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High-statistics data from two exposures of the BNL 7-foot deuterium bubble chamber to a wide-

band-neutrino beam with an average energy of 1.6 GeV were analyzed for exclusive pion production
in charged-current neutrino-deuterium interactions. For the single-pion production reactions, the

properties of 6++ production and decay as we11 as the final results of an isospin analysis are

presented. New results for single-pion and multipion production are also presented.

I. INTRODUCTION

Exclusive pion production in v„-nucleon charged-
current reactions has been studied in several bubble-
chamber experiments. ' These experiments have pri-
marily investigated the properties of h(1232) production
and decay as well as the isospin structure of the n.-nucleon
system in single-pion production. However, the properties
of exclusive multipion production have been studied only
in two other experiments. '

In this paper, exclusive pion production processes in
charged-current neutrino interactions are investigated us-

ing data from a high-statistics experiment carried out at
Brookhaven National Laboratory using the 7-foot bubble
chamber filled with deuterium and the Alternating Gra-
dient Synchrotron (AGS) wide-band neutrino beam. The
analysis of b, ++ production and decay are presented and
compared to theoretical predictions. The isospin proper-
ties of the n.-nucleon system for single-pion production
and new results on multipion production are also present-
ed.

The experiment was carried out in two runs. A total of
1800000 photographs were taken during the two runs.
The experimental conditions were similar in each run.
The 7-foot bubble chamber was located approximately
100 m from the neutrino production target. Mesons pro-
duced in this target by the 29-GeV/c proton beam from
the AGS were focused by a double-horn system and then
traversed a 57-m decay space in which a few percent of
the m's and K's decayed into neutrinos. The decay space
was followed by 30 In of iron to absorb the remaining
hadrons. The resultant neutrino flux in the chamber
peaked at 1.2 GeV and extended up to —15 CxeV. The 7-
foot bubble chamber was equipped with three 70-mrn
cameras and operated in a 25-kG magnetic field. For
identification of muon tracks, four 1.5-mX1.8-mX5-cm-
thick stainless-steel plates were installed in the down-

stream region of the chamber for the first run. To im-
prove the identification of low-energy muon tracks, this
plate was replaced by three 1.5-m X 1.8-m X 1.75-cm-thick
plates for the second run. The results from the first expo-
sure have been published. The combined data of the
two exposures are used in this study.

II. EVENT SELECTION

A. Scanning and measuring procedures

The film was scanned for neutral-induced events with
more than one track visible in the chamber. Approxi-
mately 32% of the film was rescanned and the scanning
efficiency as a function of event topology is listed in Table
I. The average scanning efficiency was 93%. All events
were measured and processed through both the geometry
program Tvop and the kinematic-fitting program sgUAw.
Events that failed in the first measurement were remea-
sured. All events were reviewed by physicists to check the
results of the measurements and to make visual particle
identification using ionization information. The overall
measuring efficiencies for events in the fiducial volume
are also listed in Table I.

B. Selection of the charged-current event sample

The events obtained from the measurement contain not
only neutrino-induced events but also background-induced
events by neutral and charged hadrons. Events with ac-
cepable four-constraint (4C) fits to the pp ~pp or
m

—p~m—+
p hypotheses were removed from the sample.

After this cut, 14 719 events remained. Neutrino
charged-current events were selected by imposing the fol-
lowing requirements: (1) the inagnitude of the total-
visible-momentum vector P„;, must be greater than 150
MeV/c, (2) the angle between the total-visible-momentum
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TABLE I. Scanning and measuring efficiency.

Number of prongs
Single
scan

Scanning efficiency
Average

(including
double scan)

Measuring
efficiency

0.90+0.01
0.86+0.01
0.93+0.01
0.93+0.02
0.93+0.02
0.93+0.02

0.93+0.01
0.90+0.01
0.95+0.01
0.95+0.02
0.95+0.02
0.95+0.02

0.97+0.02
0.99+0.02
0.96+0.02
0.93%0.07
0.94+0.08
0.94+0. 18

vector and the neutrino-beam direction must be less than
50', and (3) at least one of the negative tracks must either
leave the chamber without interacting or stop in the plate
with a range consistent with a muon interpretation or de-

cay into an electron. After these cuts, 12963 events
remained. About 91% of the events were two- and three-
prong events.

To improve the measurement quality, events in a fidu-

cial volume of 4 m were selected. This fiducial volume
ensured a minimum track length of 20 cm from the vertex
to either the first iron plate installed in the chamber or to
the downstream chamber wall. A total of 9203 events
were in the fiducial volume. Events which did not have a
net charge of 0 or + 1 were also removed from the sam-
ple. This reduced the number of events to 8960 and this
data set will be used throughout the following analysis.

TABLE II. Corrections for the single-pion production reactions.

Correction Correction factor

Background
Scanning-measuring efficiency

probability cut
H2 contamination in D2
Loss of fast neutron spectators
Total correction

g J Xg2 Xg3 Xg4 Xg5

(a) vd~p pw+n,

g&

g2

g3
g$
gs

0.98+0.01
1.07+0.05
1.01
0.87+0.02
1.22+0.01

1.12J0.07

Background from

p pw n and p no+a"
p pand p nm+

vp&
nn ~np~

Event assigned to p no+ and p, p
Scanning-measuring efficiency
Correction for three prong
Total correction

il +fi+f2+f3+f4&sigh

(b) vd —+p pm. p,

gl
g2

—0.202+0.018
—0.032+0.012
—0.084+0.014
—0.154+0.043
+ 0.235 +0.071

1.13 +0.06
1.22 +0.01

1.05 +0.14

Background from

p pm'm and p nn+m-
p p and p p'lT'

vp&
nn ~np&

Event assigned to p, pm and p p
Correction for 0„;, and P„, cuts
Scanning-measuring efficiency
Correction for three prong
Total correction

i&+f|+ . +f6'igig2

(c) vd~p nm+p,

gl
g2

—0.277+0.021
—0.129+0.063
—0.021+0.004
—0.031+0.016
+ 0.024+0.016
+ 0.083+0.049

1.13 +0.06
1.22 +0.01

0.890+0. 103
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C. The p p and p pm+ events TABLE III. Observed and corrected event numbers.

The p, P and p, Pn+ events were selected from the
charged-current event sample using three-constraint (3C)
kinematical fits, since the neutrino-beam direction is
known to an accuracy of 0.5'. The 3C fits were per-
formed on the two- and three-prang events using the two
hypotheses

Reaction Observed

1610
853.5
822.5

Corrected

1803
896
732

&pa~P Pps ~

&@~~V pm'+ns
~

&p~~P P~ Ps (3)

where P, and n, are the spectator proton and neutron,
respectively. If the spectator nucleon was not measured,
an initial value of 0+45 MeV/c for P„, P„, and P, of the
spectator was assigned in the fit.

The X probability distribution, P(X ), for the 3C-fit
events was uniformly distributed for reaction (1) in the
range of P(X )~1%. The distribution for reaction (2)
peaked toward P(X ) =100%. This peak in reaction (2) is
attributed to some hydrogen contamination in the deuteri-
um. The events with P(X ) & 1% were dominated by oth-
er reactions. Requiring that the 7 probability be greater
than 1% and that the particle identification be consistent
with the fit hypotheses, we obtained 2684 v„d~p pp,
events and 1610 v„d~p pm+n, eve.nts, where we took
the hypothesis with the highest P probability for events
with multiple fits.

The contamination from the reaction v„d
~p Pm+a n, to the v„d~p Pm. +n, sample was es-
timated by examining the 3C v„d~p Pm m p, events.
The background was estimated to be 2%. The back-
ground from other sources such as vp~vpn. +m was es-
timated to be less than 1%. In addition, corrections were
made for a (13+2)% hydrogen contamination in the deu-
terium and a loss of (22+1)% of the events due to the fast
spectator neutron. After all corrections including the
scanning and measuring efficiencies we obtained 1803
p pm+ events. The corrections for the p pm+ events are
listed in Table II(a).

vpG +p n7T ps ~

we use the results of the zero-constraint (OC) calculation
and particle identification to study reactions (3) and (4).
To avoid a potential ambiguity between the recoil proton
and the spectator proton in the three-prong event sample,
we used only the two-prong events and corrected for the
unused three-prong events. About 15% of the events were
ambiguous between reactions (3) and (4). These events
were assigned to both final states with a weight of one
half. The final data sample contains 853.5 p pm events
and 822.5 p, nm+ events.

The following backgrounds and losses have been stud-
ied using the events obtained from this experiment: (1)
neutrino-induced multipion background, (2) neutral-
current background, (3) neutron-induced background, (4)
contamination from the p p channel, (5) event loss due to
miss fit to the reaction vn ~@ p, (6) losses coming from
8„;, and P„;, cuts, (7) misassignment of the p Pm events
to the p nn+ sample and vice versa, and (8) correction
for the unused three-prong events. The methods used to
estimate these effects were similar to those described in
Ref. 7.

After these corrections, we obtained 896 p, pn events
and 732 p nv+ events. The estimated backgrounds and
losses are summarized in Tables II(b) and II(c), and the
raw and corrected event numbers for these reactions are
given in Table III.

D. The reactions p pm~ and p nm. +

Since there are no kinematic constraints for the reac-
tions

E. Multipion states

The multipion reactions

~@~ P PPsm+m (5)

Reaction
V6f ~

TABLE IV. Corrections for multipion reactions.

Ram events
Correction

Background
Scanning and
measuring efficiency
Prob{+ ) ~1% cut
Loss due to fast
spectator neutron
H2 contamination

Corrected events

1.16
1.01

1.16
1.01

1.16
1.01

1.22
0.87

65

3 14
Correction factor

0.98 0.98 0.98

1.16
1.01

1.22
0.87
7.3



CHARGED-CURRENT EXCLUSIVE PION PRODUCTION IN. . . 2557

Vd p @5% K 7T

vied ~p pj9q K K 7T

vied ~P Png K

were selected from the charged-current event sample using
3C fits to the various mass hypotheses together with par-
ticle identification. The exclusive multipion channels
with one or more neutral pions were not isolated because
of the difficulty of estimating the backgrounds. Requir-
ing that the 3C X probability be greater than 1% and
that the particle identification be consistent with the mass
hypothesis, we obtained 276 events of reaction (5), 53
events of reaction (6), 14 events of reaction (7), and 6
events of reaction (8). Of these events, 101, 21, 9, and 3
had p /n or m+/p ambiguities. For these ambiguous
events, the fits with the highest X probability were ac-
cepted.

The contaminations in the 3C-fit reactions from final
states with a m were determined from the events with an
additional charged pion by deleting the extra pion and
then fitting the events. From this study, the contamina-

tions were estimated to be 2% for each of reactions (5),
(6), and (7). The same value was used for reaction (8)
since no measurement was possible in this case. The num-
bers of raw and corrected events are listed in Table IV.

Figure 1 shows the fitted momentum distributions of
the spectator protons for reactions (1), (5), and (7). The
shaded areas represent the observed spectator protons
which amount to -21% of the total events in each chan™
nel except in reaction (7), where only one event had an ob-
served spectator proton. The solid curves were calculated
from the Hulthen wave function. They reproduce the
data fairly well.

III. SINGLE-PION PRODUCTION

A. General features

Figures 2, 3, and 4 show the distributions in E„, Q,
and the nucleon-pion invariant mass for the three single-
pion channels, (2), (3), and (4). The distributions in E„
and Q are similar. In the p pm+ channel, the
5++(1232) peak dominates the nucleon-pion mass distri-
bution, but in the p pn. and p nor+ final states, the
b, +(1232) peaks are superimposed on a broader Nm-mass
distribution covering the region of 1.4—1.6 GeV.

400
2GO

(c))

(b)

PJ
c3

40-
cQ

UJ

UJ

1

~P ~ I

0. 0.2 04 Q.E 0.8 'I.0

P8(oeV/(:)
FIG. 1. Spectator-proton momentum distributions for (a}

p pp„(b} p pm+m p„and (c) p pm. +m. +m m. p, states. The
shaded areas correspond to the observed spectator protons. The
curves are the predictions of the Hulthen wave function normal-
ized to the total number of events.

FIG. 2. The neutrino energy distributions (E„) for the final
states (a) p pm+„{b)p @77, and (c) p no.+.
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To search for exotic states the p ir- and p S-mass dis-
tributions for reactions (2), (3), and (4) are shown in Figs.
5 and 6. The shaded areas correspond to events vnth Nm

masses ~ 1.4 GeV. No significant peak is observed. The
excess of events at 1.2 GeV in the p p mass distribution
in Fig. 6(b) comes in part from misassigned vier p and
npm events, for which the background was estimated to
be -24% [Table II(b)].

The cross sections for the p pir+, p pm, and p nm+

states were measured using the corrected numbers of these
events and the neutrino flux determined from the ob-
served quasielastic events ' in this experiment. A
maximum-likelihood fit to the Q distribution of quasi-
elastic events in the range from 0.08 to 3 GeV gave a
value of the axial-vector mass Mz ——1.10+0.05 GeV and
this value was used in the determination of the neutrino
flUX.

Figure 7 shows the measured cross sections for the
three final states p ptr+, )tt pir, and n no+. A rapid
increase in the cross section is observed for the )Lt pn. +

state in vvhich 6++ production is predominant. The cross
section levels off above E„=1.5 GeV. The cross sections
for reactions (3) and (4) are increasing more gradually.

B. 4++ production

Figure 8 shows the pir+ effective mass distribution for
the p pm. + state in the neutrino energy range
E =0.5—6.0 GeV. This energy range was chosen to
avoid the uncertainty in the neutrino flux for E„&6.0
GeV. There is a strong 5++(1232) signal and no other
resonance is observed above the b, ++(1232) mass region.
The mass distribution was fitted over the mass range
M(pir+)= 1.08—1.4 GeV using a relativistic Breit-
%igner resonance shape wth a three-body phase-space
background. The curve is the result of the best fit and it
represents the data well. The values of the resonance
mass Mit and the width I it from the fit were

Mg ——1.224+0.002 GeV,

I g ——0.101+0.006 GeV .

The phase-space component obtained from the fit was less
than 1%.

To study the spin properties of the pm+ system, the m+

angular distribution was analyzed in the pir+ rest frame.
The azimuthal angle ((i and polar angle 8 in this rest frame

200-
Q Q r e I i I |

&oo-
200-

0:'
12Q-~

a W I I f I I
f ~ ~ i ~ ~ ~ I i i 0 I ~

(b)
0 a a ~
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J —~ i

40-

0 a ~ P4~
'
~ i 1 0 i

I ~ ~ ~ I 1 l0 i '
I
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~ ma
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FIG. 3. The four-momentum-transfer-squared distributions

(Q ) for the final states (a) p pm+, (b) p ps „and (c) p nm+.
FIG. 4. The Nm invariant-mass M(Nm) distributions for the

final states (s) IJ. p n'+, (b) p p it, and (c) p n s'+.
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are defined in a right-handed coordinate system, where
the z axis is parallel to the momentum transfer q= p„—p„
and the y axis is parallel to the normal to the production
plane p ~p@. Figure 9 shows the forward-backward
asymmetry defined as

NF —Ng
0!=

NF +Ng
m .CM~

where XF and Es are the numbers of the events with
cos8 & 0 and cos8 & 0, respectively. The forward-
backward asymmetry, a is nearly zero for M(pm+) &.1.4
GeV, but it increases rapidly for M(Jpn. +) &1.4 GeV.
This suggests the presence of the pure spin state for
M(Pm+) &1.4 GeV and of components other than a P
wave for M (pm+ ) & 1.4 GeV. For this reason, the

p Pn+ events with M(Pm+) &1.4 GeV are selected as
b++ events.

Figure 10 shows the Q distribution for the events in
the b, ++ mass region. The dip observed in the small-Q
region cannot be due to an experimental bias because the

40-

20-

40-

100-

20-
S

1 1.5 2 2.5
M(g 'N )(GeV)

1 I

FIG. 6. The p N-mass distributions for (a) p pm+, (b)

p pm, and (c) p nm+ final states. The slashed areas represent
the events with I(Nm) g 1.4 GeV.

20-

(b) events are observed as three-prong events.
Schreiner and Von Hippel" made a comparison of the

Q distribution with the prediction of the Adler model'
which is based on the V —A theory with a nucleon-
exchange mechanism. Following their formalism with a
dipole axial-vector form factor, the axial-vector mass Mq

Q.B-
C3

o gpss
pprt

Q pn~

14E~
2

0 05 1 15 2

M(P P }(GeV) OO'
0.$

FIG. 5. The p m-mass distributions for (a) p p m.+, (b)

p pm, and (c) p n. m.+ final states. The slashed areas represent
the events with M (Nm) ~ 1.4 GeV.

FIG. '7. The cross sections for the final states (a) p pm+, (b)

p pm, and (e) p nm+.
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'l QO-
C3

FIG. 8. The pm+ invariant mass M(pn+) for JM pm+ events
with 0.5gE„~6.0 GeV. The solid curve is the result of the
best fit using a relativistic Breit-VA'gner function and a three-
body phase space.

0—
0 't.0

Q (GeV )

2.0

obtained from the best fit using a maximum-likelihood
method was

FIG. 10. Q2 distribution for p p n.+ events with
M(pm+) ~ 1.4 GeV for 0.5 gE„g6.0 GeV. The solid curve is
the prediction of the Adler model with M~ ——1.28 GeV normal-
ized to the events with Q2~ 0.02 GeV2.

Mg ——1.28+0. 11 GeV

in the Q region from 0.1 to 3.0 GeV . The prediction
with M„=1.28 GeV (solid curve) describes the data satis-
factorily, although there seems to be some deviation from
the data in the low-Q2 region.

Figure 11 shows the ratio of (dE/dQ')~„ to
(dN/dQ )~dt„ for the b, ++ events. The ratio de-
creases smoothly for Q &0.4 GeV and deviates more
than 3 from unity for Q &0.05 GeV. This deviation
from unity for Q & 0.05 GeV could be due to nuclear ef-
fects which are expected in this low-Q region.

Figures 12(a) and 12(b) show the 5++ decay angular
distributions of the m+ in the polar and azimuthal angles
8 and P in the 6++ rest frame, respectively. The decay
angular distribution d$V(8, $)/dQ for the b, ++(I=—', )

decay is given by

pp, Re( Y2)
10

p3 jRe( F2), (10)
19

where I'I is the spherical harmonic function and p~„ is
the reduced density matrix element and is given in terms
of the density matrix elements p „by

C3
Uj

C,

OO--"—x-
Hb T

Q (G&& )

FIG. 9. M(pm+)' dependence of the forward-backward asym-
metry for the p, pm+ events with 0.5 ~E ~ 6.0 GeV.

FIG. 11. Ratio of X'" '(p 5++)/X'" (p 5++) as a func-
tion of Q for the events with 0.3 & E„&6.0 GeV.
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FIG. 14. Comparison of 6++ production cross sections. The
solid curve is from the prediction of the Adler model with

M~ ——1.28 GeV. The dashed lines correspond to the predictions
with Mq ——1.28+0. 11 GeV.

0
0 ~oo zoo

g(deg)

FIG. 12. Decyy angular distributions of (a) cos8 and (b) az-
imuthal angle y for the final state p pm+ with M(pm+) &1.4
GeV and 0.5~E„g6.0 GeV. The solid curves are obtained
from the measured density matrix elements. The dashed curves
are the predictions of the Adler model with M~ ——1.28 GeV.

I 1

P33 T+ (P233+P 3 3P—i 1 —P 1 —1) ~—
ps& =P3& —P —i —3

P3 i=P3 i+Pi 3.

The function dW(8, $)/dQ depends on the dynamical
structure of the formation and the decay of the 5++ in-
cluding the spin of the 8'boson. Using Eq. (10), the re-
duced density matrix elements p „were determined as a

QO

00-
?CL

l,Q y

O+0
+~ 0,8

i Q.e

'~ 0.4
6
u

0.2

(I)e90

~ g-I 0

= leO

0.0
0.0 0.2 0.4 0.6 Q.S

R =a-{p. p~ )/a(p. p~)
i.0

-0.4—
0 Q5 1 'I.5

g'(GeV )

F1G. 13. Density matrix elements as a function of Q for
0.5 &E„&6.0 GeV. The curves are the predictions of the Adler
model with Mz ——1.28 GeV.

FIG. 15. Plot of the cross-section ratios
=o(p p~ )lo(p p~+) and R2 ——o(p nm+) jo(p p~+) for
0.5~E„~3.0 GeU. The dashed straight lines and the solid
lines correspond to collstant values of il = ! /t ]/i! /! A $/i! arid
the relative phase angle y, respectively. The data points are
solid circle, M(Nm) &1.4 GeV; open circle, M{Xn.) &1.6 GeV
from this experiment; solid square, M(Xm) ~1.4 GeV; open
square, M (Nm. ) & 1.6 GeV from Ref. 5; and triangle,
M (Xm }~ 1.4 GeV from Ref. 13.
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TABLE V. Results of the isospin analysis 4', 0.5 «E„»3 GeV).

M(Nm. ) (1.6 GeV M4,'Xm) ~1.4 GeV

0.442+0.060
0.357+0.()44
0.836+0.067

100.07 +6.41

0.416+0.054
0.339+0.042
0.795+0.064

98.60 +6.03

0.354+0.044
0.284+0.034
0.676+0.062

95.76 +5.71

function of Q
~ and they are displayed in Figs.

13(a)—13(c). The curves in Fig. 13 are the predictions of
the Adler model" which describes the data well except for
pq&. The solid curves in Fig. 12 were obtained by using
the measured values of p~„ in the region of Q &3.0
GeV . The dashed curves in Fig. 12 are the prediction of
the Adler model and they are in good agreement with our
data. The dashed curve in Fig. 12(a) overlaps with the
solid curve.

Figure 14 shows the 6++ production cross section
from this experiment. For comparison, the ANL (Ref. 5),
Fermilab, and CERN data are also displayed. The curve
is the prediction of the Adler model" with the axial-
vector mass Mz ——1.28 GeV, which describes the data
weH within the errors.

C. Isospin structure of the mW system

An isospin analysis of the nX system in v„+d interac-
tions can provide information on the isospin amplitudes
of the ~I' states as well as on the isospin structure of the
exchange amplitudes. Since the well-established standard
model only has isovector exchange amplitudes, we
analyzed the ~N system only in terms of the isovector am-
plitude and did not include an isotensor exchange ampli-
tude.

The amplitudes for the p pn. +, p per, and p nn+.
states can be written in terms of the isospin I = —,

' and
I = —,

'
complex amplitudes Ai/2 and A&/2 for the mIiI sys-

tem as

I@I

II

F

A(p per+) =33/2
W2

/1(p pa )= (&3/2 —~ i/2)
3

A(p ita )=
& (Ai/i+23 i/2) .

Defining g and p as

I
~ i/21

I ~in
I

rr(p p~ )
1

0(p pm+)

o(p nm+)

o(p pm+)

=
9 ( 1 +7/ —271 coslp ),

= —,
' (1+4il —4' cosy) .

The quantities R j, R2, q, and y were determined using
the corrected numbers of p pm+, p pn', and p nn+
events with E =0.5 —3.0 GeV. This neutrino energy
range was chosen to be the same as that in the other ex-
periments ' ' so that the results can be directly corn-
pared. The results for various M(Xm. ) cuts are summa-
rized in Table V.

Figure 15 shows the scatter plot of R, vs R2 for the
two mass cuts, M(Nn) ~ 1.4 and M(Nm) &1.6 GeV, to-
gether with the results from other experiments. ' These
results indicate that the I = —,

'
amplitude is comparable in

size and almost orthogonal to the I = —, amplitude. Our
final results are in good agreement with those of the pre-
vious BNL experiment and of the ANL 12-foot experi-
ment, while they are not in such good agreement with the
Gargamell results. '

Figure 16 shows the ratio il =A i/2/A3/i as a function
of M(Nn) The I = —,

'
amp. litude rapidly increases from

M(Nm. )=1.4 GeV, indicating the dominant I = —, com-
ponent of the high-mass region.

IV. MUI.TIPION PRODUCTIGN

y= the relative phase angle between A i/2 and A3/2 the
quantities, R ~ and R2 are given by

1.0 1.5 20 24

FIG. 16. Ratio of isospin amplitude
~

A~/i ~ /~ A3/2
~

as a
function of M(Xm) for 0.5 ~E ~3.0GeV.

Figures 17(a) and 17(b) show the pm+- and the m+m

mass distributions obtained from the 276 p pm+a.
events. The dominant peak seen in the pm+-mass distri-
bution is attributed to the b, ++(1232). No other high-
mass 5 production is observed. The shaded area in Fig
17(b) corresponds to the events with M(pm+ ) y 1.4 GeV.
No apparent p production is observed. The broad peak
near the mm threshold is a reflection from the 6++ events.
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FIG. 17. Mass distributions of (a) M (p m+ ) and (b)
M(m+m ) for the p pm+m state. The shaded area represents
the events with M(pm+) ~ 1.4 GeV.
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FIG. 19. Single and multipion production cross sections as a
function of E .

Figures 18(a) and 18(b) show the pm+ . a-nd the ir+m

mass distributions for the 53 p, pm+n+m events. In the
pm+-mass distribution, the b, ++(1232) is apparent. In the
ir+ir -mass distribution, no significant p signal is ob-
served. However, there is a hint of p production in the
shaded distribution, where the m+m mass is plotted us-

ing the same ir+ in the pm+ combination if the pm+ mass
is greater than 1.4 GeV.

Figure 19 shows the new results for the cross sections
of exclusive multipion production in v„d interactions for
E„~15 GeV. For comparison, the cross section for the
reaction vd~p pm+n, measured in this experirn. ent is

15-
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n. n

1.5 2 2.5
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3.5
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~ THIS EXP
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0-'&
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( )
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'!0.

M(v r( )(GeV)

FIG. 18. Mass distributions of (a) M (pm+ ) and {b)
M(~+@ ) for the p @++~+A. state. The shaded area
represents the events with M {pm+) & 1.4 GeV.

FIG. 20. Comparison of the two-pion production cross sec-
tions. The solid and open circles are the total two-pion produc-
tion cross sections from this experiment and Ref. 2. The solid
and open squares are the threshold cross sections from this ex-
periment and Ref. 2.
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FIG. 22. Ratios of dN/dg of reactions (5) and (6) to that of
dN/dg (IJ, 6++). The ratios for the p pm+ with
M (pm+ ) p 1.4 GeV are also shown.

FIG. 21. Distributions of dN/dg2 for (a) p pn'+n' and (b)

p pn. +m.+m. events.

also displayed. The cross sections rise from the threshold
and plateau in the range of E„between 3 and 15 GeV.

Figure 20 shows the cross section for dipion production
in vd~p pn. +m p, from this experiment and the ANL
experiment. They are in good agreement.

The theoretical predictions of weak dipion production
in the reaction vn +p pm—+n close to threshold have
been calculated by Adjei et al. ' to determine the chiral-
symmetry-breaking parameter obtained from the study of
two-pion production in mN~Xnrr To compa. re with this
model, we extracted p pm+~ events in the threshold re-
gion defined by Adjei et al. as

~

M(n+n ) 2m
~

&——,m

~

M(p;m+n ) Mz —2m~
~

—& —,'m~,

i
M(pfn+m ) —M —2m

i & —,'m

where p; and pf are the initial and final proton and m
and M~ are the pion and proton masses, respectively.

Figure 20 shows the cross section o' for the selected
events in the threshold region together with the ANL re-
sults. The curve is the model prediction of the cross sec-

tion o' and it is lower than the data points.
Figures 21(a) and 21(b) show the Q2 distributions for

the p p~+~ and p pm+ad. +m. events. To compare
with the Q distribution of the quasi-two-body reaction
vp~p 6++. The ratios of dN/dQ~ for reactions (5)
and (6) to that for the reaction vp~p b, ++ as a function
of Q are shown in Fig. 22. The ratios for the p pm+
events with M(pm+)&1. 4 GeV are also shown. This
mass cut was imposed to remove the quasi-two-body reac-
tion vp~IJ, b, ++. The ratios all increase as Q increases,
indicating an apparent difference in the production mech-
anism for these inelastic reactions compared to the two-
body neutrino reactions.
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