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This paper gives the results of a study of inelastic charged-current interactions of muon-type neutrinos with
hydrogen and deuterium targets using the Argonne 12-foot bubble chamber. We discuss in detail the
separation of the events from Eackground. For the single-pion production reactions vp —»p pw?,
vn—p nw*, and vn —u"p7°, energy-dependent cross sections, differential cross sections, invariant-mass
distributions, and the A**(1236) decay angular distribution are presented. These data are also used to study
the isospin properties of the 7N system. Comparisons of the data with models of single-pion production are
made, and a direct test of partial conservation of the axial-vector current is discussed. Cross sections and
invariant-mass distributions are given for the reactions in which more than one pion is produced. Ten events
of strange-particle production were found, and the properties of these events are discussed. The energy
dependence of the total vp and vn cross sections from threshold to 6 GeV was determined, and the
o(vn)/o(vp) ratio measured. This ratio and the inclusive x and y distributions rapidly approach the scaling

distributions expected from the quark-parton model.

I. INTRODUCTION

In this paper we present results on pion produc-
tion in charged-current (CC) neutrino rcactions
from an experiment using the Argonne National
Laboratory 12-ft bubble chamber filled with hydro-
gen and deuterium. Details of the experimental
arrangement have been discussed in a previous
article,! and preliminary results on single-pion
production have been presented.? In this paper,
we describe the event-selection procedures and
discuss the final results from the present experi-
ment. A larger exposure of the deuterium-filled
chamber has been made to the neutrino beam, and
the data from this second experiment are being
processed.?> The exclusive CC reactions studied
are listed in Table I. Most of the data come from
the deuterium exposure, although results from a
small run with a hydrogen filling of the bubble
chamber are also included. The paper is divided
into four topics: single-pion reactions, multipion
reactions, strange-particle production, and inclu-
sive distributions.

In the neutrino-beam energy region below 6 GeV
in which our data are concentrated, it is presently
accepted that the weak hadronic CC contains only
vector and axial-vector components. The hypo-
thesis of the isotriplet vector current directly re-
lates the weak hadronic vector current to the iso-
vector electromagnetic current. The latter cur-
rent has been well measured in electroproduction
reactions, so a principal physics interest in our
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experiment is to measure the details of the weak
hadronic axial-vector current. At higher energies
the quark-parton model (QPM) has provided a uni-
fying theme for lepton scattering experiments, and
it is therefore of interest to see to what extent our
low-energy inclusive distributions follow the ex-
pectation of this model.

II. EVENT SELECTION FOR SINGLE-PION PRODUCTION
REACTIONS

A. The reaction vp > u"pr*

In order to examine events belonging to reaction
(1) (see Table I) and to estimate possible back-
ground contamination, we consider one-constraint
kinematic fits to the reaction

xp—~pp,
where x is a particle of zero mass with unknown
vector momentum. Figure 1(a) displays a scatter
plot of the azimuthal angle versus the dip angle for
all events in the hydrogen sample with a ¥* fit prob-
ability >1%. The nominal neutrino-beam direction
is 0° for both variables with an uncertainty of +1°
Strong clustering is seen at the position expected
for neutrino-induced events. Figure 1(b) displays
the identical plot for events in deuterium. A con-
centration near ¢ =1 = 0 is again visible, although
now it is broader due to the unmeasured vector
momentum of the neutron spectator. Most of the
other events in these plots are either examples of
multipion production by neutrinos or events induced
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TABLE 1. The exclusive channels that form the inclusive reactions v+p —u~+X** and v+n

—uT+XT,
Corrected No. of Corrected No. of
- Reaction events in H, events in D,

(1) vp—p pr* 9011 308 +24
(2) vp—uprtanY, 121 5+ 3 20+ 5
(3) vp—u a1t (M%), m=0 2% 1 15+ 5
(4) vp—p prtataT 0 10+ 3
(5) vp—pprtrtaa®

(6) vp—pu ot 2+ 1 1+ 1
(7) Vp—’u”+strangevparticles 3+ 3 1+ 1
(8) m—up 83341
(9) wm—upr’ 12414
(10) v —p pt 90+11
(11) v —p"p(knY), £=2 31+13
(12) v~y prt ), 121 2912
(13) m—~pTprtn” 20+ 5
(14) v —p prtn=(@n0), 1=1 8+ 4
(15) v — P pr* Tt T (M), m=0 3 2
(16) yp —p prrata a~ 0

(17) ve —pu~ + strange particles 12+ 4

by incident charged hadrons that scatter in the
chamber liquid; the number of weak-neutral-cur-
rent events and neutron-induced events present is
small.

The event samples were isolated by kinematical-
ly fitting all events to the u “pn* final state. For
the hydrogen sample, three-constraint (3C) fits
were performed since the neutrino-beam direction
is known. For the deuterium case, each of the
neutron-spectator momentum components p,, p,,
and p, was given a starting value of 0+ 50 MeV/c
and 3C fits were again performed. A total of 82
and 249 fits were obtained in hydrogen and deuter-
ium, respectively. Because of secondary scatters
near the primary vertex, 9% of the fits were re-
duced to two-constraint. The 7*/p mass ambiguity
between the positive tracks was resolved wherever

" possible by using visual information such as ion-
ization density, particle decays, and secondary
interactions; the 1% of the events which remained
ambiguous were resolved by taking the fit with
higher y® probability. After these selections and
with a 1% x?-probability cut, the background in the
data samples is ~2% and 5%, respectively. These
numbers were obtained by extrapolating the back-
ground, as determined using the data in Fig. 1,

into the region near the origin.

The background from multipion production by
neutrinos [reactions (2) and (3)] was independently
estimated by taking a sample of events classified
as belonging to reactions (4) to (6) and (13) to (16),
deleting one or more charged-hadron tracks, and
attempting to fit them to the u~pn*x final state.
Above E, =1.0 GeV, the background from this
source was found to be ~2% and did not populate
any particular regions of ¢2 or the pr* effective
mass. :

Because of the 0+50 MeV /¢ starting value that

. was given to the momentum of the neutron specta-

tor, events in deuterium with a fast neutron spec-
tator often fail to give an acceptably high ¥* proba-
bility. In order to correct the cross section for
this loss, we considered events that had been iden-
tified as the reaction vd - p"pp, and for which the
spectator is seen. Figure 2(a) displays the mo-
mentum distribution of the proton spectator for this
data sample. We discarded the measurements of
the proton spectators and refit the events using
starting values of 0+50 MeV/c for the spectator
momentum. Events giving a successful fit are
shown cross-hatched in Fig. 2(a). The fitted spec-
tator momentum distribution for these events is
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FIG. 1. Scatter plot of the azimuth angle ¢ against
the dip angle A for events of the reactions: (a) xp
—ppr* and (b) xd —pprtn, where the mass of the
particle x is assumed to be zero. A clear clustering
of events is seen at A=¢=0 corresponding to the true
neutrino-induced events.

shown in Fig. 2(b) and is displaced to lower mo-
mentum values. In addition, we found that 15% of
the events failed to give a fit with x* probability
greater than 1%.

If the true spectator momentum distributions in
the reaction vd - pr*n, and vd— 1" pp, were iden-
tical, we should scale up our u pr*n, cross section
by this same factor of 15%. However, since the
number of fast spectators which come from rescat-
tering increases as the number of strongly inter-
acting particles in the final state, an additional 4%
correction has been applied. This additional factor
was obtained from a simple model of 7p and pp
elastic scattering in the final state. The 15% cor-
rection factor was studied as a function of the neu-
trino energy. There is a suggestion that the loss
of fits increases as the energy increases, but to
within the errors of the analysis, there is no ener-
gy dependence. The events lost from the " pn*
channel are all misclassified as belonging to the
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FIG. 2. (a) The distribution in momentum for the
visible proton spectators in the reaction vd— ppp;.
The cross-hatched events are those giving fits to the
Kk Pps hypothesis when the kinematic information of the
spectator track is discarded. (b) The fitted spectator
momentum distribution for the events cross-hatched in

(@). :

reaction vd—~ y” pn*n°n,. This contamination in the
27 data sample is discussed in a later section of
the paper. All the film was double-scanned and
the events were measured several times if neces-
sary, giving resulting efficiencies in the range 9%
to 99%.

Table II summarizes the corrections which have
been used to obtain absolute cross sections for re-
action (1). The corrections are independent of the
neutrino energy. The cross sections for the reac-
tion vp ~ " pr* measured in the hydrogen exposure
and in the deuterium exposures are in satisfactory
agreement.

B. The reactions vd - u"p7°p, and pnn*p,

The selection of events for vn— u” pr® [reaction
(9)] and v~ " nr* [reaction (10)] is more difficult
since the equations of energy-momentum balance
are not overconstrained. However, in'resolving
kinematical ambiguties between the u” pn° and
u nw* final states, we make use of visual informa-
tion such as track shape, ionization density, par-

TABLE II. Rate corrections for vp —pupnt.

Correction factor
Reason for correction H, D,

Background 0.98+0.01 0.95+0.03

Loss of fast-neutron spectators 1.00 1.23+0.06

Double-scan efficiency 1.02+0.01 1.01+0.01

Measuring and reconstruction 1.02+0.02 1.03%0.02
efficiency
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ticle decays, and secondary interactions.

An initial cut removes events fitting the u "pp, or
w”pming final states with x* probability >1%. Be-
cause of the large number of incoming charged
hadrons that scatter giving events which may easily
satisfy the kinematics of reaction (10), additional
selections were necessary. This background was
only important for reaction (10) and then only for
the two-prong events. The hadron-scattering
events which fit the u nr* final state have an out-
going neutron of high momentum which is parallel
to the neutrino-beam direction. Therefore, we
only considered those fits for which both the angle
between the incident neutrino and outgoing neutron
6,, was greater than 10° and the neutron-to-neu-
trino momentum ratio (p,/p,) was less than 0.9,
Although these selections removed most of the
background, we added, in addition, a further re-
quirement that the angle between the y~ and 7*
tracks be less than 150°, A study of a sample of
events identified through three-constraint fits as
hadron scatters showed that their misidentification
as reaction (10) is completely precluded by appli-
cation of the above selections. In order to esti-
mate how many genuine examples of the y nr* final
state are excluded by these cuts, the selection
criteria were also applied to events identified as
vd— " pr'n,, assuming the kinematics of the two
single-pion production reactions are similar for
low pion-nucleon masses. At the present level of
statistics, no discernible bias in either the ¢? dis-
tribution or in the 7*n effective-mass distribution
was introduced by these selection criteria.

In addition to the background from incident
charged hadrons; background to reactions (9) and
(10) arises from multipion production by neutrinos,
neutron-induced processes, neutral-current reac-
tions, and photo-induced processes. The photon is
often associated with a cosmic-ray interaction.

The magnitude of the background from double-
pion channels is estimated from a study of the re-
actions vd - n*n p(p,), vd—pu mtn wtn(p,), vp
—u w*r*n, and vp -~y w*1%. As shown in Sec. V,
the excitation function for such reactions rises
steeply and becomes comparable to the single-pion
cross sections for neutrino energies greater than
about 2 GeV. Furthermore, if the final states
w pn® and p nrt are simulated by discarding
charged hadron tracks from the above multipion
reactions, the resulting calculated neutrino energy
tends to remain above 1.5 GeV. Assuming that the
multipion reactions proceed by isovector exchange
with A(1236) dominance, the rates observed for the
above multipion channels indicate total backgrounds
in the single-pion final states of about 10%, pro-
vided that events with £,< 1.5 GeV are selected.

The neutron-induced reactions nn—npr~ and nn

TABLE III. Rate corrections for the 0C single-pion
reactions.

Reason for correction Correction factor

(a) vd = pr'ps

Double-scan efficiency . 1.02+9-34
Measuring efficiency 1.02+0.02
Loss of underconstrained events 1.04+0.02
Events assigned to p pps 1.22+0.05
Neutrino-multipion background 0.92%0.03
Neutron-induced background 0.98+0,02
Neutral-current background

Photo-induced background } 0.980.02

(b) vd—~p nmps

Double-scan efficiency 1.02%3-%

Measuring efficiency 1.02+0.02
Loss of underconstrained events 1.08+0.02
Correction for p,/p,>0.9 and 6,,<10° 1.04+0.02
Correction for 6, -,+ <150° 1.03+0.02
Neutrino multipion background 0.90+0.03
Neutron-induced background 0.99+0.01
Neutral-current background

Photo-induced background } 0.99+0.01

—nnr'r” are also sources of background. The
magnitude is estimated from that observed in the
film for np —ppw~, together with known cross sec-
tions' for the charge-symmetric reactions pp
—pnr* and pp = pprinT. ‘

The neutral-current process vn-vpn , where
the 77 leaves the chamber without interacting, can
simulate the final state ;"p7°. This background
is estimated knowing the 7~ detection efficiency as
a function of momentum and the measured rate*
for the vpr~ final state. The photo-induced back-
grounds are compiled from existing photoproduc-
tion cross sections, with the photon flux deter-
mined from e'*e” pairs observed in the bubble
chamber.

These and the other corrections appropriate to
these final states are summarized in Table III.
The correction for events that are underconstrain-
ed because of a track being too short to allow a
momentum measurement is obtained from the
sample of .~ pr* events. '

A correction particular to the y~pn° final state
arises because events with a small #° transverse
momentum relative to the neutrino-beam direction
often give fits to the u™p final state and are so
classified. The correction is measured by using
events assigned to the u prn* final state, eliminat-
ing the 7* track and fitting the event to the vd - up7%,
hypothesis. We measure that (22 +4)% of the
u pn°p, events are misclassified as quasielastic.
We find two events with an associated e*e” pair
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TABLE IV. Resolution for the 0C single-pion reac-
tions.

Quantity vd —p"prp vd —pnmtpg
E, (GeV) +0.06 +0.05
q* [(GeV/c)l] £0.02 £0.02
M(NT) (GeV) +0,05 +0.03

that fit the u"pp, hypothesis consistent with this
background estimate.

A further concern with these single-pion produc-
tion events is the resolution in the kinematical
quantities which is attained for these unconstrained
channels. The resolution is studie‘d using events
assigned to the constrained u~pr* final state. By
removing the appropriate charged-particle track
from the event, the u”pn° and " nrn* final states
are simulated. The resulting uncertainties in £,
q%, and M(N7) are given in Table IV.

III. PHYSICS OF SINGLE-PION PRODUCTION

A. General properties of the upr*, upn®, and u'nr* final states

We now display the data for the three single-pion
production reactions. In Figs. 3, 4 and 5 we show

60 T T N
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40 — M(pmt) —ﬁ

EVENTS /0.02 Gev

0 nrt™h nn

(b)

M(p7®)

20— M(nth —

EVENTS /0.04 GeV
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| I |
0 L2 14 16

NT MASS (Gev)

FIG. 3. The N invariant-mass distribution for
the final states (a) upr*, (b) upn’, and (c) p%rt. The
curves are the predictions of the Adler model, in-
cluding the selection E, <1.5 GeV that has been made
for (b) and (c).

the Nm, Nu~, and u” 7 effective-mass combina-
tions, respectively. It is apparent that the u pr*
final state is dominated by A(1236) production,
with few events at high mass. That high-mass
events are kinematically allowed can be seen in the
Nu~ mass distributions of Fig. 4. In contrast to.
the situation for the u™pn* final state, it is not
obvious that A production dominates for the p~pn°
and " n7* channels. In.particular, there is more

- evidence for high-mass N7 states than is'seen for

reaction (1) even though these data are limited to
E <1.5GeV.

Figure 6 displays the energy distribution of the
events. The spectrum peaks near 0.9 GeV; there
is no evidence for fine structure. The correspond-
ing cross sections are shown in Fig. 7 and listed
in Table V after binning the data into six energy
intervals. The error bars on the cross section
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 where we use +15% to allow for the uncer-
tainty in the K* flux. In calculating these cross
sections, we have used the flux calculated from
the measured pion production cross sections.

Figure 8 shows the energy dependence of the
cross section for the three single-pion reactions

3 vn— ppm° (b)
° IO}— ‘ ]
Q

o

2 s =
e

jre)

>

t 0 rC m O

1.0 l.2 1.4 1.6 1.8 2.0 2.2
KN MASS (GeV)

FIG. 4. The p"N invariant-mass distributions for
the final states (a) uprt, (o) u 7, and (c) phrt.
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FIG. 5. The p~r invariant-mass distributions for the
final states (a) uprt, () up7°, and (c) unrt.

s

with the selection M(Nw)<1.4 GeV; the data are
also given in Table V. The mass selection re-
stricts the data to the A(1236) mass region and
permits comparisons with theoretical models as
will be discussed below. '

Figure 9 shows the cosg},distributions, where
6%, is measured in the vN rest frame. The cross-
hatched events in Fig. 9(b) show the correction re-
quired for events lost to the u " pp, channel. Figure
10 gives the corresponding ¢ distributions with
the events having M (N7)> 1.4 GeVor E,> 1.5 GeV be -
ing cross hatched. The forward peaking of the u-
comes entirely from the events above 1-GeV neu-
trino energy. This can be clearly seen in Fig. 11
which is a scatter plot of cosg¥, versus the neu-
trino-beam energy for the u prn* final state. At
threshold, the A™ production angular distribution
is nearly isotropic.

- We examine the A*™ decay angular distributions
in the Adler coordinate system where the angles 9
and ¢ are defined as in Fig. 12. The A™ is defined
as M,,+<1.4 GeV. The distributions are shown in
Fig. 13; neither shows any striking structure. If
time-reversal invariance holds in the A produc-
tion process, the decay distribution is given by

EVENTS /0.1 GeV

0 1 }
0.5 1.0 1.5 20 2.0

E, (Gev)

FIG. 6. The distribution of events in neutrino energy
E, for the final states (a) uprt, (b) pp°, and (c)
pmwt. For the latter two reactions, the double-pion -
production background requires the data to be cut off at
E,=1.5GeV.

2 . 4 .
Z?? _‘;%(Yg'ﬁ(p%_ﬂytzj’*ﬁmeeY;

- '\/'—%_j' 53-1R9Y2.2’) ’
where Y are spherical harmonic functions and
Pm, are the density matrix elements. 'This equation
only applies in the absence of background, an ap-
proximation that is good for the A** case. Table
VI gives the experimental values for the three A**
density matrix elements for different cosg}, and q?
intervals. The p,, values plotted in Fig. 14 show
some q® dependence. A check for the presence of
“illegal” ¥} moments in the decay distribution was
made (see Table VII); no terms were found that
were significantly different from zero. In particu-
lar, the asymmetry in the cosg distribution of Fig.
13 is only a 2-standard-deviation effect.

B. Comparison of the u"A** final state with models

Many calculations have been made of the isospin-
2 amplitude, which determines the dominant struc-
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ture of the ~pr* final state. Preliminary data’
from this experiment were used to test the predic-
tions of models developed by Adler,® Zucker,”
Salin,® Bijtebier,® and others. The very detailed
calculations by Adler were found to agree well with
all aspects of the data: o(E,), do/dg?, and O

For pure A(1236) productlon the matrix element
may be written in the form

H=(u a™|vp)
= 5 Jula™|Ve- a5,

where G=0.99% 10°5M"2 is the coupling constant
for hypercharge-conserving semileptonic decays,
% =,y*(1 =y;)u, is the matrix element of the lep-
tonic current, and (A*[V®-A%|p) is the matrix

STUDY OF NEUTRINO INTERACTIONS IN...
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element of the hadronic current separated into its
vector and axial-vector parts.

The isotriplet-vector-current hypothesis states’
that the matrix elements of the weak strangeness-
conserving hadronic vector-current are directly
related to those of the =1 electromagnetic current
measured in electroproduction by means of the re-
lation

(A™ |V py = V(AT [V p) .

Thus, assuming the conserved-vector-current
(CVC) hypothesis to hold, the interest in the neu-
trino experiment is to determine (A™|A%|p).

Using Rarita-Schwinger form factors, the ma-
trix element may be written as a sum of eight
terms:

Cy cr : )
(a*™|p) = %{[—‘LK + e 4 P+ e (P ) ]YsF)\a +Ce 75
cA CA , A
+[M At (PA))\]F""‘+C;‘]'°‘+-—Jz—(q)"‘q-j}uf(W).
I
Here P, is the A** four-momentum, P, is the pro- ' ! I V]
ton four-momentum, M is the proton mass, F** Lok (a) |
=g¢j* - ¢*j*, ¥ is the Rarita-Schwinger spinor )
describing the A** spin state, « is the Dirac spinor
of the proton spin state, and fis an s-wave Breit- 08— ]
Wigner in the N7 invariant mass (W).
Time-reversal invariance is assumed to hold so-- 0.6 + -
that all the CY '4(¢?) form factors are relatively +
real. The CVC hypothesis and the approximation 04 + vp—ppmt _
of magnetic-dipole dominance states that
M 02~ =
C{=-37Cy, Cy=Ci=0. o< +
o ol l | | l
The electroproduction data can be well fit by the '?o
following form for CY%: Z 06
3 c T T I T [ I\’T
|CY |7 =(2.05)%[1+9 (—q"’)‘/z] exp[—6.3(-q2)1/2} . 0.4 (b) -
In the partially conserved axial-vector current
(PCAC) hypothesis, the axial-vector current is di- 0.2 4 vo——p pm°
vergenceless in the limit where the pion mass goes” . +
to zero. Thus, one has 0 - = = ' La
ia Al — o[, C& » | 1 | 1 VT
(a llapA [p)=V3Uaq®|CE+ e ? uf(W). 04 (€] va——p amwt
The induced pseudoscalar form factor C# contains o2 + |
a pion pole: ) —+—
—4-
Ci(pole) _ ANE: 005 0I5 20 zlsﬁ’_elo
MZT 2 3M(m, - %)’ W es ey
(me” = ") E, (GeV)

where g,=28.6 is the A*™ - pr* coupling constant
and f, =0.97m, is the pion decay constant. When
m,2 =0, this pole will give a nonvanishing contribu-

FIG. 7. The excitation functions for the final states
(@) uprt, () ppn°, and (c) prt. No 7N mass selec-
tion has been made for these data.
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TABLE V. Energy dependence of the single-pion production cross sections.

a(vp —pp*) (10738 cm?)

o(vn —p"p7%) (10738 cm?)

o(vn = prt) (10738 em?)

E, (GeV) No cuts M(pm)<1.4 GeV No cuts M(pm)<1.4 GeV No cuts M(nm)<1.4 GeV
0.4 -0.5 0.036 £0.019 0.036+0.19 0.02+0.01 0.02+0.01
0.5 —0.75 0.153+0.033 0.153 +0.033 0.05+0.02 0.05+0.02 0.04+0.02 0.04 +£0.02
0.75-1.00 0.369+0.069 0.364+0.068 0.15+0.04 0.14 £0.04 0.10+0.03 0.09+0.03
1.00-1.25 0.479+0.094 0.471+0.093 0.12+0.05 0.09+0.04 0.16+0.05 0.10+0.04
1.25-1.50 0.584+0.127 0.540+0.120 0.30+0.10 0.23+0.08 0.21+0.08 0.12+0.06
1.50-2.50 0.775+0.160 0.696 +0.148 :
2.50-6.00 0.739+0.266 0.640+0.239

tion to the matrix element of the divergence element can be zero at ¢g?=0 when m,?=0 if

(i Al 7 2, [~a0y_ Ealzs_ A0y= Zafr _19
@ ligatly —= VTiuatulcio- 4], ch(0)= EAlr -12.

a2 -0

If the coupling constants g,, f, do not vary much
from their physical values as m,? -0, the matrix

T I I T L
(a)
1.0 vp—— p AtY —
0.8— . =
—_———
0.6— —
04— -
— 0.2 -
NS —4—

I ——a
< 0.6 T T | 1 V]
(b) At
0.4/~ TR ?__ ,

pT
0.2 -
+
0 I N E I
| I I I TV :
04— () vn——/[A* m
+
ol U Lewr

257 6.0

0 0.5 1.0 1.5 2.0
E, (GeV)

FIG. 8. The excitation functions for the final states
(@) uprt, (b) upn’, and (c) u =t with the selection
M(NT)<1.4 GeV. The curves show the comparison with
the Adler model.

In the Adler model, CVC and PCAC are as-
sumed to hold. The excitation of the A (1236) oc-
curs dominantly through the nucleon-exchange
Born diagram shown in Fig. 15(a). Following
Chew and Low, it is also assumed that higher-
order effects are dominated by rescattering
through the intermediate s-channel A state as

T I T

Vp——IL—pW+

0
N
! -0
s vn—p-pr’ (b)
2
Z 40— —
V8]
>
wi
0

Ml I

*
oS 9#

FIG. 9. The c.m. angular distributions for the final
states (a) upr*, (b) pPp7’, and (c) . The cross-
hatched events in (b) show the correction for the events
lost to the quasielastic chamnel.
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3
‘;’ 10— — FIG. 12. Definition of the azimuthal ¢ and polar 6 de-
w cay angles in the Adler system. §; and §, are vectors
l"n along the v and p ~ direction respectively in the N7 rest
LYSE system.
20 vn—e—ppT’° - .
o shown in Fig. 15(b). Because of the dominant nu-
’\J 10 (b) - cleon-excharge terms, the ¢ dependences of the
3> vector and axial-vector transition matrix elements
e are proportional respectively to the nucleon iso-
e a0 vector magnetic and axial-vector form factors,
» 20f ”ﬁ_’f‘- nrt multiplied by a more slowly varying factor coming
o from the ¢? dependence of the exchanged nucleon
w propagator. Table VIII lists the axial-vector cou-
W I0f el plings at ¢? = 0in Adler’s and Zucker’s models. The -
coupling constants C£(0) and C2(0) are quite model-
: o dependent. In all A production models, the axial-
0 ! 2.0 vector mass M, is a free parameter.
of 2 : To fit the u pr* data, we have used the following
q [(GeVIC) ] likelihood function:
. . L=DyD;D;,
FIG. 10. The distributions in four-momentum trans-
fer ¢* for the final states (a) u~prt, (b) wpr®, and (c) where
pnrt. The open histogram corresponds to the events Nevt
resulting from the selections M(Nrt)<1.4 GeV and E, D. = Ie'VIs do(E;,W,? q;%, Q) /aV?dq*dQ
<1.5 GeV. Tt o(E;) ’
6
= HexP{”[oj - ofxn(j)]z/z[AOR(j)]z}’
i=1
2.5 and
D, =exp[—(0 = Texp) 2/2(40)%] .
Here 0% §) = 0uyp(§)(0/Fex,) is the renormalized ex-
Vp——p~At*
= o T T T
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FIG. 13. Distribution of events'in the decay angles (a)
FIG, 11. Scatter plot of cosé Ju versus E, for events polar angle cosd and (b) azimuthal angle ¢, for the final
of the upn* final state. The forward peakmg only de- state upnt. The curves are the predictions of the Ad~

velops for the higher E, values. ler model.
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TABLE VI. A**(1236) density matrix elements.

Angular or ¢2 range P33 P31 P3-1 Events
—-1.0 =cosf*=1.0 0.682%0.056  —0.129+0.063  —0.036+0.068 317
—1.0 =cosf*=0.0 0.638+0.097  —0.056+0.120 = —0.166+0.118 96

0.0 =cosf*=0.5 0.685+0.109  +0,100+0.117  —0.124+0.128 96
0.5 =cosf*=1.0 0.713+0.087  —0.361+0.092  +0.131+0.109 125
0.0 =42=0.10 (GeV/c)®  0.634+0.134  —0.400£0.138  —0.122+0.150 59
0.10=4°=<0.30 (GeV/c)>  0.679+0.093  —0.124+0.098  +0.177+0.111 121
0.30=¢°=0.60 (GeV/c)?  0.694+0.100  +0.035+0,123  —0.132%0.125 920

perimental cross section for energy bin j, and ¢ is
the flux-averaged cross section.

Assuming Adler’s model to hold, we may first
determine the value of M,. We find M, =0.93+0.11
GeV, in good agreement with our value of 0.95
+0.09 GeV from the direct measurement using the
reaction vn -~ u"p.! The Adler model (with M,
=0.95 GeV) is compared with our data in Figs. 3,
8, 10, 13, and 14. In general, good agreement is
found, even with regard to such details as the ¢
dependence of the p,, density matrix element.

However, since C; and C£# are quite model-de-
pendent and do not depend upon any firm theoret-
ical basis (such as CVC and PCAC), we next want

VP—’[L_A++ .
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FIG. 14. Values of the density matrix elements gp,
as a function of q2 for the reaction yp —p~A**. The
curves are the predictions of the Adler model with
M ,=0.95 GeV.

to explore the sensitivity of the fit with C£(0) and
C£(0) as free parameters, the value of M, fixed
to be 0.95 GeV, and the g2 dependence of C# and
C# as parameterized by Adler. Figure 16 shows
the resulting 1- and 3-standard-deviations limits:
on the two coupling-constant parameters. There
is clearly a strong correlation between the two
parameters, with C#~-C# being favored. The
predictions of Adler, shown as the box, agree well
with this fit; Zucker’s prediction, shown as the
circle, is about 2 standard deviations away from

the data. Any future model building will be highly
restricted by these results.

Finally, we have tested the PCAC hypotheses by
studying do/dq® near ¢*=0. At ¢*=0 (an unphysi-
cal value),' one has the simple expression

do 5 o _ (V3G)? s'-Wz\(M+W)
i 70" T (s-M2/ T )G

The contributions to the cross section from the
other axial-vector form factors as ¢® increases
make a test of the PCAC prediction (C2 =1.20) dif-
ficult at large ¢2. Figure 17(a) shows the overall
q? distribution compared to Adler’s prediction.
The agreement is good. However, for ¢2<0.1
(GeV/c)?, the additional contributions are only
weakly dependent upon the poorly known C2 and C£
form factors. This can be seen in Fig. 17(b),
which shows the predictions for do/dg? for the var-
ious combinations of C§, C{, and CZ, given in the
figure caption. It is clear that do/dg? near ¢%=0
is a strong function of C# and a weak function of

TABLE VIL Illegal Y¥ moments for A**(1236) decay.

55 xrp
Y} —0.027+0.015  ReY} —0.006+0.010
ReY} 0.002=0.012 Imy} —0.008+0.010
Imy} 0.007+0.011 ReY} 0.007 £0.012
ImY} —0.009%0.011 ImY} 0.016£0.011
ImY$ —0.011+0.011 ReY$ 0.002+0.011
v} 0.029%0.015 ImY } —0.002 £0.012
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(a)

FIG, 15. (a) Nucleon-exchange Born diagram. (b)
Intermediate s-channel A rescattering diagram,

C# and Cf if |C4,|<C¥, as suggested by Adler’s
detailed calculations.

The data plotted in Figs. 17(a) and 17(b) have the
selections 0.5 < E,<6.0 GeV and M(p71*)<1.4 GeV.
We find good agreement with the PCAC prediction
of C#=1.2 and conclude that PCAC is correct to an
accuracy of about +20%.

C. Isospin analysis

The amplitudes for the production of the three
pion-nucleon charge combinations in the final
states u”pr*, pu”pn®, and u nrt can be written as
follows:

A(pr*)=A,-(1/V5)B,, ' (1)
A(pr®)=(V2/3) A, - (VI/3)A, +(2/5)2B,, (2)
Almr*)=5A,+34, +(1/V5)B,, (3)

where A, and A4, are isovector exchange ampli-
tudes and B, is a hypothetical isotensor exchange
amplitude. The subscripts denote twice the isospin
of the final hadronic state. One would like to mea-
sure the magnitude and phase of these amplitudes
as a function of the N7 mass. Because of the lim-
ited data sample however, this goal can only be
partially achieved.

To measure the A, and B, amplitudes, we must
consider the u”pn° and " nr* reactions in detail.
The m-nucleon mass distributions for all three

single-pion production channels were presented in
Fig. 3. After all the experimental corrections have
been made and with the selection M(N7)< 1.4 GeV,
we find 220.6+21y " pr*, 75.9+10.4u " p7n°, and 60,1
£9.0p "nr* events in the deuterium film sample.

We use this restricted sample in order to remove
any flux-dependent corrections.

We now examine the isospin amplitudes given in
Egs. (1)=-(3). If B, is zero, the amplitides A(pn*),
Anr*), and A(pr®) must satisfy a set of triangle
inequalities. Moreover, if B, #0, it is still possi-

- ble with minimal assumptions to set an upper limit

on |B,/A,].
If B;=A,=0, then we expect that

R*=o(p " nr)/o(u pr°) =%
and
R*=[o(u " nr") +o(u pr®)]/o(u pr*) =3 .

Our experimental results [for M(N7)< 1.4 GeV],
R*=0.79+ 0.16 and R**=0.62 +0.09 imply the ex-
istence of at least an A, amplitude in addition to
the A, amplitude. The Adler model predicts R*
=0.77 and R**=0.58, in agreement with these re-
sults. The model also agrees well with other as-
pects of the data as discussed in the previous sec-
tion of the paper. In particular, it gives a reason-
able representation of the N7 mass distributions of
Fig. 3 and the excitation functions of Fig. 8.

If we assume that isotensor exchange is absent,
i.e., B;=0, we find that our data satisfy the result-
ing triangle inequalities. Consequently, isospin 2
exchange is not required by the data. Assuming
that B, =0, we can solve for the magnitudes of A,
and A,, as well as their relative phase n. For
M(N7)< 1.4 GeV, we obtain |A,|/|A,|=0.65+0.08
and 7 =95°+ 9°, which is consistent with a resonant
I=3% amplitude in the presence of a large nonreso-
nant I'= 3 N7 background.

If we allow B, to be nonzero, but require that it
feed only the A(1236) resonance, as does A,, then
it must be real relative to A;. One then finds the
following relationship between the amplitudes: *

U3 4(pr)= Alwr) + Alpr©),

where a=B,/A,. The resulting triangle inequal-

TABLE VIIL. Parametrization of axial-vector form factors. Cf(g? =CH0)[1~-aq¥ b ~¢H1/

(1= /M D2

cio) a b cf0) a b c0) a b
Adler 0 : -0.3 -1.21 2.0 1.2 -1.21 2.0
Zucker 1.8 -1.11  0.63 -1.8 =1.05  0.77 1.9 -1.11  1.32
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FIG. 16. 1- and 3-standard-deviation limits on C{

and Cf at g2 =0 as measured in the reaction yp —u"A*+,

The Adler and Zucker predictions are shown as the
square and circle, respectively.

ES

—T 14 T

vp——p'A“
0.5<E, < 6.06ev

~
T

>
T
|
>

—

~—~

i

>

s

~= 0.8 0.8

s 7

°

2 06 - 06

~

-

S

S 04 - 04

3
0.2 — 02f —
0 | ] ! 1 ) N N |

02 04 06 08 (0 O 0.05 0.10

" ¥fteevie)?] q%tcevrer?]

FIG. 17. (a) The differential cross section do/dq ?
for the reaction pp— u~ A** with the selections 0.5
<E,<6.0 GeV and M(p7*)<1.4 GeV. The curve is the
prediction of the Adler model with M ,=0.95 GeV. (b)
The differential cross section near g“= 0 for the reac-
tion vp— pu~ A**, The curves are calculated for the
following choice of parameters:

c$(0) c£(0) c£(0)
A 0 - 0.3 1.44
0 1.0 1.2
B { 1.0 0 1.2
c -1.0 1.0 1.2
{ 1.0 -1.0 1.2
D (1] - 0.3 1.2
-1.0 0 1.2
E { 0 -1.0 1.2
F 0 -0.3 0.96

ities for the magnitudes are satisfied only if —-0.47
+£0.02 <B,/A,<0.12+0.04.

D. Tests for the possible presence of second-class currents

Several recent nuclear-physics experiments have
reported evidence for the existence of second-class
axial-vector currents (SCC)' and the possibility
of observing SCC in neutrino production of the
A(1236) has been discussed. Holstein and Trei-
man'? suggest that the do/d¢ distribution for the
A decay is quite sensitive to the presence of SCC.
Pais®® has shown that the most general form of the
¢ distribution consistent with present theoretical
ideas is

do_

ag
In the Holstein-Treiman model, the o, term would
possibly be strongly modified by a SCC; the other
0,’s would also be modified but not to such a large
degree. Figure 13 compares our ¢ distribution
with the Adler model, which contains only the usu-
al first-class currents. To the extent that the
Adler model gives a good representation of the
data, we see no evidence for the presence of SCC.

=0, +0, COS¢ +0, COS2¢ +0, Sing +0, Sin2¢ .

Iv. STRANGE-PARTICLE PRODUCTION

Strange-particle production was observed in the
following reactions:

vd-vAK §(p,) (A =pr™, KS —n'n"),
vd—~u AK*(p,) (A—=pr7),

vd - pu 1 AKY (py) (A—pr”, K} —~a*u"D),
vd—pu KA1 (p,) (A-=pr7),
vd—-p T Kmp,) KS—-m'n7),

vd - pK*K°1°(n,) (K*~p'v, K§ =n'n7),
vd~ g (p,) (K~

vp—u pK*

This experiment is sensitive to K° and A produc-
tion at all momenta by means of the K§ - 7*r~ and
A —pr~ decays. If an event contained a K§ or A
decay, all charged-particle tracks were carefully
examined for particle mass identification using
bubble density, the various decay modes, and sec-
ondary scatters. Pions can be separated from
kaons using bubble density if the momentum is less
than about 0.6 GeV/c. Although charged kaons ’
can, in general, be identified by 3C kinematic fits
at production, it was required that the kaon also be
identified by visual means. Charged-Z production
was difficult to isolate in deuterium because there
are many 7z -7z and pn - pn secondary scatters.
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TABLE IX. Properties of the strange-particle events,

E, q? Hadronic mass Event

Reaction (GeV) [(GeV/c)¥ v x (GeV) number
vn —vAK" 2.05+0.45 0.19 0.68  0.07 1.819 1
vp—u AK" 1.73£0.02 0.10 0.73  0.04 1.824 2
2.29£0.02 0.42 0.62  0.16 1.753 3
3.20£0.02 1.36 0.54  0.42 1.623 4
vp—p 1t AK® 5.81+0.10 0.64 0.54  0.11 2.493 5
vn —u K ¥ A® 3.27+0.06 1.59 0.90  0.29 2.095 6
vn—u K% 5.5 £0.3 0.23 0.49  0.46 1.888 7
vp—u KK 55 204 2,72 0.91  0.29 2.748 8
vn—ppK° 1.59£0.02 0.09 0.45  0.07 1.442 9
vp—u pK* 6.13+0.13 0.21 0.12  0.15 1.445 10

% * production was searched for in the hydrogen
film, and no events were found. In summary, all
of our strange-particle events contain a K§ or A
decay, or are 3C kinematic fits at the production
vertex. The scanning efficiency for the strange-
particle reactions was >95%. The kinematic prop-
erties of the ten events found are given in Table
IX. The associated production event, induced by
the neutral current (event 1 of Table IX), has been
discussed in detail in a previous publication.

While we note that any background or ambiguities
to the CC events are certainly negligible (except
for the A/z° ambiguity), one must seriously con-
sider the possibility that the zero-constraint event
number 1 is really due to a neutron-induced pro-
cess. This background has been calculated to be
0.021+ 0.016 events based on the measured neu-
tron flux and known cross sections.

Event 3 also fits the reaction vd~ u~An*(p,).
Because the 7* has momentum 862+ 11 MeV /¢ and
leaves the chamber without any secondary inter-
action, we are not able to resolve directly the 7*/
K* mass ambiguity. But since the kinematic x?
probability for u AK* is six times larger than that
for u"An*, we accept only the former hypotheses.
We thus find no evidence for A production by
means of the AS=—-AQ mechanism. Event 6 is
ambiguous with the reactions vd - p " m*A7%(p,) and
vd—~ u K*AK%(p,). The u K*An° final state was
chosen for tabulation because it is not strange-
ness-changing and it yields a lower beam energy
for the event. Event 7 is ambiguous with the reac-
tion vd - u T*K$ K°%(p,). The p 7K’ final state
was chosen only because the event would then have
a lower beam energy.

This experiment represents one of the few mea-
surements of the rate of strange-particle produc-
tion by the charged current. For E;>1.5 GeV, we
measure

o(vd -~ +strange particles)
o(vd—-pu~ +all)

=>0.052+0.018.

R¥=

For hadronic masses in the range 1.4 <W <3.0
GeV, the results become

R®>0.075+0,027
| | | |
o T-NUCLEON
© ELECTROPRODUCTION
-p
0.25 o V- PROTON |
o PHOTOPRODUCTION
- e 7- PROTON 3
© 020/~ ® THIS EXP. —
o
)
[« =]
> 0.15F —
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<
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FIG. 18. Rate of visible-strange-particle production
as a function of hadronic mass W for various lepton-
and photon-induced processes, as obtained from the
following references: yp: A, J. Sadoff et al., Phys.
Rev. Lett. 32, 955 (1974); H. H. Bingham et al., Phys.
Rev. D 8, 127 (1973); up:|J. Ballam et al., Phys. Lett.
56B, 193 (1975); wp: J. P. Berge et al., Phys. Rev.
Lett. 36, 127 (1976); PN: F. A. Nezrick, SLAC Sum-
mer Institute talk, 1976 (unpublished).
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FIG. 19. The distribution in (a) x =¢*/2M (E,—E,)
and (b) y =(E, —Eu)/E,, for the events with visible
strange particles.

and
R (visible ¥°)=0.034+0.013.

The latter result is compared with measurements'®
using higher-energy neutrino beams as well as
data from electroproduction and photoproduction
experiments in Fig. 18.

Figures 19(a), 19(b) displays the x=g%/2M(E
-E,) and y=(E, - E,)/E, distributions of the
strange-particle events. The strange-particle
events tend to populate the larger-y and smaller-x
values when compared to the inclusive sample of
data.

Finally, we note that the two events of single-K-
meson production (events 9 and 10) occur at the
small values of x expected since they can only
come from the quark/antiquark sea.

V. EVENTS OF THE FOUR- AND FIVE-PRONG TOPOLOGY

There are 44 neutrino-induced events inthe ex-
periment with four or five charged particles in the
final state. These events are classified as belong-
ing to the final states listed in Table I as follows:
(4) (w pr*r*n™), (B) w pr'w*nr n°, (6) u ma'n*r*n”,
(13) pw prtnr™, (14) [u pr*n(1n®), 1=1], and (15)

[u nrtn*n (ma®), m>0]. As was done for the ™ p

and y”pr* final states, three-constraint kinematic
fits were performed in order to isolate the events

of reactions (4) and (13). Events with y® probabil-
ity less than 1% for the 3C fits were classified as

belonging to reactions [(15) or (14)] or [(6) or (5)]

depending on the presence or absence of an ident-

ified proton in the final state. In all cases, we as-
sumed only a single neutral particle was produced
in the event.

After kinematic fitting, there are two types of
ambiguities which can occur. First, there is a
w~/m" mass ambiguity whenever the two negative
tracks both leave the chamber without undergoing
a strong interaction in the liquid. This ambiguity

exists in 30% of the events. By examining the
unique four- and five-prong events (those where a
7~ scatters or decays, or where the .~ decays), it
was decided to resolve the p~ /7~ ambiguity as fol-
lows: If the faster negative track has momentum
greater than 0.5 GeV/c and the ratio P, /P, of
the faster-to-slower negative tracks is greater
than 1.5, then the faster track is classified as the
muon. For the three ambiguous events not re-
solved by this rule, the hypothesis with the smal-
ler total hadronic mass was chosen. Based on the
unique events, it is estimated that 2 +1 events have
been misclassified using these techniques.

The second type of ambiguity, present in 20% of
the four- and five-prong events, is the n*/proton
mass ambiguity. This condition can exist when-
ever two positive tracks have momentum greater
than 1.0 GeV /¢ so that ionization information is not
available. Based upon the unique events of reac-
tions (4)-(6) and (13)-(16) and the properties of the
vp— u pr* events, the ambiguity was resolved by
choosing the faster positive track as the nucleon.
The estimated error in the resulting track class-
ifications is 1+1 events. The numbers of events
assigned to the various reactions are given in Ta-

1.00 I I I

vn — pprtr” ta)
0.75— —
0.50 — . —
0.25 — —
0.00 =

vp— ppmiwte” (b)
075"

o (1078 cm?)

vo— poartete
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0.25 — j

| 2 3 4 5 6
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FIG. 20. Excitation functions for (a) the double-pion
production reaction yn —pprt 1™, (b) the sum of the
three triple-pion production reactions, vp —uprratns",
vn—pprrrn, and vn —p “nTt TR TS,
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FIG. 21. Scatter plot of q2 versus prtr” mass for
events of the reaction vz —p prtr-.

ble I.

The excitation functions for vn~ " pn*nr” and for
the sum of the three-pion production reactions vp
~u prtrtnT, vn—pu pwtnw°, and vn - u nntrtn are
shown in Fig. 20. The cross sections rise quickly
from threshold, and for E, in the range 3.5-6.0
GeV are about equal tothe cross sections for the
vr—u"p and vp -y~ prt reactions.
~ Only the v — " pr*r”~ data sample is large enough
to permit a study of the production dynamics.
Figure 21 shows the correlation between ¢? and

T T T~
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FIG. 22. N7 mass distributions for the constrained
four- and five-prong events (a) M(p7~) for events of the
reaction vn —uprt ™, (b) M (p7*) for the events of the
reaction vn—p~pr* -, and (c) M(pn*) for the events
of the reaction vp—p-pr*r* -,

the pr*r~ invariant mass. Most of the events have
low g2, but there is no apparent structure in the
mass spectrum. Figures 22(a)-22(b) show the p7~
and pr* mass distributions; some evidence for
A*(1236) production is apparent. The n*r~ mass
spectrum (not shown) gives no evidence for p°(760)
production.

The events of reaction (4) also show a clear A**
signal as seen in Fig. 22(c), but no other resonance
production in reactions (4)-(6) and (13)-(15) is
evident in any of the multipion production events
at our present low statistical level.

VI. MULTINEUTRAL FINAL STATES
A. Kinematics

We have discussed the analysis of the events with
four or more charged prongs in the previous sec-
tion. For that data sample, the unconstrained
events were assigned a single neutral particle
either, 7° or neutron. This technique can be used
because of the low pion multiplicity observed with
the flux of this experiment. We now describe the
method used to separate events of the two and
three-prong topologies with one neutral particle

_from those having more than one missing neutral.

The approach is statistical, relying upon the 3C
fits in the final states with single and multiple
pions, and the assumption that the kinematical dis-
tributions are similar for the mixed charged-neu-
tral and for the completely charged final states.
The method described permits us to separate the
multipion background from the single-pion final
states p"pn° and u nr* at incident neutrino ener-
gies above 1.5 GeV and thus is complementary to
the analysis given in Sec. II B,

Events of interest with multiple missing neutrals
are categorized into the reactions listed in Table I
as follows: (2)[u"pr*(In®), 1=1], (3) [u nr'*s(ma®),
m=0], (11) {u p(kr°®), £=2], and (12) [ nr*(in°),
1=1]. Each of these events appears as either a
two-prong [reactions (11) and (12) with an unseen
spectator ], or a three-prong topology. In the deu-
terium portion of the data, events of reactions (2)
and (3) also have unseen neutron spectators. Be-
cause these final states are underconstrained, the
incident neutrino energy cannot be directly com-
puted from the observed particle momenta.

In order to describe the kinematics of the under-

_constrained events, we note that the incident pro-

jectile is massless, and thus there is a linear re-
lation between the incidentfbeam energy and the
mass-squared of the missing neutral system:

M2 =C +DE,. (4)

The quantities C and D are computable for each
event in terms of the observed particle momenta
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and masses and are given by.

C=(M—Z E,)z-(ZP,)Z (5)
D=2(M-EE,.+EP,U), (6)

where M is the target mass, the summations are
over all the observed tracks (including the specta-
tor for deuterium events), and P,, is the component
of momentum along the incident neutrino direction.
The quantity C is the four-momentum between the
neutrino and the neutral system, whereas D is re-
lated to the transverse momentum  of the neutral
system as can be derived from (6):

M 2
D=2(Eg=P,,)*2Ppo+ 5=+ ***
PO
Three rules follow immediately from these rela-

tions for the true neutrino-induced events: (a) C
and D are correlated by Eq. (4), (b) for events
with no missing neutrals, M22=0 and C=D=0, and
(¢) D>0. Finally, we note from Eq. (4) that if a
scatter plot is made of D versus C, lines of con-
stant E, radiate into the upper half of the plot
originating from the point of the C axis equal to
M2 for each event. Of course, M is only single
valued for the reactions with a single missing neu-
tral.

B. Selection criteria

All two- and three-prong events which did not
give an acceptable fit to the u " pr*(n,) or u p(p,)
final states were used in the analysis. Assuming
the negative track to be a muon, the other tracks
were assigned the pion and proton masses in turn
unless the particle was identified by ionization,
scattering, stopping information, or helix fit re-
siduals. As an illustration, we show in Figs. 23(a)
and 24(a) the C-D scatter plots for two-prong
events, and three-prong events with a visible spec-
tator. In Figs. 23 and 24, the final state is as-
sumed to be u pX° or u 7*X°, respectively. When
the fast positive track could not be identified, the
event appears on both plots. In Fig. 23(a), a large
clustering of events appears in the unphysical re-
gion having D < 0. These events correspond to in-
cident low-momentum protons that scatter in the
liquid.

In Fig. 24(a) we see a band of events extending
from the unphysical into the physical region. The
events in this band result from incident charged
pions that scatter or decay, thus faking a two- or
three-prong neutrino event. As the observed mo-
menta nearly balance,
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FIG. 23. Distribution in the variables C and D (de-
fined in the text). (a) All two-prong events of the final-
state p pX° (plus three-prong events with a spectator
proton). The large clustering of events with D <0 cor-
responds to background from the incident hadrons
that scatter in the liquid. (b) Predicted distributions
for events of the upn° final state shown as dots and
events of multiple neutral-pion production u (& zr”) , B
=2 shown as crosses. The distributions for the single-
pion final states are calculated from the Adler model
whereas for the multiple -pion production data, we use
the multipronged events.

and so
C~D?/4.

The dark band in Fig. 24(a) clearly follows this re-
lation, confirming these events to be mostly back-
ground. The clustering of background events in
Figs. 23(a) and 24(a) occurs because of the low mo-
menta of the incident hadrons, predominantly <1
GeV/c. Applying the selection D >0 eliminates
most of the background in the proton case while
leaving the signal unchanged.
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FIG. 24. Distribution in the variables C and D (de-
fined in the text). (a) All two-prong events of the final-
state u'zr"'X“ (plus three-prong events with a spectator
proton). (b) Predicted distributions for events of the
w-nm* final state shown as dots and events of the type
pnm* (I7%), 1=>= shown as crosses. The distributions
for the single-pion final state are calculated from the
Adler model, whereas for the multiple-pion production
data, we use the multipronged events.

In order to eliminate the background inthe 7*
sample, a set of colinearity cuts were applied to
the data similar to those described in Sec. II B.
However, whereas previously these cuts were ap-
plied to all the data, they are now applied only to
the events within the band shown in Fig. 24(a). Us-
ing the constrained sample of multicharge pronged
events [reactions (4) to (6) and (13) to (15) of Table
1] and applying the same cuts, we estimate that no
loss of real events occurs for the multineutral final
states. However, a correction of 5.5% was neces-
sary for the u nn* channel.

Each event in the physical region satisfying the
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above cuts was examined on the scan table to check
consistency and search for neutron scatters and y
rays. Protons with momenta less than 350 MeV /¢
were classified as spectators. In this way, mass
interpretations were unambiguously assigned to
88% of the events. The ambiguous events were
weighted equally into each appropriate final state
consistent with the various mass assignments for
each track. The three-pronged events (without a
proton spectator) were analyzed in a similar way.
For this sample, the background was relatively
less important.

We have now selected the sample of neutrino-
induced events and assigned the positive track to
be either aproton or 7*. In order to isolate the
single 7° from the multi-7° final states, we again
rely on the constrained multicharged data. By
dropping appropriate combinations of tracks, these
final states could be used to simulate the uncon-
strained reactions. In Figs. 23(b) and 24(b), we
show the resulting C-D values for these simulated
events as crosses. The single-pion final states
w”pn® and p nnt were simulated in two ways: (a)
using the constrained u~pr'n, events, and (b) using
Adler’s model as discussed in Sec. IIC for hadron-
ic masses up to 1.4 GeV and phase space for higher
masses. The resulting distributions were not
noticeably different, so we decided to use method
(b). The C-D distributions for these simulated
events are also shown in Figs. 23(b) and 24(b) as
dots.

The p"pr° events separate well from the u px°
events, the latter populating a region with C
<~0.3 GeV2, This separation can be related to the
threshold behavior observed in the multipion cross
section. On the other hand, the (i 7'z and u 7" Xx°
final states appear to have a larger overlap be-
cause of the large missing masses present.

Assuming that the kinematics of the data are sim-
ilar to the simulation, we have made a statistical
separation. The C-D plots were divided into bins,
and weights were assigned to each event based on
the probability that it belonged to the single-neu-
tral or multineutral final state.

An estimate was made of the background in each
channel resulting from events induced by incident
neutrons. Using the reaction np - pp7~ to normal-
ize the neutron flux, a total of eight background
events were estimated. Misidentified neutral-cur-
rent events contribute less than one background
event. After subtracting the background and cor-
recting for scanning inefficiency, losses due to
cuts, unmeasurable events, and the g¢® loss de-
scribed in Sec. II B for the y " pn° final state, the
final number of events is shown in Table I.

No attempt was made to separate the single-
neutral from multineutral events in reactions (2)



2538

S. J. BARISH et al. 19

TABLE X. Errors on assigning the neutrino energy.

) Py QopPy D) AC AD ép\ ¢ (sp\ ¢ op
Final state® (GeV/c). GeV/c) (GeV) (GeV®)  (GeV) Py |y Py |g Py ) total

KT plng) 0.1 0.7 0 £0.07  £0.1

BT plng) +X° 0.06 1.8 0.4 £1.03  *0.06  0.20 0.26 0.33
prt (g +X°  0.06 1.1 1.0 0,063 0,06  0.08 0.23 0.24
ETn(ps) 0.05 0.8 1.2 0,04  *0.05  0.06 0.05 0.08
wT n(pg) +X° 0.05 1.0 1.48 £0.05  20.05  0.05 0.22 0.23
% (pg) 0.05 1.2 0.36 £0.06  *0.05  0.20 0.05 0.21
wplps) +X° 0.05 1.5 0.52 0,075 %0.05  0.14 0.12 0.18

2 Spectators are unseen because they are neutrons or protons with momentum =110 MeV/c.
Only for events not giving 3C fit, i.e., Py 2140 MeV/c. ‘

¢ Error due to assigning zero momentum to an unseen spectator (zero if spectator seen).

4 Errors in assigning the neutrino energy either by 0C fit for single missing neutral or

multicharge simulation in multineutral case.

and (3) due to the small number of multineutral
events. However, as described in Sec. IT A, reac-
tion (2) has a background contribution from y ~pr*
events in deuterium where the neutron spectator
has large momentum. Because the true 3C fits
will populate near the origin on the C-D plots and
be spread out due to the missing spectator momen-
tum, a cut of C <-0.21 GeV? was applied to remove
these " pm*n, background events. This cut was
tested using the p " pp, fitted events and was found
to eliminate all of the background; a corresponding
correction factor of 1.10 was necessary for the

" pmtin® events effected by the cut. The corrected
numbers of events are summarized in Table I.

C. Neutrino-energy assignment

The neutrino energy was assigned to each multi-
neutral event using the C and D values for that
event and the correlation of neutrino energy with
these variables. The mass of the neutral system
was parametrized using the form

MP =a+BC+yD+6CD. (7)

After dropping the appropriate tracks from the
constrained multiprong events, a fit was per-
formed for each multineutral channel to Eq. (7)
where M,? is now a known quantity since we know
the vector momenta of the discarded tracks. Using
the fitted constants in (7), each multineutral event
was assigned a M,? value and, therefore, an E,
according to its measured C and D values. The
estimated percent errors on determining £, with
this method are given for each final state in Table
X, denoted as (6P/P,,);.

Also contributing to the error in assigning £ is
the effect of an unseen spectator. The magnitude
of this effect can be shown to be

AC =C reat = Cryeas g"PS ZPJ’
- AD=D real = Dpneas=Pg,,,

where Py refers to the spectator. )P, will be
roughly in the v direction, therefore the equations
become '

ACz—Ps,,,ZP,l', (8)

AD=Pg,. ; 9)

The effect of the unseen spectator will appear then
on the C-D plot along a line of negative slope inter-
cepting the origin. We illustrate this behavior
coming from the unseen spectators in Fig. 25,
where we plot C against D for the fitted events of
the u~pm*n, final state that has an unseen neutron
spectator. There is a clear linear relationship as
predicted by (8) and (9). In Table X, we give an
estimate of this source of error as (6P,/P,),

D (GeV/c)
o

c(Gev?)

FIG. 25. Distribution in the variables C and D (de-
fined in the text) for fitted events of the ppn*n final
state. The measured track quantities are used in the
calculation and the distribution along a line through the
origin is a result of the unmeasured spectator momen-
tum.
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as described in the text. The distribution extends above
the A region, perhaps reflecting the production of
high-mass T =73 isobars. The curve is a prediction of
the Adler model.

D. Hadronic mass distributions

First we compare our résults for vn -y N7 with
those presented in Sec. II, which were obtained
using a quite different analysis. The N7 mass plot
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FIG. 27. Distribution in N7m mass combining all data
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appears in Fig. 26 with the curve given by the
Adler model. This plot is consistent with the data
presented in Sec. II and in Fig. 3 except now the
distribution extends to somewhat higher masses.

Making a cut at M(N7)=1.4 GeV, we obtain the
same results for R* and R** within the errors pre-
viously quoted.

Combining the charged-multipion sample dis-
cussed in the previous section with the multineu-
tral sample, we have searched for evidence of
higher N* and A resonances. The N*(1525),
N*(1688), and A(1950) have been predicted to be
present by Zucker,” and they should appear in N7,
Nmm, and Aw final states. In Figs. 26 and 27, we
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FIG. 28. Distribution of events in neutrino energy E, for (a) the reaction vp —pX**

, and (b) the reaction vz —p~X*.

The dashed hisotgrams correspond to dominant pp7* and up final states, respectively.
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show the total single-pion and double-pion mass
plots where we have placed all events of the type
uw pX° and u 7t X into the double-pion distribu-
tion. There is no clear evidence for any higher-
mass resonances, though there is an accumulation
of events in the 1700-MeV mass region. The next
higher A resonance predicted by Zucker is at 1950
MeV, and with his cross-section prediction we ex-
pect only a total of three events in the N7 mass
plot. : .
Assuming that all events with hadronic masses
from 1350 to 1850 MeV are due to N*(1525) and
N*(1688) production in both the single- and double-
pion mass plots, the integrated cross sections and

L
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b
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_ (b)
B
o 3 + ‘ -
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S ++:¢:
S NN -1
0 1 L I 1

0 / 1 l L l 1
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E!, (GeV)

FIG. 29. (a) The total vN cross section, defined as
half of o(vd), as a function of neutrino energy E,. The
full line represents a linear fit through the origin,
whereas the dashed line is the best linear fit without
this constraint. (b) The ratio of the vz to vp cross
sections as a function of neutrino energy. The filled
circles correspond to all channels, whereas for the
open circles, the quasi-elastic events have been re-
moved. (c) Mean four-momentum transfer squared
(@?) as a function of neutrino energy. The dotted curve
represents (@2) =—0.01+0.35 E, ; the solid curve is a
typical Q PM prediction.

branching ratios are consistent with Zucker’s pre-
diction.

VII. PROPERTIES OF THE INCLUSIVE DISTRIBUTIONS

Data from lepton-nucleon scattering experi-
ments, when compared to recent predictions of
asymptotically free gauge theories (AFGT), show
that the concept of scaling in the nucleon structure
functions can be extended to low energies without
defining new variables.'® The change of the distri-
butions with ¢? over a wide energy range is ex-
plained by scaling violations of the lng? type.
Specifically, it has been shown that the energy de-
pendence of the neutrino-nucleon x distribution can
be represented by the expression®®

AN Fy(x, 45?) (2MEx)f‘ ”
i ST g )
where f(x)=0.25- x.

At very low energies, only one or two exclusive
channels are kinematically allowed and so these
ideas should not apply. Our data extend from this
threshold region into the kinematic regime where
the scaling ideas are valid. In this section of the
paper, we investigate this approach to the scaling
region and, in addition, compare our data with re-
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FIG. 30. The distribution in the variable y =(E,
—Eu)/E,, for vd interactions with the energy selections
(@) 1<E, <2 GeV, and (b) 2<E, <6 GeV. The quasi-
elastic events are shown shaded.



sults from the high-energy experiments.

Figures 28(a), 28(b) shows the distribution of
events in neutrino energy separately for neutron
and proton targets. The reactions are, of course,
dominated by the quasielastic (1" p) and single-
pion production (u~pn*) final states, respectively,
as shown by the dashed histograms. The vN total
cross section, defined as the mean of the vn and
vp cross sections, is given in Fig. 29(a). The er-
rors include a systematic flux uncertainty of +10%
folded in with the statistical error. Within errors,
the cross section rises linearly with E, almost
from theshold. A linear fit yields ¢,(vN)=[(-0.07
+0.05) +(0.96£0.06)]x107**E  cm?/nucleonGeV.
With the constraint that ¢, =0 at £,=0, one has
0,(vN)=(0.87£0.03)X10"*E  cm?/nucleonGeV with

"x?/DF =4.4/7. The only other VN cross-section
measurement in this energy range is from a freon
target in Gargamelle.!” That experiment measured
a slope of 0.81+0.03 in the energy range 1-18
GeV. The results of the two experiments agree,
although the final result of each experiment has
changed somewhat from those initially published.®

Since the neutron has two down quarks and the
proton only one, the simple quark model predicts
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FIG. 31. The distributions in the variable x=¢%/
2M(E, —E,) (a) comparison of the vp (full histogram)
and vz (dashed histogram) distributions for the energy
selection 2<E,< 6 GeV. (a) Comparison of the 1d dis-
tribution for the two energy selections 1<E, <2 GeV
(dashed histogram) and 2 <E, <6 GeV (full histogram),
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that the total-cross-section ration R =0 ,(vn)/0, (VD)
should be 2.0 if only the three valence quarks con-
tribute. Recent specific scaling fits to electron,
muon, and high-energy v data predict a value of
1.95+0.03.® Our measured cross-section ratio is
shown in Fig. 29(b) as a function of E,. The open
circles show the ratio with the quasielastic events
removed. We use only the deuterium data in this
plot so the measurement is independent of the flux.
After a strong fall at low energies, where the
quasielastic events dominate, the ratio levels off
at about 2. For E,>1.5 GeV, we measure R =1.95
+0.21 for all the data and 1.12+0.13, rising with
increasing energy, if the quasielastic events are
removed. Our results show that the scaling value
is approached quickly.

Another check on the approach to scaling can be
made by looking at the mean squared four-momen-
tum transfer between the leptons, (¢%), as a func-
tion of E,. As seen in Fig. 29(c), (¢® rises with
E, and, using all the data, the best linear fit is
(g® =(~0.01+0.04)+(0.35 £ 0.02)E,, with (¢?) in
(GeV/c)? and E,, in GeV, as shown by the dotted
line inFig. 29(c). Thefitisnotgood (x*/DF =15.2/6).
Restricting the fit to the events with £,>1.0 GeV
gives (g% =(0.16+0.08) +(0.25 +0.04)E, with y*/DF
=2.5/2, The fit is in agreement with that obtained
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FIG. 32. Mean values of the scaling variables x and
9 as a function of neutrino energy. In both cases, there
is a rapid rise to the scaling values. The full line in
(a) shows the expected change of (x) with E, because of
scaling breaking. The dotted line at {y) =0.5 corres-
ponds to the mean value for a flat y distribution.
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in the Gargamelle experiment'® where (g?)
=(0.12+£0.03) +(0.23+0.01)E , represented the data
with £, >1 GeV. The finite intercept presumably
arises from the v energy thresholds for the quasi-
elastic and single-pion production channels. The
solid curve shows the prediction of a typical QPM
calculation.

The distributions in the scaling variable y are
shown in Fig. 30 for vd interactions and the energy
selections (a) 1<E, <2 GeV and (b) 2<E, <6
GeV. The y distribution is somewhat different in
the two energy ranges, and is flatter for the high-
energy selection in agreement with the expected
scaling distribution. The contribution from the
quasielastic channel vz -y "p is shown shaded. In
a low-energy experiment, the kinematical restric-
tions on y are important and favor the central y
range.

The\distributions in the other scaling variable
are shown in Fig. 31. In this case since the quasi-
elastic events have a singular distribution peaked
at x=1, we do not include them in the plots. In
Fig. 31(a) we show the x distribution for the 2<E
< 6 GeV selection separately for » and p targets.
The distributions agree well, so that at the present
statistical level, our results do not show evidence
for a leading quark in the nucleon. The x distribu-
tion for vd interactions with the two energy selec-
tions 1< E, <2 GeV and 2< E, < 6 GeV is shown in

Fig. 31(b). The x distribution is narrower for the

_higher-energy selection.

The average values of x and y as a function of
energy are shownin Fig. 32. For the distribution in
(x), there is a rapid rise from threshold followed
by a slow fall. The curve in Fig. 32(a) shows the
x distribution from eN - eX inelastic scattering at
q%=3.0 (GeV/c)? modified using Eq. (10) appropri-
ately for the 2—6 GeV neutrino-energy range of
our data. The agreement for the higher-energy
data is good when this form of scale violation is
used. For the y distribution of Fig. 32(b), the rise
towards the value of 0.5 expected in the simple
quark-parton model is very rapid.

The inclusive data then rapidly approach the dis-
tributions expected in the simple quark model and
then develop with energy in the manner expected
by the AFGT. This behavior is remarkable consid-
ering that the bulk of the data are in the resonance
region.
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