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Measurements of the ratio R of the purely leptonic weak neutral-current cross sections cr(v„e
v„e)/o. (v„e v„e) and of the absolute value of o. (v„e v„e) are reported. These yield

R = 1.38+(4((stat) +0.17(syst) and a(v„e . v„e)/E~ = [1.16 +0.20(stat) +0.14(syst) ] x 10

cm /GeV. This value of R determines the fundamental weak neutral-current parameter to be
sin'0 w = 0.209 +0.029(stat) +0.013(syst).

PACS numbers: 13.10.+q

In the standard electroweak model, ' SU(2)L x U(1),
the ratio of the cross sections of the purely leptonic
weak neutral-current reactions

v eave
and

()
is completely prescribed by

a. (v e) 1 —4sin 0 tv+ —", sm & ~
(3)

o. (v e ) 1 —4 stn 0 tv+ 16 stn40 tv

which depends only on sinz0 w, the fundamental weak
neutral-current parameter. A measurement of R,
which we report in this paper, yields a significantly
more precise determination of sinz0 w. than do the ab-
solute cross sections measured singly. This is due to
the functional relationship between R and sin Hw in
Eq. (3), and to the fact that, in first order, certain sys-
tematic errors in the analysis of the data of reactions
(1) and (2) and in their absolute normalization cancel
in the ratio. The resulting determination of sin 0~ is
consequently limited primarily by the numbers of
events of reactions (1) and (2) that are observed, and

not by either systematic or theoretical uncertainties.
This paper is based on a study of interactions pro-

duced by v„(v„) of mean energy 1.5 (1.4) GeV at the
Brookhaven alternating-gradient synchrotron (AGS),
and observed in a massive, high-resolution detector
target. The detector target3 was designed specifically
to measure the elastic scattering reactions (1) and (2),
and v„(v„)+p v~ (v„)+p, as well as the quasi-
elastic processes v„n p, p and v„p p, +n. It pos-
sesses time resolution of +2 nsec, and energy and
angular resolutions for electromagnetic showers of
bEe/Ee=0. 12/E) 2, and b, 8=16 mrad/E, ', with E,
measured in gigaelectronvolts.

The data presented here were obtained from expo-
sures of 0.88&& 10'9 and 3.4&& 10'9 protons on the AGS
neutrino-producing target for reactions (1) and (2),
respectively. A measurement of the v~e v~e abso-
lute cross section from these data was presented in an
earlier report. 3' Treatment of the v~e v„e data is
essentially similar to that of the v~e v„e data, but a
brief description of the v„e v„e analysis is given
here to clarify certain differences in detail.

The v„e v„e event sample was extracted by sub-
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FIG. 1. Distributions in 8, for (a) the primarily singly
ionizing events from the v„data and (b) the predominantly
photon sample from the v„data. (c),(d) The corresponding
plots for the v„-induced data.

jecting the data from 2.4X 106 AGS beam bursts to a
loose software filter designed to eliminate wide-angle
events ( ) 200 mrad) and events which did not exhibit
an electromagnetic shower. The resulting sample
(1.37& 105 events) was then double scanned by physi-
cists to eliminate events which the filter did not re-
move, such as those with an interacting hadron, or
with more than one associated electromagnetic
shower, or with an upstream vertex. A test sample for
evaluating scanning biases and efficiencies was pro-
vided by randomly seeding into the scan Monte
Carlo-generated v„e events overlaid with detector
noise obtained from actual data. After the eye scan a
sample of 3356 events remained. Further reduction in
the sample was provided by removing events with
more than 30 MeV extra energy at the origin, or with
more than 2.5'/o of the shower energy outside wide
limits consistent with multiple scattering and shower
development. The resulting sample of clean, isolated,
electromagnetic showers contained 735 events within a
fiducial volume of 3.5&3.5X15.8 m3 and with 210
& E, & 2100 MeV.

Backgrounds to the v~e v„e signal consist of (1)
photons from ma mesons produced in neutral-current
reactions, (2) electrons from v,p e+n induced by
v, contamination in the beam, and (3) a small com-
ponent of misidentified low-energy hadrons. The pho-
ton background is measured directly by use of the fact
that the energy deposition for electron- and photon-
induced showers is markedly different in the first radi-
ation length. Imposing a cut on the ionization loss in
the first two proportional drift tube planes and the first
calorimeter plane after the vertex3' yields a sample of
primarily singly ionizing events in which approximate-
ly 91'/0 of the v„e electrons are retained and only about
35/0 of the photons are included. A second sample
predominantly containing photons remains.

Guided by the kinematic condition E,82 =2m, (1
—E,/E„) we plot the Hz distribution for the two sam-
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FIG. 2. Distributions in E,0, for the same event samples
as in the corresponding plots of Fig. 1.

ples in Fig. 1. A clear signal peak at small Hez upon an
approximately flat distribution is visible in the sample
containing dominantly electrons [Fig. 1(a)], while the
distribution of the mainly photon sample is seen to be
without significant small-angle enhancement. Approx-
imately 96'/o of the signal is expected within 02 & 0.01
rad2. Figures 1(c) and 1(d) show the corresponding
distributions for the v~e data. 3' In Fig. 2 are plots of
E,O

z for v„e and v~e to exhibit the degree to which the
data satisfy the kinematic condition above.

To extract the number of events in the signal re-
gion, 02& 0.01 rad, we have determined the back-
grounds in the region O.Q1 & 0, & 0.03 rad2 and ex-
trapolated them into the signal region. Each back-
ground is approximately flat as a function of Hez in the
forward angular region 0, & 0.03 rad and thus may be
simply extrapolated into the signal region with small
uncertainty. The fraction of photons in the signal re-
gion (38'/o of the total background in that region) is
calculated directly from the electron-photon selection
process. The remaining background in the signal re-
gion is attributable to v,p e+n (44'/0) and to low-
energy hadrons that scatter inelastically or are attended
by small showers (18'/o). The v,p e+ n component
was obtained from a Monte Carlo calculation that satis-
factorily describes data~ on v, n e p extracted from
the same exposure as the data of reaction (1). After
background subtraction, which was done fitting the 02
distribution to the sum of the background components
(taking the photon and low-energy hadron distribu-
tions as flat) and the expected shape of reaction (2) in-
cluding angular resolution, a signal of 59+10 events
remains. This signal is then corrected for loss of
events due to the event selection criteria and limited
acceptance described above. The correction factors are
summarized in Table I.

To determine the cross sections a-(v„e ) and
rT(v~e) and their ratio, we have indirectly measured
the integrated incident neutrino fluxes using samples
of quasielastic events, v„p p,

+ n and v„n p, p,
with small momentum transfers, Q & 02 & 0.4 GeV2.
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TABLE I. Corrections applied to v„e signal and p, n normalizing events to obtain

a-(v„e)
E„-

k4

Nabs ~ QE EQE 1 ( trQE)

I $ (1 —BQE) (E„)-

N,» '
Acceptance

of energy cut
Eye-scan and

filter efficiency
Combined v„e

cut efficiency

Nvb, ' (including the sample correction)
Acceptance for

quasielastic events
Ratio of flux averaged

cross section and energy
(10 ' cm /GeV)

Track reconstruction and
event selection

Fractional background from
single and multipion channels

AQE

( QE)/(E, )

GQE

BQE

52.5 + 8.9 +2.1

0.710 + 0.010

0.888 + 0.019

0.823 + 0.033
91 700 + 499 + 2043

0.294 + 0.008

0.291 + 0.014

0.864 + 0.060

0.298 + 0.034

'A correction has been made to N;» and No~» for events produced by a measured (7 + 2)% contam-
ination of v in the v„beam. The contribution to the overall systematic error on o. (v e)/E„from-
this correction is less than 2%.

This takes into account event losses arising from shower energy containment, electron-photon
separation, limit on the extra energy at the event vertex, and angle reconstruction.

Random sampling was employed to extract a subset of
forward-going muons from the same data samples that
yielded the v e and v„e events. These events were
selected by requiring only that the outgoing muon an-
gle with respect to the incident neutrino beam be less
than 260 mrad, and that the muon kinetic energy be
greater than 0.3 GeV. Events with a visible second
track were rejected but no other requirement was
placed on the recoiling hadron. Samples of 3.38x104
p,

+ n and 6.02 x 103 p, p candidates were obtained.
Backgrounds in the normalization samples arise

from the presence of charged-current soft single-pion
and multipion events. In the p, + n sample single-pion

production constitutes 28% of the total sample, while
in the p, p sample the corresponding single-pion chan-
nels are 31% of the total sample, after detector accep-
tance is taken into account. Multipion backgrounds
are less than 8% of each of the p, +n and p, p total
samples, including acceptance factors. Corrections are
made for the single-pion channels which are dominat-
ed by I= —,', b, -resonance production, s and for mul-
tipion channels, with relatively small uncertainty. A
summary of the corrections necessary to determine the
absolute number of t~p p, +n events produced is
presented in Table I.

Analysis of the v e and p, + n data using the expres-
sion in Table I yields the total cross section

o. (t ~e v e)/E-„= [1.16+0.20(stat) +0.14(syst)] x10 ~2 cm2/GeV.

The systematic error arises largely from the absolute
normalization by use of the quasielastic events. It was
estimated quantitatively by variations in the factors
that determine the corrected electron and muon sam-
ples. Effects studied in the normalization included the
Fermi momentum distribution, Pauli exclusion, the
value of Mz, the scattering and absorption of pions
and nucleons internal and external to the target nu-
cleus, and uncertainties in the cross sections for
single-pion and multipion production. Contributions
to the systematic error from the electron-photon

I

separation, from electron angular resolution, and from
other smaller corrections affecting signal extraction
were estimated in the same manner.

The fully corrected ratios of the normalized cross
sections for t „e and v„e scattering yield directly the
value

R = 1.38+03l(stat) +0.17(syst).

The precision is limited by the numbers of v„e and v e
events. In the calculation of the systematic error on R
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TABLE II. Contributions to the error in the v/v flux ratio. 3.0

Component

Mg
Flux

(shape uncertainty)
Acceptances'
Uncertainty in single-pion

cross section
Uncertainty in multipion cross

section and acceptance
Tracking and

event-selection efficiency

Uncertainty in R

1%

3%
4o/o

5%

5%

3%
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FIG. 3. Plot of R = a. (v„e)/a. (v„e) against sin20~. The
less heavy lines indicate the standard deviation errors on R
and sin 0 g.

'Includes hadron and pion scattering effects both inside and out-
side the target nucleus for events occurring on bound targets.

Brook Incentive Fund.

uncertainties in the experimental and theoretical quan-
tities (due to the effects mentioned above) largely can-
cel. The error on the v/v flux ratio determined from
the p, p/p, + n ratio is estimated to be 9'/0. The indivi-
dual contributions to this error are summarized in
Table II. The contribution to the uncertainty in R
from systematic differences in the treatment of the v„e
and v„e samples is 8%.6 The resulting value of sin 0~
1S

sin & ~ = 0.209 + 0.029(stat) + 0.013 (syst) .

Figure 3 shows a plot of R vs sin20 ~.
There is only one previously published measure-

ment of the cross-section ratio, 7 the data from which
have been combined with later data from the
same groups to yield sin20 ~= 0.215 + 0.032 (stat)
+0.013(syst). The agreement between the two ex-

periments is good. Together they give a combined
value:

sin20 ~(combined) = 0.212 + 0.023.

This combined value of sinzH ~ obtained through pure-
ly leptonic interactions is in agreement with and ap-
proaches in precision the world-average values of
sin 0~ obtained from deep-inelastic lepton-nucleon
scattering9 and the masses of the intermediate vector
bosons. '0
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