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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 A** production and decay as well 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 wv,-nucleon charged-
current reactions has been studied in several bubble-
chamber experiments.!~7 These experiments have pri-
marily investigated the properties of A(1232) production
and decay as well as the isospin structure of the 7-nucleon
system in single-pion production. However, the properties
of exclusive multipion production have been studied only
in two other experiments.>3

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 AT production and decay are presented and
compared to theoretical predictions. The isospin proper-
ties of the 7-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 7’s and K’s decayed into neutrinos. The decay space
was followed by 30 m of iron to absorb the remaining
hadrons. The resultant neutrino flux in the chamber
peaked at 1.2 GeV and extended up to ~15 GeV. The 7-
foot bubble chamber was equipped with three 70-mm
cameras and operated in a 25-kG magnetic field. For
identification of muon tracks, four 1.5-m X 1.8-m X 5-cm-
thick stainless-steel plates were installed in the down-
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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 TVGP and the kinematic-fitting program SQUAW.
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-
ceptable four-constraint (4C) fits to the pp—pp or
mip—m*p hypotheses were removed from the sample.
After this cut, 14719 events remained. Neutrino
charged-current events were selected by imposing the fol-
lowing requirements: (1) the magnitude 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.

Scanning efficiency

Average
Single (including Measuring
Number of prongs scan double scan) efficiency
All 0.90+0.01 0.93+0.01 0.97+0.02
2 0.86+0.01 0.90+0.01 0.99+0.02
3 0.93+0.01 0.95+0.01 0.96+0.02
4 0.93+0.02 0.95+0.02 0.93+£0.07
5 0.93+0.02 0.95+0.02 0.94+0.08
6—9 0.93+0.02 0.95+0.02 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
(@) vd >u~pmtn

Background g1 0.98+0.01
Scanning-measuring efficiency g 1.07+0.05
X? probability cut g3 1.01
H, contamination in D, g4 0.87+0.02
Loss of fast neutron spectators gs 1.22+0.01
Total correction

81 X82X83X84Xgs 1.12+0.07

(b) vd >u~p7n°p;

Background from

upr°a® and pnwta®

pu~p and p~nmwt

vpT—

nn—npmw™
Event assigned to u~n7* and u~p
Scanning-measuring efficiency
Correction for three prong
Total correction

A+ fi+f2+f3+S4)8182

i —0.202+0.018
/> —0.032+0.012
f3 —0.084+0.014
fa —0.154+0.043
fs + 0.23540.071
g 1.13 +0.06
g 1.22 +0.01

1.05 +0.14

(©) vd —>p~nmtp,

Background from
p~pm’n® and p-nmwta®
p~p and ppn°
vpr~
nn—npmw™

Event assigned to u~p7° and p~p

Correction for 6, and P, cuts

Scanning-measuring efficiency

Correction for three prong

Total correction

I+ fi+ - - - +f6)8182

fi —0.277+0.021
f —0.129+0.063
£ —0.021+0.004
fs —0.031+0.016
fs +0.024+0.016
fe + 0.083+0.049
g 1.13 +0.06
P 1.22 +0.01
0.890+0.103
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C. Thep~pand u~pnt events

The u~p and u~ pm* 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-prong events using the two
hypotheses

Vud —p1pps (n
vyd—p prtng, (2)

where p; and ng 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 X probability be greater
than 1% and that the particle identification be consistent
with the fit hypotheses, we obtained 2684 v,d —u~pp,
events and 1610 v,d —u"pm*n, events, where we took
the hypothesis with the highest X2 probability for events
with multiple fits.

The contamination from the reaction v,d
—u~prta’n, to the vyd—p"prtn, sample was es-

timated by examining the 3C v,d —u"pm* 7 p; events.
The background was estimated to be 2%. The back-
ground from other sources such as vp—vpr ™7~ 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 u~pm™ events are
listed in Table II(a).

D. The reactions o p7n° and u~n7w+

Since there are no kinematic constraints for the reac-
tions
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TABLE III. Observed and corrected event numbers.

Reaction Observed Corrected
u"pmt 1610 1803
u-pm° 853.5 896
unmt 822.5 732
vud—u ~p, (3)
and
vud—p"nmrrpg 4)

we use the results of the zero-constraint (0C) 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~p7° events
and 822.5 u"n7™ 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 u ~p channel, (5) event loss due to
miss fit to the reaction vin—p ~p, (6) losses coming from
0.is and P cuts, (7) misassignment of the u~p7° events
to the u~nm™* 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~p7° events
and 732 u~nwt 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.

E. Multipion states
The multipion reactions

vud—p"ppmtTT, (5)

TABLE IV. Corrections for multipion reactions.

Reaction

1 PDs upn; K7 Pps upng
vd — rrr~ mtotro mtato mtrtato

Raw events 276 53 14 6
Correction Correction factor

Background 0.98 0.98 0.98 0.98

Scanning and

measuring efficiency 1.16 1.16 1.16 1.16

Prob(¥?) < 1% cut 1.01 1.01 1.01 1.01

Loss due to fast

spectator neutron 1.22 1.22

H, contamination 0.87 0.87
Corrected events 317 65 16 7.3
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vud—p - pnatataT, (6)
vd—p pprtate o, )
vd—p pnatatatoToT, (8)

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 X2 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 = /7~ or m* /p ambiguities. For these ambiguous
events, the fits with the highest X2 probability were ac-
cepted.

The contaminations in the 3C-fit reactions from final
states with a 7° 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-
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FIG. 1. Spectator-proton momentum distributions for (a)
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wopps, ) uTpmwtap, and (¢) ppwtwtaTwp, 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.
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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,, Q2
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 pu~pwt channel, the
A*7(1232) peak dominates the nucleon-pion mass distri-
bution, but in the u p7° and p~n7™* final states, the
A*(1232) peaks are superimposed on a broader N#-mass
distribution covering the region of 1.4—1.6 GeV.
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FIG. 2. The neutrino energy distributions (E,) for the final
states (a) u~p7t, (0) p p7° and () u—nwt.
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To search for exotic states the u ~7- and ™~ N-mass dis-
tributions for reactions (2), (3), and (4) are shown in Figs.
5 and 6. The shaded areas correspond to events with N7
masses > 1.4 GeV. No significant peak is observed. The
excess of events at 1.2 GeV in the u~p mass distribution
in Fig. 6(b) comes in part from misassigned v p and
npm~ events, for which the background was estimated to
be ~24% [Table I1(b)].

The cross sections for the p~p7 ™, u~pn°, and p~nw™*
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 M, =1.1010.05 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 u " p7+, u~pn°, and n ~n7t. A rapid
increase in the cross section is observed for the p~pm™
state in which A** 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.
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FIG. 3. The four-momentum-transfer-squared distributions
(Q?) for the final states (a) w~p7™, (b) u~p7°, and (c) p~nw™.

B. A** production

Figure 8 shows the pr™* effective mass distribution for
the p~pw™ 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 A+ 1(1232) signal and no other
resonance is observed above the A**(1232) mass region.
The mass distribution was fitted over the mass range
M(pr*)=1.08—1.4 GeV using a relativistic Breit-
Wigner resonance shape with 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 My and the width 'y from the fit were

Mz =1.22410.002 GeV ,
'k =0.10140.006 GeV .

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

To study the spin properties of the pm* system, the 7+
angular distribution was analyzed in the pm* rest frame.
The azimuthal angle ¢ and polar angle 6 in this rest frame
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FIG. 4. The N invariant-mass M (N ) distributions for the
final states (a) u~p7*, (b) u~p7° and (c) u~nwt.
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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,Xp,. Figure 9 shows the forward-backward
asymmetry defined as

Np—Njp

a=—,
Nr+Np

where N and Np are the numbers of the events with
cosf>0 and cosf <0, respectively. The forward-
backward asymmetry, a is nearly zero for M (prt)<1.4
GeV, but it increases rapidly for M(pm*)>1.4 GeV.
This suggests the presence of the pure spin state for
M (pr*)<1.4 GeV and of components other than a P-
wave for M(pm*)>1.4 GeV. For this reason, the
p~pmt events with M(pmt)<1.4 GeV are selected as
AT events.

Figure 10 shows the Q2 distribution for the events in
the A*+ mass region. The dip observed in the small- Q>
region cannot be due to an experimental bias because the
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FIG. 5. The p~m-mass distributions for (a) u=pm*, (b)

u~pn° and (c) w—nw* final states. The slashed areas represent
the events with M (Nm)> 1.4 GeV.
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FIG. 6. The p~N-mass distributions for (a) u=pw*, (b)

w~p7°, and (c) p~nw™ final states. The slashed areas represent
the events with M (Nm)> 1.4 GeV.

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 M,
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FIG. 7. The cross sections for the final states (a) u~pm™, (b)
p~p7°, and (c) p~nwt.
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FIG. 8. The p#™ invariant mass M (pm™) for u~pm™ events
with 0.5<E, <6.0 GeV. The solid curve is the result of the
best fit using a relativistic Breit-Wigner function and a three-
body phase space.

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

M, =1.2810.11 GeV 9

in the Q2 region from 0.1 to 3.0 GeV2. The prediction
with M 4=1.28 GeV (solid curve) describes the data satis-
factorily, although there seems to be some deviation from
the data in the low-Q? region.

Figure 11 shows the ratio of (dN/dQ?)gu. to
(dN /dQ?)aqier for the éL_A++ 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 A** decay angular
distributions of the 7% in the polar and azimuthal angles
0 and ¢ in the AT rest frame, respectively. The decay
angular distribution dW(6,¢)/dQ for the A*+(I=3)
decay is given by
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FIG. 9. M (p7™) dependence of the forward-backward asym-
metry for the u " p7™ events with 0.5 < E, < 6.0 GeV.
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FIG. 10. Q% distribution for u~pm* events with

M(pmt)<1.4 GeV for 0.5<E, <6.0 GeV. The solid curve is
the prediction of the Adler model with M 4 =1.28 GeV normal-
ized to the events with Q2> 0.02 GeV2.
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+———4 53 Re(Y1)
/——10P31 2

——‘/il_ap“}_lke()'i) , (10

where Y[" is the spherical harmonic function and g,,, is
the reduced density matrix element and is given in terms
of the density matrix elements p,,, by
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FIG. 11. Ratio of NP (u~A*+)/N"(y~A++) as a func-
tion of Q2 for the events with 0.3 <E, < 6.0 GeV.
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FIG. 14. Comparison of A** 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 M, =1.28+0.11 GeV.

Pu=7+73(p+p_3_3—pu—p_i-1)
P31=pi1—p_1-3, (11)
P31=P3_1+p1-3 -
The function dW(0,¢4)/dQ depends on the dynamical
structure of the formation and the decay of the A** in-

cluding the spin of the W boson. Using Eq. (10), the re-
duced density matrix elements g,,, were determined as a
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FIG. 15. Plot of the cross-section ratios R,
=o(u~pr°)/o(u~pm*) and R,=olu~nm*)/o(u~pmr+) for
0.5<E,<3.0 GeV. The dashed straight lines and the solid
lines correspond to constant values of 7= |A4,,2| /| A3, | and
the relative phase angle @, respectively. The data points are
solid circle, M (N7) < 1.4 GeV; open circle, M(N7)<1.6 GeV
from this experiment; solid square, M (Nw)<1.4 GeV; open
square, M(Nm)<1.6 GeV from Ref. 5; and triangle,
M (Nm)<1.4 GeV from Ref. 13.
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TABLE V. Results of the isospin analysis (0.5 <E, <3 GeV).

M (Nm) no cut

M(N7m)<1.6 GeV

M(Nm)<1.4 GeV

R, 0.442+0.060 0.416+0.054 0.354+0.044
R, 0.357+0.044 0.339+0.042 0.284+0.034
n 0.836+0.067 0.795+0.064 0.676+0.062
@ (deg) 100.07 +6.41 98.60 +6.03 95.76 +5.71
function of Q? and they are displayed in Figs. Alp=prt)=4;,,
13(a)—13(c). The curves in Fig. 13 are the predictions of V3
the Adler model!! which describes the data well except for Alp pr)=—"(43,—A41,) , (12)

p31- The solid curves in Fig. 12 were obtained by using
the measured values of f,,, in the region of Q?<3.0
GeV?2. 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 A'* 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 M, =1.28 GeV, which describes the data
well within the errors.

C. Isospin structure of the 7N system

An isospin analysis of the 7N system in v, +d interac-
tions can provide information on the isospin amplitudes
of the 7N 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 7N system only in terms of the isovector am-
plitude and did not include an isotensor exchange ampli-
tude.

The amplitudes for the u~p7*, u~pn°® and p nwt
states can be written in terms of the isospin I = and
I =2 complex amplitudes 4,,, and A3, for the 7N sys-
tem as
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FIG. 16. Ratio of isospin amplitude |4, |/| A3, | as a
function of M (N#) for 0.5<E, <3.0 GeV.

3
Alp~nmH)=3(430+24, ) .

Defining 1 and p as

41|

= (A3 7

@= the relative phase angle between 4,,, and A4;,,, the
quantities, R; and R, are given by

R.— o pm)
! olp=pm™)
— ot
Rz:ﬂ‘li?n”—)=%(l+4n2—4ﬂ°°s¢’ :
olu=pmr™t)

Z(149*—27cosg) ,

The quantities R;, R;, 7, and ¢ were determined using
the corrected numbers of u p7*, u~p7n°, and p~nwt
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 com-
pared. The results for various M (N ) cuts are summa-
rized in Table V.

Figure 15 shows the scatter plot of R; vs R, for the
two mass cuts, M(Nw)< 1.4 and M(Nw)<1.6 GeV, to-
gether with the results from other experiments.>!3 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 n=4,,,/43,, as a function
of M(Nw). The I =+ amplitude rapidly increases from
M (Nw)=1.4 GeV, indicating the dominant I =+ com-
ponent of the high-mass region.

IV. MULTIPION PRODUCTION

Figures 17(a) and 17(b) show the p7*- and the 7t 7~ -
mass distributions obtained from the 276 p pmt7~
events. The dominant peak seen in the pm*-mass distri-
bution is attributed to the A**(1232). No other high-
mass A production is observed. The shaded area in Fig
17(b) corresponds to the events with M (p7r™)> 1.4 GeV.
No apparent p° production is observed. The broad peak
near the 7 threshold is a reflection from the A** events.
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FIG. 17. Mass distributions of (a) M(pm*) and (b)

M (m+m~) for the u~pm* ™~ state. The shaded area represents
the events with M (p7*)> 1.4 GeV.
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FIG. 18. Mass distributions of (a) M(pw*) and (b)
M(m*m~) for the u~pmtntw~ state. The shaded area
represents the events with M (p7+) > 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 p7*- and the 77~ -
mass distributions for the 53 p~p7w+ 7 7~ events. In the
pmt-mass distribution, the A*+(1232) is apparent. In the
77~ -mass distribution, no significant p° signal is ob-
served. However, there is a hint of p° production in the
shaded distribution, where the 77~ mass is plotted us-
ing the same 7 in the p7+ combination if the p7* 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 —u " pm+n, measured in this experiment is
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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. 21. Distributions of dN/dQ? for (a) u~pm*7~ and (b)
upmtawtaT 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 >u~"pmt 7 p, from this experiment and the ANL
experiment.? They are in good agreement.

The theoretical predictions of weak dipion production
in the reaction vn—u " pmtm~ 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 7N —Nmm. To compare with this
model, we extracted p~pm+ 7~ events in the threshold re-
gion defined by Adjei et al. as

I M(7T+7T—)_2mﬂl <.:°m1r ’
|M(pimtnr™)—M,—2m, | < im,,
|M(pgrtm™)—M,—2m, | <im,,

where p; and p; 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-
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FIG. 22. Ratios of dN /dQ? of reactions (5) and (6) to that of
dN/dQ*u~A**). The ratios for the up pmt with
M (pm*)> 1.4 GeV are also shown.

tion o' and it is lower than the data points.

Figures 21(a) and 21(b) show the Q? distributions for
the u=prt7~ and p pwTatm~ events. To compare
with the Q2 distribution of the quasi-two-body reaction
w—pu~At*. The ratios of dN/dQ? for reactions (5)
and (6) to that for the reaction vp—>p~A** as a function
of Q? are shown in Fig. 22. The ratios for the u~pm*
events with M(p7+)>1.4 GeV are also shown. This
mass cut was imposed to remove the quasi-two-body reac-
tion vp—pu~A*+*. The ratios all increase as Q2 increases,
indicating an apparent difference in the production mech-
anism for these inelastic reactions compared to the two-
body neutrino reactions.

ACKNOWLEDGMENTS

We would like to thank the AGS staff, the crews of the
7-foot bubble chamber, and the scanning and measuring
personnel both at BNL and at Tohoku University for
their dedicated efforts. This research was supported by
the U.S.-Japan Cooperative Research Project on High En-
ergy Physics under the Ministry of Education, Science,
and Culture of Japan and the U.S. Department of Energy
under Contract No. DE-AC02-76-CHO00016.

*Present address: University of Maryland, College Park, Mary-
land 20742.
Permanent address:
Japan.
1Permanent address: KEK, Ibaraki, Japan.
§Permanent address: Fujitsu Company, Tokyo, Japan.
’; *Present address: CERN, CH-1211 Geneva 23, Switzerland.
*Deceased.

Toshiba Electric Company, Kawasaki,

1S. J. Barish et al., Phys. Rev. D 19, 2521 (1979); J. Bell et al.,
Phys. Rev. Lett. 41, 1012 (1978).

2D. Day et al., Phys. Rev. D 28, 2714 (1983).

3J. Bell et al., Phys. Rev. Lett. 40, 1226 (1978).

4]. Bell et al., Phys. Rev. Lett. 41, 1008 (1978).

5G. M. Radecky et al., Phys. Rev. D 25, 1161 (1982).

SP. Allen et al., Nucl. Phys. B176, 269 (1980).

N. J. Baker et al., Phys. Rev. D 23, 2495 (1981).



34 CHARGED-CURRENT EXCLUSIVE PION PRODUCTION IN . . . 2565

8N. J. Baker et al., Phys. Rev. D 23, 2499 (1981). (1973).

9N. J. Baker et al, Phys. Rev. D 28, 2900 (1983); 25, 617 125, L. Adler, Ann. Phys. (N.Y.) 50, 189 (1968); Phys. Rev. D
(1982); 24, 2779 (1981). 12, 2644 (1975).

10T, Kitagaki et al., Tohoku University Report No. TUHEP 13M. Pohl et al., Lett. Nuovo Cimento 24, 540 (1979).
85-03, 1985 (unpublished). 145, A. Adjei et al., Phys. Rev. D 24, 623 (1981).

1P, A. Schreiner and F. Von Hippel, Nucl. Phys. B 58, 333



