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The Fermilab wide-band antineutrino beam incident on the hydrogen-filled 15-foot bub-

ble chamber was used to study Pp neutral-current interactions. The u =x(1—y) distribu-
tion is presented for both the neutral- and the charged-current data sample. Fitting the
neutral-current u distribution to the prediction of a simple quark-parton model measures
the Weinberg angle. By using recent measurements of the neutral-to-charged-current
cross-section ratio for vp interactions (Ez), we find the corresponding ratio for vp interac-
tions (E~) to be 0.36+0.06.

I. INTRODUCTION

Since the discovery of strangeness-conserving
neutral-current interactions in 1973,' many dif-
ferent reactions mediated by the neutral current
have been studied. All data are now in agreement
with the simple SU(2))&U(1) model of Weinberg
and Salam; and so the current analysis of our exper-
iment is done in the context of this model. The
fundamental parameter of the model, the Weinberg
angle Ou, can be determined from the ratio of the
inclusive neutral-current to charged-current cross
sections. The most precise measurement of this
quantity comes from experiments studying v and v
interactions on isoscalar targets, and they, together
with other measurements, give a value for the
%einberg angle of sin 0~——0.232+0.009.

Four groups have reported measurements of the
inclusive neutral-current-to-charged-current cross-
section ration R~ for vp scattering, and the mean of
these measurements is 0.502+0.027. Apart from an
early result from the present experiment of
R& ——0.42+0.13, no other inclusive vp data are avail-
able. In this paper, we present our final results
based on a data sample about four times larger than

that of Ref. 5. As a result of our analyses of other
reactions, we now have a more detailed understand-

ing of the problems of classifying the events and
thus of the crucially important systematic errors.

No experiment has as yet measured the complete
differential distribution d o./dx dy for neutral-
current interactions. Because of the missing lepton
in the final state, broad-band neutrino/antineutrino
experiments are unable to measure either of the usu-
al scaling variables, x =Q /2M(E~ E~) or-
y=(E, E„')/E =EIt/—E—,, -wher-e E~ an—d E~ are

the energies of the initial and final v, respectively,
and EH is the energy of the final hadronic system.
Calorimetric experiments using narrow-band beams
have, however, measured neutral-current y distribu-
tions. Here we analyze our neutral-current interac-
tions in terms of the variable u=x(1 —y). This
variable depends only on the hadronic system since
at high energy

u =pttHH /2M,
where p& is the total hadronic momentum and 08
is the angle between the beam direction and the
hadronic momentum vector. Since large bubble
chambers measure both momenta and angles of
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III. EVENT CLASSIFICATION

The observed interactions must be assigned to one
of the five categories:

vp ~p+X (CC),

vp ~vX+ (NC),

vp~p X++ (CC),

vp —+vX+ (NC),

(2)

(4)

(5)
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FIG. 1. Shapes and relative intensities of the v and v

Auxes as determined from the charged-current event en-

ergy distributions and assuming a linear cross section rise
with energy.

charged particles very precisely, and the corrections
needed for the missing neutral particles have been
extensively studied, the u distribution is rather well

determined.

II. EXPERIMENTAL DETAILS

The data were obtained from 208000 pictures of
the hydrogen-filled 15-foot bubble chamber exposed
to the wide-band antineutrino beam at Fermilab.
About 90% of the pictures were taken using a 400-
GeV/c proton beam. A significant neutrino back-
ground is present in the beam as shown by the flux
distributions of Fig. 1. In scanning the film, we

only recorded events with three or more prongs.
One-prong events were not recorded due to the high
background of straight-through muon tracks. Mea-
surement and reconstruction of the events were car-

hp~HNX (HB) . (6)

In order to make these assignments, cuts must be
applied to the experimental data. First the hadron-
induced background (HB) must be removed and
then the neutrino events must be classified as CC,
CC, or (NC + NC). Reactions (2) and (4) are signed

by the presence of the muon in the final state. We,
of course, have no way of assigning the neutral-
current events to reactions (3) or (5) separately, but
the number of neutrino-induced neutral-current
everits can be determined since Rz has been mea-
sured.

The purity and efficiency of the neutrino-induced
data samples are measured by applying the cuts to a
large Monte Carlo generated "data sample" and cal-
culating x- and y-dependent correction factors.
These correction factors are then applied to the ex-
perimental data to compensate for the effects of the
cuts including misidentification of muons as had-
rons. Our Monte Carlo program includes all the v-

and v-induced reactions and takes into account the
different charge states of the hadronic system, the
measured variation of charged and neutral multipli-
city with 8', the c.m. energy, and the P„;„aswell as
the prong cut applied to the hadronic system. The
program incorporates the Field and Feynman par-
ton densities and the Weinberg-Salam couplings

Prong
count

No. of events
recorder

TABLE I. Scanning and reconstruction efficiency for all events.

Single-scan Reconstruction No.. of NC+ NC events
efficiency efficiency with P„;,&5 GeV/c

3
5
7
9

F11

5399
2068

752
258

74

(79+4)%
(93+2)%

{93+4)%

96%
95%%

93%%uo

89%
83%

203
323
139
49
11
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for the neutral current. A detailed description of
the Monte Carlo program is given in Appendix 3 of
Ref. 7.

In determining the flux of Fig. 1, the data were
constrained to give cross sections rising linearly
with energy. The v content of the beam was mea-
sured to be (83.3+ 1.8)%.

A. Hadronic background

In addition to the neutrinos that traverse the bub-
ble chamber, there is a small flux of incident neutral
hadrons (h). These hadrons come predominantly
from neutrino interactions in the muon shield and
so are of lower energies than the primary neutrinos.
The interaction of these hadrons in the bubble

chamber gives events that are superficially similar
to the NC neutrino interactions since in the latter
reactions, the outgoing neutrino takes a large frac-
tion of the event energy.

We find that neutron interactions can be effec-
tively eliminated by requiring that the total visible

I I I

mon1entum I'„;, be greater than 5 GeV/c. We
demonstrate the effectiveness of this cut in two
ways. First, all of the three-prong events were in-
terpreted as the reaction xp~ppm and energy and
momentum constraints were used to calculate the
mass squared of x, M„. The M„variation is com-
pared in Fig. 2(a) with the distribution predicted by
our Monte Carlo (MC) simulation program, shown
as the cross-hatched 111stogram. The compMlson 1s

shown again in Fig. 2(b) after making the cut
P„,& 5 GeV/c. The clear excess of events over the
MC prediction at the neutron mass in Fig. 2(a)
completely disappears after the 5-GeV/c momen-
tum cut. The enhancement near M =1 GeV/c in
both the data and the MC distribution is entirely
understood as stemming from events such as
vp~p+pm or vp~p pm+ being misinterpreted
as neutron interactions.

The second analysis of the neutron background is
based on the fact that a significant fraction of the
total cross section for np scattering results in a for-
ward, diffractively produced pm. system, which
predominantly has M~ & 1.7 GeV. We have calcu-
lated the effective mass of the fastest positive and
negative tracks in each event. In Fig. 3, we corn-
pare the frequency of events having M~ & 1.7 GeV
in the event sample with that from the Monte Carlo
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FIG. 2. The open histogram shows the distribution in
the square of the beam mass M„ for three-prong events
interpreted as the reaction xp~ppm . (a) all events, (b)
events with P„;,&5 GeV/c. The cross-hatched histo-
grams are the same distributions for the MC-generated
events.
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FIG. 3. Fraction of events with "M ~"& 1.7 GeV as a

function of P„., for all the events. M ~ is calculated from
the fastest positive and negative track as discussed in the
text. The curve is the Monte Carlo prediction.
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sample as a function of P„;, .For low P„;„a
neutron-induced excess is clearly evident, but for
P„;,y 2.5 GeV/c, the shapes of the two distributions
agree quite well.

We have previously attempted to measure the
EI flux by kinematically fitting all the multivertex
events. No acceptable fits to KIP interactions with

KL momenta above 2 GeV/e were found. Recently,
we have measured the momentum spectrum of the
strange particles produced in this experiment' and
estimate that the total background due to the
upstream production of beamlike El is less than
four events after the P„;,& 5 GeV/c cut is applied.

We conclude that the total hadronic-background
correction is negligible for events having a momen-

tum sum of the charged hadrons greater than 5

GeV/c.

B. Classification of events

Having removed the hadronic background by the
visible-momentum cut, it remains to classify the
events as either antineutrino charged current (CC),
neutrino charged current (CC), or as neutral current
(NC+ NC).

We select the muons using a kinematical method
which is detailed in our recent study of the CC
events. "The kinematical selection method is based
on two observed properties of the produced had-
rons. First, the hadrons have a limited transverse
momentum with respect to the hadronic direction,
typically PTH &0.4 GeV/c, and second, the hadron-
ic tracks are predominantly produced at small
values of Feynman xF and thus have moderate mo-
menta in the laboratory frame. ' On the other
hand, especially in antineutrino interactions, the
outgoing lepton tends to carry a large fraction of
the incident momentum and since the average
four-momentum transfer squared (Q ) is about 4.4
(GeV/c), the muon generally has a large com-
ponent of momentum perpendicular to the hadronic
direction. Figure 4 shows a scatter plot of PTH vs

PL for those tracks kinematically selected as muons
for a subsample of our data. The quantity Pz.H is
the component of the momentum of the selected
track perpendicular to the direction defined by the
vector sum of the momentum of all the charged
tracks except the kinematically selected muon. The
quantity PL is the momentum component of the
selected track in the beam direction. Figure 5
shows the same scatter plot for each of the other
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FIG. 4. Scatter plot of P» vs Pl. for kinematically
selected p

+—tracks, PL is the laboratory momentum of
the selected track in the beam direction and PzH is the
transverse component of the selected track relative to the
hadronic direction defined as the vector sum of the mo-
menta of all the charged tracks except the selected muon.

FIG. 5. Scatter plot of PT~ vs PI (defined in Fig. 4)
for the individual hadrons in kinematically selected
charged current (CC+CC) events. Note the expanded
vertical scale as compared to Fig. 4. The insert shows the
muon data over the same kinematic range.
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TABLE II. Kinematic PT~ and Pl. for hadron and muon tracks.

Event class

Yp: CC
Qp: CC

NC+ NC

&prH &

5.8
5.1

Muon

(GeV/c)
&pi, &

21.0
26.7

&pre &

0.34
0.40
0.42

Hadron

(GeV/c)

2.2
3.9
3.7

tracks in the events classified as CC or CC events.
Note that the vertical scale has been greatly expand-
ed. The data of Fig. 4 are shown on the same ex-
panded scale as an inset. As can be seen from these
figures and in Table II, the typical CC event has
one track with (PzH ) =5.8 GeV/c and (Pl ) =21
GeV/c, whereas the remaining tracks have mean
values of (Pz~ ) =0.34 GeV/c and (PL ) =2.2
GeV/c. The kinematical method works because of
these major differences between the kinematics of
the muon and those of the hadrons. Figure 6 shows
the scatter plot Pz~ vs PL, for the tracks from a
subsample of events classified as neutral current
(NC+NC). These tracks are seen to have a distri-
bution very similar to that of the hadrons in the
CC+ CC events (Fig. 5) and totally unlike that of
the muons.

The muon algorithm used was thus as follows:
We define forward events to be those in which all

tracks have transverse momentum with respect to
the beam direction less than 1.0 GeV/c. Forward
events are selected as charged current events if the
ratio of the highest to the next highest track
momentum is greater than 2.0. The highest-
momentum track is then identified as the muon.
The nonforward events are selected as charged
current if any track has a transverse momentum
greater than 1.3 GeV/c with respect to the total
momentum direction of the remaining charged
tracks. The largest transverse momentum track is
then identified as the muon. The charge of the
selected muon track classifies the event as being @-

or v-induced. Where no muon can be selected, the
event is classified as neutral current (NC + NC).

Using MC-generated events, we can determine
the efficiency e; of the kinematic selection algo-
rithm. This is defined as that fraction of the events

generated as type i which are correctly classified as

type i (with the correct track classified as a muon in
the case of a charge, d-current event), after making
the appropriate cuts. We can also deterxnine the
backgrounds b;, defined as the number of events in-

correctly classified as type i, divided by the total
number of events classified as type i. The efficien-
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FIG. 6. Scatter plot of P&H vs Pl for the individual
tracks from events kinematically selected as NC interac-
tions. Here the hadronic direction is defined as the vec-
tor sum of the momenta or all the charged tracks. Figs.
4—6 are shown for the same subsample of the film.

cies and backgrounds for the CC, CC, and
(NC+ NC) samples are given in Table III from
which it is evident that the (NC+ NC) sample has
the lowest efficiency and the highest background.

For those events which are classified as charged
current, we have checked the sample purity. Those
tracks which are kinematically selected as muons
were examined for visible secondary hadronic in-

teractions in the bubble chamber. From a study of
a sample of such interactions, the background in the
CC sample is 8+3%, which is in agreement with
the Monte Carlo background estimate of 7%.I

Our Monte Carlo studies indicate that if we could
restrict ourselves to a limited kinematical region of
the scaling variables, namely, x & 0.05 and

y = &0.8, we would select all classes of events with
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TABI.E III. Monte Carlo estimates of selection efficiencies and backgrounds.

Event class Entire kinematic region
Efficiency Background

b;

u &0.06
Efficiency Background

b

vp: CC
vp: CC

NC+NC

0.89
0.82
0.62

0.17
0.23
0.30

0.97
0.91
0.93

0.07
0.07
0.20

better efficiency and reduced background. In the
excluded region of small x and large y, i.e., large en-

ergy transfer, the outgoing lepton tends to be of low
momentum and thus fails to be separated from the
hadrons. While such kinematic cuts were indeed
made in our charged-current analysis, rather large
corrections for charged-current contamination of
the neutral-current sample were needed in our pre-
vious determination of Rz since neither x nor y is
measurable for NC events in a broad-band beam.

Although we cannot determine x and y individu-

ally, the quantity u =x(1—y) which, as seen from
Eq. (1), depends only on the vector momentum of
the hadronic system is fairly well measured even in
a hydrogen bubble chamber where a correction for
neutral hadronic energy is necessary. These correc-
tions are made via the MC simulation and are
described in detail in the Appendix of Ref. 7. The
resulting uncertainty in u is typically 0.025 (0.04)
for the charged-current (neutral-current) events and
decreases as u decreases.

The selection u y0.06 approximately simulates
the x and y cuts discussed previously, as seen in Fig.
7. We henceforth apply the u & 0.06 cut to both the

charged- and neutral-current samples. As is seen in
Table III, this increases the efficiency and reduces
the background for all classes of events.

IV. RESULTS

Figure 8 shows the calculated u distribution
dN/du for the CC and CC events, as well as that
predicted for our mixture of (NC+ NC) events for
several values of the Weinberg angle. The predicted
u distributions for values of sin 8 in the range 0.1

to 0.5 are quite similar. The only other free param-
eter is one overall normalization which we obtain by
area normalizing the CC data to the calculated u
distribution. Figure 9(a) shows this u distribution
with the best-fit curve. Figure 9(b) shows the same
distribution for the CC events. Fitting the
(NC+ NC) u distribution of Fig. 9(c) to the data
gives two solutions for the Weinberg angle. These
are sin 0~=0,13 o o5 and sin 9~——0.50+o o9. The

I I i i I l I I l I I I I I [ 1 I ~ I

.-=O. IO
=O. I9

I,O

I50 —=0.37
"=0.55
-=0.9 I

0.8- lOO

0.4-

0.2- 0
0.0 0.50

H

0.75

0 0.2 0.4 0.6 0.8 l.0

FIG. 7. The allowed kinematic region in x and y with
a selection u=x(1 —y)&0.06. The shaded area is ex-
cluded.

FIG. 8. The differential cross section dN/du for
vp ~CC, vp ~CC events compared to the distributions
for our mixture of NC+ NC events using several values
of the steinberg angle. The predictions, which include
our flux distributions and experimental cuts, are relative-

ly normalized for a beam which is 83.3% v.
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FIG. 10. Measured value of R~ (this experiment) vs
the world-average value for R~ (Ref. 4). The curve is the
Weinberg-Salam prediction with values of sin 8~ indicat-
ed, calculated using the parton densities of Field and
Feynman (Ref. 8).

V. CONCLUSIONS
I !~ I I I

I I I

0.0 0.25 0.5 0.75
U

I.O

FIG. 9. Experimental differential cross sections
dN/du for (a) the CC, (b) the CC, and (c) the NC+ NC
events, all for u & 0.06. Only the curve for the CC case is
area-normalized to the data.

first solution is compatible with the average value
obtained from other experiments, and these in turn
rule out the second solution.

A measurement of R», the ratio of neutral-
current to charged-current total cross sections in vp
interactions, can be combined with the published ra-
tio R~ for vp interactions to give another measure
of the Weinberg angle. Using the world-average
value of Rz ——0.502+0.027 to subtract off the vp
events from our total neutral-current data, we ob-
tain R~ =0.36+0.04 where the error is a combina-
tion of our statistical uncertainty and the error on

Rp In calculating R&, we have used the Weinberg-
Salam model to repopulate the region u &0.06.
From repeated Monte Carlo runs with varying
parametrizations, we conclude that a total systemat-
ic error of +0.04 is appropriate. Thus our com-
bined error is +0.06. Figure 10 shows our result on
an Rz vs Rz plot, together with the locus of the ex-
pected points as sin 8~ is varied. The combined
data point is within one standard deviation of the
expected locus, and the combination of the vp and
vp experiments measure sin 8@ to be 0.19+0.05.

We have measured the ratio of the total cross sec-
tion for neutral currents to that of charged currents
in vp interactions, Rz, to be 0.36+0.06. This value,
combined with the value of Rz from vp interactions,
measures the Weinberg angle to be
sin 8~——0.19+0.05 in good agreement with the
world average of 0.232+0.009. We have also mea-
sured the Weinberg angle using the distribution
der/du, where u is given in terms of the usual scal-

ing variables by u =x(1—y) and find
sin es.——0. 13+ii'05. These dN/du measurements,
though limited in statistics, when taken with earlier

. measurements of do/dy for neutral currents indi-
cate that the Weinberg-Salam model not only
correctly predicts the rate of the neutral-current in-
teraction but also the double-differential cross sec-
tion d o/dx dy.
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