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ABSTRACT

The Fermilab 15 ft. bubble chamber has been exposed to a quadrupole
triplet neutrino beam produced at the Tevatron. The ratio of v to v 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 (1u's", 52 p"p" and s'4u™, and 11
p p ) is observed in the data sample of approximately 13,300 charged
current events. The number and properties of the x s and p+p+ candidates
are consistent with their being produced by background processes, the
important sources being x and K decay and punch-through. The 90% C.L. upper
limit for g p /u~ for muon momenta above 4 GeV/c is 1.2*10'3, and for
momenta above 9 GeV/c this limit is 1.1*10'3. The opposite sign dimuon to
single muon ratio is 0.62+0.13% for muon momenta above 4 GeV/c. There are 8
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 runs in 1985 and 1987. The neutrino energy spectrum extended to
greater than 600 GeV, and approximately one-third of neutrino interactions
were at energies above 200 GeV. A big bubble chamber is a well understood
and reasonably unbiased detector and thus well suited to a search for new
phenomena, which is the primary aim of the present experiment. Multi-lepton
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 1985 run.

9 9-20

Opposite sign dilepton (ppl_ and pe ) events have been observed in

the past and their characteristics are explained by single charm production
and subsequent semi-leptonic decay. The observed rates are 0.5% to 1% of
the charged current rate.

The Tike sign dilepton rate is controversial. Some

7,21-26,28

experiments have reported signals that were several times the

rate expected within the Standard Model, where the dominant contribution is
from charm pair production. Other experiments have found rates or upper
limits that were consistent with the Standard mode]4'6'9'16'17'20'27'29.

The reported rates are generally less than 10'3

30-33

of the charged current

rate. The expected Standard Model rate
5

increases with energy and is

around 10~ at 200 GeV. A major problem is the evaluation of background



contributions. Leptons from decays of long-lived particles (predominantly
r's and K's) are considered as background (or, non-prompt), whereas those
from decays of short-lived particles (e.g., charm and bottom) are
considered as part of signal (or, prompt). Generally, counter experiments
have estimated this background with Monte Carlo programs, and the input to
these programs is data, taken from bubble chamber experiments, on hadrons
produced in neutrino interactions. Independent of rate, with the attendant
background uncertainty, at least one experiment34 found evidence (at the
2-3 ¢ level) of a difference in kinematic properties between the observed
like sign dimuon candidates and the 'background' events.

7,24

Some like sign dilepton results suggested a rapid increase at high

energy, Eu 2 200 GeV (this energy region can be explored in the present

29 at the Tevatron has

experiment, E632). A recent counter experiment
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 measures, 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 sections II, III and IV, respectively. In section V, we

describe the method used to account for the missing hadronic energy, in

both the dimuon and single muon event samples. In section VI, we present



the detection efficiency of dimuon events and calculate event rates. In
section VII, we compare the oppesite sign dimuon sample with the
predictions of a charm Monte Carlo (and background predictions), and in
section VIII, we present distributions comparing the like sign sample with

background predictions. Section IX contains a summary of our results.

IT. 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 oxide cylinder. Each beam spill was typically 2-3 ms

35:36 o s to p's in the beam is approximately 2.5,

long. The ratio
producing a v to v event ratio of 5.1. The v and the 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

35,36 of the CC events are shown in Fig. 1.

calculated energy spectra

The 15 ft. bubble chamber (liquid volume ~ 30 m3) was filled with a
75%-25% molar neon-hydrogen mixture. The radiation length, interaction
length, and density for the mixture were 40 cm, 153 cm, and 0.70 gm/cm3,
respectively. A 3T magnetic field inside the chamber was used to determine
the momentum of charged particles. The bubble chamber was equipped with
three conventional 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 1pF3/ 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,
surrounded 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 labelled IPFA, whereas the half on the downstream end of the
chamber was labelled 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 m2. The cans were symmetrically arranged with respect to the
midplane of the bubble chamber. A single can contained 24 stainless steel
tubes arranged in two layers, each tube being 220 cm long and containing a
50 pm 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.

The EMI consisted of three planes placed outside the bubble chamber
vacuum tank. The first plane directly downstream of the bubble chamber,
EMIB, was separated 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 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 thickness 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
together to form a plane. Each of the two EMI planes used in this analysis
covered an area of 24.3 mz, whereas EMIA had an area of 8.8 mz. EMIB was
composed of six layers of wires and measured coordinates along the
horizontal 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 divided into 1 ps time
intervals. Hits from one time interval 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 either 1 us
or 2 ps wide.

In the 1985 run, we collected 155,000 conventional photographs,

17 protons on target. In the present analysis, we

17

corresponding to 2.5*10

protons on target which corresponds to

13,300 CC events in the fiducial volume of 15m3.

use data corresponding to 2.25*10

III. EVENT SELECTION

The EMI/IPF system is used in a novel way to find multi-muon

candidates38

. 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 separately in the horizontal and vertical views, and the U coordinate
in EMIB plane is used to remove accidental 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 candidate tracks in
both 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 m3). Using this technique only 9%
of all events in the entire data sample are selected as possible dimuon
candidates.

After event measurement and geometric reconstruction, leaving tracks
are extrapolated through the absorber and the magnetic field to the IPF and
EMI. The predicted 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 labelled muons. We

require the muon momenta to be greater than 4 GeV/c. To reduce the
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contamination due to background 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 s]ot (either each muon has a match or
there are at least 2 'bunches'39 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 11,130+320
v-induced and 2,170+150 v-induced charged current events with muon momentum
greater than 4 GeV/c in the total sample. A1l the dimuon candidates were
completely measured, i.e., all primary tracks and all 7's, neutral
interactions (N*'s), and neutral strange particles (Vo's) associated with
the primary vertex are measured. Also, 500 v-induced and 100 z-induced CC
events were measured for comparison with the dimuon sample. The CC sample
is not measured as completely as the dimuon sample, the difference being
that only the 5 highest energy 7'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 non-prompt muon decay, which is not
detected, or a hadron leaving the bubble chamber without interacting is

mislabelled as a muon by the EMI, thus producing a fake dimuon event.
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A. Decay Background

This background is due to x's and K's that are produced in charged
current events. Because the interaction length in the bubble chamber Tiquid
is comparable to the chamber radius, some x's and K's decay, into a g4 and a
v (or v), before interacting. For #x'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 instances, 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 absorber
outside. The decay usually cannot be seen since the change in direction is
extremely small, and as a result the decaying = (or K) is fitted along with
the daughter p as a single composite track. In bubble chamber experiments,
as opposed to electronic counter experiments, only x'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 experiment6 to calculate
this background. We first determine the probability that decaying x's and
K's can fake a muon using leaving track measurements. This probability 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).
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To determine what fraction of decays would satisfy our muon
identification criteria, we used a Monte Carlo program40 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
kinematics). 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 included in simulating
the muon hit in the EMI. For calculating the probability for decays outside
the bubble chamber, we assume that the decays take place just outside the
bubble chamber (before the absorber) and that 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

41 that 5% of the positive leaving tracks are due to protons and 6%

assuming
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 background
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. Punch through
We now estimate the background due to hadrons matching with hits in

the EMI that are caused by (a) primary hadrons from the event which reach

the EMI without interacting or decaying, (b) secondary, tertiary, etc.,



13

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 punch-through.

The probability that a hadron can reach both EMI planes without
interacting or decaying is extremely small, ~ 5*10_5, because of the
presence of (typically) 10 interaction lengths of absorber. Therefore, the
number of such hadrons, in the present data sample of 13,300 charged
current events, which can fake a muon is approximately 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 contributions from real dimuons
and decays of pions and kaons. Using hits within 130 cm (65 cm) of the
extrapolated position 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 2-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
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4 GeV/c and with a good match in EMIB, we can thus estimate the total punch
through background. The final punch through background is given in Table I,
along with 40% errors due to the estimation 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 labelled as muons. We estimate this background by
using EMI information from a different frame. The total contribution 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 produced in an
event, we have to correct the hadronic energy, and hence the incident
neutrino energy. The charged current sample required a larger correction
than the dimuon event sample, because only the 5 highest energy 7's and
high energy N*‘s were measured. To correct the dimuon event sample, we used

42. The longitudinal

a technique which has been used in previous experiments
momentum component of the visible hadronic shower (Px) is corrected by a
factor which is determined using the imbalance between the mean of the

primary muon's transverse momentum (in the v-g plane) and the mean
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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 non-muon particles coming from
the primary vertex is labelled as the primary muon. The correction to the
hadronic longitudinal momentum is written as

r
PCO r

M = b + an

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 investigate the
appropriateness of the this correction for this event sample, we generated
charged current v events using a Monte Carlo which simulated the
measurement rules for these events, as mentioned in Section III. Fig. 4
shows that the Monte Carlo CC events have some problem reproducing the
visible hadronic energy spectrum, while Fig. 5 shows that they reproduce
the muon 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 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.
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VI. Efficiency and rates

Not all dimuon events produced in the bubble chamber are detected.
There are losses due to scanning inefficiencies, Timited geometric and
electronic acceptance of the EMI, and cuts made in the initial selection of
the dimuon events38.

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 g 's better than p+'s). The
acceptance for opposite sign events is determined by using events generated
by the charm Monte Carlo (section VII), whereas the acceptance for like
sign events is determined using the like sign dimuon candidates. The
acceptance for v- and v-induced charged current events with muon momenta
above 4 GeV/c is 97+1% and 92+2% respectively. The average electronic
efficiency for detecting dimuons, including the instrumental efficiency of
the EMI and the effect of the 1% confidence level cut, is 80.6+0.8%. It is
determined using through going muons that are generated 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 dimuon events is 16.0+1.8%.

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 acceptance and instrumental efficiency for v- and v-

induced charged current events is 82+1% and 77+2% respectively.
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A. Opposite sign events
Unless otherwise stated all results are for muon momenta above 4

GeV/c. The total rate for v- and v-induced opposite sign events, per

charged current event, is defined as

R(v+N + p p*X) + R(DN » p'u7X)
R =

R(v+N + p7X) + R(D+N + u'X)

We determine this rate, after subtracting background contributions and
making efficiency corrections, to be (0.62¢0.13)*10_2.
In order to calculate this rate separately for v-induced and v-induced
dimuons, we separate the two kinds of events assuming that the muon with
the larger transverse momentum with respect to all the non-muon particles
coming from the primary vertex is the primary muon. According to the charm
Monte Carlo (described in section VII), we expect to correctly identify 97%
(95%) of the v- (v-) induced dimuons by this method. Using this separation
method, we get 40 v-induced and 8 v-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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-+
R(vAN + p p X) _
R - - = (0.64+0.14)*1072
R(vtN + u X)
R(v+N -+ p+p-X)
RT™ = —— . = (0.4750.25)*1072
R(Z+N + 5*X)

On the basis of the 40 completely measured p—ﬂ+ events, R is

calculated in three energy bins to be: (0.301;0.14)*10_2

2

for EV < 100 Gev,
(0.81+0.28)*10™° for 100 < E, < 200 GeV and (0.93+0.29)*1072 for E, 2 200
GeV. See Fig. 7 for a comparison of our results with other experiments.

We observe 8 neutral strange particles (Vo's) in the 52 opposite sign
events. However, to determine rates, we only use 48 events since 4 events

are on faint photographs and could not be reliably scanned for Vo's

0'5 are fit by a kinematic

(including event 22560104 in Table II). A11 V
program (SQUAW). The characteristics of the vOrs are shown in Table II. All
A/K ambiguities are treated as A's, except for the ambiguity in event
23271207 (this V0 has no 3 constraint fit) which is assigned43 a 80%
probability of being a K°. The raw ppVOX/pr rate is 15+5% (including
background). We correct this rate for detection efficiency of the Vo's, KS
and A decays into neutral particles, and KL decays. We weight each V0 by
the inverse of the probability that it will decay inside the bubble
chamber. A zero weight is assigned if the V0 decays within 1 cm of the
primary vertex (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

Vo's which convert beyond 1 cm from the primary vertex is assumed to be
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100%. We assume the same scan efficiency for Vo's in CC events. The V0

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 least two leaving tracks. For each
event we calculate the probability that it could fake a dimuon event by
summing the decay and punch-through probabilities over all leaving hadronic
tracks in the event. The V0 content of the background events is calculated

by adding up the background probabilities of all events containing VO's.

The raw V0 fraction in the background events is 10.2+1.8%, while the raw V0
fraction in the complete charged current sample is 10.5+1.0%. Subtracting
background, correcting for detection efficiencies and unseen decays, we

calculate the corrected VO

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 V0 rate of 0.6+0.2 in pue events10 (mean energy of v-induced

CC events ~ 30 GeV) and 0.6+0.3 in pu events® (mean energy of v-induced CC

events ~ 90 GeV).
B. Like sign dimuons
The number of Tike sign dimuon candidates is consistent 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 p s /s s" to be 0.2. The
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3

90% C.L. upper limit for s p"/p” is 1.2%107°, and on the basis of 1 p'u*

event we set the 90% C.L. upper limit for p+p+/p+ at 2.5*10’3, Dividing the

u p data into two energy bins: the 90% C.L. upper limit for E, < 200 GeV

4 3

is 6.8%10  '; and, for E, 2 200 GeV, 4.,2*10°°, For E, 2 200 GeV we observe 7

p B events, which is consistent with the estimated background of 4.3:+1.3

events. Interpreting the excess 2.7 events as a signal would imply a rate

+1.90 3
-1.35

there is no evidence for prompt like sign dimuon production at any energy.

of (1.40 )*107° in this energy bin. From these results we conclude that
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 6 p s~ events with an estimated
background of 4.3+1.0 events. The 90% C.L. upper limit on the ratio p p /4~
is 1.1%1073,

There is one VO in the like sign event sample. This corresponds to a

raw V0 rate of 8.3t1§’? %. In comparison, the raw vO

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 Vo's over that found in charged current events.

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

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 Car]oﬁ. The contribution of background events in the dimuon sample is
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taken into account using the CC sample. Each CC event is weighted by the
punch-through and decay probabilities summed over all the hadronic leaving
tracks. The charm Monte Carlo 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 variables for
various event samples are presented in Table III. We use the previously
mentioned 48 completely measured opposite sign events in these plots and
tables.

In the following distributions, in order to better identify the
primary muon in dimuon events, we label an event as a p+p—, signifying an
v-induced dimuon event, only if the transverse momentum of the p+ with
respect to all non-muonic tracks in the event is greater than that of the
p by at least 1.4 GeV/c (this number is determined using the charm Monte
Carlo).

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, we expect
34.5+1.0% of the events to have energies above 200 GeV.

Our charm Monte Carlo has been described elsewhere6'38. The basic
assumptions regarding charm production in the Monte Carlo are : (1) A c (c)
quark is produced via v (v) interactions with a d (d) or a s (s) quark. (2)
The quark structure functions are based upon results obtained by the CDHS

experiment8. The valence quark distribution is represented by

x0'5*(1-x)3‘5, and the sea quark distribution is represented by (1—x)7‘0.
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The sea is not SU(3) symmetric, and the ratio 2S/(U+D) is taken to be

0.52.8 (3) The charm fragmentation function is taken to be of the Peterson

et a1.44 form

1
D.(2) = 2[1 1 e _]2

z 1-

*
45 (4) The charm quark hadronizes to D and D mesons (in the

where €=0.16.
ratio 3:2)46, and if a D* is produced it is allowed to decay to Dx or Dy in
the ratio 2:1.47 (5) The D meson has 3 decay modes, wuv, Kuv and K*pu with
branching ratios 0.06/0.47/0.47.8

In the following plots, the events are weighted by the inverse of
their electronic and geometric acceptances. In Figs. 9, 10 and 11 we
present the plots for the energy of the primary 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. Figs. 12 and 13
show the distributions for the mass of the hadronic system (including the
secondary muon) and for the 4-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 two standard deviations.

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 accumulation of 23 weighted

events, while the prediction from the charm Monte Carlo plus background is
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10 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 2 0.8, 19 actual events are observed
compared 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 4 A's and
one K°, where the whole sample (48 events) has 4 A's and 4 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‘5
y € 0.9 and find no other obvious accumulation of these events that is not
directly attributable to the variable's correlation with y. Some mean
values are given in Table VII. The distributions of missing transverse
momentum, both in and out of the plane, look similar 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
VII. There is fair agreement between the two samples, and for no variable

is the difference in the mean values more than 2.5 standard deviations.
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The accumulation appears to be in the low energy (below 200 GeV)
events. No accumulation was seen in previous low energy experiments6'8. 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 energy48; 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 2 0.8 is 1.7%.

Fig. 16 shows the momentum distribution of the secondrmuon
perpendicular to the py-v plane. The dot-dash curve corresponds to hadrons
with momentum above 4 GeV/c in the charged current sample, whereas the
other two curves have the meanings mentioned above. In Fig. 17 we present
the charged particle multiplicity distribution. The dot-dash curve is
obtained from charged current events. Fig. 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, 2#2 = Epz/(EV-Epl)' This variable measures the charm
fragmentation function indirectly, since the second muon carries only part
of the charmed hadron momentum. For comparison, z[‘2 curves obtained using
(in the charm Monte Carlo) three different charm fragmentation functions
are plotted. The solid curve is the sum of the background and charm Monte
Carlo predictions using the Peterson et al. charm fragmentation function.

The dot-dash curve uses a uniform z distribution for the charm
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fragmentation, and the dashed line is obtained using a delta function, 6(z-
0.68). The background is the same in all these curves.

In Fig. 20 we present the invariant mass, Mpp' plot for the two muons.
The small peak at 10 GeV/c2 is due to one high weight event. The larger
peak at 6.4 GeV/c2 is composed of 7 events. However, the error on the
invariant masses of these events is rather large (all but one have errors
greater than 1 GeV/cz, where the bin width is 0.5 GeV/cz). If instead we
look at a mass range from 5.0 to 7.5 GeV/cZ, 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. However, 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 2 0.8 is 1.7%. The general agreement between
data and Monte Carlc leads us to believe that we do not have any systematic
biases in selecting dimuon candidates, 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 background predictions. The background in
the dimuon sample is estimated using the CC sample (as determined in the
present experiment). Each CC event is weighted by the punch-through and

decay probabilities summed over all the hadronic leaving tracks. As before,
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the primary and secondary muons are chosen on the basis of their momentum
transverse to all the non-muon 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 V, and characteristics of each event are shown in Table
VI.

In Figs. 21 and 22 we show the distributions for the energy 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 Eu < 100 GeV, whereas the
background calculation, described in Section IV, predicts that we should
see 3+1 events. Fig. 24 shows the 02 distribution, and Fig. 25 shows the
invariant mass plot of the hadronic system, W. There are no events in the
data for W € 10 GeV/cz. Figs. 26 and 27 show the Bjorken x and y
distributions. Fig. 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 anti-correlated, and that the second muon is associated with the
hadron shower. In Fig. 30 we show the transverse momentum distribution 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 transverse 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
background, in contrast to such indications from a previous experiment34.

We conclude that the like sign sample is consistent with background.
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IX. CONCLUSIONS

We have reported results on dimuon events from an exposure of the 15
ft. Bubble Chamber to a quadrupole triplet 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 hadron distributions and muon detection efficiencies which
are measured in the same experiment. After accounting for the background
contribution and detection efficiencies, the 90% C.L. upper limit for the

3

ratio p p /p is 1.2*10°, for Pﬂ 2 4 GeV/c, and 1.1*1‘0'3 for events with

PF 2 9 GeV/c. Dividing the u u~ data into energy bins, the 90% C.L. upper

4

limit, for muon momenta above 4 GeV/c, for EV { 200 GeV is 6.8*10 ', and

for E, 2 200 GeV, the upper limit is 4.2%107,

For the opposite sign sample, after subtracting background and
correcting for detection losses, we measure the ratios p ' /u” and w1t
for Pﬂ 2 4 GeV/c, to be 0.64+0.14% and 0.47+0.25%, respectively. We further
divide the v-induced opposite sign events into three energy bins and
determine p'p+/p' : (1) 0.30+0.14% for E, < 100 Gev, (2) 0.81+0.28% for 100
SE, < 200 GeV, and (3) 0.93+0.29% for EV 2 200 GeV.

We observe 8 V%'s in the opposite sign sample. After subtracting

background and correcting for detection losses we determine the average

number of neutral strange particle per dimuon event to be 0.65+0.29. In the
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case of the Tike sign dimuon sample, there is no evidence for any excess of
Vo's over that produced in charged current events.

We compare kinematical distributions for the opposite sign sample with
the predictions of a charm production and decay Monte Carlo. The agreement
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
experiments, we have no satisfactory explanation for this other than a

statistical fluctuation.
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