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The properties of the final-state hadronic system in antineutrino-proton charged-current
interactions are presented. The events were observed in the Fermilab 15-foot hydrogen
bubble chamber. The average energy of the events is ~30 GeV, but there are some inter-
actions beyond 100 GeV. The mean multiplicity of the charged hadrons varies as (n 2y
= (0.06%0.06) + (1.22+0.03)In W? for hadronic masses W in the range 1.0< W2<50 GeV®. By
contrast, the multiplicity depends only weakly on the four-momentum transfer between the
leptons. The mean pion multiplicities for events with three or more charged tracks are
found to be (n_) =1.64+0.04, (ny) =1.16+0.13, for 7~ and 7® production, respectively. By
comparing the number of positive tracks with 7~ data from neutrino production, we deduce
a mean proton multiplicity (z,) of 0.53+0.15. The single-particle distributions in both
longitudinal and transverse momentum are found to be similar to those for nondiffractive
production in hadronic collisions. The fragmentation properties of the final-state d quarks
are compared to the expectations of the quark-parton model. The fraction of observed neu-
tral-strange-particle production for events with three or more charged tracks is 0.08
+0.015 and is consistent with coming completely from associated production.

I. INTRODUCTION at high p,. The quarks emerging from the violent
collisions are thought to fragment into hadrons in
a characteristic way that reveals the quantum num-
bers of the quarks produced in the primary cur-
rent-quark or quark-quark interaction. Although
only a fraction of our data is in the kinematic re-
gime where these ideas should apply, our experi-
ment supports the general validity of the ideas of
the QPM. Specifically, our results show the uni-
versal quark-fragmentation function expected on
this model.

In this paper, we discuss the properties of the
neutral hadronic system H° formed in charged-
current (CC) antineutrino-proton interactions:

Up— u*HC.

The gross features of multiparticle production in
both hadronic and virtual photon-induced reactions
are known to depend principally on the available
center-of-mass energy and only weakly on the
specific quantum numbers of the projectile and
target. There are, however, very few data avail-
able using neutrino beams, particularly on a sim-
ple target such as hydrogen. Although our data are
of limited statistical accuracy, they clearly demon-
strate that the dominant features of the hadronic
system from Up CC reactions are similar to those

II. EXPERIMENTAL DETAILS

The data sample was obtained from two separate
exposures of the Fermilab 15-foot hydrogen bubble
chamber to a broad-band antineutrino beam. The
beam was produced for the two exposures by fo-
cusing negative particles coming from an Al target
bombarded by incident proton beams of 300 and

observed using other incident particles.

The data on inclusive scaling variable distribu-
tions in v and UN collisions, on the other hand,
show regularities that are simply explained by the
ideas of the quark-parton model (QPM). It is of
great interest to extend these tests to the detailed
properties of the hadronic system, and there has
been considerable recent interest in such studies
for both leptonic reactions and hadronic collisions

17

400 GeV, respectively. The 300-GeV run, with a
single magnetic horn, yielded 24 000 pictures.
The 400-GeV run, using two horns, yielded 38 000
pictures. The neutrino background flux was at the
10% level except for the highest 7 energies.':?

In the scan of the film, events of all topologies
except one prongs were recorded provided the
total momentum in the forward hemisphere ex-
ceeded 2 GeV/c. The overall scanning efficiency
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was (98+2)%. Track reconstruction was made us-
ing a modified version of the program TVGP. After
repeated measurements, 87% of the events were
successfully reconstructed. The losses are mul-
tiplicity-dependent and have been corrected in the
data presented. The raw event sample consists of
(1) the Dp charged-current (CC)events that are the
subject of the present paper, (2) vp CC events,

(3) Up and vp neutral-current (NC) events, and (4)
neutron-induced events:

Up—~u'H®, (1)
vp~uwH™, (2)
Tp~TH*, (32)
vp~VvH*, (3b)
np — anything . 4

The background from K § mesons was found to be
negligible. The incident neutron spectrum was
determined by kinematically fitting all three-prong
events to the one-constraint hypothesis

np—=ppn . (5)

No evidence for reaction (5) was observed for
events with visible vector momentum (P,,,) greater
than 5 GeV/c.2 Based upon this fact and the calcu-
lated shape of the incident antineutrino flux, we
required that the candidates for the charged-cur-
rent reactions have a P,; > 5 GeV/c. With this
selection, we expect no neutron-induced events

in the selected 7p data.

Empirical muon selection criteria for the sepa-
ration of the CC and NC events have been developed
in a Monte Carlo simulation of events produced by
the incident antineutrino and neutrino fluxes.® The
highest-momentum track was taken as the muon
candidate if the ratio of its momentum to that of the
second highest was greater than 2. When this ratio
was less than 2, the track with the highest trans-
verse momentum exceeding 1 GeV/c was chosen as
the muon candidate. If the hadronic tracks had a
total transverse momentum opposite to that of the
muon candidate, the event was accepted as a CC
event. When the muon and the hadronic system lay
on the same side of the beam and the cosine of the
vector sum of the hadronic momentum was >(<) 0.9
relative to the beam direction, the event was clas-
sified as a CC (NC)event. The Monte Carlo pro-
gram indicated that for events with > three prongs,
this prescription selected ~90% of the true 7 CC
events, with a contamination from reactions (2)
and (3) of ~12%. Although in most cases we have
corrected the distributions given in this paper for
the small biases introduced by our selection cri-
teria, the uncertainties arising from the correc-
tions are always less than the statistical errors.

The final selected data sample consists of 432 Up
CC events.

The pictures were taken in conjunction with the
external muon identifier (EMI) placed behind the
15-foot bubble chamber.? Where appropriate,
these additional data have been used to provide an
independent estimate of background contamination.
Good agreement is found with the results of our
Monte Carlo simulation.

The measurement of the beam energy for events
with missing neutrals was made using a modifica-
tion of a method due to Grant® in which the energy
is parameterized in terms of the transverse mo-
mentum of the missing neutral system relative to
the total hadron direction. The antineutrino energy
resolution, as calculated from the Monte Carlo
simulation, is +8%.® Some of the kinematic vari-
ables used in this paper are summarized in Fig. 1.

The one-prong events are difficult to find on this
film. In addition, since they consist of a single u*
track, no information is available on the kinematic
quantities of the hadronic system. For these rea-
sons, the one-prong events are not included in the
present data sample. Results are usually only
given for events with >three prongs. However, in
the cases where we believe this omission may dis-
tort the physics, we have included a one-prong
sample generated from the Monte Carlo-simula-
tion.® We have assigned an arbitrary 20% syste-

(a)

<l

q = 4-MOMENTUM TRANSFER

p = TARGET 4-MOMENTUM v "'2“

M = PROTON MASS ::q//EMy

E; = ANTINEUTRINO ENERGY *v/iEy
Z:=h-p/peg

h = 4-MOMENTUM OF A HADRON

(b)
NUCLEON FRAGMENTS

“'-\\\ )

A\

CURRENT FRAGMENTS
Js = c.m. ENERGY

Xg an/ﬁ

Yg = (/2)n [(E+p)/(E-p 1]

FIG. 1. Definition of the kinematic variables used in
the paper.



17 PROPERTIES OF THE HADRONIC SYSTEM RESULTING FROM... 3

80 T T T T
(a)
- 60( -
S
n
2
S 0 —
©
=
w
>
W20 —
l 1 | ), O]
0
2 4 6 8
W(Gev)
| I | 1
o~
2 120 (b) —
>
S
["e)
N g0 —
-
—
=
w40 ]
w
| |
0
5 10 5 20 VE
02 [i6ev/e)?]

FIG. 2. (a) Observed distribution in hadronic mass W
for Vp CC events. (b) Observed distribution in the four-
momentum transfer Q2 for Vp CC events. Both distribu-
tions are given for events with three or more charged
tracks.

matic error to these events. Distributions with
this Monte-Carlo simulation included are specif-
ically labeled as such.

The distributions in the total hadronic mass W,
and in the four-momentum transfer squared Q?,
for events with >three prongs are shown in Fig. 2.
The W distribution is seen to be dominated by a
broad maximum in the low-mass region, 2<W<5
GeV. The @? distribution falls monotonically and
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FIG. 3. The mean of the charged hadronic multiplicity
distribution (n%) as a function of @ for events with three
or more charged tracks.

has a median of 5.2 (GeV/c)?, but it extends be-
yond 26 (GeV/c)?. In presenting the gross proper-
ties of the hadronic system and comparing our re-
sults with data obtained from reactions induced by
other projectiles, we do not make any selections
on W or Q2. We note that about two-thirds of our
data have W>2 GeV and Q*>>1(GeV/c)?, which has
traditionally been considered the scaling region
for studies of the inclusive distributions at the lep-
ton vertex, although there is evidence that the in-
clusive distributions scale for lower values of W
and Q2.

III. MULTIPLICITY DISTRIBUTIONS
A. Charged multiplicities

In principle, the multiplicity may be a function
of @, E,, and W. The @*dependence of the charged
multiplicity is shown in Fig. 3. While the average
hadronic prong number shows a rise at low @2, it
is otherwise @ independent as previously ob-
served in vp data’ and electroproduction data.®’®

The charged hadronic multiplicity distribution is
given in Table I as a function of W and in Table I

TABLE I. Charged hadronic multiplicity distribution as a function of W.

Corrected numbers of events

W (GeV) nd=02 2 4 6 8 10 (nlky fi

1.0-1.5 23.8 17.4 0.84+0.17  —0.18+0.07
1.5-2.0 18.8 52.2 2.3 1.554£0.12  —0.54+0:08
2.0-2.5 14.5 49.0 103 1.1 1.94+0.15  ~0.58+0.09
2.5-3.0 10.7 45.7  24.0 1.1 2.3840.15  —0.75+0.09
3.0-3.5 7.5 32.6  30.9 7.8 2.99+0.18  —0.87+0.11
3.5-4.0 5.0 28.3  28.6 5.6 3.02+0.18  —0.95+0.11
4.0-4.5 2.5 141 19.4 8.9 4.1 3.91£0.30  —0.95+0.19
4.5-5.0 1.9 9.8 217 3.3 27 3.74+0.29  —1.09+0.20
5.0-10.0 1.9 9.8 274 156 4.1 53  4.8130.38  -1.06+0.25

2Estimated from the Monte Carlo calculation.
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TABLE II. Average charged hadronic multiplicity
versus Ejy for three W ranges for > three prongs.

E, (GeV) (nly
W< 3.0 GeV
5-10 2.43+0.14
10-20 2.35+0.09
20-30 2.29+0.11
30-40 2.59£0.32
40-50 3.5240.42
50-100 2.45+0.28
3.0<W<4.5 GeV
10-20 3.87+0.22
20-30 3.49+0.21
30-40 3.27+0.39
40-50 3.29+0.30
50-100 3.10+0.35
wW>4.5 GeV
20-30 4.09+0.41
30~40 4.75+0.82
40-50 4.63+0.40
50-100 4.95+0.53

as a function of E, for three W intervals. Figure

4 shows the charged multiplicity distribution for
these three W ranges. Both the average multiplicity
and the width of the distributions increase with in-
creasing W. The widths, however, are narrower
than for a Poisson distribution, as we shall dis-
cuss below.

As seen in Table II, the average multiplicity for
fixed W is also substantially independent of E,;
thus the only strong dependence is on W, and a fit
to the data over the range 1.0< W2<50 GeV? yields

(n)=(0.06+0.06)+ (1.22+0.03)lnWw?2.

Our results for the mean charged hadronic mul-
tiplicity (»%), as a function of W2, are compared
in Fig. 5 to that for neutrino,” photoproduction,®
and electroproduction® data. It is apparent that the
behavior of (n%) is similar in all these processes
though the neutrino data lie about half a unit higher
than the other reactions, presumably because of
charge-conservation effects and the low overall
multiplicities.

The universality of the W dependence of (n%),
shown in Fig. 5, may be extended to the annihila-
tion processes, both hadronic (pp,KK) and elec-
tromagnetic (2e).!! Figure 6 compares our data
for the mean number of negative particles (xn_) with
that from the annihilation data. While for low W2
the antineutrino data lie below the trend of the an-
nihilation, for W?= 5 GeV? the behavior is quite
similar though the antineutrino data remains
slightly lower. The deviation at low W?2 is probably
related to the presence of a baryon in the 7p final
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FIG. 4. The charged hadronic multiplicity distribu-
tion for different W selections. The nf=0 values are
Monte Carlo estimates.
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FIG. 5. The mean charged hadronic multiplicity (n%)
as a function of W2, A Monte Carlo estimate of one-
prong events is included. For comparison, data from
neutrino interactions, photoproduction, and electropro-
duction are also plotted. The dashed-dotted line is a fit
to the neutrino data shown as open circles. The full line
is the fit to the Vp data of the present experiment shown
as the filled circles.
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FIG. 6. Comparison of the mean number of negative
hadrons (»_) as a function of the square of the hadronic
mass (W?) for various reactions. A Monte Carlo esti-
mate of one-prong events is included for the antineu-
trino data. The compilation of annihilation and pp data
is taken from Ref. 11. The dashed lines are drawn to
guide the eye.

state. Note the strong contrast of the annihilation
and Vp results to pp data, where important leading
particle effects are present.

The final column of Table I gives the value of the
integrated correlation function f;~ defined as

fi=mn.-1) =),

where n_ represents the number of negative had-
rons. As is well known, f, is a measure of the
width of the multiplicity distribution. While the
width of the distribution increases with W, the
increasingly negative values in Table I indicate
that the multiplicity distribution becomes in-
creasingly narrower than a Poisson distribution.
Figure 7 compares f;” in Up interactions with pp
annihilation (both on-shell and off-shell) and pp
data.!! The antineutrino data are again consistent
with the trend of the annihilation data though lying
higher. The marked contrast observed between
the behavior of the pp annihilation and the pp re-
sults has been conjectured as being due in part to
the absence of diffractive processes in the former,
and in part to a single cluster picture of the anni-
hilation in contrast to multicluster emission in pp
reactions. The similarity of the behavior of the
antineutrino data to that from annihilation is con-
sistent with the small contribution of diffraction in
the former.

B. 7° multiplicities

The mean number of neutral pions (,) for a given
number of negative tracks may be measured from
a count of associated y rays converting in the liquid
hydrogen. Since the total number of observed y
rays was only 78, the method of determining the
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|
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FIG. 7. Multiplicity moment f5~ versus (n_) for var-
ious reactions. A Monte Carlo estimate of one-prong
events is included for the antineutrino data. All the
data except the Vp results of the present experiment are
taken from Ref. 11. The pp data and pp nonannihilation
data are not distinguished. The line which shows the
trend of the annihilation data is also parallel to the vp
results.

mean conversion probability by weighting each y
ray individually was not used. Instead, we cal-
culated an average weight for each multiplicity

by means of a Monte Carlo program which assumed
that the laboratory momentum spectrum of the
neutral pions was the same as that of the negative
pions.

An independent method of determining (n,) comes
from an examination of the transverse-momentum
balance in the uv plane. If we make the plausible
assumption that the mean value of the transverse
momentum relative to the beam (p,) carried by the
charged and neutral hadrons is proportional to the
number of particles in the charged and neutral
system, then the average number of neutrals is
given by

()= {L2=PES) ()
neut W c/ s
where the notation is self-evident.

After correcting the data for the presence of
neutrons and unseen V°’s,!'? assuming the same
(pp for all particles, the results of the two meth-
ods are compared in Fig. 8 and Table III. The

agreement is excellent. A fit to the y-ray data
yields

(ny=(0.57+0.19)+ (0.37+0.07n._ .
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FIG. 8. Mean number of neutral pions (r;), as a func-
tion of the number of negative tracks n_, as determined
by the two independent methods described in the text.
The line is the best fit to the data.

Table III also lists the data for (n,) versus n_ as
measured in vp interactions.!® The (n,) values for
the latter are consistently about two standard de-
viations higher than measured in our experiment.
Recalling from Fig. 5 that the average number of
charged tracks as a function of W is also higher

for vp reactions than for Up reactions, this result
is somewhat surprising since we might naively ex-
pect that the total mean multiplicity at a given value
of W would be the same.

IV. SINGLE-PARTICLE DISTRIBUTIONS

Before discussing differential distributions, it
is useful to establish some definitions. Plots will
generally be displayed in the center-of-mass sys-
tem of the virtual W~ and target proton [Fig. 1(b)],
in which the direction of the W~ defines the positive

TABLE III. (r;) versus number of charged hadrons.
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FIG. 9. (a) Fy(Yg)=(1/N7)(1/1)dN/dY¥ versus rapidity

Yy, for 7=, 7*, and identified proton production. (b)

F((Xp)=(1/Np)@/1V5) [ o B*(@*N/dX pdp D)dp,® versus
Feynman Xy for n°, =
The lines are fits to the combined 7* and = - data.

, and identified proton production.

vp—~uH vp—uH™?
('lo> (ﬂu) ("o)

n Y count p, method v count

2 0.92+0.16 0.98+0.19 1.5+0.3
4 1.30+0.24 1.39+0.24 2.1+0.3

6 1.81+0.60 1.95+0.44 2.8+0.5

8 185+1.1 2.14+0.63 3.2+0.8
2See Ref. 13,

longitudinal axis. Distributions are usually nor-
malized to the total number of Up - u*H° events.
In order to make this normalization, we assume
that the one-prong contribution to the 7p -~ u*H
cross section is 15% of the total. This result is
based on two independent methods. An extrapola-
tion of the observed Y distribution to Y=0, and
estimates of the quasielastic, single-7°, and mul-
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versus Feynman Xy for pion production in antineutrino-
proton interactions compared with similar pion-produc-
tion data from the interactions of real and virtual pho-
tons. The Vp data is approximately normalized to the

e “p data for Xp<O0.

ti- 7° production cross sections based on low-energy
data.!*

We found that protons are only identifiable by
bubble density up to 1.0 GeV/c in momentum. Thus
while all negative tracks maybe taken as 7~ to first
order, a complete separation of 7* and proton
tracks is not possible. The #* distributions shown
below are selected as all positive tracks with iden-
tified protons removed. The data sample contains
646 7~ and 59 identified proton tracks. The resolu-
tions in X, Y,, Z, and p * (defined below) were
determined from the Monte Carlo program to be
+0.05, 0.2, +0.05, and +0.02 (GeV/c)?, respec-
tively.

A. Longitudinal distributions

Figure 9 shows the distributions in the invariant
structure functions, defined as

2
=L 4N
FuXp)= T”\/—f t X

and

11 a°N
FZ(YR)_N-T;J; de )

plotted as a function of the Feynman variable X,

0.1
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FIG. 11. F{(Xp)=(1/Np)(2/7Vs) j Ex(d’N/d Xpdp,¥)dp?
versus Feynman X for vp mteractlons compared with
the distribution for the hadronic reaction m™*p—7"X at 8
GeV/c. The hadronic data is taken from Ref. 16 and is
normalized to agree with the Vp data ignoring the points
near Xp=0.

and of rapidity Y. The distributions of the iden-
tified protons are also given. The most obvious
feature of these plots is the absence of any strong
forward diffractive peaks such as are observed in
both hadroproduction and photoproduction. As we
discussed in Sec. III, the absence of diffraction is
consistent with the narrow multiplicity distribution
observed in Up reactions. It is apparent that the
target-fragmentation region shows a steeper X,
dependence for both 7* and 7~ thandoes the current-
(W") fragmentation region.

Figure 10 compares the shape of F,(X,) in real
and virtual photon reactions y(y,)p = 7°X (Ref. 15)
with our 7 data. For this comparison, the 7 data
are normalized to the y, data. Although the y, data
are restricted in W and Q2 while the ¥ data are un-
cut, the general similarity of shape is evident.
Our W distribution has a mean value of about 3
GeV, and so is similar to the W values of the y
data. Note that in the photon reactions, it is neces-
sary to go to finite @2, where diffractive vector-
meson production is small, before universality in
the current fragmentation region is seen.

A similar result is seen if we compare our 7p
data to nondiffractive hadroproduction. Figure 11
displays the F,(X;) distribution for the reaction
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FIG. 12. Normalized transverse-momentum distribu-
tion of hadrons with respect to the axis of the total had-
ronic system. The line represents the best fit to the
data over the range 0.04< p,2<1.2 (GeV/c)?.

7*p — 1"X (Ref. 16) at 8 GeV/c compared to the ¥
data. Again, the shapes of the two distribution are
remarkably similar.

B. Transverse distributions

The normalized p,? distribution (1/N,)/dN/dp,?
for 7*, 77, and identified proton production is
shown in Fig. 12. We define p, as the transverse
momentum with respect to the direction of the had-
ronic system. Apart from a possible excess of 7~
tracks at very low p 2, no significant difference in
behavior between 7* and 7~ is apparent. A fit to
the data for the range (0,04 <p2<1.2) (GeV/c)?
gives

—1‘% Zi%: (7.5+0.7) exp[-(5.7+0.4)p 2].

This slope of (5.7+0.4) (GeV/c)? is remark-

ably similar to the values obtained in two separate
muon-scattering experiments in liquid hydrogen.
The Chicago-Harvard-Illinois-Oxford collabora-
tion,!” with primary energies of 100 and 150 GeV/c
fitted a slope of 5.9 (GeV/c)™?, while the Santa
Cruz-Stanford collaboration,'® with a 14 GeV beam
observed a slope of 5.3 (GeV/c)2. Both experi-
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FIG. 13. Average p, as a function of (a) Xy and (b) Y
for vp and vp data. The latter have the W selections
noted.

mental groups imposed kinematic selections which
are given in the references. The steep component
at low p,2 occurs in the central region (small | X,|)
and is also observed in the Santa Cruz-Stanford
experiment, and indeed in the hadronic experi-
ments.!®

Figures 13(a) and 13(b) show the dependence of
(p,) on the hadronic longitudinal inclusive vari-
ables X and Y . Again, vp data are included for
comparison.?®?' Although the latter has a W selec-
tion of W>4 GeV in Fig. 13(a) and W>5 GeV in
Fig. 13(b), the data are again similar (except that
the high W selection gives the former a wider
plateau in YR) and behave in the same way as the
hadronic data. The seagull effect is seen in X,
while (p,) is lower away from the central region
in Yp.

V. COMPARISON WITH QUARK-PARTON MODEL

A. Z distributions

The quark-parton model makes several clear
predictions for single-hadron production in the
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FIG. 15. Normalized Z distributions for 7~ production
in Vp CC interactions; the curves are predictions by
Field and Feynman (Ref. 22), Sehgal (Ref. 23), and Seiden
(Ref. 24).
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FIG. 16. Charged-hadronratiofor Z=> 0.2 as a function
of @) X, ®) ¥, (c) @, and (d) W. No obvious thresholds
are apparent although the ratio falls as W and Y are in-
creased.

current-fragmentation region. Because in this
region hadrons are just the fragments of a single
quark, the properties of the hadronic system
should be dependent only on the variable Z and
should be independent of other variables such as
E,, Xand Y, or @* and W. The Z distributions of
the hadrons, D*Z)=(1/N,)dN/dZ, is a measure
of the probability distribution for a fragmentating
quark to produce a hadron of fractional energy Z.
Figure 14 compares the normalized Z distribution
for charged hadrons for three ranges of E,. For
Z = 0.3, scaling does appear to be satisfied.

A more precise test of the QPM can be made by
examining the absolute value of the Z distribution
for 7~ production. If we ignore the contribution of
sea quarks, the recoiling quark is a d or « quark
in Up and vp scattering, respectively, while in yp
it is (8/9)u+(1/9)d. Two independent predictions
of D} ‘2’ have been made by Field and Feynman??
and by Sehgal.®® Sehgal’s curve is based purely on
a fit to electroproduction data while Feynman and
Field have also included neutrino data and imposed
constraints on the high Z behavior of the D func-
tion. The comparison with our 7p data is shown in
Fig. 15. Again, for Z = 0.3, the agreement is good
in both cases, with the Field and Feynman curve
giving slightly better agreement.
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While we saw previously that the universality of
the X distribution appears to extend to hadropro-
duction, where manifestly the ideas of the quark-
parton model are not appropriate, the important
point is that there we saw a universality of shape
only. In this case not only the shape but the ab-
solute normalization of the Z distribution is suc-
cessfully predicted. Also shown in Fig. 15 is a
prediction of the Z distribution made by Seiden?*
based upon quark-fragmentation functions deduced
from particle ratios measured in high-transverse-
momentum pp scattering. In this case, the pre-
diction does not agree well with our data.

Figure 16 shows the ratio of produced positive
to negative hadrons for Z > 0.2 as a function of X,
Y, @3, and W. (We stretch the definition of the
quark-fragmentation region a little because of
statistical limitations.) The data are reasonably
consistent with a ratio independent of the four
variables though the value appears to fall with in-
creasing W and Y, while a dip is also seen at high
Q2. Since there are no obvious W or @? thresholds
in these distributions, we cannot use them to set
the scale for selecting quark jets. The imposition
of the W and @2 selections of W>2 GeV and @3> 1
(GeV/c)? makes little difference to these distribu-
tions, merely flattening the small Y behavior and
slightly reducing the ratio at small X.
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FIG. 17. Average transverse momentum (p,) versus
(@) X, () Z, (c) @%, and (d) W2 for Up, vp, and p*p data.

B. Mean transverse momentum

A second check of the ideas of current-quark
scattering and quark fragmentation can be obtained
from the dependence of the average p, for positive
and negative tracks on the scaling variables X and
Z [Figs. 17(a) and 17(b)], and on @2 and W2 [Figs.
17(c) and 17(d)]. Where results are available, we
also show the vp and up data.'®!® The mean p, in
the neutrino data is measured with respect to the
charged component of the hadronic vector. The
difference between (p,) relative to this axis and
(p,) relative to the total hadronic vector should,
however, be small though the latter will always
be larger. The mean transverse momentum (p,)
is seen to be independent of X as the QPM re-
quires, while in terms of Z it rises quickly for Z
below 0.3 and then plateaus. This behavior also
indicates that Z > 0.3 defines the d-quark-fragmen-
tation region. The Z independence of {(p,) for the
quark jet indicates that the longitudinal and trans-
verse dependencies are separable.

Figure 17(c) shows that (p,) is also substantially
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FIG. 18. Charge distributions for Vp and vp CC inter-
actions as a function of Y. The dotted lines show the
average charge over the range of Y covered by the
lines. Although the mean charges do not plateau at the
simple values expected from the quark-fragmentation
pictures shown in the inserts, there is an indication of
a lower mean charge in the current-fragmentation re-
gion Y >0, as compared to the target-fragmentation
region Y5<0.
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distributions in (a). The open data points in (b) are the
observed proton data. The curves are hand drawn to
guide the eye.

independent of Q2 for both vp and Up though a slight
rise at low Q2 is apparent. Similar behavior is ob-
served in electroproduction.’® The plot of {(p,)
against W2 [Fig. 17(d)], however, is rather puz-
zling. The neutrino data, though showing a slight
rise at low W2, are essentially flat. Qur antineu-
trino data, however, have a somewhat larger rise
at low W2 and perhaps level out at a higher (p,)
than the neutrino data. The 14 GeV/c Santa Cruz-
Stanford p*p experiment also shows a continuous
rise of (p,) with W2,'® and shows the steepest slope
for high positive X (0.4 <X<0.9), which are the
data shown in Fig. 17(d). This X region is where
the QPM should be most applicable. Clearly, this
phenomenon needs further investigation and may be
connected with the transverse-momentum distri-
bution of the quarks within the proton.

C. Quark charges

Feynman® has suggested that the quantum num-
bers of a scattered quark would be retained, on
the average, in the hadronic jet in the quark-frag-
mentation region. Within the quark-parton model

(QPM), the flavor of the scattered quark is well
defined in neutrino (d~wu) and antineutrino (u - d)
deep-inelastic scattering, and one might hope to
observe the charge of this quark and of the recoil-
ing di-quark system in the appropriate rapidity re-
gions of the hadronic system. However, Farrar
and Rosner?® pointed out that Feynman’s hypothesis
need not be correct, but is modified by the average
properties of the quark sea. Brodsky and Weiss?®
have recently discussed quark charge distribu-
tions for positive and negative hadrons. In Fig.
18(a) we show (dN */dY , — dN-/dY ) for our anti-
neutrino-proton data with the selection W=> 3 GeV.
This cut was motivated by the fall of N}/N7, seen
in Fig. 16 and by the behavior of (p,) in Fig. 17.
Since there is no strong Q* dependence at low @
for either of these two quantities, we do not make
any @® selection for the data in Fig. 18. For com-
parison, the corresponding neutrino data®® are dis-
played in Fig. 18(b). The dotted lines show the ob-
served mean charge for positive and negative Y,
averaged over the regions covered by the lines.
Qualitatively, these low-statistics data yield charge
distributions as expected from the naive QPM,
even though the total hadronic energy is small and
the data include the quark-sea contribution.

VI. ESTIMATE OF THE PROTON MULTIPLICITY

The scale invariance of the Z distributions in the
current-fragmentation regions of vp and 7p scat-
tering allows us to estimate the number of final-
state protons in our experiment. Isospin invariance
demands that the fragmentation of a d quark into 7*
is identical to the fragmentation of a # quark into
7. It therefore follows that the Z distribution in
the current-fragmentation region for 7p - pu*r*X
should be the same as vp ~p-1"X. Figure 19(a)
displays the comparison of 1/N,dN/dZ for the
latter®” with that for Up - u *h*X, where h* represents
any positive hadron. The reader should note that
the data of Fig. 19 are uncorrected. We assume
that the difference between the two data samples for
Z>0.25 is due to protons. Thisdifference is plotted
in Fig. 19(b) together with the normalized distribu-
tion for identified protons.?® Since for Z <0.05 all
protons are identified, the difference curve may
be extrapolated to a known point at Z=0. Integrat-
ing over the area under the curve of Fig. 19(b)
leads to an estimate of 230+ 60 protons in our sam-
ple or 0.53+0.15 protons per event for three-
prongs and above. The average number of 7* per
event for three prongs and above then becomes
1.11+£0.16 as compared to 1.64+0.04 for 7~ and
1.16 £0.13 for 7° production. Thus the mean num-
ber of 7°’s (n,) is consistent with the relation

2y =)+ n) .
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visible strange particles.

TABLE IV. Strange-particle events.

Observed
strange No.of Corrected o(Fp—p*'V°X)P
=F _ -

particles events events? o(Tp—~u*H")
Ky —mn- 17 74+18 15+4%
A—pm- 13 28+8 6+2%
KY— 1 Ky — 11" 1
K%—’W‘W',A"’pﬂl" 1 ces

2Corrected by potential-path weight, for neutral decay
modes (including K}) and pass rate.
YInclusive of the two double-vee events.

VII. STRANGE-PARTICLE PRODUCTION

The study of strange-particle production is of
special interest since such events can shed light
on the characteristics of the quark distributions
within the proton. The only valence quark interac-
tion that would give strange particles in the final
state is

Tu—~u’s, (6)

whereas from the gg sea one can have the reac-
tions

v(ct) - p*(s?), (7

U(s8) ~u*(s?), (8)
and

V(sS) = p¥(s@). 9)

Reactions (6) and (9) are suppressed by a sin?f,
Cabbibo factor, and since reaction (9) also involves
the qgq sea, it should be very small. Reactions (7)
and (8) would predominantly give a final state with
two strange particles, although such associated
production can also result from the fragmentation
of a nonstrange quark or from the decay of a high-
mass N*. The overall rates of reactions (6) to (9)
are expected to be a few percent.?

Decays of neutral strange particles have been
searched for and kinematically fittedtothe A —p7,
A ~pm*, and K§ -1 hypotheses. In the antineu-
trino charged-current events with three or more
prongs, we find a total of 32 events with one or
more seen associated strange particles corre-
sponding to (7+1)% of the CC events. The num-
bers of events and corrected rates are summarized
in Table IV. Our data are consistent with the neu-
tral strange particles coming completely from as-
sociated production.

If we therefore neglect reactions (6) and (9), and
if we also assume K*K-=K*K°= K-K°=K°K° and
that AK°=AK*, then we find a lower limit for as-
sociated production in charged-current antineu-
trino interactions of 20%. This is much larger than
the rate expected for reactions (7) and (8) above,
and therefore associated production is not domi-
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FIG. 22. The rapidity and p,? distributions for the
observed K° and A particles.

nated by these reactions.

Our event numbers are too small to separate the
contribution of single strange-particle production
in a statistical manner. Asanalternative technique,
we have made constrained kinematic fits at the
production vertex to strangeness-changing hypo-
theses for all events with visible strange particles.
No fits were found corresponding to a 90% confi-
dence upper limit of 0.5% for such reactions. Con-
sidering that we cannot recognize charged kaons
and that the mean 7° multiplicity is about one, this
limit is not inconsistent with the few percent total
rate expected for reaction (6).

Figure 20 compares the rate of visible V° pro-
duction as a function of W in yp,%3° up 3 vp 32 and
DN, reactions. The rates of all these processes
are seen to be consistent with each other, with
strange-particle production increasing with W in
the range 2<W<10 GeV.

Figure 21 compares the uncorrected inclusive
distributions of events with strange particles, with
the equivalent distributions for all charged-current
antineutrino events in the E; and Q2 plots. While
the strange-particle events fall at higher ¥ and
lower X than the overall data, this is expected be-
cause of the higher threshold in W for the former.

The distributions of Y and p,? are shown in Fig.
22 for K° and A° separately. A tendency for the
A’s to be produced in the target-fragmentation re-
gion is evident, while K° production resembles
pion production. For K°’s we find (Y;)=0.21+0.12
and (p % =0.24+0.07 (GeV/c)?, similar tothe means
for charged-pion production, (¥,)=0.25+0.03 and
(p,5=0.19+0.01 (GeV/c)2.

TABLE V. Results of fitting the charged-current
events.

Hypothesis Number of fits
Vp— prpm" 35
Tp— purprontn- 12
Tp— prpm-2mtoms 8

Strange-particle fits
TV p— urpK Ky 1
Tp— prprr KK 1

VIII. EXCLUSIVE CHANNELS

A systematic attempt was made to fit all events
with ZP_,,>5 GeV/c to possible charged-current
hypotheses with no missing neutral particles using
the program SQUAW. In order for a fit to be ac-
cepted, the muon track was required to agree with
EMI information where available and with the ki-
nematic muon-selection criteria.

The accepted fits are listed in Table V. The
pion-nucleon effective mass and @? distributions
for the single-pion production channel are shown
in Fig. 23. The overall distribution in Q2 shows
substantial production for @*>2 GeV?, which is
surprising in view of the form factor damping ob-
served in simple reactions at lower neutrino en-
ergies. We estimate that the data sample could
contain as much as 30% contamination from chan-
nels with associated neutral particles. Based on
lower-energy measurements,'* we expect 8.5 pu*A°
events. There are 9 events with m,,.<1.4 GeV,
but an inspection of Fig. 23(a) makes it clear that
an estimate of the 1 *A° production cannot be made
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FIG. 23. Distribution of invariant mass and four-mo-
mentum transfer in the exclusive reaction vp—pu*pr-.

EVENTS/O.Z(GOV/(:)2 EVENTS /40 MeV



14 M. DERRICK et al. 17

with our present statistics. For the five- and
seven-particle final states, our data are too lim-
ited in statistics to draw any clear conclusions
about the quantity of resonance production in Vp
reactions. A search was made for the reaction 7p
- u*pA, followed by the decay A} —-m*r"r". After
imposing the selections @< (10 GeV/c)?, |t,,|<2
(GeV/c)?, and 0.68 < m,,,.< 0.84 GeV in order to
enhance diffractive A, production, we observe at
most two events in the A, mass region. This cor-
responds to a cross section ratio of o(Vp - ‘A5 p)/
or=0.008 +0.006 averaged over all the flux spec-
trum. Some recent theoretical predictions® are
compatible with such a ratio.

IX. SUMMARY

The properties of the hadronic system in vp
charged-current reactions have been examined and

compared to vp, electroproduction, and nondiffrac-
tive hadroproduction. The gross features of the
data appear to be the same in all these processes.
Predictions of the QPM in terms of the behavior

of charge ratios, Z distributions, and mean p, are
generally substantiated. Strange-particle events
are found to be predominantly due to associated
production.
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