion data. The area shaded with
dots is the only region. allowed by all data,

is some uncertainty in the theoretical analysis
from several sources. " As a result, we feel it
is best to require consistency with the exclusive-
pion-production data only within a factor of 2
(which is, in fact, far greater than the 9(Po con-
fidence level). Nonetheless, these data remain
a crucial feature of our analysis.

To restrict the a,llowed angular region (Fig. 2)
with exclusive-pion-production data, we consider
six neutral-current to charged-current cross-
section ratios (the neutral-current channels are
v p7t', nz-, pm, no+ and v-Nvo, pm ). The ob-.
served neutral-current cross sections tend to be
rather large because of excitation of the &(1232)
resonance. This indicates that isovector cur-
rents are favored over isoscalar currents, es-
pecially in the left plane. The region allowed by
both the elastic and the exclusive-pion data is
shown in Figs. 1 and 2 by shading with lines. The
allowed values of ~„are greatly reduced by con-
sideration of exclusive -pion-production data. It
can be seen in Fig. 2 that the allowed region is
now fairly small; this is not as evident in Fig. 1,
since left-right correlations are not exhibited
there.
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FIG. 8. Various gauge models compared with the al-
lowed coupling-constant region. The line marks the
WS model for values of sin 0& from 0.0 to 0.7; A, B,
and C indicate SU(2) U(1) models (Ref. 16); and D and
E indicate SU(B)g U(1) models (Refs. 17 and 18) de-
scribed in the text. For E, uz and d~ lie within the
shaded region.

Another input is provided by analysis of the in-
clusive-pion-production data. ' This analysis (dis-
cussed by Sehgal") involves significant parton-
model assumptions. Unfortunately the data' pres-
ently available are taken at very low energies
where such assumptions might be questionable.
However, by making these data the final imput in
our analysis, its role is clear. The regions al-
lowed at the 9(Po confidence level by these data
alone are shown in Figs. 1 and 2. While two re-
gions (and a very small part of a third), shown
in Fig. 2, are allowed by the conjunction of elas-
tic and inclusive-pion data, the exclusive-pion
data reduce the number to just one.

The region of neutral-current coupling-constant
space allowed by these four types of neutrino ex-
periments is the small region in Figs. 1 and 2

which has shading with both lines and dots. Now
for the first time, the neutral-current couplings
are uniquely determined and are

ul, =0.33+ 0.07, u~ = —0.18+ 0.06,

dl = —0.40+ 0.07& dz —-0.0+ 0.11

where the errors are 9(Po confidence limits and
an overall sign convention has been assumed. It
is interesting to note that knowledge of these
quark couplings allows one to directly test the
electron's couplings with searches for parity non-
conservation in electron-nucleon interactions.

Our results are compared with the predictions
of various gauge models of the weak and electro-
magnetic interactions in Fig. 3. The WS model
with sin'8 & between 0.22 and 0.30 is entirely con-
sistent with the data. Furthermore, the m& to
m& ratio obtained with the minimal Higgs-boson
structure" is the only ratio which leads to con-
sistency with the data. This confirmation by the

data may not be proof of the validity of the model,
but it certainly is a remarkable result. The pre-
dictions of three other SU(2)SU(l) guage models"
are also shown in Fig. 3. These models have the
same values of ui and d~ as the WS model, and
choosing sin'~ z—- 0.3, we plot the corresponding
values in the right plane. The model labeled A
has a (u b)~ coupling, B ha, s a (t d)~ coupling,
and C (vector) has both. Even if the mz to m~ ra-
tio is changed, none of these models [and probably
no other conventional SV(2) 8 U(l) model besides
WSJ is consistent with the data. Also shown are
two SU(3)SU(1) models"'" which are ruled out by
these data; models D and E have the u quark in a
right-handed singlet" and triplet", respectively.
The para. meters of some SU(2)I3 SU(2)ISU(1) mod-
els can be chosen to give results very similar to
those of the WS model.

In conclusion, the values of the weak neutral-
current couplings of u and d quarks are now

uniquely determined, setting strict limits on the
construction of gauge models.
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Thirty-six high-energy, primary K2 transitions to the Pb ground state have been
identified and their radiation widths measured in a study of the reaction VPb(n, y). The
measured E2 widths in the excitation energy region between 7.37 and 8.17 MeV are com-
pared with those expected from the rising tails of giant quadrupole resonances located
at 8,9 and 10.9 Me V.

In the (n, y) reaction, the observed y-ray transi-
tions originating from the capturing state (prima-
ry transitions) are predominantly electric dipole
(El) or magnetic dipole (Ml); primary electric
quadr'upole (E2) transitions are extremely, rare.
A survey of the literature yielded only seven such
E2 transitions, all serendipitous, in an equal num-
ber of nuclides. The absolute radiation widths
are known only in three cases' —"Fe (14 meV
width for the 7511-keV transition), "Mo (9 meV,
8067 keV), and '"U(70 peV, 4610 keV). The spar-
sity of observed primary E2 transitions from the
(n, y) reaction is a Posteriori understandable for
two reasons. Firstly, the transition rates fall
off rapidly with increasing multipole order. '
Secondly, if the giant resonances influence the
(n, z) reaction, ' the primary E2 transitions are
weak for low-energy incident neutrons because
the capturing state, which depends on the neutron
separation energy (S„), is too far down on the tail

of the giant quadrupole resonance (GQR). The S„
values lie at 7 + 3 MeV for most nuclei (generally
higher values for lower masses; S„=7.368 MeV
for '"Pb), whereas the isoscalar GQR energies
decrease monotinically as = 63A +' MeV (10.6
MeV for A =208). The best chance for observing
E2 transitions from many neutron resonances oc-
curs in a nucleus which is heavy and has a large
S„value. The doubly magic nucleus, '"Pb, is
such a case and here we have observed over 36
primary E2 transitions to the ground state and
have measured their radiation widths. In the
0-800-keV neutron energy region studied in the
present experiment, the observed E2 widths can
be interpreted as arising from the tail of the GQR.

The '"Pb(n, y) measurements were carried out
at the Oak Ridge Electron Linear Accelerator
(OREI A) utilizing a 92.4% enriched 249-g '0'Pb
metal tat.get. These measurements, which also
unraveled the fine structure of the M1 giant reso-
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