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We present our final results on double-pion production by muon-type neutrinos observed in a
2.4 10°% (365000) picture exposure of the Argonne 12-foot deuterium- (hydrogen-) filled bubble
chamber. The reactions vd —»u~ 7 wtpp,, vd —>p~wt7%n;, and vd ->u~wtntnn, are studied.
The data, which shows strong A(1236) production, has nucleon-7-7 mass distribution peaked at low
masses in all three reactions. The excitation functions for the three reactions exhibit a rapid rise
over the energy range from threshold up to about 3 GeV, but thereafter the energy dependence ap-
pears less pronounced. The threshold behavior of the cross sections for these reactions is analyzed
in the context of a model developed by Adjei, Dicus, and Teplitz. Data from the constrained reac-
tion, vd —u ~ 7~ pp;, satisfy the Adler conserved-vector-current test.

I. INTRODUCTION

While the physics of quasielastic scattering and single-
pion production by the weak charged current has been
widely studied, both experimentally and theoretically,!—®
very little data exist for the exclusive reactions involving
two or more pions.>’ In this paper, we present our final
results on two-pion production from v, interactions in the
Argonne 12-foot bubble chamber. The exposures
comprise 2.4 10% and 365000 pictures taken with a deu-
terium and hydrogen filling, respectively, corresponding
to a total of 5.8 10'® protons on target at a momentum
of 12.4 GeV/c. The hydrogen film represented 13% of
the total film but accounted for only 5% of the data be-
cause of lower neutrino intensity during the hydrogen run.

The reactions studied are wvd—u~7 7 pp,,
vp(ng)—p~mta%(ng), and wvp(ng)—p~ wtrmrn(ng).
The neutrino energy spectrum at the Zero Gradient Syn-
chrotron peaks at 0.5 GeV and falls off rapidly at higher
energies, providing data up to an energy of 6 GeV for
events in the sample.> This experiment is therefore well
suited to study the threshold behavior of two-pion produc-
tion. Details of the experimental arrangement, and of the
scanning and measuring procedures, have been given pre-
viously.!

II. EVENT SELECTION
Events representing the reactions

vd—p~m "7t pp, , (1

vd —>p~ 7t 7’ng; or vp—>pu~wt7% , (2)

vd—pu~mtrtang or vp—u"wtwth (3)

were obtained by scanning for interactions having three,
four, or five tracks. The film was partially double- and
triple-scanned; the correction factors for the scanning and
measuring inefficiencies are given in Table 1.

Reaction (1) is well constrained, and its kinematic iden-
tification poses little problem. However, both reactions
(2) and (3) are kinematically underconstrained and are also
difficult to separate because of their similarities. When
the spectator nucleon was unseen, we employed the stan-

TABLE I. Summary of rate corrections.

(a) Reaction (1)

Scanning efficiency 1.00+0.01
(b) All reactions

Measuring efficiency 1.09+0.02

Missing low ¢2 1.10£0.09

(c) Reactions (2) and (3)

Scanning efficiency 1.07+0.02

Neutrino single-pion loss 1.091+0.03

Spectator cut 1.11+0.04

Loss of underconstrained events 1.05+0.01

Correction for 6““ p+ > 150° 1.0610.01
(d) Reaction (3)

Correction for 6,, 1.11+0.09
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FIG. 1. Momentum distributions for reaction (1). The cross-
hatched areas are unique events, while the blank areas are events
with M (7=p)=M (A)+15 MeV/c?.

dard procedure of using the starting values
Px =Py =p;=0%+50 MeV/c in the kinematic fit. For reac-
tions (2) and (3) this procedure results in a loss of events
with high spectator momentum. Corrections for this loss
were made by comparing the observed and expected
spectator-momentum distributions® and are given in Table
I

A. The reaction vd —-p~ 7wt pp;

The data sample consisted of those four- and five-prong
events which satisfied the following criteria: (a) there was
a three-constraint (3C) or two-constraint (2C) fit to reac-
tion (1) with X2 probability greater than 1%, (b) the results
of the fit were consistent with the visual information (ion-
ization, scattering, stopping tracks, ¥ conversions, etc.) on
the film, (c) one of the negative tracks was consistent with
being a muon, i.e., it either left the bubble chamber
without interacting or gave an observed u~—e ~ decay,
and (d) the interaction occurred within a specified fiducial
volume which varied from 9 to 11 m> depending on the
run. These criteria yielded 73 events of which 38 had a
unique muon-track assignment with the remaining 35
events having two tracks that were u~ candidates. In ad-
dition, 7 of the 73 events had a 7+ /p ambiguity for the
positive tracks.

For the 35 events having the muon-track ambiguity, the
higher-momentum noninteracting negative track was
chosen to be the muon. With this assignment the result-
ing 7~ and 7+ momentum distributions are then very
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FIG. 2. The pion-nucleon invariant-mass distributions for re-
action (1). The cross-hatched areas are unique events, while the
blank areas are events with M (7~ p)=M (A)+15 MeV/c?. For
(a), the low-mass peak is a reflection of the A®. For (b), the A*t+
reflection lies just above the A peak.

similar, as shown in Figs. 1(c) and 1(d). In addition, the
4~ momentum spectrum resembles the ™ spectra in re-
actions (2) and (3) where there is no negative-track ambi-
guity. A possible bias favoring low momentum transfer
may be expected as a result of this procedure.

For the 7 events where a 7+ /p ambiguity remained, the
higher-momentum track was chosen as the proton. The
justification for this lies in the observation that the proton
had a higher momentum than the pion in 92% of the
unique fits to reaction (1) when at least one of the positive
tracks had p > 0.55 GeV/c.

Finally, because of the relatively poor spatial resolution
of this bubble chamber it is possible that the data sample
is contaminated by events containing a A which decays
close to the production vertex. The 7 p effective-mass
distribution shown in Fig. 2(b) does in fact show an excess
of events in the region of A(1115). From this distribution
we estimate that 6 events are A° decays where the separa-
tion of vertices is not seen, consistent with the number
predicted from the decay distribution for events where the
decay vertex is observed. The final sample for reaction (1)
therefore contains 67 events.

B. The u~7*pa°® and u~ 7+ 7*n final states
in hydrogen and deuterium

As discussed previously, the assignment of events to
these final states is more difficult than for the constrained
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FIG. 3. Distributions of 6,y, the angle between the neutrino
direction and the nonspectator nucleon. The cross-hatched areas
in (a) are unique events, while the blank areas are events with
M (7= p)=M(A)+15 MeV/c% In (b) and (c) the cross-hatched
areas are the uniquely chosen events for the reaction. The blank
areas are the ambiguous events weighted as discussed in the text.
In (c), the events with 0,y less than 10° were deleted.

reaction (1). The raw data sample consisted of all three-
prong events that gave a OC solution to either reaction (2)
or (3). For those events with one or more associated y
conversions or a secondary neutron interaction, this infor-
mation was included, when possible, in the kinematic fit.
There were three such events for reaction (2) and two for
reaction (3).

The raw sample was then subjected to a number of cuts
to reduce the background due to spurious fits. At our en-
ergies, quasielastic scattering and single-pion production
are much more likely than double-pion production. We
therefore discarded those events fitting the 3C or 2C reac-

TABLE II. OC ambiguity-resolution parameters.

Unique events

Momentum . Proton Fast pion
range from from
(GeV/c) reaction (2) reaction (3) Ambiguous events
0.00—0.55 11 13 1
0.55—1.00 11 19 13
> 1.00 8 3 23
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FIG. 4. Momentum distributions for reaction (2). The cross-
hatched areas are the uniquely chosen events for the reaction.
The blank areas are the ambiguous events weighted as discussed
in the text.
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FIG. 5. Momentum distributions for reaction (3). The cross-
hatched areas are the uniquely chosen events for the reaction.
The blank areas are the ambiguous events weighted as discussed
in the text.
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FIG. 6. Invariant-mass distributions for reaction (2) involving
one pion with the proton. The cross-hatched areas are the
uniquely chosen events for the reaction. The blank areas are the
ambiguous events weighted as discussed in the text.
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FIG. 7. Invariant-mass distributions for reaction (3) involving
one pion with the neutron. The cross-hatched areas are the
uniquely chosen events for the reaction. The blank areas are the
ambiguous events weighted as discussed in the text.
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FIG. 8. Invariant-mass distributions for the three reactions
for the two-pion system. The cross-hatched areas are unique
events. For (a) the blank areas are events with
M (7~ p)=M(A)+15 MeV/c?, while in (b) and (c) the blank
areas are the ambiguous events weighted as discussed in the text.

tions vd —u ~pp, and vd —pu "7 pn, with X? probability
greater than 1% and also events giving a OC solution to
the reactions vd —u ~7%pp, or vd —u "7+ np, with specta-
tor proton momentum less than 350 MeV/c. In addition,
events that gave an acceptable 1C kinematic fit to the neu-
tron background reaction nd —mppn, with X? probabili-
ty greater than 5% were also removed.?

An additional cut is necessary for reaction (3) because a
large number of charged hadrons enter from the sides of
the bubble chamber, scatter, and produce spurious fits.
Such bogus fits tend to have outgoing neutrons with high
momentum and small angle 8,5 with respect to the
neutrino-beam direction. This effect can be investigated
by comparing the 0, distribution of reaction (3) with that
of the other two reactions (see Fig. 3). Assuming that the
kinematics for the struck nucleon in the three reactions
are similar, one expects all three distributions to be similar
for the genuine events. This expectation is reasonably well
fulfilled for (1) and (2). However, for reaction (3) a large
excess of events with 0,y < 10° occurs, representing the
spurious fits. Therefore, only events with 6, > 10° were
retained. The loss of genuine events due to this cut is es-
timated to be 10+7% (see Table I) and was obtained from
the distribution of the other two reactions.

As before, in order to be called a muon the negative
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FIG. 9. Invariant-mass distributions for the three reactions
for the total hadronic system. The cross-hatched areas are
unique events. For (a) the blank areas are events with
M(r p)=M(A)+15 MeV/c? while in (b) and (c) the blank
areas are the ambiguous events weighted as discussed in the text.

track had to either leave the chamber without interacting
or decay into an electron. In addition, visual information
was used wherever possible to resolve ambiguities.

The final data sample then consists of 30 events unique
to reaction (2), 35 events unique to reaction (3), and 37
events ambiguous between the two reactions, essentially
because the w*/proton track ambiguity could not be
resolved. The distribution of the proton momentum for
unique events of reaction (2) together with that of the fast
't for unique events of reaction (3) are given in Table II.°
Assuming that, in any given momentum interval, the am-
biguous sample contains the same ratio of protons to
pions as does the unique sample, we estimate that 22
events belong to reaction (2) and 15 events to reaction (3),
with an estimated uncertainty of +5 events. We would
then have 52 and 50 events, respectively, for reactions (2)
and (3). Tke laboratory momentum distributions for each
of the particles in reactions (2) and (3) are presented in
Figs. 4 and 5, respectively. These distributions are very
similar to those of reaction (1) shown in Fig. 1.

III. EXPERIMENTAL RESULTS

A. General properties of the reactions

The pion-nucleon invariant-mass distributions for reac-
tions (1), (2), and (3) are shown in Figs. 2, 6, and 7. These
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squared for the three reactions. The cross-hatched areas are
unique events. For (a) the blank areas are events with
M (7w p)=M(A)£15 MeV/c? while in (b) and (c) the blank
areas are the ambiguous events weighted as discussed in the text.

distributions are all characterized by the presence of low-
mass enhancements involving A(1236) production.

The 77 invariant-mass distributions for the three reac-
tions are shown in Fig. 8. There is no clear evidence for
the production of any known resonances in these distribu-
tions. At our energies, diffractive p production is expect-
ed to be strongly kinematically suppressed. Based upon
the prediction of Chen et al.,!° one expects the number of
p® and p* to be 1073 of the total number of vn and vp in-
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FIG. 11. The excitation functions for the three reactions.
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TABLE III. Cross sections.

E, AE, No. of
(GeV) (GeV) events o (10 cm?)
Reaction (1)
1.125 0.275 9.5 13.7+5.3
1.700 0.300 20.0 99.0+30.0
2.300 0.300 9.0 216+81
3.000 0.400 7.0 4041168
4.475 1.075 8.0 352+140
: Reaction (2)
1.075 0.325 9.0 14.0+4.8
1.700 0.300 9.5 66.7+24.6
2.300 0.300 3.6 125+83
3.000 0.400 8.3 681+276
4225 0.825 9.0 5114209
Reaction (3)
1.250 0.150 3.5 19.3+10.6
1.700 0.300 11.1 87.0+31.1
2.300 0.300 9.2 350+131
3.000 0.400 7.5 690+286
4.475 1.075 43 2671137

teractions, respectively. For our sample™® this corre-
sponds to two p° and one p™, consistent with the absence
of an observed signal.

The N invariant-mass distributions for reactions
(1)—(3) are shown in Fig. 9. There is no clear evidence for
resonance production in any of these final states.

The distributions in four-momentum transfer squared
(g?) are shown in Fig. 10. The resolution in g2 is smaller
than the binning. There is clearly a bias against events
with low g2 where the struck nucleon would be difficult to
detect. A similar bias has been observed in a study of the
reaction 7~ n—7~ 7" p where events with low ¢g? impart
so little momentum to the struck nucleon that the resul-
tant nucleon goes unnoticed.!! An estimate of our losses
due to this effect is given in Table L.

B. Excitation functions for the reactions

The momentum spectrum of neutrinos which interact
via reactions (1)—(3) [Figs. 1(a), 4(a), and 5(a), respective-
ly] peak at an energy of ~1.5 GeV, in contrast to the case
of single-pion production where the peak occurs at 0.9
GeV.’ The cross sections for reactions (1)—(3) as a func-
tion of v energy are shown in Fig. 11 and listed in Table
III. The error bars on the cross sections contain both the
overall normalization uncertainty of +15% and a point-
to-point relative error in the flux shape of +5% folded in,
except for the last point for each reaction where we use
+15% to allow for the uncertainty in the parent K+ flux
from which the higher-energy neutrinos come. All of the
cross sections rise rapidly from threshold and appear to
peak at E, ~3 GeV. The behavior above 3 GeV cannot be
determined on the basis of only one measured data point,
but it does appear that the rapid rise from threshold is not
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sustained. This behavior is similar to that shown by the
quasielastic scattering reaction and by the two-body pro-
cesses involving N* and A production.!3>¢

A model of weak dipion production close to threshold
has been recently studied by Adjei, Dicus, and Teplitz,'?
who were motivated by the possibility of determining the
chiral-symmetry-breaking parameter &, previously mea-
sured from strong two-pion production in 7N —wmN.
This parameter is important in estimating the strong
final-state 77N interactions in weak dipion production.
Following Adjei, Dicus, and Teplitz, we compare our data
to the model prediction for the largest of the phase-space
intervals considered (n=+). For each of the reactions we
extracted the threshold cross section o’ for the production
of events with energy less than nm, above threshold in
the 77 and #wN center-of-mass systems. The number of
such threshold events in our full data sample is 10, 0, and
4 for reactions (1), (2), and (3), respectively.12 Our results
are presented in Fig. 12 along with the predictions of Ad-
jei, Dicus, and Teplitz. While the agreement is good for
reaction (1), it is less so for reaction (3). Adjei, Dicus, and
Teplitz also predict that the threshold cross section o' for
reaction (3) should be twice that for reaction (2), while the
number of observed events are 4 and O, respectively. For
reactions (1) and (3) the average values of o', over the ob-
served E, intervals, are (6.5+3.1)X 10~* cm? and
(174£9)x 10~* cm?, respectively.

C. Test of the conserved-vector-current hypothesis

The Adler'? test of the conserved-vector-current (CVC)
hypothesis can be directly applied to our data. For CVC
to be valid, the expectation value of the pseudoscalar triple
product

P=(g (F~xX71)) )

must be zero as the angle 0,,, between the p~ and v direc-
tions approaches zero. In the expression for the triple
product, the vectors represent the momentum vectors for
the respective particles in the laboratory system.

The CVC test was applied only to the relatively clean
sample of 3C fits belonging to reaction (1). Approximate-
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ly 48% Of these events have a IJ'_/W_ amblgmty. Since —0.100:(% RN RN SN EE NS SRR R |1|J I L11~0

the triple product is antisymmetric under the interchange
of u~ and 7~, these ambiguous events are expected to
yield an average value of zero for the triple product, quite
independent of any CVC expectations, and an average
value of zero is indeed observed for this data sample. It is
therefore important to remove these ambiguous events be-
fore checking CVC. These u~ /7w~ ambiguities arise pri-
marily from the fact that the location of the interaction in
the fiducial volume is such that the path lengths of the
negative tracks in the bubble chamber are too short to per-
mit identification of at least one of the tracks. Since the
ambiguity is geometrical in origin, the exclusion of am-
biguous events does not constitute a bias.

The results are shown in Table IV and Fig. 13. The
probability that the average value of the triple product is
zero over all events is greater than 66%, and is almost
100% for the first bin which contains events with the

S (degrees)
FIG. 13. Plot of the triple-product test of CVC for reaction
(1).

smallest values of 0,,. We therefore conclude that the
data are consistent with the CVC hypothesis.
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