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In a 326000-picture exposure of the Fermilab 15-ft neon-hydrogen bubble chamber to the quadrupole
triplet neutrino beam, 62 dimuon candidates have been found: 0 p*p*, 54 p~p* and p*p~, and 8
p~p~. The p~p~ candidates are consistent with background. The ratio of opposite-sign dimuon events to
single-muon events is (0.39 4-0.10) X 102 for a muon-momentum cut of 4 GeV/c. There are 10 ¥ ®s in the
opposite-sign dimuon events, yielding a neutral-strange-particle rate per event of 0.6 40.3.

I. INTRODUCTION

The dominant mechanism for the production of
dimuon events in neutrino interactions!™ is be-
lieved to be charmed-particle production followed
by semileptonic decay. We have employed the
Fermilab 15-ft bubble chamber exposed to a high-
energy neutrino beam to examine the evidence for
this mechanism and explore for new phenomena.
Half (one-quarter) of the charged-current neutrino
interactions have energies above 70 GeV (115
GeV). Until recently, bubble-chamber experi-
ments, which can examine the details of the final
hadronic state [for instance, the number of neu-
tral strange particles (V°’s) produced], have
primarily studied the corresponding decay into an
electron.’”* Now with improved muon identifi-
cation, it is also possible for bubble-chamber ex-
periments to study dimuon events,” ™ allowing the
simultaneous comparison of the two samples in
the same detector and with the same beam. In
this paper, we present results on dimuon events;
the electron results will be published later. Just
as with earlier experiments,' % we have found
evidence for charm production. Details are given
in Sec. VI. The description of the apparatus, the
technique of finding and selecting events, the.cal-
culation of the background, and the determination
of the detection efficiency and rates are given in
Secs. II-V, respectively.

II. APPARATUS

The experiment was carried out using the Fermi-
lab 15-ft bubble chamber, plus a two-plane exter-
nal muon identifier (EMI). The bubble-chamber
liquid was a neon (47% atomic)-hydrogen mix,
which had a density, radiation length, and ab-
sorption length of 0.56 g/cm?®, 53 cm, and 193
cm, respectively. The two-plane EMI,'® which
was of prime importance to the dimuon search,
was an expansion and reconfiguration of the orig-
inal one-plane EMI,'® and had 18 1-meter-square
multiwire proportional chambers in the first
plane and 21 in the second plane. Additional con-
crete and lead were placed between the two planes,
so that muons traverse a total of 7 to 11 absorp-
tion lengths before reaching the second plane.

The bubble-chamber and EMI arrangement are
shown in Fig. 1.

The bubble chamber was exposed to the quadru-
pole triplet neutrino beam. In this beam, charged
pions and kaons produced at the target are focused
with conventional quadrupole magnets. 'The target
used was one interaction length of alumina, and
the 400-GeV/c incident proton beam had a typical
intensity of 10'® protons per pulse. The ratio of
v- to 7-induced events is approximately 6 to 1.
This beam emphasizes high-energy neutrinos (the
average neutrino-event energy is 90 GeV) and has
a long spill (2 msec) which is important in elimin-
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FIG. 1. Plan and elevation views of the Fermilab 15-ft
bubble chamber, internal picket fence (IPF), and two-
plane external muon identifier. The partial IPF was
tested during this experiment, but was not used in this
analysis.

ating accidental time-coincident EMI background
in the dimuon sample. The energy spectra for
neutrinos and antineutrinos in this beam are
shown in Fig. 2.1 A total of 326 000 good neutrino
pictures with EMI information was obtained, cor-
responding to 3.4 X108 protons on target.

III. SCANNING, EVENT SELECTION, AND CUTS

The film was scanned for all neutral-induced
events.- In a rescan of 20% of the film, the scanning
efficiency for EMI identified charged-current
events was found to be 98%. The first measure-
ment pass consisted of measuring all noninterac-
ting tracks leaving the bubble chamber with an
angle from the neutrino direction of less than 60°.
These tracks were then extrapolated to the EMI
planes and the predicted EMI positions were com-
pared with the positions of fitted coordinates (fits)
in the EMI chambers in order to identify muons
and hence to select neutrino and anitneutrino
charged-current events and candidate dimuon
events. Events were required to be in a restric-
ted fiducial volume (17.6 m3), having a minimum
potential length to the downstream wall of 50 cm.
Muons in charged-current events were required to
have time-coincident matches (within 400 nsec)
in each plane with a combined two-plane confidence
level, describing the goodness of fit of the EMI

matches, greater than 107, Muons in candidate
dimuon events were required to have combined
two-plane confidence levels greater than 1%. Cor-
relations between the hit positions in the two
planes were taken into account in calculating these
confidence levels. Because of 71— v and K-~ yv
background in dimuon events, only muons with
momentum greater than 4 GeV/c were considered
in this paper.

A total of 10260 neutrino and 1770 antineutrino
charged-current (CC) events and 62 dimuon candi-
dates were identified (all with muon momentum
greater than 4 GeV/c). All dimuon candidates
were fully measured, as well as an unbiased sam-
ple of 600 neutrino CC events and 300 antineutrino
CC events for comparison. The measurements
included neutral interactions, V°’s, and converted
¥’s within 2 radiation lengths of the primary ver-
tex.

IV. BACKGROUNDS

In this section possible backgrounds to the di-
muon candidates from ordinary CC events are con-
sidered. Backgrounds from neutral-current events
and from neutral-hadron-induced events are
negligible. The hadron contamination of the
single muon sample with the loose confidence-
level cut used is approximately 1%, which is
negligible for the purposes of this paper.

A. Accidehtals

Because of the long spill, 2-3 msec, and small
coincidence window (400 nsec), ‘the time-coinci-
dent accidental background was expected to be
very small. An experimental check of this has
been made by analyzing a subsample of events
using EMI information from another frame. No
fake dimuon events were found using a 10™* two-
plane confidence-level cut, implying less than 1
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FIG. 2. Neutrino spectrum (arbitrary scale). The
curves are for 400-GeV/c protons incident on the target
with the quadrupole triplet set to focus 200-GeV/c posi-
tive secondaries.



event background from this source in the entire
sample with a 1% two-plane confidence-level cut.

B. Decays

The most serious background in the dimuon
sample arises from normal charged-current
events in which a produced 7 or K decays into a
muon and neutrino. These decays also provide the
most serious background in counter experiments.
However, two differences should be noted. In the
bubble chamber, only pions and kaons produced in
the initial neutrino interaction need be considered,
and not those from secondary hadron interactions.
On the other hand, the bubble chamber provides a
relatively long flight path in low-density material,
and hence there is a greater probability of a meson
decaying before interaction. Most decays in the
bubble chamber are not visually recognizable be-
cause of the small changes in angle and curvature.
The track that is measured and then extrapolated
is therefore a composite of parent meson and
daughter muon.

The basic information for calculating the decay
background comes from the leaving track mea-
surements: The number of leaving prongs and the
momentum and spatial distribution of these prongs.
From this information and the estimated number
of 7 and K leaving tracks in the leaving track
sample, the number of decays is calculated using
the known lifetimes and the interaction lengths
of the bubble-chamber liquid and EMI absorber.
However, not all of these decays will be accepted
into our final sample. Factors which reduce this
background are the following: (a) Some decay
muons will miss the EMI, (b) some tracks will be
lost due to EMI instrumental inefficiency, (c)
some tracks decaying inside the bubble chamber
will yield a fitted momentum less than 4 GeV/c,
(d) some tracks will fail reconstruction in geo-
metry or give a visible kink in the bubble chamber,
and (e) many will yield a low two-plane confidence
level.

A Monte Carlo program has been used to gener-
ate points in space along the 7 (or K) and pu track
segments for decays inside the bubble chamber in
order to estimate some of these factors. The mea-
surements are processed with a geometry pro-
gram,'® which fits a single curve to the composite
track made up of the two segments. The fitted
track and the decay muon track are extrapolated
to the EMI to determine the EMI confidence level.
The effect of multiple Coulomb scattering of the
muon track is included. For 7n— pv (K- uv), 40%
(65%) of the decays have an EMI confidence level
less than 1%, and including all factors, 44% (75%)
of the decays are eliminated.

To reduce the background further, identification
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of decays inside the bubble chamber has been at-
tempted. A procedure for cutting back tracks,
which is designed to detect significant energy loss,
has been used. The momentum over the first half
of a track is compared with that for the last half
of a track. If the initial momentum is greater by
more than 1 standard deviation, the track is cut
back, 10% at a time, until the two momenta are
within 1 standard deviation. The same Monte
Carlo generated decays were used to calibrate the
sensitivity of this procedure for identifying decays.
If only cut-back tracks with a 1-ym improvement
in residual are considered to be identified, then
18% of those 7-u decays surviving all other cuts
are eliminated, while only 2% of nondecay tracks
are eliminated. A total of five events are elimin-
ated by this cut compared to the predicted loss of
3.1 events: 1.3 real dimuon events and 1.8 decay
background events.

The final background estimate, which is shown
in Table I, is made assuming that the leaving
tracks contain 6% kaons and that the positive
leaving tracks contain 5% protons; the remainder
being pions.’ The error of 20% on this estimate
comes from two sources: an uncertainty in the
kaon-to-pion ratio contributes a 10% error and
differences in the geometrical reconstructions at
the five laboratories contribute the remainder.

C. Punch through

Leaving hadrons may fake muons because either
they penetrate the EMI absorber directly or their
tracks give accidental spatial coincidences with
in-time fits in one or both EMI planes. For sim-
plicity, we group these two components together
under the name “punch through.” There are many

. sources of time-coincident EMI fits. Such fits are

produced by decays of pion and kaon secondaries
inside the EMI absorber as well as by remnants
of hadronic showers from this track and all other
tracks in the event, by 6 rays accompanying the
primary muon, and by creation of spurious solu-
tions from raw EMI encodings. Penetrating had-
rons will have closely associated fits in the EMI,
while the accidental spatial coincidences will be
more diffuse. This diffuseness is expected even
for the shower of the hadron itself because the

TABLE 1. Dimuon candidates and backgrounds (muon
momenta >4 GeV/c).

wht ptp” and ppt o
Events 0 54 8
m and K decays 0.9+0.2 11.7+2.3 4.0+0.8
Punch through 0.2+0.1 6.2+3.1 2.7£1.3
Net signal ' -1.1+1.0 36.1+8.3 1.3+£3.2
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angles of hadronic interactions are large com-
pared to the multiple Coulomb scattering angles.

The background due to penetrating hadrons is
estimated by extrapolating the number of nearby
fits observed in the first EMI plane into the sec-
ond EMI plane assuming that it decreases expon-
entially with the number of interaction lengths of
absorber. The estimated background is less than
one event, as expected, since the EMI absorber
is 7 to 11 collision lengths thick.

The background from accidental matches is
determined using all tracks other than primary
muon tracks with a good match in the first EMI
plane. In the second EMI plane, the in-time back-
ground in a small region about these extrapolated
tracks (within 60 cm) is nearly uniform outside
the region of the signal peak. We then calculate
the background assuming the in-time background
extrapolates uniformly under the signal peak. The
total estimated background from this source is
given in Table 1,2° along with a 50% uncertainty
which results from the uncertainty in the extra-

_ polation and from the statistical error.

V. EFFICIENCIES AND RATES

The number of candidate events found and the
estimated backgrounds are presented in Table L.
A total of 36 opposite-sign dimuons remain after
background subtraction. In order to determine the
rates, the geometric acceptances for samples of
neutrino and antineutrino charged-current events
and dimuons have been calculated by moving the
events randomly about the bubble chamber, weight-
ing them to give agreement with the observed
spatial distribution of events, and rotating them
randomly about the neutrino direction. The aver-
age acceptances for the samples were found to be
(85+4)% (v), (91+4)% (¥), and (74+5)% (dimuons).
For the mixture of neutrino-induced and antineu-
trino-induced dimuon events, we define

R _Rate(y +N— p"u*X) +Rate(@ +N~p*pn"X)
Rate(v +N - u~X) +Rate( +N - pn* X)

Correcting for loss of dimuons due to leaving
tracks missed in scanning (3%), the confidence-
level cut (6%), the cutting-back procedure to iden-
- tify decays (4%), and the geometric acceptance and
instrumental inefficiency, we find

R=(0.39+0.10)x1072.

This rate is for muons with momentum greater
than 4 GeV/c.

In order to separate neutrino-induced and anti-
neutrino-induced dimuon events, we define the
muon with the largest transverse momentum rela-
tive to all other nonmuon tracks to be the primary
muon (coming from the neutrino vertex). Our

charm production and decay Monte Carlo (des-
cribed below) predicts that this method of selec-
tion is correct 95% (91%) of the time for v (V)
events. In Fig. 3, a plot of the transverse momen-
tum of the primary muon versus that of the sec-
ondary muon is shown. Most events are well
separated from the diagonal, where the choice is
ambiguous. Allowing for misidentification of the
primary muon and subtracting backgrounds, we
estimate that there are 30.3 p~u* events (neutrino-
induced) and 5.7 u*u~ events (antineutrino-induced)
in the sample. Correcting for lost events and the
detection efficiency (acceptance Xinstrumental
efficiency) of muons above 4 GeV/c, we find

Rate(v +N - p ' X)
Rate(v +N - u"X)
=(0.37+0.10)x1072,

+-_Rate(W+N—p*pX)
Rate(+N - p*X)
=(0.5+0.3)x1072,

R™*=

R

According to our charm production and decay
Monte Carlo, approximately 40% of dimuons have
been lost because of the 4-GeV/¢c muon momen-
tum requirement. Taking this loss into account,
our R~ agrees with the corresponding u~e* rate
measured in another experiment,’? (0.5+0.15)
x 1072, even though the energy spectra of the two
beams are quite different.

A more direct comparison can be made with the
dimuon experiment of Ref. 4, which presents
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FIG. 3. Plot showing the transverse momentum rela-
tive to all nonmuon tracks of the primary muon versus
that of the secondary muon. For this plot the primary
muon, meaning the one coming from the neutrino vertex,
is chosen as the muon with the largest value of this
transverse momentum. Circles are for events where
the primary muon is negative; crosses (+) are for events
where the primary muon is positive. For events near
the diagonal (between dashed lines), the selection is am-
biguous. For these ambiguous events on all other plots,
we select the negative muon as the primary one.
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TABLE II. Summary of V? characteristics for opposite-sign dimuons. Events with weight of zero occur within 1 cm

of primary vertex. “Type” tells whether the event was selected as v- or P-induced using the criteria described in See.

VI
; p
Vo X% for K X% for A fitted My
Event Type type hypothesis hypothesis Weight (GeV/c) No. of lifetimes (GeV/c?)

14730 594 ppt K 3.2 1.6 12.8 0.05 1.15
14791740  put K° 4.8 3.0 39.3 0.04 1.43
15101414 uut A? 1.5 1.6 0.54 0.79 7.03
15560114  uu* K° 1.1 3.5 54.5 0.11 1.67
15690673  ptu” K° 0.8 1.6 6.1 0.78 1.97
15761797 put K’ 0.67 2.7 12.9 0.27 0.99
16051203  pu* K° 0.2 0.0 - 2.2 0.03 1.34
16420642 put K° 0.8 0.0 2.8 0.07 1.04
16460680 wpt K° 1.7 1.6 3.1 0.12 1.11
16511246  uut A° 11.6 1.6 3.7 1.3 2.63

R™* as a function of neutrino energy. Their di-
muon acceptance is determined primarily by
their 4.5-GeV/c muon-momentum requirement,
which is very similar to our momentum require-
ment. Using their data, we have calculated what
R™* we would expect for our energy spectrum and
find a value of (0.35+0.04)x1072, This is in ex-
cellent agreement with our measurement, even
though the systematic uncertainties of the two ex-
periments are quite different. Dividing our events
into two energy regions, we find R(E,< 100 GeV)
=(0.30+0.10)x 1072 and R(E,> 100 GeV) =(0.55
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FIG. 4. Number of events (weighted) versus the energy
of the primary muon. Shaded events are those selected
as antineutrino induced. The full histogram is the total
of all events, where each event has been weighted by its
EMI detection efficiency (acceptance and instrumental).
The lower smooth curve (***) is the sum of the predicted
distributions of 1~ and 7-induced dimuon events obtained
from the Monte Carlo and normalized to the estimated
number of such events (30.3 v and 5.7 7) in the sample.
The upper curve (---) is the sum of the Monte Carlo
distributions and the predicted distributions of v and ¥
CC background events normalized to the estimated num-
ber of background events. The same conventions are
used for the smooth curves in Figs. 5 thru 13.

+0.18)x1072, These are also in excellent agree-
ment with Ref. 4. The difference in R in these
two energy regions may be attributed primarily
to the 4-GeV/c muon momentum requirement.

The same-sign dimuon candidates are consis-
tent with being all background. The 90%-confi-
dence-level upper limit for the number of actual
p " events is 6.8. The 90% confidence limit for
the ratio of p"pu” events to up u* events (R™"/R™*)
is 0.27. This is not in disagreement with the
ratio of 0.06+0.05 (0.12+0.05 for muon momen-
tum above 10 GeV/c) quoted in Ref. 5.

Of special interest is the strange-particle rate
in the dimuon events since in the charm model an
enhanced rate is expected. There are ten V°
events yielding good three-constraint kinematic
fits in the sample of opposite-sign dimuon events.
Their characteristics are presented in Table IL
All of the V®’s unambiguously fit K° or A°, giving
a total of eight K°’s and two A”’s for a raw V° rate
of (19 5)% in the dimuon sample (including back-

25

20

Events (Weighted)

8 16 24 32 40
Euz (GeV)

FIG. 5. Number of events (weighted) versus the energy
of the secondary muon.



574 H. C. BALLAGH et al. 21

25

- - n
[e] w o

EVENTS (WEIGHTED)

o

-1.0 -0.6 -0.2 0.2 06 1.0
y = (Ep=Ew2)/(Epr+ Epz)

FIG. 6. Number of events (weighted) versus energy
asymmetry, Y= (E,1—E,))/(E,+E,,).

ground). In order to correct for detection effic-
iency, we weight each event by the reciprocal of
its detection probability including EMI acceptance
and such effects as interaction before decay and
decays too close to the primary vertex (1 cm),
outside the chamber, or too close to the wall of
the bubble chamber (20 cm). V°s are required to
be 1 cm from the primary vertex because of the
uncertain detection efficiency for V®’s closer than
this. We assume 100% efficiency beyond this dis-
tance for dimuon events. Two V%s decay within

1 cm of the primary vertex, so no weight is cal-
culated for them. Another two V°’s have rela-
tively high weights because their high momenta
(39 and 55 GeV/c) give large probabilities of
leaving the bubble chamber before decay.

A sample of neutrino charged-current events has
been used to determine the V° content of the back-
ground events. For each event, we have calcula-
ted a background probability which is the sum of
the decay probability and punch-through probability
summed over all leaving tracks in the event. The
V° fraction for background events is given by the
sum of the background probabilities of the V°
events divided by the sum of the background prob-

~
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FIG. 7. Number of events (weighted) versus corrected
neutrino energy.
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FIG. 8. Number of events (weighted) versus x. x
=Q%2Myv, where Q2 is the four-momentum transfer
squared, My is the nucleon mass, and v=E,—E, ;.

abilities of all events. The raw V° fraction in the
background events is found to be (11x2)% per
event, which is not very different from the V°
fraction in the neutrino charged-current sample,
(10.5+ 1.5)%. The dimuon sample has a higher V°
rate, even before correcting for background. Sub-
tracting background, weighting for detection, and
correcting for unseen decays, we find a ratio
(upV°X/upX) of 0.6+0.3. This is in good agree-
ment with the corrected V° ratio of 0.6+0.2 in pe
events of Ref. 12.

VL. EXPERIMENTAL DISTRIBUTIONS AND
COMPARISON WITH CHARM MODEL

The dimuon events and an unbiased sample of
charged-current events have been measured fully,
including neutral interactions, decays, and all
converted y’s within 2 radiation lengths of the
primary vertex. The neutrino energy, E,, is esti-
mated by summing the momenta along the neutrino
direction. An average correction to account for
missing neutrals is applied to the sum of the lon-
gitudinal momentum of all tracks other than the

EVENTS (WEIGHTED)
@

FIG. 9. Number of events (weighted) versus y, where
y=v/E,.
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FIG. 10. Number of events (weighted) versus @2, the
four-momentum transfer squared.

primary muon, PJ. The correction®! was deter-
mined from the imbalance of the mean transverse
momentum of the primary muon and the mean
transverse momentum of all other tracks as a
function of P? and is well parametrized by

P =AP}+B,

x ' corrected

where A=1.16+0.03 and B=3.3+0.5 GeV/c for
the sample of neutrino charged-current events
and 4=1.28+0.06 and B=2.1+ 1.6 GeV/c for the
dimuon events. The multiplicative correction is
higher for dimuons, indicating a greater missing
energy, but the uncertainties are large.

The correction obtained for the charged-current
events agrees well with the result of a test of the
energy resolution of the bubble chamber using 25-
GeV 77’s on a somewhat denser neon-hydrogen
mixture. The bubble chamber measured on the
average (87+2)% of the incident pion energy.

For the distributions, we have identified neu-
trino-induced and antineutrino-induced dimuon
events using a method similar to the separation
method discussed earlier. In order to reduce the
background due to misidentified u"u* events, we
require for an event to be called a u*u~ event that
the transverse momentum of the yu* must be 1.4
GeV/c greater than that of the ~. The samples
selected in this manner have approximately the

20
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W Hadron System Mass (GeV/c2)

FIG. 11. Number of events (weighted) versus W, the
invariant mass of the hadron system.
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Events (Weighted)

Mpp (GeV/c?)

FIG. 12. Number of events (weighted) versus the di-
muon invariant mass.

same purity.

The contribution to each distribution from back-
ground events in the dimuon sample has been cal-
culated from the CC sample, weighting each event
by the punch-through and decay probabilities sum-
med over all tracks.

In order to compare our experimental data with
what is expected on the basis of a charm model,
we have written a Monte Carlo program based on
that of Ref. 22. The program simulates the pro-
duction of a charmed quark either by a neutrino
or antineutrino, allowing the quark to fragment into
a charmed hadron, which in turn decays semilep-
tonically producing the second muon. Charmed
quarks are assumed to be produced from d quarks
(sin®6;) and s quarks (cos®6,) by neutrinos, and
only from § quarks (cos?6.) by antineutrinos. The
quark helicities implied by these couplings predict
flat y distributions (y =v/E,, v=E, - E,, where
E,, is the energy of the primary muon) for both
neutrino- and antineutrino-induced dimuons, apart
from threshold effects and experimental cuts.

20

EVENTS (WEIGHTED)
IS

40 80 ‘ |20I IGO‘
. (DEGREES)

FIG. 13. Number of events (weighted) versus ¢, the
angle between the two muons in a plane perpendicular
to the neutrino direction.
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FIG. 14. The number of events (weighted) versus the
momentum of the second muon perpendicular to the
plane formed by the neutrino and the primary muon.
The (broken) lines have the same interpretation as in
previous plots. The solid curve is the distribution of
momentum perpendicular to the u-v plane for hadrons
above 4 GeV/c from our charged-current events.

Scaling is assumed to hold (this is approximately
true in normal charged-current interactions), but
because of the mass correction in the light-to-
heavy ‘quark transition, the effective scaling
variable becomes

PR
2MNEvy

where m, is the effective mass of the charmed
quark (taken to be 1.5 GeV/c?), M, is the nucleon
mass, and x is the normal scaling variable (x
=@?/2M ). For the quark-parton distributions,
we have used thé Field-Feynmanparametrizations.?
After production (unless otherwise noted), the
charmed quark is allowed to fragment into a
charmed hadron with a uniform fragmentation
function, D(z)=constant, where z is the energy

of the charmed hadron divided by the energy of the
charmed quark. We will also make comparison
with other fragmentation functions. The charmed

Events (Weighted)

4 8 12 16 20
Number of Charged Tracks

FIG. 15. The number of events (weighted) versus the
number of charged tracks. The smooth curve is the
charged-multiplicity distribution of the charged-current
events.

hadron is given a transverse momentum relative
to the direction of the charmed quark according to
the distribution

dN/dp,? <exp[-6(p,2 +m2)?].

The decay process is approximated by the reaction
c—-s+l'+y,,
T3S+ +7,,

where the Cabibbo-suppressed modes have been
ignored. The predictions of the Monte Carlo are
insensitive to the detailed assumptions.?? The 4-
GeV/c muon momentum cut is also applied to
Monte Carlo generated events.

In Figs. 4, 5, and 6, the energy distributions of
the primary and secondary muon and the energv
asymmetry distribution, y = (Bpu—E, 2)/(E‘,f-1+E.“-‘-'2')’
are shown, along with the sum of the Monte Carlo
and background predictions. The agreement is
very good. In Fig. 7, the total energy (corrected)
distribution and predicted distribution of the
events are shown. Note the lack of low-energy
events, reflecting the combined effects of charm
threshold and the 4-GeV/c muon-momentum re-
quirement. The kaon neutrino peak is clearly
visible. Figure 8 shows the x distribution. It
agrees well with the predicted distribution, being
narrower than for CC events. The mean x for CC
events is 0.23+0.01, while the mean x for dimuon
events is 0.17+0.02. We present the y distribution
in Fig. 9. It shows a depletion of events at low
and high y due to the charmed-quark threshold
combined with our 4-GeV/c muon-momentum re-
quirement. For completeness the @*, four-mo-
mentum transfer squared, and W, hadron invari-

2

EVENTS (WEIGHTED)
®

FIG. 16. Number of events (weighted) versus z,,,
where z,,=FE,,/v. Also shown are the Monte Carlo pre-
dictions for a uniform fragmentation function (signified
by the dotted and dashed curves as in Fig. 4), which is
used to generate our other distributions, a z (1+z) dis-
tribution (solid curve), and a z2”!(1 —z) distribution (dash-
dot curve). For the latter two fragmentation functions,
only the final curves including background are shown for
clarity.
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(a) Vees

(b)Negative tracks

RN

(1/Ng) dn/dz (tracks/unit z /event)

(c)Positive tracks

02 04 0.6
z

FIG. 17. The distribution in z (z=E/v) of () V"’s, (b)
negatively charged tracks, and (c) positively charged
tracks in neutrino-induced dimuon events. The contribu-
tions of A”s in (a) and of the secondary muon in (c) are
shown shaded. The solid (dashed) smooth curve in (a)
is the z distribution for K”s.(A%s) in v CC events. The
solid curves in (b) and (c) are the corresponding z dis-
tributions for charged tracks in v CC events.

ant mass, distributions are shown in Figs. 10 and
11. The invariant-mass distribution of the two
muons is presented in Fig. 12. It is broad with no
narrow peaks, consistent with a separate source
for the two muons. In Fig. 13, the distribution in
¢, the angle between the momentum vectors of the

two muons projected onto the plane perpendicular
to the neutrino direction, is shown. The usual
anticorrelation, peaking at 180° in agreement with
the predicted distribution, is seen confirming the
hadronic source of the second muon. The lack of
a peak at 0° demonstrates no large source of heavy
leptons.

In Fig. 14, the momentum distribution of the
second muon perpendicular to the plane formed by
the primary muon and neutrino is shown. Also
shown in Fig. 14 is the same distribution for had-
rons above 4 GeV/c from our CC events. We pre-
sent the charged-particle multiplicity in Fig. 15.

The distribution in z,,, where z,,=E,,/v, is
shown in Fig. 16. This distribution is quite sen-
sitive to the form of the fragmentation function of
the charmed quark into a charmed hadron; it
does not measure the fragmentation function di-
rectly since the decay muon carries only a frac-
tion of the charmed hadron energy. The data are
in good agreement with the Monte Carlo distribu-
tion based on a uniform fragmentation function,
which is used to generate our other distributions,
but also agree with a z(1 +z) distribution. Agree-
ment with a z7*(1 - z) distribution is poor as with
other distributions which fall this rapidly. See
Ref. 22 for a more complete discussion of frag-
mentation models.

In Fig. 17, the quark fragmentation distributions
of all positive tracks, negative tracks, and V%’s
from p~u' dimuon events are shown. The contri-

TABLE III. Comparison of mean values for neutrino-induced dimuons (¢ u*), Monte Carlo dimuon events, and neutr-
ino charged-current events. The dimuon mean is calculated from the sample mean and the background mean. Numbers
marked with an asterisk are calculated using hadrons with P >4 GeV/c.

Monte
Sample Background Dimuon Carlo Neutrino
Variable mean mean mean mean CC mean
Ey4 (GeV) 479 * 6.8 48.3 +3.0 47.7 + 8.8 45.2 +1.2 49.9 =1.7
E,; (GeV) 12,9 £ 1.3 10.8 0.6 144 = 1.6 13.1 +0.31
Y=(Ey—Ey) /(Eyy +E ) 0.39% 0.06 0.47+0.03 0.33% 0.07 0.40%0.01
E, (GeV) 121 +10.0 107 +4.1 130 +13.4 118 +1.8 86.4 +2.2
x 0.18+ 0.02 0.20£0.01 0.17+ 0.02 0.18+0.00 0.23+0.01
¥ 0.60+ 0.04 0.57+0.02 0.62+ 0.05 0.63+0.07 0.45+0.01
Q% (GeV?/ch 23.2 + 3.6 17.6 +1.2 27.0 = 5.3 20,0 0.6 14.6 0.7
W (GeV/c? 9.65+ 0.57 8.55+0.23 10.4 = 0.76 . 10.1 0.1 6.54 0,12
My, (GeV/ch 3.06+ 0.31 2.93+0.11 3.14+ 0.45 2.98+0.03
@ (deg) 134 = 6.5 144 2.6 127 £ 8.6 141 0.7 140 x1.4%*
b 0.33+ 0.04 0.26+0.02 0.38+ 0.05 0.28+0.01 0.29+0.01*
Charged multiplicity 8.50+ 0.49 7.53+0.19 9.16+ 0.64 6.67+0.11
. constant 0.24+ 0.02 0.25+0.01 0.24= 0.03 0.29+0.00
2{“'.(,z""l) 0.24+ 0.02 0.25+0.01 0.24+ 0.03 0.35+0.00
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bution of the second muon to the distribution of
positive tracks is shaded. For comparison the

. same distributions are shown for hadrons from
CC events. The distribution of positive tracks
from dimuon events falls more slowly than that
from normal CC events, as expected from the
fragmentation function discussed above; however,
the comparison is complicated by the 4-GeV/c
pu* momentum cut for dimuon events. There is
evidence, though, that the K° distribution falls
more slowly for dimuon events than for v CC
events.

Finally in Table III, we calculate the means of
the distributions presented in the figures and com-
pare them with those predicted by the Monte
Carlo distributions. The agreement is good, as
is the agreement between the predicted distribu-
tions and the observed distributions shown in all
figures, consistent with the charm production and
decay model for the dimuon events. We point out,
however, that the distributions for dimuons and
the distributions of the background events are
similar.

VII. SUMMARY AND CONCLUSIONS

We have presented results on a sample of 54
opposite-sign dimuons and 8 like-sign dimuons
(u"w”) obtained from a 326 000-picture exposure
of the Fermilab 15-ft bubble chamber to the quad-
rupole triplet neutrino beam. The like-sign di-
muons are consistent with background. Subtract-
ing background, we estimate a dimuon-to-single-
muon ratio of (0.39+0.10)x 1072 for events with
muons above 4 GeV/c. Separating the v-induced

and the 7-induced dimuons on the basis of the

- transverse momentum of the muons relative to

all nonmuon tracks, we find dimuon-to-single-
muon ratios of (0.37+0.10)x 1072 and (0.5+0.3)
x107%, respectively, for a muon-momentum cut of
4 GeV/c.

The opposite-sign dimuon events contain ten V%’s.
Correcting for background, detection efficiency,
and unseen decays, we obtain a neutral-strange-
particle rate per dimuon event of 0.6+ 0.3.

Lastly we have compared distributions with pre-
dicted distributions based on a charm production
and decay Monte Carlo calculation. The agreement
is good, and no evidence is seen for heavy-lep-
ton production.
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