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We have observed thirty events of the process vP —vP with a background expectation of
seven events. The neutral-current to charged-current ratio 0(vp- vp)/~(vn —p p) is
measured to be 0.17+0.05 for 0.3&@ ~ 0.9 (GeV/c) where -q is the square of the four-
momentum transfer to the proton.

Because of its simplicity, one of the most in-
teresting weak neutral-current reactions is the
elastic scattering of neutrinos by protons. Pre-
vious searches' for this reaction have been ham-
pered by high neutron background, poor pion-
proton separation, and/or low statistics. The
addition of shielding does not necessarily elim-
inate, the neutron-background problem because of
the presence of v-induced neutrons in equilibri-
um with neutrinos. In this experiment the prob-
lem is significantly alleviated by using a detector
of such large size that v-induced neutrons can be
absorbed or detected through their interactions
in the outer regions of the detector.

The experiment was performed at Brookhaven
National Laboratory in a "wide-band" horn-fo-
cused neutrino beam. The target-detector [Fig.
1(a)] consists of twelve calorimeter modules con-
taining a total of 33 tons of liquid seintillator.
Each module [Fig. l(b)] is segmented into sixteen
cells which are viewed at each end by phototubes.
For an energy deposition greater than 3 MeV in
a given cell, precise timing and the energy depo-
sitions are recorded for each tube. This infor-
mation determines the position of the source of
the energy deposition along the cylinder to +10
cm and its timing to +0.5 nsec.

The front half of the detector utilizes a close-
packed geometry to be fully sensitive to neutrons
and charged particles entering from the sides,
top, and bottom. For example, a neutron passing
through the detector would signal itself by col-
liding with protons in several, separated cells.
The last half of the detector has four large drift
chambers3 interspersed among the calorimeters.
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FIG. 1. (a) Side view of the apparatus showing a typi-
cal recoil proton event. (b) Diagram of a single calo-
rimeter module.

Each chamber contains two @planes and two y
planes so that the angle as well as position of any
tracks exiting from a module may be determined.
We have measured a single-gap efficiency of 98'Fo

for particles with angles of up to 60' relative to
the beam direction. The entire apparatus is
housed in a blockhouse of 1.5-m-thick heavy con-
crete to shield against neutrons. A 2.4-m&& 3.5-
m liquid scintillation counter upstream of the
first calorimeter is used to veto charged parti-
cles.

The calorimeters and drift chambers are con-
tinuously calibrated by accepting beam-associat-
ed muons along with neutrino-induced triggers;
in addition, vertical cosmic-ray events, record-
ed between machine bursts, monitor the pulse
height and timing of each phototube in the sys-
tem.

To estimate the cosmic-ray background, the
detector is activated between beam bursts for a
period of time equal to the duration of the beam
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Because of the rf structure of the proton beam,
the neutrino beam consists of twelve bunches of
35-nsec duration (full width at half-maximum)
occurring every 220 nsec. Figure 3(a) shows a
plot of event time (modulo 220 nsec) for the se-
lected proton events. The distribution is identi-
cal to that for vn-p, P events, except for a few
events which occur later than 30 nsec (which are
excluded from the final sample). We conclude
that at most 1.5 of the in-time events could have
been induced by slow neutrons originating far up-
stream.

We have included in this analysis only those
events with energy T greater than 150 MeV. An
inspection of all candidates suggests that those
with T &150 MeV should be excluded for two rea-
sons: (1) The proton-pion separation becomes in-
creasingly ambiguous, and (2) nearly all triggers
which occur outside the rf structure have 7.

' &150
MeV.

Additional evidence supporting the view that the
proton candidates are neutrino induced is pre-
sented in Figs. 3(b) and 3(c), which display the
vertex distributions for the proton events along
the length of the detector and in the plane normal
to the incident beam; within statistical error
both distributions are uniform, showing no atten-
uation in the front or away from the edges. The
distribution of angles of the recoil protons show

spill. None of the events recorded during this
gate satisfy the criteria imposed on neutrino-in-
duced candidates.

The initial selection criterion for neutral-cur-
rent events is containment, i.e. , that neither the
veto counter nor any cell in the farthest upstream
calorimeter fires, and no energy deposition oc-
curs within 40 cm horizontally or 46 cm vertical-
ly of the edge of any module nor in the most
downstream 20 cm of the detector. From a data
sample representing 1.8&& 10 ' protons incident
on the v target, events were selected which con-
tained a single track that originated and stopped
in the scintillator, and had an energy greater
than 150 MeV.

The measured range, the pattern of energy dep-
ositions, and the total energy identify the parti-
cle. Since the range and energy loss for protons
typically differ from that for pions by more than
a factor of 2, the particle identification is rela-
tively unambiguous. For example, shown in Fig.
2(a) is a plot of range versus energy for a sam-
ple of events selected as protons. A more quan-
titative discrimination is achieved by comparison
of the calculated and observed energy deposition
in each cell, an example of which is shown in the
inset of Fig. 2(a). The results of fits to the pro-
ton and pion hypotheses are presented in Fig.
2(b). The X2 is on the average greater than the
degrees of freedom because of the Landau dis-
tribution and calibration errors. A clear separa-
tion, however, occurs for all but 15'%%uo of the
events which deposited ~ 150 MeV of energy.
Since we observe comparable numbers of proton
and pion events, this ambiguity does not modify
the total number of proton candidates.
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FIG. 3. (a) Distribution of event times for single pro-
tons (shaded) compared to that for a sample of charged-
current elastic events. (b) Distribution of P vertices
along the beam direction, and (c) in the plane normal
to the beam direction. (d) Distribution of the distance
between successive interactions for neutron events.
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FIG. 2. (a) Plot of range versus energy for the select-
ed p events (several events have been omitted for clari-
ty). Each line indicates a measured range of the parti-
cle as determined by the number of cells that fire.
Shown in the inset is the observed and calculated en-
ergy loss for a proton event. (b) Results of fits of the
calculated to the observed energy depositions for pro-
ton and pion hypotheses.
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FIG. 4. (a) Kinetic energy versus angle for P events.
The uncertainty in the energy is + 15%. The absence of
events below 150 MeV is due to the energy cut. Kine-
matic curves for vp —vp are shown for two neutrino en-
ergies. (b) Observed, corrected, q distributions for
vn p p and vp vp. The solid line is the calculated
q distribution for mz ——0.95 Gev/c, m~=0. 84 GeV/c,
The horizontal error bars represent the uncertainty in
the energy measurement.

no angular asymmetries, either up-down or left-
right. In contrast, neutron-induced events, se-
lected by requiring totally contained events with
a second separate energy deposition, indicate a
neutron interaction length of 40 cm [see Fig.
3(c)]. We conclude that the background from in-
time neutrons, produced either far upstream or
in nearby masses, is small.

Additional confirmation that the events arise
from v elastic scattering is obtained from the
angle-energy correlation of the protons. The
neutrino flux is peaked at 1 Ge7: Approximately
60% of the vn-IJ p events observed correspond
to v energies between 0.6 and 1.7 GeV. Shown in
Fig. 4(a) is a plot of kinetic energy versus angle
for the vp -vp events. The majority of these
events lie in the region expected for vP elastic
scattering for incident neutrinos of this energy
range. The energy distribution for vp -vp
events, when corrected for geometric accep-
tance, agrees with that for vn- p, p events. Pro
tons from np -np reactions induced by neutrons
produced in nearby masses upstream would pop-
ulate predominantly the region of the plot corre-
sponding to E, & 0.6 GeV. From the T-0 distri-
bution and the timing distribution, we estimate
that a total of at most three of the events could
be neutron induced.

Background from the v-induced reactions vn
-vs' p and vn-p, p occurs if the second prong
is contained in the vertex cell. From an extrap-
olation of the rate of two-prong events as the
length of the second prong approaches the cell
size, we estimate a background of at most two
events. By a similar technique we estimate that
the background from three- or more-prong events
is negligible. The reaction vp -vpso in which
the m' is not detected constitutes another source
of background. The observed number of Pso
events' in the sample and the calculated ~' detec-
tion efficiency (75%) imply at most two events
with an unseen mo.

Charged currents of the type vn- p, p have
been observed in the same sample as the vp vp
events. For qs&0.3 (GeV/c)s, the selection re-
quirements for vn IJ p and vp vp are identical
except for the presence of a muon; for q'&0.3
(GeV/c)', vn- p p candidates were primarily
identified by their muon signature. The q dis-
tributions of the two samples of events, correct-
ed for geometric acceptance' (calculated both
analytically and by Monte Carlo techniques), are
presented in Fig. 4(b). The observed shape of
the q' distribution for vn IJ p and the measured
ratio of vn- p. p to the total cross section, 0.25
+0.03, are consistent with previous measure-
ments.

In conclusion, then, we have observed a total of
thirty events that possess the required charac-
teristics of neutrino-proton elastic scattering;
the background is estimated to be at most three
events from np-np, two events from vn-IJ, p
and vn-vm p, and two events from vp -vps'o.
After subtraction, the number of vp-vp events
for 0.3 & qs & 0.9 (GeV/c), when compared with
the number of quasi-elastic events in the same
q' interval, yields a cross section ratio &(vp

vp)/cr(vn IJ p) of 0.17+0.05 where the error
is statistical. This value is consistent with most
of the broken-gauge-symmetry models involving
the weak neutral current, ' and with previous mea-
surements. ' A larger v sample and a v expo-
sure are currently being analyzed to provide a
more quantitative test of the model.
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We present evidence, from a study of multihadronic final states produced in e e annihi-
lation at center-of-mass energies between 3.90 and 4.60 GeV, for the production of a new
neutral state with mass 1865+ 15 MeV/c and decay width less than 40 MeV/ci that decays
to K ~~ and K ~~~'~~. The recoil-mass spectrum for this state suggests that it is pro-
duced only in association with systems of comparable or larger mass.

We have observed narrow peaks near 1.87 GeV/
c' in the invariant-mass spectra for neutral com-
binations of the charged particles K'ii' (Kw) and
K's'ii'ii' (Ksii) produced in e'e annihilation.
The agreement in mass, width, and recoil-mass
spectrum for these peaks strongly suggests they
represent different decay modes of the same ob-
ject. The ma. ss of this state is 1865+ 15 MeV/c'

and its decay width (full width at half-maximum)
is less than 40 MeV/c' (90%%ug confidence level).
The state appears to be produced only in associa-
tion with systems of comparable or higher mass.

Our results are based on studies of multihad-
ronic events recorded by the Stanford Linear Ac-
celerator Center-Lawrence Berkeley Laboratory
magnetic detector operating at the colliding-beam


