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We have observed the elastic neutral-current reaction v&+p —v&+p and compared it to
the quasielastic reaction v&+n p +p. We have measured the ratio of the two reactions
to be 0.28+ 0.09,

We have observed the elastic neutral-current
reaction'

g„=0(v„+p- v+p)/v(v„+n- p, +p). (3)

The experiment was performed in a fast extract-
ed, horn-focused, wide-band neutrino beam at
the Brookhaven National Laboratory alternating
gradient synchrotron (AGS).' The description of
the experimental setup and preliminary results
on the observation of the reactions v„+n- p, +p
+no, v„+n- v„+n+m', and v„+p- v„+p+w have
been reported earlier. '

The existence of neutral currents in neutrino
interactions has been reported by several groups. 4

However, the elastic neutrino scattering on pro-
tons has not been observed. There are two ex-
perimental results which have set an upper limit
on the elastic scattering reaction. '

We now briefly describe the experimental setup.
The proton beam, with an average intensity of
4.5x10"protons per pulse, impinges on a sap-
phire target. It consists of 12 rf bunches which
are 35 nsec wide and separated by 220 nsec. Sec-
ondary particles from the target are focused by
a double-horn system. The neutrino flux peaks
at between 1 and 2 GeV and extends to -15 GeV.
The detector is located 150 ft downstream of the
main iron shield. There is an additional 8-ft-
thick iron shield located 50 ft upstream of the de-

v~ +p v~ +p

and the quasielastic reaction,

v„+n- p +p.

We report in this Letter the ratio of the two reac-
tions

tector. The detector consists of 21 modules of
6-ft &&6-ft narrow-gap aluminum spark chambers
interspersed with scintillation counters and five
8-ft & 8-ft range chambers. The spark chambers
record all interactions during the 2.4-p. sec spill,
while the counters record the pulse height and
time of flight (TOF) of every hit during that pe-
riod.

This report is based on the analysis of 170000
pictures. The film was scanned for one- and two-
prong events with a minimum visible track length
of 2 in. of Al for either track. Events were mea-
sured and reconstructed in space and a 4-ft&4-ft
fiducial cut imposed. The reconstructed events
were then matched to the scintillation counters
hit by that event and TOF and pulse-height infor-
mation were obtained.

A muon is defined as either a straight track
with range greater than 2 interaction lengths, a
straight track exiting from the detector, or a
stopping track with visible multiple scattering,
A proton is defined as a stopping track with no
visible interaction and a track length equivalent
to between 2 and 20 in. of Al. A proton track is
also required to have at least five sparks in the
chambers and hits in at least two adjacent count-
ers for pulse-height measurements.

Candidates for the quasielastic reaction (2) are
then events with one muon and one proton. Candi-
dates for the elastic reaction (1) are events with
a single proton. In both reactions, we require no
additional charged tracks or neutrals pointing
back to the vertex.

The reactions under discussion in this Letter
are produced in C and Al nuclei instead of free
protons. In order to demonstrate that we have
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FIG. 1. (a} Coplanarity angle distribution of quasi-
elastic candidates. (b) Muon angular distribution of
quasielastic candidates.

IO -'
(c)

indeed observed the quasielastic reaction, we
show in Fig. 1(a) the distribution in q&, the angle
between the transverse proton direction and the
plane made by P„and P„. Figure 1(b) shows the
angular distribution of the muon as well as the
Monte Carlo prediction. The inputs to this Monte
Carlo calculation are the well-known quasielastic
dynamics' and the neutrino spectrum calculated
from 7-ft-bubble-chamber data. Most of the
quasielastic events are in the range 1&E,& 2

GeV. The Monte Carlo calculation also includes
the effect of Fermi momentum of the initial nu-
cleon. Based on these distributions, we believe
that we have observed quasielastic events.

One of the major issues in this experiment is
to show that the single straight track identified
as a proton is induced by a neutrino and not a
neutron. Since the detector is located far from
all sources of neutrons, we measure the TOF of
events to differentiate neutron- from neutrino-in-
duced reactions. Figure 2(b) shows the TOF for
all proton tracks. An in-time signal is observed
above a substantial background. Using a right-
handed coordinate system centered on the cham-
bers with y up and z along the neutrino beam, we
define an azimuthal angle y in the x, y plane with
cp =0 along the x axis. We find that the back-
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FIG. 2. TOP distribution (1 bin is 7 nsec) of (a) qua-
sielastic candidates, (b) elastic candidates before cuts,
(c) elastic candidates after y-y cuts and with P& & 550
Mev/c and 9& & 25 .

ground is strongly correlated with events inter-
acting high in the detector (large y) with azimuth-
al angles (-30& y& —150') towards the ground.
We make the following cuts to reduce the neutron
background: Reject events with (1)

y& 0.3 ft, —35'& y& —150',

i xi&1.5 ft, 0& y& —180;

and (2)

P~& 550 MeV/c, 8~ & 25'.

The first cut reduces "sky-shine" background
while the second enhances the elastic signal since
most protons from elastic events are expected to
have a proton angle of & 25'. The TOP of remain-
ing events is shown in Fig. 2(c). The TOF dis-
tribution for quasielastic events is shown in Fig.
2(a).

A fast-neutron background may still produce
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events in and near the rf bucket. In our study of
the reaction v„+p- v„+p+w', we are quite sen-
sitive to n+p- n+p+w" contamination. Based on
the distribution of v +N- v+N+ v' events along 5
interaction lengths of apparatus, we estimate a
background of & 5% for neutrons with & 1 GeV/c
momenta. Using the measured cross sections
for n+p-p+n and n+p- n+p +@', we compute a
negligible background due to n+p- p+n near the
rf bucket. The other possible background is due
ta neutrinos interacting near the detector and
producing prompt neutrons. The apparatus is
supported 7 ft above the ground with no nearby
masses so that the ground is the only source of
such events. Since a neutron from the ground
would produce protons with upward azimuthal
angles and would have to pass through 2-3 inter-
action lengths to interact in the top half of the de-
tector, such a source would produce -8 times as
many upward pointing protons in the bottom half
of the apparatus as in the top. The number of ob-
served events pointing up is 17 for y & 0 and 14
for y&0. We conclude that there is negligible
background from this source. From Fig. 2(c) we
have 55 events in 6 bins centered on the rf buck-
et. We estimate the residual sky-shine back-
ground to be 12 events, assuming a flat subtrac-
tion. We obtain 92 v„+n- p. +p and 43 v„+p
—

v& +p candidates.
Protons and pions can be separated in our ap-

paratus by pulse-height characteristics. In the
energy range of interest, protons are approxi-
mately twice minimum ionizing while pions re-
main minimum ionizing over most of their range.
In determining the pulse height for each track,
we average the pulse height of the last two count-
ers. Figure 3 shows the pulse-height distribu-
tion of in-time elastic candidates, protons from
quasielastic events, and minimum-ionizing par-
ticles. Because our counters are thin, pions do
not stop in them so that the average sampled en-
ergy loss is very close to minimum ionizing.
The total sample of pions which can contribute
to the elastic signal will have a pulse-height dis-
tribution which is given by minimum-ionizing
particles. A pulse height cut of & 12 then reduces
the pion background by a factor of 3. After pulse-
height cuts we obtain 77 v„+n- p. +p and 38 v„
+p- v„+p., candidates. The neutron background
is now estimated to be 10 events.

Another source of background for the v„+p- v„+p reaction are the v„+n- ILt, +p events
where the p. escapes detection. This correction
is (0.08+0.02) of the observed quasielastic signal
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[see Fig. 1(b)].
After pulse-height cuts, of 38 elastic candi-

dates, 10 are estimated to be due to residual sky
shine, 6 to the wide-angle muon problem, and 3
to pion contamination if I(mN) =-', . Nineteen events
remain if I(mN) =-,' and 21 if I(wN) =-,'. As to the
statistical significance of whether we have ob-
served the elastic reaction, we have 4.40 and
5.1o, respectively. Increasing the pion contami-
nation by a factor of 2 does not change the statis-
tical significance of our data. The systematic
errors are believed to be smaller than the sta-
tistical ones. We conclude that we have clearly
observed neutral currents. For the measurement
of g„, our statistical errors are larger, and we
find Q, = 0 23 + 0 09. Previous searches for this
reaction' have obtained P„=—0.08+0.20 by Bar-
ish et al. and &,&—-0.12+0.06 by Cundy eI, al.

There are several theoretical predictions of
this ratio. ' From the Weinberg-Salam model,
the prediction is g, &

-—0,07 for sin'8~ = 0.4 and 0.3
& q'& 1.0 GeV'. We have observed the reaction
v„+p - v„+p but our measurement of It„ is not
sufficiently accurate to rule out any particular
model.
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FIG. 8. Pulse height distributions for in-time elastic
candidates, protons from quasielastic events, and min-
imum-ionizing particles. All distributions are normal-
ized to elastic events.
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Using a sample of 4994 neutrino events and 2408 antineutrino events we have measured
the ratio of antineutrino to neutrino charged-current cross sections up to 100 GeV. Neu-
trino flux-independent and flux-dependent measurements were carried out with good
agreement between the two methods. Below 30 GeV the ratio was found to be 0.88+ 0.06.
The cross-section ratio shows a significant departure from this value above 50 GeV.

The ratio of antineutrino to neutrino charged-
current cross sections on isoscalar targets and
at high energy is an important parameter in neu-
trino physics. Previous measurements have es-
tablished a ratio of approximately 0.4 in the vi-
cinity of 30 GeV and below in energy. ' ' We re-
port here a measurement of this ratio at higher
energies. '

Neutrino and antineutrino events mere collect-
ed in the Harvard-Pennsylvania-Wisconsin-Fer-

milab detector at Fermilab. ""The cross-sec-
tion ratio was determined by tmo independent
techniques using two samples of data: (a) a sam-
ple of 2900 neutrino and 570 antineutrino events
which mere obtained from a run in a neutrino
beam focused by quadrupole triplet (the "quad-
rupole-triplet beam"), in which both neutrino and
antineutrino events were detected simultaneous-
ly', (b) the full sample of 4994 neutrino and 2408
antineutrino events which mere obtained using
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