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per CC and 0.322 % 0.073 per NC event. The corresponding A rates are 0.161 £ 0.030 per CC and
0.113 £ 0.030 per NC event. The K° and A distributions of the fractional hadron energy variable z
in NC events are consistent with those in CC events.

PACS number(s): 13.15.Jr

(2)Now at Johns Hopkins University, Baltimore, MD 21218. (Now at Fermilab, Batavia, IL 60510.

(®)Now at Cavendish Laboratory, Cambridge, U.K. {(8) At Seton Hall University, S. Orange, NJ 07079.

(©)Also at Universitaire Instelling Antwerpen, B-2610 (M) Current address: 20 Prince St., Queens Park, W. Aus-
Wilrijk, Belgium. tralia 6107.

() Deceased. ()Now at Tufts University, Medford, MA 02155.

(9)Now at Syracuse University, Syracuse, NY 13210. ()Now at SSC Laboratory, Dallas, Texas 75237.

45 2232 ®©1992 The American Physical Society



I. INTRODUCTION

Studies of neutral-current (NC) neutrino interactions
allow tests of the standard model of electroweak interac-
tions and determination of the parameter sin? @y . Some
recent reviews are given in Refs. [1-5]. The main motiva-
tion for studying neutrino interactions using the Tevatron
at Fermilab is to test the standard model and to look for
new phenomena at energies above those accessible to pre-
vious neutrino experiments. The higher neutrino energies
also produce a smaller fraction of charged-current (CC)
events with low-energy muons; thus, the muon detection
efficiency improves and the contamination of unidentified
CC events in the NC sample is reduced. An additional
advantage is that new Internal Picket Fence (IPF) coun-
ters were installed around the Fermilab 15-foot bubble
chamber for better determination of event times and a
new External Muon Identifier (EMI) was built for im-
proved muon identification. This experiment (E632) is
the first to use this improved apparatus.

This paper reports results from a study of NC events
from about 10% of the film taken for E632 in 1985. Sec-
tion II contains a description of the beam, running condi-
tions, and the detectors used. Section III discusses muon
identification necessary to identify CC events induced
by muon neutrinos and estimates hadron misidentifica-
tion. Section IV discusses the criteria used to extract
a sample of NC events and to remove electron-neutrino
CC events and neutral hadron-induced events. The re-
maining backgrounds and losses in this sample are cal-
culated to determine the ratio NC/CC. Section V com-
pares strange-particle production in NC and CC events.
Finally, Sec. VI summarizes the results.
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II. EXPERIMENTAL CONDITIONS

Experiment E632 took data both in the 1985 and in
the 1987 running periods for fixed target experiments
at Fermilab. This paper reports only on data from the
1985 run. (Measurements and analysis are in progress
on data from the 1987 run which, because of the lighter
mixture in the bubble chamber, is better suited to stud-
ies of minimum-bias event samples.) The neutrino beam
was produced by the quadrupole triplet train (tuned to
a momentum of 300 GeV/c), which focused secondaries
produced by interactions of 800-GeV protons from the
Tevatron. In the fiducial volume (15 m®) of the 15-foot
bubble chamber, » and # CC events are produced in a
ratio of about 6 to 1 and with mean energies of 150 and
110 GeV, respectively. About 30% of v and 14% of ©
events have energies above 200 GeV; 9% of v and 2% of
D events have energies above 300 GeV, a region inacces-
sible to pre-Tevatron experiments. Less than 1% of the
events have energies above 500 GeV.

In the 1985 run, the 15-foot bubble chamber was filled
with a 75%-25% molar neon-hydrogen mixture giving a
density of 0.70 g/cm3. The chamber was photographed
by three conventional cameras, one high resolution cam-
era, and a camera used to record holograms. The Internal
Picket Fence (divided into an upstream half IPF A and
a downstream half IPF B) and three planes of the Exter-
nal Muon Identifier (EMI A, B, and C) were positioned
around the chamber as shown in Figs. 1 and 2. More
details about the IPF and EMI are given in our paper on
dimuon events Ref. [6].

On about 10% of the film from the 1985 run, all events
which were not clearly associated with interactions in
material upstream of the chamber and which had visi-
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ble longitudinal momentum (i.e., momentum projected
onto the neutrino beam direction) above 5 GeV/c were
measured. Frames for which there was no EMI/IPF data
were excluded from this study. The scanning efficiency
for CC events with at least two prongs was determined
from double scanning to be 0.99 after the two scans.
The efficiency for events with visible hadronic momentum
above 10 GeV/c is slightly larger; we have checked that
the scanning efficiencies are above 0.99 for both NC and
CC events with at least two prongs and visible hadronic
momentum above 10 GeV/c. (Note that these efficien-
cies cancel in taking the ratio NC/CC.) About 2% of the
events were so complex that they were measured only
partially; these partial measurements included tracks of
any possible muon candidates. The fraction of events
that were so complex that tracks of possible muon candi-
dates could not be measured reliably was less than 0.5%.
Partially measured events are used for this analysis; the
unmeasurable events are excluded.

The general event measurements included all tracks
from the primary neutrino vertex and all V®’s (possible
neutral-strange-particle decays) associated with the pri-
mary vertex. Outgoing tracks from interactions on pri-
mary tracks were not usually measured. Neutral-particle
interactions associated with the primary vertex were re-
quired to be measured only if their visible momentum
exceeded 5 GeV/c. Only the five gamma conversions
closest to the primary vertex were required to be mea-
sured. Applying these criteria to events generated by a
Monte Carlo program that used the expected neutrino
flux and simulated measured events indicates that, on
average, about 70% of the total hadronic energy will be
measured. This bias in the hadronic energy measurement
is expected to be the same for NC and CC events because
the same measurement criteria were applied.
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III. MUON IDENTIFICATION

Muon identification relies upon the EMI so events for
which there is no acceptable EMI data are excluded from
this analysis. Each measured track which traverses the
bubble chamber without interacting is extrapolated to
predict which tubes in the EMI planes would be hit if the
track was made by a muon. There are 3 to 5 hadronic
interaction lengths of absorber between the chamber and
the EMI B plane plus another 4 to 6 interaction lengths
between the EMI B and C planes. For each track pre-
dicted to hit the EMI, a matching algorithm looks for
a time slot for which there are horizontal and vertical
tubes hit close to those predicted. (The EMI B plane
also has a diagonal set of tubes, which are labeled U in
Fig. 2.) For a time slot where there are close matches in
both the EMI B and C planes for the H and V tubes, a
correlated x? for the quality of the match is calculated.
Because the error in the predicted position (due to mea-
surement errors and multiple Coulomb scattering in the
absorber) for high-momentum muons is smaller than the
tube width, this calculated x? does not have the usual
distribution. For an event to be in the CC sample, we
require at least one track to have a match in the EMI
B and C planes with a correlated x? value less than 13.
No explicit cut is made on the momentum of identified
muons but less than 10% of muons with momentum be-
low 4 GeV /c are predicted to hit EMI C. Only one event
in the CC sample has a muon with momentum below 4
GeV/c.

Electronic inefficiencies in the EMI can result in some
muons matching with hits in only 3 of the 4 (H and V)
coordinates in EMI B and C. The efficiency of the EMI
to identify muons is determined by applying the muon
identification criteria to measured beam tracks with mo-
menta above 20 GeV/c. (Beam tracks are tracks entering
the upstream half of the chamber in a direction close to
the neutrino beam direction and traversing the chamber
without interacting. In order to determine the EMI elec-
tronic efficiency using beam tracks, they are all assumed
to be muons.) The resulting efficiencies are given in Table
L.

We define a separate category for events with a three-
coordinate muon in order to remove them from the NC
sample but do not include them in the CC sample because
these events do include some real NC events in which a
hadron leaving the bubble chamber is misidentified. To
keep the contribution from misidentified hadrons small,
we require 3-coordinate muons to have momentum above
4 GeV/c. Corrections for the loss from the CC sample
and for that from the NC sample are discussed below.
Another type of CC event that is a potential background
in the NC sample is one in which the muon misses the
EMI C plane. This is a significant problem only for v-
induced CC events because of the smaller number of -
induced events. Therefore, we also exclude from both the
CC and NC samples events in which a negatively charged
leaving track is predicted to miss EMI C, makes good
matches with hits in the V and H tubes in EMI B, and
has momentum above 4 GeV/c. Also, for these events
and for those with a 3-coordinate muon, we require some
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TABLE L

beam tracks.
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EMI acceptances determined from Monte Carlo events and EMI electronic efficiencies determined using measured

Muon momentum >4 GeV/c < 4 GeV/c
wo wt no wt
Fraction of all CC events 0.956 0.985 0.044 0.015
fraction of muons in each momentum region
Muon hits both EMI planes 0.965 0.976 0.066 0.025
Muon hits only EMI B (inner plane) 0.031 0.023 0.342 0.292
Muon misses both EMI planes 0.004 0.001 0.592 0.683
EMI efficiencies for muons hitting both EMI planes (from 2520 beam tracks)
Fraction with 4-coordinate matches = 0.947 £ 0.004
Fraction with 3-coordinate matches = 0.044 £ 0.004
Fraction with matches in both V and H coord. in EMI B = 0.972

hits in the downstream IPF (IPF B) at the muon time
slot determined by the EMI.

To determine the acceptance of the EMI for muons
from CC events, we use samples of about 8000 v and
8000 7 CC events generated by a Monte Carlo program
that uses the expected flux distributions (calculated us-
ing the parameters of the quadrupole triplet beam by
the program NUADA as in Ref. [6]) and which simulates
measured events in the bubble chamber. These simu-
lated events are then processed with the same programs
used for real events. The results for the EMI acceptances
are given in Table I. These acceptances are essential to
calculate the expected CC contamination in the NC sam-
ple and to correct the observed number of CC events for
losses due to muons that miss one or both EMI planes.

Using the acceptances and efficiencies given in Table
I, one can calculate the fractions of ¥ and ¥ CC events
expected to satisfy the muon identification criteria. The
results are summarized in Table II. Note that most of the
undetected negatively charged muons have momenta be-
low 4 GeV/c. Also, although the fractions of undetected
muons are about the same for v and 7 events, the main
contribution to the CC contamination in the NC sample
comes from v events because of the larger v flux and cross
section.

Some NC events are lost from the NC sample because
a hadron is misidentified as a muon. These misidentified
hadrons are usually classified as 3-coordinate muons and
only rarely as 4-coordinate muons so most of the events
lost from the NC sample will not be in the CC sample.

TABLE II.
efficiency of 0.93 for 3-coordinate and EMI1 B only muons.

This loss is estimated by looking at events in the CC sam-
ple for which more than one track satisfies the muon iden-
tification criteria corresponding to distinct hits in EMI C.
Real dimuon events (as defined in Ref. [6]) are excluded
from this study. The loss from the NC sample due to
hadrons misidentified in any of the muon classifications
depends upon the hadronic energy. The fractional loss
is 0.049 + 0.007 for visible hadronic momentum above 10
GeV/c and 0.065 £0.009 for momentum above 25 GeV /c.
The NC contamination fraction in the CC sample (4-
coordinate muon) is estimated to be 0.0068 £ 0.0013.

IV. SELECTION OF THE
NC SAMPLE AND EXTRACTION
OF THE NC SIGNAL

A. Contamination in the NC sample

The muon identification criteria specified above iden-
tify most CC events induced by muon neutrinos and leave
only a small contamination in the NC sample. A sec-
ond source of contamination in the NC sample is CC
events induced by electron neutrinos. This contamina-
tion is smaller than that for muon neutrinos because
of the much smaller flux of electron neutrinos and be-
cause electron neutrino CC events can be identified by
the presence of a single, high-energy electron from the
primary interaction. Events with identified primary elec-
trons are removed from the NC sample. In the fraction

Muon detection efficiencies based upon the EMI acceptances and efficiencies in Table I and including an IPF

Muon momentum > 4 GeV/c < 4 GeV/e

no ut w wt

Fraction of all CC events 0.956 0.985 0.044 0.015
fraction of muons detected in each momentum region

Muon detected by 4-coord. match 0.914 0.924 0.063 0.024
Muon detected by 3-coord. match 0.040 0.040 — —
Muon detected only by EMI B 0.028 — — —
Muon misses both EMI planes 0.000 0.000 0.000 0.000
Undetected fraction of muons in momentum region 0.018 0.036 0.937 0.976

Total undetected p~ fraction = (0.956)(0.018) + (0.044)(0.937) = 0.0585
Total undetected u* fraction = (0.985)(0.036) + (0.015)(0.976) = 0.0489
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(about 1) of events examined carefully for primary elec-
trons of energy above 4 GeV, for which our estimated
detection efficiency is 0.80 & 0.10, events with identified
primary electrons correspond to 3.4% of events with de-
tected muons. Correcting for detection efficiency gives a
rate for electron neutrino events which is 0.044 £ 0.010
times that for muon neutrino events. Events with unde-
tected primary electrons in the entire NC sample give a
contamination which is about 40% of that from events
with undetected muons. Most of this electron-neutrino
contamination comes from the % of the sample for which
the estimated electron detection efficiency is only 28%
because there was no special scan for primary electrons.

A third source of contamination in the NC sample is
neutral-hadron-induced events. Neutral hadrons are pro-
duced by neutrino interactions upstream of the chamber
and generally have momenta of a few GeV /c. Therefore,
most of this contamination is removed by the require-
ment of at least 5 GeV/c visible momentum. The visible
momentum spectrum of neutral-hadron-induced events
associated with neutrino interactions is shown in Fig. 3.
We assume that, for momenta above 5 GeV/c, the spec-
trum of neutral hadrons entering the chamber is the same
as that in Fig. 3. The main source of hadrons enter-
ing the chamber is neutrino interactions in the magnet
coils, which are the only large quantity of dense mat-
ter within 30 m upstream of the chamber. Hadrons pro-
duced in these neutrino interactions rarely have momenta
above 25 GeV/c so they are unlikely to produce neutral
hadrons above 5 GeV/c if they interact before exiting
the coils. Therefore, it is plausible that most incoming
neutral hadrons above 5 GeV/c are directly produced in
neutrino interactions in the coils.

The main quantities used to associate neutral-induced

TABLE III
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FIG. 3. Momentum spectrum of neutral-hadron-induced
events associated with neutrino interactions.

events to upstream events are the longitudinal and trans-
verse projections of the visible momentum of the down-
stream event relative to the direction defined by the two
vertices. If the distance between the vertices is less than
20 cm, the only requirement is that the longitudinal mo-
mentum exceed the transverse momentum. For vertices
separated by more than 20 cm, the transverse momen-
tum must be less than an upper limit which can vary
between 0.6 and 5.0 GeV/c. The upper limit is chosen
from the larger of the following quantities: (1) estimated
error on the transverse momentum; and (2) 10% of the
total momentum of the downstream event, provided that
this value is between 0.6 and 2.0 GeV/c. Note that, of
the events associated by these criteria, the fraction which
have visible momenta above 25 GeV /¢ is 2.6% of the total
and 10% of those with visible momenta above 5 GeV/ec.

Numbers of observed events, expected backgrounds, and corrected numbers of NC

and CC events for different regions of visible hadron momentum. The value of NC/CC for mo-
mentum > 25 GeV/c is calculated assuming that the neutral hadron background is negligible after
removing the 21 events with associated IPF A hits. The resulting value of NC/CC is applied to
CC events with hadron momenta in the 5-10 GeV/c region to predict the number of NC events
in this region. Subtracting this predicted number of NC events and the expected CC background
from the 220 NC candidates gives the number of neutral-hadron-induced events in this momen-
tum region. The expected neutral hadron background in the higher momentum regions is then
derived from that in the 5-10 GeV/c region using the observed momentum distribution (Fig. 3) of
neutral-hadron-induced events associated with neutrino interactions.

Observed Expected
4-coord. pu~ 1492
4-coord. p* 249
3-coord. p~ 62 64.8 £ 1.7
3-coord. pt 15 12.7 £ 0.8
EMI B only p~ 31 46.0 £ 1.2
EMI B only u* - (5.7 £ 0.4)
Undetected p~ 94.6 + 2.5
Undetected pt 12.7 £ 0.8
Primary e™ (> 4 GeV) 29
Primary et (> 4 GeV) 8
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Observed Expected
Undetected et~ 39.3 £ 9.3
Events with visible hadron longitudinal momentum from 5-10 GeV/c
4-coord. p~ 4 ut 147437
NC candidates 220
IPF A assoc. 52
Expected CC background 2.5+0.1
Expected NC signal 59.2 £ 6.5
subtracting CC bkgd + NC signal
— neutral hadron background 158.3 + 16.2
Events with visible hadron longitudinal momentum > 10 GeV/c
4-coord. p~ 4+ pu*t 11874172
NC candidates 742
IPF A assoc. 72
Undetected pt~ 102.9 + 2.5
Undetected et~ 37.7 £ 8.9
Neutral hadron background 174.1 &+ 36.3
— NC signal 427.3 £+ 46.3
Corrected NC 461.3 £+ 50.0
Corrected CC 1600.8 + 46.1
NC/CC 0.288 + 0.032
Events with visible hadron longitudinal momentum > 25 GeV/c
4-coord. p~ + u* 8124103
NC candidates 458
IPF A assoc. 21
Undetected pt~ 85.0 £+ 2.1
Undetected et~ 311 £ 7.4
Neutral hadron background (34.4 £ 11.0)
— NC signal 320.9 £ 22.3
Corrected NC 348.1 £ 24.2
Corrected CC 1078.4 £ 37.1
NC/CC 0.323 £ 0.025

The upstream IPF (IPF A) can be used to remove most
high-momentum neutral-hadron-induced events from the
NC sample. For a visible longitudinal momentum above
25 GeV/e, we reject events for which there are three or
more IPF A tubes within a cone of half-angle 120 millira-
dians upstream of the event vertex (see Appendix) which
have hits in the event time slot. Assuming that the re-
maining neutral hadron contamination above 25 GeV/c
is negligible, we subtract the expected CC contamination
to get the true number of NC events detected. Table III
summarizes the observed numbers of events and expected
backgrounds. Figure 4 shows the visible longitudinal-
momentum distribution for the NC candidates that are
not rejected by IPF A. For comparison, Fig. 5 shows the

visible longitudinal hadron momentum distributions for
events in the CC sample.

B. Corrections for losses of NC events

Because of the low scanning efficiency for events with
fewer than two prongs, one needs to correct the NC sam-
ple for this loss. Note that all CC events have at least
one prong and that the only 1-prong events are 7 + pro-
ton interactions in which all of the produced hadrons are
neutral. These events are very rare, especially for visi-
ble hadron momentum above 10 GeV/c. (A special scan
using the EMI to predict positions of events producing
muons was done as an independent check of our efficiency
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for finding low-multiplicity CC events.) To estimate the
loss of 0-prong and 1-prong NC events, we use l-prong
and 2-prong CC events. The total loss is 2.6% in the
region above 10 GeV/c and 1.4% above 25 GeV/c.

The other mechanism for loss of NC events is misiden-
tification of hadrons as muons. This loss depends upon
the momentum of the hadron system and is estimated
using hadrons in CC events. (See Sec. IIl.) The cor-
rected numbers of NC and CC events (for the same cut
on visible hadron momentum) are given in Table III. Be-
cause the corrected number of NC events includes those
induced by electron neutrinos, the corrected number of
muon neutrino CC events is multiplied by 1.044 £0.010
to include the contribution from electron neutrinos.

C. Calculation of NC/CC

Assuming that the only neutral hadron contamina-
tion in the 458 NC candidates are the 21 events with
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FIG. 5. Hadronic visible longitudinal momentum of CC

events. The histogram is the data for events with an identified
1~ ; the distribution indicated with plusses is for events with
an identified p*.
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associated IPF A hits and dividing the corrected num-
bers of NC and CC events gives a value of NC/CC of
0.323 £ 0.025 for visible longitudinal hadron momentum
above 25 GeV/c¢. Using this value of NC/CC one can cal-
culate the number of true NC events in the 5-10 GeV/c
region. Subtracting from the number of observed events
in this momentum region shows that most of the observed
events are due to neutral hadron interactions. Changing
the assumed NC/CC value by 0.1 would change the cal-
culated neutral hadron background in the 5-10 GeV /c re-
gion by about one standard deviation and that above 10
GeV/c by halfits standard deviation. Having determined
the neutral hadron background in the 5-10 GeV/c region,
one can use the observed momentum spectrum (Fig. 3) to
calculate the expected background in the higher momen-
tum regions. This calculation gives relatively large errors
on the expected neutral hadron background because of
the small number of associated events with momentum
above 5 GeV/c.

There is also a possible systematic error associated
with the criteria used to associate neutral-induced events
with upstream events. If these criteria are too loose, some
neutrino events will be incorrectly associated and the ob-
served neutral hadron momentum spectrum will be too
hard. If the criteria are too restrictive, some neutral
hadron events will not be associated and the observed
momentum spectrum may be too soft. We have checked
these criteria in two ways. One is that associated events
do not have EMI-identified muons and that they occur
at the same time as the upstream event. The other in-
volves frames which contain both a CC event and an NC
candidate. There are 33 such frames where the CC event
is upstream of the NC candidate and 34 frames where
the CC event is downstream. The consistency of these
two numbers also confirms the validity of the association
criteria.

The expected hadron background for momentum
above 25 GeV/c is slightly greater than the number of
events vetoed by IPF A associations and thus justifies
the assumption that any remaining contamination is neg-
ligible. (Using the calculated background would give
NC/CC = 0.309 instead of 0.323.) However, the expected
hadron background above 10 GeV/c is 174.1 events but
only 72 events are vetoed by IPF A. Therefore, only 41%
of the neutral hadron background for this momentum cut
is removed using the IPF A veto.

Subtracting the expected backgrounds from the 742
NC candidates with visible longitudinal hadron momen-
tum above 10 GeV/c leaves an NC signal of 427.3 events.
Correcting for losses and dividing by the corrected num-
ber of CC events (see Table III) gives a ratio NC/CC of
0.288 + 0.032. The error is derived from only the statis-
tical uncertainties in the numbers of observed events and
in the data used to calculate backgrounds. To estimate
possible systematic errors, we have examined in detail
about half of the NC sample to look for other sources of
contamination. For example, a muon which is mismea-
sured or mislabeled can cause a true CC event to be put
in the NC sample. Also, a CC event which occurs be-
fore or after the EMI gate (i.e., the 4 msec time interval
during which data is recorded for each beam spill) will
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contaminate the NC sample. In fact, nearly all of the
possible systematic sources of error we have examined
will tend to increase the observed ratio NC/CC. Based
on the CC events recovered from the NC candidates ex-
amined in detail, we estimate that the systematic error
on the value of NC/CC to be at most 0.010. This error
could be reduced by completing the examination of the
event sample but is already considerably smaller than the
statistical error.

Our value of NC/CC = 0.288 £0.032 is for a combined
sample of v and 7 events but is mainly determined by the
dominant v component. If we assume an NC/CC value
for the  component, we can use the observed numbers of
v CC and v CC events to calculate an NC/CC value for
the v component. The result is NC/CC = 0.274 + 0.038
for the v component assuming # NC/CC = 0.39 + 0.08.
The v NC/CC value is based upon previous experiments,
but the uncertainty is enlarged to allow for possible vari-
ation with energy.

D. Comparison with other experiments

Table IV compares our results with those from other
experiments [7-10] where the mean event energy is about
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100 GeV. Because our value of NC/CC is for a com-
bined sample of v and ¥ events, we would expect to ob-
serve 0.32 if the ratios for v and ¥ are those observed
by the CHARM [7] and CERN-Dortmund-Heidelberg-
Saclay (CDHS) (8] experiments. Our result is within one
standard deviation of this expected value, consistent with
NC interactions having the expected strength (sin® fy =
0.230) at neutrino energies up to 500 GeV. Our re-
sult also agrees with previous bubble-chamber experi-
ments [9,10] and with the Chicago-Columbia-Fermilab-
Rochester (CCFR) experiment [11]. The Big European
Bubble Chamber (BEBC) experiment [9] imposes the ad-
ditional requirement that the transverse momentum of
the hadron system exceed 1 GeV /c. This requirement re-
duces the contamination of the NC sample by CC and by
neutral hadron-induced events. OQur backgrounds would
be comparable to their values if we were to impose this
same requirement.

V. STRANGE-PARTICLE PRODUCTION

An interesting aspect of NC interactions that cannot
be studied with existing electronic detectors is strange-
particle production. Processes that produce leading

TABLE IV. Comparison of experiments which determine NC/CC at mean event energy around 100 GeV. For E632, only
70% of the total hadron energy is measured on average so requiring the measured hadron energy to be above 10 GeV means

that the true hadron energy is on average above 14 GeV.

BEBC * CHARM CDHS E546 E632

Ref. [9] Ref. [7] Ref. [8] Ref. [10]
Minimum hadron energy 8 GeV 4 GeV 10 GeV 10 GeV 10 GeV

v v v v v v

Mean v event energy (GeV) 103 103 103 90 151
Mean 7 event energy (GeV) 81 81 81 60 112
Identified p~ events 2222 104 220 132657 1052 1492
Identified u* events 653 5005 5228 195 249
Identified e~ events 65 ? 0 0 0 0 35 37
CC loss fraction 0.057 0.038 0.035 0.009 0.091 0.046 0.137 0.055
NC candidates 956 288 36976 1947 56896 2374 587 670
CC background fraction 0.105 0.077 0.149 0.052 0.205 0.120 0.374 0.210
Neutral hadron fraction 0.038 0.033 0 0 0 0 0.066 0.152 °
NC loss fraction 0.011 0 0.051 0.053 0.003 0.003 0.204 0.074
NC/cC 0.345 0.364 0.3093 0.390 0.3072 0.382 0.301 0.288
Statistical error 0.015 0.029 0.0031 0.014 0.0025 0.015 0.026 0.032
Systematic error 0.009 0.009 0.0022 0.006 0.010
NC/CC (9 GeV cut) 0.3052 0.397
Error 0.0033 0.015

*Total hadron transverse momentum required to exceed 1 GeV/c for NC sample.
®Neutral hadron background fraction without IPF A veto would be 0.235.
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strange particles are different for NC and CC interac-
tions at the quark level. In the standard model, an NC
interaction with a strange quark will produce a leading
strange quark, which, in the hadronization process, will
usually form a strange particle that carries a substantial
fraction of the total hadron energy. In CC interactions,
a leading strange particle can result from the decay of
a leading charm particle, which can be produced either
from a down quark or from a strange quark. However, de-
termining rates for production of leading strange quarks
is complicated by processes in which a leading nonstrange
quark picks up a strange antiquark in the hadronization
process. (NC interactions can produce either a leading
down quark or a leading up quark; v CC interactions
produce primarily leading up quarks and # CC inter-
actions produce primarily leading down quarks.) The
total strange-particle production rates and distributions
will depend on quark densities and couplings, and on the
strange-quark suppression factor and the relative frac-
tions of pseudoscalar and vector mesons in the hadroniza-
tion process. We will compare K® and A production in
NC and CC events (with the same cut on the total hadron
momentum) both in overall rate and as a function of the
fractional hadronic energy z carried by the strange par-
ticle.

Neutral-strange-particle decays into two charged par-
ticles (V9’s) that appear to be associated with the neu-
trino interaction vertex are measured as part of the event
measurement. The kinematic fitting program SQUAW fits
the measured V%’s to check for consistency with K% A,
or A decays or with v conversions [one-constraint (1C)
fits]. All V®’s which have successful 1C fits are then
constrained (3C fits) to originate at the neutrino vertex.
The 3C fit is accepted if the x? is less than 16 (confidence
level > 0.001). About 73% of V%’s with 1C fits have at
least one acceptable 3C fit; about % of these have more
than one acceptable 3C fit. If both K and A fits are
acceptable, the A hypothesis is chosen unless the A-fit
confidence level is below 4% and the K° confidence level
is above 4%. Ambiguities between K° and A fits are
resolved by choosing the KU hypothesis unless the K°
confidence level is below 4% and the A confidence level
is above 4%. To reduce biases, we require decays to oc-
cur at least 1 cm from the neutrino vertex and at least
20 cm from the bubble-chamber wall. Each K° or A is
then weighted by exponential factors to correct for losses
due to very short or very long decay lengths and due to
interaction before decay. B

The observed numbers of K°, A, and A in the CC
and NC samples and the corresponding rates determined
using this minimum-bias event sample are given in Ta-
ble V. The corrected K° and A rates include a detection
and processing efficiency estimated to be 0.8540.10. The
K° and A rates are comparable in the NC and CC sam-
ples. Note that total strange-particle production in the
CC sample increases with the cut on visible hadron mo-
mentum but that for the NC sample slightly decreases.
This is consistent with the expectation that most of the
neutral hadron contamination in the NC sample in the
momentum range 10-25 GeV/c is due to K° -induced
events. In fact, the observed V0 rate in the 72 events ve-
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FIG. 6. z distributions for A° in CC and NC events for

which the hadronic visible longitudinal momentum exceeds
25 GeV/c. The histogram is the data for v CC plus » CC
events. The asterisks indicate the data for the NC sample.

toed by IPF A is 0.153+0.049 compared to 0.121+0.014
for the events remaining in the NC sample. Correcting for
backgrounds in the NC sample, the observed VO rate for
events with hadron momenta in the 10-25 GeV/c region
is 0.146 £ 0.057 for NC events compared to 0.078 £ 0.014
for CC events. This possible difference in the V0 rates is
statistically marginal and is not observed for events with
larger hadron momenta.

In order to have more data for studies of the charac-
teristics of strange-particle production [12], a sample of
events with associated V?’s was measured in a portion of
film which contains about 25% more events than the film
from which the minimum bias sample comes. The num-
bers of K%, A, and A observed in this additional V° event
sample are given at the bottom of Table V. These events
are not used in calculating production rates but are used
in the K° and A distributions. The distributions in the
fractional hadronic energy 2 for K and A for CC and NC
samples with visible hadron momentum above 25 GeV/c
are shown in Figs. 6 and 7. (To avoid bias in the hadronic
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FIG. 7. z distributions for A in CC and NC events for

which the hadronic visible longitudinal momentum exceeds
25 GeV/c. As in Fig. 6, the histogram is for v CC plus »
CC events and the asterisks are for the NC sample.
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energy due to fragments of the neon nucleus, we define
z as the magnitude of the particle’s momentum divided
by the magnitude of the total visible hadronic momen-
tum.) These distributions are comparable for the CC and
NC samples. Dividing the weighted numbers of K%’s in
the z > 0.3 region by the total numbers of K%’s gives
0.2140.06 for the NC sample, 0.2740.05 for v CC everits,
and 0.39 + 0.11 for 7 CC events.

Another aspect of the strange-particle event sample
that deserves some mention is the observation of events

with three or more associated V%’s. There is one CC
event with three V%’s in the minimum bias sample. The
additional V° event sample contains two CC and three
NC events with three V?’s plus one CC and one NC event
with four V%’s. The four CC events all have at least
six tracks at the primary vertex and have visible hadron
momenta ranging from 39 to 144 GeV/c. Based on the
CC events, one would expect only 2.0 NC candidates with
three or more V°’s. Two of the four NC candidates have
seven and six primary tracks, respectively, with visible

TABLE V. Numbers of observed neutral strange particles and production rates in CC and NC
events for different regions of visible hadron momentum. The corrected rates include corrections
for branching ratios into two charged particles as well as corrections for losses at very short and
long decay lengths, losses due to interaction before decay, and detection-processing losses.

Visible long. hadron momentum >10 GeV/c > 25 GeV/c
Total CC events 1358 911
Observed K° 85 68
Observed A 70 50
Observed A 6 4
Rate for observed V%’s 0.119 =% 0.010 0.134 & 0.013
Corrected K° rate 0.309 + 0.050 0.375 £ 0.064
Corrected A rate 0.141 4+ 0.023 0.161 & 0.030
Total NC events 670 437
Observed K° 48 28
Observed A 29 19
Observed A 4 2
Rate for observed V°’s 0.121 £ 0.014 0.112 £ 0.017
Rate in events with

associated IPF A hits 0.153 + 0.049 0.095 + 0.070
Corrected K° rate 0.344 + 0.065 0.322 4+ 0.073
Corrected A rate 0.111 £ 0.025 0.113 4+ 0.030
Data below from film in which only events with V’s were measured
Observed K° in CC + V events 112 81
Observed A 75 55
Observed A 4 4
Observed K° in NC + V events 64 41
Observed A 43 30
Observed A 3 3
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hadron momenta of 25 and 43 GeV /¢, but the other two
NC candidates have only one track at the primary vertex.
These 1-prong events both have two K?’s and one A and
total visible momenta of 21 and 28 GeV/c. Only two
of the 670 NC events in the minimum bias sample are
1-prong events and neither event has an associated V0.

VI. SUMMARY

Using an improved EMI and IPF in conjunction with
the Fermilab 15-foot bubble chamber exposed to the
Tevatron quadrupole triplet neutrino beam, we have ex-
tracted a sample of high energy NC events with back-
grounds and losses which are smaller than or compa-
rable to previous experiments. For visible longitudinal
hadronic momentum above 10 GeV /¢, we find NC/CC
= 0.288 4+ 0.032 for an average v (©) event energy of 150
(110) GeV. Assuming that the smaller 7 component has
NC/CC = 0.39 £ 0.08, we find NC/CC = 0.274 &+ 0.038
for v events, which comprise about 88% of all CC events
with visible longitudinal hadronic momentum above 10
GeV/c. The value of NC/CC is 0.323+0.025 for the com-
bined v and v sample with visible hadronic momentum
above 25 GeV/c. Possible sources of systematic errors
would result in an overestimate of NC/CC by at most
0.010. Our NC/CC value agrees with those determined
by previous experiments. Production rates and z distri-
butions for K° and A particles in NC events are consis-
tent with those in CC events.
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APPENDIX: DETERMINING EVENT
TIME SLOTS USING THE IPF

A new feature of this analysis is the use of the Internal
Picket Fence (IPF) to determine the time slot for each
event. (A time slot is a 1-usec interval within the 4 msec
during which data from the IPF and EMI is recorded for
each beam spill, whose typical duration was 2 to 3 msec.)
Determination of an event’s time slot is important in or-
der to reject neutral hadron-induced events and to reduce
losses from the NC sample due to hadron misidentifi-
cation. Charged particles associated with an event can
make hits in the IPF tubes which are just outside the
bubble-chamber wall. Because most particles are pro-
duced at small angles with respect to the incident neu-
trino direction, most of the IPF tubes hit will be in the
downstream half (IPF B). Usually there will be no hits in
the upstream half (IPF A) unless the event is induced by
a neutral hadron which was produced, along with several
charged particles, upstream of the chamber. Therefore,
one can determine an event’s time slot by looking for a
time slot in which there are many IPF B tubes with hits;
neutral hadron-induced events will usually have many
IPF A tubes with hits and thus can be rejected.

The determination of an event’s time slot proceeds as
follows. Given the X and Y coordinates of the event
vertex, one calculates a range of tubes in IPF B within
which there are likely to be hits. This range is defined
by a cone of half-angle of 120 milliradians whose apex is
at the event vertex and whose axis is along the incident
neutrino beam direction. The intersection of this cone
with IPF B determines a range of tubes within which
to look for hits. The intersection of this cone with IPF
A defines a range of tubes upstream of the event within
which to look for hits. The choice of the cone angle was
made by looking at the distribution of azimuthal angles
of muons from CC events and of neutral hadron-induced
events associated with upstream neutrino interactions.
Note that the ranges of tubes are determined only by the
location of the event and do not depend on any other
properties.

Many events will have measured tracks which leave the
chamber without interacting and which are predicted to
hit tubes in IPF B. For such events, one also counts the
number of predicted tubes which have hits for each time
slot. (There are two layers of tubes in the IPF so a single
charged particle usually causes two adjacent tubes to be
hit.) For each time slot, three quantities are calculated:

Bma: = number of predicted IPF B tubes that have hits,

Aniv = number of IPF A tubes inside cone that have hits,

Bhi. = number of IPF B tubes inside cone that have hits

+number of predicted tubes outside the cone that have hits.



45 STUDY OF HIGH-ENERGY NEUTRINO NEUTRAL-CURRENT ...

Most event time slots will have large values of Bt
whether or not there are measured leaving tracks. The
second term in the calculation of By;; is included to allow
for events in which there are several tracks which bend
so much that they hit IPF B outside the cone.

In most cases there is only one time slot for which
Bt is at least 3; this time slot is chosen as the event
time slot unless the event has leaving tracks and none
of the predicted tubes has a hit. If there are no time
slots which satisfy these criteria, another iteration is done
where the cone angle used to determine the range in IPF
B is tripled. If there are still no time slots which satisfy
the criteria, a final iteration is done including all of IPF
B. There are three possible cases: (I) unique time slot
with Bp;, at least 3; (II) no time slots with By at least
3; (III) more than one time slot with Bp;; at least 3.

In case I, the unique time slot is chosen. In case II,
the time slot with the largest value of By, is chosen if
there are no predicted tubes. If there are predicted tubes,
the time slot with the largest value of Bmat is chosen.
The selection will not be very reliable because any beam
tracks near the event will produce time slots with Bhit
=2. If the beam track density is high, it is likely that a
beam-track time slot will be chosen instead of the event
time slot. The most difficult case is III. Probably the
best way to decide such cases would be to measure as
many leaving tracks as possible and pick the time slot
with the most matches. Unfortunately, many NC events
have no measured leaving tracks. Therefore, the choice
of time slot depends upon the number of predicted tubes.
If there are at least 4 IPF B tubes predicted to be hit, the
time slot with the largest Bmat value is chosen. If there
are 2 or 3 IPF B tubes predicted to be hit, we choose
the time slot with some IPF B matches. If there is no
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unique time slot which satisfies the criteria in these cases
or, if there are 0 or 1 IPF B tubes predicted to be hit,
we use criteria based on the values of By;.. If the total
number of hits is less than 10, we pick the time slot with
the largest By, value. If there are at least two time slots
with 10 or more total hits, we choose the one for which
Bh,i¢ is the largest fraction of the total.

One can estimate the efficiency of this technique to
choose the correct time slot by using CC events and
comparing with the time slot determined by the EMI
for the muon. (Studies of muon identification using the
EMI indicate that less than 1% of EMI-identified muons
correspond to a time slot different from the event time
slot.) This efficiency depends upon the hadronic energy
because most hits in IPF B will be due to hadrons or to
electrons from conversions of gamma rays. Therefore, we
calculate efficiencies for three different intervals of visible
(measured) hadron momentum:

5 —10 GeV/c, efficiency = 133/184 = 0.72 £ 0.03,
> 10 GeV/e, = 1245/1359 = 0.92 + 0.01,
> 25 GeV/e, = 859/915 = 0.94 + 0.01.

In the sample of 1359 CC events with visible hadron mo-
mentum above 10 GeV/c, the average value of By;, for
the selected event time slot is 18 but only 5 time slots
have 3 or more IPF A tubes with hits within the cone
upstream of the event.

Therefore, rejecting events with Ap;, greater than or
equal to 3 will exclude only 5/1359 = 0.0037 of neutrino-
induced events with visible hadron momentum above 10
GeV/c. (None of the 1245 events for which the selected
event time slot is the same as the muon time slot is re-
Jjected by this requirement.)
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