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A study has been made of neutral strange particle production in v,Ne and 7,Ne charged-
current interactions at a higher energy than any previous study. The experiment was done at
the Fermilab Tevatron using the 15-ft. bubble chamber, and the data sample consists of 814(154)
observed neutral strange particles from 6263(1115) v(7) charged-current events. For the v beam
(average event energy (E,) = 150 GeV), the average multiplicities per charged-current event have
been measured to be 0.408 + 0.048 for K°, 0.127 & 0.014 for A, and 0.015 % 0.005 for A, which are
significantly greater than for lower-energy experiments. The dependence of rates on kinematical
variables has been measured, and shows that both K° and A production increase strongly with E,,
W2, Q?, and yp. Compared to lower-energy experiments, single-particle distributions indicate that
there is much more K° production for zr > —0.2, and the enhanced A production spans most of
the kinematic region. A production is mostly in the region |zr| < 0.3. The Lund model is shown
to be in qualitative agreement with the data, but does not reproduce single-particle distributions in
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detail. For zr > —0.2 there is a significant excess of A production over the model’s prediction. The
A hyperons are found to be polarized in the production plane.

PACS number(s): 13.15.+g, 14.20.Jn, 14.40.Aq
I. INTRODUCTION

There have been a number of published results [1-16]
on neutral strange particle production in charged-current
(CC) v, and v, interactions. It has been realized that
the dominant mechanism is associated production of s3
quark pairs during hadronization. However, another sig-
nificant source is Cabibbo-favored decays of ¢ or ¢ quarks.
In v(P) interactions, ¢(¢) quarks can be produced di-
rectly from the strange sea or via Cabibbo-suppressed
production on d(d) quarks. Finally, in 7 interactions
it is possible to have Cabibbo-suppressed single s-quark
production from a valence u quark. These processes ac-
count for virtually all of the strange particle production,
although a few other possible mechanisms do exist, in-
volving Cabibbo-suppressed s(5) production from u()
quarks in the sea.

In all of these processes the strange hadrons in the
final state may be charged or neutral. A notable advan-
tage of studying neutral strange particles is that they can
be cleanly identified by kinematic fitting, so that back-
grounds are negligible and do not bias the measurements
significantly. It is noteworthy that all such investigations,
including our own, have come from bubble chamber ex-
periments. No other technique has so far yielded results
on strange particle production by neutrinos.

Most of the previous experiments have been at aver-
age neutrino event energies of about 50 GeV. Typically
these experiments have found that both the K° and A
multiplicities increase with neutrino energy, the K° much
more so than the A multiplicity. They have also found
that the K°’s are produced mostly in the central rapidity
region, while the A’s come from target fragmentation.

We have done a study of neutral strange particle pro-
duction in an experiment (E632) at the Fermilab Teva-
tron featuring higher neutrino energies than any previ-
ous work. The average energy of v, CC events was 150
GeV, while that for 7, was 110 GeV. We have examined
the effect of higher energies not only on neutral strange
particle multiplicities, but on production mechanisms as
well. Comparisons with previous lower-energy experi-
ments have revealed significant differences in multiplici-
ties as well as in production characteristics.

II. EXPERIMENTAL PROCEDURE

The data for this experiment (E632) were acquired in
two runs at the Fermilab Tevatron. The neutrino beam
was produced by the quadrupole triplet train (tuned to
a momentum of 300 GeV/c), which focused secondary
particles produced by the interactions of 800 GeV pro-
tons from the Tevatron. The sample reported here corre-
sponds to 1.66 x 1017 protons on target. The secondaries
entered a 532-m tunnel, and the beam of neutrinos orig-
inated from the decays of charged mesons in this tunnel.
At the end of the tunnel was a 1-km earth shield contain-

ing a primary dirt fill followed by iron, lead, and concrete.
The primary fill absorbed hadrons, while the rest of the
shield stopped all but a few of the muons. Neutrinos
passed through the shield into the detector.

The detector was the 15-ft. bubble chamber filled with
a liquid neon-hydrogen mixture which also served as the
target. A fiducial volume of about 15 m? in the first run
(10 m? in the second run) was employed, in which v and
7 CC events were produced in a ratio of 6 to 1, with
mean energies of 150 GeV and 110 GeV, respectively.
The chamber was in a magnetic field of 3 T.

The chamber liquid consisted of 75% molar neon in the
first run (63% in the second run) with a density of 0.71
g/cm? (0.54 g/cm®). The interaction length for hadrons
in this liquid was 125 cm (165 cm), so that hadrons typ-
ically interacted within the chamber, whereas muons left
the chamber without interacting. The photon conversion
length was 42 cm (55 cm) so that most +’s from neutral
pion decay underwent pair production in the chamber.

Photographs of the chamber made by three cameras
were examined, and events on film were selected for mea-
surement. For some of the rolls of film, all events were
measured, while for the rest of the rolls only those events
were measured that included possible neutral strange
particle decays (called vees). All tracks from the primary
vertex were measured, as well as associated vees and 7y
conversions. All tracks were geometrically reconstructed.

The bubble chamber was equipped with arrays of pro-
portional tubes: an internal picket fence (IPF) to de-
termine the event time, and an external muon identi-
fier (EMI) to identify muons. Muon candidates were re-
quired to have a momentum exceeding 5 GeV /c, to leave
the chamber without interacting, and to have a good
two-plane match in the EMI, corresponding to traver-
sal through 7 to 11 hadronic interaction lengths after the
bubble chamber. Approximately 96% of muons above 5
GeV/c were within the EMI acceptance, and the iden-
tification efficiency for them was about 95%, with little
background (< 0.7%) from hadron punchthrough, meson
decays, or accidental association. For details about the
EMI, see Refs. [17-19].

The charged-current sample was defined as those
events having a muon identified by the above criteria,
and a total hadronic effective mass greater than 2 GeV.
(See Sec. IV for details on how the hadronic effective
mass was calculated.) If there was more than one muon
candidate in an event, the one with the largest momen-
tum component transverse to the neutrino direction was
taken to be the CC-defining muon.

Kinematic fitting of all measured vees and «’s was at-
tempted. The following hypotheses were tried as con-
strained fits to the production vertex: Ks — ntn~,A >
pr—, A = prt,and v+ N — (N)ete™. To select the
vee candidates, constrained fits were required to have a
probability greater than 0.1%. (If a vee made fits to ad-
ditional origins besides the production vertex, the latter
was selected if its probability exceeded 1%, or if it had
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the highest probability.) This resulted in 995 vee can-
didates, of which about half came from rolls of film on
which all CC events had been measured. The other half
were from rolls on which only events with vees were mea-
sured, so as to obtain an enriched vee sample. Since the
flux of protons on target was known for every roll, it was
possible to derive the number of CC events even on those
rolls on which only events with vees were measured. The
data reported in this paper correspond to 6263 + 110 v
and 1115 + 46 7 CC events.

Of the 995 vee candidates, 37 or about 4% were am-
biguous between strange particle and the v hypothesis.
These were taken to be 4’s if the unconstrained effective
mass of the decay tracks, when interpreted as ete™, was
less than 70 MeV. As a result, 27 vee candidates were
reclassified as 7’s, leaving a sample of 968 vees, of which
814 were from v CC events, and 154 from 7 CC events.

About 20% of the vees had acceptable fits for both
the Ks and A hypotheses, and another 8% were Ks/A
ambiguities. (There were no A-A ambiguities, but two
vees were triply ambiguous.) To resolve ambiguities, the
probabilities P(Ks), P(A), and P(A) for the competing
fits were compared. To be selected as a A, it was re-
quired that P(A) > P(A), and P(A) > P(Ks) +0.3. If
these conditions were not satisfied, the vee was selected
as a Kg if P(Ks) > P(A) + 0.1, and the remaining am-
biguities were assigned to the A sample. This algorithm
for resolving ambiguities was devised in order to produce
an isotropic Ks decay angular distribution, which is the
distribution of the cosine of the angle between the Kg
line of flight and the direction of the decay 7t in the K
rest frame. This is a suitable algorithm to use, since the
K s is spinless and therefore must have an isotropic decay
angular distribution. It was found that 29% of the Kg/A
ambiguities were resolved as K s, while 89% of the Ks/A
were resolved as K.

Figure 1 shows the decay angular distributions for Kg
and A after resolution of ambiguities. The distribution
is indeed isotropic for the Kg sample. The distribution
for A is roughly isotropic, but there is some departure
from isotropy near cosf ~ 1. That region corresponds to
decay 7t mesons with low momentum in the laboratory,
which makes such A’s difficult to find and to reconstruct.
A correction for this depletion must be made when cal-
culating rates, as will be described in the next section. It
may be noted that we do not have a similar loss due to
low-momentum decay protons, because protons carry a
much larger fraction of the A momentum than do pions.
For our A sample, the median momentum of the decay
protons is about 1.7 GeV/c, while that of decay pions is
only 0.34 GeV/c.

Table I gives the numbers of observed Kg, A, and A
from v and 7 CC interactions after resolution of ambigu-
ities. To select the final vee sample for physics analysis,
two cuts were made. Vee vertices were required to be at
least 1 cm from the primary vertex, because the decay
tracks of closer vees can be confused with charged tracks
emanating from the primary vertex. Also, vee vertices
were required to be at least 20 cm in front of the cham-
ber wall in order to provide adequate decay track length
for momentum measurement. Fewer than 8% of the vees
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FIG. 1. Decay angular distributions for (a) Ks and (b)
A. These are distributions of the cosine of the angle between
the vee line of flight and the direction of the positive decay
product in the vee rest frame. The dashed line was used to
estimate the loss in the depleted bins.

were eliminated by these cuts, and Table I gives the re-
maining numbers of Ks, A, and A in the final sample.
About 22% of the K in the final sample were from am-
biguous fits, as were 42% of the A and 30% of the A.
Figure 2 shows the unconstrained invariant mass distri-
butions for the decay tracks from Ks and A. Also shown
are the results of fits to the distributions using Gaus-
sian shapes. These fits yielded mass values of 497.9 + 0.9
MeV for the Ks, and 1115.7 + 0.4 MeV for the A, which
are both in excellent agreement with the world-average
values [20]. The Gaussian fits also yielded a standard

TABLE 1. Observed numbers of neutral strange particles
from v and 7 charged-current (CC) events, before and after
cuts.

Ks A A
From 6263 v CC events, before cuts 502 285 27
From 6263 v CC events, after cuts 470 258 24
From 1115 # CC events, before cuts 93 57 4
From 1115 # CC events, after cuts 88 51 3
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FIG. 2. Unconstrained invariant-mass distributions of (a)
mtn~ from decays of Ks in the final sample, and (b) pr~
from decays of A in the final sample. The curves represent
Gaussian fits as described in the text.

deviation 0 = 12 MeV for the Kgs, and 4.2 MeV for the
A, which are indications of our experimental mass reso-
lutions in the Ks and A regions.

Although Table I gives the total numbers of observed
vees in the final sample, it is also of interest to consider

TABLE II. Numbers of charged-current events with a spec-
ified combination of observed neutral strange particle decays.

X indicates any hadron system not containing observed Ks,
A, or A.

v CC events 7 CC events

KsX 364 73
AX 208 41
AX 17 3
KsKsX 27 3
KsAX 35 7
KsAX 3 0
AAX 3 1
AAX 4 0
KsKsKsX 2 0
KsKsAX 2 1
KsAAX 1 0
KsKsKsAX 1 0

how often there are multiple vees in an event. Table
II gives the numbers of v and 7 CC events with each
possible combination of observed vees.

III. PRODUCTION RATES

To obtain inclusive production rates, the observed
numbers of vees were corrected for various sources of loss.
These are explained below, and the average value of each
weight for each type of vee is given in Table III.

(a) The geometric detection efficiency, which is mo-
mentum dependent, was calculated separately for each
vee by using the minimum length cut of 1.0 cm and a
maximum potential length which was the distance, along
the particular vee’s line of flight, from the primary vertex
to a point 20 cm in front of the chamber wall.

(b) Each vee was weighted for the probability of de-
cay before interaction within the length of liquid that it
actually traversed.

(c) Vees were weighted both for scanning and fitting
efficiency as well as for systematic losses of the ener-
getic vees which can get obscured by the forward cone of
charged tracks from the primary vertex. Random scan-
ning losses were calculated by performing a second scan
on some rolls of film, and comparing the results with the
first scan. To estimate systematic losses, a careful, ded-
icated scan was made on about 25% of the sample by a
physicist who checked especially for vees hidden among
other tracks, and vees far from the primary vertex. This
dedicated scan revealed that vees with energy greater
than 20 GeV had lower efficiencies for being found in a
routine scan than vees of lesser energy. Such high energy
vees were therefore given an extra weight, whose effect
was to increase the overall scanning weight by 5% for K
and A, but only 1% for A, because A’s are generally of
lower energy (see Sec. IV).

(d) The proper decay length for each Ks was calcu-
lated from the length in the laboratory as measured be-
yond the initial 1.0 cm minimum length cut. In the dis-
tribution of the proper decay length there was a depletion
for cr < 1.5 cm. An exponential fit to the distribution
in the region cr > 1.5 cm yielded a mean proper decay
length of 2.3+0.3 cm, with a x2 of 4.3 for 7 degrees of free-
dom, consistent with the known value [20] of 2.675 cm.
Then the fit was extrapolated to ¢ = 0, and the low-
lifetime loss was calculated by comparing the expected
number of Ks with the observed number below ¢ = 1.5
cm. The correction for Ks was 1.03+0.02, and the same
procedure for A’s and A’s gave a weight of 1.06 & 0.02.
(The mean proper decay length for A’s was 7.5+ 1.4 cm,
with a x2 of 5.2 for 11 degrees of freedom, consistent with
the known value of 7.89 cm.)

(e) A’s were corrected for the anisotropy in the decay
angular distribution mentioned in the previous section
(see Fig. 1). For cosf > 0.6 there is some loss because of
the difficulty of finding and reconstructing A’s with low-
momentum decay pions, which characterize that kine-
matic region. The distribution for cosf < 0.6 was extrap-
olated into the region cosf > 0.6 to determine the loss in
the depleted bins, which required a weight of 1.06 +0.02.
To check whether this correction is reasonable, we have
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TABLE III. Average weights applied to observed neutral strange particles.

Ks A A
Geometric detection 1.18 £ 0.01 1.16 £ 0.01 1.25 + 0.06
Decay before interaction 1.23 £ 0.01 1.20 +0.02 1.50 + 0.09
Scanning and/or reconstruction losses 1.16 £ 0.08 1.13 £0.07 1.18 £0.10
Low-lifetime loss 1.03 £ 0.02 1.06 + 0.02 1.06 £+ 0.02
Low-momentum n~ 1.06 + 0.02
Ambiguity resolution 1.00 + 0.04 1.00 = 0.04 1.00 +0.20

examined the momentum distribution of our decay pi-
ons, and find that 75 MeV /c is approximately the lowest
momentum that we reconstruct. For A’s with the actual
observed momentum distribution, a straightforward cal-
culation (assuming an isotropic decay) shows that most
of the observed anisotropy is accounted for by the loss of
decay pions below 75 MeV /c. We do not have a loss cor-
responding to low-momentum decay protons, because the
calculation for our A’s indicates that there would be no
protons below about 150 MeV/c, and we have found that
we can construct protons down to that value. Finally, we
have checked that for our K5 and A with their actual mo-
mentum distribution, a negligible fraction would have a
decay pion below 75 MeV/c, so no correction is needed.

(f) As shown in the previous section, the algorithm for
resolving ambiguities is statistically valid for the sample
as a whole. To determine the uncertainty in the ambi-
guity resolution procedure, an estimate was made of how
many vees could be differently assigned while still main-
taining consistency with isotropy in the decay angular
distribution for the spinless K.

After applying all these corrections, the average exper-
imental weights were 1.86 + 0.20 for Kg, 1.97 £ 0.18 for
A, and 2.57 £ 0.67 for A. (Because of correlations, these
overall weights are slightly greater than the products of
the corresponding weights in Table III.) An additional
weight for decay branching ratios was then applied (in-
cluding the factor of 2 for K1), and Table IV gives the
fully corrected average multiplicities per CC event. (For
the rest of this paper, all references to K° really mean
K°+K?°.) For v, CC events, the mean multiplicities are
0.408+0.048 for K°, 0.12740.014 for A, and 0.0154-0.005
for A. The quoted errors include statistical errors as well
as the uncertainties in calculating each of the correction
factors, and the uncertainty in the ambiguity resolution
algorithm. The ratio of A to K° production is 0.31£0.05
for v, and 0.26 + 0.06 for ».

Table V compares our measurements of the K° and
A production rates with the most statistically significant
previous results. It should be noted that all of the previ-
ous experiments have been at much lower energies than

TABLE IV. Average neutral strange particle multiplici-
ties per charged-current (CC) event. The K ° rate includes
K® + K°. The A rate includes A’s from £° decay.

Ks A A
v CC events 0.408 +0.048 0.127 +£0.014 0.015 + 0.005
7 CC events  0.454 +0.078 0.118 +£0.019 0.010 + 0.007

ours. Although those experiments have used a variety of
targets and event selection criteria, they exhibit a general
consistency in the K° and A rates, especially in the for-
mer. By contrast, our measurements of these rates give
significantly higher values. In the next section we explore
whether our higher rates can be attributed to the higher
neutrino energies, and whether the K° and A production
properties are different from those at lower energies.

We have made use of the  conversions to search for
30 hyperon production. Figure 3 shows the Ay effec-
tive mass distribution for v CC events, and reveals a
small signal at the ° mass. To determine the produc-
tion rate, we have fitted the distribution to a polynomial
background plus a Gaussian shape for the £°, fixing only
the mass. This yielded an estimate of 15 £° above back-
ground, and o0 = (6 £ 3) MeV for the Gaussian. We
then tried another method of evaluating the background.
We calculated a Ay effective mass distribution using A’s
and v’s from different events but with similar values of
total hadronic invariant mass. This background distri-
bution was normalized to the true distribution excluding
the X0 region (1.16-1.22 GeV). Using this normalized
background yielded an estimate of 14 true X°, which is
close to the estimate using the Gaussian fit. However,
it may be noted in Fig. 3 that in the bin immediately
following the X° signal, there is a depletion that is com-
parable in magnitude to the X° signal. Accordingly the
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FIG. 3. Effective mass distribution for Ay combinations
using fitted A and v from v charged-current events. The solid
lines represent the results of a fit to the distribution using a
Gaussian shape for the £ hyperon and a polynomial for the
background.
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TABLE V. Inclusive production rates for K° and A per charged-current event. Nx and N, are
the observed numbers of Ks and A, respectively, while the rates are fully corrected. K° includes

K°+K°.

Reaction [Ref.] (E.,) (GeV) Nk K° Rate (%) Na A Rate (%)
v-Ne [This expt.] 150 502 40.8 4.8 285 12.7+14
v-Ne [10] 103 203 23.0+1.7 98 5.7+£0.7
v-n [12] ~ 60 205+ 1.2 6.6 +0.7
v-p [12] ~ 60 17.4+1.2 44405
v-p [16] 51 831 19.0 £ 0.9 491 5.2+0.3
v-Ne [14] 46 2279 16.8 1.2 1843 6.5+ 0.5
v-p (9] 43 359 175+ 0.9 180 45104
7-Ne [This expt.] 110 93 45.4+78 57 11.8+1.9
7-Ne [10] 81 64 21.9+£2.8 37 6.5+ 1.2
-Ne [6] ~ 45 350 16.4 £0.9 257 6.3+0.4
o-p [8] ~ 45 88 15.1 + 3.2 46 4.5+0.9
-n [12] ~ 45 20.8 + 2.0 7.6+0.8
-p [12] ~ 45 184413 57406
7-Ne [15] 40 518 15.7+0.8 469 8.2+0.5
-p [16] 40 401 16.140.9 344 5.7+0.4

%0 signal cannot be regarded as decisive, and a large un-
certainty is unavoidable. We have used an estimate of
15 4+ 8 X° events. This observed rate was corrected for
A detection efficiencies (discussed above) as well as the v
detection and reconstruction efficiency of (42 + 4)%. We
finally obtained a total inclusive £° production rate of
(1.8+1.1)% as a fraction of all neutrino charged-current
events, where the error includes the uncertainties in es-
timating the small signal and in calculating all the de-
tection efficiencies. For comparison, a previous v ex-
periment [14] and a 7 experiment [15] measured rates
of (1.1 + 0.3)% and (0.6 & 0.3)%, respectively. Both of
these experiments had mean neutrino energies of about
45 GeV compared to 150 GeV for ours. From our pro-
duction rate, we derive the fraction of A’s coming from
%0 decay to be (14 £ 8)%, which is very similar to that
of Ref. [14].

IV. PRODUCTION PROPERTIES

To investigate neutral strange particle production
mechanisms, we have measured the average K° and A
multiplicities as functions of (a) E,, the neutrino energy,
(b) Q*> = 2E,(E, —P,f‘) —m?2, the invariant square of the
four-momentum transfer from the neutrino to the muon,
where the muon energy E, and longitudinal momentum
Pf are in the laboratory frame, (c) W2 = 2m,(E, —
E,)+ mf, — @72, the invariant square of the hadronic sys-
tem’s effective mass, (d) zg = Q%/2my(E, — E,), the
Bjorken scaling variable, and (e¢) yg = (E, — E.)/E,,
the fractional energy transfer to the hadronic system. All
results presented in this section will be for the v events
only, because our 7 events comprise only a small fraction
of the total.

To determine the incident neutrino energy for each
event, we have summed the energies of all charged tracks
and associated neutrals. To correct for missing energy
(mostly neutrals that do not materialize within the bub-

ble chamber), we have employed the Bonn method [21],
which is based partly on transverse momentum balance.
The corrected neutrino energy is estimated to be given by
E, = PL + $PL + (|PT + SPF|)SPL/S|PT|, where Pf
and PT are the longitudinal and transverse momentum
components, respectively, of a visible, measured parti-
cle. With this prescription the average correction to the
hadronic energy is about 18%, and the resulting energy
spectrum of events is in good agreement with a Monte
Carlo calculation using the computed beam profile.
Figure 4 shows the average K° and A multiplicities as
a function of incident neutrino energy. An unambiguous
increase with energy is apparent, and the dashed lines in
Fig. 4 show the results of linear fits to In(N)vs In(E,)
for our data. The slopes of these fits are 0.48 £+ 0.10 for
the K°, and 0.23 £ 0.11 for the A. We have also com-
pared our data with the predictions of a Monte Carlo
model based on the Lund model (JETSET 6.3), for which
we have used the default value of 0.3 for the s/u quark
ratio. Some previous neutrino experiments have found
that a lower value of 0.2 for this ratio is needed to obtain
reasonable agreement with their data. However, we note
that the DELPHI experiment [22] at the CERN ete™
collider LEP has recently measured a value of 0.30 +0.02
which corroborates previous results from ete™ experi-
ments at lower energies, and therefore we have retained
the default. In fact we have used default values for all
parameters except the diquark suppression (us/ud)(d/s)
which we have increased from 0.4 to 0.5 because the same
experiment [23] has reported a value of 0.50 & 0.06. The
Monte Carlo calculation incorporates our actual neutrino
beam energy spectrum and also includes detector resolu-
tion and efficiencies. The solid lines in Fig. 4 represent
the predictions of the Lund model, and agree qualita-
tively with our data. For our neutrino spectrum, the
model predicts overall multiplicities of 0.455, 0.111, and
0.017 for K°, A, and A, respectively, which are quite con-
sistent with our measured values as given in Table IV. If
we use the lower value s/u = 0.2, we obtain predicted
multiplicities of 0.339 for K° and 0.082 for A, which are
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much lower than our measured values. The higher energy
of our experiment may be why our data prefer the higher
value s/u = 0.3.

In Fig. 4 we also compare the energy dependence of
our K° and A multiplicities with three previous experi-
ments. For neutrino energies below 70 GeV, our K° rate
is consistent with the older experiments. At higher en-
ergies the K° rate keeps increasing, which is the main
reason why our overall rate is significantly higher than
previous results. It should be noted, however, that the
fit to our data (dashed line in Fig. 4) does lie above all
of the points from other experiments. The same is true
for the A. Note that one of the other experiments in
the figure (Ref. [16]) used a hydrogen target, for which A
production is expected to be smaller than for a neon tar-
get. A charged-current interaction on a valence d quark
leaves a uu diquark in a proton but a ud diquark in a
neutron. Additionally, secondary interactions can occur
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FIG. 4. Average multiplicity of (a) K° and (b) A as a func-
tion of the incident neutrino energy. These multiplicities are
fully corrected for all sources of loss, and K° includes K°+K?°.
The solid lines represent the predictions of the Lund Monte
Carlo program, and the dashed lines represent linear fits to
the data.
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inside a neon nucleus or very close to the primary inter-
action point. A hadron experiment [24] has found that
rescattering in the nucleus contributes significantly to en-
hancement of A production.

Production rates as functions of W2, Q2?, zg, and yp
are shown in Figs. 5-7. The KP° rate increases clearly
with W2, @2, and ypg, but shows little or no dependence
on zg. Very similar observations have been made by pre-
vious experiments, although several have noted a falloff
in the rate at the highest values of W2 and yg. They
have attributed the apparent falloff to possible systematic
losses of K° inside high-multiplicity jets and to smearing
effects [14,15]. Our data do not show such an anoma-
lous falloff; in our experiment, particular attention was
paid to examining jets and showers for hidden vees. Our
A rate also exhibits an increase with W2, Q2, and yg,
although the effect is less pronounced than for the K°.
The solid lines in Figs. 5-7 represent the predictions of
the Lund model, which agree qualitatively with our data.
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FIG. 5. Average multiplicity of (a) K° and (b) A as a func-
tion of W2, the invariant square of the hadronic system’s ef-
fective mass. The solid lines represent the predictions of the
Lund Monte Carlo program, and the dashed lines represent
linear fits to the data.
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The agreement is better for the K° than for the A.

The dashed lines in Fig. 5 show the results of linear
fits to In(IV) vs In(W?2). We obtain slopes of 0.53 % 0.08
for the K°, and 0.41+0.09 for the A, and note that these
are quite consistent with each other.

The differences in the production properties of K° and
A are seen most clearly in single-particle distributions.
In Fig. 8 we show the distributions of the Feynman-z
variable zrp = 2p} /W, where p} is the longitudinal mo-
mentum of the particle in the hadronic center of mass.
(The longitudinal direction is the hadronic system’s di-
rection of motion, and the hadronic system’s four-vector
was calculated using the muon and corrected neutrino
four-momenta.) In Fig. 9 are shown the distributions of
each particle’s rapidity y* in the hadronic center of mass,
where y* = JIn[(E* +p})/(E* —p})]- In this expression,
E* is the particle’s total energy in the hadronic center of
mass. These are differential distributions, and are nor-
malized to the total number of charged current events,
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so that the ordinate at any point gives the average mul-
tiplicity of the particle per unit interval of the variable.
Any misidentification of vees by the ambiguity resolution
algorithm would mostly affect high values of zr and y*,
as would the weight for systematic losses of high-energy
vees. The error bars shown in the figures include the
uncertainties due to these effects.

Figures 8 and 9 show that the A is produced mostly
in the backward region, as expected from target frag-
mentation, but that there is non-negligible production
in the central and forward regions as well. By contrast,
the K° is produced mostly in the central region, with a
significant excess in the forward region. In fact, we find
that we have relatively more forward K° production than
previous experiments, which were at lower energies. One
way to illustrate this point is to consider the asymme-
try parameter A = (Ng — Ng)/(Nr + NB), where Np
and Np are the numbers of particles going forward and
backward, respectively, in the hadronic center of mass.
For the K°, we measure A = 0.35 &+ 0.04 compared to
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0.16 & 0.02 that was reported by the previous experi-
ment with the highest statistics [14]. That experiment
had a much lower mean neutrino event energy of 46 GeV
compared to 150 GeV for ours. For the A, we obtain
A = —0.47 £ 0.07 compared to —0.71 £ 0.02 for Ref. [14],
showing the effect of much stronger forward A produc-
tion. This energy dependence is confirmed in our own
data: for events with W2 > 60 GeVZ, the asymmetry
parameter for K° is 0.40 + 0.05 compared to 0.22 + 0.08
for W2 < 60 GeV2. Similarly, the asymmetry param-
eters for A are —0.35 & 0.09 and —0.69 + 0.08 in those
two regions. (We have checked that our results for the
asymmetry are not very sensitive to the particular en-
ergy correction technique that we use. For example, in
the extreme case where no correction is made at all, we
measure for the full sample A = 0.39 £ 0.04 for the K°,
and A = —0.40 + 0.07 for the A.)

Figures 8 and 9 include the Feynman-z and rapidity
data from Ref. [14]. For the K°, we have a large ex-
cess over Ref. [14], especially in the central and forward
regions (zp > —0.2, y* > —1). For the A, our enhance-
ment over Ref. [14] spans most of the kinematic region.
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The solid lines in Figs. 8 and 9 represent the predictions
of the Lund model. Although the model is in qualita-
tive agreement with our data, it does overestimate our
K? rate for the backward region (zr < 0,y* < 0), and
it underestimates our A rate for zp > —0.2,y* > —1.
This disagreement is also reflected in the asymmetry pa-
rameter, which the Lund model predicts to be +0.08 and
—0.71 for the K° and A, respectively.

It is instructive to compare the K° rapidity distribu-
tion with that of pions. In Fig. 10(a) we show the ratio of
the normalized K° rapidity distribution to that for 7~
mesons. There is a monotonic increase in the ratio as
a function of rapidity, rising by a factor of two or three
from the backward to the very forward region. Figure
10(b) shows the ratio of K° to #* mesons, and also ex-
hibits a clear increase with rapidity. Data from Ref. [14]
are included in Fig. 10 for comparison, and exhibit a
similar rise with rapidity in the backward hemisphere,
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FIG. 11. Normalized differential distributions for K° and A
of (a) p%, the square of the momentum component transverse
to the direction of motion of the hadronic system, and (b) z,
the fraction of the total hadronic laboratory energy carried by
the particle. The solid lines represent the predictions of the
Lund Monte Carlo program, and the dashed lines represent
the results of exponential fits described in the text.
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but are markedly different from our data in the forward
hemisphere. We observe much stronger forward K° pro-
duction than does Ref. [14].

In Fig. 11 we show the normalized distributions in pZ,
the square of the momentum component transverse to the
direction of motion of the hadronic system, and in z, the
fraction of the total hadronic laboratory energy carried
by the particle. As seen in the figure, the p2. distributions
are well described by a simple exponential. The dashed
lines are the results of fits of the form A exp(—Bp%).
The fits yielded slope parameters of B = 4.15 &+ 0.31
(GeV/c)~2 for the K° and B = 4.02 + 0.34 (GeV/c)~2
for the A. These are very similar and are also consistent
with values reported by previous experiments, although
some of them [14,15] have found that above 0.5 (GeV/c)?2
there is a possible change of slope. Within our statistics,
we do not see any convincing evidence for a change of
slope in our data.

Our z distributions are similar in shape to those seen
in previous experiments at lower energies. Some of them,
however, have reported a turnover at low z which may
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in part be due to rest mass effects. We do not observe a
turnover, and it is noteworthy that the previous experi-
ment with the highest energy [10] also did not observe a
turnover. Rest mass effects are less important at higher
energies. The solid lines in Fig. 11 represent the predic-
tions of the Lund model.

Although our sample contains only a few A hyperons
(see Table I), it is relatively clean, with only 30% of the
A coming from ambiguous fits. Therefore we have at-
tempted to extract some information on production prop-
erties, which previous experiments have not done. Figure
12 displays the normalized Feynman-z and rapidity dis-
tributions for the A hyperons. It is quite apparent that
they are produced exclusively in the central region. The
mean value of zr for our A is —0.09 + 0.07, and approx-
imately 90% of them are contained within |zp| < 0.3.
Similarly, their mean value of y* is —0.10 + 0.13, and
90% of them are within |y*| < 1. They are much more
tightly bunched kinematically than the A. The forward-
backward asymmetry for A is A = 0.05 £ 0.15. Figure
12 also shows the predictions of the Lund model, which
agrees remarkably well with our data.

V. A POLARIZATION

A theoretical analysis by Bigi [25] predicts that A po-
larization may be observed in neutrino interactions even
though the target nucleon is unpolarized. The reason is
that the W boson usually interacts with a left-handed
valence d quark in the nucleon, leaving behind a po-
larized diquark which can eventually hadronize into a
A. The A can inherit the polarization of the parent di-
quark. Two experiments [15,26] have emphasized the im-
portance of selecting axes appropriately for polarization
measurement. In the A rest frame, they have chosen the
z axis to lie along the direction of the W boson, and they
define the production plane to be the plane containing the
directions of the W boson and the target nucleon. Then
the y axis is perpendicular to the production plane, and
the z axis is perpendicular to the W, but inside the pro-
duction plane. With these definitions, both experiments
concluded that there was no A polarization perpendicular
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to the production plane. Within the production plane,
Ref. [15] observed clear evidence for polarization in the
direction opposite to that of the W boson, i.e., in the
negative x direction. Reference [26], on the other hand,
found that kinematic cuts were necessary to obtain sig-
nificant polarization, and it was not entirely opposite to
the W direction. The results of these two experiments
are summarized in Table VI. Two other experiments
[5,11] have also measured A polarization, but have de-
fined their axes differently and are therefore not directly
comparable.

For our analysis using the v CC sample, we have de-
fined axes in the A rest frame as described above. If
P is the polarization of the A along any of the axes,
and 0 is the angle of the decay proton relative to that
axis, the fraction of A’s as a function of 6 is given by
ng@j = 2(1+4 aPcosf), where a = 0.642 is the weak de-
cay parameter [20] of the A. Figure 13 shows this angular
distribution for the three axes, along with the results of
linear fits. All of the fits were excellent with x2/NpF < 1,
and the polarizations that we derive are given in Table
VI. In agreement with Refs. [15] and [26], we find no po-
larization perpendicular to the production plane. Within
the plane, our results are intermediate between those of
the previous experiments, with P, = —0.38+0.16, a 2.40
level of polarization in the direction opposite to that of
the W boson. There is a possibility that the systematic
loss of A’s with low-momentum decay pions [see Fig. 1(b)]
may introduce biases into the polarization plots, even
though the axes are different. The largest effect might
be expected on P, because of partial correlation between
the directions of the W and the A. By studying the ef-
fects of various kinematic cuts on the polarizations, we
estimate that the systematic uncertainty on the polariza-
tions may be comparable to the quoted statistical errors.

If Bigi’s argument [25] is valid, it might be expected
that polarization would be especially apparent for A’s
in the target fragmentation region. We have therefore
repeated our analysis for A’s with zp < 0, and the re-
sults are given in Table VI along with those of the pre-
vious experiments. We do find that polarization in the
production plane is modestly enhanced, and P, becomes
nonzero at the 20 level in addition to P,. Therefore our

TABLE VI. A Polarization. The z axis is along the W boson direction in the A rest frame. The
other two axes are perpendicular to the W, with the y axis being transverse to the production

plane, and the z axis inside the production plane.

Reaction [Ref.] P, P, P,
v-Ne [This expt.] —0.38 £ 0.16 —0.04 £0.17 —0.17£0.18
p-Ne [15] —0.56 £ 0.13 —0.02 +0.13 0.08 £0.13
v-p [26] —0.10£0.14 —0.02 £ 0.16 0.12 +£0.15
D-p [26] —0.24 £ 0.17 —0.05 £ 0.16 —0.20£0.17
v-Ne, ¢ < 0 [This expt.] —0.43 £0.20 —0.06 +0.19 —0.45 +0.19
7-Ne, zr < 0 [15] —0.63 £0.13 —0.02 £ 0.14 0.12+0.14
v-p, zr < 0 [26] —0.29 £ 0.18 —0.09 £0.19 0.19+0.18
-p, xFr < 0 [26] —0.38 £0.18 0.02 +0.18 —0.17+0.18
K° control sample [This expt.] —0.02 £ 0.08 0.10 + 0.08 —0.10 £ 0.08
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The plots are normalized so that the integrals over the distri-
butions are equal to one. The solid lines represent the results
of linear fits.

measurements support Bigi’s hypothesis that A polariza-
tion originates from a polarized diquark.

A useful control sample is provided by our K° mesons,
which being spinless should not exhibit polarization along
any direction. We have analyzed the K°’s by measuring
the angular distribution of the decay 7% and fitting ex-
actly as for the A’s. (Since there is no decay parameter
for the K°, we have set a = 1.) Table VI gives the puta-
tive polarizations of K° along the three axes, all of which
are consistent with zero.

We have also done one other systematic check to de-
termine whether our results are sensitive to the neutrino
energy correction technique (Bonn method) that we use.
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The directions of the axes do depend on the neutrino en-
ergy. However, even if we adopt the extreme case of mak-
ing no correction at all to the neutrino energy, we obtain
A polarizations of P, = —0.37+0.15, P, = —0.04 £0.16,
and P, = —0.22 + 0.17, which are very similar to the
values we derive when we do make the energy correction.

VI. SUMMARY

We have studied characteristics of neutral strange par-
ticle production in v and 7 charged current interac-
tions in the Fermilab 15-ft. bubble chamber filled with
a heavy Ne-H, mix. The events have much higher en-
ergy ({(E) = 150 GeV) than in any previous such study.
For the v beam, we have measured inclusive production
rates per event of (40.8 £4.8)% for the K°, (12.7+1.4)%
for the A, and (1.5 + 0.5)% for the A. These rates are
considerably higher than those measured at lower ener-
gies. We have also measured a £° production rate of
(1.8+1.1)%, which corresponds to (14 +£8)% of A’s com-
ing from X° decay. For the 7 beam, production rates are
(45.4 + 7.8)% for the K% (11.8 & 1.9)% for the A, and
(1.0 £0.7)% for the A. The ratio of A to K° production
is 0.31 £ 0.05 for v, and 0.26 + 0.06 for ».

We have shown that both the K° and A production
rates increase with E,, W2, Q2?, and yp, with the K°
exhibiting an especially strong increase. No significant
dependence on z g is observed. Feynman-z and rapidity
distributions show that the K° is mainly in the central
region, but with significant production in the forward
region. The A is mainly produced in the target frag-
mentation region, although there is appreciable central
and forward production as well. Compared to lower-
energy experiments, our K° production is enhanced in
the region zp > —0.2, while the A production is en-
hanced for essentially all zr. The forward-backward
asymmetry parameter is 40.35 + 0.04 for the K°, and
is —0.47 £+ 0.07 for the A. The A are produced in a nar-
row region around zr = y* = 0, with an asymmetry
parameter of +0.05 + 0.15. We have found that P2 dis-
tributions for both K° and A can be described by simple
exponentials with slopes that are consistent with each
other. Most of these results are in qualitative agreement
with the Lund model, though the single-particle distribu-
tions do not agree in detail. There is more A production
for z > —0.2 than is predicted by the model.

Finally, we have measured a modest polarization of the
A within the production plane, especially in the direction
opposite to that of the W boson (P, = —0.38 + 0.16).
Perpendicular to the production plane the polarization
is consistent with zero.
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