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The result of a measurement of 0(p&+ e —p&+ e ) is presented. With use of neutrinos
of mean energy 1.5 GeV from the Brookhaven National Laboratory alternating gradient
synchrotron and a massive, active, high-resolution detector, a signal of 51+ 9 events
with an average signal-to-background ratio greater than 2:1 is observed. 0(v e p e )
= [1.60 + 0.29(stat) + 0.26(sys) ]E~(GeV) x10 cm is obtained.-42 2

P

PACS numbers: 13.10.+q

The fundamental weak neutral-current process
v& +e —v&+e was first observed' in 1978, and
has since been studied in several experiments. ' '
With one exception, ' those experiments utilized
neutrinos of mean energy = 20 GeV to initiate the
interaction, primarily because the cross section
(~ 10 ~' cm' at 1 GeV) increases linearly with in-
cident neutrino energy. This advantage in signal
rate is in part, however, dissipated by back-
grounds resulting from the high rate of inelastic
processes and coherent neutral-pion production. '
Present knowledge of the total cross section o(v„
+e —

v& +e ) is largely determined by two ex-
periments with the smallest quoted errors, 4 '

which yielded the following for v/E, x 10": 1.4
+0.3+0.2, and 2.1+0.55+0.49, in cm'/GeV.

In the measurement of cr(v„+e —
v& +e ) re-

ported in this paper, use is made of a low-ener-
gy ((E,) = 1.5 GeV) neutrino beam and a highly seg-
mented detector of good resolution. ' This per-
mits a reduction in the backgrounds mentioned
above. The utilization of the high repetition rate
and flux of the alternating gradient synchrotron
(AGS) of the Brookhaven National Laboratory
compensates for the lower cross section, result-
ing in an observed event rate for the signal of 1.5
events/day in the 75 metric tons (fiducial) of our
170-metric-ton detector. The measured signal
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to background ratio which results is in excess of
2: 1. Absolute normalization of the signal is ac-
complished by comparison with a specified frac-
tion of the low-q' region of the well measured'
quasielastic process v„+n- p +p.

The detector" is constructed of vertical planes
of liquid scintillator and proportional drift tubes.
A liquid-scintillator plane consists of sixteen
cells, each 25 cm high by 8 cm in the beam direc-
tion by 425 cm in transverse length, viewed by a
photomultiplier tube at each of its ends. A plane
of proportional drift tubes (PDT) has 54 cells,
each 7.5 cm high by 3.75 cm thick by 410 cm in
length. Two PDT planes with sense wires orient-
ed at right angles (x and y directions) and one
liquid-scintillator plane constitute a module;
there are 112 close-packed modules with total
mass of 140 metric tons. Immediately down-
stream of the detector is a 30-ton shower count-
er of area 4 mx4 m with 12 radiation lengths to
provide additional containment of showers from
events occurring at the downstream end of the de-
tector. Further downstream is a magnet of aper-
ture 1.8x 1.8~ 0.46 m' for measurement of the
antineutrino contamination present in the incident
neutrino beam, and study of the very-low-q' re-
gion of the v„-induced quasielastic process.

The detector is operated in a triggerless mode;
it accepts events during neutrino bursts from the
AGS (typically 40 per minute). Each burst is of
3 psec total duration and reflects the rf structure
of the circulating proton beam in the AGS [twelve
pulses of full width at half maximum (FWHM) 30
nsec spaced apart by 220 nsec], which aids in
significantly reducing neutron-induced back-
ground" and the number of unrelated tracks per
event. A pulse height is available from every
cell in the target detector; the liquid-scintillator
cells can also yield a second pulse height oc-
curring within a 10-psec interval. The PDT cells
yield track positions with resolution of about 1.5
mm.

The results presented here were obtained from
1.25&& 10' AGS bursts corresponding to 8.8&& 10"
protons on the neutrino-producing target. On the
average, one neutrino interaction occurs in the
detector per burst. The 10' neutrino events were
subjected to a loose software filter based prima-
rily on scintillator information to eliminate most
events that did not exhibit an electromagnetic
shower within a given angular interval relative to
the incident neutrino beam. The 3&& 10' events
that passed through the filter were scanned by
eye to remove the remaining events which obvi-

ously did not qualify as electromagnetic showers
(primarily misidentified muons and multiprongs).
This procedure yielded a primary event sample
of 316 events within a specified fiducial region
with a single, clean electromagnetic shower at
angle 9( 0.18 rad.

At AGS energies, the dominant sources of back-
ground are photons from forward m', and elec-
trons from v, +n-e +p induced by the approxi-
mately 0.5% contamination of v, in the incident
beam. Two secondary- shower-event samples
were obtained to aid in discriminating against
these backgrounds. One of these samples (Sl)
was selected to consist primarily of events of
the type v, +n- e +P. To be accepted for this
sample an event must have satisfied either
(a) E & 2000 MeV or (b) E & 1000 MeV and 9 & 0.10
rad; additionally, an energy deposit & 30 MeV in
the vertex cell was required. The second sample
($2) consisted of events containing a photon-in-
duced shower which was recognized unambigu-
ously by its time and space relationship to an up-
stream event vertex. A third sample (S3) con-
sisted of clearly recognized muons. The distri-
butions of pulse heights from the elements of the
module immediately downstream of the shower
vertex are shown for the samples S3, $1, and S2
in Figs. 1(a), 1(b), and 1(c), respectively. The
S2 distributions are wider, and have peaks at
about twice the pulse heights of the S1 distribu-
tions.

The pulse height distributions of the 316-event
primary sample are shown in Fig. 1(d). Their
appearance suggests that the distributions are
composed of a combination of ones similar to 81
and S2 (i.e. , electrons and photons, respectively).
To select a relatively clean sample of electron
showers we proceed on this assumption and di-
vide the primary sample into two subsamples by
cuts on the pulse heights of the appropriate liq-
uid-scintillator and PDT cells." These loose
cuts apportion the photon showers in the primary
sample about equally between the two subsam-
ples, but leave about 95% of the electron showers
in one of the subsamples. In addition, the ener-
gy of selected showers is limited to the interval
210 (E (2100 MeV to reduce backgrounds.

Guided by the kinematic condition, EH' = 2~, (1
-E/E, ), for v„+e - v„+e, we plot in Fig. 2 the
distributions in 8' for the two subsamples. One
sees in the electron-shower subsample [Fig. 2(a)]
a clear peak at small 0' and, within statistics, a
flat distribution at larger angles. The distribu-
tion in 6' of the photon-shower subsample in Fig.
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2(b) is flat with no evidence of a peak at small
angles. The 8' distribution of the photon-induced
sample (S2), shown in Fig. 2(c), is also flat with
no excess at small (9'. In Fig. 3 are shown the
corresponding distributions in E9'.

The signal of 51+ 9 electrons from v„+e —v&

+e (above a background of 25+ 3) is extracted
from the 8' distribution of Fig. 2(a); the region
0.01~ 0' & 0.032 establishes the flat background
level. Within statistical errors, different cuts
on the 6' distribution or use of the Eo' distribu-
tion I Fig. 3(a)] yield the same result. Correc-
tions must be made to this number for losses due
to the applied cuts (pulse height, 5%; 6' & 0.01
rad', 13%, 210 &E &2100 MeV, 27%), and for in-
efficiencies (angle reconstruction, scanning, fil-
tering, 21%).

To make an absolute determination of v(v& +e
-v„+e ), we select 6022 v„+n p, +p eve-nts

with muon angle 6)
&

less than 0.26 rad sampled
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FIG. 1. The pulse height distributions observed in
the detector elements (liquid scintillator and ~ and y
proportional drift tube planes) immediately downstream
of a track or event origin. Distributions are for (a) the
sample (S3) of muons; (b) the sample (S1) of e +p
events ~ (c) the sample (S2) of photon-induced events ~

and (d) the primary event sample of 316 events contain-
ing the v&+ e —v&+ e signal.
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FIG. 2. (a) and (b) Division of events with 210 & E'

&2100 MeV in the primary event sample into two sub-
samples: (a) Distribution in 0~ of showers satisfying
a loose requirement of a minimum-ionizing-particle
pulse height immediately downstream of the shower
origin (see Fig. 1); (b) distribution in 0 of events
failing the minimum-ionizing —pulse-height criterion;
(c) distribution in g2 of the photon-induced sample (S2).
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FlG. 3. Distributions in F02 for the same event sam-
ples as in Fig. 2. Note that the abscissa bin size is
1 MeV.

00

for 13% of the data throughout the run. Back-
grounds of y. nrr' and p prr' (13%) and p p7r' (4%)
were subtracted; the former was determined
from observation of the z-p, -e decay chain, while
the latter was estimated from events with extra
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energy depositions. Corrections were made for
the fraction of the v„+n- p +P cross section ac-
tually observed (16@)and inefficiencies (filtering,
reconstruction, 24/q). The Monte Carlo calcula-
tion from which the value of 16% was obtained in-
cluded the effects of Fermi momentum and the
Pauli exclusion principle. The distributions in 9&

and proton kinetic energy from a Monte Carlo cal-
culation agreed well with observed distributions.
Additional corrections, common to both the sig-
nal and the normalization reactions, such as hard-
ware errors and event loss due to the presence
of a simultaneous but unrelated track, cancel al-
most identically and are accounted for in the over-
all systematic error.

This analysis yields the result

v(v& +e —v& +e ) = I1.60+ 0.29(stat) + 0.26(sys)]

xE, (GeV) x10 "cm'.

We anticipate that future running will lead to
samples of more than 100 events each of v&+e- v„+e and v„+e —v„+e, which, in combina-
tion with the excellent signal-to-background ratio
of this experiment, should lead to a precision
measurement of sin'8~.
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