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Results are presented on single-pion production by the weak neutral current observed in low-energy neutrino

reactions in deuterium. Cross sections are given for the three exclusive neutral-current final states vpn, vpn. , and
vnn. + relative to the charged-current final state p pm+. The results agree well with models for weak one-pion

production which incorporate the Weinberg-Salam structure of the neutral current.

I. INTRODUCTION

The weak-neutral-current process was first
observed in the study of inclusive neutrino inter-
actions in the Gargamelle heavy-liquid bubble
chamber at CERN', and in the study of high-energy
v and v interactions in a calorimeter experiment
at Fermilab. Shortly afterwards, evidence was
presented for the exclusive channels' v„P- v„nm'
and v„p -v„pm' in experiments carried out with
the Argonne l2-ft bubble chamber filled with
hydrogen and with deuterium. Further results on
these single-pion production channels, as well as
on the reactions v„n v,nm' and e„n-v„pm, were
later presented from the Gargamelle chamber
filled with a propane-freon mixture. ' Recently, we
have reported results on the reaction v„n- v„pm
obtained in a new exposure of the Argonne deuter-
ium-filled chamber to a low-energy neutrino beam. '
The study of these single-pion exclusive channels
is important since the results provide information
about the isospin and Lorentz structure of the weak
neutral current.

In this paper we present a new study of the
vP - vPm' and vP - vnp' channels and compare the
results with the predictions of the Adler model'
for soft-pion production. This model incorporates
the Weinberg-Salam structure of the neutral cur-
rent. In order to minimize systematic effects, we
present the results as ratios to the charged-cur-
rent reaction vp- p™pm'. The data were obtained
in an exposure of the Argonne 12-ft bubble chamber
to a broad-band neutrino beam from the Zero
Gradient Synchrotron. The beam had an average
neutrino energy of —0.6 GeV. The experimental
setup, which is similar to that used in a previous

exposure, is described in Ref. V. For the new

exposure, the shielding was improved giving a
reduction in the background above single-pion pro-
duction threshold of approximately a factor of 3.
The data presented here come from a study of
1.1 &&10' pictures corresponding to a total of 3.1
X 10"protons on target.

II. THE REACTION vp~vnn+

The reaction

VP vol 7t'

is observed by scanning for w tracks that origi-
nate in the liquid and subsequently decay via the
m'- p.

'- e' chain. Since only one of the final-state
particles is observed, no kinematic fit is possible.
In addition to the m decay requirement, the dis-
tance between the m' and any cosmic-ray track was
required to exceed 20 cm to minimize photopro-
duction background. ' Twenty-two such events
were found inside a bubble-chamber fiducial vol-
ume of 11.1 m'. To maximize the efficiency for
finding the events, 83%%uo of the film was double-
scanned. The resulting double-scanning effici-
ency was measured to be 92 +

S%%uo.

When comparing the cross section for reaction
(1) with that of the charged-current reaction

me require that the m' decay for both channels.
Therefore, the sample of 22 events has only to be
corrected for scanning efficiency and for the loss
of events arising from the 20-cm distance cut.
This lastcorrectionis 8/fo and was calculated by
studying how many events of the constrained re-
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action (2) occur accidentally at a distance of less
than 20 cm from a cosmic-ray track. The total
number of vnr' events with a decaying m' is 25.6
-'5.5 after correcting for scanning efficiency and
the distance cut.

There are three non-negligible sources of back-
ground that can contribute to this process.

(i) Neutron ind-uced background. The neutron-
induced reaction that provides the major source of
background for the vnw' final state is

nd -nnv' (n, ).
'This reaction is also unconstrained. To calculate
the background due to this process, we use the
charge-symmetric reaction

nd-ppv (n, ).
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Events of this reaction are identified by a one-
constraint kinematical fit, but it is difficult to ob-
tain a pure sample because of the overlap from
other neutron-induced reactions such as nd-npm

, ), which has a cross section about 6 times high-
er than that of reaction (4) in our energy range.
Certain neutrino charged-current reactions such
as &d - p Pv'm' (n, ) can also be confused with (4).

To assign events to the ppv (n, ) final state, we
apply two requirements: (a) P„/P & 0.2, where
P„/P„are the slow proton and incident neutron
momenta, respectively, and (b) P()(') & 5% where
P (X') isthe chi-square probability of the one-con-
straint fit. These criteria, which discriminate the
Pp71' (n, ) final state from the nPr (j&,) final state,
were developed iq the study of several hundred
neutron-induced events obtained in a special ex-
posure of the 12-ft deuterium-filled chamber to a
low-energy neutron beam. Applying these cuts,
we obtain a sample of lV ppm candidates. In 13 of
these candidates, the characteristics of the tracks
allowed a positive identification of the event as
being neutron induced since either the negative
track interacted or the two positive tracks were
identified as protons. In the remaining 4 events,
at most one of the positive tracks is identified as
a proton. 'These 4 events also have the characte-
ristics of charged-current neutrino reactions,
namely small angles of the incoming neutron with
respect to the beam direction, relatively high
neutron momentum (above 1.5 GeV/c), and small
angle of the leaving negative track with respect to
the incoming neutra. l. 'They are attributed to
charged-current neutrino reactions such as
vd- p pv' (n, ) with fast neutron spectators' and are
therefore removed from our sample. The neutron
momentum distribution of the remaining 13 events
is shown in Fig. 1. The shape of the momentum
distribution can be independently obtained from a
study of the neutron flux. We parametrize the

FIG. 1. . Neutron momentum distribution for the

np ~pm events. The solid curve shows the shape of
the distribution expected from our study of the neutron
Qux.

neutron flux as P(P„)=C,P, '+Cg„', where P„ is
the neutron momentum and C, and C, are con-
stants which have the same numerical value if P„
is measured in GeV.' Folding this flux with the
cross section' for np -ppw and normalizing to 13

events, we obtain the curve of Fig. 1, which is in
reasonable agreement mith the data.

'To obtain the fraction of the 13 charge-symme-
tric np nnw' events that will have a decaying 7t',
we first estimate the m' momentum distribution.
Since reactions (3) and (4) are charge symmetric,
the m' in (3) and the v in (4) will have identical
distributions in the center-of-mass system. 'The

predicted m' momentum spectrum is calculated by
reflecting the center-of-mass distribution and

transforming back to the laboratory system. 'The
w' momentum distribution is then multiplied by the
probability that the m' decays as a function of
momentum. This probability is obtained using our
sample of the constrained vp- p. p~' events and is
well described by e, where n = 30.6+ 2.8 (GeV/
c) ' and p is the v' momentum. Using the 123

np -ppr events found in the neutron film to cal-
culate the w' momentum distribution predicts that
0.33+0.03 of the np-nnr' events mill have a decay-
ing m'." The background in the vp - vn&' sample
due to this reaction is then 4.3+1.3 events.

(ii) PkotoProduction background. The photopro-
duction reaction that can contaminate the vnvt' data
sample is

yp -n7r (5)

'The y's come from cosmic-ray bremsstrahlung,
and this background is greatly reduced if the events
in which the y is closer than 20 cm from any
cosmic track are rejected. As described in Ref.
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3, 56 converted p rays with z energy above the
threshold for reaction (5) were found in a special
scan of 55000 pictures. Only 12 of these events
were at a distance of more than 20 cm from a
cosmic track. Taking the ratio of the cross sec-
tion of reaction (5) to the pair production cross
section and folding in the r' decay probability, we
estimate the background to be 0.2+0.1 events.

(iii) Multipion contamination. Another source of
background for the vp- vnr' channel is the double-.
pion reaction pp —vnw'r'. To estimate this back-
ground, we assume that the ratio of the number of
vn~'~' events to the number of vnm+ events is the
same as the ratio of p. P&'TI events to p pm' events
which is measured to be (7.3+ 2.3)/k." The multi-
pion background is then 1.6+ 0.6 events.

A summary' of the signal and the different back-
grounds is given in 'Table I. After background sub-
tractions, the total number of vnm' events with a
decaying m' is l9.5+ 5.7. 'To calculate the cross-
section ratio

o(vp - vnw')

o(vp - p, pw') '

we use the sample of p, pr'events with a decaying
After corrections, this sample consists of

149.1+ 16.7 events, which gives a ratio 8,'= 0.13
+0.04 measured with the requirement that the ~'
tracks decay.

This number may be compared to the predic-
tions of the Adler model for 8,'. In Fig. 2, we
show the calculated laboratory momentum dis-
tributions of pions from the two final states p, pw'
in Fig. 2(a) and v. nw in Fig. 2(b). The histograms
show a sample of our experimental data for these
charged-current reactions. Both the curves and
the data are selected to have mS mass & 1.4 and

E„&1.5 GeV. 'The neutrino energy cut is required
to'select a clean sample of the p. nm' final state
and the mN mass selection is that appropr'iate to
the soft-pion techniques used in the model. Even

though the p, rgb' final state has a substantial iso-
topic spin T= I/2 wN component, the laboratory
pion spectrum is very similar to that for the pure
T = 3/2 w'p system showing that these laboratory
distributions are dominated by the kinematics of
the experiment. In Fig. 2(c) we show the result
of the equivalent calculation for the neutral-cur-
rent final state vn~' for the Weinberg angle sin'
8„=0.2. The calculation for sin' g = 0.3 gives
an essentially identical result. In addition to this
insensitivity to the choice of the Weinberg angle,
the neutral-current reaction' gives a calculated
pion spectrum that is very similar to the charged-
current cases.

The shaded histogram of Fig. 2(c) shows the ob-
served r' momentum distribution. The events of
the open histogram are weighted by the inverse of
the probability that the v' decays. The curve re-
sulting from the Adler-model calculation is norm-
alized to the 63.1+18.1 weighted vnw' events with
P,+(300 MeV/c. Since w" s with momentum
greater than 300 MeV/c either scatter or leave
the chamber without decaying, they are lost from
our sample.

Using the detection efficiencies shown in Fig. 2,
the Adler model predicts A,'= 0.124, in excellent
agreement with our measurement of 0.13' 0.04.

We now correct for the pion detection efficiency
in the neutral-current final state using the Adler-
model curve of Fig. 2(c). This gives a total num-
ber of vnn' events of 102.1+29.7, including a back-
ground estimated to be 20.2+-4.9 events. When
compared to our corrected sample of 710+43
vP - p. p~' events, this gives

8,= 0.12 -'0.04

as the final result.

III. THE REACTION vp ~ vpw

The signal for this reaction consists of events
with a single positive track originating inside the

TABLE I. Signal and background summary for vp vs'.

Channel

Background
np —nn~'

Vp -nm'
Multipion channels

Total background

vlf events

Signal
22 events with

identified ~'

Number of events
after correcting for

scanning losses
and cosmic distance cut

25.6 + 5.5

4.3 + 1.3
0.2 + 0.1
1.6 + 0.6
6.1 ~1.4

19.5 *5.7
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FZG. 3. Distribution of the cosine of the angle of the
proton with respect to the neutrino beam direction:
(a) for the one-prong + y sample; (b) for the events
selected as vp -p p7r with M(pm+) &1.4 GeV and E
&1.5 GeV. The lines show the predictions of the Adler
model.
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FZG. 2. Laboratory momentum distributions of n+

tracks from the reactions (a) vp —p, pvr+, (b) vn —p hz+,
and (c) vp —vnm+. The shaded area in (c) shows the
unweighted events. The full histogram, which is norm-
alized to the curve for P„+ & 300 MeV/c, is calculated
by weighting the shaded events by the inverse of the
pion decay probability. The curves are the result of
the Adler-model calculation. For the sample of data
on the two charged-current reactions, the selecti. ons
M(Nm) & 1.4 GeV and 8~ &1.5 GeV have been imposed.

bubble chamber and a converted y ray (e'e pair)
pointing to the beginning of the track. We refer to
the event topology as "one-prong+ y". For the
events to pass our selection criteria, the rate of

energy loss of the track must be consistentwith a
proton and the converted y ray must give a three-
constraint (3C) fit for pointing to the origin of the
track. Also, to avoid cosmic-related background,
the distance between the y ray and any cosmic-ray
track is required to exceed 20 cm. 14 such events
were found inside the fiducial volume.

We do not require that the track be inconsistent
with a w' assignment, but of the 14-event sample,
9 tracks are uniquely identified as protons by stop-
ping in the bubble chamber. We also note that the
number of events of the final state vn~'7r is very
small because of our rapidly falling flux.

Figure 3(a) shows the distribution of the cosine
of the angle of the proton track with respect to the
neutrino beam, g~, while Fig. 4 shows the distri-
bution of the proton momentum p~ for the one-
prong+ y events. Since the experiment is done
near threshold, we expect most. of the protons to
be within a small cone around the incident v beam
direction. Figure 3(b) shows that 9t%%up of the events
of the kinematically constrained charged-current
reaction vp - p, pm' have cosg~&0. 5.

The curves of Fig. 3 show the predictions of
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is 101.2+ 36.6.
There are several sources of background that can

simulate the reaction vp - vpw':

(i) Neutron in-duced background. The neutron-
induced reaction that can simulate the &pe' reac-
tion is

np-npv'.

To calculate the background due to this reaction,
we use the np -pps events described above and
the ratio

FIG. 4. Proton momentum distribution for the one-
prong + y events. The shaded area represents the
events which satisfy the cos 8& & 60 cut.

0'(nP nP7f ) 2 7 0
o(np-ppv )

(8)

the Adler model for the vpw' final state [Fig. 3(a)]
and the V. pv' final state [Fig. 3(b)], induced by the
neutral and charged current, respectively. The
agreement is good in both cases, indicating that the
kinematics of the reactions is similar and domin-
ated by the low-beam energy. 'Therefore, we im-
pose a selection that cos 8, &0.5 for the one-prong
+ y events; this removes 6 events. 'The remaining
8 events (which are denoted in Fig. 4 by the cross-
hatched region} constitute the final one-prong+ y
sample.

This number must be corrected for y detection
efficiency, scanning losses, the cut on the angle
of the proton, and the cut on the distance to a
cosmic-ray track. Since the number of events is
small, the scanning efficiency is not well meas-
ured from the events themselves. We therefore
assume that the efficiency is 92%%uo, the same as
that measured for all one-prong events, but
double the error from 3%%uo to 8//o to account for
differences in the topologies of the two types of
event. The correction due to the cut in the angle
of the proton is 4/o and has been measured using
the p, pm' reaction. The correction due to the cut
on the distance to a cosmic track is e%%uo.

Two different methods were employed to mea-
sure the y detection efficiency. In the first method,
each event was simply assigned a weight equal to
one-half times the inverse of the probability of
observing the y - e'e conversion inside the bubble-
chamber fiducial volume. 'The average weight per
event calculated with this method is 10.2+ 0.7.
Since the number of events is small, the weight
calculated in this manner is subject to large
fluctuations. To avoid this problem, a large sam-
pl.e of m -yy decays was generated using the m'

produced in a sample of vp- p, pm' events' as a
model for the ~ production. 'The average weight
per event calculated using this technique is 10.6
+ 0.3, which is very similar to the previous result.
Using this weight and applying all the corrections
mentioned, the total number of vp vpm' candidates

measured by Hushbrooke et al. ' for neutron mo-
menta similar to those of our neutron background.
Since the requirement cos8~ &0.5 is made for our
signal, we take the np-pps events only if the av-
erage angle of the tmo protons with respect to the
beam is less than 60 . This cut reduces the sam-
ple of 13 np-ppv to 8 events Th.enp-npm
background is therefore 21.6+ 8.3 events.

(ii) Pkotoproduction background. The photopro-
duction reaction that can simulate the cpm events
is

yP P f1 ~

This background is calculated in the same manner
as that of the yp —nw' background. The number of
events expected is 0.3+ 0.2 events.

(iii) s induced bac-kground The .reaction

can be a source of background for the one-prong
+y sample if the incoming m cannot be distin-
guished from an outgoing proton. To calculate the
background due to this reaction, we study the
charge-conjugate reaction

7f 8 ~P7f

induced by an incoming n". The number of events
of this reaction is an upper limit on the number of
m p-w'n events, since the incoming m' flux is pre-
sumably larger than the incoming m flux. %'e ex-
amined all the two-prong events with an associated
y (giving a 2C or 3C for pointing to the vertex of
the interaction}, which were not selected as vn- p. pm . Only 2 events were found to be consistent
with an incoming m' and neither of them had the
m' inside the cos0~ =0.5 cone around the beam di-
rection. Although there is a strong dip dependence
to the flux of incoming particles with most of them
entering from the top of the chamber, there is
approximate isotropy in the azimuthal angle
around a vertical axis. Since the cos9~ =0.5 cone
covers one quarter of the solid angle, the two ob-
served events correspond to a background of 0.5
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TABLE II, Signal and background s11~m.ary for vp vga

Channel

PP -PPx

Backgrounde- p'
yp -pro
~-p —pn'
Accidental

y pointing
Multipion channels

Total background

vpn' events

Signal

8 one-prong+ y events

Number of events after correcting for
8&& 60' cut, distance to cosmic track
cut, scanning losses, and y detection

inefficiency

101.2 + 36.6

21.6+ . 8.3
0.3+ 0.2
6.8+ 4.9

1.5+ 1.5
9.8+ 5.9

40.0 + 11.4
61.2 + 38.3

events. After correcting for scanning losses, y
detection efficiencies and adding a 30%%u' contribu-
tion due to w'd-w'p(p, ) (which has a three-prong
topology), we obtain a background of 6.8a4.9
events from the m p-m n reaction.

(iv) Accidental y pointing. The angles and ver-
tex positions of a sample of unassociated one-
prong and 8+e pairs were measured, and the
number of background events coming from an ac-
cidental pointing of a converted y ray to a one-
prong is 1.5+ 1.5 events. '

(v) AIultipion contamination Anoth. er source of
background for the vp-vpw'channel is the double-
pion reaction pp cpm'w'. Assuming again that the
ratio of the cross sections for these two reactions
is the same as the ratio of the vp-p, pw'w'cross
section to the vp-p, pw+ cross section, "the
multipion background is 9.8+ 5.9 events.

Table D summarizes the number of events in the
vp -cpm' channel and the different sources of
background. After background subtraction, the to-
tal number of vp-vpw'events is 61.2+38.3. Using
this number we calculate the ratio

f
1.

) I )
i

0.20 g(vp ~vpm')
g(vp, p. -pv )

~ 0. )0
0.05

0.20—
o'(vp vov )

R~=+ 0(vp~/l pv

theoretical models and to measurements obtained
in other experiments.

Figure 5 shows the Adler-model" predictions
for R„R+, and R as a function of sin'8 where 8

is the W'einberg angle. This model with sin28

=0.2 is consistent with our measurements. A sim-
ilar conclusion is obtained if we compare our re-
sults to the Fogli and Nardulli model for weak-
one-pion production", which also incorporates the
steinberg-Salam structure for the neutral current.

Our data are also in agreement with the results

a(vp-vpw')
a(vp- p pw')

to be

R, = 0.09~ 0.05.
IV. SUMMARY

(12) 0.05—
g(vg vpm )

R e(vp p. pw')

0.20—
O. l5

Q,ID=
0.05—

R„= o'(vn vpw).
o(vp ppw)

(13)

We now compare the values of R Ro and R to

Recently, ' we have reported the result R =0.11
+ 0.022 where R is defined as I s

I' s ) i l I

0 0.2 0.4 0.6. 0.8 l.0
sin 8„

FIG. 5. Comparison of our measurements of R+& Ro,
and R with the predictions of the %einberg-Salam-
Adler model.
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obtairied in the Gargainelle bubble chamber. In
that experiment, the relative cross sections
o(vp-vpm')/o(vn-vpw ) =1.25+0.35 and o(vp- vs')/o(vn- vp~ ) =0.V6a0.30 were measured.
Our results are o(vp-vpa')/o(vn-vpa ) =0.8+0.5
and o(vp- vs')/o(vn- vpa ) =1.2+0.4.

The ratio o(vN- vN'a )/2o (vN-p N"w') =0.1V

+0.04, where N, ¹,and N" are target nuclear
states (V0% aluminum and 30+ carbon), has also
been reported" from an experiment at Brookhaven
National Laboratory. This is also in accord with
our r esult. "

The values of 8, and Ro are not inconsistent with
the previous published results R+ =0.17+0.08 and

Ito =0.51+0.25 (Ref. 3) obtained in an earlier expo-
sure of the Argonne 12-ft bubble chamber. The B,
values are i.n good agreement while the new R,
value is 1.6 standard deviations smaller. We note

that in the present exposure, the neutron back-
ground is better understood.

In summary, we have measured the cross-sec-
tion ratio of the exclusive single-pion production
channels vp- vpwo and wp -vs' to the charged-
current channel vp- p, Pw'. The measurements
are in good agreement with models for weak one-
pion production which incorporates the %'einberg-
Salam structure of the neutral current.
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