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Dimuon production by neutrinos in the Fermilab 15-ft bubble chamber at the Tevatron
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The Fermilab 15-ft bubble chamber has been exposed to a quadrupole triplet neutrino beam pro-
duced at the Tevatron. The ratio of v to ¥ in the beam is approximately 2.5. The mean event energy
for v-induced charged-current events is 150 GeV, and for v-induced charged-current events it is 110
GeV. A total of 64 dimuon candidates (1 u*u*, 52 u"u* and p*p~, and 11 p~p7) is observed in
the data sample of approximately 13 300 charged-current events. The number and properties of the
p~u” and utu” candidates are consistent with their being produced by background processes, the
important sources being 7 and K decay and punchthrough. The 90%-C.L. upper limit for
p~p~ /u~ for muon momenta above 4 GeV/c is 1.2X 1073, and for momenta above 9 GeV/c this
limit is 1.1X 1073, The opposite-sign-dimuon —-to-single-muon ratio is (0.62+0. 13)% for muon mo-
menta above 4 GeV/c. There are eight neutral strange particles in the opposite-sign sample, leading
to a rate per dimuon event of 0.65+0.29. The opposite-sign-dimuon sample is consistent with the

hypothesis of charm production and decay.

I. INTRODUCTION

The Fermilab 15-ft bubble chamber was exposed to a
high-energy neutrino beam at the Tevatron (experiment
E632) and data were collected during two separate runs.
The neutrino energy spectrum extended to greater than
600 GeV, and approximately one-third of the neutrino in-
teractions were at energies above 200 GeV. A big bubble
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chamber is a well-understood and reasonably unbiased
detector and thus well suited to a search for new phe-
nomena, which is the primary aim of the present experi-
ment. Multilepton events may indicate the presence of
new particles, and in this paper we report results on v-
and v-induced dimuon events in the data collected during
the first run.

Opposite-sign-dilepton [pu (Refs. 1-9) and pe (Refs.
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9-20)] events have been observed in the past and their
characteristics are explained by single-charm production
and subsequent semileptonic decay. The observed rates
are 0.5% to 1% of the charged-current rate.

The like-sign-dilepton rate is controversial. Some ex-
periments”?! ~2" have reported signals that were several
times the rate expected within the standard model, where
the dominant contribution is from charm pair produc-
tion. Other experiments have found rates or upper limits
that were consistent with the standard mod-
el. 4691617202829 The reported rates are generally less
than 1073 of the charged-current rate. The expected
standard-model rate®*”** increases with energy and is
around 107 ° at 200 GeV. A major problem is the evalua-
tion of background contributions. Leptons from decays
of long-lived particles (predominantly #’s and K’s) are
considered as background (or nonprompt), whereas those
from decays of short-lived particles (e.g., charm and bot-
tom) are considered as part of the signal (or prompt).
Generally, counter experiments have estimated this back-
ground with Monte Carlo programs, and the input to
these programs is data, taken from bubble-chamber ex-
periments, on hadrons produced in neutrino interactions.
Independent of rate, with the attendant background un-
certainty, at least one expcriment34 found evidence (at the
2-30 level) of a difference in kinematic properties be-
tween the observed like-sign dimuon candidates and the
“background” events.

Some like-sign-dilepton results”“* suggested a rapid in-
crease at high energy, E, =200 GeV (this energy region
can be explored in the present experiment, E632). A re-
cent counter experiment? at the Tevatron has reported
no such rapid increase and finds a rate consistent with the
standard-model predictions. Clearly, it is important to
check this latter result. Compared to that experiment,
the present experiment has the advantage that it mea-
sures, in the same apparatus and at the same energy, the
hadron production that is the source of the all-important
background (Ref. 29 had to extrapolate hadron rates
from lower-energy experiments). In addition, the present
experiment detects muons with momenta down to 4
GeV/c, and candidates can be examined in greater detail.
However, the present experiment has the disadvantage of
low statistics.

We describe the apparatus, the event-selection criteria,
and the backgrounds in Secs. II, III, and IV, respectively.
In Sec. V we describe the method used to account for the
missing hadronic energy, in both the dimuon and single-
muon event samples. In Sec. VI we present the detection
efficiency of dimuon events and calculate event rates. In
Sec. VII we compare the opposite-sign-dimuon sample
with the predictions of a charm Monte Carlo simulation
(and background predictions), and in Sec. VIII we
present distributions comparing the like-sign sample with
background predictions. Section IX contains a summary
of our results.

7,24

II. APPARATUS

The neutrino beam was formed using 800-GeV protons
from the Tevatron and the quadrupole triplet train, tuned
to 300 GeV/c. The target was a water-cooled beryllium
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oxide cylinder. Each beam spill was typically 2—-3 ms
long. The ratio® of v’s to ¥s in the beam is approxi-
mately 2.5, producing a v to ¥ event ratio of 5.1. The v
and v beams have mean energies of 90 and 75 GeV,
whereas the mean energies of v- and v-induced charged-
current (CC) events are 150 and 110 GeV, respectively.
The calculated energy spectra®3¢ of the CC events are
shown in Fig. 1.

The 15-ft bubble chamber (liquid volume ~ 30 m®) was
filled with a 75%-25% molar neon-hydrogen mixture.
The radiation length, interaction length, and density for
the mixture was 40 cm, 153 cm, and 0.70 g/cm3, respec-
tively. A 3-T magnetic field inside the chamber was used
to determine the momentum of the charged particles.
The bubble chamber was equipped with three conven-
tional cameras and one high-resolution conventional
camera. In addition, this run was also an engineering run
for high-resolution holographic optics in a big bubble
chamber. The general features of the bubble chamber are
shown in Fig. 2.

The bubble chamber was equipped with a new external
muon identifier (EMI) and internal picket fence (IPF).
Both the EMI and the IPF (Ref. 37) were constructed out
of proportional drift tubes and were arranged as shown in
Fig. 3. The EMI was used for muon identification,
whereas the IPF aided in determining the time of the
event. The IPF, which covered 290° in azimuth, sur-
rounded the inner tank of the bubble chamber and was
attached to the bubble-chamber magnet. The IPF half on
the upstream end of the bubble chamber was labeled
IPFA, whereas the half on the downstream end of the
chamber was labeled IPFB. Each IPF half consisted of
48 cans, each can being 220 cm long, 11.0 cm wide, and
2.2 cm thick. The area covered by the IPF was 23.2 m>.
The cans were symmetrically arranged with respect to
the midplane of the bubble chamber. A single can con-
tained 24 stainless-steel tubes arranged in two layers,
each tube being 220 cm long and containing a 50-um-
diameter gold-plated tungsten wire. The wires in each
can were grouped together to form four signals, two in
each layer. The two layers were staggered with respect to
each other, by half a tube width, to increase geometric
and electronic efficiency.
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FIG. 1. Calculated energy spectra of charged-current events.
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FIG. 2. Side view of the 15-ft bubble chamber.

The EMI consisted of three planes placed outside the
bubble-chamber vacuum tank. The first plane directly
downstream of the bubble chamber, EMIB, was separat-
ed from the chamber by 3-5 hadronic interaction lengths
(chamber vessel, magnet coils, support structure, and
zinc). The second downstream plane, EMIC, was behind
another 4-6 interaction lengths (lead and concrete
shielding blocks). The small plane, EMIA, to the right
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FIG. 3. Top view of the EMI/IPF. Not to scale.

side of the bubble chamber is not used in the present
analysis. The EMI consisted of proportional drift tubes
formed out of aluminum extrusions, with each extrusion
containing two layers of drift tubes. The tubes were 22.2
mm on the side (inside dimension), and had a wall thick-
ness of 3.18 mm. The two layers were staggered by half a
tube, with respect to each other, to increase geometric
and electronic efficiency. The extrusions are fastened to-
gether to form a plane. Each of the two EMI planes used
in this analysis covered an area of 24.3 m? whereas
EMIA had an area of 8.8 m?>. EMIB was composed of six
layers of wires and measured coordinates along the hor-
izontal and vertical axes (H and V) and an axis which
was 36.5° to the vertical (U), whereas EMIA and EMIC
had only four layers of wires and measured coordinates
along the horizontal and vertical axes (H and V).

Signals from both the EMI and the IPF were amplified
and discriminated at the detector. Signals from fifteen
EMI or twelve IPF tubes were multiplexed onto one
cable and sent to the control room, where they were
demultiplexed and read via CAMAC. The data were di-
vided into 1-us time intervals. Hits from one time inter-
val could spill over into the next one, and hence in this
analysis two adjacent time intervals are combined, if both
contain hits, to form one time slot. A time slot is then ei-
ther 1 or 2 us wide.

In the first run we collected 155000 conventional pho-
tographs, corresponding to 2.5X 10'7 protons on target.
In the present analysis, we use data corresponding to
2.25X 10'7 protons on target which correspond to 13 300
CC events in the fiducial volume of 15 m>.
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III. EVENT SELECTION

The EMI/IPF system is used in a novel way to find
multimuon candidates.’® We select such events by using
the measured event vertices in conjunction with the EMI
and IPF data. First, the film is scanned for neutrino
events and the vertex of each event found is measured.
Tracks are then constructed by joining the event vertices
to time-coincident hits in the EMI planes, taking the
magnetic field into account. This procedure is done sepa-
rately in the horizontal and vertical views, and the U
coordinate in the EMIB plane is used to remove acciden-
tal combinations of (H, V) hits. Cuts are imposed on the
direction and radius of curvature (thus indirectly on the
momentum) of these tracks, and on their match with hits
in IPFB. These cuts are determined using a sample of
measured tracks and are designed to have a very high
efficiency for accepting real muons with momentum
greater than 4 GeV/c.

Only those events which have at least two muon candi-
date tracks in both the H and V planes are selected at this
stage (20% of all events in the fiducial volume). They are
then examined at the scan table to ensure that they
indeed have at least two charged particles which leave
the bubble chamber without visibly interacting (called
leaving tracks), and that each of these particles has a
momentum greater than 3 GeV/c (to have a high
efficiency for keeping muons above 4 GeV/c). Events are
also required to be within a restricted fiducial volume (15
m?). Using this technique only 9% of all events in the en-
tire data sample are selected as possible dimuon candi-
dates.

After event measurement and geometric reconstruc-
tion, leaving tracks are extrapolated through the absorber
and the magnetic field to the IPF and EMI. The predict-
ed positions are compared with the hit tubes in the EMI
and a two-plane confidence level is calculated. Tracks are
required to match with hits in the H and V views in both
EMIB and EMIC in the same time slot. Tracks which
have a confidence level greater than 1% are labeled
muons. We require the muon momenta to be greater
than 4 GeV/c. To reduce the contamination due to back-
ground events we impose additional cuts: requiring a
match in the U coordinate in the first EMI plane, activity
in the downstream IPF during the event time slot (either
each muon has a match or there are at least 2
“bunches”® in the event time slot), and requiring that the
muon candidates have separate hits along the H and V
coordinates of EMIC.

Using these selection criteria, we identify 52 opposite-
sign- and 12 like-sign-dimuon candidates. From a small
sample (14% of the entire data sample) of events where
only the leaving tracks are measured, we estimate that
after correcting for inefficiencies (see below) there are
11130+320 wv-induced and 2170%£150 #¥-induced
charged-current events with muon momentum greater
than 4 GeV/c in the total sample. All the dimuon candi-
dates were completely measured, i.e., all primary tracks
and all y’s, neutral interactions (N*’s), and neutral
strange particles (¥%s) associated with the primary ver-
tex are measured. Also, 500 v-induced and 100 v-induced
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CC events were measured for comparison with the dimu-
on sample. The CC sample is not measured as complete-
ly as the dimuon sample, the difference being that only
the five highest energy y’s and the high-energy N*’s are
measured in the CC sample.

IV. BACKGROUNDS

The 64 dimuon candidates contain background due to
charged-current events where either a hadron undergoes
nonprompt muon decay, which is not detected, or a had-
ron leaving the bubble chamber without interacting is
mislabeled as a muon by the EMI, thus producing a fake
dimuon event.

A. Decay background

This background is due to 7’s and K’s that are pro-
duced in charged-current events. Because the interaction
length in the bubble-chamber liquid is comparable to the
chamber radius, some 7’s and K’s decay, into a 4 and a v
(or v), before interacting. For 7’s and K’s with momenta
above 4 GeV/c, the decay muon may follow the direction
of the parent particle closely enough that it hits the EMI
near the parent’s predicted position, and in many in-
stances, the EMI match can pass the 1% cut on the two-
plane confidence level, thereby producing a fake primary
muon. The major fraction of this background is due to
decays inside the bubble chamber, rather than outside,
because the 7’s and K’s interact once they reach the ab-
sorber outside. The decay usually cannot be seen since
the change in direction is extremely small, and as a result
the decaying 7 (or K) is fitted along with the daughter u
as a single composite track. In bubble-chamber experi-
ments, as opposed to electronic-counter experiments,
only 7’s and K’s from the primary interaction need to be
considered as potential background sources.

We follow the same method used in a previous experi-
ment® to calculate this background. We first determine
the probability that decaying #’s and K’s can fake a
muon using leaving-track measurements. This probabili-
ty is calculated as a function of the momentum and the
length of the track. Using the measured leaving-track
momentum spectrum from a sample of 1400 CC events,
one can thus estimate the total decay background. This
procedure is followed separately for decays inside and
outside the bubble chamber (for the latter, the probability
is calculated as a function of momentum only).

To determine what fraction of decays would satisfy our
muon identification criteria, we used a Monte Carlo pro-
gram*® which allowed leaving tracks to decay inside the
bubble chamber, and fitted composite tracks to them
(done separately for pion and kaon lifetimes and decay ki-
nematics). The composite track and decay muon were
extrapolated to the EMI, and their positions compared to
calculate a two-plane confidence level. Only tracks with
confidence level greater than 1% were considered as fake
muons. Multiple Coulomb scattering effects were includ-
ed in simulating the muon hit in the EMI. For calculat-
ing the probability for decays outside the bubble
chamber, we assume that the decays take place just out-
side the bubble chamber (before the absorber) and that
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they can be represented by decays taking place just inside
the bubble-chamber wall (within 20 cm of the wall).

The final decay background estimate, shown in Table I,
is calculated assuming®' that 5% of the positive leaving
tracks are due to protons and 6% to kaons (the rest being
pions), whereas 8% of the negative leaving tracks are due
to kaons (the rest being pions). The error on the back-
ground estimate is 20%; 10% is due to the uncertainty in
the pion-to-kaon ratio in the leaving-tracks sample, and
the rest is due to systematic differences in geometrical
reconstruction among the various laboratories.

B. Punchthrough

We now estimate the background due to hadrons
matching with hits in the EMI that are caused by (a) pri-
mary hadrons from the event which reach the EMI
without interacting or decaying, (b) secondary, tertiary,
etc., hadrons from the event (initiated by primary hadron
interactions in the bubble chamber or the absorber), and
(c) & rays from the muon. These sources are collectively
referred to as punchthrough.

The probability that a hadron can reach both EMI
planes without interacting or decaying is extremely small,
~5X107%, because of the presence of (typically) 10 in-
teraction lengths of absorber. Therefore, the number of
such hadrons in the present data sample of 13300
charged-current events which can fake a muon is approx-
imately 0.2; thus this source will be neglected.

The more important background is due to hadrons,
both charged and neutral, which interact in the absorber
giving rise to secondary and tertiary particles, some of
which can hit EMIC. Some of these background hits can
also be due to § rays produced by the muon. A leaving
track, other than the muon, which is predicted to hit
EMIC can at times be associated with these background
hits, thus making a good EMI match and faking a muon.
To estimate this background, we use the actual hits in
EMIC in the event time slot for detected CC events. We
assume that the background hits, outside a small region
around the extrapolated position of the leaving track, are
spread uniformly along each of the axes of EMIC. Hits
inside this small region are excluded to remove contribu-
tions from real dimuons and decays of pions and kaons.
Using hits within 130 cm (65 cm) of the extrapolated po-
sition along the H (V) axis, we calculate a density of such
background hits. Assuming that this density is the same
within a region corresponding to a 1% cut on the two-
plane confidence level, we can calculate the probability of
a hit within this region. Summing this probability over
all leaving tracks, other than the muons in CC events,
with momentum above 4 GeV/c and with a good match
in EMIB, we can thus estimate the total punchthrough
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background. The final punchthrough background is
given in Table I, along with 40% errors due to the es-
timation technique and statistical error from the number
of tracks used in this calculation.

C. Accidental associations

It is possible for leaving tracks to match with hits in
the EMI that are not caused, directly or indirectly, by
particles from the event. Such tracks will be falsely la-
beled as muons. We estimate this background by using
EMI information from a different frame. The total con-
tribution is found to be less than 0.5 event for the entire
dimuon sample and thus will be neglected.

V. ENERGY ESTIMATION OF THE DIMUON
AND THE CHARGED-CURRENT SAMPLE

Because we do not detect all the neutral particles pro-
duced in an event, we have to correct the hadronic ener-
gy, and hence the incident neutrino energy. The
charged-current sample required a larger correction than
the dimuon event sample, because only the five highest-
energy y’s and high-energy N*’s were measured. To
correct the dimuon event sample, we used a technique
which has been used in previous experiments.*’ The
longitudinal-momentum component of the visible ha-
dronic shower (P,) is corrected by a factor which is
determined using the imbalance between the mean of the
primary muon’s transverse momentum (in the v-u plane)
and the mean transverse momentum of the hadronic
shower in the same plane (the second muon is treated as
part of this shower). The muon with the larger transverse
momentum with respect to all the nonmuon particles
coming from the primary vertex is labeled as the primary
muon. The correction to the hadronic longitudinal
momentum is written as

P{"=b+aP, ,

where b =4.8+2.0 GeV/c and a =1.20%0.06 (for both
opposite- and like-sign-dilepton samples).

Using this technique on the neutrino charged-current
events, we obtained the following values: b =2.5%0.3
GeV/c and a =1.30%+0.02. However, even with these
values, the average energy of the events was below that
expected on the basis of the neutrino spectrum. To inves-
tigate the appropriateness of this correction for this event
sample, we generated charged-current v events using a
Monte Carlo program which simulated the measurement
rules for these events, as mentioned in Sec. III. Figure 4
shows that the Monte Carlo CC events have some prob-
lem reproducing the visible hadronic energy spectrum,
while Fig. 5 shows that they reproduce the muon-

TABLE I. Dimuon candidates and backgrounds (muon momenta =4 GeV/c).

" pp’ and ptu” piut
Events 11 52 1
7 and K decays 6.6t1.3 8.3+1.4 0.5+0.1
Punchthrough 3.0x1.2 5.812.1 0.3+0.1
Net signal 1.4+3.8 37.9+7.6 0.2+1.0
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FIG. 4. Visible hadronic energy distribution for v-induced
events for data (crosses) and the neutrino Monte Carlo simula-
tion (histogram). The data correspond to 500 v CC events, tak-
en from the measured event sample. The data are weighted by
their electronic acceptance.

momentum spectrum for the CC sample rather well,
confirming the input neutrino spectrum and the structure
functions used. Therefore, it was decided to use the
Monte Carlo simulation to determine the fractions of
charged-current events in various energy bins. These are
necessary to determine the dimuon-to-single-muon rate
ratios as a function of energy (see below). For the total
number of events and the estimation of backgrounds, the
charged-current sample was used with the above-energy
correction directly.

VI. EFFICIENCY AND RATES

Not all dimuon events produced in the bubble chamber
are detected. There are losses due to scanning

250

Number of Events (weighted)

0 100 200 300

Muon Momentum (GeV/c)

FIG. 5. The g~ momentum distribution for CC events
(crosses) and neutrino Monte Carlo simulation (histogram). The
data correspond to 1790 p~ tracks in a fully measured event
and leaving-track sample. The data are weighted by their elec-
tronic acceptance.
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inefficiencies, limited geometric and electronic acceptance
of the EMI, and cuts made in the initial selection of the
dimuon events.®

The geometric acceptance of the EMI for opposite-sign
dimuons and like-sign dimuons with muon momenta
above 4 GeV/c is (83+2)% and (98%1)%, respectively
(the EMI is asymmetric and detects ™ ’s better than
pt’s). The acceptance for opposite-sign events is deter-
mined by using events generated by the charm Monte
Carlo program (Sec. VII), whereas the acceptance for
like-sign events is determined using the like-sign-dimuon
candidates. The acceptance for v- and #¥-induced
charged-current events with muon momenta above 4
GeV/c is (97£1)% and (921+2)%, respectively. The
average electronic efficiency for detecting dimuons, in-
cluding the instrumental efficiency of the EMI and the
effect of the 1%-confidence-level cut, is (80.61+0.8)%. It
is determined using through-going muons that are gen-
erated in neutrino interactions upstream of the bubble
chamber. The loss of dimuon events due to scanning
inefficiencies (mainly due to faint photographs) and due
to tracks overlooked or mismeasured is (15+2)%, and
the loss due to cuts made in the initial selection of dimu-
on events is (16.011.8)%.

Thus, the total detection efficiency for opposite-sign
events is (48+2)%, and for like-sign events (56+2)%.
The total detection efficiency including geometric accep-
tance and instrumental efficiency for v- and v-induced
charged-current events is (82+t1)% and (77%+2)%, re-
spectively.

A. Opposite-sign events

Unless otherwise stated all results are for muon mo-
menta above 4 GeV/c. The total rate for v- and v-
induced opposite-sign events, per charged-current event,
is defined as

r=2R (vt No>u p"X)+R(F+N—->p p X)
R(v+N—>p X)+R(¥+N—-p*X)

We determine this rate, after subtracting background
contributions and making efficiency corrections, to be
(0.62+0.13)x 1072

In order to calculate this rate separately for v- and v-
induced dimuons, we separate the two kinds of events as-
suming that the muon with the larger transverse momen-
tum with respect to all the nonmuon particles coming
from the primary vertex is the primary muon. According
to the charm Monte Carlo simulation (described in Sec.
VII), we expect to correctly identify 97% (95%) of the v-
(¥-) induced dimuons by this method. Using this separa-
tion method, we get 40 v-induced and 8 W-induced
opposite-sign dimuons, as shown in Fig. 6. Four events
are on faint photographs and could not be measured
completely, and are identified as v induced on the basis of
the muon momenta transverse to the neutrino direction.
This method has a selection efficiency similar to the one
used above. Correcting these numbers, as mentioned
above, we determine the opposite-sign rates to be
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muon. Squares indicate " pu* events, and crosses u*p” events.
Primary muon momentum is along X axis. For events near the
diagonal (between dashed lines, which are 1.4 GeV/c apart) the
selection is ambiguous. For these ambiguous events on all other
plots, we select the negative muon as the primary muon.

_R (vtN->pu u*X)

= =(0.64+0.14)X 1072,
R(v+N—p™X)

R—+

R+—= RWV+N-utu X
R(TZ+N-utx)

) =(0.47+0.25)X 1072 .

On the basis of the 40 completely measured pu p™
events, R~ is calculated in three energy bins to be
(0.30+0.14)X 1072 for E, <100 GeV, (0.81+0.28)
X 1072 for 100< E, <200 GeV, and (0.93+0.29) X 1072
for E, =200 GeV. See Fig. 7 for a comparison of our re-
sults with other experiments.

We observe eight neutral strange particles (¥%s) in the
52 opposite-sign events. However, to determine rates, we
only use 48 events since four events are on faint photo-
graphs and could not be reliably scanned for ¥%s (includ-
ing event 22 560 104 in Table IT). All ¥%s are fit by a ki-
nematic program (SQUAW). The characteristics of the

FIG. 7. Theu I*/u~ (I"=p" or e") rate as a function of
neutrino energy. The solid curve is the charm excitation curve
due to Lai (Ref. 43), where the charm semileptonic branching
ratio is taken to be 0.1 and no cut is made on the lepton momen-
tum. For the experimental points, the momentum cut on the
two leptons is 4 GeV/c in all cases except for Ref. 44 where it is
4.3 GeV/c.

V%s are shown in Table II. All A/K ambiguities are
treated as A’s, except for the ambiguity in event
23271207 (this ¥° has no 3-constraint fit) which is as-
signed*> an 80% probability of being a K°. The raw
puV°X /upX rate is (15£5)% (including background).
We correct this rate for detection efficiency of the yos,
K and A decay into neutral particles, and K; decays.
We weight each V° by the inverse of the probability that
it will decay inside the bubble chamber. A zero weight is
assigned if the V° decays within 1 cm of the primary ver-
tex (poor detection efficiency) or within 20 cm of the
downstream wall (poor momentum determination of the
decay tracks). All dimuon events were examined by a
physicist, and the scanning efficiency for ¥%s which con-
vert beyond 1 cm from the primary vertex is assumed to
be 100%. We assume the same scan efficiency for ¥%s in
CC events. The V° weight also includes the (geometrical
and electronic) probability of detecting the event in
which it is found.

To estimate the V0 rate in the background events, we
use a sample of charged-current events which have at

TABLE II. Characteristics of ¥”s for opposite-sign events.

x? for x? for Fitted
Vo K (3C) A (30) Mom. M,y No. of
Event Type type hypothesis hypothesis Weight (GeV/c) (GeV/c?) lifetimes
22420320 ppt K° 2.6 2.12 0.3 3.50 1.00
22560104 uut K° 23 2.36 20.3 1.21 0.10
22770578 utu” A 14.3 1.1 1.46 2.8 3.30 0.36
22830011 uut K° 33 1.55 6.0 1.31 0.19
23130871 pwpt A 6.0 0.4 4.59 3.1 2.70 0.14
23161895 uut A 33 2.9 4.34 39.2 1.83 0.12
23271207 uut K/A 0.4 0.3 1.57/1.64 4.3 2.20 1.51/1.1
(1C) (10)
23321255 ppt A 6.7 1.76 0.6 3.40 1.4
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least two leaving tracks. For each event we calculate the
probability that it could fake a dimuon event by summing
the decay and punchthrough probabilities over all leaving
hadronic tracks in the event. The V° content of the back-
ground events is calculated by adding up the background
probabilities of all events containing ¥%s. The raw V°
fraction in the background events is (10.2+1.8)%, while
the raw V° fraction in the complete charged-current sam-
ple is (10.5£1.0)%. Subtracting background, correcting
for detection efficiencies and unseen decays, we calculate
the corrected V° rate per opposite-sign-dimuon event to
be 0.65+0.29.

The neutral-strange-particle rate in opposite-sign-
dimuon events agrees with the hypothesis that such
events are due to the production of a charm quark and its
subsequent decay. This result is also in agreement with
the corrected V¥ rate of 0.6+0.2 in pe events'® (mean en-
ergy of v-induced CC events ~30 GeV) and 0.6%+0.3 in
up events® (mean energy of v-induced CC events ~90
GeV).

B. Like-sign dimuons

The number of like-sign-dimuon candidates is con-
sistent with the expected number of background events,
as can be seen in Table I. We calculate the 90%-C.L.
upper limit on the ratio u~u~ /u"u™ to be 0.2. The
90%-C.L. upper limit for p u~ /p~ is 1.2X1073, and
on the basis of one u” u~ event we set the 90%-C.L.
upper limit for u*u® /u* at 2.5X 1073, Dividing the
@~ p~ data into two energy bins: the 90%-C.L. upper
limit for E, <200 GeV is 6.8X107% and, for E,>200
GeV, 4.2X1073. For E,>200 GeV we observe seven
pu-p~ events, which is consistent with the estimated
background of 4.311.3 events. Interpreting the excess

2.7 events as a signal would imply a rate of
1072 R Ref. 7 (up)  — Ref. 28 (ue) « Present Expt (uu)
O Ref. 25 (uu) —-Ref. 15 (ue) O Present Expt (up)
X Ref. 29 ;
—Ref. 29 (up,
1073 bmmmme - E—
et
1
. : I
3
|\ b —|
71074 Fg I
2 s SO
—xF —
L QCD [Refs.30-32)
105
] ]
0 200 400 600
E, (GeV)

FIG. 8. The ™/~ /u" rate as a function of neutrino energy.
The solid curve is from first-order perturbative QCD calcula-
tions (Refs. 30-32). The solid and broken horizontal lines, and
the box (parallel to the X axis) are 90%-C.L. upper limits. The
momentum cut on the two leptons is 9 GeV/c in Refs. 25 and
29, 10 GeV/c in Ref. 7, and 4 GeV/c in the present experiment.
In Ref. 28, P, 25 GeV/c and P, 24 GeV/c, whereas in Ref. 15,
P,Z>4GeV/cand P,>0.8 GeV/c.
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(1.4071:39)X 1073 in this energy bin. From these results
we conclude that there is no evidence for prompt like-
sign-dimuon production at any energy. See Fig. 8 for a
comparison of our results with other experiments.

In order to compare our results more directly with
those of counter experiments, we also studied the like-
sign-dimuon candidates after making a 9-GeV/c cut on
the muon momenta. We observe six u~ u~ events with
an estimated background of 4.3%+1.0 events. The 90%-
C.L. upper limit on the ratiop g~ /u” is 1.1X 1073,

There is one V° in the like-sign event sample. This
corresponds to a raw V° rate of (8.371%°)%. In compar-
ison, the raw V° rate in charged-current events is
(10.5+1.0)%, and in like-sign background events, it is
(7.8+1.8)%. Thus, in the like-sign-dimuon sample,
there is no evidence of an excess of ¥%s over that found
in charged-current events.

VII. COMPARISON OF OPPOSITE-SIGN DATA
SAMPLE WITH CHARM MONTE CARLO
SIMULATION

In Figs. 9-20 we plot various kinematical variables for
the opposite-sign data sample and compare them with
distributions generated by a charm Monte Carlo simula-
tion.® The contribution of background events in the
dimuon sample is taken into account using the CC sam-
ple. Each CC event is weighted by the punchthrough and
decay probabilities summed over all the hadronic leaving
tracks. The charm Monte Carlo simulation is normalized
to the net dimuon signal, and the background predictions
are normalized to the number of background events in
the sample. The means of some of the kinematical vari-

20

Number of Events (weighted)

E,; (GeV)

FIG. 9. Energy distribution of the primary muon for
opposite-sign candidates. The Y axis corresponds to the num-
ber of opposite-sign candidates (weighted for geometrical and
instrumental acceptance). The dashed curve is the Monte Carlo
prediction for opposite-sign events (normalized to the net dimu-
on signal), and the solid curve is the sum of Monte Carlo and
background predictions (the latter normalized to the total num-
ber of background candidates in the sample). Candidates with
energy above 200 GeV are shaded. The same convention is fol-
lowed in Figs. 10 and 12-20.
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Number of Events (weighted)

FIG. 10. Energy distribution of the secondary muon for
opposite-sign candidates.

ables for various event samples are presented in Table III.
We use the previously mentioned 48 completely mea-
sured opposite-sign events in these plots and tables.

In the following distributions, in order to better identi-
fy the primary muon in dimuon events, we label an event
as a utu”, signifying a v-induced dimuon event, only if
the transverse momentum of the u* with respect to all
nonmuonic tracks in the event is greater than that of the
u~ by at least 1.4 GeV/c (this number is determined us-
ing the charm Monte Carlo simulation).

In the following plots, contributions from events with
reconstructed energies above 200 GeV are shown shaded.
The means of some kinematic variables for events with
energy above 200 GeV are presented in Table IV. In the
present sample, 18 out of 48 [(36.0+8.5)%] well-
measured events have energy above 200 GeV. According
to the charm Monte Carlo simulation, we expect
(34.5+1.0)% of the events to have energies above 200
GeV.
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FIG. 11. Neutrino energy distribution for opposite-sign can-
didates.

Our charm Monte Carlo program has been described
elsewhere.>*® The basic assumptions regarding charm
production in the Monte Carlo program are (1) a ¢ (¢)
quark is produced via v (¥) interactions with a d (d) or a
s (5) quark, (2) the quark structure functions are based
upon results obtained by the CERN-Dortmund-
Heidelberg-Saclay (CDHS) experiment.® The valence-
quark distribution is represented by x ®3(1—x)*%, and the
sea-quark distribution is represented by (1—x)"°. The
sea is not SU(3) symmetric, and the ratio 2S/(U+D) is
taken to be 0.52 (Ref. 8). (3) The charm fragmentation
function is taken to be of the form of Peterson et al.:*®

_ 1
z[1-1/z—e/(1—2)}

D (z)

where €=0.16 (Ref. 47). (4) The charm quark hadronizes
to D and D* mesons (in the ratio 3:2) (Ref. 48), and if a
D* is produced it is allowed to decay to D7 or Dy in the

TABLE III. Average values of kinematic quantities for opposite-sign events.

Dimuons Dimuon
Dimuon sample Background (weighted) Monte Carlo
(weighted) (weighted) (sample —bkgd) simulation
E,, (GeV) 69.8+9.5 73.3+6.3 68.9+11.0 75.0%2.2
E,; (GeV) 20.6+2.9 21.94+2.0 20.2£3.5 20.2+0.7
E, (GeV) 168+14 187+10 162+14 172+3
Y 0.361+0.06 0.44%0.03 0.331+0.07 0.45+0.01
B=E,/E, 0.61+0.15 0.63+0.10 0.61+0.17 0.64+0.03
x 0.19+0.02 0.17+0.01 0.20+0.02 0.16+0.01
y 0.62+0.03 0.60+0.02 0.63+0.03 0.57+0.01
W (GeV/c?) 11.6+0.6 12.4+0.3 11.31£0.6 11.6+0.2
Q? (GeV/c)? 33.2%5.2 30.8+3.5 34.0+5.8 28.9+1.3
M,, (GeV/c?) 3.6+0.4 3.240.2 3.7+0.4 3.0£0.1
® (deg) 128+6.5 13414 12617 135+2.0
P, (GeV/c)* 0.361+0.04 0.34+0.02 0.371+0.05 0.30+0.0
Charged mult 8.0+0.5 7.9+0.3 8.0+£0.6
Zy 0.23+0.02 0.24+0.01 0.23+0.02 0.23+0.00
(Peterson)

*Momentum of the second muon perpendicular to the u-v plane.
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FIG. 12. Invariant-mass W distribution of the hadronic sys-
tem (including the secondary muon) for opposite-sign candi-
dates.

ratio 2:1 (Ref. 49). (5) The D meson has three decay
modes, 7pv, Kuv, and K*pv with branching ratios
0.06/0.47/0.47 (Ref. 8).

In the following plots, the events are weighted by the
inverse of their electronic and geometric acceptances. In
Figs. 9-11 we present the plots for the energy of the pri-
mary and secondary muons and the event energy. In
these and the following figures, the dashed curves
represent the Monte Carlo predictions, and the sum of
Monte Carlo and background predictions is represented
by the solid curves. Figures 12 and 13 show the distribu-
tions for the mass of the hadronic system (including the
secondary muon) and for the four-momentum-transfer
squared.

In Fig. 14, we show the Bjorken-x distribution. There
appears to be a lack of events at low x with energy above
200 GeV, but the statistical significance of the deficiency
is less than 2 standard deviations.

125 [

Number of Events (weighted)

Q* [(Gev/c)?]

FIG. 13. The four-momentum transfer squared distribution
Q* for opposite-sign-dimuon candidates.
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Number of Events (weighted)

X Bjorken

FIG. 14. Bjorken-x distribution for opposite-sign-dimuon
candidates. x =Q2?/2Myv, where Q? is the four-momentum
transfer squared, My is the nucleon mass, and v=E,—E ;.

The y distribution is shown in Fig. 15. The lack of
events at low y is attributable to the charm threshold
suppression and the slight depletion of events at very
high y is attributable to the momentum cut of 4 GeV/c
on the primary muon. At 0.8 <y <0.9 there is an accu-
mulation of 23 weighted events, while the prediction
from the charm Monte Carlo simulation plus background
is ten events. The 23 weighted events correspond to 15
actual events. Multiplying the Monte Carlo prediction
by the average acceptance for dimuon events, we would
expect 6.7 actual events. The Poisson probability of 6.7
yielding 15 or more is 0.4%. For y>0.8, 19 actual
events are observed comparéd with 10.9 predicted. The
Poisson probability of 10.9 yielding 19 or more is 1.7%,
which corresponds to less than 3 standard deviations.
Such a fluctuation is not unlikely when one considers the
number of plots and bins examined. The 15 events in the
0.8 <y <0.9 region contain four A’s and one K°, where

20

Number of Events (weighted)

Y Bjorken

FIG. 15. Bjorken-y distribution for opposite-sign-dimuon
candidates, where y =v/E,.
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Number of Events (weighted)

0 0.25 0.5 0.75 1 1.25 1.5

P,,. transverse to u—v plane (GeV/c)

FIG. 16. Momentum distribution of the second muon in a
direction perpendicular to the plane formed by u, and the in-
cident v (for opposite-sign-dimuon candidates). The dotted-
dashed curve corresponds to hadrons with momentum above 4
GeV/c in the charged-current sample, while the other two
curves have the meanings given above.

the whole sample (48 events) has four A’s and four K %’s.
We have checked that the accumulation is not due to
our analysis methods or to poorly measured tracks. For
instance, when an alternate method was used to select the
primary muon (using the transverse momenta of the
muons relative to the neutrino direction rather than the
hadron direction), the enhancement remained. When the
data were analyzed with no energy correction, the
enhancement broadened and moved to slightly lower y.
We have examined the other distributions for the 15
events with 0.8 <y <0.9 and find no other obvious accu-
mulation of these events that is not directly attributable
to the variable’s correlation with y. Some mean values
are given in Table V. The distributions of missing trans-

L

-

Number of Events (weighted)

80 (]
15 20 25

Charged-Hadron Multiplicity

FIG. 17. Charged-hadron multiplicity distribution for
opposite-sign candidates. The dashed-dotted curve corresponds
to the charged-current sample.
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o
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FIG. 18. Distribution of the angle ® between the two muons,
projected on a plane perpendicular to the neutrino direction (for
opposite-sign-dimuon candidates).

verse momentum, both in and out of the plane, look simi-
lar to those of the total sample. This similarity argues
against the accumulation resulting from some neutral-
current process (except at very small x values).

We have also compared properties of the 15 events
with those of charm Monte Carlo events that have
0.8 <y <0.9. Mean values are given in Table V. There is
fair agreement between the two samples, and for no vari-
able is the difference in the mean values more than 2.5
standard deviations.

The accumulation appears to be in the low-energy

Number of Events (weighted)

FIG. 19. Distribution of the fraction z,, =E,, /v of the ha-
dronic energy carried by the second muon, for opposite-sign
candidates. The solid (Monte Carlo and background predic-
tions) curve correspond to the Peterson function for the charm
fragmentation function, whereas the dashed-dotted line corre-
sponds to the sum of Monte Carlo and background predictions
for a uniform z distribution, and the dashed line corresponds to
Monte Carlo plus background predictions for a § function,
8(z —0.68).
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FIG. 20. Invariant-mass distribution for the two muons for
opposite-sign-dimuon candidates.

(below 200 GeV) events. No accumulation was seen in
previous low-energy experiments.>® The events’ energies
are estimated assuming that they are conventional
charged-current events. The events could be high energy,
with missing energetic neutrals, but the small missing
transverse momentum noted above constrains them to lie
close to the beam direction. No similar accumulation is
seen in another experiment in the same beam with the
same energy;’° but we note that their analysis has a muon
momentum cut of 9 GeV/c. The probability that our
model gives as many events as the data for y 20.8 is
1.7%.

Figure 16 shows the momentum distribution of the

~
o
7}
= 3r
=]
0
£
0
E:
s 2
5]
“~
o
b A
[} -
0
g 1+ F“
5
z
0 1
0 100 200 300

E,; (GeV)

FIG. 21. Energy distribution of the primary muon for like-
sign-dimuon candidates. The Y axis corresponds to the number
of events (weighted for geometrical and electronic acceptance)
in the dimuon sample. The solid line is the background predic-
tion, normalized to the total number of background events. The
same convention is followed in Figs. 22-30.
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FIG. 22. Energy distribution of the second muon for like-
sign-dimuon candidates.

second muon perpendicular to the u;,-v plane. The
dotted-dashed curve corresponds to hadrons with
momentum above 4 GeV/c in the charged-current sam-
ple, whereas the other two curves have the meanings
mentioned above. In Fig. 17 we present the charged-
particle multiplicity distribution. The dotted-dashed
curve is obtained from charged-current events. Figure 18
shows the distribution of the angle between the two
muons projected on a plane perpendicular to the neutrino
direction.

In Fig. 19 we show the fraction of the hadronic energy
carried off by the secondary muon, z,, =E , /(E,—E ;).
This variable measures the charm fragmentation function
indirectly, since the second muon carries only part of the
charmed hadron momentum. For comparison, z,,
curves obtained using (in the charm Monte Carlo simula-
tion) three different charm fragmentation functions are
plotted. The solid curve is the sum of the background
and charm Monte Carlo predictions using the Peterson
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FIG. 23. Neutrino energy distribution for like-sign-dimuon
candidates.
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FIG. 24. Four-momentum transfer squared distribution for
like-sign-dimuon candidates.

et al.*® charm fragmentation function. The dotted-
dashed curve uses a uniform z distribution for the charm
fragmentation, and the dashed line is obtained using a
delta function, 8(z —0.68). The background is the same
in all these curves.

In Fig. 20 we present the invariant-mass M, plot for
the two muons. The small peak at 10 GeV/c” is due to
one high weight event. The larger peak at 6.4 GeV/ ctis
composed of seven events. However, the error on the in-
variant masses of these events is rather large (all but one
have errors greater than 1 GeV/c?, where the bin width
is 0.5 GeV/c?). If instead we look at a mass range from
5.0 to 7.5 GeV/c?, the observed 14.6 weighted events are
less than 2 standard deviations above the predicted 8.4
events.

In general the charm Monte Carlo and background
predictions agree with the dimuon data sample. Howev-

TABLE IV. Average values of kinematic quantities for
opposite-sign events with energy above 200 GeV.

Number of Events (weighted)

0 / |

0 5 10 15 20

W  Mass of Hadronic System (GeV/c?)

FIG. 25. Invariant-mass W distribution of the hadronic sys-
tem (including the secondary muon), for like-sign-dimuon can-
didates.

er, there is an accumulation of events for 0.8 <y =0.9.
This accumulation is not seen by other experiments at
lower energies or at the same energy, and the probability
that the model gives as many events as the data for
y 20.8is 1.7%. The general agreement between data and
Monte Carlo simulation leads us to believe that we do not
have any systematic biases in selecting dimuon candi-
dates, and thus we can use the same selection criteria to
tag like-sign candidates with confidence.

VIII. COMPARISON OF THE LIKE-SIGN DATA
SAMPLE WITH BACKGROUND PREDICTIONS

In Figs. 21-30, the histogram represents the like-sign
candidates and the solid curve corresponds to back-

Dlmuqn sample D TABLE V. Average values of kinematic quantities of the
.(welghted) M.Ome C_a“" 0.8 <y <0.9 opposite-sign dimuon events.
(incl. bkgd.) simulation
Charm Monte
g‘” ECG}:X; lgiféio lg(l)giz)g 15 events with Carlo events with
2 -~T0. U=x0. i <y < <y <
E, (GeV) 273.0+12.0 284.042.0 Quantity 082y =09 082y=09
Y 0.49+0.1 0.521+0.01 E, (GeV) 19.6£2.9 24.2
B=E,/E, 0.42+0.14 0.58+0.03 E,, (GeV) 18.8+4.3 27.5
x 0.19+0.02 0.174+0.01 E, (GeV) 134121 162
y 0.541+0.05 0.54+0.01 X 0.16+0.03 0.16
0Q? [(GeV/c)Y 52.1£9.3 45.8+1.5 Q? [(GeV/c)] 41+12 399
W (GeV/c?) 14.3+0.9 14.8+0.1 W (GeV/c?) 12.6+1.0 14.0
M,, (GeV/c?) 5.3+0.6 3.9+0.1 M,, (GeV/c?) 2.340.5 2.7
P (deg) 148.0+7.2 142.0%+1.2 ® (deg) 96+12 124
P," (GeV/c) 0.36+0.05 0.28+0.01 P,," (GeV/c) 0.48+0.08 0.31
Z, 0.22+0.03 0.21£0.00 Z, 0.18+0.03 0.21

“Momentum of the second muon perpendicular to the u-v plane.

“Momentum of the second muon perpendicular to the u-v plane.
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FIG. 26. Bjorken-x distribution for like-sign-dimuon candi-
dates. x =Q2?/2Myv, where Q? is the four-momentum transfer
squared, My is the nucleon mass, and v=E ,—E ;.

ground predictions. The background in the dimuon sam-
ple is estimated using the CC sample (as determined in
the present experiment). Each CC event is weighted by
the punchthrough and decay probabilities summed over
all the hadronic leaving tracks. As before, the primary
and secondary muons are chosen on the basis of their
momentum transverse to all the nonmuon particles in the
event. In all but one case, the primary muon’s transverse
momentum is greater than that of the secondary muon by
at least 2 GeV/c. The means of the kinematic variables
are shown in Table VI, and characteristics of each event
are shown in Table VII.

In Figs. 21 and 22 we show the distributions for the en-
ergy of the primary and secondary muons. In Fig. 23 we
plot the energy of the incident neutrino. In the data
there are no events with E,, < 100 GeV, whereas the back-
ground calculation, described in Sec. IV, predicts that we
should see 3+1 events. Figure 24 shows the Q? distribu-

TABLE VI. Average values of kinematic quantities for like-
sign events.

Event sample Background sample

(weighted) (weighted)
E, (GeV) 103+19 7747
E,; (GeV) 16.4+3.2 17.4%2.2
E, (GeV) 235425 194£11
Q2 [(GeV/c) 35+10 40.4+3.7
W (GeV/c?) 14+1 12.7+0.5
M, (GeV/c?) 2.940.5 3.2+0.2
x 0.16+0.05 0.200.02
y 0.58+0.06 0.61+0.02
& (deg) 124+13 136%5
P,,* (GeV/c) 0.37+0.09 0.28+0.03
Charged 9.8+1.7 9.1+0.4
multiplicity
2,0 0.14+0.03 0.16+0.01

*Momentum of the second muon perpendicular to the u-v plane.

FIG. 27. Bjorken-y distribution for like-sign-dimuon candi-
dates, where y =v/E ..

tion, and Fig. 25 shows the invariant-mass plot of the ha-
dronic system, W. There are no events in the data for
W <10 GeV/c?. Figures 26 and 27 show the Bjorken-x
and -y distributions. Figure 28 shows the fraction of the
hadronic energy carried off by the second muon. In Fig.
29 we show the distribution of the angle between the two
muons projected on a plane perpendicular to the neutrino
direction. The peaking of this distribution near 180°
shows that the two muons are anticorrelated, and that
the second muon is associated with the hadron shower.
In Fig. 30 we show the transverse-momentum distribu-
tion of the second muon with respect to the hadron
shower, where the latter is determined from the direction
of the neutrino beam and the leading muon. This trans-
verse momentum is limited to small values, as is the
transverse momentum with respect to the plane defined
by the incoming neutrino and the primary muon (not
shown). There is no discrepancy between the data and
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FIG. 28. Distribution of the fraction 2,,=E,, /v of the ha-

dronic energy carried away by the second muon for like-sign
candidate events.
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FIG. 29. Distribution of the angle ® between the two muons,
projected on a plane perpendicular to the neutrino direction (for
like-sign-dimuon candidates).

background, in contrast with such indications from a pre-
vious experiment.’* We conclude that the like-sign sam-
ple is consistent with background.

IX. CONCLUSIONS

We have reported results on dimuon events from an ex-
posure of the 15-ft bubble chamber to a quadrupole trip-
let neutrino beam at the Fermilab Tevatron, where we
identified 52 opposite-sign-dimuon and 12 like-sign-
dimuon candidates.

The like-sign sample is consistent with background
both in rate and distributions of kinematic quantities.
Background estimates are based on charged-current had-
ron distributions and muon detection efficiencies which
are measured in the same experiment. After accounting

Number of Events (weighted)

0 0.5 1 1.5 2

Py, transverse to Hadron Shower (GeV/c)

FIG. 30. Momentum distribution of the second muon, trans-
verse to the hadron shower, where the latter is determined using
the direction of the neutrino beam and the leading muon (for
like-sign-dimuon candidates).

efficiencies, the 90%-C.L. upper limit for the ratio
ppT/pT is 1.2X107%, for P,24 GeV/c, and
1.1X 1073 for events with P,Z9 GeV/c. Dividing the
p~u~ data into energy bins, the 90%-C.L. upper limit,
for muon momenta above 4 GeV/c, for E, <200 GeV is
6.8X107* and for E,>200 GeV, the upper limit is
4.2x107°,

For the opposite-sign sample, after subtracting back-
ground and correcting for detection losses, we measure
the ratios u " /p” and ptu”/u”, for P, 24 GeV/e,
to be (0.6410.14)% and (0.471+0.25)%, respectively.
We further divide the v-induced opposite-sign events into
three energy bins and determine u ut/u”: (1)
(0.30%0.14)% for E, <100 GeV, (2) (0.81+0.28)% for
100=E, <200 GeV, and (3) (0.93+0.29)% for E, =200
GeV.

We observe eight ¥”s in the opposite-sign sample.

for the background contribution and detection After subtracting background and correcting for detec-
TABLE VII. Details of individual like-sign events.
Potential P, P, E Pp,? Pr5?
Event length (cm) (GeV/c) (GeV) (GeV/c)
22370766 200 104.0 34.1 238.0 5.4 0.4
22390301 117 19.0 17.2 100.0 35 0.8
22430214° 192 112.0 18.9 225.0 2.5 0.3
22550842 116 125.0 5.0 191.0 9.6 0.2
22 600767 256 197.0 10.5 278.0 3.3 0.4
22700893 170 103.0 36.5 225.0 10.6 0.8
22711047 294 99.0 8.4 266.0 2.8 0.5
22810988 130 28.0 6.1 94.0 3.0 0.3
23001232 253 209.0 7.8 308.0 20.2 0.6
23271195 201 177.0 36.8 348.0 5.9 2.2
23330068 121 77.0 235 125.0 7.9 2.6
23330872 107 8.8 10.4 135.0 1.8 0.7

*Momentum transverse to nonmuon tracks in event.

Sutu” event.
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tion losses we determine the average number of neutral-
strange particles per dimuon event to be 0.65+0.29. In
the case of the like-sign-dimuon sample, there is no evi-
dence for any excess of V®s over that produced in
charged-current events.

We compare kinematical distributions for the
opposite-sign sample with the predictions of a charm pro-
duction and decay Monte Carlo simulation. The agree-
ment of distributions is good except for the y distribution
where there is an accumulation of events for
0.8<y <0.9, and after checking our and other experi-
ments, we have no satisfactory explanation for this other
than a statistical fluctuation.
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